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FOREWORD 

THIS is one of a series of Engineering Monographs 
published by the British Broadcasting Corporation. 
About six are produced every year, each dealing 

with a technical subject within the field of television and 
sound broadcasting. Each Monograph describes work 
that has been done by the Engineering Division of the 
BBC and includes, where appropriate, a survey of earlier 
work on the same subject. From time to time the series 
may include selected reprints of articles by BBC authors 
that have appeared in technical journals. Papers dealing 
with general engineering developments in broadcasting 
may also be included occasionally. 

This series should be of interest and value to engineers 
engaged in the fields of broadcasting and of telecom
munications generally. 

Individual copies cost 5s. post free, while the annual 
subscription is £1 post free. Orders can be placed with 
newsagents and booksellers, or BBC PUBLICATIONS, 35 
MARYLEBONE HIGH STREET, LONDON, W.l. 



CONTENTS 
Section Title 

PREVIOUS JSSUES IN THIS SERIES 

SUMMARY 

I. INTRODUCTION 

2. DESCRIPTION 

3. A'.'.-ALYSING FJLTERS 

4. CAL1BRAT10N 

5. PERFORMANCE 

6. CONCLUSIONS 

7. REFERENCES 

APPENDIX . 

Tristimulus Colorimeter Filters 

Page 

4 

5 

5 

8 

12 

12 

16 

16 

16 

16 



No. 

I. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 

II. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
60. 
61. 
62. 
63. 
64. 

PREY IOUS ISSUES IN THIS SERIES 

The Suppressed Frame System ofTelerecording 
Absolute Measurements in Magnetic Recording 
The Visibility of Noise in Television 

Title 

The Design of a Ribbon Type Pressure-gradient Microphone for Broadcast Transmission 
Reproducing Equipment for Fine-groove Records 
A V.H.F./U.H.F. Field-strength Recording Receiver using Post-detector Selectivity 
The Design of a High Quality Commen/ator's Microphone Insensitive to Ambient Noise 
An Automatic IntegraLOr for Determining the Mean Spherical Response of Loudspeakers and Microphones 
The Applica1ion of Phase-coherent Detection and Correlation Methods to Room Acoustics 
An Automatic System for Synchronizing Sound on Quarter-inch Magnetic Tape with Action on 

