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SYNOPS]

The firét part describes experimental work done which led to
the construction of a ﬁortableApocket filter instrument mhiéh made it
possible to assess the C,I;E.Ntolour Rendering Index for flucrescent
lamps by a simple visgal test. Research work was done on filter devices
in the laboratory, and the results processed by digital computer,

The secbnd part dealé with a visual problem. Tests done
using filter devicesvindicated twﬁ‘groups of observers Qith norﬁal‘
_colour vision. After an experimental investigatign on a feuvobseruers,
this problem was overcome by using a pale yellow filter in ﬁhe instrumahtc

Details of the computer programme and experimental details are

described in appendices. Records are contained in a separate volume,
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T(A) ¢ Spectral transmission factor
®(A) : Optical density (= -leg, T (N)
Q(K),_y(R), Z(N) : C.l.E. spectral tristimulus values

Xy Yo Z ¢ C.l.€. tristimulus values

Xy y ¢ C.l.E. chromaticity co-ordinates

' R, ¢+ C.I.E. General Colour Rendering Index
Ri ¢ C.I.E. Special Colour Rendering Index

P(A) ¢ Spectral power distribution

uy v 3 C.Il.E.-Uniform Chrdmaticity Scale co-ordinates

(u,v)T s (u,v) co-ordinates of test field

(U’V)C,i ':.'(u,v) Co-O;dinateévof.comparison Field; index i, where i = I, -

11, 111 and 1V
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Didy Didy , :

‘ appendix 2, section 5

F, ¢ Filter fields, index i, where i = I, II, III and IV

" Filter "D" : Test field (called "didymium"™ in some Records)

Filter "N

Comparison field (called "neutral"™ in some Records)
M.Co ¢ - Observer, the author |

HoEo ¢ Obsérver, Dr H. D. Einhorn
ﬁ32,‘33 eﬁc. e PhilipsAlamp colours
G,E; ¢ General Electric lamps

A.Tdl : Atlas Tropical Daylight lamp .

m.w.; Celdey Dele ¢ Warm white, cool white and daylight lamps
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Stdo, dle s "Standard" and "“de-luxe" lamps
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Suffix o ¢ Referencs lamp

(See Appendix 2, section 5 for abbreviations used in computer programme )



1, INTRODUCTION

1.1 Summary of work perforéed

The practical need of éssessing the.colour rendering of
fluorescent lamps often arises, and the aim of this task was to develop
a portable pocket instfument with which it would be pbssible.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 comparison fields, |
contained iﬁ a pocket-size holder, Tﬁe iamp is viewed ﬁhrough the
: instrument, and the observer assesées nearest to which of the comparison
fiéids the central section appears, A graduated scale next to these
four fields enables the C.I.E, Colaur Renderingilndex for the lamp to be
estimated to within 5 or 10 units of index.

| The tfansmission_curves for the various filter fields of the
pocketvinstrument were obtained by épectrorédiometryo “The resuits of
observétions for the filter instrument on various fluorescent lamps were
processed by digital compufér° Other experimental filter devices were
ﬁeasured'colorimetrically, and a new(x,y)ﬁ; (u,v) nomogram was derived for
their evaiuation.
| _ Differenbes_in vision amongst observers with normal c0lQur
Vision.wére found. Tests conducted in the short~wavelength region of the
spectrum established that some obseruers;were about ten times more sensi-
tive_than others to violet radiation of abouf 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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l.2 Review of fundamentals and previous work -

This research work was based on the work done at the National
Physical Laborétory in Teddingtoh, England(l)f A‘pocket filter instru-vr
ment was developed here which made it possible to assess the colour |
rendering properties of fluorescent lamps. This device consisted of a
-pair bflmetameric Filtefs which appeared the same if a full radiator or
a lamp of good colour rendering prpperties was viewed through it; but
looked considerably different for a light source of poor colour rendering
- properties.

(2)

Further work maé done in a B.Sc. thesis during which, 'amongst
vother things, transmission curves were obtained for existing filter
- instruments in use at that time,

© If two light sources, comparedvéide by side, appear identical
they are said to have -the same-"colour appearance", If a wide variety
of coloured surfaces are viewed under both sources, and they appear iden-
‘tical, then-the sources are éaid-to haQe the same “colour rendering",.
Now, any colour (except certain spectral ones) may be caused by an
infinite nuhber of spectra, and two colours mhipﬁ look the same but have
different spectra are called metémeric., :Netameric light sourées have
. tﬁe same "colour appearaﬁce", but different "colour rendering". Compari-
sons of the colour appearance of different light sourceS-can-be made by
plotting their chromaticity co—ordihates (xsy) on the C.I.'Ec diagram(z).
The colour rendering properties of light sources can be specified by'the
C.i.E. Test—Colour_Method(a)'which provides for the rating of a lamp in

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

degres of colorimetric shifts of test objects under a test lamp in comparie- -



son to their colours.under a reference lamp of the same, or nearly the

same chromaticity. The'ratiﬁg consists of a Gensral Index, Ra, based

on a set of eight test-colour sémples, éupplemented by_Special Indices,

Ri, based on special purpoée test samples. |
Fluorescent.lamps may generally be classified as:

(a) those designed for high efficacy

| (b) those designed for good colour rendering

_(b) those falling in between the ébove categories.

(5)

However, these aims are conflicting. Computer studies have shown

that for highest effipacy the emission in the yellow region round about
560 nm should be boosted at the expense of green and red.radiation,
‘while for gooa colour rendering, especially ﬁf Faces‘and Food,'ample
red radiation well abqve 600 nm is indispensable. Radiation, howeVer,
~in the red region is bf low efficacy, aslcan easily be seen from the

1o(6)

v(A) curve
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THE FILTER DEVICES




2. INITIAL SINGLE-~COMPARISON [ILTER DEUICES 

2.1 Design

The single«comparisoﬁ filﬁer instruments~conéisted of a pair
| of metameric Filtef fields, placed sidse bybside,'th:ough which the lamp
was sighted. The filter fields were chosen so that they looked suﬁstan-
tiaily‘the same whenva full radiator waé viewed through them, but diff=-
erent for a‘light source of poor colour rendering properties - good
colour pende?ing meaning a rendifion similar to that of a full rédiatér.
These filter instrﬁments made a check on the yellow boost in a
iahp by absorbing this regionhusing a suitable filter., Didymium‘glass,
haQing a widely varying transmission curve which absorbs very-strongiy in
the yeilow region (Fig. 1), has the desireq properties and was thus. used
in these filter devices. When a "standard" fluorescent lamp (Fig. 2,
curve (a)) désigned for high efficécy is viewed through the didymium, it
appears a greenish colour, as a considerable portion of ifs spectrum has
‘now begn remoyed. fhe "stanaard“'fluorescent lamp has a peak at about
580 nm mhich is right in the centre of one of the regionsbwhere the
didymium absorbs most strongly (Fig. 2, région b~b). When a "de=-luxe"
fluorescént tube (Fig. 2, curve (c)), designed for good colour rendering
" is observed, it is sesen as a.pinkisﬁ colour as proportionately less 0f 
its spectrum is removed than iﬁ the‘case af the "standard? fluorescent
iamp. Thé "de-~luxe® lamp has considerably more énergy in the red rggicn
of_the spectrum than the "standard" lamp, ana as tﬁe didymium transmits
strongly in the red fegion, the "de~luxe" lamp appears a reddish hue when

observed through the didymium.,
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__Sﬂl__ ¢ Warm white "standard" lamp
—uisan‘: Warm white "de-luxe" lamp
B ooy
- b .. } s. Principal absorption region of didymium glass

% Figs 2. Typical relative spectral power distribution curves for

warm white lamps.
{

Test Comparison
Fietld Field

54 mm:i

Fige 3. Single-cbmparison filter device
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vDuring the research work, a number of.aifferent sihgle-compar—
ison filter instrumenté’uere constructed, Filter'deviceszféﬁerred to
in the results as H.E. I; HoEo I1, the Large Dembnstrationifilter device
and the Original W.P.L. (National Physical Laboratory) filter device had
‘bbéen'built during previous work to be metameric on a sunny cloud. A
sunny cloud was used as a refergnce source_having ideal colour fendering
propertiess j Filter instruments M.C. I and M;C. I1 were construqted to.
be metameric on a sunny cloud, uhile M.C. 111 waS'desigﬁed to be very
nearly metamaric on either a good cool white de~luxe lamp such as thg'
.'Philips Cblbur 37, or a good 6500K lamp éuch as the Philips Colour 97,

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

of.the author, and “H,E." to filter devices suited to the eyes of
Dr H..D. Einhdrn° : The field.contéining the didymium glass has been
called the test field (often‘rEferred to in the Records ssction as the
"didymium" Side), and the other fiéld:the comparison field (sometimes
referred to in the Records as the "neutral® side),

Instruments 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 de%éiled composition of these filter instru-

ments is described in Appendix S,

2.2 Observations

 Verbal statemehts were recorded on the chromaticities of
various light sources as seen through these filter instruments,'the'obsér-

vers being Dr H. D. Einhorn and the author (see Records,sectiun R5.1)a
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Thelrange of light sourcés used for these tests included the Philipé
Colour 29 -~ warm white (abbreviated P29 in the results), Philips Colour
32 - warm white de-luxé (P32), Philips Colour 33 - cool white:(PES),
Philips Colour 37 - cool white de~luxe (P37); Philipstoiour 57'w
daylight de-luke (557), Atias Tropical Dayiight (6500K) - abbreviated
(A.Tdi), an incandescent lamp and a sunny.cloud.

Analysis of these verbal statements showed that the greatest
discrepancy.of observation was that recorded when using a sunﬁy cloud as
: a light sourcs. This discrepancy in observation 6ccurred in all filter
instruments except with the N.P.Loiﬂriginal and La;ge Demonstration
moﬁels, iﬁ which a different make of didymiﬁm glass from the other filter

instruments had been used, Table I summarizes a typical sunlight

observation.
Table I; Sunlight Observations
Filter - )
Instrument , ek I M.C.
Observer HeEW MeCoe He.E. M.Ce
- Test field grey violet greenish violet
' grey
Comparison - grey greenish violet violet
field qrey : ‘ ‘
i.e., metameric i.e. - metameric

Filter instrument M.C. I referred to in Table I was constructed
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‘bpth observers
uaé'fqund to be normal, &ds far as could be determined froﬁ Ishihara,
tests., These tests consist of a seriés-of plétes used toifihd out,
prdmptiy and aceurately, congenital colour-blindness = the most common
form of colour blindnéss° A number of other observers (whose colour
vision was first tested usingvthe Ishihara tests) were asked to describe
" the colours of the filter dévices H.E., I and M.C. I when looking at a -
cloﬁdy sky. One group{called Group I) agreed with the description of
obhserver M;Co, and the ;ther (called Group‘II) agfeéd'with the statemént
made by observer H.E. There did not appéér tb Bé ahylobservefé uith
normal colour vision whose description‘of the colours seen lay somewhere
"in betuwsen" thosé given by these two gréups. A detailed investigation
of this difference_in visionvamongst normal observers is discussed in

Part 11,

2.3 Colorimetric meésurement of filter devices

'fo'obtain!some écientific corrélation with fhese verbal staté—
‘ments, C.I.E. (x,y) chromaticity ce~ordinates for different sources as
seeh through the filter devices'gere determined using a Tintometer,'
This method of measurement is'descfibeq in Appendix 4e  The tranéformation
of thése»(g,y) values to the (u,v) U«C,SF co;ordinétes was facilitated by
use of the noﬁogram detailed in Appendix 1.

Measurements wére made by observers H.E. and M.C. (bofh "Grqups"
of»ﬁormal observers thus being represented) on various light soﬁrceé (sée

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, 8, 10, ll,_lS,
and 14 show the (u,v) shifts for a particular filter device and observer
on different lampé, while Figs. 6, 9 and 12 show Qbéerﬁer differences
for filter obseruatiohs on various lamps.

In Fig. 15 repeat readings are plotted for both observers far
observations on a number of filter instruments and several lamps. The
results indicate that observers are on the average unable to reproducs
measurements to within 0.005 i'.001 (u,v) units (ses Records,secﬁion R3
for calculétion)a Thus when comparing observer differences in Figs. 6,
9 énd 12, a differenﬁe of up £o 0.005 (U,V) units bstween obseruationé
-may be considered insignificant.

From Fig. 4 it méy be seen that with filter device H.E..i~
observer H.E. sees de-luxe 1amps almost mefameric, while standard lamps
give a gfeenish shift; Fige 5 sﬁéws that observaf MeCo finds it diffi=-
cult to distinguish between the P57 and A.Tdl, while the P33 does not
give a very large shift using filtgr device H.E. 1. Fige 6 clearly shous
that on a sunny cloud, observer M,C. sees the tes£ field of deﬁice.H,E. I
as purplg compared to the comparison field, while observer H.E. sees bofh
sides almost metameric.(test field slightly more yellcuié )e

The (u,v) shifts in Figs. 7 ana 3 éignify that the N.P.L.
,Dpiginal filter works almost equally wéll for bbth observérs, as tﬁe de=-
luxe lamps give small shifts and standard lamps abpear greenish in both
Cases, The P32‘tends.t0 be assessed leniently by observer M.C.,, the test
fiéld appearing pinkish, From Fig. 9 it is apparent that observer M.Ce

sees a sunny cloud only slightly more purplish-pink than observer H.E.
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36 Fige 6. (u,v) Shifts for H.E. I filter device, showing observer
i differences. o '
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Fige 9. (u,v) Shifts for N.P.L. Original filter device, showing
~ AT .observer diffarences . L
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Fig. 12. (u,v)}Shifts for M,C. III filter device, showing observer

} differences. _ . A
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Note that the didymium glass in this filter instrument waéxof a different
maka‘from that used in the other filter devices,

The shifts plotted in Figs. 1.0 and li-shau that Qith‘dévibe MeCa
IIi>b0£h Qbservers see, in relation to the comparison field, the test field
binkish on the P32, aﬁd the test field yellowish on the P37, An approx-
imate match is 6btained on a P5;7o Fige 12 shows that observer M.C. again
sees the test field of devige M.C. 1II as purplish when lpoking at a sunny
cloudob As the shifts on de-luxe and standard lamps aré in opposite
_directions, one may identify lamps with thié.instrﬁﬁeﬁt.accopding to the
" direction of shift, | |

In Fig. 13'it is seen that all lamps viéﬁed through device M;C,
II appear.greeﬁish to observér M.C. Note that this filter device_mas
designed to be metameric‘on a’ sunny cloud (section 2.1). Its composition
wés‘such fhat it did not prove'£o be highly succégsful for lamp identifi-
cation purposes.

| The shifts of Figs 14 show that the Large Deﬁonétrétion devicg
‘worksveffebtively for obsefver fleC. fér-identification of lamps, near
metamerism being obtained for de-luxe lahps and larger sﬁifts seen for
standard lamps.

