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SYNOPSIS 
---~--

The first part describes experimental work done which led to 

the construction of a portable pocket filter instrument which made it 

possible to assess the C.I.E. Colour Rendering Index for fluorescent 

lamps by a simple visual testo Research !uork was done on filter devices 

in the laboratory, and the results processed by digital computer. 

The second part deals with a visual problem. Tests done 

using filter devices indicated two groups of observers with normal 

colour vision. After an experimental investigation on a few observers, 

this problem w~s overcome by using a pale yellow filter in the instrumentc 

Details of the computer programme and experimental details are 

described in appendices. Records are contained in a separate volume. 
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lo INTRODUCTION 

1.1 Summary of work ~erforme~ 

The practical need of assessing the colour rendering of 

fluorescent lamps often arises~ and the aim of this task was to develop 

a portable pocket instrument with which it would be possible to assess, 

within reasonable limits, the C.I.E. Colour Rendering Index for the 

range of fluorescent lamps commonly used in practice. 

The filter device finally constructed consisted of five filter 

fields, viz. a central section surrounded by four cbmparison fields, 

contained in a pocket-size holder. The lamp is viewed through the 

instrument, and the observer assesses nearest to ~hich of the comparison 

fields the central section appears. A graduated scale next to these 

four fields enables the C.I.E. Colour Rendering Index for the lamp to be 

estimated to within 5 or 10 units of index. 

The transmission curves for the various filter fields of the 

pocket instrument were obtained by spectroradiometry. The results of 

observations for the filter instrument on various fluorescent lamps were 

processed by digital computer. Other experimental filter devices were 

me2sured colorimetricallyr and a new(x,0- ~,0 nomogram was derived for 

their evaluation. 

Differences in vision amongst observers with normal colour 

vision were found. Tests conducted in the short-wavelength region of the 

spectrum established that some observers were about ten times more sensi-

tive than others to violet radiation of about 405 nm. This problem was 

overcome by using a pale yellow filter in the instrument, which absorbed 

most of the radiation below 430 nm. 
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1.2 Review of fundamentals and ersvious work 

This research ~o:rk was based on the work done at the National 

Physical Laboratory in Teddington, England(l)• A pocket filter instru-

ment was developed here which made it possible to assess the colour 

rendering properties of fluorescent lamps. This device consisted tif a 

pair of metarneric filters which appeared the same if a full radiator or 

a lamp of good colour rendering properties was viewed through it, but 

looked considerably different for a light source of poor colour rendering 

· properties. 

Further work was done in a BoSCo thesis( 2 ) during which, amongst 

other things, transmission curves were obtained for existing filter 

instruments in use at that tirneo 

If two light sources, compared side by side, appear identical 

they are said to have the same "co'lour appearance"o If a wide variety 

of coloured surfaces are viewed under both sources, and they appear iden-

.tical, then the sources are said to have the same "colour rendering"o 

Now, any colour (except certain spectral ones) may be caused by an 

infinite number of spectra$ and two colours which look the same but have 

differen~ spectra are called metameric.. Metameric light sources have 

the same ncolour appearance 11 , but. different "colour rendering". Compari-

sons of the colour appearance of different light sources can be made by 

plotting their chromaticity co-ordinates {x,y) on the C.I.E. diagram{ 3 ). 

The colour rendering properties of light sources can be specified by the 

C.I.E. Test-Colour Method( 4 ) which provides for the rating of a lamp in 

terms of a colour rendering index. This index, R, is based on the 

degree of colorimetric shifts of test objects under a test lamp in compari-
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son to their colours under a reference lamp of the same, or nearly the 

same chromaticity. The rating consists of a General Index, R , based 
a 

on a set of eight test-colour samples, supplemented by Special Indices, 

R., based on special purpose test samples. 
1 

fluorescent lamps may generally be classified as: 

(a) those designed for high efficacy 

(b) those designed for good colour rendering 

(c) those falling in between the above categories. 

However, these aims are conflictingo Computer studies( 5 ) have shown 

that for highest efficacy the emission in the yellow region round about 

560 nm should be boosted at the expense of green and red radiation, 

'while for good colour rendering, especially of faces and food, ample 

red radiation well above 600 nm is indisp~nsable. Radiation, however, 

in the red region is of low efficacy, as can easily be seen from the 

v(~) curve( 6 )o 



PART I 

THE FILTER DEVICES 
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2c INITIAL SINGLE-COMPARISON FILTER DEVICES 

2 .. 1 Design 

The single-comparison filter instruments ·consisted of a pair 

of metameric filter fields, placed side by side, through which the lamp 

was sighted. The filter fislds were chosen so that they looked substan-

tially the same when a full radiator was viewed through them, but diff­

erent for a light source of poor riolour rendering properties - good 

colour rendering meaning a rendition similar to that of a full radiator. 

These filter instruments made a check on the yellow boost in a 

lamp by absorbing this region using a suita~le filtero Didymium glass, 

having a ~idely varying transmission curve which absorbs very strongly in 

the yellow region (Fig. 1), has the desired properties and was thus used 

in these filter devices. When a "stand~rd" fluorescent lamp (Figo 2, 

curve (a)) designed f~r high efficacy is viewed through the didymium, it 

appears a greenish colour, as a considerable portion of its spectrum has 

now been removed. The "standard" fluorescent lamp has a peak at about 

580 nm, which is right in ·the centre of one of the regions where the 

didymium absorbs most strongly (Fig. 2, region b-b). When a "de-luxe" 

fluorescent tube (Fig. 2, curve (c)), designed for good colour rendering 

is observed, it is seen as a pinkish colour as proportionately less of 

its spectrum is removed than in the case of the "standard" fluorescent 

lamp .. The "de-luxe" lamp has considerably more energy in the red region 

of the spectrum th~n the "standard" lamp, and as the didymium transmits 

strongly in the red region, the 11 de-luxe" lamp appears a reddish hue when 

observed through the didyrniume 
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During thG research work, a number of different single-compar-

ison filter instruments were constructed. Filter devices referred to 

in the results as H.E~ I, H.E. II, the Large O~monstration filter device 

and the Original N.P.L. (National Physical Laboratory) filter device had 

been built during previous work to be metameric on a sunny cloud. A 

sunny cloud was used as a reference source having ideal colour rendering 

properties. Filter instruments M.C. I and M.C. II were constructed to 

be metameric on a sunny cloudt while M.C. III was designed to be very 

nearly metameric on either a good cool white de-luxe lamp such as the 

Philips Colour 37, or a good 6500K lamp such as the Philips Colour 57. 

The symbol 11 M.C." refers to filter devices suited to the eyes 

of the author, and "H.E." to filter devices suited to the eyes bf 

Dr H. D. Einhorn. The field_ containing the didymium glass has been 

called the test field (often r~ferr~d to in the RBcords section as the 

"didymium" side), and the other fi~ld the comparison field (sometimes 

referred to in the Records as the ''neutral" side) • 

. tnstruments H.E. I and II, and M.C. I,II and III were construc­

ted in holders approximately 54 mm x 28 mm x 10 mm (Fig. 3), the other 

two in larger holders~ The delailed composition of these filter instru-

ments is described in Appendix 5. 

2.2 Observations 

Verbal statements were recorded on the chromaticities of 

various light sources as seen through these filter instruments, the obser­

vers being Dr H. D. Einhorn and the author (see Records,section R5 0 l). 
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The range of light sources used for these tests included the Philips 

Colour 29 - warm white (abbreviated P29 in the results), Philips Colour 

32 - warm white de-luxe (P32), Philips Colour 33 - cool white (P33), 

Philips Colour 37 - cool white de-luxe (P37); Philips Colour 57 -

daylight de-luxe (P57), Atlas Tropical Daylight (6500K) - abbreviated 

(A.Tdl), an incandescerit lamp and a sunny cloud. 

Analysis of these verbal statements showed that the greatest 

discrepancy of observation was that recorded when using a sunny cloud as 

a light source. This discrepancy in observation occurred in all filter 

instruments except with the N.P.L. Original and Large Demonstration 

models, in which a different make of didymium glass from the other filter 

instruments had been used. Table I summarizes a typical sunlight 

observation. 

Table Io Sunlight Observations 

-· -
Filter 

H.E~ I M.C. I Instrument ' 

Observer H.E. M.C. H.E. M.C. 

Test field grey violet greenish violet 
grey 

Comparison ·grey greenish vi.olet violet 
field grey 

i.eo metameric i.eo· metameric 

Filter instrument M.C. I referred to in Table I was constr~cted 

with the test field having very nearly the same filter composition as that of 

filter device H.E. I. 
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It should be recorded that the colour vision of both observers 

was found to be normal, ~s far as could be determined from Ishihara. 

tests. These test~ consist of a series·of plates u~ed to find out, 

promptly and accurately, congenital colour-blindness - the most common 

form of colour blindnesso A number of other observers (whose colour 

vision was first tested using the Ishihara tests) were asked to describe 

the colours of the filter deviccis H.E. I and M.C. I when lookin~ at a 

cloudy sky. One group(called Group I) agreed with the description of 

observer M.C., and the other (called Group II) agieed'with the statement 

made by observer H.E. There did not appear to be any observers with 

normal colour vision whose description of the colours seen lay somewhere 

''in between" those given by these two groups. A detailed investigation 

of this difference in vision amongst normal observers is discussed in 

Part IIo 

2.3 Colorimetric measurement of filter devices 

To obtain.some scientific correlation with these verbal state­

ments, C.I.E~ (x,y) chromaticity co-ordinates for different sources as 

seen through the filter devices were determined using a Tintometer. 

This method of measurement is described in Appendix 4. The transformation 

of these (x,y) values to the (u,v) u.c.s. co-ordinates was facilitated by 

use of the nomogram detailed in Appendix l~ 

Measurements were made by observers H.E. and M.C. (both "Group~" 

of normal observers thus being repr~sented) on various light sources (see 

Records~· section R3)~ The u.c.s. co-ordinates were plotted for filter 
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devices H.E. I, M.C. II and III, the N.P.L. Original filter and the 

Large Demonstration filter instrument. Figs. 4, 5~ 7, B, 10, 11, 13, 

and 14 show the (u,v) shifts for a particular filter device· and observer 

on different lamps, while Figso 6 9 9 and 12 show ob'server differences 

for filter observations on various lamps. 

In Fig. 15 repeat readings are plotted for both observers for 

observations on a number of filter instruments and several lamps. The 

results indicate that observers are on the average unable to reproduce 

measurements to within 0.005 .:!:. .001 (u,v) units (see Records,section R3 

for calculation)o Thus when comparing observer differences in Figs. 6, 

9 and 12, a difference of up to 0.005 (u,v) units between observations 

may be considered insignificant. 

From Fig. 4 it may be seen that with filter device H.E. I 

observer H.E. sees de-luxe lamps almost metameric, while standard lamps 

give a greenish shift. Fig. 5 shows that observer M.C. finds it diffi­

cult to distinguish between the P57 and A.Tdl, while the P33 does not 

give a very large shift using filter device H.E. I. Fig. 6 clearly shows 

that on a sunny cloud, observer M.C. sees the test field of device H.E. I 

as purple compared to the comparison field, while observer H.E. sees both 

sides almost metameric (test field slightly more yellowish). 

The (u,v) shifts in Figso 7 and J signify that the .N.P.L. 

Original filter works almost equally well for both observers, as the de­

luxe lamps give small shifts and standard lamps appear greenish in both 

cases. The P32 tends to be assessed leniently by observer M.C., the test 

field appearing pinkish. From Figo 9 it is apparent that observer M.C. 

sees a sunny cloud only slightly more p~rplish-pink than observer H~E. 
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Note that the didymium glass in this filter instrument was of a differant 

make from that used in the other filter devices~ 

The shifts plotted in Figs. 10 and 11 show that with device M.C. 

III both observers see, in relation to the comparison field, the test field 

pinkish on the P32, and the test field yellowish on the P37. An approx-

imate match is obtained on a P57o Fig. 12 shows that observer M.C. again 

sees the test field of device M.C. III as purplish when looking at a sunny 

cloud. As the shifts on de-luxe and standard lamps are in opposite 

directions, one may identify lamps with this instrument according to the 

direction of shifto 

In Fig. 13 it is seen that all lamps viewed through device M.C. 

II appear greenish to observer M.C. Note that this filter device was 

designed to be metameric on a· sunny cloud (section 2.1). Its composition 

was such that it did not prove to be highly successful for lamp identifi­

cation purposeso 

The shifts of Figo 14 show tha~ the Large Demonstration device 

works effectively for observer M.C. for identification of lamps, near 

metamerisrn being obtained for de-luxe lamps and larger shifts seen for 

standard lamps. 

Thus, some of these initial single~comparison filter instruments 

had the inherent disadvantage that their chromaticities on a source having 

ideal colour rendering properties, such as sunlight, appeared different· 

for various normal observers. This visual problem had to be overcome 

before a filter device could be built which would work equally well for 

any observer. 
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3 0 "UNIVERSAL 11 SINGLE-COMPP.RISON FILTER DEVICES 

3.1 Design 

It was found that 9 after placing a yellow filter in front of 

the field containing the didymium glass (Part II), the two groups of 

observers were able to reach agreement as to what they saw when obser-

ving a sunlight spectrum. "Universal" (i.e. works for any observer) 

filter instruments were then built with a pale yellow filter across 

both the test and comparison fieldso The Kodak Nao 2E and Nao 2A pale 

yellow filters were found to be suitable, as very strong colour filters 

such as the 11 Cinemoid 11 No. 1 Yellow changed the chromaticity of the 

instrument too drasticallyo The 2A has a cut-off at about 420 nm, 

while the 2E (slightly stronger) has a cut~off at about 430 nm. Pale 

blue colour filters were also placed in front of the test field to change 

the chromaticity of the didymium glass from a pink to a neutral grey when 

looking at a cloudy sky. The composition of these filter instruments 

was as follows: 

UNIV. I: 

Test Field 

Comparison 
Field: 

. . 1 x 5 mm thick Didymium glass (Schott BG 36) 

l x "Cinemoic~" No. 17 Steel Blue stage colour filter 

1 x Kodak No. 2A pale yellow filter 

l x Kodak No. 2E pale yellow filter 

1 x "Cinernoid" No. 55 Chocolate Tint stage colour filter 

1 x "Cinemoid" No. 3 StrauJ stage colour filter 

1 x Kodak No. 96 D.2 neutral density filter 

1 x Kodak No. 2E pale yellow filter 



UNIV. II: 

Test Field: 

Comparison 
Field: 
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1 x 5 mm thick Oidymium glass (Schott BG 36) 

1 x "Cinabex" No. 17 Steel Blue stage colour filter 

1 x Kodak No. 2E pale yellow filter 

1 x "Cinemoid" No. 55 Chocolate Tint stage colour filter 

1 x 11 CineH1oid 11 No. 3 Straw stage colour filter 

l x Kodak No. ·96 D.l neutral density filter 

1 x Kodak No. 2E pale yellow filter 

A marked difference between some colour samples of the same number was 

observed) e.g. "Cinemoid" No. 17 Steel Blue looked slightly paler than 

11 Cinabex" No. 17 Steel Blue. For this reason the trade names of the 

colour filters were recorded. These filt~r devices were constructed 

in holders as in Fig. 3. 

