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+ ERHAPS no other science has passed through its stages

.»5:0f history with such drastic controversy as that branch
rélating to eolor vision. It is true that the science of
- eolor vision, with the exceétion of astronomy, goes back
further in history than any other science. The reason for
this protracted interest in color is of eourée very obvious.
Color in nature is displayed on so magnificeqt a scale that
the minds of all observant could not fail to be impressed.
The first inferences based on a supposSed posS-
8ibility or probability of an explanation regarding the
origin of color and the nature of its perception were indeed
not ﬁery promising. Among the earliest of philosophers
there was a doubt whether objects be visible by means of
anything that proceeds from them, or by something that iss-
ues from the eye of the spectator. For twenty centuries

this was the debated question among philosophers who took



- sides with the leaders of their respective schools and

vigorously upheld their theories. A complete absence

of experiment in this as in other branches of seience

was accompanied by an astonishingly great variety of
arguements and extravagant hypotheses to support their
adopted opinions. Colors were ranked among bodies of
whieh only the names were known. When philosophers were
asked for example, why such a body was red, they answered
that it was in virtue of a quality which made it appear red.
However their speculations - which can hardly be considered
otherwzse~ are of little value selnce the modern develop-
ment of sciences yet, the nature of their work is of
sufficient interest to be worthy of mention here.

For the present purposes the history of color
vision is heie ﬁivided into four periodS° first, from
Pythagoras to Hewton (540 BeCs = 1671 A.D.); second, from
Newton to Thomas Young (?67? - 1801), third, from Young
to Ewald Hering (1801 - 1874) fourth from this last
date to the present tlme.

First Period (540 B.C. = ?67? AoDo)o

Recerded ertlngs centurles before the Christian
era, contain speculations on the visual process. The scien=
tific records handed down from Babylon and Egyp?t do not give
nuch information ag to the formulation of hypotheses to sup-
port their adopted opinions; this may be due perhaps to thew
custom of jealousy of confining such knowledge to the guilds

of priests. But the Greek philosophers from Pythagoras on-

ward, with their marvelous aptitude for speculative ingui*y




manifested ﬁhe most extraordinary ingenuity in devising
explanations regarding the origin of color and the nature
of its perception.

Among the more outsganding of the earlier
writers and philosophers who presented views on the nature
of ight and colors and the process of vision were: Alc-
maeon, Pythagoras, Empedocles, Plato, Aristotle, Eplcurus,
Alhazen; Roger Bacon, Deseartes“eteo In order to get an
idea of the natﬁre of %heir work only é brief outline of
some of the hypotheses is attempted here because without
doubt, a full review Woﬁld require a volume.

Pythagoras and the Pythagorians, the second
school of Grecian philosophers who flourished about 500 B.C.
entertained a corpuscular theory of light; it was theif op—‘
inion that vision is caused by particles contlnually fly»
ing from the surface of the bodies and entering the eye.
But, on the other'hand, Empedocles and Plato, a century
iater, put forward the doctrine that the cause of vision
is something emitted by the eyéwhich meeting with some=
thing else that proceeds from the object is thereby re:
flected againe. In other words sight was considered a .
species of touohvdue to invisible feelers having their
origin in the eyee

Aristotle (350 BoCo) maintained that light
was incorporeal and he thought that colors were due %o
imperfect reflection from raindrops, the»image of the sun

being distorted and color only exhibited. He also urged

that color id a mixture of darkmess and white light; or,



in modern tefms that the nixture of something with no-
thing in varying proportions gives an infinite variety
of something elses This hypotheses of Aristotle was
enthusiagtically adoﬁted by the German poet Goethe and
and advocated by him with an accompaniment of highly
vituperative abuse directed against the illustrious
Newton and his theory of color.
| Eplcurus (300 B.C, ) and after him Bucretlus 2
(75 B.C. ) beleived that we see by the 1nterventlon of |
llght as we feel an object by means of a stick. Semeca,
who flourished about 60 A.D., observed that sunlight shin-

ing through a piece gf aﬁéﬁlar shaped glass gives the coiors

of the rainbow, which he explained as species of false color

such as is observed on the ﬁeck of a pigeon; in his theory

on the rainbow he supposes that the differeﬁt colors are
accounted for by supposing that they come part}yy from the

sun, partly from the clouds, and form a mixture. Ptolemy,
whose treatise on opties written about 150 A.D. is now
lost became the great authority on the subgect to the +time

of Alhazen, an Arabian investigator about 1072, and he bee

came the suthority for the five suceeeding‘cénturies; hism
speculations do not however show any advance over those of

the Buropean philosopherse

Meny as the various theories of color vision
were during this first period or previous %o the time of

Newton, they were at the best nothing more than vague hypo-



theses. Prlestly (On Vision, nght and Colors, P 240)
thus sums up the theorles of color productlon to the
time of Newbton:

"The_Pythagoreans celled eolor the super-
ficies of a ﬁédya Plato said it was a flame issuing‘from
them. According to Zeno it is the first configuration of
matter,'and Aristotle said it was that which moved bodies
actually traﬁsﬁarent. Descartes very sensibly argued that
color is a modification of light; but he supposed that the
dlfferenee of eoclor arises from the prevalence of the dl-
rect or rotary motion of the particles of which it con-
sists. Father Grimaldi, Deschales, and many others thdught
that the dlfferences of color depended upon the conden=
sation and rarefaction of light. Malebranche was of the
opinion that the differences in color depend upon the quick
or slow vibrationsof a certain elastic medium £illing the
whole universe. Rohault imagined that the different colors
were made by the rays of light entering the eye af different
angles with respect to the optic axis; and from the pheno-
mens of the rainbow he pretended to calculate the pre- |
cise angle that constituted each particular color. Lastly
Dr. Hooke, the rival of Newton, imagined that color is
caused by the sensation of the obligue or uneven pulse of
light; and this being capable of no more than two varieties,
he concluded that there could be no more than two primary

colors.®




Second Period (%67t - t802)

In the Second Perlod of the history of color
vision the first definite steps toward the appreeiation of
the science of color were made. Up to the time of Newtoﬁ‘s
decisive experiment it was far from obvious that white )
light is very complex in its nature; and failure to dis-
cover this resulted in the confusmon of mind exhibited by
writers on light and color. Xepler was the first to dis-
cover the compound nature of éolar light, but comparitively
little attention was paid to his observations. Boyle also
mentions in his work on the theory of colors pubiished T665,
experiments on passing rays of light through a glass prlsm;
this experiment in Boyle's hands were not very 111um1nat1ng
as he claimed that the colors obtained were not real. This
same experiment a few years performed by Newton attracted
more attention, and his theories were accepted by scientific
men of the time.

I+t was ih the year 1666 that Isaac Newton car-
ried out at éambridge the experiménts on fhe decompbsitioﬁ
of white light by a prism which were to inform us as %o the
true nature of light and color. As a source of light he
used the brightest of all possible sources, namely the sun.
Its rays were admitted into a darkened room at Trinity Col-
iege through a hole in the shutter. A glass prism was ‘ ﬁ
placed inside the room close up to the hole with its re-
fracting edge horizontal and pointing downwards, so as to

receive the rays, they were refracted or bent upwards, and



the image of the sun appeared higher up on the other wall.
It was in this way that Newton pwoved the homogeneous
ﬁature bf white light. The following quotations from some
of his papers will give his genersl view on color visione

HThe rays of light to speak properly are not
colored. In~fhem is nothing else than a certain power and
dispositioﬁ to stir up a sensation of this or that color.Y

“To the same degree of refrangibility ever be;
longs the saﬁé color, and to the same color ever belongs .
the same degree of refrangibility.?®

"o explain colors I sﬁppose that seeee the rays
of light by iﬁpinging on the stif? refracting superficies,
excite vibrations in the ether ..... of various bigness; the
biggest, strongest or mosé potent rays, the largest vib;
rations; and others shorter according to their bigness, stren-
gth or power; and therefore the ends of the capillimenta of N
the optiec ﬁer#e, which pave or face the retina, being such
refracting superficies, when rays impinge upom them, they
must there excite these vibrations which eseees Will Tun
along the agqueous pores or crystalline pith of the capil-
. limenta through the optic nerve into the sensorium; and fhere,
I suppose, affect the sense with various colors ageording to
fheir bigness and mixture; the biggest and strongest colors,
redsand yellows, the least with the weakest, blues and vio-

lets; the middle with green; and a confusion of all with

) White © 0 e 8@ ﬂ"




In 1690 Huygens proposed the hypothesiks that
light consis%ed%iﬁwuﬁdulations of a delicate elastic mediume.
Euler showed how Newton's discoveries could be explained
on the this basis; and éeduced the result that simple colors
in the spectrum were the effects of light of different
frequencies of vibration. As a matter of fact, however,
his first assumption was that the red vibrations were the

fff;f faster ones, but subsequently he discovered his mistake.
Hartley correctly supported this view in explaining the col-
Ers of thin platese. But a eruical test could not be made :
until the prineciple of interference had been discovered by
Young and Fresnel; and it was this discovery also that led
first to tﬁe genefal acceptance of the undulatory theory

Also during this period there were many other
color theorists along with Waller and Tobias Mayer who
worked Wifh pigments by mixing them in<various ways. The
general conclusion that they arrived at were that the
simple colors might correspond to three different kinds
of light, red, yellow and blue.

Wanseh in his work published 1792, showed by
many experiménts that there were not seveﬁuﬁfimary colors
as some supposed by the number of spectrum colors giwen
by Newton, nor yet five as others beleived. He was the
first to select red, green and violet as priméries, as a
result to which he was led by his experiments on the mix-

tures of the colored rays of the spectrum.



