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THE RELATION BETWEEN ILLUMINATION 
AND VISUAL EFFICIENCY-THE EFFECT 

OF BRIGHTNESS CONTRAST 

PREFACE 
This rC>port is the second of a series dealing with the effect of characteristics 

~uch as size, contrast and brightness-which are common to all visible objects
on the facility with which these objects can be seen. It describes investigations 
initiated as the result of a suggestion by 1\Ir. A. W. Beuttell, that if the 
rdationship could be ascertained between these characteristics for satisfactory 
Yi~ibility, then the illumination suitable for the performance of any industrial 
or other task ought to be capable of computation. 

The first report, discussing the relationship between illumination and 
~ize of object, was published jointly by the Industrial Health Research Board 
and the Illumination Research Committee of the Department of Scientific and 
Industrial Research in 1935. The present report deals with the relationship 
between illumination and another variant of visual tasks, namely the contrast 
(If brightness which differentiates details of the task object, or the object 
Zind its background. 

The inn:stigations described were made at the National Physical Laboratory 
by ;\Ir. H. C. \\'cston, one of the Board's senior investigators. He has had the 
ad\·ice and co-operation of Dr. H. Buckley, of the Department of Scientific 
and Industrial Research, who has given most valuable help both with the 
experiments and with the presentation of their results. Acknowledgment is 
abo due to Dr. Buckley for his supenision of the photometric observations 
im·oln~d. and of the necessary arrangements for lighting. The visual tasks 
were performed by members of the scientific staff of the ~ational Physical 
Laboratory, to whom thanks are due for their interest and participation in 
tLi~ somewhat tedious work. 

The Illumination Research Committee, under the aegis of which the 
inYestigations were carried out, was dissolved before a full report upon them 
could be made. In consequence, the report has been referred for consideration to 
the Physiological Committee of the Illuminating Engineering Society,* which 
Includes a number of members of the former Illumination Research Com
mittee, and of the \'ision Committee of the ~Iedical Research Council. Of 
the~l', ~rubsnr H. Hartridge, )!r. J. S. Dow and Dr. J. W. T. Walsh were 
re-pect1wly chairman and members of the sub-committee originally appointed 

* J.E.S. PHYSIOLOGICAL COMMITTEE 

Prubsor H. HartriJge, :\I.D., Sc.D., F.R.S. (Chairma11). 
K. J. \\'. Craik, Ph.D. 
]. S. Dow, B.Sc., F.I.E.S. 

Bn~adier Sir \Y. :'tewart Duke-Elder, :'II.D., F.R.C.S • 
. \ir Cutnnllldore P. C. Li\·ingston, O.B.E., A.F.C., F.R.C.S., R.A.F. 
:\li.:.s Ida :\!ann, D.S.:., F.R.C.S. 
:'ir j,Jhn H. Pan;ons, C.B.E., D.Sc., F.R.C.S., F.R.S. 
\\'. S. :'tlles, D.Sc., F.I.E.S. 

J. \\'. T. \\'abh, D.S.:., :\U.E.E., F.I.E.S. 
:'tr Duncan \\'i!son, C.BE., C.V.O., :\LA., F.I.E.S. 
\\'. D. \\'ri~ht, D.Sc. 
II. C. \\'<'>tun, F.I.E.S. (Swetury). 
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by the Illumination Research Committee to direct and supervise. the 
investigations, and thanks are due particularly to them for their continued 
interest in the work and their constructive criticism of the draft report. 

The Board have been glad to accept the recommendation of this Committee 
to publish the report, for-not only in factories, but in offi~es, schools, homes 
and elsewhere-the importance of good lighting for health in its fullest sense 
cannot reasonably be doubted. One of the primary conditions of good lighting i 
is an adequate amount of illumination, and it is in the determination of this 
that the data here presented are of interest and value. 

0-wing to the intervention of war, it has not yet been possible to complete 
the series of investigations originally contemplated in the hope of providing 
a scientific basis for a code of values of illumination for different classes of 
work. However, as soon as circumstances permit, it is hoped to undertake 
further work with this object in view. 

, 
INDUSTRIAL HEALTH RESEARCH BOARD OF THE 

MEDICAL RESEARCH COUNCIL, 

cfo London School of Hygiene and Tropical Medicine 
Keppel Street, Gower Street, London, W.C.l. 

30th December, 1944 
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I. INTRODUCTION 
A.-OBJECT OF Ixn:sTIGATIO~ 

T!Jis report describes two of a series of investigations intended to test the 
r~tlue of a method, suggested by A. \V. Beuttell, for determinin5 the degree 
(,f illumination n:quired for the efficient performance of any kind of work 
im oh'ing ,·isual discrimination. 

The method is "based on the proposition that the illumination required.for 
;1!1\' \'isml task, as compared with the simplest possible task, depends upon 
(ttt.cin conditions adwrsely affecting its performance ; that these condition.s 
r.m be dlfuwd; and that if the relationship can be ascertained between each 
t•f the conditions and the illumination required to compensate for it, then 
tLt' illumination suitable for the performance of the task ought to be capable 
(•f ~tCtl!.ll cnn:put:nion.* 

• An \n.d\ tlC.ll B.tS!S fc•r a Li~hung Code, b\' A. W. Beuttell. Illuminating E1:ginu,., 
1~3~. 27, s: - ' . 
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Among the more important of the conditions affecting the performance of 
a \isual task are the apparent, or visual, size of the object viewed and the 
contrast between the latter and other juxtaposed objects. The effect of size 
on the illumination required when contrast is good has been shown in a previous 
publication,* and the present report is concerned with the effect of varyingthe 
degree of contrast presented by the task. 

B.-DEFIXITIO:s oF "Coi\TRAST" 

The term "contrast" is sometimes used with a special meaning.t but, as 
generally used, it means unlikeness, or difference, in things compared. Thus, 
contrast is presented when objects in juxtaposition differ in colour or brightness, 
or in both these characteristics, and the differentiation of objects by sight 
is fundamentally dependent on differences, or contrasts, of this kind. In this 
report only contrast due to difference in physical brightness is considered. 
This difference may be due to a difference in the amounts of light received by 
the objects or, as in the experiments to be described, to a difference in the 
reflection factors involved. • 

C.-~mrERICAL ExPRESSION oF BRIGHTNEss CoNTRAST 

Physical brightness can be measured in terms of suitable unitst so that 
the degree of contrast presented by objects· which differ in brightness may be 
expressed numerically as a function of the photometric quantities involved. 
One function is the brightness difference (B1-B2) ; another is the ratio of the 
component brightnesses (BJB2); and a third is the ratio of the brightness 

(
Bt-B2) difference to the greater brightness B-;- . The latter form may be termed 

the "relative brightness difference " or "relative brightness contrast ". 
The visual sense, in common with other special senses, appreciates relative 

rather than absolute differences in the stimuli to which it responds and, within 
a certain range of physical brightness, different pairs of juxtaposed brightnesses 
which have a common ratio tend to produce like sensations of contrast, whether 
their photometric values be low or high. Thus, the apparent contrast between 
contiguous surfaces having brightnesses of 1 and 10 equivalent foot-candles 
respectively, resembles that between other surfaces having brightnesses, e.g. of 
10 and 100 e.f.c., although the sensory responses aroused by the component 
brightnesses of each pair are at different levels of intensity. 