The UNIV. I appeared almost metameric to observer H.E. on 

sunlight (see Records, section R5.2), but to observer M.C. the test field 

appeared slightly pinkish (Fig. l&). The UNIV. II was made to be meta-

meric for observer M.C. on a grey sky, but the test field then appeared 

slightly greenish to observer H.E. (Fig. 17). It was not found possible, 

even by trying other combinations, to obtain a perfect match for both 

observers on a particular filter instrument. Note that the above obser-

vations represent shifts in the opposite direction (as may be seen by 

comparing Figs. 16 and 17) and thus a chromaticity correction for one 

ob~erver leads to a larger shift for the other observer. A combination 

of filters could, however, be found which lead to a compromise between 
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Fig. 16. Chromaticity shifts for UNIV. I .device (~esigned for H.E.) 
on sunlight 
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Fig. 18. Chromaticity shifts for a "compromise" device on a grey sky 
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the observers (combination (b), Records section R5.2). On a grey sky 

observer M. C. saw the ~-<?ris!2.!J. field yellowish, while observ·er H. E. 

saw the test field yellowish (Fig. 18). For example, from fig. 16 

it can be seen that rnetamerism would be obtained for observer M.C. only 

by a further greenish chromaticity shift of the test field. This would 

then lead to observer H.E. seeing the test field as greenish, as in 

However, these "universal" filter devices did serve tb bring 

the observations made by the two observer groups very much closer 

together. 

3c2 Search for better colour filters 

In order to obtain the comparison steps for a multi-comparison· 

filter device (as in section 4), it was necessary to acquire a suitable 

gradation of colour filters which, in combination, would match the test 

field when observing the range of fluorescent lamps norm~lly used in 

practice. 

The first method employed was to view the lamps through a series 

of Tintometer filters (Fig. 19). The plastic box containing the Lovibond 

glass colour slides (as referred to in Appendix 4) and vertical viewing 

tube was taken out of its compartment and the C.I.E. Davis-Gibson light 

filter removed. The test field of the filter instrument (e.g. UNIV. II) 

was placed in the sample field, and its chromaticity when viewing a 

particular lamp matched against a combination of Tintometer glasses in 

the other field &' . • o, view. The numbers of th~ glass colour slides were 

recorded for various filter instruments and differ~nt lamps (see Records, 

section R4~l)o The range of lamps used included a warm white "standard" 
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L Test lainp 
T Tintometer colour filters 

' ' I~ .• • 

F Filter device in sample ~ield 
0 · Observer · 

T 

Fig. 19. Modified use of Tintomater for obtaining suitable slides 
for filter device. 
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and "de-luxe11 (P29 and P32), a cool u1hite 11 standard 11 and 11 de-luxe 11 

(P33 and P37), and a ~50DK (daylight) "standard~ and ''de-luxe" (Atlas 

Tropical Daylight and P57). 

From these results a suitable range of red, yellow and blue 
., 

Tintometer colour filters which would be required to build a multi-

comparison filter device was determined. However, on obtaining a 

quotation for these glasses from the Tintometer Ltd., Salisbury, England, 

it was decided that it would be too costly to build a practical filter 

instrument with such glassese 

The second method employed was to photograph a mixture of 

coloured light from projector lamps in front of which red, green and 

blue colour filters had been placede These three lamps, adjusted by 

means of variacs, were focuss~d onto a board with white paper pinned to 

it (Figs. 20.and 21). A number of hues of varying saturation and light-

ness were photographed. The individual components of red, green and 

blue on the centre and ends of the board were recorded by means of a 

portable illumination meter. This was necessary to be able to reproduce 

the particular colour at a later stage. This method was not entirely 

satisfactory as the colours were not reproduced very accurately on the 

colour film, probably because the daylight type coloGr reversal film had 

been used. . Had film balanced for tungsten light been selected, the 

results obtained might have been better. The range of fluorescent lamps 

used in the first method were photographed both directly as well as through 

a piece of didymium glass. Again the results were not accurate reproduc-

tions of what one actually saw, but a few suitable colour slides were 

obtained. It was hoped to use these colour slides in the construction 
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.. 

R Red projector lamp 
G : . Green projector lamp 
8 Blue projector lamp \ 

' \..,_. 

Sc •. White screen . 
Fig. 20. Arrangement used in colour photographic method for obtaining 

suitable filters-

\ 

s 
f 

0 ~ 

Vs 
j 

R 8 G 

vs . 230V A.C. regulated supply . 
T Variacs 
s . switch . 

R,G,B red, green and blue projector lamps 

Fig. 21. Circuit diagram used for adjustment of projector lamps 
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of filter instruments, but this method was abandoned. 

It was thus decided to use combinations of stage colour filters 

in the construction of a multi-comparison instrument. These stage colour 

filters were obtainable 16cally in large sheet~ at moderate cost. However, 

one is not able to get as small chromaticity changes as one could using 

the Tintometer glasses. 
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4o "UNIVERSAL" MULTI-COMPARJSciN FILTER DEVICES 

4.1 Design 

The multi-comparison filter instruments were constructed as 

in Fig. 220 Basically, these filter devices consisted of five filter 

·combinations contained in a pocket-size holder. The device has a 

central section composed of didymium glass in combination with other 

stage colour filters (the test field) 9 and four comparison filter 

combinations, two on either side of this central portion (the ~omparison 

fields). It was intended to construct. these comparison fields so that 

one could classify a lamp in terms of its C.I.E. Colour Rendering Index, 

merely by judging nearest to which comparison field the test field. 

appeared when viewing the lamp. 

No. I comparison field was designed to match the test field 

when lookirig at a sunny cloud, and thus, it may be said, serves as the 

reference step. No. II comparison field was made to be metameric with 

the test field when observing a cool white lamp of high colour rendering 

index, such as the Philips Colour 37 (P37). Thus No. II field serves 

as a comparison step for "de-luxe" lamps. The No. III field was meta-

meric with the test field on what may be called a "semi de-luxe'' lamp 

such as the Westinghouse warm white or cool white de-luxe lamps, of 

poorer colour rendering properties than the lamps metameric on field No. 

II. No~ IV comparison field was built to be metameric on a ''standard" 

cool white or warm white lamp, with C.I.E. Colour Rendering Index of 

approximately 50. 
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The following approach was used in the design of the instrument. 

A series of fluorescent tubes was selected to include the warm white 9 cool 

white and 6500K ranges of lamps commonly used in practiceo The lamps used 

were a Philips Colour 29 - warm white (P29), a Philips Colour 32 - warm 

white de-luxe (P32) 9 a Westinghouse warm white de-luxe, a Philips Colour 

33 - cool white (P33), a Philips Colour 37 - cool white de-luxe (P37)p a 

Westinghouse cool white de-luxe, an Atlas Tropical Daylight (65ITDK) -

abbreviated (A.Tdl), and a Philips Colour 57 - daylight.de-luxe (P57). 

In addition, an overcast sky and an incandescent iamp'were used as refer-. 

ence sources in the daylight and 28DOK regions respectivelyo 

The principie of ''universality'' (see Part II) was applied by 

placing a pale yellow filter across the didymium glass. In addition a 

Steel Blue stage colour filteT in combination with the didymium was used 

to change th~ pink hue of the didymium glass in the test field towards a 

neutral greyo The various comparison fields were obtaihed by matching 

the test field against a number of combinations of stage colour filters 

when observing a particular lamp. This involved many hours of trial and 

error during which a large number of different combinations of stage 

colour filters were tried for both obser0ers M.C. and H.E. Event0ally 

what was thought to be the optimum filter combinations for comparison 

fields l + IV were obtainedo 

4.2 Com12.£sition 

The first ''universal" multi-filter builtf called UM. I, had the 

following composition: 



UM. I 

Test Field: 

Comparison 
Field I: 

Comparison 
Field II: 

Comparison 
Field III: 

Comparison 
Field IV: 
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1 x 5 mm thick Didyrnium glass (Schott BG 36) 

1 x "Cin~bex" No. 17 Steel Blue stage colour filter 

l x Kodak No. 2E pale yellow filter 

1 x 102 mm thick glass 

1 x ''Cinernoid" No. 3 Straw stage colour filter 

1 x "Cinemoid'' No. 55 Chocolate Tint stage colour filter 

l x Kodak No. 2A pale yellow filter 

1 x Kcidak No. 96 Del neutral density filter 

4 x 1.2 mm thick gl~ss~s 

1 x "Cinernoid'' No. 38 Pale Green stage colour filter 

l x "Cinemoid" No. 53 Pale Salmon stage colour filter 

1 x "Cinemoid" No. 55 Chocolate Tint stage colour filte~ 

4 x 1.2 mm thick glasses 

· 1 x "Cinemoid" No. 38 Pale Green stage colour filter 

l x "Cinabex" ~o. 52 Pale Gold stage colour filter 

1 x "Cinemoid'' No. 60 Pale Grey stage colour filter 

4 x 1.2 mm thick glasses 

1 x "Cinemoid'' No. 38 ~ale Green stage colour filter 

1 x "Cinemoid" No. 55 Chocolate Tint stage colour filter 

1 x Kodak No. 96 O.l neutral density fiiter 

1 x Kodak No. 96 0.2 neutral density filter 

4 x 1.2 mm thick glasses 
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A second and improved version of the above filter instrument 

was built using segments of large sheets of stage colour filters which 

were obtainable locally. This instrument was called UM. II and is the 

filter instrument at present in use. This has .the following construction: 

UM. II: 

Test Field: 

Comparison 
Field I: 

Comparison 
Field II: 

Comparison 
Field III: 

I' 

l x 5 mm thick Didymiurn glass (Schott BG 36) 

l x "Cinernoid" No. 17 Steel Blue stage colour filter 

l x Kodak No. 2E pale yellow filter 

l x Kodak No. 96 O.l neutral density filter 

1 x lo2 mm thick glass 

2 x "Cinemoid" No. 3 Straw stage colour filters 

1 x "Cinemoid" No. 60 Pale Grey stage colour filter 

l x Pink filter paper 

5 x 102 mm thick glasses 

1 x "Cinemoid" No. 38 Pale Green stage colour filter 

1 x "Cinemoid" No. 52 Pale Gold stage colour filter 

1 x "Cinemoid" No. 55 Chocolate Tint stage colour filter 

l x Kodak No. 2E pale yellow filter 

2 x Pink filter papers 

5 x 1.2 mm thick glasses 

l x 11 Cinemoid 11 No,. 38 Pale Green stage colour filter 

l x 11 Cinemoid" l~o. 52 Pale Gold stage colour filter 

l x "Cinemoid" Noe 60 Pale Grey stage colour filter 

5 x lo2 mm thick glasses 



Comparison 
Field IV: 
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1 x "Cinamoid" No. 38 Pale Green stage colour filter 

1 x "Cinemoid" No., 55 Chocolate Tint stage colour filter 

1 x Kodak No. 96 O.l neutral density filter 

1 x Kodak No. 96 0.2 neutral density filter 

5 x 102 mm thick-glasses 

The results of observations on lamps by different observers 

are given in Records section R5.2. Good agreement was obtained between 

the results of observations by observers H.E. and M.C. The greatest 

discrepancy was as follows: with instrument UM. II, observer H.E. found 

the nearest match to the test field on sunlight to be between comparison 

. fields Nos. I and II, but closer to I; observer M.C. obtained an identity 

with field No. I. 

4.3 Determination of X(/\) for test and compa£isoi:l.Jielg_~ 

In order to obtain the u.c.s. (u,v) co-ordinates for the fields 

on various lamps, and hence the vector shifts from the test field to the 

comparison fields, the tr~nsmission curves·(~(~)) for the fields were 

measured. The method is given in Appendix 3, and the results in Records 

section R2.l. '°t(A) was obtained not only for the particular fieldr but 

also for the individual colour filters comµrising that field.. This 

enabled checks to be made on the measurements of~(~) for the fields~ which 

consisted of a number of colour filters, according to the relation 

ooooeoo (4~J.) 

where i is the number of filters in the field. 
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Measurement of "t(r..) for the fields was done at 10 nm intervals from 

730 nm to 380 nm in all tases except that the didymium glass and the 

test field were measured at 5 nm intervals. This was done since 't(A) 

fo~ t~e didymium glass varies considerably over an interval of 10 nm 

in some regions of the spectrum. 

In Figs. 23, 24, 25, 26 and. 27 the values of '"t(f..) as measured 

for the test and comparison fields have been plotted. From Fig. 23 

may be seen how the pale yellow filter absorbs the peak in the trans­

mission curve of the didymium glass below 425 nm, ·whith is the essential 

requirement for ''universal" operation o~ ~he device (described in detail 

in Part II). The resultant filter (test field) thus hardly transmits 

below 420 nm. The principal absorption region of the test field between 

565 nm and 605 nm which removes the yellow boost in standard fluorescent 

lamps may also clearly be seen. Figs. 24, 25~ 26 and 27 show that the 

transmission curves of the comparison fields are much sm"oother than that 

of the test field& F~g. 27 shows that th~ O.l and 0.2 neutral density 

filters w~re not perfectly neutral; they were however suitable for the 

purpose used. It may also be seen that the glass used in the .device 

appeared slightly greenish, its transmission curve reaching a maximum 

at about 550 nm. 