Thus, some of these initial single-comparison filter instruments
had tHe inhergnt disadvantaqge that their chromatici£ies on a source having
idéal colour rendering p#operties, such as sunlight, appeéred difFereht 
for vérioﬁs ndrmal ébservers. This visual problem had to bé oygrcohe_ '
before a filter device could 59 built which mbuld work equally wéll for

any observer,
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3, MUNIVERSAL" SINGLE~-COMPARISON FILTER DEVICES

3.1 DBesign

It was found thét, after placing a yelloQ filter in front of
the field containing £he‘didymium glass (Part II), the two groups of
‘observers uwere ablelto reach agreement as to what they saw when obser-
‘ving a sunlight spectrum. “Universal® (i.e. works for any observer)
filter instruments were then buil£ with é pale yellouw filter aﬁrosé
_both the test and comparison fields. Tﬁe Kodak ND, 2E and No. 2A pale
yellow filters were foundlto_be suitable, as very strong colour filters
such as.the‘"Cinemoid" No. 1 Yellow changed the chromaticity of tHe
j instrument too drastically, The -2A has a Cut—qff at about 420 nm;
while the 2E (slightly stronger) has a-cQtéoff at about 430 nm, 'Péle
blue colour filters were also placed in front of the test field to change
the chromaticity of the didymium glaés from a pink to a neutral grey when
looking at a cloudy sky. ‘ The composition of these filter instruments:

was as followss

UNTIV, I
Test Field ¢ 1 x 5 mm thick Didymium glass (Schott BG 36)
1 x "Cinemoic"™ No. 17 Steesl Blue stage colour filter
1 x Kodak No. 2A pale yellow filter
1 x Kodak No. 2E pale yellow}filfer
Comparison _ _
Fields t 1 x "Cinemoid® No. 55 Chocolate Tint stage colour filter

1 x "Cipemoid" No. 3 Straw stage colour filter
1l x Kodak No. 96 B.2 neutral density filter

1 x Kodak No°’2E pale yellow filter
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UNIV, II:
Test Field: 1 x 5 mm thick Didymium.glass (Schott BG 36)
1 x “Cinabex®™ No, 17 Steel Blue stags éolour filter
1 x Kadék No., 2E pale yellow filter

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

1 x "Cinemoid" No. 3 Straw stage colour filter
1 x Kodak No. 96 0.1 neutral density filter

1 x Kodak No. 2E pale yellow filter

vA_marked differénce betweén some colour sahples of the same number was
observea, e.g._"Cinemoid“ No. 17 Steel Blue looked sligﬁtly paler than
f "Cinabex"’No.‘l7 Steel Blue. For‘this reasoﬁ the tfade nameé of ths
colour filters were recorded. These filter devices were constructed
in holdérs as in Fig. 3.

The UNIV. I appeared almost metamepic to observer H.E. on
sunlight (see Records, section R5,2), but to obseryer M.C., the test field
appeared slightly pinkish (Fig. 16). ‘The UNIV. II was made tO'be.meté-
meric for observér M.C. on a gréy sky, but the test.field then appeared
slightly greenish to observer H.E. (Fig. 17). It was notvfound possible,
even by trying other combinations, to obtain a perfect match for both
obsefveré on a particular filter_instrument. Note thaf the above obser-
vations represent shifts in the opposite direction (as may be seen by:
comparing Figs. i6 and 17) and thué a chromaticity éorrection for one
observer leads to a larger shift for the other observer. A combination

of filters could, however, be found which lead to & compromise between
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Observer M.C. - Shift to pinkish
Observer H.E. =~ Metameric
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Fig. 16. Chromat1c1ty shifts for UNIV. I dev1ce (deszgned for H.E. )
on sunlight
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Figs 17. Chromatlclty ghifts, for UNIV. II dSVlCG (desxgned for M.C.)
on a grey sky .
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Fig. 18. Chromaticity shifts for a "compromise" device on a gray sky
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the observers (combination (b), Records section R5.2). On.a grey sky
saw the test field yellowish (Fig. 18). Forléxample, Froh.fig.716

it can be seen fhat metamerism would be obtained for observer M.C. only
by a Furtﬁer greenishrchromaticity shift of the test field. This would
ﬁhen lead to observer H.E. seeing the test field as greenish, as in

fige lf. However, these "“universal® filter devices did serve to bring
the observations made by the twoc observer groups Very much closer

~ together.,

3.2 Search for better colour filters

.in order to abtain the comparison steps Fop a multi-~comparison’
Filﬁer device (as in section‘d), it was necessary to‘acquire a suitable
gradétioﬁaof‘colour filters which, in_combinatidh, woﬁid maﬁch the test
field whennabserving_the range'of fluérescent lamps normally used in
practice.

'fhé first heﬁhod employed was ﬁo‘view fhe iamps through a series
of Tintometer filters (Fig. 19). The plastic box containing the Lovibond
glaés colour slides (as referred_to~in Appendix 4) and vertical viewing .
tube was taken out of its compartmeﬁt gnd the C.I.E. Dévis—Gibson light
Filtér removed. The #est field of the filter insfrument (eege UNIV. II)
was plaéed in.thé sample field, and its chromaticity when viéwingva —
particulaf lamp matched against a combination of Tintometer glaéses'in
the'other field of view. The numbers of the glass coléur slidés were
recorded for various filter instrumehts and different lamps (see Records,.

section Rbdol)e The range of lamps used included a warm white “standard®

’
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Test lamp

Tintometer colour filters
Filter device in sample field
Observer , o

o™m A
e o4 88 e

Fig. 19. Modified use of Tintomster for obtaining suitable slidses
for filter devics. oo ¥ _
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.and‘"denluxa" (P29 and P32), a cool whife "standard" and "de-luxe“
(P33 and P37)9.ahd a 6500K (daylight) "standard" and "de-luxe"‘(Atlas
Tropical Daylight and P57). | |

| | From these resulté a suitable range of red, yellow and’blue
Tintometer coloufwfiltérs which would be required to build a multi—.
comparison filter devics was determined. However, on obtaining a
fquotétion for these glasses from the Tintomster Ltd.,-Salisbury,'England,
it was decided that it would be ‘too costly to build a préctical filter
_instrument with such glasses. | | | | .
| The second ﬁethod employed was tb photoérapﬁ a mixture of.
cologrea light from projector lamps in front of which red, greeﬁ and
blue colour filtefs_had‘been.placed. These three lamps, adjusted by
means of variacs, were focussed onto a board with white paper pihned to
it (Figs.lzofénd 21). A numbéf of'hues of varyihg saturation and light-
ness wers photographed. The individual cohponents of réd, green énd
" blue on the centre and ends of the board were recorded by meaﬁs of a
>por£able iilumination_metef. This was necessary to be able to reproduce
the\partiéulér colour at a later stage. 'This method was not entirely
satisfactqryvas the éblours were not reproducéd very éCcurately on the
colour film, probably.because the daylight type colour reversal film had
been Qsed.., Had film 5alanced for tungsteh light béen selected, the
'feéults dbtained.might.haue been bettér. The range of flucrescent lambs
used in.tﬁe first method were pﬁotographed both directly as mell'as fhroUgh
a piece of didyhium.glass. Again the resulté were not accurate reﬁrodﬁc--
tionsg of what one actually saw, but a feuw suitable cdlour slides were '

obtained. It was hoped to use these colour slides in the construction
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R : Red projesctor lamp
G : CGreen projector lamp ,

- B ¢ Blue projector lamp = \M""\
S5c ¢ '

- White screan

- Fig. 20. Arrangement used in colour photographic method for obtaining
suitable filters: . ‘ : , :

- e le

R~ B = G
VS ¢ 230V A.C. regulated supply
T ¢ Variacs
S ¢ switch : :
R,G,B ¢ red, green and blue projsctor lamps

fig. 21, Circuit diagram used for adjustmént of projector lamps
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of filter instruments, but this method.was abandonedo

It was thus decided.to use combinations of stage colour filters
in the construction of a multi»comparison instrument. These stage colour
filters were obtainab;e locally in large sheets at moderate cost. However,
one is not able to get as small chromaticity Chaﬁges as one could using .

the Tintometer glasses.
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4, PUNIVERSAL" MULfI—CDMPARISUN FILTER DEVICES

4,1 Design

The multi-comparison filter instruments were constructed as

in Fig. 22. 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
étage colour filters (the test fiéld)p and four comparison Fil£ep
combinatiqn89 two on either side of this central port;on (the comparison
fields). It was intended to cénstruct}these compafison 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. 1 Cdmparison field was designed to match the test field
when looking 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 Philipé Colour 37 (P37). Thus No. II field serves
as a éomparison step for "dg-luxe" lamps." The.No. ITII field was meta-
meric with the tést field on what may be called a "semi de-luxe" lamp
such és the westinghouse‘warm white or cool white de—luxe.lamps, of
poorer colour rendering properties than the lamps metameric on fieldeo.
II. No. IV comparison field was built to be metameric on a "standard®
cooi white or warm white lamp, witﬁ C.l.E. Colour Rendering Index of

approximately 50.



- 34 -

10,/
S Q)
I v
N
I— o o

-

I
JII
III

IV

g
(B

F

\
~7 k-

Section A-A

Test field
Comparison
Comparison
Comparisan
Comparison
Glass

field I

field II

field III :
field IV .

Colour filters (placed betwsen glasses)

All dimensions in millimetres

Section B-B

Fige. 22. Construction of "universal" mUlti-bbmparison filter device
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The following approach was used in the design of the instrument.
A series of fluorescent tubes was sélected to include the Qarm white, cool
white and 6500K ranges of lamps commonly qsed_in practice.ivlThe'lamps used
were aléhilips-COlour 29 - warm white (P29), a Philips Colour 32 - warm
white da—luxe((P32), a westinghouse'uarm white de-luke, a Philips Colour
'33 - cool white (P33), a Philips Colour 37 - cool white de-luxe (P37), a
westihghouse cool white de—lu*e, an Atlas Tfopical Daylight (6500K) -~ - |
abbreviated (A.Tdl), and a Philips Colour 57 - daylight .de-luxe (P57).
In addition, an évercast sky and an incandésceht Iahp'were used as refer-.
ence sources in'the‘daylight and 2BDDK regions résﬁebtiQelya

The principie of "universality" (see Part 11) was applied by
placingva pale yellow filtervacrbss the aidymium glass. In addition a
Steel Blue stage colour Filter_in combination with the didymium was used
tovchange‘the pink hue of’the'didyﬁium glass in the test field towards a
neutral gréyu The various comparisoﬁ fields were obtained by matching
the test field against a number of pombinationé of stage coloﬁr filters
‘when obsefQiﬁg a particular lamp. Thislinvolued many hours of trial énd
érror during which a large number of different combinations of stage
colﬁur filters were tried for bﬁth observers M.C. and H.E. Eventmally
what was thought to bse the optimum Filter combinations for comparison
fields I = IV wers obtained.

4.2 Composgition

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

following compositions
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Test Field:

Camparison
"Field It

Comparison
Field II:

Comparison
Field III:

Comparison
Field IV:
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5 mm thick Didymium glass (Schott BG 36)
"Cinabex” No. 17 Steel Blue stage colour filter
(odak No, 2E pale yellow filter

1.2 mm thick glass

"Cinemoid" No. 3 Stram stage colour filter
"Cinemoid" No, 55 Chocolate Tint stage colour filter
Kodak Nﬁg 2R pale yellow filter

Kadak No. 96 0.1 neutral dehgity filter

1.2 mm thick glasses

"Cinemoid" No. 38 Pale Green stage colour filter
"Cinemoid" No. 53 Pale Salmon stage colour filter
"Cinemoid" No. 55 Chocolate Tint stage colour filteT

1.2 mm thick glasses

“Cinemoid" No. 38 Pale Green stage colour filter

“Ginabex" No. 52 Pale Gold stage colour filter

"Cinemoid" No. 60 Pale Grey stagse colour filter

1,2 mm thick glasses.

"Cinemoid" No. 38 Pale Green‘stage colour fiiter
"Cinemoid® No, 55 Chocolate Tint stage colour filter
Kodak No. 96 0.1 neutral density filter

Kodak No. 96 0.2 neutral density filter

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

‘was built using segments of lérge 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 constructions

UM, II:

Test Field:

Comparison
Field I

Comparison
Field II:

- Comparison . ..
Field IITs

X

5 mm thick Didymium glass (Schott BG 36) -

“Cinemoid" No, 17 Steel Blue stage colour filter
Kodak No. 2E pale yellow filter

Kodak No. 96 0.1 neutral density filter

1.2 mm thick glass

- "Cinemoid" No. 3 Straw stage colour filters

"Cinemoid" No. 60 Pale Grey stage colour filter
Pink filter paper.