• The Relation between Illumination and Industrial Efficiency: (1) The Effect of Size 
of Work. jl)int Report of the Industrial Health Research Board (Medical Research Council) 
and the Illuminaticm Research Committee (Department l)j Scimtific and Industrial Research). 
H.:\1.5.0., 1935. (Out of print.) 

t In physiological optics the term contrast has a special meaning. When two contiguous, 
or nearly contiguous, surfaces differing in colour or brightness are seen simultaneously, 
the stimulation of each retinal area involved modifies the sensation derived from the 
other. This reciprocal interaction is called "simultaneous contrast". Also, when a 
stimulus is applied to the retina the resulting sensation is followed by after-effects which 
modify the sensation due to succeeding stimuli. To this phenomenon the term" successive 
contrast " is applied. The alternative and more appropriate terms "spatial induction " 
and "successive induction" are now frequently used. 

! The unit of brightness defined in the International Lighting Vocabulary (1938) is the 
Stilb. It is the brightness of a luminous source having an intensity of one candle per square 
centimetre of projected area. In this country it is usual to express the brightness of light 
sources in candles per unit area. One candle per square inch is the brightness of a 
source having unit luminous intensity (candle power) per square inch of radiating surface. 
In the ca:;e of illuminated surfaces, their brightness is a function of the illumination they 
receiYe and of their reflection factor. For such surfaces the unit of brightness commonly 
used is the foot-lambert or, as in this report, the equivalent foot-candle. One equivalent 
foot-<:andle (=1 foot-lambert=0·002H candles per square inch) is the average brightness 
of a diffusing or matt surface which emits or reflects one lumen (unit of luminous flux) per 
square foot. 
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On the other hand, when the components of different pairs of unequal 
brightnesses are in different ratios they tend to excite different sensations of 
contrast, so that whether brightness contrasts appear " high " or " low", 
"strong" or" weak", depends chiefly on the relative rather than the absolute 
brightness difference involved. Thus, although it cannot be assumed that 
numerical expressions which are functions of stimulus intensities are pro· 
portional to the corresponding sensations, it is better to use a ratio than a 
difference for expressing contrasts numerically,, and it is convenient to use 

the relative brightness difference (B1
;

1
B2) for this purpose, so that the limits 

of contrast are zero and unity. · 
Since any brightness B is the product of the illumination and the reflection 

factor p of the illuminated surface, contrast can also be numerically expressed 

as e1~1p2) if the contrasting surfaces both receive the same illumination. 

D.-COMPENSATION FOR DIFFERENCE IN CONTRAST 

If a brightness contrast is due to a difference in the reflection factors of 
contiguous parts of a uniformly illuminated surface, neither the ratio of the 
component brightnesses nor their relative brightness difference is affected if 
the illumination is changed. A change of illumination, however, changes the 
absolute brightness difference presented, and as it is known that the per· 
formance of visual tasks varies with illumination, it follows that it will also 
vary with brightness difference, since this is a function of illumination. 

Having regard to this, Beuttell suggested, as a basis of research, that 

•· f d'ff · · · (Bt-B2) (Pt-P2) compensa.ton or a 1 erence m contrast, 1.e., m ~ or ~ , 

presented by otherwise similar tasks might be achieved by maintaining for each 
contrast a constant brightness difference. This can be done by choosing 
illuminations for different contrast tasks such that they are inversely 
proportional to the difference, of reflection factors involved. 

Thus, if E were the satisfactory illumination for a task involving reflection 
factors p1 and p2, the equally satisfactory illumination £1 for a task involving 
reflection factors p3 and p4 would, on this theory, be that which gave the same 
brightness difference. Since the brightness difference given byE is E (p1-p2), 

and that given by E1 is £1 (p3-p4), the required value of £1 would clearly be 

equal to E(p1-p2
). 

Pa-P4 
The constant brightness difference obtained by this method applies only 

so long as a difference in the reflection factors involved is the only difference 
between the tasks. If the latter differ in size, the satisfactory illumination, 
and consequently the satisfactory brightness difference, will be different for 
tach size, as shown in the report previously cited. ' 

The investigations described in the present report were undertaken to 
~ktcrmine the extent to which Beuttell's theory was borne out in practice or, 
Ill nth~r words, to find out what degree of compensation could be obtained by 
ch~~ngmg the illumination so as to give equal brightness difference. 

n. FmST INVESTIGATION 
A.-THE TEST \\'ORK 

_ The inwstigation was carried out at the National Physical Laboratory 
flftc\'11 male members of the scientific staff of the Photometry Department 
actin; as "subjects". Fourteen of these had previous experience of the tests 
u~( d. The test tasks required the discrimination and cancellation of all the 

A•2 
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Landolt broken rings having a given gap orientation on specially prepared 
test sheets. The accompanying diagram illustrates the arrangement adopted. 
The subjects worked along fach line of rings from left to right, as in reading 
or proof-correcting, and the given direction of gap was not the same in any 
two consecutive tests. Eight positions of the gap are represented in the 
diagram, but the given positions were always oblique. 

A 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0000 0 0 0 c 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 c 0 0 0 0 

0 0 0 0 0 00 0 0000 0 0 0 0 

0 0 0 0 0000 0000 0000 

0 0 0 0 0000 0 0 0 0 0 0 0 0 

0000 0 0 0 0 0000 0 0 c 0 

0000 0 0 0 c 0 0 c 0 0 0 0 0 

Q OJ 

oooc 0 0 0 0 0 0 0 0 0000 

0 0 0 0 0000 0000 0 0 0 0 

ocoo ocoo oooc 0 0 0 0 

c 0 0 0 coco c 0 0 0 0000 

0000 0000 ocoo 0000 

0000 0000 0000 coco 
0000 0000 0 0 0 0 0 c 0 0 

0 0 0 c 0000 coco oooc 

J 

Other conditions of the experiment are set out in the following summary 
and table of contrast data. · 

B.-CONDITIONS OF EXPERIMENTS 

Number of" subjects" . . 15 
Number of tests . . . . 65 per set, comprising 3 sizes in 4 contrasts, 

Work spells 
Tests worked 
Duration of tests .. 

Illuminations used 

plus 1 duplicate, at 5 illuminations. 
. . One a.m. and one p.m. session per subject 
. . Complete set per subject per session 
. . Standard time 1 minute per test, or any fraction 

of 1 minute as determined by fastest worker 
per test, plus time required to change 
illumination, time allowed for adaptation, 
and mid-session rest-pause. Total time 
about 1! hours per session. 

. . 0 · 8 foot-candles and equal ratio steps of 
x 5 to 0 · 8 x 54= 500 foot -candles. 



Sizes used .. 

Contrasts used .. 

C.-Co:'\TRAST DATA 

7 

1·0 min., 3·0 mins., 6·0 mins. apparent size of gap 
in Landolt ring when 13 inches distant from 
the eyes. . 

(p -p) ~ = 0·91 6, 0·731, 0·648, 0·365 

Relatire 
Reflection Reflection illltminaticm 

(Pt~Pt) 
factor factor 

(~) 
for equal 

of paper of print brightlteSS 
Pt Pt (p,-p,) dzfference. 

