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X X X V I .  A t)ola~zatlon Ylicker Photometer and sonue Data 
o/' l'heoretical Bearing obtab~ed with it. l ly HZRBmt'r 
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Sy,,OlJSi.,'. 
1. Introduction. 
2. Theory and Construction of a Polarization Flicker Photomoter. 
3. Theor3 r and Construction of a Mixture Photometer. 
4. Critical Speed Relations for various relative Bfightnesses of Two 

Compared Fields. 
(a) Mean Brightness Constant. 
(b) Mean Brightness Varied. 

5. 3Ieezurement of the Brightness Difference Discrimination Fraction 
for Fluctuating Impressions. 

6. Critical Speed Relations with a Difference of Co]our between the 
Two Fields under Comparison. 

7. Measurement of the Hue Difference Discrimination Fraction for 
Fluctuating impressions. 

8. Relative Values of Bri htness and llue Discrimination Fractions ~g �9 ~ . .  
under Steady and 1. luctuatmg Conditions. 

9. Fttbct of Clleice of Speed on Flicker Photometer Settings. 
10. Summary. 

1. lntroductlon. 

I N previous papers by the present writer and Mr. E. F.  
Kingsbury  on " T h e  Theory of the Fl icker  Photo-  

m e t e r "  t ,  emphasis was laid on the desirability, f rom both 
the practical and theoretical sides, of a flicker photometer  in 
which the transition f rom one field to the other should be 

radual and according to some simple mathemat ic  relation. 
ractieally the advantage is in el iminating mechanical 

flicker, due to dividing edges, which can introduce spurious 
effects. Theoretically the advantage is that  this kind of 
transition, especially if i t  can be represented by  the simplest 
periodic func t ion - - the  cosine curve----can be handled mathe-  
matically $. 

The theory developed by us was based on a stimulus 
represented by a cosine curve. The verification of the theory 
by experiment,  which was sought in work with flicker photo- 
motors with abrupt  transition, while very satisfactory, was 
incomplete quanti tat ively in several details. W e  gave 
reasons for believing that  the outstanding discrepancies 
were ascribable to the difference between the type of 

�9 Communicated by the Author. 
t " Theory of the Flicker Photometer," Ires & Kingsbury. Phil. 

Mag. Nov. 1914, p. 708 ; April 1916, p. 290. 
:~ Other transitions can of course be represented mathematically ; the 

di~culty is in solving the equations resulting when the diffusivity 
conditions are introduced. 
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On a Polarization Flicker Photcnneter. 361 

flicker photometer theoretically postulated and that actually 
used. 

In the present paper a flicker photometer is described in 
which the transition from one light to another is exactly of 
the character handled in the theory. It has been possible 
with this photometer to verit), accurately the predictions at' 
the theory. Measurements of the visual constants have 
been made, and, as a consequence, the complete behaviour of 
this type of equal exposure flicker photometer can now be 
represented quantitatively by a set of equations derived from 
the physical theory of conduction. 

2. Theory and Construction of a Polarization Flicker 
Photometer. 

The polarization flicker photometer is a combination of a 
double-image prism with a rotating Nicol prism. Two 
images of each half of tha photometric field are formed by 
the double-image prism, and the dimensions of the apparatus 
are so chosen that the horizontally polarized image of one 
half is superposed on the vertically polarized imago of the 
other. The Nicol prism as it rotates alternately extinguishes 
each linage, the one fading gradually into the other, with 
entire absence of any mechanical edge effect. 

Fig. 1. 

~.)tvx_J~ . . . . . . . . . . . . . . . . . . . . . . .  5 ~ . : :  :" -'~--[-'" ~'..~-:]-[ - .~----'-- : : :'---:~/~ 

Polarization flicker photometer : N, rotating Nicol prism ; W, double- 
image prism ; F~ and Fp, two halves of photometer field. 

Fig. 2. 

Alternative arrangement of polarization flicker photometer. 

Figs. 1 and 2 show two constructions. In fig. 1 the Nicol 
prism is placed at the eye. When so used the nicol must be 
of the type in which the faces are perpendicular to the beam 

Phil. Mag. S. 6. gel. 33. ~o. 196. April 1917. 2 B 
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362 Mr. H. E. Ires on a 

of light, otherwise the whole field will oscillate with the 
rotation of the prism. In fig. 2 the nicol is placed away 
from the eye and beyond the diaphragm which limits the 
field. In this arrangement the nicol may be of the oblique- 
faced type. The apparatus actually used was arranged as 
in fig. 2, because of the kind of nicol prism available. The 
distances were such that the photometric field had an angular 
aperture of 1]~ degrees. The artificial pupillary aperture was 
3 mm. in diameter. 