1.2 mm thieck glasses

"Cinemoid" No. 38 Palelﬁreen stage colour filter
"Cinémoid"va. 52 Pale Gold stage colour filter
“Cinemoid" No, 55 Chocolate Tint stage eolpur filter
Kodak No. 2E pale yelloy filter

Pink. filter papers |

l.2 mm thick glasses

"Cinemoid" No. 38 Pale Green stégé colour filter
“Cinemoid™ No. 52 Pale Gold stage colourlfilter
"Cinemoid" No. 60 Pale Grey stage colOurlfiltef

o2 mm thick glasseé
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.Comparison h : ' ’ . )
Field IV: 1 x "Cinemoid" No. 38 Pale Green stage colour filter
1 x "Cinemoid" No. 55 Chocolate Tint s#age colour filter
1 x quak No; 26 Ooi neutral density filter
1 x Kodak No. 96 0.2 neutral density filter

5 %X 1e2 mm thick-glassés

The resuits of obéervations'on lamps by different observers
are given in Records section R5.2. GCood agreement was obtainéd_betuean -
the results of observationé bylobseruers H.E. and M.C. The greéfest
discrepancy was as follows: with iﬁstrument umM, Ii, observer H.E. found
thé nea:est match to the test'field on sunlight to be between comparison
. fields Nos. 1 and II, but closer to I3 observer M.C. obtained an identity

with field No. I.

4,3 Determination of T(A) for test and comparison fields

In order to obtain the U.C.S.. (u,v)'COmdrdinates for the fields
on various lamps, and hence the uectof shifts from the test field to the
comparison fields, the transmission curves ( T(A)) for the fields Qere
measured. The method- is given iﬁ Appendix 3, and the results in Records
) section R2.1, T(A) was oﬁtained not only for the particular field, but
~also for the individual colour filters comprising that field.. This
enabled checks . to be made on the measurementé of T(A) For.the fields, which

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

.;C(R)l, . = "[3(7&)l x'Ct?\)z X oees X 'K(?\)i covoeas (4ol)

2, LU ] 1

where i is the number of filters in the field.



Measurement of’K(R)vfor the fields was done at 10 nm inte:yals from
© 730 nm to 380 nm in all cases except that the didymium gléss andAthe
test field wers measured at 5 nm intervals. Afhis was doné.éinde’E(A)
for the didymiuﬁ glass varies considerably.ouer an interval of 10 nm
in somevregions of thé spectrum.

In Figs. 23, 24, 25, 26 and. 27 the values of T(A) asvmeasured
for the test and Compérison fields have been plotted. From Fig. 23
may be seen how the pale yellow filter absorbs the peak. in tﬁe £rahs—.
“mission curve of the didymium giass below 425.hm,“uhibh is the essential
L requirement for "universal" opefation of the deviée (déscribed in detail
in Part II). The resultant filter (test fiéld) thus hardly transmits
beloy 420 NMe The principél absorption region of the tesﬁ fieid between
965 nm and 605 nm whibh femoyes the‘yelloy bosst in standard Fluorescen£
lamps:may aiso clearly bevseen; ‘Figs. 24, 25, 26 and 27 show that the
transmissi56 curves‘pf the ;ompariéon.fields are much smoother than that
of the test field. Fig. 27 shows that the'D.i and 0.2 neutrél density
filters wéfe not peffectly neutraly they were howéver“suitable for thé
purpose used, It may also be seen thaﬁ'the glass used in the device
appeared slightly_greenish,_ité transmission‘curue réaching a maximum
at about 550 nm. ‘ : ' k

;n order to conyert the‘t(k) curve measufed,at 5‘nm intervals

for the test field to an equivalent weighted curve T (A) at>lD nm

spaping for oomputationai purposes, the following formula was ﬁsed:'
(A~ 5) + T(A=+ 5) |

“c:(?;) + |
~H(A) = | 2 i " veacoscss (4a2)
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-1 Transmission curves of component_s and resultant.
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Q‘ 1) Fig. 25. "Universal" multi-comparison device. II - comparlson fleld IT. =
&‘/i RN Transmission curves of companents and resultants
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The calculation was made using an Olivetti Procgramma Desk Computer,
substituting the measured values of T(A) at 5 nm intervals. To check
the validity of this equiyalent>curue, fhe C.I.E. Chromaticity Co-ordi=- -
nates x, y and z wers calculated for an equaimenergy spectrum for both
the 10 nm and 5 nm cugues (see_Records, sgction‘RS). The fesults were.

almost idenfical.

4,4 Determination of ColsEo (u,v) U.CeS. co~ordinates for filter fields

‘While the C.i.E. (x,y) cﬁromaticity diag;am is useful fér
specifying colours, it has one serious disadvantage: it misrepresents:
colour differences, e.g. a certain'distancg in the blue region may meénA
a very appreciable colour difference, while the same distance in the
green region may seem hardly noticeable. For this reason it was prefer»ﬁ
able to use the C.I,é. (uyv) U.t.S. ("Uniform ChromatiéitY'Scale")

(7)

diagram to represent the colour changes ohserved 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: ‘

hey = BEOPIT

- KsJ
e = 3_§(“)pk(h)15(k) | enesosnoses (4.3)
2, = BEOR T

(a11 comhutations were made using the IBM 1130 digital computer,,détails
of which are given in Appendix 2). The spectral tristimulus values
x(A), y(A) and z(A) were obtained from published tables. The spectral

power distributions of the test lamps PK(R) were obtained from manufacturer®s
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data (or could have been measured), and the transmission factors of the
fields T%(h)'were obtained by measurement as ihyAppendix 36 .'

The C.I.E. {u,v) co~-ordinates for thé fields on the teét‘lamps
wefe obtained b; the transformations

U . = 4X . X q: + blSY . + 32 . C0e0000Q0C®ED (494
KyJd Ksz/ ( K33 KgJ KsJ) )

v . :: 6Y . V X . + 15Y . + 32 . oncaooooo-?e (4n5
Ks J /( Ky J Ky J KsJ) . )

and the (u,v) shifts from the test field te the varicus comparison fields
(index i, where i = I, 1I, III and IV for excellent, good, fair and poof

" colour rendering) were calculated as:

. | ) . ] ) ’ 3 ‘
- = - J - ecoccoecoe 4,6
() = (g o] = flup =ug % s (o = v 0%} (4.6)
‘ 2 2y 3
= (U/ -'u .) + (U - .) 2090 (AZQlS)
{ Kpigy — Kod Koigy Ko } ‘

Thess calbulétions were repeated fﬁr obseruationé on the reference
illuminant (found in- the Colour Reﬁderihg Index section of the programme)
of approximately the same chromaticity as tﬁe #est lamp. The printout
.of these domputed values ﬁay be-seen in the Records section Rl.

4,5 Correlation of chromaticities of test and comparison fields with the

C.l.E., Colour Rendering Index

Using the computer progrémme as desqribed in Appendix 2, fhe.
(u,v) co-ordinates of the test aﬁdvcomparison fields were obtained for |
obsefvétidns on a number.of warm white, cool white and daylight (6500K)
' iamhs. In Fig. 28 the chromaticities of these filter fields héue been

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

diagram shows that in general the shift in the v-direction from the test
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field to the compariéun fields is véry small in comparison to the
umshift, Consequently, the shift in the u~direction alone was used
in further evaluations, and the sthifté were considered ﬁé give an
adequate iﬁdication of thé performance of the deviée, This simplin
fication aided compreﬁension considerably,

Table 1I expléins the appearances of the four comparison

fields (F;).

Tahle 11, Comparison Fields

Comparison Field (F.) Match with test field

i .

indicates Ra of lamp to be:

i Appearance
1 Pink | ‘Excellent
11 . Pale Brown ' - ’ Goaod
111 Grey ‘ Fair
1V : Green _ " Poor

In Figs. 29, 30 and 31 the shifts in the u-direction from the
tgst field to the yarious compériéon Fields (uT - uC,i) have been plotted.
.. agéingt the C.I.E. Cenerél Colous Rendering Index. Fiés. 29, 30 and 31
were p}otted respectively for lamps of the warm white (= BODUK), cool
white (= 4200K) and daylight (X 6500K) ranges. Note that above the ;ero
line the test.field looks pink compared with the comparison field, while
below this line the test field looks green.compared uith the comparison

field. Intersection with the zefu line means & match between the test and

camparison field. Fige 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 tha

and not

T Cei

Philips Colour 32 is metameric (u_ - u. . = C.0) on Fl

FII’ whereastigso 30 and 31 show that cool white de-luxe and daylight

de~-luxe lamps are assessed more strictly being metameric on F This

II°
dependency of the assessment on colour temperature 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

is predicted.:

Figs. 29, 30 and 31 metamerism (uT -u. . = 0.0) with F,.

C,i

for a warm white lamp with R_= 55, for a cool white lamp with Ra = 65
v 5 ,

and for a 6500K lamp with Ra = 75 1.2, standard lamps designed for high
efficacy. Similarly, approximate matches with the other comparison fields

are predicted according to Table 111,

Table III. Ra Calibration of UM, II filter device

Matching v _ Lamp Colour Temperature
Field :
- 2900K W.W. 4200K C.U. ' ‘A 6500K D.L.
Fi -85 . ' 100 100
i _
FII 75 90 85
N = [
FIII 65 5 85
FIV 55 65 75

Thus FI serves as a reference (Ra = lUD).pomparison field for all except

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

represents the de-<luxe comparison field, FII the "semi" de-luxe comparison

I
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fieid and FIU the standard lamp compafison field.

The chromaticity change between each comparison field indicateé
" as a rule a change of appfoximaﬁely lb units of Colour Rendering Index.

Tabie I11 prediéts an increase of 5bout 10 unifs of index for
a match on the same cémparison field on a cool white cohpaﬁed with a warm
‘white lamp. A varying increase Bxists bétween a 6500K lamp compared with
a cool white lamp as shown iﬁ Table III.

The absolute values oF‘the total (u,v) shifts from fhe test
field to the comparisen fields, (u,v)T ; (U’U)C,i; (gee equation 406),
were plotted against Ra for marm uhite, cool wh;te gnd 6500K lamps in
Figse 32,.33 and 34 respectively. These curves shoued'minima (i.e. test
field looks closest-to comparison field) at apprdximately the same values
of'Ra as tabulated in Table III,

Fpom Figs. 30 and 33 it may be seen that thg Philips Colour. 34
lamp did not appear to lie precisely on the curves for any of the filter
fields FI > FIU’ but slightly above them, This may be explained by the
fact that the‘Colour 34 is ﬁf a lo@eb colour temperature (3B800K) compared
with the other cooi white lamps (: 4200K), The General Electric cool
white de~luxe lamp appeared £o have a higher Ra(89) than the Westinghouse
cool white de~luxe lamp used for tests during the construction of the

filtef instrument. - The G.E. cool white de-luxe matched on F I while

I

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

11 (Table III.

would thus predict the Westinghouse lamp to have an Ra =~ 75).
The u co~ordinates of the test and comparison fields were plotted
' against Ra in Figs. 35, 36 and 37 for observations on different lamps,

These three graphs clearly show how the device operates. from Fig., 35
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Fig. 32.  {(u,v) Shlfts (From test Flald to comparison fields) vs R
for "universal" multl-comparlson device II on warm whitse
lamps. :
(u,v)T ¢ (u,v) co-ord;néﬁés-ﬁf test field (didymium)
(u,v)C i ¢ (u,v) cd-ordinates of comparison field (i =
' ' I, 11, III, IV for excellent, good, fair and
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Fige 33. (u v) Shifts (from test field to comparison fields) vs R
- for "universal" multi-comparison device II on cool whits

T

lamps.
(u, v)  (u,v) Co-ordlnates of test field (didymium)
(u, )C {3 (u,v) co-ordinates of comparison field (i =
- I, 11, 111, IV for excellent, good, fair and
_ _ poor colour renderlng) ,
' | | 2, _o 2%
(UQV)T - (ulv)c .."‘ [U - UC i) +(VT -" VC.i) ]
o ooooooooooo.o_o -aquation (406)
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‘Fig. 34, (u,v) Shifts (from test field to comparison fields) vs R
' for "universal" multi-comparison device II on 6500K lamps.
- (u,v).l. : '(U,v)'co-‘ofdinates of test field (did‘ymium)
o (u,v)c' g F '({J,v) co~ordinates of comparison field (i =
i ’ -1, 11, I1I, IV for excellent, good, fair and
| poor colour rendsring)
; T (upv); - (U’V.)C,i = [(uT - c,,"') + (v = v, l)2]
f - : ‘ 6eccsscsrcee equatlﬂn (4 6)
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- Fige 35. u-Co-ordinates of test and comparison fields vs R_ for
4 . v . . T . a
"universal® multi-comparison device Il on warm white lamps.