0 ·91, 0·83 0·07 11·90 0·76 1·0 
0·73, - - -
0·64 8 - - - - -
0·683 0·46,• 0·147 5* 3·J.) 0. 317 5 2·4 
0·36, 0·63 0·40 1·60 0·23 3·3 

'~lean of values involved in contrasts 0·73 and 0·648 \\ith which no signUicant 
difference of performance was observed. 

D.-ARRANGEMENT OF TESTS 

The order of exposure to the various illuminations was arranged to avoid 
extremes in successive tests. Also, the order of individual working with the 
respectiYe sizes and contrasts, in the two work spells, was so arranged that 
the a\·erage of indi\'idual performances in each test could be regarded as being 
obtained at the same time, i.e., as being unaffected by temporal fluctuations 
of personal efficiency. 

To determine whether fatigue affected the speed and accuracy of work at 
the end of each series of tests under a given illumination-the time occupied 
per series being about fifteen minutes-the last test sheet gi.Yen was identical 
with the first. There was, howewr, no significant difference of performance 
in the first and last test of any series at any given illumination. 

There was also no significant difference between the performance obtained 
\\ith the two intermediate contrasts. On re-investigation of the reflection 
factors involved-that of the print being difficult to measure with great 
accuracy-it was found that the difference between these contrasts was so small 
as to make it unlikely that a significant difference of performance with them 
could be ex}X'cted. The observations made with them have accordingly been 
anraged and regarded as the performance due to a contrast of intermediate 
numerical \'alue. 

E.-A.SSESSME~T OF PERFOlL\iA..';CE 

The number of rings correctly cancelled was counted, together with the 
number of rings which should ha,·e been cancelled but were overlooked. The· 
~um of tlwse numbers gi,·es the theoretically possible performance per test 
and subject, i.e. the number of rings of the giwn gap orientation contained 
in the test material, or in that portion of it actually examined by the subject. 
Tht' olNn-ed numlx·r of correctly cancelled rings expressed as a fraction or 
J'tfCt nt.1:;e of the total number which should have been found is a measure of 
accurKy. The measure of accuracy should also take account of the number 
d rit:~s incorrectly cancelled, i.e. ha\ing the V.Tong gap orientation, but it 
wa..; ftlllnd that tLis number was so small that it could be neglected. 

TLc ob'-t'rwd number of rings correctly cancelled per minute has been 
multijlitd by the accuracy factor, so that· the resulting number is an index 
c.f ~ rll\II1latKe wl1ich takes into account both speed and accuracy. From tbis 

A•3 
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th.e ~ime. per ~ing ~as bee?, fou~d, b~t t~,e l~tter obviously includes both " dis
crunmahon tune and achon tune , 1.e. the time required to perform 
the action of cancelling the ring. 

The actio_n t~e w.as determined for each subject and each size of ring under 
a constant illummahon (20 ftjcs.) by means of modified test sheets. In these, 
all the rings to be cancelled were blocked in red ; this made the task of visual 
discrimination so easy, even with the smallest red dots that the observed i 
t~me required to cancel them was substantially only actio~ time. The action · 
time has been deducted from the gross cancellation time per ring, found as 
described above, so as to obtain the net discrimination time. The reciprocal 
of this represents the speed of discrimination, corrected for accuracy, and is 
the measure of performance used in this report. It was found that the action 
time was less than 30 per cent, of the gross time per ring observed in the normal 
tests, even in the case of the largest size under the highest illumination. With 
the smallest size under the lowest illumination, it was only about 6 per cent. 
of the gross time per ring. 

F.-DISCUSSION OF RESULTS OBTAINED 

The results obtained have been analysed to show how the accuracy and 
speed of performance vary with illumination and brightness difference between 
paper and print. 

Accuracy, for the purpose of this paper, has already been defined as the ratio 
of the number of rings correctly marked to the total number which could have 
been marked in the time available. Similarly, performance has been defined 
as the reciprocal of the time (in seconds) per ring correctly marked multiplied 
by the appropriate accuracy factor, so that it includes both accuracy and 
speed. 

The terms relative accuracy and relative performance are also used. Relative 
accuracy means, for any particular size and contrast, the ratio of the actual 
accuracy at any illumination or brightness difference to the corresponding 
maximum accuracy attained with that size and contrast. Similarly, relative 
performance is the ratio of the actual performance at any illumination or 
brightness difference to the corresponding ma..ximum performance attained 
with that size and contrast. Both relative accuracy and relative performance 
are expressed as percentages. 

(a) Accuracy of performance 
The variation of accuracy with illumination and contrast is shown by the 

figures given in Table I for tasks presenting visual sizes nominally of 1 min., 
3 mins, and 6 mins. Inspection of the data relating to the 6-min. size shows that 
practically the same accuracy is obtained for all the contrasts, and that this 
is independent of illumination. Relative accuracy, therefore, is also independent 
of contrast and of illumination, and both accuracy and relative accuracy must 
thus be independent of any function of the illumination such as brightness 
difference. 

For tasks of the 3-min. size it is also apparent that accuracy is practically 
independent of contrast and illumination or brightness difference, except for 
low illuminations or low brightness differences. It therefore appears that 
tasks requiring only a low degree of visual acuity* do not present sufficient 
difficulty for accuracy to be determined by variations of brightness contrast 
and illumination, or brightness difference, within the limits here considered. 

• Visual acuity is expressed as the reciprocal of the angle (in minutes) visually separable. 
Performance of the 6-min, task requires a minimum acuity of lj6, and of the 3-min. task a 
minimum acuity of lf3. 



Xominal 
apprmnt 

size 
Fool- Ill 

candles 111/IIUICS 

I 
0·8 3 

6 

I 
4·0 3 

6 

I 
20·0 3 

6 

I 
100·0 3 

6 

I 
500·0 3 

6 

9 

TABLE I 
Accuracy aml Relati;:e Accuracy 

(B1~B2) 

0·916 0·683 0·36.5 0·916 

per cent. 
0·719 0·495 0·455 81·5 
0·941 0·932 0·871 99·4 
0·974 0·981 0·954 99·7 

0·764 0·631 0·521 86·5 
0·939 0·942 0·939 94·3 
0·977 0·970 0·951 100·0 

0·837 0·745 0·525 94·7 
0·947 0·964 0·955 100·0 
0·969 0·969 0·975 97·1 

0·868 0·798 0·573 98·3 
0·941 0·950 0·957 99·4 
0·986 0·9ti9 0·971 98·9 

0·883 0·810 0·614 100·0 
0·925 0·953 0·962 97·6 
0·958 0·975 0·973 98·1 

0·683 0·36.5 

per cent. per cent 
61·1 74·1 
86·7 90·5 

100·0 97·9 

77·9 84·9 
97·8 97·7 
98·9 97·5 

92·0 85·5 
100·0 99·3 
98·8 100·0 

98·5 93·3 
98·5 99·5 
98·9 99·5 

100·0 100·0 
98·9 100·0 
99·4 99·8 

Tile difficulty of the task is much increased, howeYer, when the size is 1 min. 
For this size, accuracy and relative accuracy are plotted against illumination 
and brightness differences in Figs. Ia, 1 b, lc and ld. The brightness differences, 
in equi\·alent foot-<:andles, were obtained from the illuminations in Table I 
by multiplication by the difference of reflection factors of the paper and print 
used for each contrast. These differences are given in the table of contrast 
data on p. 7. 
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The curves of Fig. la show that accuracy is a function both of illumination 
and contrast. It is also a function of brightness difference and contrast, as 
shown in Fig. lc. From Fig. Ib, however, it appears that relative accuracy 
varies little with contrast ; in fact, at low illuminations it is higher with 
the lowest than with the medium contrast. Finally, in Fig. ld, it is seen that 
the curves for the different contrasts lie closely together, so that relative 
accuracy, though a function of brightness difference, is practically independent 
of contrast. Thus, although the maximum accuracy attainable with any contrast 
depends on that contrast, nearly the same percentage of this maximum 
is obtained with each contrast if the illumination is adjusted to make the 
brightness difference the same for all values of contrast. It should be borne 
in mind, however, that very poor contrasts, such as are sometimes met with 
in practice, have not been considered. 