The theory of the polarization flicker photometer is simple. 
Let 210 be the brightness of the image polarized in one 
plane, then the brightness of the image when the nicol is 
rotated through the angle r from that plane is 

2Io cos ~ r 

Now 210cos2~b----I0 (14- cos 2~b) . . . .  (1) 

If  we put 2dp=~t, the right-hand member of (1) becomes 
the right-hand member of equation (1) in the first theoretical 
paper, that is, we have exactly the type of stimulus there 
postulated. 

3. Theory and Construction of a Mixture Photometer. 

In the discussion of colour flicker it was shown that the 
action of the flicker photometer is to form a mixture of the 
two colours under measurement. The speed at which it is 
necessary to run the flicker photometer in order that there 
shall be no colour flicker is that at which the hues of the 
extreme mixtures differ less than the least perceptible hue 
difference. The relationship of this hue difference to the 
least perceptible brightness difference and the relationship 
of both of these to the corresponding quantities for ~teadily 
viewed juxtaposed fields, are crucial points in flicker photo- 
meter theory. 

In order to be prepared for hue difference perception 
measurements the photometer "head," if it may be so called, 
was made in such a way that the light from the two sources 
under comparison couldbo mixed in any desired proportions. 
The apparatus is shown diagrammatically in fig. 3. It  
consists of two translucent (flashed opal) glasses, arranged, 
one over the other, to turn by means of gears in opposite 
directions, about a common axis parallel to their faces. 
This device is set up at the intersection of two photometer 
tracks, standing at right angles to each other, and is viewed 
from the rear. I f  used for equality of brightness obser- 
vations a biprism is employed to juxtapose images of the 
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Polarization Flicker Photometer. 363 

two glasses. If  used with the polarization apparatus the 
divergence of the double=image prism-beams easily clears 
the gap between glasses. A thin metal screen is placed in 
this gap to prevent illumination of one glass by the other, 
and the edges of the glasses ave coated with opaque black 
paint. 

Fig. 80 

i 
i o, 

Mixture photometer : O, and 02 are npal glasses turned in opposite 
directions by the milled head M. 

With the glasses turned at right angles to each other and 
nor,nal to the two photometer tracks the two glasses form the 
two halves of an ordinary equality photometer field. When 
turned at other angles various mixtures of the two lights are 
obtained. The brightness of each glass at various angles 
due to illumination by each light alone was carefully deter= 
mined by measurements with a portable photometer. In 

2 B 2  
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364 Mr. I-I. E. Ives on a 

fig. 4: is exhibited the brightness of each glass due to illumin- 
ation by a light source on one track alone, as the glasses are 
rotated. The sum of the two is calculated in order to 
facilitate moving the light sources, so that the mean brightness 
of the two glasses may be maintained constant as their 
relative values are changed by their rotation. 

Fig. 4. 

SUr 

4- 

t .  

15 a ~30 ~ 4 S  o 60  ~ 7 5  ~ 

Relative brightness of upper and lower glasses of mixture photometer 
due to a single light source, for various angles of incidence of light 
on lower glass. 

Using one light source, this device permits the comparison 
of fields of all degrees of relative brightness, but of the same 
colour. Using two light sources of dii~erent colonr, but the 
same intensity, the device makes possible the comparison of 
fields of all hues intermediate between the two, formed by 
their mixture. 

As a precautionary measure, the light transmitted by the 
two opal glasses was tested for any difference in polarization 
which would affect the setting of the polarization flicker 
photometer, but nothing of the sort was found. 

4. Critical Speed Relations for various relative Brightnesses 
of Two Compared Fields. 

(a) Mean Brightness Constant. 
In  the second of the papers on the theory the following 

equation is derived for the critical speed of disappearance of 
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Polarization .Flicker Photometer. 

flicker between two fields of unequal brightness : 

365 

, `  I 1 - - I ~ 7  2 
2[log- _ +,Oo ,Tr j , . . . .  (2) 

( , d~  - - i 2  . .  

~- (log e) ~ 

where ~ = critical speed, 
3 = brightness discrimination fraction, 

I1 and I2=brightness of the two fields, 
K =  diffusivity, 
X =  depth of penetration. 

If  we assume that K is a function of the mean brightness, 
we can, hy holding the latter constant as I1 and I~ are varied 
relatively to each other, make a test of the theory, in so far as 
it assumes a diffusivity apart from any question as to how thia 
varies with intensity. Fig. 1 of the paper referred to shows 
critical frequencies for various values of I1 and I~ under 
these conditions, which were not attainable experimentally 
with the apparatus then available. 