In order to convert the 1::(1\.) curve measured. at 5 nm intervals 

for the test field to an equivalent weighted curve '1; 1 (A) at 10 nm 

spacing for computational purposes, the following formula was used:· 

'"t'( 'A - 5) + ~( f... + 5) 

2 QC.oooeoeo {4o2) 

2 
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"Universal" multi-comparison device II - comparison 
Transmissioh curves of component~ ~nd resultant. 
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"Universal" multi-comparisoh device II - comparison field III. 
Transmission curves of components and resultant. 
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27. "Universal" multi-ccimparison device II - comparison field IV. 
Transmission curves of comportents and ~esultant. 

. + .. + •: "Cinemoid" No. 38 ·Pale Green (Gn) 
- G)- -0-: 11 Cinemoid" No. 55 Chocolate Tint (Ch) 
-X - X-: Kodak No. 96 0.2 neutral density (0.2N) 
. -0-·-0-~ Kodak No. 96 0.1 neutral density (O.lN) -·- -•-: 5 x 1.2 mm thick glasses (Gs) 

e o: Resultant filter field (Rt) 
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The calculation was made using an Olivetti P~ogramma Desk Computer, 

substituting the measured va.lues of 't(i\) at 5 nm inter\/a.ls~ To check 

the validity of this equivalent curve, the C.I.E. Chrornaticity Co-ordi-

nates x, y and z were calculated for an equal-energy spectrum for both 

the 10 nm and 5 nm curves (see Records, section R6). The results were 

almost identical. 

4o4 Determination of C.I.E. {~ u.c.s. co~-ordinates for filter fields 

While the C.I.E. (x,y) chromaticity diagram is useful for 

specifying colours, it has one serious disad\/antage: it misrepresents 

colour differenc~sf e.g. a certain distance in the blue region may mean 

a very appreciable colour difference, while the same distance in the 

green region may seem hardly noticeable. For this reason it was prefer-

able to use the C.I.E. (u,v) u.c.s. ("Uniform Chromaticity Scale") 

diagram(?) to represent the colour change~ observed when viewing different 

lamps through the filter device. 

The tristimulus values X, Y and Z were calculated for various 

test lamps (suffix K) and the' five fields (index j) as: 

YK . = ~ y(i\)PK('l\)'tJi\) 
~ J 7' J 

o~••oocoe•o {4.3) 

z
1
< . = ~z(i\)PK(i\)1:.(i\) 

, J i\ J 

(All computations were made using the IBM 1130 digital computer, details 

of which are given in Appendix 2}. The spectral tristimulus values 

~(~), ~(~) and i(~) were obtained from published tables. The spectral 

power distributions of th~ test lamps PK(~) were obtained from manufacturer~s 
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data (or could have been measured) 9 and the transmission factors of the· 

fields 1::. (i\.) were oblain~d by measurement as in Appendix 3., 
J 

The C.I.E. (u,v) co-ordinates for the fields oM tha te~t lamps 

were obtained by the transformation: 

UK • = 4XK . I (XKd + 15YK . + 3ZK . ) OOaCIEH,C>C>09f)0 (4o4) 
,J ,j ,j ,J 

VK . - . 6YK • I (XK . + 15YI< . + 3ZK . ) eo•eoeo•oe~e ( 4,. 5) 
,J tJ ,j ,j ,j 

and the (usv) shifts from the test field to the various comparison fields 

(index i, where i = I, II, III and IV for excellent~ 9dod, fair and poor 

colour rendering) were calculated as: 

j(u,v)1 - (u,v)c,1l {Cu1 -
2 (v = UC .) + 

pl. T 

{Cu - 2 
= . UK . ) + 

KDidy ,J 

These calculations were repeated for observations on the referente 

illuminant (found in the Colour Rendering Index section of the programme) 

of approximately the same chromaticity a~ the test lamp. The printout 

of these computed values may be seen in the Records section Rl. 

4.5 Correlation of chromaticities of test and com!2_§rison fields with the 

C.I.E. Colour Rendering Index 

Using the computer programme as described in Appendix 2, the 

(u~v) co-ordinates of the test and comparison fields were obt~ined for 

obseivatidns on a number of warm white, cool .white and daylight (650DK) 

lamps. In Fig. 28 the chromaticities of these filt~r fields have been 

plotted in a (u,v) diagram for some typical fluorescent lamps. This 

diag~am shows that in general the shift in the v-direction from the test 
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field to the comparison fields is very small in comparison to the 

u-shift. Consequently, the shift in the u-direction alone was used 

in further evaluations, and the u-shifts were considered to give an 

adequate indication of the performance of the device. This simpli-

fication aided comprehension considerably. 

Table I I explains the appearances of the four comparison 

fields (F. ). 
. 1 

Table Ilo Com_Earison Fields 

Comparison Field (F.) 
1 

i Appearance 

I Pink 

II Pale Brown 

III Grey 

IV Green 

Match with test field 
indicates R of lamp to be: 

a 

Excellent 

Good 

Fair 

·Poor 

In Figs. 29, 30 and 31 the shifts in the u-direction from the 

test field to the various comparison fields (uT - uC,i) have been plotted 
·~. 

against the C.I.E. General Colou~ Rendering Index. Figs. 29, 30 and 31 

were plotted respectively for lamps of the warm white (! 3000K), cool 

white (! 4200K) and daylight (! 6500K) ranges. Note that above the zero 

line the test field looks pink compared with the comparison field, while 

below this line the test field looks green compared with the comparison 

field. Intersection u1ith the zero line means a malch between the test and 

co~parison field. Fig. 29 clearly predicts that the instrument tends to 
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assess warm white lamps leniently e.g. a de-luxe lamp such as the 

Philips Colour 32 is metameric (uT - uC~i D.D) on FI and not 

FII' whereas Figs. 30 and 31 show that codl white de-luxe and daylight 

de-luxe lamps are assessed more strictly being ~etameric on FII" This 

dependency of the assessment on colour temperatute of the lamps was 

observed during the initial stages of building these filter devices, 

and appears to be inherent in the properties of didymium glass. From 

Figs. 29, 30 and 31 metamerism (uT - uC,i - .o.o) with FIV is predictedG 

for a warm white lamp with R % 55, for a cool white lamp with R ~ 65 a · a 

and for a 6500K lamp with R % 75 i.e. standard lamps designed for high 
a . 

efficacy. Similarlyt approximate matches with the other comparison fields 

are predicted according to Table III. 

Table III. R Calibration of UM. II filter device 
a 

Matching Lamp Colour Tem~erature 
Field 

29Dm< W.W. 4200K c.w. 

FI 85. 100 

F II 75 90 

F IIi 65 75 

FIV 55 65 

6500K D.L. 

100 

95 

85 

75 

Thus r 1 serves as a reference (R = 100) comparison field for all except . a 

the warm-white range where a match represents a de-luxe lamp, FII 

represents the de-luxe comparison field, FIII the "semi" de-luxe comparison 
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field and FIV the standard lamp comparison field. 

The chromaticity change between each comparison field indicates 

as a rule a change of approximately 10 units of Colour Rendering Index. 

Table III predicts an increase of about 10 units of index for 

a match on the same comparison field on a cool white compared wj.th a warm 

white lampo A varyin~ increase axists between a 6500K lamp compared with 

a cool white lamp as shown in Table III. 

The absolute values of the total (u,v) shifts from the test 

field to the comparison fields, l(u,v) 1 - (u,v)c,il (see equation 406), 

were plotted against R for warm white, tool white and 6500K lamps in 
a 

FigsG 32, 33 and 34 respectively. These curves showed minima (i.e. test 

field looks closest to comparison field) at approximately the same values 

of R as tabulated in Table III. 
a 

From Figs. 30 and 33 it may be seen that the Philips Colour 34 

lamp did not appear to lie precisely on the curves for any of the filter 

fields FI+ FIV' but slightly above theme This may be explained by the 

fact that the Colour J4 is of a lowe~ colour temperature (3BOOK) compared 

with the other cool white lamps (! 4200K). The General Electric cool 

white de-luxe lamp appeared to have a higher R (89) than the Westinghouse 
a 

cool white de-luxe lamp used for tests during the construction of the 

filter instrument. The G.E. cool white de-luxe matched on FII 9 while 

the Westinghouse cool white de-luxe matched very well on F
111 

(Table III 

would thus predict the Westinghouse lamp to have an R % 75)o 
a 

The u co-ordinates of the test and comparison fields were plotted 

against R
8 

in Figs. 35, 36 and 37 for observations on different lamps. 

These three graphs clearly show how the device operates. From Figo 35 
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for "universal" multi-comparison device II on cool white
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Fig. 34. (u,v) Shifts (from test field to comparison fields) vs R 
a for "universal" multi-comparison device II on 6500K lamps. 
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: (u,v) co-ordinates of comparison field (i = 
I, II, III 1 IV for excellent, good, fair and 
poor colour rendering) 
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54, ss, 57 . Philips colours . 
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01 . ThIDrington Daylight . 
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WW, wwx . General Electric warm white and warm white . 
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K Planckian Radiator ( 3050K) 
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can be seen that on the standard General Electric warm white (with a 

comput~d R
8 

= 52.3) the test field matches FIV" Table III would predict 

R ~ 550 
a 

Similariy the same figure shows that the General Electric warm 

white de-luxe (which has Ra = 72.5) matches between Fii and FIII" 

Interpolation in Table III would give R ~ 7Do 
a 

Fig. 35 also shows that 

when the Philips Colour· 32 (with R = 85.9) is observed through the device, 
a 

the test field matches F
1

• Table III indic~tes that the lamp should have 

an R ~ 85. 
a 

The test field thus moves through the full range of cornpar-

ison fields, matching on FIV for standard warm white lamps and F
1 

for warm 

white de-luxe lamps. The device should therefore be able to predict 

values of R to within less than 5 units of index if Table III is used as 
a 

a guide. 

For metameric lampss one would have expected nearly horizontal 

lines in Figso 35, 36 and 37 for the comparison fields (F
1

? F11 , F111 and 

F
1

V) since their transmission curves are tjuite smooth (see Figs. 24, 25, 

26 and 27)e Variations in their u co-ordinates are due to differences 

in colour temperat~re of the lamps. In general, lower u co-ordinates are 

expected for lamps of higher colour· temperature and vice versa. For 

example, in Fig. 35 the u-val~es of the comparison fields for the Philips 

Colour 29 (3250K) are lower than those for the General Electric warm white 

(3050K). The large variation of the test field with colour rendering 

index, ho~ever, is essential for the operation of th~ device. 

Figs. 36 and 37 show that for cool whit~ de-luxe and 6500K de-luxe 

lamps, a match is obtained with r
11 

and nbt F
1 

as was the case for the 

warm white lamps which the instrument tends to assess more leniently. 

In both these diagrams the test field is again seen to move across the 
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range of u co-ordinates covered by the comparison fields, rnet~merisrn being 

obtained on FIV for standard cool white or daylight lamps and on F
11 

for 

de-l~xe lamps. F111 serves as a useful step between r 11 and FIV as may 

be seen, for example, in Fig. 37 where the Colour 54 (R = 80~5) matches 
a 

almost on r 111 , but slightly towards Frv• An estimated value of R from a 

Table III for a 6500K iamp m~tching almost on F111 would be just less than 

85, which is again within less than 5 units of the calculated value of 

the index. 

Ideally, an instrum~nt would b~ desired where metamerism with a 

particular comparison field corresponds.to a certain value of R irrespec­
a 

tive of the colour temperature of the lamp tested& However, this ideal 

·condition could not be realized with this simple filter device. In Fig. 

38 the values of R for a match between the test field and a particular 
a 

comparison field have been plotted against colour temperature for lamps 

of 290DK, 4200K and 6500Ko These values of R were obtained from the 
a 

points of intersection of the F1 , r 11 , FIII and FIV curves with the zero 

axis (u-shift = o.o) in Figs. 29, 30 and 31. The R values thus obtained 
a 

were in close agreement with those acquired from Figso 32, 33 and 34 

using the minima of the F1, r 11 , F111 and FIV curves (least (u,v) shift). 

The curves of Fige 38 enable an ~ssessment of R to be made for lamps which 
a 

have a colour temperature between or beyond the warm white, ~ool white ~nd 

65DDK ranges. For example, the computer printout (Records section Rl) 

for the Philips Colour 47 (5000K) shows that on this lamp the test field 

would match F
11 

to within D.0028 (u,v) units. From Fig. 38~ a lamp of 

5000K matching F
11 

(point (a) in the diagram) has a Colour Rendering Index 

of 940 · The calculated value from computer results was 96.1, which is very. 



~-- ~-.+-- -~- -~-~- f- J-1--~-1- -l·-4--1-+--+-ll-1---+--1-. - _L: __ - -- - -- _,__ - -- - _,_ "- - -1---1--f--·1-<-l-1·- - -·- - ·-- - - -- - - . - -- ---l- - -- - . t-i- - -f-•- -~ 1--~ 
f- -t- --1-•---1·--<-+-•-t--+--!-+-1-l-+-1--1-1·-1--·I-- -- -- __ _,_..,_,_,_, __ 1_ -t-· -·-1'-t-- ~ -+-l--l-'1-l~l-+-1---<-- ·- -l-.1..- - - - - - - ..:....l-1- - - -- --- -- .___ - ·-t-· - -l--+-­

·1-1-1-1--l- ,__ -+-+--t--t-+--1-1-t--1- _,_ -l-l--1--1---l- -t·-+--1---1--1- -·- r- -·-l·-+-+-+-l'-l-l--l--+--l-11-1.- _,_ -- --- -- -· -~- - --1.- -· -·- -·· 

1---1--t t-+-it--t-+--+-+--+-il-+-l--l--+-.J-'-'-1--1--l-l-l.-C_J_. -+-I- I- - -1--i-+-1-+-t--!-+-<-t--t-+-+-l---t-t--+--t--l-f-ll-+-l- - - -l- - - -•- --1-1- "'-t~t-t-- ·-l·-+-·+-1-1-t--l-

Fig.- 38. 

: 

- 62 - t-t-+-+--t--+-l-1-+-1--l--1--1--l--l-I- -~~ ,_ -- -f--t--!-+-t-1-+-t---t-+-l-

Calibration curve for "univers~l" multi-comparison device II -1-1-1-

Colour rendering inde~ (R ) indication for a match between the 
test field and a particul~r comparison field vs colour temper- ,__~,__,__ 
ature of lamp tested. ~~·-,__ 

,_ --t!-t--+-!-~-t-1-t- 0 • F 
•-X-• -X-; FI 

Comparison field I 
t-1- f-t-­

-~-i.-

--+-...:.. 
Comparison field II 

II -0-- -0- F Comparison field III 
. +. .. +. FIII . Comparison field IV 

IV . 
I 

~J--1-1--. 