Date 
JUNE 1955 

SEPTEMBER 1955 
OCTOBER 1955 

DECEMBER ] 955 
FEBRUARY 1956 

APRTL 1956 
JU:-.E 1956 

AUGUST 1956 
NOVEMBER 1956 

35-mm Cinematograph Film JANUARY 1957 
Engineering Training in the BBC MARCH 1957 
An Improved 'Roving Eye' APRIL 1957 
The BBC Riverside Television Studios: The Architectural Aspects JULY 1957 
The BBC Riverside Television Studios: Some Aspects of Technical Planning and Equipment OCTOBER 1957 
New Equipment and Afethods for the Evaluation of the Performance of Lenses of Television DECEMBER 1957 
Analysis and Measurement of Programme Levels MARCH 1958 
The Design of a Linear Phase-shift Low-pass Filter APRrL 1958 
The BBC Colour Television Tests: An Appraisal of Results MAY 1958 
A U. H.F. Television Link for Outside Broadcasts JU;-.IE 1958 
The BBC's Mark JI Mobile Studio and Control Room.for the Sound Broadcasting Service AUGUST 1958 
Two New BBC Transparencies for Testing Television Camera Channels (Out of Print) NOVEMBER 1958 
The Engineering Facilities of the BBC Monitoring Service JANUARY 1959 
The Crystal Palace Band I Television Transmitting Aerial FEBRUARY 1959 
The Measurement of Random Noise in the presence of a Television Signal MARCH 1959 
A Quality-checking Receiver for V.H.F./F.M. Sound Broadcasting JUNE 1959 
Transistor AmplifiersJ0r Sound Broadcasting AUGUST 1959 
The Equipment of the BBC Television Film Studios at Ealing JANUARY 1960 
Programme Switching, Control, and Afonitoring in Sound Broadcasting FEBRUARY 1960 
A Summary of the Present Position of Stereophonic Broadcasting APR TL 1960 
Film Processing and After-processing Treatment of 16-mm Films MAY 1960 
The Power Gain of Multi-tiered V.H.F. Transmitting Aerials JULY 1960 
A New Survey of the BBC Experimental Colour Transmissions OCTOBER 1960 
Sensitometric Control in Film Making DECEMBER 1960 
A Mobile Laboratory for UHF and VHF Television Surveys FEBRUARY 1961 
Tables of Horizontal Radiation Pallerns of Dipoles j\founted on Cylinders FEBRUARY 1961 
Some Aspects of Optical Lem Performance APRIL 1961 
An Instrument for Measuring Television Signal-to-noise Ratio JUNE 1961 
Operational Research on Microphone and Studio Techniques in Stereophony SEPTEMBER 1961 
Twenty-five Years of BBC Television OCTOBER 1961 
The Broadcasting of Music in Television FEBRUARY 1962 
The Design of a Group of Plug-in Television Studio Amplifiers APRlL 1962 
Apparatus for Television and Sound Relay Stations JULY 1962 
Propagational Factors in Short-wave Broadcasting AUGUST 1962 
A Band V Signill-frequency Unit and a Correlation Detector for a VHF/UHF Field-strength Recording Receiver OCTOBER 1962 
Vertical Resolution and Line Broadcasting DECEMBER 1962 
The Application a/Transistors to Sound Broadcasting FEBRUARY 1963 
Vertical Aperture Correction using Continuously Variable Ultrasonic Delay Lines MAY 1963 
The Development of BBC Internal Telecommunications MAY 1963 
Apparatus for Measurement of Non-linear Distortion as a Continuous Function of Frequency JULY 1963 
New Methods of Lens Testing and Measurement SEPTEMBER 1963 
Radiophonics in the BBC NOVEMBER 1963 
Stereophony: the effect of cross-talk between left and right channels MARCH 1964 
Aerial distribution systems for receiving stations in the l.f, rn.f, and h.f. bands JULY 1964 
An Analysis of Film Granularity in Television Reproduction AUGUST 1964 
A Review of Television Standards Conversion NOVEMBER 1964 
Stereophony: the effect of interchannel differences in the phase/frequency and amplitude/frequency characteristics DECEMBER 1964 
Drop-out in Video-tape Recording JUNE 1965 
Sine-squared pulse and bar testing in colour television AUGUST 1965 
The acoustic design and performance of a new free-field sound measurement room SEPTEMBER 1965 
Colorimetric Analysis of Interference in Colour Television FEBRUARY 1966 
Sporadic E Ionization and Television Interference MARCH 1966 
Automatic monitoring APRIL 1966 
The design of transmission lines and single-stage switching circuits/or a line-store standards converter MAY 1966 
Data for the acoustic design of studios NOVEMBER 1966 



TRISTIMULUS SPOT COLORIMETER 

SUMMARY 

The report describes a photoelectric tristimulus spot colorimeter which measures the three stimuli X, Y, z, as specified 
by the C.I.E. (Commission Internationale de l'Eclairage) standard observer, and thus permits simple calculation of the 
x and y trichromatic coefficients (chromaticity co-ordinates). 

In addition to the usual measurements of the colours of materials, the instrument permits measurements of the colours 
displayed on cathode-ray tube monitors; no such instrument is commerdal1y available. The sensitivity of the instrument 
is sufficient to permit the measurement of colour at the low ]uminance levels often encountered in colour television pictures. 
Further, the narrow acceptance angle of the optical system enables the colour of small areas to be measured at convenient 
distances from the object. 

The dimensions of the instrument are such that, with a power supply unit and meter, the whole instrument is contained 
in a portable case 41 cm x 36 cm x 15 cm (16 in. x 14 in. x 6 in.). 

1. Introduction 
Assessment of the fidelity of colour reproduction in tele
vision usually consists of a number of subjective judge
ments carried out by the unaided eye. As such, it is subject 
to v..1de errors, being dependent on the observer's previous 
experience, the chromatic composition of the image or 
scene, the effects of simultaneous contrast, etc. These 
effects may be known to the observer; nevertheless his 
judgement may well be impaired. 