'uT' : u co-ordinates of test field (didymium)
S co-ordinates of comparison field (i = I, II,
! 111, IV for excellent, good, fair and poor
: colour rendering)
B : Test field
—— e @ FI : Comparison field.l
e SR FII ¢ Comparison field II
f--G---Q--FIII ¢ Comparison field III
_ﬂ“+*"4--'FIV ¢ Comparison. field IV
29, 32 ¢ Philips colours '
Ww, WUX : General Electric warm white and warm white

de-luxe lamps
K : Planckian Radlator (3050K)
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Fig. 36. u Co-ordinates of test and comparison fields vs R for

"unlversal".multl-comparlson dev1ce II on cool whlte lamps.

u co-ordinate of test field (dldymlum)

u. . (¢ u co-ordinate of comparison field (L = 1, II,

II1, IV for excellent, good, fair and poor

colour renderlng)

Bl 2 b 2 : Test field ,
-—o—-——ih—'FI s+ Compariscn field I
T = - FII : Comparison_Field'II
- ==0---0--Fi 1 ¢ Comparison field III
Creheseets FIU :+ Comparison field IV -
.33, 34, 37 : Philips colours _
CWw, CwX : General Electric cool white and cool white

de-luxe lamps.

K ¢ Planckian Radlator (4200K)

Nearest correlated colour temperature of lamp recorded in

brackets in K.
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Fige 37., u -Co-ordinates of test and comparison fields vs R for
“"universal® multi-compariSon ,'devic:e IT on 6500K lgmps.
| Ny
U : U co-ordlnates of test field (didymium) 1
Uy ¢ U co-ordinates of comparison field (i = I, II, 1
e I1I, IV for excellent,’ good f‘air and poor T
. colour rendering) ~ : S 1
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e AR FII :- Comparison field 11 -
-=0-=-0-~ FIII : Comparison field III 3
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can be seen that on the standard General Electric warm white (with a

computed Ra-z 52.3) the test field matches F Table II11 would predict

Tv®

Ra‘ﬁ 55, Similarly the same figure shows that the General Electric warm

white de-luxe (which has Ra = 72.5) matches between FII_and Fripe

Interpoiation in Table III would give Ra % 70, Fig. 35 also shows that
when the Philips Colour 32 (with R, = 85.9) is observed through the device,

the test field matches FI. .Table 111 indicates that the lamp should have

an Ra = B85, - The test field thus moves through the full'range'of compaf-

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

Iv I

white dteuxe lamps. The device shouid therefore be able to predict
values of ﬁa'to within less than 5 units of‘index if Table'III.is used as
a quide,

For mefémeric lamps; one would have expected_nearly horizontal

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

11°? FIII

FIU

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

} since their transmission curves are quite smooth (see Figs. 24, 25,

in cqlour temperature of the.lamps° In general, lower u co-ordinates ars
expected for lamps of higher colour’temperature and vice vefsa; For
example, in Fig. 35 thélu—véiUes of the comparisqn fields for the Philips
Colour 29 (3250K)'aré.lower than those for'tﬁe General Electric warm white
(3050K). The large variation of the test field with colour rendering
index, however, is essentiél for the opefation of the device,

fFigs. 36 and 37 shecw that for bool white de-luxe and 6500K de~luxe

lamps, a match is obtained with F and not FI as was the case for the

1I

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

In bath 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, metamerism being

obtained on FIU for standard cool white or daylight lamps and on FII for

de-luxe lamps., - FIII

be seen, for example, in Fig. 37 where the Colour 54 (Ra = 80.5) matches

I1 Iy

serves as 3 useful step betueen F and F as may

almost on F but slightly towards F An estimated value of Ra from

I11°? Iv*

Table II1 for a 6500K lamp matching almost on F would be just less than

_ 111
85, which is again within less than 5-units of the calculated value of
the indexe ;

Ideally, an insfrument would be desired where metamerism with a
particular comparisoﬁ field corresponds. to a certain value of Ra irresbec-
tive of the coiour temperature of the. lamo tested. Hoﬁever, fhis idéal
"condition could not be realized wifh this simple filter devicé. In Figt
38 the values of.Ra for a ﬁatch befween the test field and a particular
comparison field have been plotted~again§t colour température for lamps
‘of 2900K, 4200K and 6500K, These-yalues of Ra were obtéined from the

F and F curves with the zero

1 Frre Fro y VTV
‘axis (u-shift = 0.6) in Figs. 29, 30 and 31. The Ra values thus obtained_

points of intersection of the F

were in close agreement with those acquired from Figs. 32, 33 and 34 i

F and .. curves (least (u,v) shift).

F'II’ 111 1v

using the minima of the FI,

The curves of Figs 38 enable an éésessmeht of Ra to be made for lamps which
have é colour temperature between or beyond_the warm mﬁite, cool whiﬁe'and
6500K ranges, For example, the computer printout (Records section Rl) .
for the Philipst010ur 47 (5000K) shéws that oh this lamp the test field

would match FII to within 0.0028 (u,v) units, From Fig. 38, a lamp of

5000K matching F._ (point {(a) in the diagram) has a Colour Rendering Index

II

of 94. @ The calculated value from computer results was 96.1, which is very
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closa to the assessment that could be made using the filter device. Tahle

III represents‘rounded off values obtained from Fig. 38,

406 Method of use of multi-comparison filter'instrumént

In order to‘determiﬁe the colour rendering proberties of a
particular lighting installation, one views the lamp(s) through the fiiter
instrument as in Fig. 39, and assesses nearest to which comparisan Field 
the central (didymium)‘field of the instrument apﬁeéfs. ' NOQ.the values
of Ra recorded in Téble 111 have'been ma;ked on'thé.iﬁstrument next to.the
- appropriate fields FI to FIV as in_Fig. 4U° By.obsérving Fifst.mhéther
thé lamp falls in the warm white, cool white or 6500K range ons is able
to determine which of the thfee values of Ra marked next to this particular
dompérison field appiies to lamp under bbservation. One may also jﬁdge
a lamp to be metameric with the'cenfral field between any two of the
comparison‘Fields.  In this_case,jfaking Ra to lie between the two speci=
fied values would'be justified. It is suggesfed that an Dbsérver ﬁould
‘determine fhe colour‘rendefing index of a.lamp pbééibly to within 5 or 10
units of index (definitely to within j<lD‘units). Moreover, an expérienced
observer need have no use of théltabulated values next to the comparison |
fields, but would simply underrate warh white lamps bearing in mind the
approkimate_values suggested in Table I1I. | |

" The adéquacy of determining Ra to within 5 or 10 units is

(8).

supported‘by recent research by Halstead, Palmer, Morley and Stainsby
who found that one cannot detect less than 5 units in the colour rendering
index easilys Thus both practical experience and the meaning of the index

scale (viz. 4.6 units in the index, whether general or special, correspond
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Lamp to be assessed
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Filter device held between thumb and index flnger

Technlque of observation for assessmant of Colour Renderlng
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to lvN.B.S;.or C.I.E. unit of colour difference) indicate.that differences
in Ri of .about Fivg units will corre;pond to visually,percéptible cqlourA
differences. A C.IbE,‘publication(?) stateslﬁhat: v:"No.éucﬁ simple
rule can be givén fbr Ra. It is obtained.as the average of eight Ri
values, and even when two light sources have exactly the same Ra’ differences
of more than 5 units in one or more of the Ri's may still be possible, so-
fhat their coiour rendering properties will be different for ths object
coloqrs in question®,

This simple filter device'was designed for assessing fluorescent
.,lamps commonly used, and, for this limited but imbérténﬁ applicatioh, it
should be useful in practicé. Further research, beyond the scope of this
thesis,; would be requiréd for extension of its application to other |

discharge lamps.

4,7 Summary.and recommendations

| A portable visual pocket device. has béen developed For an
approximate.déﬁerminétion of the C.I.E¢-Céluur Rendering Index forvthe
range of fluorescent lamps commonly used in practice. No claim is %ade
for high accuracy or for applicétion to other discharge lamps which hqve
not been investigated.

Further research work migﬁt show whether éxtgnsion of the appli-
cation of the filter device to other sources apart from fluoréscent lémbs
wbuld’bé warranted. |

An improvement on this device would be one designed td.asgéssvall.
lamﬁs eqUally,‘irrespective of their colour temperatyre. Whether this

refinement could be made with the existing fi}ter device is somewhat

doubtfui.



PART _II

VISION INVESTIGATION
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5. DIFFERENCES AMONGST OBSERVERS WITH NORMAL  COLOUR _VISION

5.1 Two groups of normal observers

From observatioﬁs made during the-constrdction of the initial
single~comparison fil£er devices (section 2.2), there appeared to be two
‘distinct groups of observers having-ﬁormal colour Vision_u thoée who saw
as ohserver M.C. (called Group-l) and those who saw as observer H.E.
(called-Group I1). In order tO'détermine into which group‘a particular
- observer could be classified; the following quick and elementary test wés
applied: the single-comparison filter devices M.C. I and H.E. I (for
cémposifion see Appehdix 5) were held side by side with.a sunny cloud as
"a background and. the oﬁseruer was asked which of the four fieids appeared
different. I% the observer stated that he saw the comparison field of
H.E. I to be the odd‘qne, this looking greenish»gfey while all the others
looked violet, he would belong to Group I. If the obsefver sa@ the
comparison field of M.C. I to be the odd one,vthis appearing a violet
.colour while ail the others looked greenish grey, he.mould then beloqg to

Group II. These observations are summarized in Table IV.

Table IV. Classification of observers

Test field Comparison field
. Device -~ HoEos 1 M.Ce 1 HoEo T M.C, I
GROUP 1 observer Violet Violet GGrey Violet
(‘Eogo M.Co)
GROUP II observer . Grey Grey Grey Violet
(e.gc HoE-) . - . )
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Tests (see Records, section R?) made using this simple method
of clagsification showed that the ratio of Group I observers to Group II

observers was approximately in the ratio 2 s 1.

5.2 Yellow filter test

This differéﬁéevin vision amongst normal observers was an
obstacle which.had to be overcome before a filtér device could be built
which would work equally well for either group of observers.

It was found that by placing a yellow fi;ter such as the
"Cinabex" No. 1 Yellow withva T(A) cut-off at about 474 nm (found
‘approximately by means of a visual test with a spectroscope) in front of
vfilter instruments H.E., I or II, observers H.E. and M.C. then sauw fhese
filter instruments metameric on sunlight (see Records, section R7).

This discovery formed the basis of the design of future "universal" (i.e.
works for both "groups" of normal obseruefé) filter instruments.
| Analysis of the *C(A) curve for the didymium glass (Fig. 1),
used e.g. in the filter instfuments H.E. I and II,shous a peak‘in thg
region 405 nm to 430 nm and a trough from 435 nm to 480 nm. This yellow
filter thus removed tﬁe.beék>in the'shoft—mauelength region,. This lead
_'£0 the theory that both agroups of observers were notvequally sensitive to

radiation in the violet region.

5.3 Violet sénsitivity tests

Some corroboration bethe results of the yellow filter test was

necessarye.

Tast I: A quick and simple comparison test between the violet sensitivity
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of the two groups of observers was Céfried out as follows. The'slit of
a prism spectroscope was illuminated with the light from a mercury
discharge iamp as in Fig.'Ai. | Several lines of differentAcolours could
then be seen in thé eyepiéce, The different‘uavelengthsvwere deviated
through.different angles'by‘the prisms hence the line images were sepa-
rated. ' The mercury AD&.?, 407.8 and A35;8 nm lines were isolated from
the other spectral'lihes by placing an interference filter (”C(?Jma; :
406.nm; half-width = 24 nm) in front of the collimator slit. This filter_
' still transmitted the 435.8 nﬁ line, but mith_reduéed intensity.

‘Statements were recorded as regards. the iuminances of the violet
(404.7 ﬁm)'and blue (435.8 nm) lines as seen by the observers (seé Records,
section R7). Appropriate neutral density %ilters were placed over half
the.eﬁtrance of the collimator -slit until a brightneés balance was obtained
Eetméen'these two lines; one iﬁ the left Hand and the other in the right
hand field of view of the spectroscope. -An interesting result uwas obtained,
namely that the luminance ratiovof 40&.7/435.8 nm lines was approximately
five times greatér for an obsérver from Group I ﬁhan for an bbserver from
" Group II. | \

This interesting reésult indicated that further and more accurate

tests in the short-wavelength region would be warranted.

Jest II: The apparatus was set up'as in Fig.'42 to compare the intensity
offblue light with that of Qiolet light. Radia£ion from a 400 mefcury’
vepour lamp was passed through a violet ihterference filter ('C(R)maX.}‘
406 nmi half-width = 24 nm) and illuminated one half of a magnesium qxide

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

other half of the magnesium oxide surface was illuminated with the light
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435.8
4078
4 04.7

(nm)

| ”Field of view

" Section of field excluding

@

- neutral density filter
(b) & Section of field including

neutral density filter

Observer

0
.S ¢ Prism spectroscope
L ¢ 1254 Mercury discharge lamp
Fn : Kodak neutral density filter.
F, 3 Schott interference filter CU(%Jmax 2 406 nm)

.

Fig; 41, ‘Arrangement using a spectroscope for violet sensitivity test I.
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Photometer bench
, 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(N),_, = 46% at 406 nm, half-width = 24 nm)

125W Hg lamp + Schott blue interference filter
('t(?x)max = 53% at 431 nm, half-width = 22 nm)

All dimensions in millimetres -

Afrangemant on photometer bench used for violet sensitivity
tdst II.
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from a 125W mercury vapour lamp in front of which a blue interference
F‘ilter ‘(T‘()\)max + 431 nmy half-width = 22 nm) héd been placed, together
with the light_From an incandescent lamp passed thruﬁgh a red colour filter
(circuit diagram Fige 43);' ‘The red lamp was used‘For‘colorimetric

(10)

compensation only,Aand its luminance contribution was relatively
small. Adjustment was obtained on the red lamp by using a variac, and
adjustment of the illumipation'fromvthe blue.light was made by_mbving the
lemp along a photometer bench, since the mercury discharge lamp.gaﬁnot be
dimméd by reducing the‘voltagé across it.  The illumination from the
yiolet lamp. on the mégnesium oxide-surféce was kep£ cdnstant. All three
lamps were contained-in suitably shielded comﬁartments.' The two halves
of the magneéium oxide surface were separated by a non-reflecting scfeeno_
‘The area of each ha}f of the white surfaceiilluminated was limitéd to
approximately 100 mm x ldD mm in ordér to obtain uniform illumination, the °
'remaining'section of ﬁhe white surface being screened off with non-reflecting
black Vélvet paper.