1--1-+-+--+-·t-+-<-+-+- - _,_ ·- - _,__, _ _,_,_,_ 1-J- - - - _.I.- - - 7"'- - ·- ,_ __ ,_ -- ··- _, _ __, _ _,__,_,_,,_,_._ --~- _1........1.- - - - - - ·-- - 1-- -t--l-+-+-1---fl-+--f-t- _,_ 
1-1-+-t---t- t--+- -1- f- - -!·-+-+-+-+--l-!-1--1-<-•- 1-- -!--l--1--l-l- -1-- f- -:-- -· -t-- - -·- - -- - - ,..._~ - ·- - -~-~- -'- - -'-"-- _,_ - - ·-· -1~ l·-4--1-- -~ -1- ~-- .... 

- _(_ -- - - - - -- - -- - - - ·-·- -- - -- - -- - - - - - - - ·- - ·- .. - -- - . - -·-·- - ... 
~t!'-.'",_-+--1-+-1-1--l-· -1-~ 1-- - -- -1-- - - -1-t- -· - - .._ --+--l-·-tt-t----+-o-+--+--+L-11-+-1---t--~- _..__ - _ 
IT '-l·-1-+-·t--t- ~-1-+--t---H-l--l--l--1-l--t-!·-+-l-+-!-l·-l·-+-l--l--l-li-I- -~-1- 1- ~·I- -t--1--1--1-1-1- - l-l--"--·t-11-+-l--!-+-ll- t-•- - ~•-+-

I 

I 

I 
I 
i 

i 

-
1i 

·~ r01'-++-t-+-t-+-t-++-1-+-+-l-t+-t-+-+-+-t-+-bA!r-+-~+--+-+-t-+-+-t-++-l-!-+-!-++-+-+-l-+-l-!-+-l-l-+-l-+-l-+-+-\-+-.J.--J-..j...j-!-..j...ji-+-l-l--+-

-.' 

1-1-+-l--+-+-..._,-'-l--+-·l-I--'- -- - -; /~- --=c <---~ - -·-;: ,..;;.;;;--'-- - -1- _,_ - -"-- -- • ~(~~'::"-:::-i...:'-~ --·- -- -- -

i-~---f--1--- -t---1-·~ . 1" - -· ~~- t--f----1--" 

, __ - - _,_ - .. -0 - - --·- -- - -- -.-•'- --'---·-~-'-'-~ - - ---~--1;; .. ~---l-ll-+-l--1--1--+--1-!-·l--1--1-l--l-~-l--l--l--1-"l-1- - -·· -·- -· -r--- ->-f-

~ f-l- ~- - t- - ~·-· - - ~I~(_ __ .;_ - -··--l-1--'-'--1·- -1- ·- - - --~ -~ --;-'--1-->- -l·-+-l-+-<-ll- ·-t·-4--1--1-<-'·- -- - l---f- - f-t·-··- - -f-- - - f-t-

+-~•-1J1 -
1
..,. ·-•- - -1-1-0- ·-l·-t-++-+-1H-t-++--l-l-l-++-l--l-l....;\-+-t-+++'-!-+ ·t--1--+-+-+-+-

·-~-++-+-+-11-+-1--+-1--1--1-1--~-- •-+­
l-ll-+-+--+-+--l-ll-+-+--1-!-l-+-+-+-1-, Y't1 +-t--+-+-1-++-f-++-1f-l-t--l--J.o'+-IH-t--l-+f-l-l-+++-+-+-1-+-++++-11-1 -+-11-1-+-+-+-+--t--t-t-+---t-+-+-l-t--l--+-+-+-I~ 

, ~·~ 
-~-l--t-4-l ll-1--1--1-1-l- ._ ,_ -1·-1--1--1---l-lVI .- ' - -t·-+-t-+-t- ~ .= .__-t--t--l-+-+-11-+-,.t--l"··-l-'+-1-!-!·-l---t-·+-l-l-+-+--l-+-4-l-!-1---1--1-+-l-!-l-·+- J-+-

,_ t-··H-+-t---t-+-+-11-1-t--t--1-+-l-!-+-+-+-+-+--l-+-++-+-l- / LI 
~ l--l-+--+-l-+-l--+-+-.. -l--l-+-l--l--l-+--<~.-1--1--l-1- -·t-l'-t-l-........ l-+'-t---l-+-l-+-1--l--1-4-l-+-!--1-+-ll-l·-I- -l--Jl-+·-+---t-+-1-t--t--+--1-+-<l-f-f- ~-'-'"'" 

.. 1-1-+-t--l-+-+--1-+-l·-f-4-4-l-l-t-~'·•-1--1--1-'-~- ----t--- -•·-+-+--+-'--l-+-+--+--1-•-<-+-+--+-+---1-1-1-1-+--H-+-+--t--l--l-l-l-++-l--h-!-l-l-' 

I -1-l-+-1---t--l-t--!l-+-l--+--1-4- -- ,..:'.1-1-1-1--1--1-1--.J.-1-- l-·'!"-·l'"--11-+--·l-l-+-+--l--l-+-ii--t-l--'--1--1-l-+-l--l-·1--l-l-!--1--1--1-t-l-~-l--l--l--+-I-+-+-+-+-+­
!, 

, 

-= =-~1- ~·- -•- -= .•_,--+-+-+-<-+-1--<-1_,._,_..._,_,,_,__,_...__._,_ -t--t--l-f-t--t--H-++-H-++-H-l-+-+-l-l--t-+-l-l--l-+-µ-1-+.-J-+--l--f-!-1--+-l-H-+-l--l-l-l-' 

I 
I . 

l-l-+-l--l-+-l-+-l--+·l-;-t-+-+--l-~l--1--+-4-1-!-+-'--'--1--'-'-'-1-1-+-l--l-+-l-l-+-1--1--l-•-'l-+-l--l--1--1--l--l-1--1-4--1-1-!-1-l--l-l-l-t--+-·+-+-1-!1-+-l--+-+--l-lH-I--+~ 
- ·- t-~-- ~- - -- - - ~f--1-- -~-l-+-+-11-1-l--1--+--l·-~-+-1--l-1- -1---- -~t-t-t--t---1 -l-+-+-'-1-+-t-t-t--+-+-·1- -·I-- -1-- -~-+-l--l-l--l-l·-+-l--l--1-11-!--1---1--1--1--1-!-l---I-

: ~-f}t-+-t-rt-t-t-t-t-+-t-t-+-i-++-l:...+-!-f-+-t-t-t-t-+4-+-+-i-+-+-1:...+-+-1-+-+-f-+-l-4-+-+-+-i-+-+-H--+-l-l-+-~-l-+-l-+-...j....ji-+--i-H--l-~ 

·- -··!- - -- - - - - -- --~- ·- ·- ,_...__,_ -~- _.__ _,__, _ _,_...__._,__._t-t-+-1--1 

-r,.1-f-. - ·- -··- - - -
--,--1-1-- - ·- 1--1-- - ·- ·-l·-+-+-<-<-+-1--1- -•- - -l·-t--!-+-+-t-+-+-+-+-+-ll-+-+-1--1--l-1-+-l---l--l-.+-l-l-l-l---1--1-l-11-+-+-+-+-t-l-+-t---l-·H-+-+-+-+-I-

--+---1-+-+-l--l-+-+-4-+-- 1-'--1--r-+-+-~-1-1-+-r-1-+-t-1-f--1--1--+-+-1-+-+-+--+--l-l-l-+-J-+--!-+-1-t-1--1--1--1-1-t-+-l-+-+-+-1-+-1-+-.+--l-h 

-l·--l--l-1---1-l--l-+-l---l-l--1--1--1--l-l--l-.+-l--l-1--1--l--l--l-l---l-l_J_-t-l-!-+-+-+-l-!l-+-1--I-+-
--1--+-•-,__ . .i..... 1-~- _...,_.__ 1- -i.- -t-"-- -+--l-+-t--1-- -t-++--l-H-f-t--t-+-+-1-1-+++-l-H-1-' 

I- -!1. -t--+-+-H-t--l-+-·t-t-1-+-+-+-+-t--!-+-+-l--1-l>- -1--1--l--l--l-l-+-1---1-1--t-1 1-J-+-t--+-+-+-.,1--1-t--1-+-t-l-l-I-·- - - -- - - -'- - '-'- -t++-l-H-+-l--l--1-H-1-
~- -f-1---1-+-l-'l-+-+-I- ,_ -t--+-+--l--l-!-l--1--1--1--+--l--l--~ i.- - L--L- ~-+-- --1- -- --f--t-- 1- ++-t-HH-+++--l-H-++++-H-+-+-++-HH--+.--1---1---1-1--1-+-1-+--l-I--

. 1 I 

WAt.'TONS 



- 63 -

close to the assessment that could be made using the filter device. Table 

III represents rounded off values obtained from Fig. 38. 

In order to determine the colour rendering properties of a 

particular lighting installation, one views the lamp(s) through the filter 

instrument as in Fig. 39, and assesses nearest to which comparis6n field 

the central (didymium) field of the instrument appears. Now the values 

of R recorded in Table III have been marked o~ th~ iristrument next to ths 
a 

_appropriate fields r
1 

to FIV as in Fig. 40. By observing first whether 

the lamp falls in the warm white, cool white or 6500K ~nge one is able 

to determine which of the three values of R marked next to this particular 
a 

comparison field applies to lamp under observation. One may also judge 

a lamp to be ~etameric with the central field between any two of the 

comparison fields. In this case, taking R to lie betw~en the two speci-. a 

fied values would be justified. It is suggested that an observer could 

determine ~he colour rendering index of a lamp possibly to within 5 or 10 

units of index (definitely to within < 10 units). Moreover, an experienced 

observer need have no use of the tabulated values next to the comparison 

fields, but would simply underrate warm white lamps bearing in mind the 

approximate values suggested in Table III. 

The adequacy of determining R to within 5 or 10 units is 
a 

supported ~y recent research by Halstead, Palmer~ Morley and Stainsby(B) 

who found that one 6annot detect less than 5 units in the colour rendering 

index easily~ Thus both practical experience and the meaning of the index 

scale (viz. 4.6 units in the index, whether general or special, correspbnd 
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L L~mp to_ be assessed 
0. Observer 
F Filter device held between thumb and index 

Fig. 39. Technique of observation for assessment 'of Colour Rendering 
Index of a lamp. 

('985/100/100 55/65/750 --- ~. 

I m r. . Test field . 
4/7 T I Comparison 
kK II m II Comparison 

III .. Comparison . 
075/90/95 65/75/850 IV Comparison 

.3/(or first number) 
4/(or second number) : 
7 (or ~hird number) 

Colour temperature 2900 - 3200K 
Colour temperature 3900 4400K . 
Colour temperature 6500 - 8000K 

field 
field 
field 
field 

Numbers.refer to values of R for warm white (3000K)/cool white 
(4200K)/6500K 1amps respecti9ely when the test field .is meta­
meric with the particular comparison field •. · 

I 
II 
III 
IV 

Fig. 40. Calibration of ''universal" multi-comparison d~vice II against 
R for warm white, cooi white and 6500K lamps. 

a 
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to 1 N.B.S. or C.I.E. unit of colour difference) indicate that differences 

in R. of about five units will correspond to visually perceptible colour 
1 

differences. A C.I.E. publication(g) states that: "No. such simple 

rule can be given for R • 
a 

It is obtained as the average of eiqht R. 
- J. 

values, and even when ·two light sources have exactly the same R , differences 
a 

of more than 5 units in one or more of the R. 's may still be possible, so 
J. 

that their colour rendering properties will be different for the object 

colours in question". 

This simple filter device was designed for a~sessing fluorescent 

lamps commonly used, and, for this limited but im~ortant application, it 

should be useful in practice. Further research, beyond the scope of this 

thesis, would be required fo~ extension of its application to other 

discharge lamps. 

4.7 Summary and recommendations 

A portable visual pocket device has been developed for an 

. . . 
approximate determination of the C.I.E. Colour Rendering Index for the 

range of fluorescent lamps commonly used in practice. No claim is made 

for high accuracy or for application to other discharge lamps which have 

not been investigated. 

Further research work might show whether extension of the appli-

cation of the filter device to other sources apart from fluorescent lamps 

would be warranted. 

An improvement on this device would be one designed to assess all 

lamps eq~ally? irrespective of their colour temperature. Whether th.is 

refin~ment could be made with the existing filter device is somewhat 

doubtful. 
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5. DIFFERENC~S AMONGST or:isrn11u-is WITH NORMAL COLOUR l/ISION 

5.1 Tum groups of norma_l obs§_!_'~ 

From observations made during the-construction of the initial 

single-comparison filter devices (section 2.2) 9 there appeared to be two 

distinct groups of observers having normal colour vision - those who saw 

as observer M.C. (called Group I) a~d those who saw as observer H.E. 

(called Group II). In order to determine into which group a particular 

observer could be classified, the following quick and elementary test was 

applied: the single-comparison filter devices M.C. I and H.E. I (for 

composition see Appendix 5) were held side by side with a sunny cloud as 

- a background and_ the observer was asked which of the four fields appeared 
, 

different. If the observer stated that hS saw the comparison field of 

H.E. 1 to be the odd one, this looking greenish-grey while all the others 

looked violet, he would belong to Group I. If the observer saw the 

comparison field of M.C. I to be the pdd one, this appearing a violet 

colour while all the others looked greenish grey 9 he would then belo~g to 

Group II. These observations are summarized in Table IV. 

Table IV. Classification of observers 

- - -- --- --
Test field Comparison field 

Device H.E. I f·1. c. I H.E. I M~C. I 

GROUP I observer Violet Violet Grey Violet 
(e.g. M.Co) 

GROUP II observer .Grey Grey Grey Violet 
(e.go H. E. ) 

- - " ·- ---------
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Tests (see Records, section R7) made usihg this simple method 

of classification showed that the ratio of Group I observers to Group II 

observers was approximately in the ratio 2. : l. 