One of the most sensitive and most accurate methods of 
assessment of colour is the 'side by side' or matching 
method using the unaided eye. Whereas this is easily 
carried out when comparing samples of material, it cannot 
be used safely with composite pictures; further, it does not 
give quantitative information, unless comparison samples 
such as Munsen chips are calibrated beforehand by spec
trophotometric means. Colour-picture assessments by the 
comparison method have often been carried out using 
duplicate colour slides, one being televised and displayed 
on a monitor while the duplicate is projected by optical 
means using a light source whose co]our temperature is 
equal to that of the monitor white. This method has two 
main drawbacks. First, it is not always easy to obtain 
exactly identical slides and, secondly, no quantitative 
colour values are obtained. 

Attempts to compare a studio scene with its reproduc
tion displayed on a colour television monitor are subject 
to gross inaccuracies, as the eye cannot adapt itself easily 
to allow for changes in chromaticity due to different illu
minants and for different levels of illumination. 

In order to study the characteristics of a complex colour 
television chain it is essential that quantitative measure
ments be made in order to assess the magnitude and loca
tion of colour errors in the final picture. The tristimulus 
spot colorimeter described in this monograph has been 
developed to fulfil a definite requirement not satisfied by 
other measuring instruments1, 2 which are, in general, un
suitable for making objective colour measurements on 
pictures displayed on a shadow-mask cathode-ray tube. 

Human vision may be considered trichromatic at light 
levels in excess of (say) 3 cd/m2 (0 · 9 ft-L) and the standard 
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observer can be defined by three spectral characteristics, 
x, y, and z as stipulated by the International Commission 
on lllumination (or C.1.E.).3 These curves are shown in 
Fig. 1 and show the relative amounts of light from each of 
the three unrealizable primary sources which, when mixed, 
will produce light of a colour that matches the pure spect
rum colour of wavelength noted on the abscissa. The three 
amounts of light are the •tristimulus values', noted as 
X, Y,and Z. 

In order to define the chromaticity of a light, only the 
relative values ofX, Y, and Z are necessary. Chromaticity 
is usually expressed in terms of trichromatic coefficients 
x and y, which are defined as: 

X y 
X=-----

X+ Y+Z 
y x+ Y+Z 

The tristimulus colorimeter is therefore required to mea
sure the three stimuli X, Y, and Z.2, 3 

In order to reproduce the characteristics shown in 
Fig. I three methods could be used: 

(a) A dispersing system with three templates' to select 
correct proportions of the light at each wavelength. 

(b) Three photocells of known spectral response each 
fitted with suitable filters. 

(c) Three colour filters in conjunction with a single 
photocell of known spectral response. 

Method (a) results in a very bulky and complex instru
ment requiring extremely high mechanical stability and 
very accurate shaping of the three templates, but it does 
offer the possibility of almost exactly achieving the neces
sary response. Method (b) is also fairly bulky and requires 
high electrical stability as three photocells are employed. 
Method (c) is the most suitable in terms of simplicity and 
reliability, even though it does not easily achieve the 
accuracy of Method (a); it can also be adapted to the speci
fied requirements of portability and sensitivity. 

There are, however, two major difficulties to the achieve
ment of the ideal tristimulus colorimeter ofthis type. The 
first may be appreciated by reference to Fig. I where the 
spectral characteristic of Xis seen to consist of two pass-
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bands which would require a compound filter whose 
characteristic consisted of a combination of two different 
spectral characteristics \Vith the appropriate relative areas; 
this results in a complex filter assembly unsuitable for an 
instrument of the type envisaged. To overcome this diffi
culty x is synthesized by two separate filters and the two 
experimental readings are added. 

The second difficulty is that due to the limited range of 
filter material available, whether it be made from gelatine, 
celluloid, glass, or be of the multi-layer dielectric type. 
This difficulty may be overcome by stacking several filters 
of different characteristics so as to obtain the required 
characteristk, but this, in turn, results in heavy absorption 
which, added to the fact that measurements of small areas 
are required, makes it essential that a multiplier photocell 
be used. The E.M.I.9524F photomultiplier tube has the re
quired sensitivity, spectral response and consistency of 
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characteristic (between specimens of nominalJy the same 
tube). 