Observefs were first tested for normal colour vision using the
Ishihara charts. They wéfe then asked to match (see Fig. 44)_the violet
light ih hue,_valué‘and chroma using the contrblsvof the blue and red lamps.,
‘Theoretically an identity is nbt‘possible as a small.amoﬁnt of green light,
" for ekample, added to the violet light is reguired to obtain a perfect
match. This would be at the intersection of the straighf-lines joining
the blue~red and violet-green points on the C.I.E; diagram (mixture ﬁ in
Fig; 44). As this green light was not added, the observers merely obtained
their closest match (distancé (d) in Fiqg. 44), the violet liéht aluays

appearing slightly more saturated. However, an exact colour balance is
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?._o,/ 0" 0 211 Vi
I ’ .
~ \‘*/S | Be R
|
o oo
'B ' : Ballasts § & Suitches
Tv s Variac ‘ V ¢ Voltmeter
Vs ¢ 230V A.C. regqulated supply _
Be : Hg lamp + blue interference filter
Vl ¢ Hg lamp + violet interference filter
R ¢ Incandsscent lamp + red filter

Fig. 43, Circuit diagram used in violet sensitivity test II

R : Red lamp
Be ¢ Blue lamp
V1l : Violet lamp , .
G : Green lamp that could be used to obtain mixture M
d : Closest match between (red + blue) and violet lamps

Fig. 44, Comparison of lee and violet lamps with colour compensation
' by a red lamp, '

!
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not neceésary, provided the remaihing'coldur di%ference does not impair
" the brightness or contrast observation,

Observers from Group I obtained their match yith.the blue lamp
relatively cloée to the mHite surface, whereas those from Group II
positiqhed the blue lémp much furthér away, showing reduced sensitiyity
to the violet lighé. The individual components of red, blue and violet
on the screen for each match by observers was recorded using an uncorrected
photocell and operational ampiifief (;ee Records, section R7).

Compariéon of thé blue/yiolet ratios for both gfoﬁps of observers
(see Records, section R?)'shoyed that in some case; oBservers from Group I
were tuice as sensitivé to the violet light as those from Group II. . Some
from Group I were only 1% times as sensitive as those from Group II.

The above test was repeated using anoﬁher violet interference
filter ("c(h)max : 403 nm; half-width = 18 nm). 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 froﬁ Group I were from 4 to 20 times‘more sensitive
to this 'light than those from Group 11,

However, research iﬁ this field is far from complete, and to
" obtain mors conclu;iva results mass observation tests should be conducted.
The results do, however, clearly show the marked reducticn of sensitivity
6f some normal observers to short-wavelength radiation, and the shorter

the wavelength the greater the reduction in sensitivity.
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The following expianation of the ébove 6bservations is suggestsed.
The basic relafion which describes thé response of the esye to radiation is
its sensitivity to the various wavelengths of the spectfumg The response
function expresses fundamental properties df the.retinal'receptors,-and of
.the ocular structufes which light must penetrate to reachvthem. The human
retina contains two groups. of reqeptors: rods, which functioﬁ.iﬁ dim light,
and cones, the oréans of visidn.in bright light and colour vision. The
‘intrinsic'gensitivities of rods and cones are modified by the presence of
6oloured intraocular‘s£ructureso One of these is the lens,_which in man
is yellowish in colour. The cornea and other ocular humours also absorb
“gome light in the violet and ulfra-violet. The retina itself conﬁains a
ypllou pigment, concentrated in a diffuse éentral zone about the fovea, .
the-macula lutea or yelloQbspofa - Its concentration varies froh one indivie= :
dual to another and is correlated Qith the colora£ion of the hair, the skin
and 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. ass

T(N)

T(A)

ocular media macular pigment

wald(ll)

extracted a small number of human maculas., The yellow
pigment was identified as a lutein, the xanthophyll in the leaves of trees,
and he obtained the values of T (A) for the macular pigment (WEW in Fig..46).

(12)

Ludvigh and MacCarthy studied the transparency of the eye
for four subjects over the age of 60 vears. The authors made allcwance

for the known yellowing of the lens with age and obtained values of T(A)
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C : Cornea ‘ B
L : ‘Lens , S
Ha ¢ Aqueous humour S ’t(A)0cular media
HV ¢ Vitreous humour .
Y : Yellow spot in foveal .region T(A)
containing macular pigmenta-"| macular pigment
\ + 1 - ’
tion
I ¢ Iris
0 : Optic nerve
R : Retipa
S ¢ GSclera
’p(A)eye = ’C(K)ocular media > ‘C(A)macular pigment

Fige 45. Schematic section of the human. eye showing the components

of ‘E(?\)eye

'
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(13)

éf the ocular media representative of subjects of 21 years of aée

('ED in Fige 46). The proQuCt of these two curves (738 in Fig. 46)
represents the effect of both mécular:and ocular pigmenﬁation. Curve

(Tje x’EU) was obtained by forming the producf,of.curves (’ﬁe).and ('to),
répresenting subjectsruith-an assumed doubling in..density of ocular pigmen-
tation, This would reduce the_sensitiviﬁy ratio 405/436 nm (possibly
Group II observers) relative to a reference’condition (say curve’Ee,
possibly Group I observers). Curve (”Ee X T:m) was obtained by multiplying
" curve ("Ce) by ‘curve ("ﬁm), représenting subjects with an assumed doubling
in density o% macular pigmentation, This would héve the effect of
increasing-the 405/436 nm sensitivity.ratio. These resu%ts'showing
-Qariations in the 405/436 nm sensifivity ra£i0 have been depicted in Fig.
47;'where a portion 6f some curves in Fig. 46 have been rearawn.and scaled
to intersect at"[ie = 10% at 436 nm.

It is sﬁggested that'the_variations in vision found amongst ouf
obserﬁers could be due to various densities in ocular and macular pigmen-
tation. _

Uariationé in the macular.pigmentafion have been recorded by.wald(ll),
who states that: "The depth'of pigmentation, however, varies greatly in
dgr obseyvers. In one of them no pigmentation Qas perceptible; in another
the pigment absorbed more thén 80 per cent of light iqcident at 436 mpe
These wide va?iations probaBly account for markea disagreements in‘the
anatﬁmicai literature regérding the ocburrence and depth of pigmgntatioh

(14)° It is clear from our data that some foveasare virtually

!

in the fovea
unpigmented, while others are intensely.colcred . In the latter instance,
the pigment must affect profoundly the contributions of blue and violet

light'to the color sensations of the fovea', Note that both the density



o o+ .0 + : S S— : + + TR
390 400 410 420 430 440 450 460
A(nm) ==

-0--0- ”Ce : Reference condition '
'+—‘+-T,e x"Cm_ : Density of macular pigmentatign doubled

me--e-T_ XX,k Density of ocllar pigmentatidn doubled

Relative to reference condition ("te), 405/436 nm ratio increases for
- heavier macular pigmentation ("Ce x"t.‘,m)_ and decreases for heavier

ocular pigmentation (T,e X "CO).

Note: All curves scaled to intersect at'te(A) 2 10% at 436 nm,

Fig. 47. Variations in violet/blue sensitivity ratio caused by
‘ increased macular and ocular pigmentation, -

-
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of the ocular media and the macular pigmentatioﬁ are known to increase
with age (denéity, & () = —10910 T(A))e |

While this explanatiqn may be satisfactory in acébunting for
the results df the short-méuelehgth sensitivity tesis, it does not

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

where there éppeared'to be two distinct groups of normal observers.

5,5 Summary -and recommendations

A problem arisihg from the difference in vision amongst obser«-
vers with normal colour vision has been overcome.
- A more'detailed inveétigation into the visual ﬁroblem where large
‘differences in the violet sensitiQitiés of normal obsefvers were found,

may yield interesting results,
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APPENDIX 1

(15)

{x,y) = (u,v)‘Nomoqram

Al.1 Transformation .

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

C.I.E. (u,v) U.C.S. co-ordinates is given by the formulae: -

X :—mm""'""" enoe.ooco.oo (Al@l)

- and y =~ — 6ecevcecoo (AlOZ)
' u - 4v + 2

From (Al.l) we have

4x u
3 - 2x R AT
. Fy ()
i.8e f (X) = y cscceesces (Alo3)
3 £ {v)
2.
From (Al.2) we have
14+ 4y U+ 2
y ' v
| | fa(U) .
i‘e‘ f‘6()’) v=__ ’ - oo-oooaooo-(AloA)

Both equations (Al.3) and (Al.4) ars in the form
Flu) = f(v).f(uw)

from which it is possible to draw an alignment chart - a Z chart.
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" The method used was to obtéin a Z chart fof the u, v and %
scales (Fig. 48), and supefimpose a Z chart for the u,.v and vy séaies
(Fig. 49), keeping a commdnlscale for u and Ve

Flg° 50 éhows tHe proposed diagram. mhile the.intersections
with the parallpl scales by the x scale at (u =0, v="0,5)and by'the y
scale at (u = =2, v = 0) arevdetermined by the aﬁovementioned transfor~-
mation Forhulae, the .distance between the parallel sﬁales as weil as the
unit length of the u and v axes are arbitrary. The scales selected in
‘ Fig;'SU were chosen to give optimum angles of intefsection Qhen using'the _
nomogram for (x,y) —= (u,v) transformations (and.vice versa) in widely

used regions of the diagram,

~Al,2 Graduation of scales

- Graduation of us, v and x scales

B o 3 OR O W S v €90 e A X 4T ORS €18 OB SR €73 G s €I 8 A L R PAD £ €74 TS

Let the parallel scales {(Fig. 48) bevgraduated in accordance

with the scale equations

Dl(u).z mufi(u) L " eecsscssce (Al.S)
t - f .
and Dl(v ) = mvfz(v ) -oooofoa¢eo(Alo6)_
where v' = =y

The dlagonal scale for f (x) joins f (u ) and f (v ), the zero

values of f (u) and f (v )

‘Let the straightvline joining DOintS‘Ul and v'l cut the diagonal

i mi i - Vgt x e
spale.at Xqe From similar trlgnglgs u U %y and v NAETIE

D, (L) ) - B(x)
= - 0T Dl(u) = Dl(v') e
Dl(v') S Ky o= D(x) K, .= D(x)

1 1
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Fig. 48. Graduation of u, v and x scales

F

4(“0’ =0

Fig. 49. Graduation of u, v and y scales
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1.0
‘ /0.8
V=0 lo.5 —
0.7 =005 T
] ) 0.8 ‘[0.4 ’ .
¢ 2
2 t /! $ / T
o v x v y 9
9] ")
- ~
l 8, 0
0.0 . . '
P'(U)=O -‘—0.75.uni t FS(V)"-'O :
\
\

-2.0 ' fu)=0

Fig. 50. Graduation of (u,v) and (x,_y) scales



- 86 -

Thus, from (Al.5) and (AL.6)

mf (u) = mf_(uf)=—e———
ul V2 - o(x)
1
When fl(u) = f2(V')of3(X) . | cooc0coBsceooe (See EQUatiOn (AloZ]))
D(x) M
then —— = — f.(x)
K, = D(x) m 3
1 v
4 Klmuf3(x) o v :
from which D(X) = 6000000080 (Alo7)

mufﬁ(x) +m
Graduate the u-scale as:

Dl(u) = mufl(u)-mhare fl(u)vz u

u varies from 0 == 1.0, Scale selected = 1 unitI(Fig. 50)

1
eeo m u = SEmm——— = 1

(1 -0)
i.e. Dl(u)‘ = u (in UNits)  eoeceseses (AL,B)

Graduate the vf-scale ass -
t - ]
‘Dl(v ) = mvfz(v )
Since this 'scale must be graduated from the top down,»but vl = =y

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

Now F?(v) =1=-2v fz(v') = 1 + 2v!

v' varies from -0,5 - 0. Scale lsngth = 0,75 units

4 0.75
ooo .mV = mEmm———— = 0075
(1 -0)
ieee D(v') = 0.75(1 + 2v') (in units) vecoscnnsa (AleD)

where vt = =v
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D.75 . o
Also tan Bl = w— = ] oo 81 = 45
0.75 *
K, = 0.75 sec 45° = 1.,06065
then, :substituting in (Al.7)
4x
1006065’-’_
3 = 2%
D(X) =
4x
+ 0,75
3 = 2x
1.06065%

a.o D(X) = " - units oeeeeoc‘ooo (AlelD)
| 0.625x + 0.5625 |

‘The u,v and x scales may be drawn by substitutihg values 1in

equations (Al.8), (Al.9) and (Al.10) respectively.

Graduation of u,v and y scales ’ .