5.2 Yellow filter test 

This difference in vision a~ongst normal observers was an 

obstacle which had to be overcome before a filter device could be built 

which would·work equally well for either group of observers. 

It was found that by placing a yellow filter such as the 

"Cinabex" No. l Yellow with a t:(A.) cut-off at about 471.i nm (found 

approximately by means of a visual test with a spectroscope) in front of 

filter instruments H.L I or II, observers H.E. and f'1.C. then saw these 

filter instruments metameric on sunlight (see Records, section R7). 

This distovery formed the basis of the design of future "universal'' (i.e. 

works for both ''groups" of normal observeis) filter instruments. 

Analysis of the l'. (i\.) curve for the didymium glass (Fig~ l), 

used e.g. in the filter instruments H.E. I and II,shows a peak in the 

region 405 nm to 430 nm and a trough from 435 nm to 480 nm. 

filter thus removed the peak in the short-wavelength region. 

This yellow 

This lead 

to the theory that both groups of observers were not equally sensitive to 

radiation in the violet region. 

5.3 Violet sensitivity tests 

Some corroboration of the results of the yellow filter test was 

necessary. 

_Jes.t_J: A quick and simple comparison test between the violet sensitivity 
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of ihe two groups of observers wa~ carried out as follows. The slit of 

a prism spectroscope was illuminated with the light from a mercury 

discharge lamp as in Fig. 41. Several lines of different colours could 

then be seen in the eyepiece. The differen~ wavelengths were deviated 

through different angles by the prism; hence the line images were sepa-

rated. The mercury 404.7~ 407.8 and 435.8 nm lines were isolated from 

the other spectral lines by placing an interference filter ( 1: (A.) : 
max 

406 nm; hal~-width = 24 nm) in front of the collimator slit. This filter 

still transmitted the 435.B nm line, but with reduced intensity. 

Statements were recorded as regards the luminances of the violet 

(404.7 nm) anci blue (435.8 nm) lines as seen by the observers (see Records, 

section R7). Appropriate neutral density filters were placed over half 

the entrance of the collimator slit until a brightness balance was obtained 

between these two lines, one in the left hand and the other in the right 

hand field of view of the spectroscope. ·An interesting result was obtained, 

namely that the luminance ratio of 404.7/435.8 nm lines was approximately 

five times greater for an observer from Group I than for an observer from 

Group II. 

This interesting result indicated that further and more accurate 

tests in the short-wavelength region would be warranted. 

Test II: The apparatus was set up as in Fig. 42 to compare the intensity 

of blue light with th~t of violet light. Radiation from a 400W mercury 

' vapour lamp was passed through a violet interference filter ('"t;(f\.) : 
. max 

406 nm; half-width = 24 nm) and illuminated one half of a magnesium oxide 

surface, the field luminance being safely in the photopic region. The 

other half of the magnesium oxide surface was illuminated with the light 
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L 

(a) (b) 

Field ot view 

(a) Section of field excluding 
neutral density filter 

. ( b) Section of field including 
neutral density filter 

L 125W Mercury discharge lamp 
F Kodak neutral density filter 
n 

F Schott interference filter ("r(~) 1 406 nm) v · . max 

Fig. 41. ·Arrangement using a spectroscope for violet sensitivity test I. 
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Magnesium oxide surface 
Screen (dividing fields) 
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p 

Elevation A-A .. 

:, Black velvet paper 
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Incandescent lamp (controlled by variac) 
+ Ilford 204 tricolour red filter 
400W Hg lamp+ Schott violet interference.filter 
('t(~) = 46% at 406 nm, half-width = 24 nm) max 

Be ·: 125W Hg lamp + Schott blue interference filter 
('t(A.) ~ 53% at 431 nm, half-width = __ 22 nm) max 

NOTE All dimensions in millimetres 

Fig. 42. Arrangement on photometer bane~ used for violet sensitivity 
test II. 
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from a 125W mercury vapour lamp in front of which a blue interference 

filter (~(~) ! 431 nm; half-width= 22 nm) had been placed, together · max 

with the light from an incandescent lamp passed through a ied colour filter 

(circuit diagram Fig. 43). The red lamp was used "for colorimetric 

compensation(lO) only, and its luminance contribution was relatively 

.small. Adjustment was obtained on the red lamp by using a variac, and 

adjustment of the illumination from the blue light was made by moving the 

lamp along a photometer bench, since the mercury discharge lamp cannot be 

dimmed by reducing the voltage across it. The illumination from the 

violet lamp on the magnesium oxid~ surface was kept constant. All three 

lamps were contained in suitably shielded ccmpartments. The two halves 

of the magnesium oxide surface were separated by a non-reflecting screen. 

The area of each half of the white surface illuminated was limited to 

approximately 100 mm x 100 mm in order to obtain uniform illumination, the ' 

remaining section of the white surface being screened off with non-reflecting 

black velvet paper. 

Observers were first tested for normal colour vision using the 

Ishihara charts. They were then asked to match (see Fig. 44) the violet 

light in hue, value and chroma using the controls of the blue and red lamps. 

Theoretically an identity is not possible as a small amount of green light, 

for e~ample, added to the violet light is required to obtain a perfect 

match. This would be at the i~tersection of the straight lines joining 

the blue-red and violet-green points on the C.I.E. diagram (mixture M in - . 

Fig. 44~ As this green light was not added, the observers merely obtained 

their closest match (distance (d) in Fig. 44), the violet light always 

appearing slightly more saturated. However~ an exact colour balance is 
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Fig •. 43. Circuit diagram used in violet sensitivity test II 
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Fig. 44. Comparison of blue and violet lamps with colour co~pensation 
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- 74 -

not necessary? provided the remaining colour difference does not impair 

· the brightness or contrast observation. 

Observers from Group I obtain~d their match with the blue lamp 

relatively close to the white surface, whereas those from Group II 

positioned the blue lamp much further away, showing reduced sensitivity 

to the violet light. The individual components of red, blue and violet 

on the screen for each match by observers was recorded using an uncorrected 

photocell and operational amplifier (see Records, section R7). 

Comparison of the blue/violet ratios for both groups of observers 

(see Records, section R7) showed that in some cases observers from Group I 

were twice as sensitive to the violet light as those from Group II. Some 

from Group I were only l~ times as sensitive as those from Group II. 

The above test was repeated using another violet interfer~nce 

filter ('"t(A.) . ·~ 403 nm; half-ulidth:: 18 nm). 
max 

This filter thus trans-

mitted a narrower band of radiation (viz. 404.7 and 407.8 nm lines only) 

than in the previous test. Note that the 406 nm filter used in the previous 

test also transmitted a certain amount of the 435~8 nm line. The results 

showed that observers from Group I were from 4 to 20 times more sensitive 

to this light than those from Group II. 

However, research in this field is far from complete, and to 

obtain more conclusive results mass observation tests should be conducted. 

The results do 9 however, clearly show the marked reduction of sensitivity 

of some normal observers to short-wavelength radiation, and the shorter 

the wavelength the greater the reduction in sensitivityo 
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5.4 Discussion 

The following explanation of tho above observati~ns is suggested. 

The basic relation which describes the response of ~he eya to radiation is 

its sensitivity to the various wavelengths of the spectrum. The response 

function expresses fundamental properties of the retinal receptors, and of 

the ocular structures which light must penetrate to reach them. The human 

retina contains two groups of receptors: rods, which function in dim light, 

and cones, the organs of vision in bright light and colour vision. The 

· intrinsic sensitivities of rods and cones are modified by the presence of 

coloured intraocular structures. One of these is the lens, which in man 

is yellowish in colour. The cornea and other ocular humours also absorb 

some light in the violet and ultra-violet. The retina itself contains a 

yellow pigment, concentrated in a diffuse central zone about the fovea, 

the·macula lutea or yellow spot. Its concentration varies from one indivi-

dual to another and is correlated with the coloration of the hair, the skin 

end the iris and would explain in part the variation of normal subjects as 

regards their factors of relative luminous efficacy. Fig. 45 shows how 

transmission through the eye may be represented as: 

't(fl.) ocular. media x "G( /\.) macular pigment 

Wald(ll) extracted a small numbs~ of human maculas. The yellow 

pigment was identified as a lutein, the xanthophyll in the leaves of trees, 

and he obtained the values of 'L (A.) 

Ludvigh and MacCarthy(l 2 ) 

for the macular pigment ( 1:: in Fig. 46). - m 

studied the transparency of the eye 

for four subjects over the age of 60 years. The authors made allowance 

for the knotJm yellotuing of the lens with age and obtained values of '"t'(i\) 
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= 't(fl.)ocular media x 't(A)macular pigment 

Schematic section of the human eye showing the components 
0 f 't(fl.) eye 
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of the ocular media(l 3 ) representative of subjects of 21 years of age 

(1:'. in Fig. 46). 
0 

The product of these two curves (L in Fig. 46) 
. e 

represents the effect of both macular and ocular pigmentation. Curve 

(L
8 

XL
0

) was obtained by forming the product of curves ( L:e) and ( 1::
0
), 

representing subjects with an assumed doubling in density of ocular pigmen-

tation. This would reduce the sensitivity ratio 405/436 nm (possibly 

Group II observers) relative to a reference condition (say curveL, 
e 

possibly Group I observers). Curve (1.'.. x ~ ) was obtained by multiplying e m 

curve ( 1:: ) by curve ( ~ ) , representing subjects with an assumed doubling e m . 

in density of macular pigmentation. This would have the effect of 

increasing the 405/436 nm sensitivity ratio. These results showing ,, . 

variations in the 405/436 nm sensitivity ratio have been depicted in Fig. 

47 9 where a portion of some curves in Fig. 46 have been redrawn and scaled 

to intersect at 1: % 10% at L~36 nme 
e 

· It is suggested that the variations in vision found amongst our 

observers could be due to various densities in ocular and macular pigmen-

tation. 

. . . . . (11) Variations in the macular pigmentation have been recorded by Wald , 

who states that: "The depth of pigmentation 9 however, varies greatly in 

O!Jr observers. In one of them no pigmentation was perceptible; in another 

the pigment absorbed more than 90 per cent of light incident at 436 mp. 

These wide variations probably account for marked disagreements in the· 

anatomical literature regarding the occurrence and depth of pigmentation 

in the fovea(l 4 )• It is clear from our data that some foveasare virtually 

unpigrnented, while others are intensely colored • In the latter instance, 

the pigment must affect profoundly the contributions of blue and violet 

light to the color sensations of the fovea"a Note that both the density 
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of the ocular media and the macular pigmentation are known to increase 

tuith age (density, ~(A)= -log10 't(;\))o 

While this explanation may be ~atisfactory in accounting for 

the results of the short-wavele~gth sensitivity tests, it does not 

entirely account for the observations of the visual tests of section 5.1, 

where there appeared to be two distinct groups of normal observerso 

5o5 Summary and recommendations 

A problem arising from the difference in vision amongst obser­

vers with normal colour vision has been overcome. 

A more detailed investigation ir1to the visual problem where large 

'differences in the violet sensitivities of normal observers were found, 

may yield interesting results. 
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I APPENDIX 1 

-~.tl__.....,.. _ __..{ _u.~). No mo q ram. (J. 
5 

) 

Al.l Transformation 

The relation between the C.I.E. (x 9 y) co-ordinates and the 

C.I.E. (u 9 v) u.c.s. co-ordinates is given by the formulae: 

x = 
LI - 4v + 2 

v 
· and y = (Alo2) 

u - 4v + 2 

From (AL.l) we have 

4x u 
--- = 
3 - 2x 1 2v 

f
1

(u) 

i~e .. f 3(x) :: 

f 2< v) 
(Al.3) 

From (Alo2) we have 

1 + 4y u + 2 
--- - . 

y v 

f
4

(u) 

i.e. f6(y) = ooeoo•oo•• . (Al.4) 
r

5
(v) 

Both equations (Al~3) and (Alc4) are in the form 

f(u) = f(v).f(w) 

from which it is possible to draw an alignment chart - a Z chart. 
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The method used was to obtain a Z chart for the u, v and x 

scales (Fig. 48), and superimpose a Z chart for the u, v and y scales 

(Figo 49), keeping a commbn scaie for u and v. 

tig. 50 shows the proposed diagram.· While the intersections 

with the parallel scales by the x scale at (u =.0, v = o.5) and by they 

scale at (u = -2, v = 0) are determined by the abovementioned transfer-

mation formulae, the .distance between the parallel scales as well as the 

unit length .of the u and v axes are arbitrary~ The scales selected in 

Figo 50 were chosen to give optimum angles of intersection when using the 

nomogram for (x,y) ._.. (u,v) transformations (and vice versa) in widely 

used regions of the diagram. 

Al.2 Graduation of scales 

Let the parallel scales (Fig. 48) be graduated in acqordance 

with the scale equations 

o
1
(u)=m/1 (u) •••••••••o (Al.5) 

oo•••••••o(Al.6) 

where v' = -v 

Th8 diagonal scale for f
3

(x) joins f
1

(u
0

) and f
2
(v'

0
), the zero 

values of f
1

(u) and f
2

(v 1 ). 

Let the straight line joining points u
1 

and v•
1 

cut the diagonal 

scale at xl. From similar triangles uoulxl and v' ov'1x1: 

o1(u) D(x) D(x) 
= ----·-- or o

1
(u) = o1(v') 

o1(v') l<l - D(x) Kl ~ D(x) 
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Thus, from (Alo5) and (Ale6) 

lilhen f 1(u) = 

D(x) 
then 

K1 - D(x) 

D(x) 
= m f 2(v 1 ) 

v I< - D(x) 
1 

f 2 (v'.)of
3

(x) 

m u 
= f 

3
(x) 

m 
v 

from uihich D(x) = ------

Graduate the u-scale as: 

+ m 
v 

oooo•e••o• (see equation (Al.3)) 

u varies from 0 _..,,.,. loD• Scale selected = 1 unit (Fig. 50) 

1 
e rn -- 1 . " = = u (1 o) -
i.e. o

1
(u) = u (in uni.ts) ooeeooo•oo (Al.8) 

Graduate the v 1 -scale as: 

.Since this scale must be graduated from the top down, put v' = -v 

and use the negative part of the v' scale as a positive scale for v. · 

v' varies from -Do5 -> 0., Scale length= D.75 units 

D.75 
= D.75 

(1 - 0) 

i.e. D.75(1 + 2v 1 ) (in units) 

where v' = -v 



D.75 
Also tan B1 

::: = l 
D.75 

K
1 

= o.75 sec 45° = 1.06065 

then,~substituting in (Al.?) 