With  the new apparatus lust described the exact conditions 
for this test are met. In fig. 5 are shown the results of two 
extended sets of measurements of critical speeds for varying 
ratios of two fields, with the mean brightness held constant. 
The upper points were obtained at a relatively high, the 
others at a relatively low, illumination. The full lines are 
graphs of the equation (2), with a value 3 of "001, using 

X 2 
the values of ~ solved for from the end points. I t  is 

clear that the theory is very beautifully borne out. 

(b) Mean Brightness Varied. 
The second theoretical paper gives in equation (6) a 

relation for the critical speeds at different illuminations, 
which upon inserting the complete expressions for the 
constants becomes [ 2 k-Tq2 

~o = - log ~ + log I, + I2J (a log I ,  + t,), (3) 

where Ix is the mean brightness, and a and b are the constants 
(as determined by experiment) applying to the limiting ease 
of light alternated against darkness. I t  follows from this 
equation that, critical speeds for the linfiting ease being 
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366 Mr. It.  E. Ires o n  a 

represented by a straight ]ine when plotted against the 
logarithm of the intensity, critical speeds for other ratios of 
the fields should plot as straight lines lying below and 

?0 

Fig. 5. 

8 
W 

L 
W 

v I0 

I 

2 0  I-8 |-6 1"4 1"2 I- 
0 -2 -4 .6 -8 

Crltical freci~lr fQr various ra t i~  of brightness o~' two com])are~ 
fi~Ids. Full  lines, calculated curves for log ~ =  -3 ' 0 .  

inclined to this at such angles that all will meet at a point 
on the axis of abscissae. In our previous experimental work 
we did no~ get satisfactory confirmation of this equation. 
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Polarization Flicker Photometer. 367 

Fig. 6 shows experimental values obtained to test the 
equation, using the new photometer. It will be seen that 
the theory is fully confirmed. Equation (3) is hence the 
general ezpression, of which the relation for light against 
darkness (Is=0), as found by Porter, is a special case. 

~, 20 

Io 

Fig. 6 

/ f 

/ J  j 1  
J f I 

f 

i t f 

/ 2 
L oq. ~r/r 

Critical speed brightness relations for various ratios of brightness 
of two fields. 

The value of ~ called for by these data is about'0001, 
which is much smaller than the figure fitting the data of the 
previous section. The measurement of ~ and its character- 
istic of variability call for separate discussion. 

5. Measurement of the .Brightness .Didf#rence .Di:crlmination 
Fraction )'br Fluctuating I~nTreasions. 

A determination of the critical speeds for two different 
ratios of the fields furnishes all the necessary data for finding 
the value  of 3. 

Denoting the two different critical speeds and brightness 
ratios by the subscripts a and b, we obtain from (3) 

, [ I i - -  I~'~ t~t~. [I1-- I='~ 
log 3 = l o g  2--  ' ~  % / ~ l ~  (4) 

Vr -x 
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368 Mr. H. E. Ires o n  a 

If  for one of the brightness ratios is taken that of light 
against darkness the corresponding logarithmic term drops 
out, being zero. Measurements of the critical speeds for 
the ratios 1 : 0  and "34: '66 were made by the writer on 
several different occasions during the work, each consisting 
of four to six alternated series of ten settings each, from 
which thB following values of log $ were found : -  

log $----- --3"0 
--4"2 
--3"7 
--4"2 
--5"0 

These figures, all obtained for the same mean brightness, 
show that ~ varies over quite wide limits, for these variations 
represent rather bigger differences in the critical speed 
ratios than can be ascribed to the lack of precision of tile 
determinations, considerable though this is, There is clear 
indication of a progressive decrease in $ during the progress 
of the work. 

In order to secure additional light on this point, similar 
measurements were secured from other observers who bad 
not been working with the apparatus. 

Their results are as follows : - -  

log$=- -4"2  (E. K.) 
-3-o (F. F. K )~ 

�9 F. several days apart, --3"2 (E. K:) j 
- - 3 2  (E. R.M.)  

indicating that the fraction varies froul individual to indi- 
vidual, as well as from time to time with any one observer. 

The mean value of all these determinations is 

log $=--3"74  or $='00018. 