8 B TR T3 WD A% SR £2W 0R £ TR KD €0 O G% 6T B OF ©D &% OO0 T3 &8 oD e 62 e

Since the negative part of the v' 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 eguations

DQ(U) = nufa(U) _ - . ecooceeosoac (Aloll)
anu 02(\/) = n‘!f\ (U) ‘ coceoscose (AlolZ)

The diagonal scale for F6(y) joins fd(uo) and fé(uo), the zero values of

fa(u) and fs(v)o

lLet the straight line joining peints Uy and vy cut the diagonal

scale at Y-
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From similar triangles Uoulyl and voiiYq

DZ(U) K2 + D(y) o K? + D(y)

B e ‘or- D (U)A= D(v)
0, (v) D(y) e

o(y)
Thus, from (Al.11) and (Al.12)

: K, + D(y)
nuf4(u) = nvfs(v) 2

o e e ot

D(y) .
When F4(u) = FS(V).Fﬁ(y) eececosass (See equation (Al.4))

Ky + oly) Ly
— f_(y)
D(y) _ n 6 Y

then

\Y

from UhviCh D()’) 0cecoceeces (AlolB)

n
u

— fly) =1

n
v

Gréduate the u~scale as:
DZ(U) = nuF4(u) where F4(u) = u+ 2
u varies from -2 == 1, Scale selected = 3 units (Fig. 50)

3
oo n, =" = 1
(3 - 0)

is80 D?(U) = U+ 2 (in Units) coececsaoce (Alol4)

Graduate the v scale as:
DZ(V) = nvfs(v) ~where fs(v) = v

v varies from 0 — (.5, Scale selected*: 0,75 unit

. 0,75

°* n = e = 1,5

V' (0.5 -~ 0)
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ic€e DZ(V) = ].;5\! (S.F\ Units) : 20000060600 (Alols‘)

Equations (Al.14) and (Al.15) are consistent with equations (A1.8) and
(A1.9) reépectively,'and the u and v scales may alternativély be drawn

By using equations (Al.14) and (Al.15), but with different zeroc positions,

Now tan 8, = °7 - ou3s 08, = 20° 330
2
K, = 2 sec 20° 33' = 2.1356
then, substituting in (Al.13)
| 2.1358 3.2037y _ :
D(y) = 1 + 4y = 1+ 205-y UNits ceoceocscasae (Alo]—6)
s ——— l
1.5y

-

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

<
N

Al.3 Method of use

Fige. 51 shows the no@ogram drawn to a scals of.lvunit = 200 mm.

‘The u scale was calibrated from 0 to 0.7, the v scale from 0 to 0.4, the
x scale Ffom 0 to 0.8 and‘the y scale from 0 to 0,9. The nomocgram was
dramn maintaining linear scales for u and Ve As u and v are U.C.S.
co-ordinates, -equal étepsvon the u ‘and v scales represent equal colour
differences.

| "In order fo use. the nomogram for (x,y) == (u,v) transformations
(or vice versa), a straight line is mérely drawn through thé known (x;y)
points ana the poinﬁs of intersection on the (u,v) axes are raaﬁ foe,
The scales selected were found tc be improuea compared with tﬁose uéed by

other authofs(lG)’ (17).
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(x,y)—;(u,v) N'omogram;

Fig.51.
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APRPENDIX 2

. Computer Programme

(This section shéu;d be read in conjqnction_withithe'fiom'diagram
(séctibqvAZ,G) énd the listing of the source programme (Records, section
R1)).

A FORTRAN programme was written to-use the IBM 1130 cemputer for
the calcﬁlation of ¢

(i) The C.I.E. General Colour Rendering Index of light sources(lg)’ (lg).
(ii) The C.I.E. Special Colour Rendsring Index for épebified sampies;
: (iii) The C.1.E.~U.C.5,. co~ordinates u, Q, W™ Fdr.sﬁecified.sempleéwand
filters. | |
‘(iv) Filter chromaticities and vector shifts from the test field to the
other filter fields.
'Some‘progrémmevdetailé wiilAbe explained in the sequence of

occurrence in the source programme.
A2.1 [Data input

Stdrage allocations for all one-dimensicnal or two-dimensional
A y . ‘ . - (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 symbolis I and
IR, and in all READ and WRITE statemsnts the integer that specifies the
logical unit number to be used for input or output is referred to as IR
or Iu. Should later on the re-configuring of the system take place and

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

need be repunéhed and not all the READ and WRITE statemerits.
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The first information ﬁEAD into'storaée is the number of lamp
spectra to be proceséed (LRUNS).  This is followed by the spectral
tristimulus values Q(R), ;(A),IE(K) for wavelengths at.lD Hm intervals
chm 380 nm to 72U nm, ﬁhén the four mercury lines at 405 nm, 436 nm,
546 nm, 578 nm and the sodium line at 589 nm. |

The spectralvreflectioh factors/?i(k) of £he eight test-colour
samples(19>’ (21) used for calculating the General Colour Rendering
Index are then READ in (i = 1 —= é). They are selected to coﬁep‘the
hue éircuit, are moderate iﬁ saturation, and approximately the same in
lightness (Munsell value 6/ fpr‘déylight)s These are followed by the
special.ﬁurpose test=-colour samples used for calculatiné the Special_

“Colour Rendering Index (i = 9 == 14). Using the Munsell notétion, these

samples are:

(1) 7.5R 6/4 - . (8) 10P 6/8
(2) »5Y 6/4  o - , (9) 4.5R 4/13
(3) sGY 6/8 ' - (10) sy 8/10
(4) 2.56 6/6 ' (11) 4.5G 5/8
(5) 108G 6/4 | . - (12) 3pPB 3/11
(6) 5PB 6/8 v,'(13) 5vR 8/4
(7) 2.5P 6/8 ; - , (14) SGY 4/4

Samples 15 to 17 are then READ in. - Sample 15 représents the

(22)., Samplé 16 is the,

complexion of the average “female Caucasian®
reflectance of the average woman with Cosmetics(zz). Sample 17 is the
lamp itself (BN = 1.0).

' The last 5 "samples" (i = 18 —= 22) are actually transmission

factors of the fields of UM. 1l which the computer processes in the same



way as the reflection factors. Sample 18 is thé test field of UM. II,
samplé 19 is field I'(excellent),‘sample 20 is field II (ébbd), sample
21 is field II1 (fair) and ssmple 22 is field IV (poor).

The statement READ(IR,B)((BETA(L,I),'L = i,'ao), I =1, 22)
requi:eé that the data /Si(%J be punched in columnwise, i,e. for sample.
1 (I =1) from I — 40 Avalues (L = 1, 40), then sample 2 (I = 2) ftom
1 - 40 Avalues (L = 1,'40) ste. I is equivalent to an outermost DO
étatement and.L to an innermost.DO. If the data should be'punched rou-
wise; the values Qill be READ into the wrong (:'ellsovf‘.the‘afréy° The
; datavmust appear on the card in the order in which the iistvépecifiES and
tﬁat order is under control of the indices L and Io 

: The %actﬁrs SO(A),~sl(x), sZ(A), ml(e) and mZ(e) are READ in.

These are required for the ca;culation of the reconstituted daylight refer-

ence illuminants, Note that the arrays Nl(B) and MZ(B) begin at the value.
42 i.e. Em1(42) and range to 74 i.e. EM1(74). The reason for this will be
explained léter. Colour temperatures from 2300K —- 25000K<23) are then

READ in, followed by their respective (u,v) co-ordinates, These are
required for the selection of the reference illuminant of the nearest
correlated colour temperatufe.

The last information té be REAﬁ in is PK(x), the relative sﬁecttal
~power: of the test lamp(s). It has beén placed in this position as ali the
'abovementiéﬁed data is. RéAD in only once, but PK(R) may be READ in a’ -
number bf~timeé, dependihg on the number of lamps to be processed. . Thé
entire calculation and printout for sach lamp is recycled ftom this’poiht

by means of a DO statement.
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A2.2 Calculation

The spectral power of. the test lamp, PK(R), is.narmalized (= 100)
at 560 nm.‘ |

Colate triétimulus values for all thévtest samples and filter
" fields (indek i) undef(the test lamp (suffix K) are determined by the
summation:

X, .= X, . o+ §(x)pK(x)/9i(x)

Ke i K;i
Y,i T YK,i + ;(x)pK(x);gi(xJ‘ f.c..;.;n.'(Aznl)
_Zk,i =750 2P (M) B, (M) | |
XK;i’ YK,i and ZK,i are zeroed initially, and A ranges ovér the 4D.uave»_
length values to complete the summation. The cycle is then repeated

using a D0 loop for the 22 samples and filter fields (i =1, 22).
C.I.Eo.chromaticity co-ordinates (x,y) are calculated for the

test lamp only as:

X
i

¢ = X/ K+ Y 20)

o - \ .....Q;... (Az;z)
Y = Y/ X+ Yyew 2y)
The percentage lirie energy contained in the test lamp is
_calculated by summating ;(R)PK(K)'over the. 405 hm, 436 nm, 546 nm, 578 nm
and 589 nm lines and dividing by YK for the test lamp.

Transformation of the (x,y) co-ordinates to the (u,v) co-
ordinates'ofAthe 1960 C;I.E.~Unif0rm Chromaticity Scale diagram was made

using the formulaes

[
4]

/ . 3 .
4><K$i/(xK’i 4 15\ngi +.32K,i)

eseee (A2.3)

<
3]

. 4
K,i GYK,i/(xKii + 15\K’. + 32 _:)
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F0r Calculati0n of the Special Index it was also necessary to transform
the Y-data to the lightness index W™ recommended in 1961. This was

calculated as:

' U .
# N

= ! -~ l ceO0eGACECS A2¢4
Uy 5 25(100Y, /¥,) T oo ( )

The referenpe illuminant for light SOUfces with correlated colour
temperature SDODK.or bélom is a Planckian radiator at the nearest colour
temperature to the test lamp, and above SDODK a series of daylight spectral
power distributions., The selection of the nearest correlated colour

) femperaturevis performed using the following method, The (u,v) co-ordinates
of selected colour tempefatures from 2300K to 25000K are READ in initiaily
(74 values of uO(B) and uo(e)) and the (u;Q)vco»ordinates"of the test lamp
are calculated as abdve (qu VK). | The diétance; from each of these co-
ordinates to the test lamp ié calculated in (u,v) units (stérting at ZSDDKj

(U’U)Bl = ‘{(UK - uO(B)')2 + (U-K - \10(8))2} z oeoeo.(A2.5)

~The computer selects the shortest .of these distances as follows:

the use of an IF statément finds out when the value of the function

{

colour temperature is at the previous value (see Fig. 52). Should the

(u,\l)B"l .

} changes sign. When this happens, the nearest

(U’V)B

abuvementioned function not chaage sign (i.e. reference iiluminant >
25000K) the DO looﬁ is cdmﬁleted after the 74th.value, By use of the
statement 8 = 74, 25000K ié then seléctsd and the sﬁatement B =8 ~11is
by-passed using the GO TO stafemento |

The reference illuhinant iS'in£end§d to be of the same Or'nearly
' (24)

the same chromaticity as the test lamp, and a tolerance of 15 mireds

is suqgested as a practical limit of difference (aﬁproximately'0,0060
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Planckian locus ' ' .

P1

T s+ Nearest correlated colour temperature of test lamp
. L s Test lamp

Si t Selected colour temperatures READ into storags

c :

(u,v) - [(u,v) changes sign here
. ol ~ 8l on .

Fige 52, Selection of nearest correlated colour temperature of test
lamp.

0
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AKU,Q) units)s  Therefore the displacement from the test lamp to reference

illuminant was calculated ass

Ay U - uo(e)
' - Dee&€c0cO00CEe (A2q6)
Av I

it

v - voge)
The use of an IF statement determines whether the reference
illuminant is aboue or below 5000K. If it is equal to or below 5000K

the spectral pouwer distribution of the reference illuminant is determined

as:

2 MK eooee (A2.7)

P = c, = 1.4388 x 107
0 . 2 .
- -1)

Wavelengths (A) from 380 to 720 nm are regeneratsd using the formula

C

LAMDA(L) = 10.(L) + 370, , where L varieé from 1 to 35, The last 5 valueé
of PO(A) are set qual to zero (in the case of PK(A) thege values represen=
ted the lines), If the reference illuminant is above 5000K, the spectral
power distribution is calculated as: |

PR = 8 (X) + 5 (AN (B) + 5,(NIA,(8) cuuns (A208)

the values of which were READ in initially. Now for values of 8 > 5000K,

the subscripts for the array 8, must be such that 42 <Ng£ 74, e.g. for

N
8& =,52ODK, N = 43, These values of the subscripts are identical to those:
"used in the arrays tNl(N) and EM2(N), explaining why these are READ in
initially starting from N = 42, PO(A) is subsequenily normalised to 100
at 560 nm. .
| Tristimulus values‘are then coﬁputed for the test samples and

filter fields under the reference illuminant, suffix o, (in a similar manner

as for the test lamp) as fpllouws:
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>
t

4 .v" J
X g * "_(7\)‘0(7‘)/‘9i(7\)
= y 9

Y =Y o y(?x.)PO(?x)/s?i(A) venseosase (A2.9)

2 =2+ 2PN £, (N

Transformation to the (u,v) U.C.S. co-ordinates and calculation
of the lightness index W is done in the same way as for the test lamp.

The Genéral Colour Rendering Index which represents an average
for test samples 1 — B is derived from the equation:
8

R, = 100 - 460 = AE

ceoocecoee (AZ.lD)
i=1 :

9.1.

where

AE =[(u - )-(u-u)]2+[(\/ -y )_(V_u)]2
a,i Kei 0,1 K (I LKyl To,d K o

Teossccecee (A2411)

[N

- Chromaticity differences for individual or special test-colour

samples provide useful information in addition to the General Index, and

therefore thé Special Cologr Rendering Index RI was calculated. This
takes into'account.any lightness difference that méy OCCUT, RI,i is
determined as:

R. . = 100 - 4.6 AE. .  reeveonese (A2.12)

I,i I,1

where

32 2 2
A = - U 7 - o . - b
Ei,i {[MK,i Uo,i] * 13 [‘”K,i(”v\,i Uy ) lJJo,i(“o,i Uo).]