The above considerations show that the whole approach 
to the synthesis of x, y, and z characteristics can only be 
an approximation; nevertheless good accuracy can be 
achieved over a gamut large enough to cover all types of 
colour reproduction work, including co]our television, 
which has the largest gamut (Fig. 2). • A useful accuracy 
is also obtained for absolute measurements over the whole 
C.I.E. locus. When used for comparison of colours which 
have similar chromaticities the accuracy is easily sufficient 
for most practical purposes. In fact, only for the most 
ex.acting work should it be necessary to use a reference 

>!I The chromaticity diagram used here is a modification of the 
original 'xy' diagram proposed in l 931 ; it has the advantage of being 
an approximately uniform-chromaticity diagram, i.e. equal dis
tances represent approximately equal perceptible chroma ti city differ
ences (at constant luminance). 
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Fig. 3 - Measured response characteristic of photomultiplier tube as a function of wavelength 
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standard. In an instrument of this type, the spectral re
sponse of optical components in the path between object 
and photocell must be taken into account (Figs 3, 4, and 
5). Even neutral filters used for balancing the relative 
amplitudes of the different stimuli must be used with care, 
as in fact they are only approximately neutral over the 
visible range, as shown by Figs 6 and 7. Gelatine 'neutral' 
filters are so unsatisfactory in the extreme blue region that 
they cannot be used for adjusting the light input to the 
z path. In practice the light inputs to the x and y paths are 
adjusted with reference to that of the z path, which con
tains no neutral fi1ter. 

Briefly, the essential requirements are as follows:3 

(a) Accurate linearity of response (output versus inci
dent light flux). 

(b) Zero fatigue and temperature coefficient of the 
photocell. 

8 

(c) The combined spectral responses of the colour fil
ters, photocell, and optical components shall be 
C.I. E. x., y and Z functions ( or linear transformations 
thereof). 

(J) The instrument shall have adequate sensitivity for 
direct measurements of a colour-television picture 
(i.e. where the peak luminance is approximately 
50 cd/m2 (15 ft-L) and the luminance of saturated 
colours is much lower). 

2. Description 
The instrument is illustrated in Fig. 8 and consists of an 
objective lens L1 of 75 mm (3 in.) focal length, which 
images the object to be measured on a ground-glass screen 
G, the light rays passing through the semi-reflecting 
mirror M. The image can then be observed by means of 
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the ocular L,. In the centre of the ground glass a black 
spot T indicates that part of the object which is being mea
sured. The size of the spot, defining the area being mea
sured, corresponds to a viewing angle of approximately 
2° or an area of approximately 25 mm x 25 mm (1 in. X 
1 in.) at a distance of 0· 6 m (2 ft). A Fresnel screen is fitted 
on top of the ground glass to improve the brightness dis
tribution of the image. A shutter S1 is provided in front of 
the ocular to prevent light entering the instrument through 
the ocular when it is not in use. 

For measurement, the semi-reflecting mirror M, set at 
45° between the lens and the ground-glass screen, deflects 
a fixed proportion of the light flux into an aperture A situ
ated at a distance equal to the lens-to-screen distance. The 
aperture corresponds in size to the black disc on the ground 

Iris 

obja:c:tiv;. j 
si;r:m i ~tronsparont 

mirror 

M 

glass, thus ensuring that the correct area of the object is 
being measured. 

A filter wheel F 1 , containing six filters, is located under 
the aperture plate and is followed by a shutter S,, a fixed 
filter holder F ,, and a diffusing glass D. Lastly there are 
the multiplier photocell and its associated voltage divider 
and output potentiometer. 

Adjustment of the amount of light reaching the photo
multiplier tube is most effectively carried out by means of 
the lens iris shown in Figs 8 and 9. As already indicated, 
neutral-filter materials are not truly neutral over the visual 
range and their use would introduce errors. 

Normally in laboratory work a stabilized mains e.h.t. 
supply is used to power the photomultiplier and the output 
current is read on a sensitive galvanometer. For other 
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Fig. 8 - Approximate layout of elements in the photoelectric tristimulus colorimeter 
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applications where portability is essential, a d.c. to d.c. 
converter, fed from four l · 3V Mallory mercury cells, is 
used to provide the 1 kV required by the photomultiplier 
tube. The output of the photomultiplier is applied to a 
simple transistor d.c. amplifier and measured by a large 
scale microammeter; galvanometers are usually bulky and 
insufficiently rugged to ·withstand transport. Fig. IO shows 
a photograph of the instrument and Fig. 11 shows the 
e.h.t. and meter units in the carrying-case with the colori
meter. 