P~membering that the Fechnor fraction, as ordinarily 
understood and determined t~or juxtaposed fields, is of tl(e 
order of magnitude of 1 per cent., this value of $ appears 
extraordinarily low. It  is well known, however, that the 
greatest sensibility to small brightness difference is obtained 
when the compared fields are most closely juxtaposed, but 
even then the comparison must be made between impres- 
sions received by different retinal elements. In the case of 
successive impressions the comparison is made of impres- 
sions on the same element, and there is nothing inherently 
improbable in the sensibility to such impressions being higher 
than the greatest sensibility attainable by juxtaposition. It 
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Polarization Flicker Photometer. 369 

is to be noted, however, that this high sensibility, located 
as it is in the ultimate receiving apparatus, can never be 
utilized to its full value for the detection of small fluctua- 
tions in the stimulus. Because of the damping effect of the 
channel through which the impression of the fluctuating 
stimulus is transmitted, only very considerable fluctuations 
retain any amplitude large enough to be detected. In other 
words, the very small value of the brightness discrimination 
fraction of the ultimate receiver for successive impressions 
is all that makes possible our appreciation of ordinary 
fluctuations in the stimulus. I f  this had the value of the 
ordinary Fochner fraction we could tolerate much lower 
frequencies of light fluctuation than we now do. On the 
other hand, if we could stimulate the ultimate receiver 
directly, without the interposition of the present trans- 
mitting channel, it would be necessary to use rather high 
speeds of alternation to make flicker vanish. Upon substi- 
tuting different values of 8 in equation (4) of the second 
paper on the theory, the effect on to is given numerically. 
A value of "01 for 8 in place of "00018 about halves the 
critical speed. 

6. Critical Speed ]~elations witl~ a Difference of Colour 
between the Two Fields u~der Compa~"ison. 

It  follows from the treatment, in the two theoretical 
papers, of colour flicker and of brightness flicker with 
unequally bright fields, that critical speeds should follow 
the same law in the case of two coloured fields as with two 
unequally bright fields, up to the point of the appearance of 
colour flicker. The latter interposes a bar to the progressive 
decrease of speed to zero which occurs at the equal brightness 
point for fields of the same colour. Detailed discussion of 
the statement just made may be avoided by reference to the 
diagrammatic insert to fig. 7. Here the two fields under 
comparison are supposed to be of different colour. The left- 
hand end of the figure represents the condition with one colour 
field alone exposed, and, as indicated below the larger figure, 
the brightness of this field is progressively decreased 
while the other field is increased in such manner that their 
sum remains constant. All points below the two critical 
frequency curves arc in the region of brightness flicker. The 
,curve which is drawn convex upward, with its maximum at 
the equal brightness point, is taken from the first theoretical 
paper and is the upper limit to the colour flicker region, o r  

region in which the hue difference fbr successive phases of 
~he flicker photometer is greater than the least perceptible. 
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370 Mr. H.  E. Ires on a 

Iqo setting can be made at a lower speed than that fixed by 
the intersection of these curves. The actual observation of 
a flicker-limit curve such as that indicated by the small 
diagram, with its very definite truncation of the brightness 
flicker curves, should constitute a strong argument for the 
correctness of the line of reasoning followed. 

For the experimental test of these relations, red and green 
lights were taken as furnished by two point source 100 watt 
tungsten lamps shining through red and green glasses of 
fairly narrow spectral transmissions. The two lamps were 
operated in paraUel, one terminal of each going to the 
battery, the other terminals being connected to the opposite 
ends of a resistance, the sliding middle point of which was 
joined to the other battery terminal. By moving the sliding 
contact the intensity of one lamp increased while the other 
decreased, and dce versa, this constituting the best way of 
operating a flicker photometer, as previously pointed out. 
The first operation in this experiment consisted in finding~ 
by the flicker photometer criterion, the equal brightness 
volt~lges for the lamps through their coloured glasses, each 
illuminating one of the opal glasses, placed normal to it, and 
these voltages were used throughout the work with them. 

In fig. 7 are shown the critical frequencies obtained on 
carrying through the entire series of comparisons of the two 
coloured fields, the various relative intensities being obtained 
by moving the two lamps to various calculated positions on 
tlae photometer bar. It  will be seen that the points follow 
the curves calculated from equation (2), (3----'0002) right 
down to the sharp intersection of the colour flicker limiting 
curve and then follow this across from one brightness flicker 
limiting curve to the other. As they should be, the critical 
frequencies at the end points are not exactly the same for 
two coloured lights equal by the flicker photometer criterion. 
The experimentally found relationships are in every respect 
in agreement with those indicated by the theory. 

7. Measureme~d of the ltue D~'erence Diseriminatiol~ 
Fraction ]'or Fluctuating Impressions. 

Exact determination of the speed at which colour flicker 
appears, which is made possible by the new flicker photo- 
meter, opens the way to the measurement of the just 
perceptible hue difference corresponding to the brightness 
difference fraction discussed ill section 5. 