_ "2 ’ 27 %
,4. 13 [UJng(UKii - UK) - mO;i(VO’i - VD)] } ccoce (AZolj)

The colour shifts from the test field (didymium) to each of -the
four comparison filter fields under the reference lamp were calculated ass

. . 2 2y %
A(u,v)(Didy == Filt,) = {(u -u_ )"+ (v -v_ ) } 2 eooe (A2,14)
i‘o { %01ty o,i °01dy CPERG _
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and similarly for the test lamp? ) : E

N . o Ry N2Y %
A(uv)(Didy = Filt,), = {(uK.. )T Ry ) } eeo (A2,15)
- ~ Didy Didy

The colour shift from reference to test lamp as observed through

the test field (didymium) is calculated as:

(L = = 2 & (v - v 2} 2 ... (A2.16)
KDidy }

A(u,v)(o — K) _
Opidy  Didy ®bidy

Didy {
A2.,3 Printout

Printout is begun om the third line of a new page by using the
FORMAT(1H1,///,1HB, eeceeso); the carriage control 1Hl causes the jump to
_the firét line of a new page, the /// initiates the spacing of three lines
and the 1Hf starts the printing in column 1 of the line.
The first valueé to bg printed qut are the wavelengths(A), them
_ sﬁectfal power distribufions bf péthvreference and test serces and a graph
of the-relative spectral irradiancehéf t@g'tégt léﬁb; ~ This is achieved
as follous: | . | E g oo . —
BLANK and X are made integer variabIes b;-Eéangvof the type s£atement
INTEGER at £he beginning of the programme, éincq only variable names starting
u;ith_I to N are implicitly integer. - X and éLANK are compiled into the
.opject pfogramme_from the-source programme at the”time_of conilation by the
'ase-of»a~DATA gtateméﬁt, éuch that the computer .stores a blank space for
the word BLANK, This‘obuiates éhe.need‘df a READ sta£eﬁent_as well as its
associated data card.l It is essential heremto insert the control card
ONE WORD INTEGERS at the beginning of the ﬁroéfémmerﬁo get the .correct

storage allocations for-the particular DATA statement used. This centrol

card causes integer variables to be allocated one word of core storage.
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Alpha-numeric data (e.g. BLANK, X) is stored as two characters per word,
i.e., two characters per integér variable, provided this control card is
inserted.

A one-dimensional arréy LINE is se£ up, which may contain 86
alpha-numeric element;, each containing one character. A simple DO loop
fills all 86 elements df LINE with BLANK spaces.

The integer J is set equal to (l,.+ 0.25 x PK(%J). - The.l is
necessary should PK(R) = 0 (3(0) does riot exist),. The factor 0.25 is
‘ requifed 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, ény fraﬁtional'part being
truncated, This number is used td place the X in one of the 86 elements
of LINE. After this the entire array LINE.is printed, which now appears
dnly 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 partiéular uauelengthn_‘

The percentage line energy'is subsequently printed out. This is
followed by the sample number and the tristimﬁlus values X, Y and Z for
the test samples and fiitef fields under the test and reference sources.
in the printout I 0 refers to the source_iﬁself, I1 to sample 1, I 2 to
samplé 2 etece The terms FILT 18, FILT 19 (the filter fields of UM. 11)
are identified in the following line-of the printout. o

| The correlated colour temperature of the test-lamp.and.thé
displacement from reference to test sourée 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-,"Rao :u; v and w* are recorded.for the test samples

“Under both the.test and reference sources. AﬁEé i is printed for the
. - s

first eight samples used in the calculation of Ra; the values of AEﬁ 5
‘ . 4

and the Special Index R are printed for all the samples.

I,1i
Thé various shifts calculated from the test field to the other
filter fields as observed under-fhe test and reference sources are then
printed out.
Af the end of the programme, once the various tést‘lamp spectra
Have Eeen processed, the data READ in initially is printed. '~ These are
the values of X(A), §(X), zZ(\), sO(A), sl(x), SQ(A), 8, uO(B), vo(e), Ml(a),
mz(e) and /gi(z). |

-

A2.4 Use of Programme

The values aof the test lamp énergies - PK(K) - should be punched

5

.on the data cards according to the‘EURMAT(BFlD.Z), i.e. 8 values per card,

the -first value anywhere between columns 1 f-iﬂ, fhe second value anywhere
between 11 - 20 etc. ~The values'mu;t berpunqhed with a decimal point.
Values of PK(X) should be punched‘OSZthe cans in“the orﬁe;ipk(380),
P (390), P (400), «evven , P (710), pk(720), P, (405), pK(azs); P, (546),
PK(57B), PK(SBQ).-_.Thesé aata dards are theﬁ piaqu immediately behind
the data cards on which the values o% uO(B), QO(G) are recdrded, ice. at the
énd.df’thé;progfamme (all data cards are coloured }ellow fér easy identifi-
cation). As many lamp spectra as- required may be processed during the
same run and sHould Be'pléced one behind the other with the values of PK(R)
in the order descriped above. ‘ %he véry iaéthcé;d ié the card deck which

should be added after the values of PK(A) is the card which reads-// x

END OF DATA.

T e gt b v e e . - - [N B . . T
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Another card>whioh‘ﬁust be altered each time different numbers

| of lamps are processed is the card immediately after the card // XEQ.

On this card should be puﬁched the;number of lamps to be processed,
according to the FORMAT(I2). Thus ifthere are three lamp spectra, this

card should havé a blank space in column l.and a 3 in column 23 if there are
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 programme

BETA(L,I) = /Qi(A) - Spectral reflection (or transmission) factors

/Bitxk(l) = XK,i - C.I.E. tristimulus value:for samples under test lamp
BIGYK(I) = YK,i - C.I.E;.tristimuiu§ value: for samples under fest lamp
BIGZK(I) = ngi - C.I.E.Ltr;stimgiUs vaer:fO? samples under test lamp

‘ BIGXD(i) = xo,i - C.I.E. tristimuiﬁs valugifor samples under reference

4 illﬁhinant i
BIGYO(I) = Yé,i - C.I.E. tristiﬁu}ps value for\sampleg qug; reference
illuminant h
uBIGZO‘I) = Zo,i - C;I.E._tfistimu}gs value;fOfséampleé-undér reference

“ illumipant

‘DELTU = "Ad = bisplacement from reference to tést sodrce_-'u direction

DELTV' = AV + Displacement from reference to test sourcé - v direction
DENMK = Value of DK(SGD) read on data card-

DENMO - Value of DO(SGD) calculated before ﬁo;mali§ation

EABAR -~ Sum of shifts of the 8 samoles used in calculation

[§]
e
n M [se}
=
D>
m
-
=

of General Colour Rendering Index



EA(T)

EI(I)

EML(M) =

Em2(m)

»

" HG . -

~ LAWDA
LRUNS =
POURK (L)

POWRO(L)

RI(I) =

REFTM =

SFDKD =
SFTOK(1)
SFTDG(T)

so(L)

W

51(L)

it

"AE_ . - Shifts used
a,l .
Index
AE. , -~ Shifts used
1,i
Index

m(8) - Factor used

illuminant
M2(8) - Factor used
illuminant

% line enerqgy

~ 103 =

in

in

in

LAMBDA (A) =~ Wavelength

calculation

calculation

calculation

calculation

of General'Colour Rendering
of Special Colour Rendering
of - reconstituted daylight

of reconstituted daylight

Number of lamp runs -~ i.e. lamp spectra to be processed

PK(A) ‘= Test lamp spectral power

General Colour Rendering Index

PO(A) - Reference illuminant spectral power

R . = Special Colour Rendering Indices

1,1

Nearest correlated colour temperature

A(u,v)(o —> K) =« Shift from reference to test lamp as observed

through the test field

it

A(u,u)(Didy'~»'Filti)K - Shift

_comparison field {index i) under

i

Alu,v){Didy —= Filti)o - Shift

comparison field (index i) under

SO(R) - Factor used in calculation

illuminant .

Sl(A) - Factor used in calculation

illuminant

from test field to adjacent
teét lamp

from test field to adjaoentv
re%erenﬂe illuminant

of reconstituted daylight

of reconstituted daylight
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52(L5

= Sé(A) - Factor_used;iﬁ calculation of recomstituted daylight
illuminant
SUMHG = = ;(R)PK(A) - Used in calculation of % line energy

lines
TEMP(K) = B - Colour temperatures

- U.C.S5. co-ordinate of any ‘test samples (index i) under

UK(1) = Uy, i
test lamp (suffix K)

UK(I) = Vi T 'UfC,S; po—ordinéte of aﬁy test samples {index i) under
test lamp (suffix K)

Uo(1) = Upg " U.Q.S. co-ordinate of any test sample (index i) under
referenée illuminant (suffix o)

vo(1) = Vo1 " U.C.S. co—erdinate of any test sample (index i) under

: reference illuminant (suffix o)

UREF(K) = uO(S) - U.C.S@_co—ordinéte of reference temperature

VREF(K) = VO(B) - U.C.S. coaofdin%ﬁe of féference temperature

UVABS = (u,\/)B - Distance iH U:G‘diégramnfromrtgst_sougcé‘to reference

o  . illuminant -

WAVLG = Wavelength (l{ - Includes~deciﬁélfp6int X

WK(1) = U:’i - Lightness iqdéx, sa@ples under test lamp

wo(1) = u;’i - _Lighgnessrindex, samples undérwféféfgnce illuminant

XBAR{L) = Qﬂ?) - .b.I,Eo spectral tris;imulds véers

‘Xk ;.XK /ﬁ; C;I.é. chromaticity co-ordin;te of tést lamp

YBAR(L) = ;(A) - CAI.E. spectral tristimulus values

YK =y, = C.l.E. chromaticity co-ordinate 6f test lamp .

ZBAR(L) = z(A) = C.I.E. spectral tristimulus wvalues
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A2,6 FLOW __DIAGRAM

( Start )
]
READ

No, of lamp runs
(), ), 2
8.
5,(N, 5, (), 5,(N)
m (8), M,(8)

Tempe = (e)"'

ug (@), v, (@) [Ref]

}

| \ Rean
—A =

From page 108 I |
o - Normalize PK(K)

= 100 at 560 nm

¥

S FSINCNT NN

X 5 ©
P ML A
Zi; " 2§E(R)PK(kX8i(A)A

X = XK/(XK + YK + ZK)

Y = Y/ K+ Yo )

b To page 1G6 -
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From page 105 - . ¥
‘ % Line Energy =

100 x FFR MY

lines

U, = 4XK,i/<XK,i + 15YK9i *~3ZK,1)
I PAC R L PR Y
I 3

uK’il_ 23(100YK9i/YK) T o= 17

-

| (wv)] = [y = u @)’ . (v, ~ v (@))% |=

No

(.UsV)@ (U,V)@"‘li 70

@ 2500K

~ Displacemght A

D N 7 ety
A

U

. .Au Knuo(@) —_— - —

By K - vo(e)

1
<

No
< @ > 5000K
‘Yes
Regenerate A : Regenerate A (printout only)
1 , | ' .
PQ(A) = ‘ PO(R) = SO(R) + Si(h)ml(e) +.52(A)m2(9)

5, 14.388/A @ : ‘ . :
A (e - l)

‘"‘f:‘} To page 107

>
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L

From page 106 { —

|

Normalize Pa(h)b

= 100 at 560 nm

|

X545 ° Zx(r (M)A (N

Voo = Zy(P_(NB, (N

Zo. 5 = Zz(A)P (Mg, (W)

Yo,i % 4Xo,i/.(xo,i +'15Yo,i * 3Zo,i)
Vo,i = GYo‘,i/(Xo,i + 15\(0’,i + 320’i)
wgyi - 25(100Y0’i/Y0)1/3 - 17

L 2 | %
AE i F {[(UK,J‘_ - ”o,i) - (g - Uo)] * [(U‘K,i‘" Vo,i) - (v - "o)] }
. :
‘R_ = 100 - 460 E BE,
: v izl
2 2 : 2
BBy g = {[wK,i - ‘”o,i] + 13 [W-<,i<uK,i - ) - “o,i(”o, - ] *
2 o N3
137y s Gy s = o) = Uy 5 vy 5= v,)] y
Rp,3 = 100 = 4eBAE;
;A(u,v)(Didy - Filti)0 = {(uD - U i)2 ; (v0 -V, 1)2}%
Didy ! Didy ’
‘A(u,v)(Didy - Filti)K = {(UK - uy l)2 + (v | - v, )2}%
_ Didy ’ Didy vt
. )
-y )2 v (v z

A(Ugv>(of— K)Didy'= {(u0

Didy

t——ae—  To page 108
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From page 107 T : ‘ ' c

R ) _ o i

. PRINT
A, Po(?\), PK(?\), Graph of PK(?\)
% Line Energy

Yooy 2, s X s Y s 2

Sample No,., XK,i’ K, i

Reference Temperature and Displacement

. uK! VK’ XK’ yK7 UO, V09 Ra

* *

W . whoL, A . B .
Kyi’ YK,i? TK,i’ Yo,i? Yo,i* Vo,i’ Ea,l’ EI,l’

A (u,v)(o - K)Dvidy
A (u,v)(Didy - Filti)K

A(u,éiv)(Dic_iy -'-Fi‘lti)o

PRINT. -

A, RN, T, 3, 5 (), Sp{), 5, ()
Ref. Temp, uq(e), Voi_e), Ml(ejy .N;(G)
Y- NS R

) 5\,;;i(fil£ers)
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APPENDIX 3

Determination of T(A) for the "universal" multi-comparison device IL.