3. Analysing Filters 
As stated previously, the choice of analysing filters is re
stricted by the availability of standard filter materials. 
Therefore filters were selected for the best fit, taking into 
account the spectral characteristic of the lens, semi
transparent mirror, and photocell. The results achieved 
are shown in Figs 12, 13, and 14. As can be seen, the x and y 
responses are too high at the longer wavelengths (red); 
this is accounted for by the response of the photocell (Fig. 
3) and the fact that no filters are commercially available to 
correct this characteristic. The realized curves shown are 
for one specific photomultiplier tube and may vary slightly 
if the tube is changed . 

It is possible, however, to overcome this difficulty by 
the addition of two extra filters to the filter wheel, these 
being adjusted in response and density, so that readings 
taken using them, when subtracted from the X and Y read
ings respectively, permit correct stimuli values to be ob-

tained. These adjustments are made when calibrating the 
instrument or when changing photocells ; variations in the 
responses of cells of a given type usually occur at the longer 
wavelengths. 

The filter wheel consists therefore of six filters, labelled 
Xa (for the red pass-band of X), XB (for the blue pass-band 
ofX), Y, Z, -X', and - Y'; the latter filters are used to cor
rect the readings ofX and Y as described. As neutral filters 
cannot easily be selected to the required accuracy, separate 
potentiometers are inserted into the output circuit of the 
photomultiplier for each position of the filter wheel; the 
potentiometers enable adjustments to be made over a 
range of ± 5 per cent. 

4. Calibration 
The instrument can be calibrated or checked by means of a 
standard tungsten lamp of known colour temperature and 
a series of narrow-band colour filters, these having been 
previously measured using a spectrophotometer and their 
C.l.E. tristimulus values computed for the illumination 
used. By means of these filters, the correct values ofXfl and 
XR can also be ascertained. A similar procedure can be 
used for - X' and - Y' but in this case it is important that 
magenta calibrating filters be used as the required char
acteristic is given by filters of this non-spectral hue with 
two response peaks lying beyond the upper and lower ex
tremities of the visible spectrum. Greater calibration 
accuracy can be obtained if a monochromator is used. 

Fig. IO - Photograph of photoelectric tristimulus colorimeter head 
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5. Performance 
Figs. 15 and 16 show computed and measured values of a 
series of filters covering a large portion oft he C.I.E. colour 
locus. It can be seen that, as shown on the C.I.E.-U.C.S. 
diagram of Fig. 16, the greatest error occurs in the red re
gion; nevertheless, most errors are within two just-notice
able differences• (jnds). 

lute chromaticity within the colour locus. Nevertheless, 
improvements may be possible as colour-filter materials 
and photomultiplier tubes of more suitable spectral 
response become available. 
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APPENDIX 

Tristimulus Colorimeter Filters 

x. W81EF, S35, Wl2, and Wl2 
XB W81EF and W98 
Y W81EF, S49, S49, W81EF, and WCClOM 
Z W8!EF, SIO, and S20 
-X W81EF, W29, and W34 
-Y W8!EF, W29, and W34 

w~Wratten 
S ~Strand Electric 

Neutral 
:;: 
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" " ] 
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Cl 
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CORRECTlONS TO MONOGRAPH NO. 63 (THE DESIGN OF TRANSMJSSION LINES 

AND Sl~GLE-STAGE SWITCHING CIRCUITS FOR A LlNE-STORE STANDARDS 

CONVERTER). 

The following errors have been noted in the above monograph, and 
copies should be amended as indicated: 

Page 8. Right-hand column 
In expression (iii), !OOF

0 
should read IOOC

0
• 

Page 12. Fig. 7(a) 
In right-hand side of diagram• "write" shift pulse out' should read 

' "read'' shift pulse out'. 
Delay inductors in the• "write" shift pu]se out' and ' '"read" shift 

pulse out' leads should be marked Ld. 

Page 17. Left-hand column. Clause 7.2.3.1. 2nd paragraph. 5th line. 
'A current i, is induced into the input line' should read 
'A current i2 is induced into the output line.' 
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