Ill the first theoretical paper it is shown in equation (9) 
�9 rod its discussion, that if two coloured fields R and G of 

D
ow

nl
oa

de
d 

by
 [

T
he

 U
ni

ve
rs

ity
 O

f 
M

el
bo

ur
ne

 L
ib

ra
ri

es
] 

at
 0

3:
29

 2
3 

Ju
ne

 2
01

6 



$0 

Polarization Flicker Photometer. 

Fig. 7. 

37l  

N 
N 

g/ \ x 
/ \ 

tf 

2.0 1.8 1-6 1"4 1.2 1.0 -8 '6 A, -2 0 
0 .2 ,4 -6 ,8 PO I-~ 1.4 I-6 I-e, 2-@ 

G 

E~rishtness fhcker 

Color flicker 

Critical speed relations with a difference of colour between tbe tw(~ 
fields. Lower, diagrammatic ; upper, experimental. Upper dashed 
curve, l imit  of colour flicker region if fluctuating hue discrimination 
fraction maintained its steady observation ratio to brightness 
discrimination fraction. 
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372 ]~ir. H. E. Ires on a 

equal brightness are alternated in the flicker photometer, the 
ratio of R to G at one extreme phase is given by 

x 

and at the other phase by th~ similar expression with the 4- 
and -- signs interchanged. 

Before detailed discussion of this it is desirable to digress 
in order to develop the idea of a hue scale by which a 
numerical value can be given to any hue, and in particular 
the idea of a hue discrimination fraction will be developed 
and used. 

Let us hnagine the two juxtaposed fields of the mixture 
photometer illuminated by two equally bright but differently 
eoloured light sources R and G. When the two opal glasses 
stand at right angles to each other and normal to each light 
source they are of the colour of these latter, and show their 
maximum colour difference. As they are turned towards 
parallelism they are illuminated by mixtures of the two 
colours and become progressively more like in hue, until at 
the position of exact parallelism they are ~he same. On 
Surning further they diverge in hue until at the end position 
they show the same difference as at first, but in the opposite 
direction, blow if we consider these hues as forming a con- 
tinuous series, they may be described and given a numerical 
value in terms of the proportion of one of the end colom's 
present in the mixture forming any hue. If, for instance, 
we identify the hue by the amount of R in it, we have that 
the hue, H, of the mixture in which the two colours are 
present in the ratio t~, : G~ is 

RH 

A hue difference H I -  H2 is then 

R,m l{u~ 
R a , + G u | - - R H . o + G ~ '  " " " " (6) 

and this is the fractional difference 

HI--H~ 
H, + H~ . . . . . . .  (7) 
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Polarization Flicker Photometer. 373 

I f  this hue difi~renee is the least perceptible one, then we 
define the hue difference discrimination fraction by relation (7). 
We shall use the symbol $~ for this fraction. I t  will be 
noted that this definition is exactly parallel to the definition 
of the brightness discrimination fraction, which is 

It--I~ 
. . . . . . . .  (8) 

2 

This will be symbolized by ~SB henceforth, to avoid 
confusion. 

Applying now (6) and (7) to (5), we have that the hue 
at one phase is 

H 1  ~ - -  

at the other phase it is 

from which 

Xt 

1+~ "/~,~ r 
2 ; 

X 

1--e ~ / ~  
9 

[- xr _ x v a ]  

~ H  = R'~'[%"ff~ . . . .  x v '5-  x - ,4 .  " 

2 2+e  .V']~,--e 4'~,,~ 
(9) 

In order to handle this expression we may, as a close 
approximation, take K1 equal to K~, defining it in terms 

of the mean of the critical speeds of the two colours, o~a -t-toe 
by the relation 2 ' 

/~,i4:g,~, 
~/2R V - - ~ - - , o g  e (1o) 

. . . . . . . . . . . . . . . . . . . . .  , . . . 

. . . . . .  ~ 2 X log ~ 

We get then finally 

/ 2w~ log 2, log grr=log 2-- V t o ~ S r ~  ~-~ (11) 

D
ow

nl
oa

de
d 

by
 [

T
he

 U
ni

ve
rs

ity
 O

f 
M

el
bo

ur
ne

 L
ib

ra
ri

es
] 

at
 0

3:
29

 2
3 

Ju
ne

 2
01

6 



374 Mr. H. E. Ives on a 

tom being the critical speed for the equality po in t* .  
Calculation of $rr therefore presupposes a knowledge of SB, 
and any error or variation in SB will be reflected in the 
value tound for Srt ~f. I t  must not be overlooked that while 
the brightness difference discrimination fraction has only 
one value, the hue fraction is a function of the colour 
difference constituting the ends of the scale ; the larger 
the colour difference the smaller will this fraction be. 