(b) Overall performance (speed and accuracy) 
The variation of performance with illumination and contrast is shown by 

the data in Table II, from which the curves in Figs. 2, 3 and 4 (a to d) have 
been drawn. For the 6-min. size it can be seen from the Table, and from 
Fig. 2a, that over a very wide range of illumination values the performance 
varies little, and is the same for the highest and the intermediate contrasts. 
Over nearly as wide a range of illumination, performance with the 3-min. size 
(Fig. 3a) is also practically constant, and does not differ much for the same two 
contrasts. But, for the range of illumination over which performance varies 
appreciably, the relation between both performance ~nd relative performance 
(Figs. 2a, 2b and 3a, 3b) and illumination depends on the contrast, except 
in the case of the 6-rnin. size for values of contrast greater than 0 · 683. 
Similarly, for the range of brightness difference over which performance varies 
appreciably, the relation between both performance and relative performance 
and brightness difference (Figs. 2c, 2d, and 3c, 3d) depends on the brightness 
contrast, ¥lith the exception made above, which, in this case appears to apply 
also to the 3-min. size. 

For the 1-min. size, Fig. 4a shows that performance is very considerably 
affected by illumination and contrast. Thus the difficulty of this task is 
significantly affected by variation of one or both of these factors. Fig. 4a 
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TABLE II 
Performance (speed a1zd accuracy) and Relati-.·e Performance 