AJ.1 Arrangement

: . :
The spectroradiometer(ZJ) was set up as in Fig. 53. A large

anastigmat L. of about 110 mm diameter and 305 mm focal length serves as

1
collimating lens. Two 60° pfisms (110 x 90 mm) in tandem are followed
by an achromatic lens L2 of 127 mm diameter and 610 mm focal length.
The exit slit D can move by means of a micrometric setting x along the

spectral surface which is a plane for practical purpeoses over the range

of interest, betuween 380 nm at x = 0 and 780 nm at x = 60 divisians, Both

. A . )
“the height and width of the exit slit D and the entrance slit d are adjust-

able. An EMI photomqltiplier tube serves as a detector which moves with
the exit slit. It has associated_with it a 2 kv stabilisgd power supply.
The aynode voltage can be switched to different values tbAadjust the sensi-
tivity of the photomqltiplier.

The output was connected (Fig. 54) via a 120 ks resistor R to a
universal shunt and spot éaluanometer° | The voltage developedlacross R was
recorded using a digital logging system, which iogged this voltage by means
of a typewriter. It was found that a 2pF condenser connected across R
provided optimum reduction 0% the minor variations observed on the digital
voltmeter. The spot galvanometer served as a usefﬁl check'tp avoid
.exceeding the rating of the photomultiplier tube.
| A projector lamp (Fig. 53) was focussed onto the entrance slit

using lens L3, and was suitably shielded to prevent stray light entering the
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Figs 54,

(e}
v oo ee

SMI Photomultiplier tubs

"Sh : Universal shunt, Tinsley

Galvanometer, Cambridgs
Instrument Co. R
Resistance, 120k.ou- 5%
Capacitor, 2pF
Stabilised D.C. powsr

Pm H Phofomultipliar tube
D ¢ Exit slit
d : Engranca slit :
p ¢ 60 prisms _ |
Ll ¢ Anastigmat, 110 mm dia., d:
305 mm focal length : £23 =
L, ¢ Achromatic lens, 127 mm dia.,. == F4
P 4 Fr ==
: 610 mm focal lsngth J 2
L ¢ Condenser lens !
3 . A
Fl ¢ Stray light filter o : 1
'FZ ¢ Colour filtsr to be measured - <= L3
' v |
X s Wavelength scals ' .
R s Projector lamp : Siemens, t
' 220V, 100w X R
Fige 53. Schematic diagram of spectroradiometer
e Pm
E D, w1 T
' Pt
M.
, s _ R Sh - & Co., 500.n
'G H

supply
D, ¢ Digital logging system

T ¢ Typewriter

Qutput connections of spectroradiomster
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monochromator, The filter to be measured, | was placed in a device

27
which enabled the filter to be removed from or inserted into the path of

the light beam focussed onto the entrance slit, Filtgr'Fl-uas éIStray

light filter.

A3.2 UWavelenoth 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 wavélength 046.1 nm,‘extremély étrongvand easily
located, was set at 45.40 divisions by adjuéting‘écréms on the basé 0% the
photometer. The x positions of the more powerful lines of the Hg;Cd—Zn
lamp were recorded, as mere-the lines of the He lamp which provided useful

values in the shorter and longer wavelengtih regions. = The wavelengths of

(26)

the lines‘were.taken from tables The x position of a line was
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), In Figs. 57 and 58 the measured x positions of the lines
have been plotted against wavelength, Hartman's equation
(.A"' >\O)(x0 - X) = constant ’ ooo_aooooeo.b (A3.l)

waé used to obtain the eguations for three different dispersica curves:

from which-x values at selected intervals could be calculatéd, © One curve.
mas Qsed in the long wavelenéth regioﬁ, one in the middle mavelgngth region
and'one in the shorter wavelength region, the seiected )5-valueé féf which.
are shown in Figs,”57 and 58, The equation‘for each curve wés derived by
inserting the measured x positions and knouwn A;~values of three lines into

(27)

an existing computer programme to obtain the values Aof"k_O and X e
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B

)

. B

. T "

> 171

v H
8
. T H
: B

I
o
e oo oo oo

230V A.C. requlated supply from Foster Electronic Motor

Control Unit

Foster Constant Voltage unit - input 190-250V, S00VA, S50HZ
output 230 = 0.5V, 2,18 amps

Ballasts

Mercury/Zinc/Cadmium lamp, Philips 93145E, 0.9 amps

Helium lamp, Philips 93098BE, 0.9 amps

Switches

Clrcuit diagram for 1amps used in determlnatlon of dlsper51on
curve.

F 0 we e

R

230V A C._regulated supply from Fostaer Electronlc Motor

~ Vg [
L
‘o
v H
s
.
.8
S
) W
o “CT ¢
AT
) v H
' R ¥
Fig. 564

Control Unit

¢ Foster Constant voltage unit « input 190-250V, S500VA, SOHZ

output 230 Z 0.5V, 2.18 amps
Switchas

~Variac, Zenith Electrlcal Co., 1. 65VA 0-220V

Wattmeter, Cambridge Instrument Co.

Current transformer, Gossen & Co., 0.5 ¢ 5A

" Ammoter, 0=5A . .

Digital voltmeter, Rochar

220V, 100U Siemens projector lamp

Circuit diagram for lamp used in transmission factor
measurements, ' '
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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 cbtained than could have been

dane from cne curve based only on three line measurements.

A3.3  T(A) Measurement of filters

The circuit was connectéd as in Fig. 56, The lamp voltage of thé
ﬁrojecﬁor lamp was kept Constaﬁt at 210V throughout the measurémgnts (i.ea
slightly underrun). . The output voltage across résistor R was récordeds
Two readings were taken, with and mithogt the filtér to be measured in the
péth of the light beém at wavélengths fram 730 to 380 nm. The ratio of
- the two gives the transmission factor of the filtér at that particulér
wavelength, This was done for the test field énd all the‘comparison fields
of UM, II, as well as for the individual‘filter compenenté.

Stray light.Filters were used only in the red and blue regions
for the stage‘colour filters and comparison fisldé, but thfdughout the
spectrdm for the test field (didymium) measurement. This‘uas done since
stray light is most likely to be serious where the reading.is relatively
small compared with reédings in the rest of the.spectrum(zs), and the
didymium glass exhibits @ series of peaks and troughs thfoughout its T(A)

" curve (Fig. 1). The seriousness of stray light in a particular spectral
rggion 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 which, in some wavelength regions,

showed large variations in T{(A) over an interval of 10 nm.



As a check, measurements were done on UM, 11 comparison field 111
both with the colour filters inserted between the glasses énd'with'the
colour filters placed invfront of the glasses_(_[—‘ige 59), - :THe'méésurements
of'the‘;atter aépeared to be slightly lower particularly in the longer
wavelength region, asimay be seen in Fig. 59. Values calculated from the
product of T (A) measured for the colour filters aioné and T(A) for the
glasses lay in between the. abovementioned two curves in most regions of fhs
spectrum, _ These differences in U (A) could be a.result of reflebtions'at
the glass-air surfaces. Some of these refiectiVéiéuffaces would-diséppear
' Qith different clamping'arrangements of the glasée; énd.colour filtérs.
Measurements were done for the other filter fields with the colour filters
‘inserted between the glasses; as this is the arraagement used in the construc-
tion of the device.

Further measureﬁent:dheckévuere made using eguation (401)3
namely _ o _
TN 5L E T K T, X eeeee x TA), eemeneneen (401)
where 1 ié the number of filters mea;ured. Some measurements were within
1% of the calculated values, otherse.g. go within 6% (Records, section R2.1)..
The largest percentagé errors in:meésurement were Fouﬁd at very lqw values
of T(A), where small discrepaﬁcies were not considered very irportant.

(29)

In addition, the linsarity of the 'spectroradiometer in the
blue and green reqions was verified using a linearity box (Records, section

R2.1).
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APPENDIX &

Determination of (x,v) and (u,v) co-ordinates of the filter devices

Cole€o (X,v) chfomatiéity co~brdin5tes of the fiitér devices
when observing différent lamps were determined using the Lovibond»Schdfield
Tintometer. The tintometer contains a number of Lovibond permanent glésg
colour slides; cdvering the range 0.1 - 80 Lovibond Qnits in the red and
yellow primaries, and 0.1 - 18 infthe blue primary colour.  These slides
_are contained in é plastic box upon which is?mountgd a vertical viswing
tube and a compartment for the C.I.E. Davis-Gibson light filter, This
filter is a double compar£ment boro«silicate glaés cell with two compartments
gach Filled.uith appropriate solutions which tranéform the‘light from
Illuminant A of the lamps into Illuminant C {(daylight). These lamps are
dontained in an illuminating cabingt; and are accurately calibrated for
colour £emperature so that they may be operated at the ﬁeéeséary 2854K of
Illuminant A, Light Fromrboth lamps falls an both.the sample and the
reference fields a# 450, and tﬁe samﬁle is viewed at 900, so that specular
reflection does not interfere with colour appreciation,

The electricai edﬁipmént consists of a conétant voltage trans-
former, a variable resistance and an ammetér, together with a foot smitch.
to pfevent the lamps being left switched on»mhen not in use. The résis~
tance is adjusted untii the correct amperage of 9,2 amps is registéred, as
required‘by the lamp calibration certificate.

A magnesium oxide surface (thelwhite standard of international
convention) is fittedvove} the aperture of the refereance field; and a

- magnesium carbonate block is placed about 12 inches behind the back-plate
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of the lightlcabinet-opposite the apérturé for the sample fielde The

lamps will then illuminate the white reference background without affecting
the block, because the beams from the lémpsﬂcross at the baﬁkplate and then
diverge (see Fig. 60). fhe magnesium carbonate biﬁck is tilted at 456 to
the backélate and is illuﬁinated with the test'sdurce from above (see Fig.

‘61 ). The operator's eyes are shielded using a screen; and the filter device
to be measured placed betueen £he magnesidm carbonate block and the backplate.
The colour of the sample is matched against the glasées by adjust=-
~ing the glasses far hue and satﬁration, while the palative brightness is
adjusted by means of a Rothamsted device. It is not advisable to gaze into
the eys-piece longer than necessary, as discrimination aecreases with
;fatigueo When the slides are satisfactorily selécted, the th halves of

the field wili appear identical. Not moreé 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 reéding on the bright-
ness scale are noted. Carefully note whether this reading is positive
(bléck) or negétive (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 graph printed on metal. Nylon threads; suspended
throuéh two holes in the metal graph, are supplied.to act as cursors.

These are moved until they pass thraugh this point of intersection. tThe X
and z C.I.E. co~ordinates are rsad off mhere'the cursors cross their-
respective scales. In order to 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 (u,v).
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QArea under review not affected by lamps

A ¢
B ¢ Backplate
L ¢ 'Calibrated lamps

Lo
Fig. 60. Tintometer lamp arrangement

»
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R »
1

Y T
: riu
F
. n 10
4 5¢
Mg
i
S ': Test source
F ¢ Filter device to be measured
Sc ¢ Screen Y :
0 ¢ Observer
Mg ¢ Magnesium carbonate block
T ¢ Tintometer filters

Fig. 61, Determination of chromaticities of a filter field under
different lamps, using a Tintometer. '
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U.C.S. co-ordinates, an (x,y) — (u,v) nomogram was used, the details of
which are described in Appendix 1.
Using the above method (x,y) co-ordinmates were obtained for.

various single-comparison filter instruments for cbservers H.E. and M,C.



R A
APPENDIX__§

Compecsition of injitial single-comparison filter devices

HoEo I .
Test Field: 1 x 5 mm thick Didymium glass (Schott BG 36)

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

1 x "Cinemoid®" No., 17 Steel Blue stage colour filter

Comparison
Field: 1 x "Cinemoid" No. 60 Pale Grey stage colour filter
1 x 0,61 nsutral density filter in combination with
neutral filter of unknown density
¢
H.E. 1T

Test Fields 1 x 5 mm thick Didymium glass (Schott BG 36)
2 x. "Cinemoid" No. 17 Steel Blue stége colour filters

Comparison . .
 Field: 2 x "Cinemoid" No. 55 Chocpolate Tint stage colour filters

1 x 0,20 neutral density filter

Large Demonstration Model

Test Field: 1 x 4 mm thick Didymium glass (Chance ON 16)
1 x 1.6 .mm thick pale blue-green heat absorbing filter
- (Chance ON 13) |
1 x 0.1 neutral density.Filter
Comparison

Field: 1 x 0.61 neutral density filter

Original N,P.L. fModel

Test Field: = 2 x & mm thick Didymium glass (Chance ON 16)



Comparison
fField: '

M.Co 1

Test Field:

Comparison
Field:

Test Field:

Comparison
Field:

M.Co III

Test Fields

Comparison
Fields

b—
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"Cinemoid"

5

5 mm thick

YCinemoid"

“Cinemoid"

"Cinemoid"

5 mm thick

"Cinemoid®

No. 56 Pale Chocolate stage colour filter.

Didymium glass (Schott BG 36)

No.- 40 Pale Blue stage colour filter

No. 36 Pale Lavender stage colour filter

No. 55 Chocolate Tint stage colour filter

Didymium glass (Schott BG 36)

No. 45 Daylight stage colour filter

"Cinabex"™ No. 50 Pale Yeliow stage colour filter

0.2 neutral density filter

"Cinemoig"

"Cinemoid"

5 mm thick

"Cinemoid"

No..56 Pale Chocolate stage colour filter

No. 60 Pale érey stage colour filter

Didymium glass (Schott BG 36)

Noe. 17 Steel Blue stage colour filter

Ool_neutral density filter

"Cinemoid™.

No. 56 Pale Chocolate stage colour filter

0.2 neutral density filter
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