Experimental  values of Srt for the red-green comparison 
used in this t~st are given in the next section. 

~. Relatlre Values o/" Brightness a~td line _Discrimination 
Fractions under Steady arut .Fluctuatinq Conditions. 

The question of crucial importance in the flicker photo- 
meter is not so much the actual values of the discriminating 
fractions, but whether their ratio is different for fluctuating 
and steady conditions. I f  this ratio is the same, then the 
mixture by rapid alternation possesses no advantage over 
any other form of mixture photometer, in which each field 
is diluted with light from the other until the colour difference 
is no longer troublesome. 

In order to examine these ratios for both steady and 
fluctuating conditions, it was necessary to arrange for the 
measurement of both discrimination fractions with juxta- 
posed fields under steady conditions. This was simply 
arranged by viewing the mixture photometer glasses 
through a good bi-prism, size of field and brightness of 
retinal image being made the same as for the flicker photo- 
meter work. The procedure in obtaining the brightness 
discrimination fraction was to use one light only, fo rwh ich  
the green was taken, and turn the two 0pal glasses relative 
to each other until  a difference of brightness was just notice- 
able between the two halves of the bi-prism, when the angle 

hu; Equation (11) can be used to calculate the critical speeds for all 
differences lying between any two for which o,M has been deter- 

mined, by noting that halving the colour difference between the 
compared fields is equivalent to doubling the value of Sa, &c. Critical 
speed hue difference curves when calculated in this way have the 
general characteristics of the experimental one just published by 
'Fr~land (" Apparent Brightness," Illuminating, En~,ineerin~, Societ- 
Convention, 1916). The critical speed for ehmmatmn of colour flicker 
between equally bright fields is a measure of their hue difference which 
may prove easier to determine than the present method of stepping off 
just noticeable differences. It should be possible to connect these 
critical speeds with the colour triangle. 

r ~a could also he obtained directly by ~t similar method to that u~d 
for ~s by finding the critical speeds tbr various intermediate hue 

.differences. 
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Polarization Flicker _Photometer. 375 

was read. Readings were made in both directions of rota- 
tion, and half tile difference taken as tile least perceptible 
rotation, which was then translated into brightness dis- 
crimination fraction with the aid of the data of fig. 4. 
The hue discrimination fraction was obtained in an exactly 
similar manner, both lights being used in this case, and the 
glasses being rotated until a difference of hue appeared 
between the two halves of the bi-prism. 

These two steady observation discrimination fractions will 
be denoted as A~ and AH. Whether these fractions or the 
mean error of setting most nearly compare with the 3's 
need not be discussed here, for we shall merely use the ratio 
of the two, which will be practically the same whichever 
measure of perception difference is taken. 

The complete investigation of the various discrimination 
fractions and their relationship consists of five sets of 
measurements, which should be performed at one sitting 
in view of the apparent variability of some of them. These 
five measurements are as follows :--  

1. Determination oE 8n. 
2. Determination of equal brightness condition for two 

colours to be used for hue discrimination test. 
3. Determination of Sg by critical speed measurements 

of two colours separately and together. 
4. Determination of At. 
5. Determination of Au. 

Three complete sets as thus outlined were carried through : 
two by the writer and a third by Mr. Kingsbury. The 
results are tabulated below :--  

It. E . I .  

E . F . K .  

log t~. log t3~ . . . . .  

--; ; '7 , --2"79 

- - 4 2  - 3 " 0 9  

--3"2 - -2 '07  

~B 

8"1 

13'0 

13'5 

i 
a~.  A:u . . . . . . .  

I 

�9 034 "03t 

�9 025 [ ' 0 3  

"044 "08 
[ 

An ~ 

1"0 8"1 

1'2 10"8 

1'8 7 '4  

. . . . . . . . . . . . . . .  8 '8 

The last column shows in a very striking manner to what 
the flicker photometer owes its peculiar applicability to 
colour difference work. In the confusion conaition c~msed 
by rapid alternation the. appreciation of hue difference fails to 
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376 Mr. H.  E.  Ives  on a 

keep pace with the appreciation of brightness difference. How 
necessary this eight- to ten-fold difference in the relative hue 
and brightness discriminations for steady and flicker condi- 
tions is, is sho,,n graphically in fig. 7, where the upper 
dashed colour flicker curve (calculated by the aid of equa- 
tion (,11)), is the one which would condition the sensibility if 
r two discrimination fractions maintained the same relative 
values they have for steady Juxtaposed fields. There would 
be no sensibility at all. This was further verified by at- 
tempting to operate the mixture photometer with the two 
glasses turned to the point of just noticeable hue difference. 
Either light source could then be placed practically any- 
where on the photometer track without altering the bright- 
ness match. 