D(x) = 

o\ D(x) 

4x 
1.06065---

3 - 2x· 

4x 
+ o.75 

3 :- 2x 

l.06065x 
=·-------

0.625x + 0.5625 

- 87 -

= 

units oeeeooe•o• (Al.10) 

The u,v and x scales may be drawn by substituting values in 

equations (Al.B), (Al.9) and (Al.10) respectively. 

Since the negative part of the ~· scale is used for v, a different 

formula from D(x) must be used for D(y) •. 

Let the parallel scales (Fig. 49) be graduated in accordance 

with the scale equations 

= 

ant.i o
2

(v) = n f
5

(v) 
v 

(Al.11) 

00<••99069• (Al.12) 

The diagonal scale for f 6 (~) joins r
4

(u
0

) and f~(v0 ), the zero values of 

r
4

(u) and f
5

(v)o 
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From similar triangles uoulyl and vovlyl 

o2(u) K2 + D(y) K2 + D(y) 

= or .o2{u) = D2(v) 
o2(v) D(y) D(y) 

Thus, from (Al.11) and (ALJ.2) 

nuf4(u) 
. K + D( y) 

= n f .. (v) 2 v ;:) ---·---
D(y) 

When f 4(u) = f 5(v).f 6(y) 0•4••••0•0 (see equation (Al.4)) 

then K + D(y) n 2 u 
- = - f 6(y) 

D(y) n v 

from which D(y) = ------- Ol'QOOO·t-Gee (Alol3) 

Graduate the u~scale as: 

u varies from -2 -'JO- 1. Scale selected = 3 units (Fig. 50) 

3 
• 1 •• n = = u (3 0) 

io8o . o
2 

( u) - u + 2 (in units) coeoeo&•oe (Al.14) 

Graduate the v scale as: 

v varies from 0 -->- 0.5. Scale selected= 0.75 unit 

" 
o • n - ------ = 1.5 

v 
(Oo5 - 0) 



i.e~ o
2

(v) - 1~5v (in units) •~oeo~o••o (Al.15) 

Equations (Al.14) and (Ai.15) are consistent wi~h equations (Al.B) and 

(Al.9) respectively, and the u and v scales may alternatively be drawn 

by u~ing equations (Al.14) and (Al.15), but with different zero positions. 

Now tan B
2 

= D.75 = 0.375 

2 

2.13:-is 

then, substituting in (Al.13) 

2.1358 3.2D37y 

D(y) = l + 4y = l + 2.5y 
----1 

l.,5y 

Equation (Al.16) enables the y scale to be calibrated. 

Fig. 51 shows the nornogram drawn to a scale of l unit = 200 mme 

The u scale was calibrated from 0 to D~7, the v scale from 0 to D.4~ the 

x scale from 0 to 0.8 and the y scale from 0 to D.9. The nornogram was 

drawn maintaining linear scales for u and v. As u and v are u~c.s. 

co-ordinatess equal steps on the u ~nd v scales represent equal colour 

differences. 

·In order to use the nomogram for (x,y)-. (u,v) transformations 

(or vice ver~a), a straight line is merely drawn through the known (x,y) 

points and the points of intersection on the (u,v) axes are read off. 

The scales selected were found to be improved compared with those used by 

other authors(i5 ), (l7 )• 
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APPENDIX 2 -·----.--

. f_or~puter Prog_~arnme 

(This section should be read in conjunction with the flow diagram 

(secti6n A2.6) and the listing of the source programme (Records, section 

Rl)). 

A FORTRAN programme was written to· use the IBM 1130 computer for 

the calculation of: 

(i) 

(ii) 

( i.ii) 

( 18) ( 19) 
The C.I.E. General Colour Rendering Index of light sources ' • 

The C.I.E. Special Colour Rendering Index f~r ~pacified samples. 

The C.I.E.-u.c.s. co-ordinates u, ~' W~ f~r specified samples.and 

filters. 

(iv) Filter chromaticities and vector shifts from the test field to the 

6ther filter fields. 

So~e programme details will be explains~ in the sequence of 

occurrence in the source programme. 

Storage allocations for all one-dimensional or two-dimensional 

. (20) 
arrays used in the programme are assigned by the DIMENSION statement • 

Although the logical unit numbers for the printer and card reader are 5 

ard 8 respectively, these numbers have been assigned the symbois IW and 

IR, and in all READ and WRITE statements the integer that specifies the. 

logical unit number to be used for input or output is referred to as IR 

or IW. Should later on the re-configuring of the system take place and 

the FORTRAN input/output logical unit numbers be changed 9 only two cards 

need .be repunched and not all the READ and WRITE stateme~ts. 
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The first information READ into storage is the number of lamp 

spectra to be processed (LRUNS). This is followed by the spectral 

tristimulus values ~(~), ~(~), i(~) for wavelengths at 10 nm intervals 

from 380 nm to 720 nm, then the four mercury lines at 405 nm, 436 nm~ 

546 nm, 578 nm and the sodium line at 589 nm. 

The spectral reflection factors ft.(?,) of the eight test-colour 
. l 

samples(l 9), <21 > used for cal~ulating the General Colour Rendering 

Index are then READ in (i = i -- 8). They are selected to cover the 

hue circuit, are moderate in saturation, and approximately the same in 

lightness (Munsell value 6/ for daylight). These are followed by the 

special purpose test-colour samples used for calculating the Special 

· Colour Rendering Index. (i = 9 -.. 14). Using the Munsell not~tion, these 

samples are: 

(1) 7.5R 6/4 (8) lOP 6/8 

(2) 5Y 6/Lr (9) 4.5R 4/13 

(3) 5GY 6/8 (10) SY 8/10 

(4) 2.5G 6/6 ( 11) 4.5G 5/8 

(5) lOBG 6/4 (12) 3PB 3/11 

(6) 5PB 6/8 (13) 5YR 8/4 

(7) 2.5P 6/8 (14) 5GY 4/4 

Samples 15 to 17 are then READ in. Sample 15 ~epresents the 

complexion of the average "female Caucasian 11 (
22 ). Sample 16 is the 

reflectance of the average woman with cosrnetics( 22 ). Sample 17 is the 

lamp itself (j3(/J = 1.0)°' 

The last 5 "samples" (i = 18 ->- 22) are actually transmiBsion 

factors of the fields of UM. II which the computer processes in the same 
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way as the reflection factors. Sample 18 is the test fic~ld of UM. II, 

sample 19 is field I.(excellent), sample 20 is field II (good}, sample 

21 is field III (fair) and sample 22 is field IV (poor). 

The statement READ(IR,3)((BETA(L,I)~ L = 1, 40), I = 1, 22) 

requires that the de.ta j1 i (r..) be punched in columnwise, i.e. for sampJ_e 

1 (I = 1) from I - 40 A values (L = ls 40), then sample 2 (I = 2) from 

1 ....._ 40 A. values (L .. l~ 40) etc. I is equivalent to an outermost OD 

statement and L to an innermost DO. If the data should be punched row-

wise, the values will be READ into the wron·g cells of. the array. The 

data must appear on the card in the order in which the list specifies and 

that order is under control of the indices L and I. 

The factors S 0 (~), s 1 (~), s 2 (~), M
1

(8) and M
2
(a) are READ in. 

These are required for the ca~culation tif the reconstituted daylight refer­

ence illuminants. Note that the arrays M
1

(B) and M
2
(s) begin at the value. 

42 i.e. EM1(~2) and range to 74 i.e. EM1(74). The reason for this will be 

explained later. Colour temperatures from 2300K -- 25DDDK( 23 ) are then 

READ in, followed by their respective (u,v) co-ordinateso These are 

required for.the selection of the reference illuminant of the nearest 

correlated colour temperature. 

The last information to be READ in is PK(~), the relati0e spectral 

pGwer of the test lamp(s)o It has been placed in this position as all the 

abovementioned data is READ in only once~ but PK(~) may be READ in a 

number of times, depending on the number of lamps to be processed. The 

entire calculation and printout for each lamp is recycled from this poiht 

by means of a DO statement. 
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The spectral powet of the test lamp~ PK(A), is normalized (= 100). 

at 560 nm. 

C.I.E. tristimulus values for all the test samples and filter 

fields (index i) under the test lamp (suffix K) are determined by the 

summation: 

XK,i -· XKsi + x(f...)PK(i\),8i(7') 

y K,i = yl<,i + y{r..)P1/}I,.) /3i (/\) 

z K ' i = Z K ' i + z (A) p K (A) ~ i (I,) 

O••······· (A2.l) 

xK· ., YK . and ZK . are zeroed initially, and ~ranges over the 40 wave-
,1 ,1 ,1 

l~ngth values to complete the summation. The cjcle is then repeated 

using a DO loop for the 22 samples and filter fields (i = 1, 22). 

C.I.E. chrornaticity co-ordinates (x,y) are calculated for the 

test lamp only as: 

•••••••••• (A2.2) 

The percentag~ line energy contained in the test lamp is 

calculated by summating ~(i\)PK(i\) over the 405 nm, 436 nm, 546 nm, 578 nm 

and 589 nm lines and dividing by YK for the test lamp. 

Transformation of the (x~y) co-ordina~es tp the (u,v) co-

ordinates of the 1960 C.I.E.-Uniform Chromaticity Scale diagram was made 

using the formulae: 

UK . ::: 4XK ./(XK . + 15YK . + 3Z ~< . ) 
,1 ~ l 'l. , l. . 'l 

Clo"' ••• (A2.3) 
VK . ::: 6YI< ./(XK . + 15Y . + 3zK,i) 

'l. ,1 ,1 K' l. 
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For c~lculation of the Special Index it was also necessary to transform 

the Y-data to the lightness index W~ recommended in 1961. 

calculated as: 

w* 
K,i 

1/3 
-- 25(100YK ./YK)i' - 17 

\' l. 
(A2.4) 

This 1uas 

The reference illuminant for light sources with correlated coJ.our 

temperature 5000K or below is a Planckian radiator at the nearest colour 

temperature to the test lamp, and above 5000K a series of daylight spectral 

power distributions. The selection of the nearest correlated colour 

temperature is performed using the following meth~d. The (u,v) co-ordinates 

of selected colour temperatures from 2300K to 25DDOK are READ in initially 

(74 values of u (8) and v (B)) and the (u,v) co-ordinates of the test lamp 
D 0 

are calculated as above (uK~ vK). The distance from each of these co-

ordinates to the test lamp is calculated in (u,v) units (starting at 23DOK) 

as: 

= 

The computer selects the shortest .of the~e distances as follows: 

the use of an IF statement finds out when the value of the function 

When this happens, the nearest 

colour temperature is at the previous value (see Fig. 52). Should the 

abuvementioned function not cha,ge sign (i.e. reference illuminant > 

25000K) the DO loop is completed after the ?4th.value~ By use of the 

statement 8 = 74, 25000K is then selected and the statement B = 8 - 1 is 

by-passed using the GO TO statemente 

The reference illuminant is intended to be of th~ same or. nearly 

the same chromaticity as the test lamp, and a tolerance of 15 mireds( 24 ) 

is suggested as a practical limit of diffsrence (approximately 0.0060 
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~(u,v) units)o Therefore the displacement from the test lamp to reference 

illuminant was calculated as: 

The use of an IF statement determines whether the reference 

illuminant is above or below 5000K. If it is equal to or below 50DDK 

the spectral power distribution of the reference illuminant is determined 

as: 

1 

p (f...) 
0 

::: 

. c h.& 
/\5(e 2 . - 1) 

Wavelengths (~) from 380 to 720 nm are regenerated using tbe formula 

LAMOA(L) = 10.(L) + 370. $ where L varies from l to 35. The ~ast 5 values 

of P
0

(A) are set equal to zero (in the case of PK(A) these values represen-

ted the lines). If the reference illuminant is above 50DDK, the spectral 

power distribution is calculated as: 

the values of which wer~ READ in initially. Now for values of B > 500DK, 

the subscripts for the array 8N must be such that 42 ~ N ~ 74, e.g. for 

BN ::: 520DK, N = 43 0 These val~es of the subscripts are identical to those. 

used in the arrays EMl(N) and EM2(N), explaining why these are READ in 

initially st~rting from N = 42. 

at 560 nm. 

P (~) is subsequently normalised to 100 
0 . 

Tristimulus values are then computed for the test samples and 

filter fields under the reference illuminant, suffix o, (in a similar manner 

as for the test lamp) as follows: 
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x 
0' .i 

:: x 
o,i 

+ x(i\)P (i\) ,S. (A.) 
0 1. 

y 
o,i 

:: y 
o 9 i + y(/\)P (f,) ft.("/\.) l>ci~eeoo••~ (A2.9) 

. 0 . l 

z 
o,i = z 

o,i + z ( /\) P ( A) fi. ( X) 
0 . l. 

Transformation to the (u 9 v) U.C.S. co-ordinates and calculation 

of the lightness index WM is done in the same way as for the test lamp. 

The General Colour Rendering Index which represents an average 

for test samples l __,,.. 8 is derived from the equation: 

8 
R :: 100 - 460 2: fl. E . 

a i::l a 9 i 

uJhere 

(A2.ll) 

Chrom?ticity differences for individual or special test-colour 

samples provide useful information in addition to the General Index, and 

therefore the Special Colour Rendering Index R
1 

was calculated. This 

takes into account any lightness difference that may occure RI . is 
'l. 

determined as: 

ltihF £'8 

AE
1 

. 
, .1. 

RI.= 100 - 4.6LlE 1 . 
,1 sl. 