\ Snminal ( 11 !) apparent 
FMI· SlZC in 

0·365 lf ca>~dlts 1 minutes 0· 916 0·68-1 0·916 0·653 0·.)65 

rt. 
1 
~~~1· pe_r. cent. 

I 0·21 0·06 0·035 42·0 
0·8 3 0·775 0·66 0·40 89·0 76·3 47·3 

6 1 ·01 1·01 O·i45 91·8 91·8 71·6 

1 0·31 0·135 0·07 62·0 44·3 41·2 
4 ·0 3 0·825 0·78 0·65 94·9 90·2 77·0 

6 1·06 1·06 0·88 96·4 96·4 84·6 

1 0·39 0·205 0·105 78·0 67·3 61·8 
20·0 3 0·855 0·84 0·77 98·3 97·1 91·2 

6 1·085 1·085 0·975 98·7 98·7 93·75 

1 0·44 0·26 0·133 88·0 85·3 78·25 
100·0 3 0·865 0·855 0·83 99·4 98·8 98·25 

6 1·10 1·10 1·02 100·0 100·0 98·15 

1 0·475 0·29 0·156 95·0 95·0 91·75 
500·0 3 0·87 0·865 0·845 100·0 100·0 100·0 

I 
6 1· 10 1·10 1·04 100·0 100·0 100·0 

The above are " smoothed " Yalues. 

slwws that performance v.rith a poor contrast can nenr equal the ma.ximum 
performance with a good one, howewr high the illumination. Further, 
from Fig. 4b, it is apparent that r~lath·e performance is not determined solely 
by illumination, though for the two lower contrasts it appears that at the same 
illumination the relatiye performances are practically the same and inde
pcnd'-'nt of contrast. Fig. 4c shows that performance Yaries considerably 
with brightness difference and contrast. Relath·e performance, howewr, is 
S('cn from Fig. 4d to be independent of contrast, and dependent only on 
bri~htness difterence. 

Thus, for all the contrasts used, approximately the same percentage of the 
maximum performance with any such contrast is obtained for the same 
hri;htness difterence, and the brightness difference determines what this 
p~:rcentage is. In other words, equal relatiYe performance v.ill be possible 
\\ith similar tasks, varying only in contrast, if the illumination pro\ided is 
such as to gi.Ye the same brightness difference for each contrast. 

The foregoing conclusion has been arri\'ed at from a consideration of the 
mcd difficult task inYestigated, i.e., that in,·ohing a size of 1 min., but it dves 
not ~(·em possible to draw this conclusion from the less difficult tasks. 

In any in\·estigation of the l.i.nd described, uncontrollable variables are 
always present, chiefly, perhaps, of a psychological nature. It is probable 
t\at thc::.e nriables play a larger part in determining variations of per
f,,m1ance when the task "looks easy" than when it is ob,iously d.L.~cult. 
[\·id nee of this was not lacking in the present investigation, and it was more 
lL:1icult to draw " smooth " CUIYes to fit the obscrntions for the larger sizes 
tl:J.n fur the smalkst size used. In fact, all the observations for the 1-min. size 
Le (·Jl or \'ery clo:->e to the curn·s sh0\\11. 

TLu~. tbouch the conclusion dra\m from the results for the 1-min. size seems 
\',t:id f,~,r the -ran~e of contrasts considered it cannot from tb.is innsticration 
Lc t.\tcnd.:d to the larger siu:s, nor is it P::.ssible to s.ay whether it ~ be 
'"'ld fL,r a "idtr range of contrasts. 
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m. SECOND INVESTIGATION 
A.-THE TEsT WoRK 

In this investig<;ttion, the range of contrasts used was extended to include a 
lower value. Tests were also made with a "reverse " contrast, i.e. one in 
which the Landolt rings were made brighter than their background, by printing 
them in pale grey on a darker grey paper. All the " normal " contrasts used 
were obtained by printing the rings in black or different shades of grey on 
white paper. The size range was narrowed, the largest size used being 4 · 5 
minutes and the smallest 1·5 minutes. 

B.-PROCEDURE AND ASSESSMENT OF PERFORMANCE 

The experiments were carried out at the National Physical Laboratory, 
the general procedure followed being similar to that described for the first 
investigation. 

The conditions of the experiments are given in detail below, together with 
a table of contrast data. 

The " action time " was determined in the manner previously described, 
but the determination was made at each illumination used, instead of at only 
one illumination. It was found that the action time of the average subject 
varied with illumination and size. Smoothed values for the 3-min, size are 
as follows :-

Illumination, foot-candles 
0·5 2·0 8·0 32 128 512 

"Action time", seconds per ring 
0·7 0·685 0·67 0·655 0·64 0·625 

These times are increased by 4 per cent. for the 4·5-min. and the 1·5-min. sizes. 
The appropriate average action time has been deducted from the average gross 
time per'l'ing found for each test, in order to obtain the net discrimination time 
and speed. 

C.-CONDITIONS OF EXPERIMENTS 

Number of " subjects ". . . 12 
Number of tests 78 per set, comprising 3 sizes, in 4 contrasts, 

plus 1 "reverse " contrast in 1 size, at 
6 illuminations. 

Work spells .. 
Tests worked 
Duration of tests 

Illuminations used .. 

Sizes used 

Contrasts used 

One a.m. and one p.m. session per subject. 
Complete set per subject per session 
Standard time 1 minute per test, or any 

fraction of 1 minute as determined by 
fastest worker per test, plus time required 
to change illumination, time allowed for 
adaptation, and mid-session rest-pause. 
Total time approximately 2 hours per 
session. 

0 · 5 foot-candles and equal ratio steps of 
x 4'to 0·5 x 45 = 512 foot-candles. 

1·5 mins., 3·0 mins., 4·5 mins. apparent size of 
gap in Landolt ring when 10 inches distant 
from the eyes. 

(Pt~P2) = 0·97, 0·56, 0·39, 0·28, and 

. h. . 3 . nl (p.-p1) 0 2~ vat siZe mm. o y, --- = · ;:>, 
· Pz 
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D.-Co~rRAsr DATA 

Refiectio•l Reflection illt.mination 
factor of factor of 

(~) 
for eq11al 

(P1~P1) paper print brichtness 
PI PI (pl-pi) difference 

0·97 0·9 0·03 30·0 0·87 1·00 
0·56 0·9 0·40 2·25 0·50 1·74 
0·39 0·9 0·55 1·64 0·35 2·49 
0·28 0·9 0·65 1·385 0·25 3·48 

(P1~Pl) (~) (pz-pt) 

0·25 0·385 0·515 1·34 0·13 6·69 

E.-DISCUSSION OF RESULTS OBTAINED 

The \'ariation of performance with illumination and contrast is shown by the 
data in Table III, from which the curves in Figs. Sa, Sb and Sc have been 
drawn. The performances given are "smoothed" Yalues which do not, 
in any case, differ from the observed aYerage values by an amount greater 
th:m the probable error of the latter. 

TABLE III 

Variation of Performance with Illumination and Contrast 

.Vominal ( ., 2) (~') apparent 
Foal- size in 

ca11dles minutes 0·97 0·56 0·39 0·28 0·25 

1·5 0·18 0·05 0·03 0·005 
0·5 3·0 0·45 0·30 0·16 0·08 0·11 

4·5 0·50 0·36 0·28 0·21 

1·5 0·24 0·105 0·06 0·023 
2·0 3·0 0·48 0·36 0·26 0·16 0·20 

4·5 0·54 0·45 0·36 0·275 

1·5 0·29 0·16 0·11 0·05 
S·O 3·0 0·505 0·425 0·345 0·23 0·27 

4·5 0·56 0·51 0·43 0·335 

1·5 0·33 0·21 0·165 0·07 
3~·0 3·0 0·525 0·47 0·39 0·28 0·32 

4·5 0·57 0·545 0·48 0·38.. 

1·5 0·345 0·26 0·215 0·09 
1~8·0 3·0 0·53 0·485 0·415 0·32 0·335 

4·5 0·575 0·555 0·495 0·40 

1·5 0·35 0·28 0·245 0·11 
512·0 3·0 0·53 0·49 0·43 0·34 0·34 

4 ·5 0·575 0·56 0·50 0·41 

Fur tile 4·5-min. size, it can be seen that the range of illumination over which 
ptrf,)rmance Yaril':s appreciably is differE'nt for each contrast, and becomes 
widlT as the contrast becomes poorer. This is true also for the two smaller 
sizl·s, the dtt:ct of reduction of size being also to widen the range of illumination 
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over which performance varies considerably. For each size it is apparent 
that the relation between performance and illumination depends on the 
contrast, though, for the largest size, it appears that the maximum performance 

attainable is only slightly reduced by lowering the value of (B~~B2 ) from 

0 · 97 to 0 ·56. It is evident from all the curves that, however high the illumina
tion is made, perfol1Tiance with a poor contrast can never equal the maximum 
performance with a good one. Further, from Fig. Sb, it will be seen that 
performance with the "reverse" contrast is appreciably better than with its 
"normal " counterpart at any illumination up to about 100 foot-candles, 
although with equal illumination the " reverse " contrast involves lower 
brightnesses. · 
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The data in Table IV show the variation of relative performance with 
illumination and contrast. From them the curves in Figs. 6a, 6b and 6c have 
been drawn. It is apparent that, for each size, the relation between relative 
performance and illumination depends on the contrast, except where relative 
performance is given a constant value at the highest illumination. In the 
case of the 3-min. size, relative performance is only slightly different with the 

task for which the (B1~B2) value is 0·39 and that in which the bright-

nesses are reversed and for which the value of (B2~B1) is 0 · 25, although, for 

any given illumination, the former contrast presents nearly three times the 
brightness difference presented by the latter. 