This breakdown of hue discrimination is, of course, only 
another way of stating the common " explanation " of the 
flicker photometer, that " colour flicker ceases before bright- 
ness flicker." This is, however, the first time that definite 
measurements have been made of the visual constants whose 
values result in this condition. The explanation now needed 
is one step further back, namely, why does hue difference 
discrimination thil in the ultimate receiving apparatus with 
rapidly alternating impressions ? 

It ~aay be suggested, as a start toward an explanation, that 
colour discrimination is probably a later development than 
brightness discrimination, and that under conditions of con- 
fusion or stress the more primitive function maintains its 
characteristics with less impairment. The supposition may 
be hazarded that in general with the senses appreciation of 
quality differences is much easier disturbed than that of in- 
tensity differences. A close parallel to the action of the 
visual apparatus, as revealed by these measurements, is 
furnished by a flow-meter, such as a gas-meter, to which 
is attached an apparatus for indicating the kind of gas going 
through, the latter being conceived as a more complicated 
device requiring some time to respond. As long as only one 
kind of gas flows through th.  measurement of rate and the 
indication of composition are equally satisfactory. But let 
two different gases flow through in rapidly varying propor- 
tions. The precision of the gas-meter will be unchanged, 
but the composition indicator will be quite unable to respond 
to each momentary co, dltion. 
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Polarization Flicker Photometer'. 377 

9. E~ect of Choice of Speed on -~Ticker Photometer Settings. 

In the first theoretical paper the condition which must be 
satisfied when a setting is made on the flicker photometer 
was studied and found to he expressible by the equation 

_ X t  _ X 2  

2Ile ~/2~ 4:- --_ 2I~e 42K2 45 (12) 

The assumption was then made (assumption 3 of that paper), 
that ttle position of setting is independent of the speed, and 
the relationship of the flicker setting to the equal intensity 
and equal critical speed setting was developed for an assumed 
constant speed. In the light of the more recent work this 
assumption is no longer necessary, nor is it rigidly true. 
Inspection of fig. 7, for instance, shows that the bisector of 
the no-flicker region in the cvse of two different colours is 
inclined toward the colour of lower critical speed, so that 
the higher the working speed the more this will be 
favoured. 

Introducing the complete expression for the diffusivity 
in terms of the critical speed-illumination relation, (i2) 
becomes 

- 2 
~ /~ ,  log ~ ~/0~ log. ~ 

log I~ ~/a; l-og-l~ 7+ bi = log I~ ~/a~ log 1,, 4- t,2' (13) 

in which the vahles of It and Iz which satisfy the equation 
are the ones which will be adjudged equal by the flicker 
photometer criterion, when the alterations occur at the 
speed to. 

This e, xpression shows that the point of setting is different 
for different speeds, and at the same time that the at>l)roach 
to equal brightness setting is closer the lower the sl)eed. Tilts 
emphasizes again the importance of avoiding all mechanical 
flicker and of selecting the speed for each colour difference. 

Obviously co should be the critical speed for the appear- 
ante of colour flicker, which has been called w.,a above. 
This is given in terms of 3g and 3n in equation (11), which 
transposed is, 

, o ~ =  - ~ -  . . . . .  (t4) 

Substituting this in (13), the complete expressio~t for the 
behaviour of the equal exposure flicker photometer, when 

l~hil, ilia 9. S. 6. Yol. 33. No. 196. April 1917. 2 C 
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378 Mr. H. E. Ives on a 

operated at tho point of just-disappoarance of colour 
flicker, is 

= log I~ - log ~ .  /("'-' ~z r~+ z,~)-4- (iiTio~l, +b,5. 
8 r ~ /  - 2(a~ log I~+b.) 

(15) 
In making this substitution for ~I two assumptions figure : 

first, the one leading to equation (111, that the critical 
speed of the mixture~ of the two eomp:tr~;d eolours may be 
calculated to a eh,se approximation by disregarding the d i f  
fere.nt diffusivities of the two eolours ; and second, that ~rr is 
constant over the range of intensities in question. I f  these 
assmnptions are true, then oquation (14) states (3B having 
been found eonstmlt over wide range, as shown by the data 
of fig. 6) that the plot of o)M against log I should be a 
straiI:ht line, ly ing below the mean straight line given by 
the critical frequencies for the t, wo compared eolours, and 
inelined to it at such an angle that both intersect the axis of 
abscissae at a common point. 

Fig'. 8. 

3 0  

f "  
~ 2 0  % 

g 
to 

J 

I o~ brJ]ht-ness. 