={[u1K.-W .J 2
+13

2 [w .(u .-u)-W·.(u .-u
0

).J 2 
,1 0,1 K,i K,1 K· 0,1 o,i 

+ 13
2 

[wK,i(vK,i - vK) - W0 ?i(v 0 ,i - v0 )] 
2

} i ••oo• (A2ol3) 

The colour shifts from the test field (didymium) to each of the 

four comparison filter fields under the reference lamp were calculated as: 

{ 2 2} .l .6.(u,v)(Didy-. Filt.) = (u - u . ) + (\/ - v . ) 2 
uoo (A2.JJ.r) 

l 0 . OD. d. 0' l OD. j 0,]. 
1 y iry 
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and similarly for the test lamp: 

•• 0 (A2.15) 

The colour shift from reference to test lamp as observed through 

the test field (didymium) is calculated as: 

6(u,v)(o - K)
01

.dy = {<u - u )
2 

+ (v - v )
2

} ~- ••• (A2.16) 
0 0idy KOidy 0 Didy KDidy 

A2.3 Printout 

Printout is begun on the third line of a new page by using the 

FORMAT(lHl,///,lH~, •••o•oo); the carriage control lHl causes the jump to 

"the first line of a new page, the /// initiates the spacing of three lines 

and the lH~ ~tarts the printing in column 1 of the line. 

The first value~ to be printed out are the wavelengths(~), the 
, 

spectral power distributions of both reference and test sources and a graph 

of the-relative spectral irradiance of the test lamp. --This is achieved 

as follow_s: 

BLANK and X are made integer variab-i-~s by means of the type statement 

INTEGER at the beginning of the programme, since ~nly va~iable names starting 

with I to N are implicitly integer. - _ X_ and BLA-r~K are compiled into the 

object prog~a~me from the source program~e at the time of compilation by the 

use -of- a DATA statement, such that the computer -stores a blank space for 

the 1imrd BLANK. This obviates the need of a READ statement as well as its 

associated data card. - It is essential here to insert the control card 

ONE WORD INTEGERS at th~ -beginntng of ~he programme 'to get the correct 

~torage allocations for-the particular DATA statement used. This control 

card causes integer variables to be allocat~d one word of core storage. 
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Alpha-numeric data (s.g. BLANK, X) is stored as two characters par word, 

i~s. two characters per integer variable, provided this control card is 

inserted. 

A one-dimensional array LINE is set up, which may contain 86 

alpha-numeric elements, each containing o~e character. A simple DO loop 

fills all 86 elements of LINE t>.1ith BLANK spaces. 

The integer J is set equal to (1. D.25 x PK(7')). ' The 1 is + 

necessary should p K ( 7') = 0 ( J( 0) does riot exist). The factor D.25 is 

required to reduce the expression to <B6, as this is approximately the 

number of spaces left available on the page. As J is an integer, the 

integer part of this expression is formed, any fractional part being 

truncated. This number is used to place the X in ~ of the 86 elements 

of LINE. After this the entire array LINE is printed, which now appears 

only as an X in a particular position, as all other positions are filled 

with blanks. The array is again blanked after the printing of the X at 

each particular wavelength. 

The percentage line energy is subsequently printed out. This is 

followed by the sample number and the tristimulus values X, Y and Z for 

the test samples and filter fields under the test and reference sources. 

In the printout I 0 refers to the source itself, I l to sample 1, I 2 to 

sample 2 etc. The terms FILT 18, FILT 19 (the filter fields of UM. II) 

are identified in the following line·of the printout~ 

The correlated colour temperature of the test lamp and.the 

displacement from reference to test sourc~ are then printed. 

This is followed by the printing of (u,v) and (x,y) values for 

the test lamp, the (u,v) values for the reference illuminant and the General 
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Colour Rendering Index; R o .a 
-u . , v and WM are recorded.for the test samples 

·under both the.test and reference sources. ~E· . is prioted for the 
a' i 

first eight samples used in the calculation of R a; the values of b. EI . 
,1 

and the Special Index RI . are print~d for all the samoles. 
,1 

The various shifts calculated from the test field to the other 

filter fields as observed under the test and reference sources are then 

printed out. 

At the end of the programme, once the various test lamp spe~tra 

have been processed, the data READ in initially is printed. These are 

the values of i(~), ~(~), i(~), 50 (~), s 1 (~), s 2 (~), B, u
0

(B), v
0

(B), M1(B), 

~1 2 (8) and fti(A.). 

A2.4 Use of Programme 

The values of the test lamR energies - PK(~) - sh?uld be punched 

.on the data cards according to the ~ORMAT(BFlD.2), i.e. 8 values per card, 

the ·first value anywhere-between colun:ms .l "".' 10, the secon_d value anywhere 

between 11 - ·20 etc. ·The values-must be punched with a decimal point • 
.,,. - ~ . -

Values of PK(~) should be punched on.·the cards in-the order~PK(380), 

. -~ J< ( 3 90 ) ' 

PK(57-8), 

PK(4DD), 

PK(5.89). 
- -

.- These data dards.qre then placed immediately behind 

the data cafas on which the values of u (B), v (8) are rec~rded, i.e. at the 
- - 0 0 

end cif-th~-programme (all data cards are colourea yellow for easy identifi-

cation). As many lamp spectra· as· r.equired may be processed during the 

same run ~nd should be placed one behind the other with the values of PK(A.) 

in the order described above. The very last card in the card deck which 

. 
should be added after th~ values of PK(A) ~s the card which reads-// * 

END OF DATA. 
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Another card which· must be altered each tfmEi differant numbers 

of lamps are p"rocessed is the card imrriediat·ely after the card // XEQ. 

On this card should oe punched the number of lamps to be processed, 

according to the FORMAT(I2). Thus ifthereare three lamp spectra, this 

card should have a blank space in column l.and a 3 in column 2; ifthereare 

11 lamps,place a 1 in column 1 and a 1 in column 2 etc. This card has been 

coloured differently for easy identification. All other FORTRAN statement 

cards are coloured blue. 

A2.5 Abbreviations used in program~e 

BETA(L,I) = ft i ( /\) Spectral reflection (or transmission) factors 

~ 

BIGXK(I) XK . = 
' J. 

C.I.E. tristimulus value~' for samples under test lamp 

BIGYK(I) = YK,i C.I.E~ tristimuius value for samples under test lamp 
·:::-. 

BIGZK( I) = ZK . 
'J. 

C.I.E. tr,istimulus value for samples under test lamp 

BIGXO(I) = x 
-o,i C.I.E. trist.lmu'lus value; for samples under reference 

illuminant 

BIGYO(I) = y . 
0' J. 

C.I.E. tristimulus VQil1J8 Tor samples under reference 

illuminant 

· -B I G Z 0 ( I) = z . · .. · -
0' J. 

-
C.I.E. tristimulus value foi sa~ples un~§r reference 

illumi_nant 

-
Disp1acemBnt from reference to test source - u direction 

DEL TV ::: Av Displacement from reference to test source - v direction 

DENf•lK Value of PK(560) read on aata card-
.. 

DEN MO Value of P
0

(560) calculated before normali~ation 

8 
EA BAR = ~ 6E 

a,i i=l 

-
Sum of shifts of the 8 samples used in calculation 

of General Colour _Rendering Index 
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EA (I) = Shifts used in calculation of General Colour Rendering 

Index 

EI(I) = Shifts used in calculation of Special Colour Rendering 

Index 

Ef'll(IVJ) Factor used in calculation of reconstituted daylight 

illuminant 

EM2(M) Factor used in calculation of reconstituted daylight 

illuminant 

HG ~~ line energy 

LAMDA = LAMBDA (~) Wavelength 

LRUNS = Number of lamp runs i.e. lamp spectra to be processed 

POWRO(L) 

RA ::: R 
a 

Rl(I) = 

REFTM 

Test lamp spectral power 

= p (fl.) 
0 

Reference illuminant spectral power 

General Colour Rendering Index 

RI . 
'1. 

Special Colour Rendering Indices 

Nearest correlated colour temperature 

SFDKD = Ll.(u,v )(o ...._ K) Shift fiom reference to test lamp as observed 

SFTDO( I) 

SO ( L) = 

through the test field 

Shift from test field to adjacent 

. comparison field (index i) und~r test lamp 

= Li(u,v)(Didy -> Filt.) 
J. 0 

Shift from test f i9ld to adjacent 

comparison field (index i) under reference illuminant 

Factor used in calculation of reconstituted daylight 

illuminant 

Factor used in calculation of reconstituted daylight 

illuminant 
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Facto·r used. -in calculation of recor:is.tituted daylight 

illuminant 

SUMHG = ::E y(A)PK(~) 
lines 

Used in calculation of % line energy 

THlP(K) = 8 

UK(I) = uK . 
'l. 

VK(I) = 

uo (I) = 

VO (I) = 

UREF(K) 

VREF(K) 

UV ABS = 

VK • , l. 

u . 
0 'l. 

= u (8) 
0 

= v (8) 
0 

l(u,v)sl 

Colour temperatures 

U.C.S. co-ordinate of any ·test samples (index i) under 

test lamp (suffix K) 

U.C.S. co-ordinate of any test samples (index i) under 

test lamp (suffix K) 

u.c.s. co-ordinate of any test sample (index i) under 

reference illuminant (suffix o) 

u.c.s. co-ordinate of any test sample (index i) under 

reference illuminant (suffix o) 

u.c.s~ co-ordinite of reference temperature 

u.c.s. co~ordiDate of reference temperature 

Distance in u:~ di~gran from.·test_source to refetence 

illuminant 

WAVLG = Wavelength (A) Includes- decimal -p~int 

~ -= WK . 
t l. 

Lightness index, sa~ples under test lamp 
.. 

WK(I) 

·-wo ( 1) = WM 
o,i 

_Lightness- index, samples under reference illuminant 

·xBAR(L) = x(r..) C.I.E. spectral tristimulus val~es 

XK = x ~ C.I.E. chromaticity co-ordinate of test lamp - K 

YBAR(L) = y(i\) C.I.E. spectral tristimulus values 

C.I.E. c~romaticity co-ordinate 6f test lamp. 

ZBAR(L) = z(1') C.I.E. spectral tristimulus values 
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Start 

READ 

No~ of lamp runs 

i(~), ~(~), i(~) . 

fJ i (~) 

5
0

(7'), s
1

(A)j s
2

(7'.} 

M
1 

(0) P M
2 

(0) 

Temp. = (0) · 

u (e) p v (e) [Ref] 
0 0 

READ 

= 100 at 560 nm 

XK~i = ~ x(A)PK(/l.)~i (/\.) 

yl<?i = ~y(i\)PK(A),8i (r.) 

ZK~i = ~z(t..)PK(t..)tBi (A) 

xK = XK/(XK + YK + ZK) 

YK = YK/(XK + YK + ZK) 

L __ 
To page 106 
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From page 105 
___ .-,i_, ___ _ 

uK,i = 

VK . = 
j J. 

* WK . = 
'l. 

No 

Regenerate A 

l 

% Line Energy = 
100 x ~1 . y(i\)PK(f\)/YK . .:i.nes 

4XK ./(XK . + 
, J. , 1 15Y K,i. + 

6YK :/(XK . + lSYK . ~ 
. ,1 ,1 ,i 

25(10DY ./Y )l/3 
K,1 K · - 17 

e :-.: e ~ i 

Displacement 

Au :: UK - u (e) 
0 

b.v = VK - v (0) 
0 

3ZK .) 
r1 

3z· . ) 
K~i 

I 

I 
I 

-- --' 

l 

8) 2500K 

Regenerate A (printout only) 

P (A)-·~~~~-~~ 
a 

~} ·To page 107 
--;i.-
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--ft,.. {-----==i_ 
J 

~r;;alize r;;, (A) 

l_:_ioo at 560 nm 

X . = ~ x(/\)P (1')fi. ( /\) o 1 J. ,_ o i 

y .. = ~ y(/\)P ('A.)/J. (/\) o,J. .,... o i 

Z . = ~ z(f..)P (/l.)R. (f\) 
o,:i.. ">t.: o Ii 

- 4X ./(X . + ·15y . 
0,1 . 0,1 o,i 

= 6Y ./(X . + 15Y . o,i o,i o,i 

- 25(1DDY ./Y )V3 
o,i o - 17 

+ 3Z . ) 
0 t l. 

+ 32 . ) 
0' l. 

LlE . = {[< u1< • - l.1 • ) -a,J. ,1 Or-l. 
] 2 [ ~ 2}t (UK - u ) + ( VK • - v . ) - ( VK - v ) o . ,1 o,i o 

8 
R = 100 - 460 ~ b. [ j a . 

1 
a,. 

l.= 

A EI . = {[ w1< . - W . ] 
2 

+ 
,1 9 1 Ofl. 

13
2 

[ W1/ • (UK . ..;. u ) - W • ( u . - u
0 

)] 
2 

+ 
•p1 ,1 K 0,1 0,1 

2[ _ vo)] 2}l 13 WK .(vK . - vK) - W .(v . 
,i ,1 0,1 0,1 

R1 . = 100 - 4c66E 1 . 
,1 tl. 

L\(u,v)(Didy - Filt.) 
1. 0 

A(u,v)(Didy - Filt)K = f(u - uK . )
2 

+ (vK - vK . ) 2}·~ 
l KDidy ,l. Didy ' 1 

f 2 2}t 6(ur,v)(o - K) 0 .d, = (u - UK ) + (v - vK· ) -
1 y 0

oidy Didy 
0

0idy Didy 

L To page 108 
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From page 107 

PRINT 

~, P 
0 

(/'\), PK (A.), Graph of PK(/\) 

% Line Energy 

Reference Temperature and Displacement 

* * UK ., VK ., WK •f ,.i ,.i ,i 
u ., v ., W ., AE ., AE

1 
., 

o,i o,.i o,i a,.i ,i 

A ( u, v )( o - K) Didy 

~(u,v)(Didy - Filti)K 

6 (u, __ ,_.v)(Didy - ·Filt.) 
. J. 0 

PRINT. 

f...,J3 i (filters). 

STOP 

To page 105 
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APPE~IDJX 3 

The spectroradiometer( 2&) was set up as in Fig. 53. A large 

anastigmat L1 of about 110 mm diameter and 305 mm focal length serves as 

collimating lens. Two 60° prisms (110 x 90 mm) in tandem are followed 

by an achromatic lens L
2 

of 127 mm diameter and 610 mm focal length. 

The exit slit D can move by means of a rnicrometric setting x along the 

spectral surface which is a plane for practical purposes over the range 

of interest, between 380 nm at x = 0 and 780 nm at x = 60 divisions. Both 

\ 
· the height and width of the exit slit D and the entrance slit d are adjust-

able. An EMI photomultiplier tube servea as a detector which moves with 

the exit slit. It has associated with it a 2 kV stabilised power supply. 