With the 1·5-min. size, over a wide range of illuminations, relative per
formance is not appreciably different with the two poorest contrasts. It differs 

(
B1-B2) widely as between the two better contrasts, whose ~ values are 

respectively 0·97 and 0·56 .. 

TABLE IV 

Variation of Relative Performance with llluminat£on and Contrast 

Nominal (B1~~z) (B2;
2

Bt) apparent 
Foot- size in 

candles. minutes. 0·97 0·56 0·39 0·28 0·25 

1·5 51·5 17·9 12·25 4·54 
0·5 3·0 85·0 61·2 37·2 23·5 32·4 

4·5 87·0 64·3 56·0 51·2 

1·5 68·6 37·5 2ll·5 20·9 
2·0 3·0 90·5 73·5 60·5 47·0 58·8 

4·5 95·0 80·4 72·0 67·0 

1·5 82·8 57·2 44·8 45·4 
8·0 3·0 95·3 86·8 80·3 67·6 79·4 

4·5 97·3 91·1 86·0 81·7 

1·5 94·3 75·0 67·4 63·6 
32·0 3·0 99·0 96·0 90·7 82·4 94·1 

4·5 99·1 97·4 9o·O 92·7 

1·5 98·6 93·0 87·8 85·7 
128·0 3·0 100·0 99·0 96·5 94·1 98·5 

4·5 100·0 99·0. 99·0 97·5 

1·5 100·0 100·0 100·0 100·0 
512·0 3·0 100·0 100·0 100·0 100·0 100·0 

4·5 100·0 100·0 100·0 100·0 

In general, it appears that, for a wide range of illuminations, the effect of 
change of contrast on performance is proportionately greater the smaller the 
size involved, except in the case of the change of contrast from 0·39 to 0·28 
with the smallest size. 

Figs. 7a, 7b and 7c show the relation between performance and brightness 
difference. The curves are, of course, those of Figs, Sa, Sb and Sc, but are 
displaced laterally so as to correspond with values of brightness difference 
obtained from the illuminations in Table III by multiplication by the difference 
of reflection factors of paper and print used for each contrast. 
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For all sizes, performance varies considerably with brightness difference and 
also with contrast. It has already been noted that an increase of illumination, 
however great, does not enable performance of a task presenting a low 
relative brightness difference to reach the maximum possible when the relative 
brightness difference or contrast is high. Hence it follows, and is also apparent 
from Figs. 7a, 7b, and 7c, that with the illuminations necessary to give different 
contrasts the same absolute brightness difference, performance does not become 
independent of contrast, however high the brightness difference is made. 
Performance does, however, vary less when the brightness difference is constant 
than when the same illumination is used for each contrast, and Beuttell's 
theory is borne out to this extent. But, it must be noted that different 
contrasts may present the same brightness difference with the same 
illumination, since the brightness difference depends on (p1-p2) and not on 

et~P2). For example, the poor contrast between p1 = 0·9 and p2 = 0·65, 

and the good contrast between p1 = 0·3 and p2 = 0·05, both present the 
same brightness difference at the same illumination. In such cases, the 
relations between performance and illumination or brightness difference are 
obviously similar. 

Fig. 7b shows that the superiority of the " reverse " contrast over its 
" normal " counterpart is greater as regards the relation between performance 
and brightness difference than the relation between performance and illumina
tion which is shown in Fig. Sb. With the same brightness difference, the 
brightness of the paper used for the "reverse " contrast is 82 per cent. of that 
used for the " normal " counterpart, while the brightness of the " reverse " 
print is 52 per cent. higher than the" nmmal" print. 

Figs. Sa, Sb and Sc show the relation between relative performance and 
brightness difference for each size and contrast. For the 4 · 5-min. size, it appears 
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tk1t for valuts of contra~t bdow 0·39 relath·e performance depends only on 
bri~;Ltness difftrc:nce. Further, above a brightness dillerence of 5 equivalent 
fo(Jt-candks rdative performance is practically independent of contrast when 
tLis has values between 0·28 and 0·56, and above a brightness difference of 
20 e.f.c. it does not vary appreciably either with contrast or v.ith brigLtness 
diffeu·nce. \\'ith the 3-min. size relative performance varies considerably 
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with both contrast and brightness difference, except that, above a brightness 
difference of 3 e.f.c. it is nearly the same for the best and the " reverse " 
contrasts. In the case of the 1·5-min. size it appears that, as with the 4 ·5-min. 
size, relative performance depends only on brightness difference above 5 e.f.c .• 

except when (B_1 ~~2) exceeds 0 ·56. 
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1 

- 82) in Equivalent Foot-candles [log. scale] 
FIG. Sa. 

Thus, for the limiting sizes used, and for contrasts having values between 
0·28 and 0·56, approximately the same percentage of the maximum perform
ance with any of these contrasts is obtained when their brightness difference 
is the same (and not less than 5 e.f.c.), and the brightness difference determines 
this percentage. Otherwise expressed, and subject to the foregoing 
qualifications, equal relative (but not absolute) performance v.ill be possible 
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\1 it h ~imilar tasks, differing only in contrast, if the illumination provided is 
~uch as to gi\'e each contrast the same brightness diHerence. A similar con
( h1'ion cannot be drawn for the 3-min. size which, in this respect, is typical 
.,f 1mny practical tasks. ~loreon>r, the results of the experiment in which 
1 Le fXlOI"t·st contrast was rewrsed, show that neither the same absolute nor 
tLl' ~.m1e rcLniw pt'rfomunce was obtained when each contrast presented the 
~.\me bri~htnl'SS difft>rence. These results suggest that the conclusion reached 
~~hun' f(1r tht> 4 · 5-min. and 1·5-min. sizes may be Yalid only as a conclusion 
Jn1m the limitt:d data obtained, and mav not be confirmed by further 
t:\]>t rimLnt. llowewr, the experiments of the first inH.'stigation did, in fact, 
J, .iJ to a si:nil.1r conclusion for the smallest size. 
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F.-RESULTS WITH "REVERSE" CONTRAST 

Further analysis of the results obtained with the " reverse " contrast reveal 
the complexity of the problem of contrast appreciation (even in the absenc1 
of colour difference), and the difficulty of relating the response aroused t1 
mathematical functions of the physical brightnesses involved. 

The curves relating performance and relative performance with illuminatior 

for the "reverse" contrast (B2
;

2
B1

) = 0·25 and the "normal" rontras 

(B1~B2) = 0·28 are reproduced in Fig. 9 from Figs. Sb and 6b. It wil 
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be seen that the curves are nearly parallel over the illumi.i"lation range 0·5 
to 50 ftjcs. and thereafter converge to the same maximum. At all values of 
illumination, except the maximum, performance is consistently better with 
the " reverse " contrast. Over the range for which the curves are parallel 
this superiority is about II per cent. A difference of this magnitude is very 
unlikely to be observed in successive trials if no real difference exists between 
the " visibilities " of these two numerically similar contrasts. The superiority 
of the " reverse " contrast is increased if performance is compared at 
illuminations b and o, giving the same print brightness. It is further increased 
at illuminations c and o, giving the same brightness difference, and is still 
further increased at illurninations d and o, giving the same paper bri,ghtness. 
This, of course, necessarily follows, within the illumination range considered, 
from the fact that these several conditions of equality of brightness involve 
successively higher illuminations for the "reverse " contrast. 

If the " reverse " and " normal " contrasts involved the same reflection 
factors, these being merely interchanged between object and ground, obviously 
the physical brightness contrasts would be numerically identical, both 
n:latively and absolutely, with the same illumination. But the reversal of 
object and ground reflection factors involves a change in the average brightness 
of the contrast field as a whole, except when its area is equally apportioned 
between object and ground. In the case under consideration, the reversal did 
involve such a change in average field brightness, but it is not likely that this 
accounts for the results observed. It might, in fact, be expected ~o have 
the opposite effect and to depress the performance with the "reverse" 
<"ontrast. 

At the same illumination, the " reverse " contrast presented lower bright
Jwsses and a lower brightness difference than its " normal " counterpart, yet 
yidded a better performance. The explanation of its superiority seems to lie 