Upper points, mean critical frequencies tor red and zreen light. Lower 
poiuts, critical frequencies tbr red and green al~rnated against each 
other. 

This relationship was tested out oxperimentally with tho 
result shown in fig. 8, where the upper, straight lino is 
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Polarlzatio. Flicker Photometer. 379 

the mean of the red and green light critical speed points, 
and the lower line is the critical speed plot for red and 
green alternated (the mean illumination being the same as 
for each alone) tit their equality setting. The relationship 
between critical speed and log brightness shows a well- 
marked deviation from the rectilinearity which would result 
were both tim above assumptions correct. This is not sur- 
prising, tbr hue differ(race discrimination for steady observa- 
tion varies quite rapidly with brightness, and in the flicker 
photometer the working speed at low intensities will be 
larger than that predicted from these assumptions owing to 
the pronounced lag" of one colour impression behind another * 
and the consequent lack of exact dove-tailing. 

In spite of the failure of relation (14) to hold exactiy, it 
gives the order of magnitude el! co,~ ~o closely that the result 
of using (15) with 8H as a constaD_t will be correct to within 
the probable error.-. of any experimental test. When used 
for calculations similar to those made in the first paper with 
60 ass i t l l led  COllStallt, t, he resultant predicted behaviour of the 
flicker photometer is quite similar, tim deviat;ons from the 
equal brightness position of setting being of course smaller, 
but decreasing wi~h increased intensity as before. I t  may, 
in fact, t:,e questioned whether the cal(~ulations made on the 
constant speed assumption do not more nearly represent 
the experimental conditions holding when the data with 
which they were compared were obtained, since some 
mechanical flicker undoubtedly prevented the use of as 
low speeds as the colour differences used would warrant. 
I t  is lo 17e hoped that data of this sort collected in future 
will bc made with the, polarization flicke," photomete,'. 

I t  nmv be noted, in passing, ~,hat the use of a wu'iable 
insle'ui of it c(mstant speed in the calculation of the be- 
haviour of the flicker l)hotometer helps in the discussion of 
the unequal exposure instrmnent treated in the second paper. 
For by reducing the value of the constant F in equation (14) 
of that paper the relative intel~sities necessary for a setting 
of the instrument are brought nearer together, in agreement 
with the experimental data. 

10. Sum~zar]/. 

The results of this investigation may be summarized as 
follows : - -  

1. A polarization flicker photometer h~s been constructed, 
in which the transition from one field to the other is gradual 

�9 See "Visual Diffusivity," Ires, Phil. Mag. Jan. 1917. 
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380 .Notices respecting ~Vew Books. 

and follows exactly the cosine curve assumed in the previous 
theoretical discussion of the flicker photometer. 

2. By the use of this photometer it has been possible to 
verify in exact quantitative manner the relationships be- 
tween relative intensity and absolute intensity of'compared 
fields and critical speeds, as previously calculated from 
theory. 

3. Measurements have been made of the brightness and 
hue discrimination fractions for both steady and fluctuating 
impressions. 

4. I t  has been found that the applicability of the flicker 
photometer to colour difference comparisons is due to the 
failure of hue discrimination as compared with brightness 
discrimination under conditions of rapid fluctuation, and 
the amount of this failure has been determined by 
measurement. 

5. A complete expression has been worked out for the 
behaviour of the flicker photometer in terms of the critical 
frequency-illuminaLion relations for the two compared 
colours, and the hue discrimination fraction for fluctuating 
impressions. 

I am greatly indebted to Mr. E. R. Morton for -tssistance 
in the construction of the experimental apparatus and in 
making the readings, and also to Mr. Kingsbury and 
Dr. Karrer  for the series of observations made by them. 

Physical Laboratory, 
The United Gas improvement Company, 

Philadelphia, Pa. 
September 13th, 1916. 

X X X V I I .  Notices respecti,g J e w  Books. 

:tnnuaire pew; l'an 1917 2ubli6 par le Bur~a~ des JLOntlitu(les. 
Paris : Gauthier-Villars. Price 2 fr. net. 

W ITH very little delay appears this useful annual publication as 
thougt] the world'were at peace. Besides the usual astro- 

nomical tables there appear in this issue ehapt.ers on Metro]ogy 
and Meteorology, besides special articles on (A) the Babylonb~n 
calendar, (:B) summer-time ]916 by J. Renaud, (C) determi~ 
nation of the metre in terms of w:tve-lengths of light, by 
M. Hamy. 

The article on summer-time, in particular, is of great historic 
interest in the summary it gives of the debates which took place in 
]~rance and elsewhere i)rior to making this salutary change. 
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