The dynode voltage can be switched to different values to adjust the sensi-

tivity of the photomultiplier. 

The ~Utput was connected. (Fig. 54) via a 120 kAresistor R to a 

universal shunt and spot galvanometer. The voltage developed across R was 

recorded using a digital logging system, which logged this voltage by means 

of a typewriter. It was found that a 2fF condenser connected across R 

provided optimum reduction of the minor variations observed on the digital 

voltmeter.. The spat galvanometer served as a useful check to avoid 

exceeding the rating of the photomultiplier tube. 

A projector lamp (Fig. 53) was focussed onto the entrance slit 

using lens L
3

? and was suitably shielded to prevent stray light entering the 



p 
m 

0 . . 
d 
p 

Ll 

L2 

L3 

Fl 

.F 2 
x • . 
R . . 
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L2 

....__P_m _ ___,,u- Q - - _. - - -ill- -- .. 

Photomultiplier tube 

Exit slit 
Entrance slit 
60° prisms 
Anastigmat, 110 mm dia., 
305 mm focal length 
Achromatic lens, 127 mm dia. ,. 
610 mm focal length J 

Condenser lens 

Stray light filter 

Colour filter to be measured 

Wavelength scale 
Projector lamp Siemens, 
220V; lDOW 

p 

I 

I 
c:::::::> 
c:::'.:::> L1 

I 
I 

I 
dt 

I 
=F1 

F2~ 
I 

A 
l 

<;:::> L3 

I 
I 

® R 

Fig. 53. Schematic diagram of spectroradiometer 

M 

R Sh 

p 
m 

"Sh 

G 

R 
c 
M 

)MI Photomultiplier tube 

Universal shunt, Tinsley 
&Co., 500..t\.. 
Galvanometer, Cambridge 
Instrument Co. 
Resistance, 120k.t1.. !: 5% 
Capacitor, 2pF 
Stabilised D.C. power 
supply 

.. Q1 _: _Digi_tal logging system 

T : Typewriter 

Fig. 54. Output connections of spectroradiomdter 
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monochromatoro The filter to be measured, F
2

, was placed in a device 

which enabled tho filter to be removed from or inserted into the path of 

the light beam focuised onto the entrance slit~ Filter F
1 

was a stray 

light filter. 

A3.2 Wavelenoth Calibration 

The calibration of x position versus wavelength was ·obtained 

using both a mercury-cadmium-zinc lamp and a helium lamp (Fig. 55)o The 

mercury green line of wavelength 546.l nmr extremely strong and easily 

located, was set at 45.40 divisions by adjusting screws on the base of the 

photometer. The x positions of the more powerful lines of the Hg-Cd-Zn 

lamp were recorded, as were the lines of the He lamp which provided useful 

values in the shorter and longer wavelength regions. The wavelengths of 

the lines were taken from tables( 26 ). The x position of a line w~s 

obtained by taking the arithmetic mean of two identical readings on the 

flanks of the lines at approximately 80% of the peak value (see Records, 

section R2.2)o I~ Figs. 57 and 58 the measured x positions of the lines 

have been plotted against wavelength~ 

(A.- A )(x - x) = constant 
0 0 

Hartman's equation 

was used to obtain the equations for three different dispersion curves 

from which x values at selected intervals could be calculated. One curve 

was used in the long wavelength region, one in the middle wavelength region 

and one in th~ shorter wavelength region, the selected A.-values for which 

a~e shown in Figs. 57 and 58. The equation for each curve was derived by · 

inserting the measured x positicins and known ~ -values of three lines int6 

an existing computer programme( 2?) to obtain.the values ~f ~ and 
. . 0 

x • 
0 
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s 

~ 
B 

II 
Vs ' Hg 

~ 

v 
s 

: 230V A.C. regulated supply from Foster Electronic Motor 
Control Unit 

T 

8 
Hg 
He 
$ 

Foster Constant Voltage unit - input 190-250V, SOOVA, 50HZ 
+ output 230 - 0.5V, 2.18 amps 

Ballasts 
Mercury/Zinc/Cadmium lamp, Philips 9314SE, 0.9 amps 
Helium lamp, Philips 93098E, 0.9 amps 
Switches 

He 

Fig. 55. Circuit diagram for lamps used in determination of dispeision 
curve. 

s s ·; 

.41 T 

Vs I 

~ 

_____ v 
8 

_ _;__2~_Q_V __ ~~c_. _r~gg!..l!ltes!_..§.~.PJ?..lY...!...F..£~_o_~_ter_~!.~_ct_;-9,_nic Moto_r __ 
Control Unit · 

I T Foster Constant voltage unit - input 190-250V, 50bVA, 50HZ 
+ 

s 
VJ 
w 

·CT 
A 
v 
R 

output 230 - o.sv, 2.18 amps 
Switches 

: . Vaii~6, Zenith Electrical Co., l.65VA, 0-220V 

. . . Wattmeter, Cambridge Instrument Co. 
Current transformer, Gossen & Co~, o.s 

. Ammoter,·· o..:5A •. 
Digital voltmeter, Rocher 

:· 220V, lOOW Siemens projector lamp 

: 5A 

Fig. 56• Circuit diagram for lamp used in transmission factor 
measurements. 

R 
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Values of x at 5 nm intervals, as well as the dispersion at these wavelengths, 

were then determined from the derived equations. These three calculated 

curves enabled more accurate x values to be obtained than ciould have been 

done from one curve based only on three line measuiements. 

The circuit was connected as in Fig. 56. The lamp voltage of the 

projector lamp was kept constant at 210V throughout the measuremenis (i.e~ 

slightly underrun)& 
/ 

The output voltage across resistor R was recorded. 

Two readings were taken, with and without the filter to be measured in the 

path of the light beam at wavelengths from ?30 to 380 nm. The ratio of 

the t100 gives the transmission factor of the filter at that particular 

wavelength. This was done for the test field and all the comparison fields 

of UM. II, as well as for the individual filter components. 

Stray light filters were used only in the red and blue regions 

for the stage colour filters and comparison fields, but throughout the 

spectrum for the test field (didymium) measurement. This was done since 

stray light is most likely to be serious wh~re the reading is relatively 

. (28) 
small compared with readings in the rest of the spectrum , and the 

didymium glass exhibits a series of peaks and troughs throughout its ~(~) 

curve (Fig. 1). The serioLJ~ness of stray light in a particular spectral 

region can be reduced by inserting a filter mainly transmitting in this 

regiono 

Readings were taken at 10 nm intervals for the stage colour filters, 

but at 5 nm spacing for the didymium glass whicht in some wavelength regions, 

showed large variations in ~(~) over an interval of 10 nm. 
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As a checkt measurements were done on UM. II comparison field III 

both with the colour·filters inserted between the glasses and ~ith the 

colour filters placed in front of the glasses (Fig. 59). The meas~rements 

of the latter appeared to be slightly lower particularly in the longer 

wavelength region, as may be seen in Fig. 59. Values calculated from the 

product of "t (A) measured for the colour filters alone and 't (A.) for the 

glasses lay in between the abovementioned two curves in most regions of the 

spectrum. These differences in "c: (7') could be a result of reflections at 
' ' 

the glass-air surfaceso Some of these reflective sutfaces would disappear 

with different clamping arrangements of the glasses and colour filters. 

Measurements were done for the other filter fields with the colour filters 

inserted between the glasses, as this is the arrangement used in the cohstruc-

tion of the devicee 

Further measurement ~hecks were made using equation (4.1)~ 

namely 

L(i\) 1 2 
. = .'t(f\)

1 
x 't(A.)

2 
x • "° °" x 1:'(/..). 

J -t 0000 $ l l 
eoeoeoooo" {L~.l) 

' 
where i is the number of filters measured. Some measurements were within 

1% of the calculated values 9 others e.g. to within 6% (Recordss ~ection R2.l) •. 

The largest percentage errors in measurement were found at very low values 

of '"t' (A.), where small discrepancies were not considered very ir.portant. 

ln addition, the linearity of the spectroradiometer( 2g) in the 

blue and green regions was verified using a linearity box (Records, section 
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APPEf\IDIX Li 

Deterr'.1_.~nati.on _ _?_f.__~b,V) and (u 1 v) co-ordinates of the filter devices 

C.I.E. {x 1 y) chromatici.ty co-ordinates of the filter devices 

when observing different lamps were determined using the Lovibond-Schdfield 

Tintorneter. The tintometer contains a number of Lovibond permanent glass 

colour slidesp covering the range 0.1 - 80 Lovibond units in the red and 

yellow primaries, and O.l - 10 in the blue primary colour. These slides 

are contained in a plastic box upon which is mounted a vertical viewing 

tube and a compartment for the C.I.E. Davis-Gibson light filter. This 

filter is a double compartment bore-silicate glass cell with two compartments 

each filled with appropriate solutions which transform the light from 

Illuminant A of the lamps into Illuminant C {daylight). These lamps are 

contained in an illuminating cabinet, and are accurately calibrated for 

colour temperature so that they may be op~rated at the necessary 2854K of 

Illuminant A. Light from both lamps falls on both the sample and the 

0 ·., 0 
reference fields at 45 , and the sample is viewed at 90 v so that specular 

reflection does not interfere with colour appreciation. 

The electrical equipment consists of a constant voltage trans-

former, a variable resistance and an ammeter, together with a foot switch 

to prevent the lamps being left switched on when not in use. The resis-

tance is adjusted until the correct amperage of 9.2 ~mps is registered, as 

required by the lamp calibration tertificate. 

A magnesium oxide surface (the white standard of international 

conv~ntion) is fitted over the aperture of the reference field, and a 

magnesium carbonate block is placed about 12 inches behind the back-plate 
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of the light cabinet opposite the aperture for the sample field. The 

lamps will then illuminate the white reference background without affecting 

the block, because the beams from the lamps cross at the backplate and then 

diverge (see Fig. 60). 
b The magnesium ca~bonate block is tilted at 45 ta 

the backplate and is illuminated with the test source from above (see Fig. 

61). The operator's eyes are shielded using a screen~ and the filter device 

to be measured placed between the magnesi~m carbonate block and the backplate. 

The colour of the sample is matched against the glasses by adjust-

ing the glasses for hue and saturation, while the relative brightness is 

adjusted by means of a Rothamsted device. It is not advisable to gaze into 

the eye-piece longer. than necessary, as discrimination decreases tuith 

fatigue. When the slides are sati~factorily selected, the two halves of. 

the field will appear identical. Not mor~ than two of the three series .of 

Lovibond colour slides should be used. When the sample is accurately 

matched, the colour readings on the Tintometer and the reading on the bright-

ness scale are noted~ Carefully note whether this reading is positive 

(black) or neqative (red). 

In order to obtain the C.I.E. chromaticity co-ordinates, the point 

of intersection of the two lines representing the two Lovibond values are 

found on the conversion ~raph printed on metal. Nylon threads, suspended 

through two holes in the metal graph, are supplied to act as cursors. 

These are moved until they pass through this point of intersection. The x 

and z C.I.E. co-ordinates are read off where the cursors cross their 

respective scales. In order ~o obtain the y co-ordinate, the x and z values 

are added and subtracted from 1. 

To obtain a rapid transformation of the (x,y) values to the (uFv) 
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A : 0Atea under review not affected by lamps 
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F Filter device to be measured 

Sc Scrt:ien ' . .. 
0 Observer 

Mg : Ma·gnesium carbonate block 
T : Tintometer filters 

Fig. 61. Determination of chromaticities of a filter field under 
different lampsi using a Tintometer. 
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U.C.S. co-ordinates, an (x,y) ~ ... (u,v) nornogr.am was used, the details of 

which are described in Appendix 1. 

Using the above method (x;y) co-ordinates were obtained for 

~arious single-comparison filter instruments for observers H.E. and M.C. 



H. E. I 

Test Field: 

Comparison 
Field: 

H.E. II 

Test Field: 

Comparison 
Field: 
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• 

1 x 5 mm thick Didymium glas~ (Schott BG 36) 

l x "Ci~abex" No. 17 Steel Blue stage colour filter 

1 x "Cinema.id" No. 17 Steel Blue stage colour filter 

1 x "Cinemoid 11 No. 60 Pale Grey stage colour filter 

l x 0.61 neutral density filter in combination with 

neutral filter of unknown density 

l x 5 mm thick Didymium glass (Schott BG 36) 

2 x. "Cinemoid" No. 17 Steel Blue stage colour filters 

2 x "Cinemoid" No. 55 Chocolate Tint stage colour filters 

1 x 0.20 neutral densit~ filter 

Large Demonstration Model 

Test Field: 

Comparison 
Field: 

l x 4 ~m thick Didymium glass (Chance ON 16) 

1 x 1.6 mm thick pale blue-green heat absorbing filter 

(Chance ON 13) 

1 x O.l neutral density filter 

1 x 0.61 neutral density filter 

Orioinal N.P.L. fVlodel 

Test Field: 2 x 4 mm thick Didymium glass (Chance ON 16) 



' 
f~. C. I 

Comparison 
Field: 

Test Field: 

Comparison 
Field: 

M.C. II 

Test Field: 

Compa.rison 
Field: 

M.C. III 

Test P'ield: 

Comparison 
Field: 
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1 x 11 Cinemo.i.d 11 No. 56 Pale Chocolate stage colour filter 

1 x 5 mm thick Didymium ~lass (Schott BG 36) 

1 x "Cinemoid" No. 40 Pale Blue stage colour filter 

l x "Cinemoid 11 No. 36 Pale Lavender stage colour filter 

1 x 11 Cinemoid 11 Noo 55 Chocolate Tint stage colour filter 

l x 5 mm thick Didymium glass (Schott BG 3~) 

1 x "Cinemoid 11 No. 45 Daylight stage colour filter 

1 x "Cinabexn No. 50 Pale YeJ.lotiJ stage colour filter 

1 x 0.2 neutral density filter 

l x 11 Cinemoid" No. 56 Pale Chocolate stage colour filter 

\ 

1 x 11 Cinemoid 11 No. 60 Pale Grey stage colour fi.lter 

1 x 5 mm thick Didymium glass (Schott BG 36) 

l·x 11 Cinemoid 11 No. 17 Steel Blue stage colour filter 

l x O.l neutral density filter 

1 x "Cinemoid" Noo 56 Pale Chocolate stage colour filter 

l x 0.2 neuiral ~ensity filter 
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