in its appearance, or in the physiological effect of the arrangement of its 
two brightnesses. The former is merely the psychological aspect of the 
latter. 

The " reverse " contrast consisted of a very pale grey, or grey-white, broken 
ring on a darker grey background, and the " normal " contrast of a very pale 
grey broken ring on a white background. In the former case, a sensation of 
uniform brightness is prevented by the greater stimulation of a few retinal 
<'knwnts and, in the latter, by their relatively weak stimulation. Suppose 
the illumination of the two pairs of reflecting surfaces described to be reduced 
until the !ower of their brightness components is just below the absolute 
hrightnt'ss threshold : the " reverse " contrast will then result in the 
stimulation of a few cones only among the large majority from which no 
sensation of brightness will arise. Accordingly, attention can only be focused 
on the stimulus source, or object, which alone is \isible. On the other hand, 
the "normal" contrast will then result in the stimulation of alarge majority 
of receptors and the non-stimulation of very few. It seems plausible to suggest 
tha.t the absence of sensation from a small number of unstimulated receptors, 
'"11le all the others are stimulated, may be perceived less readily than the 
prcst'llC'l' of sensation derived solely from a few stimulated receptors. In the 
one ca:.c, the object to be seen is negati,·e-a non-sensation in a field of 
srns.ation-while in the other, it is the only sensation. 

If th.is argument has any nlidity, it may be applicable when both bright
ncssls m the contrasts haxe supra-threshold value~. i.e. when both contrasting 
\'omponcnt:i are positiw, since one may still be regarded as negative relative 
to the other, and the object will be the positive element in the ''reverse" 
t'ontra~t and the nc~ati\'e dement in the "normal" contrast. In tbis 
n 'll!Wctit111, it i~ well knmm that " renrse " contrasts are frequently used 
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'~hen it is particularly desired to attract attention and ensure rapid percep~ 
tlon.* 

It is possible, howev~r, that closer attention was given to the reverse contrast 
merely on account of 1ts novelty, and that for this reason better results were 
obtained with it. But the persistent occurrence of better results at every 
trial, except at the highest illumination, is against this explanation. In the 
reverse contrast the object is made the brightest thing in the field and tends 
to "stand out". This, rather than any novelty in the arrangement, seems 
most likely to be significant. 

The phenomenon of irradiation is often considered to have an adverse effect 
on the visibility of " reverse " brightness contrasts. In the case under 
consideration, it might be expected to produce an apparent thickening of the 
ring and narrowing of the gap, i.e. to blur the image of the gap. And, since 
irradiation increases with brightness, its effect s.hould be more marked as 
illumination is increased. With a " normal " brightness contrast, irradiation 
must also occur, but from the background instead of from the ring. It should, 
therefore, tend to reduce the apparent thickness of the ring and, possibly, to 
increase the apparent width of the gap. 

While irradiation varies with brightness, it depends also on brightness 
contrast. Thus, with the same illumination, irradiation has a greater effect 
on the apparent size of a white object on a black ground than of a similar 
object on a grey ground. Hence, when the difference of brightness between 
object and background is small, irradiation may be unnoticeable. In the 
particular case under discussion, it appears to have had no advers,e effect 
whatever on the performance obtained with the " reverse " contrast. 

Subjectively, the" reverse" contrast was judged better than its counterpart. 
For both contrasts, the paper and print used were to some extent specular. 
While this factor introduces a degree of uncertainty into the evaluation of the 
contrasts in terms of p1 and p2, there is no reason to believe that its effect 
was not similar in both cases. 

The maximum performance obtained with the " reverse " and equivalent 
" normal " contrasts is the same. But, for the same high relative performance 
(97 per cent.), the "reverse " contrast requires only· one fourth of the 
illumination required for the "normal" contrast, and little more than one 
eighth of the brightness difference. The present data, therefore, suggest the 
conclusion that when the contrast is poor, better results are obtained if the 
object, rather than the background, is the brighter component. This, however, 
is a question of considerable practical interest, which should be the subject of 
further investigation. 

G.-CONCLUSIONS 

(B -B) \Vhen visual tasks differing only in the contrast ~...J they present 

are illuminated so as to present a constant brightness difference (of any 
magnitude within the limits considered), performance is not made independent 
of the contrast. This conclusion applies to contrasts whose values range 
from 0·25 to 0·97, and is true for each size of object studied. 

* Luminous advertising signs and signals may be cited, while there is a growing ten~ency 
in certain popular magazines to use white print o.n a da~ker or ~la~k background for p1cture 
captions and other matter intended to beoutstandmg. This p:actJce IS not n~w, however. l\lore 
than 100 illustrations in the 16th edition of Ganot's Phys1cs (1902) are m white on black. 
Blue prints and black-boards may also be mentione~. . Whether ~he common practice of 
printing in black on white is best or not, it owes its on~m an.d pemstence to practical con
Yenience. Very much of the detail seen in natural obJeC~ ts, of ~ourse, bnghter. than 1ts 
background and, printed matter excepted, there is no JUStJficatwn for qualifyrng such 
contrasts as "reverse". 
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In the case of relative performance (per cent. of maximum performance 
attained with each contrast), a brightness difference, which depends on the 
size of object involved in the task, can be found such that relative performance 
does not vary considerably with contrast. The minimum brightness differe~ce 
for which this statement is true is that which gives an average relative 
performance of the order of 85 per cent. for all contrasts. 

IV. SUMMARY 
The report describes investigations intended to test the value of a method 

suggested by A. W. Beuttell for determining the illumination required for the 
efficient performance of any kind of work involving visual discrimination. 

Facility in seeing the object, or objects, concerned in any visual task depends 
upon certain characteristics of the object and upon the degree of illumination it 
receives. The characteristics of the object vary with different types of task, 
and so the illumination required is different for different tasks. Beuttell's 
method involves, in effect, taking the task to pieces, assessing its principal 
characteristics, and putting it together again in terms of the illumination 
required for its satisfactory performance ; but the application of the method 
is dependent upon a previous determination of the relationship between each 
of the task characteristics and the illumination necessary to " compensate " 
for it. 

Among the most important of these characteristics are size and contrast. 
The results of an investigation of the effect of size on the illumination required 
have previously been published, and the present report deals with the effect 
of brightness contrast. 

Brightness contrast is presented whenever juxtaposed surfaces, or objects, 
dilfer in brightness ; and contrast of brightness or colour is essential for the 
differentiation of objects by sight. Brightness contrast may be numerically 
expressed in various ways, in terms of the physical brightness (stimulus 
intensities) involved. However, since visual appreciation of contrast depends 
chiefly on relative rather than absolute differences of brightness, it is better 
to use a ratio than a difference for expressing contrasts numerically, and it 
is convenient to use the ratio of the difference to the greater brightness, 

(B1-B.) 
~ , even though values obtained from this expression cannot be 

assumed to be proportional to the corresponding sensations of contrast. 
The object of the investigations described has been to determine how the 

performance of simple visual tasks, differing only in the contrast involved, 
\'aries with (a) illumination, and (b) absolute brightness difference between 
the components of the contrast. 

The results obtained are summarised in the following conclusions: 
(1) \\'ith the same illumination, whatever its value within the range 

considl'red, the performance of tasks differing in contrast, i.e. in 

(B1-B.) the value of ~ , appears to be unaffected by this difference, 

pro\'iding the size im·olved is larg~ (6 mins.) and the ccntrast does 
not fall below a certain value (Fig. 2a). 

(::!) \\lwn size is smaller, performance increases with increase of illumina
tion in a different way, and reaches a different maximum for different 
contra~ts, i.e. the relation between performance and' illumination 
dqx'nds on the contrast presented by the task. The illumination 
for maximum performance varies in\·ersely and the ma...ximum 
pcrf\)rmance varies directly with the contrast. Thus, with equal 
Illumination, however high its nlue, equal performance of tasks 
prL'SL'nting different contrasts cannot be obtained. 
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(3) Performance also depends on the contrast presented by the task, even 
if different contrast tasks are given different illuminations such 
that each task presents the same absolute brightness difference. 
But, at a certain brightness difference, depending on size, per
formance reaches, or very closely approximates to, its maximum 
for each contrast within the range studied. Further, it is shown, 
that when size is small (about 1 min.) the relation between relative 
performance (i.e. actual performance with any contrast expressed 
as a percentage of the maximum performance attainable with that 
contrast) and brightness difference is the same whatever the contrast 
of the task. It is also shown that, above a certain relative perform
ance, the relation between this variable and brightness difference, 
for sizes up to 4 · 5 mins., is not much affected by the contrast of the 
task. Hence, it is possible to predict the illumination necessary to 
give approximately a certain percentage of the maximum performance 
possible with a task presenting any given size and contrast, within 
the limits considered, from the relation 

E1 = E( (p1
- pt), where E is the known illumination required 

Pa-P4 
to give the same percentage of the maximum performance possible 
with a task of that size presenting contrast depending on reflection 
factors p1 and R2• 

(4) Experiments with a "reverse" contrast of low order, having the 
reflection factor of the object greater than of the background, show 
that performance and relative performance are better at both the 
same illumination and the same brightness difference than for a 
similar " normal " contrast. 
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APPENDIX A 
rai«l of the Constant Brightness Diffemla Ru1e 

Thou~::h the maintenance of a constant brightness diiferen~e. whatever the numeric 
\ii}ue of the contrast, does not give the best results, in the sense of minimizing the diiferenc 
of performance obtained with difierent contrasts, it is clear that it has certain merits. l 
the first place, it ensures that tasks presenting the same contrast but invohing differe1 
pairs of reflection factors will always present the same physical brightnesses. Thus sewii 
on white cloth with white thread, or on black cloth "ith black thread, are tasks which m< 
im·rJlve the same order of contrast but, with the same illumination, "ill present WJ 
different brightnesses, and are known by ex-perience to differ in difficulty. The objecti' 
diHerence between these tasks will eYidently be removed by pro,iding, for each, ilium 

nations which difier in the ratio (i!.C..e.!). where p1, pz. are the reflection factors of tl 
Pa-P4 • 

white, and p3• p4 , those of the black materials. In other cases, where tasks difier also 
relati\'e difierence of reflection factors, the mean of their brightnesses '\"\ill '"aTY inverse 
with their reflection factor difference at illuminations which give them equal brightne 
dtfftrence. This lessens the difierence of performance with difierent contrasts that occu 
when equal brightness difference is not secured. Referring to Figs. Sa, Sb and &, showi.I 
the relation between relative performance and (B1- B1), it is e\ident that, for the lowe 

value of e1 ~1P1) considered, \'alues of (B1-BJ, different for each size, can be four 

at which relati,·e performance has any desired value and is the same for each size. 

At these values of (B1- B1) relatiYe performance may diller "ith highen-alues of (p1
- ~~ 
P1 

but only in excess of the chosen ,·alue. If a high value of relative performance is ch()S(; 
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the necessary values of (B1- B2) lie on, or very close to, a straight line relatin" size with 
th~ logarithm of (B1 - B2). Thus, an empirical formula can be derived for calc~lating the 
bnghtness difference necessary to give not less than a specified relative performance with visual 

t k . 1 . . d ( fit- PI ) al . hi as s mvo vmg any stze an -
11
-
1 

- v ue "'t n the range of these variables considered. 

The relation between size and (B1 - B2) for three minimum standards of relative per
formance is shown in Fig. 10. The equations are as follows:-

Relative per:formance-with any ( Pt~P2 ) value-not less than-

(1) 80 per cent. log10 (BcB2)=1·99-0·39 S 
or (B1 -BJ=l01·~~-o.ae s e.f.c. 

(2) 85 per cent. log10 (B1-B1)=2·12-0·37 S 
or (B1-BJ = 101·1!-0·37 8 e.f.c. 

(3) 90 per cent. log10 (BcB;)=2·23-0·33 S 
or (B1-BJ = JOI·23-0·33 8 e.f.c. 

where S=visual size in minutes of arc. 

The corresponding values of relative performance for all values of ( 111 - Pz) used in the 

second investigation are given in Table V. Pt 
The illumination E required to provide the necessary brightness difference is a function 

only of (p1-p1). hence 
E (B1- B2) e.f.c. f dl 

= {p
1

- oot-can es. 

and 
E= JOK_ks e.f.c. 

( 1 
foot-candles. 

Pt-P21 
Between the limiting values of size and (p1-p2) here considered the brightness difference 

values found from equation (I) correspond with illuminations which range from 
1·718 25·41 . 
0.87 =1·975ft.jcs.to 

0
.
25

.=t01·6ft.jcs. 

But the lowest order of contrast used, viz.:-~ =0·28, might be obtained with a 
. Pt. 

value of {p1- pJ only one-tenth of 0 · 25, i.e. by means of reflection factors p1 = 0 · 09, 

p2= 0·065. In this case, for a size of 1·5 mins., E=(~~~~!)= 1,016 ft.jcs. This value 

may exceed that required for a relative performance of 100 per cent. with many practical 
tasks involving this size if they are not purely visual tasks. It is only a practicable value 
for local artificial lighting. 

TABLE v 

R.P. (- P1 ~) Pz 
not less Size in (Bl-Bz) 

tha11 minutes e.f.c. 0·97 0·56 0·39 0·28 0·25 

Per cent. 
4·5 1·718 94·5 85·0 81·0 80·0 

so 3·0 6·607 95·0 91·0 87·5 80·5 96·5 
1·5 25·41 93·5 81·0 80·0 82·0 

4·5 2·851 95·5 89·0 86·0 85·0 
85 3·0 10·23 96·0 93·5 90·0 85·0 97·7 

1·5 36·73 95·5 86·0 85·0 87·0 

4·5 6·095 97·0 93·0 92·0 91·0 
90 3·0 19·05 98·0 96·0 93·0 90·0 98·7 

1·5 59·57 97·0 91·0 90·0 93·0 

It is evident, of course, and '\\ill be seen on inspection of Table V, that the higher the 
standard of relative performance, the closer '\\ill be the approximation to this standard 
with any contrast when it presents the given brightness difference. 

Other forms of the relation between size and brightness difference can be derived from 
the data obtained, which will be valid for other criteria of relative periormance. For 
example, taking the values of brightness difference at which exactly, instead of not. less 
than, 90 per cent. R.P. is obtained with each contrast, it is found that, for each size, the 



mean of these ,·alues lies close to a straight line relatin.g the logarithm of size with the 
logarithm of brightness difference. The equation to this line is, log. BD =2- (2 · 33log.S) or 

102 h s . l . . . . t f t ED = _ , w ere = nsua stze m mmu es o arc. 
s2.aa 

The calculated value of brightness difference appropriate to each size is as follows :-

Size 
4·5 mins. 
3·0 mins. 
1·5 ruins. 

Constant 
brightness diffemtce 

3·0 e.f.c. 
7 · 7 e.f.c. 

38·9 e.f.c. 
and the mean deviation of these values from the ccrresponding means of the observed 
ulues is ± 7 · 5 per cent. 

APPENDIX B 

Variation of Jl!ean Bright1tess with ( 81 
;, 

8
•) for L'nit Bright11ess Difference 

In Fig. 11 the relation is shown between (B1 ~ Ba) and the mean of the brightnesses 

in,·olved when their difference is constant. As stated in the report, the illumination required 
to r;ive constant brightness difference may be the same for different contrasts, or, alterna
tively, different illuminations may be required either for different contrasts or for the same 
contrast, according to the reflection factors involved. But whether the same or different 
illuminations are required, the mean of the brightnesses involved will differ as shown, 
being always !(Teater for the poorer contrast but constant for the same contrast whatever 
the values of its reflection factors. 
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