Third Period (%80? - @874)

| From this 901nﬁ on only thoseJtheorles of pfiﬁé
importance Which pertain to the subjeet of color vision will
be dealt with. The process of color vision involves the
physical cause, fhe physiological retinal process , and the
pﬁye%qlogical elements in the experience of sensations. AS
the kﬁowledge of the three sciences involved in the process
of color vision developed, theories of color vision became
more and more intricate. In fact the various theories which
are given credence at the ﬁresent time are found on strict
analysis to inelude in varying degrees the physiological
process of vision, color vision, and the nature of perceptions.
A theory of color vision must include all the foregoing fac=
fors, yet the dominating influence of one of these is usualiy
perceptlble in a given ﬁheory. Theories must be judged solely
according to their efficacy as a working hypotheské. 1In sO
far as they serve the purpose of sign-posts pointing oﬁt the
paths of future research so far are they of value. Sterile
theories easily relinquish immortality. FPruitful theories
hand down their immortal parts to their children while their
ephemeral shell falls to pieces.

During this period there was added to the general
problem of vision the interesting and important fact that it
was necessary to assume only a limited number of color sen-
sations to provide for the perception of an unlimited num-w

Der of hues and tints of color. It is largely conflicting
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views as to the number and nature of these primary color
processes that cause the battlefield of color vision %o
be so littered with the remains of the dislectiecally slain.

That this is no mere figure of speech may be
Seen from thé genealogical tree of color vision in the.
accompanying table. This also has the advantage of ex-
hibiting the main liné of development from ﬁewton, and the
subsidiary line due to Hering together with the positions
of theories of secondary importance. Some guiding prin-
¢iple such as this diagram affords will enablg the readér
of the volumnous literature of color vision to trace his
steps without confusion,

The Young-Helmholtz theory, a three component
theory was first propoﬁnded by Thomas Young in 1801 who is
credited for its coneeption, buf it seriously 1éékéd experi-
mental foundation until after the epoch-making work of |
Helmholtz, and since that time it has bécome known as the
Young-Helmholtz theory.

.’ Young, in his work published 1802, selected red,
yellow and blue as the three gimple color:sehsations with
no other basis than current sciemtific opinion. Owing to
celebrated but misconstructed observations by Wallaston? |
of the dark lines in the solar spectrum , Young modified his
theory by selecting red, green and ﬁiolet as primaries, gquite
t. 1802 - William Hyde Wallaston, "A method of examining re-

fractive index and dispersive power by prismatic reflection.®
Philo Trans» VOlo 92, p0378 *
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independently, however of Wunsche This fheory he further
confirmed by experiments, after whiéh it remained in obs-
curity until Maxwell and Helmholtz brought it to attentign
of scientists and made if-the basis of their investigationeu

Young seems to have been the first to attribute
colors, the precise hues or Waveiengths of which he had no
means of determining. His general principles were mod-
ified and made definite‘by the experimental researches>of
Helmholtz, Maxwell, Konig and others.

YOUNG-HEIMHOLTZ THEORY - From the fact that any
color sensatiéﬁ'ééﬁlé 5é“§fodﬁeed b& the mixture, in suitable
proportions, of light of three given wavelenghlis, Thomas Young
was led to suppose that there existed three primary sensations,
and Helmholtz has supposed that the reason for this is that
the eye is furnished with three sets of nerves, one set which,
when excited, gives the sensation of red, another of green,
and the third of violet. The hypothesis then is that color
sensstions depend upon the action of three independeunt
physiological processes involving the three sets of nerves.
When more than one set of nerves is excited, then a mixed
sensation is produced, the character of which depends on the
degree to which each set of nerves has been excited.

According to the Young-Helmholtz theory of vision
it is supposed that each set of nerves, the red say, trans-
mits the sensation of red to the brain, whatever the manner

in which they may have been stimulated. Thus the red nerves
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are effected not only by red light but also, to a smaller
extent, by light of other wavelengths; +the impression
produced bm the brain is however, always that of red light.

It has been found possible, by studying color
sensations of the normal-eyed and color-blind persons, to
draw three curves showing the sensitiveness of the three prim-
ary sets of nerves to stimulation by light of different wave
lengths. Such sensation curves were obtained by Kamig and
Abney. It will be seen from these curves that the sensation
of red éan be stimulated by light of all wave lengths, as
is also very nearly the case with the green merves. The
violet nerves, however, are not at all affected by the red
end of the spectrume.

This fheory explains the main facts of color
vision, althdugh many details uncovered by experimenteré
have not yet been recounciled with it to the éntire gsatis-
faction of many scientists. After-images are explained by
assuming fatigue of one or moee of the processes in varying
degrees. For instancé after fatiguing the eye to green
light a White surface appears an uﬁsaturated purple - pinke.
Many of the observed facts in the.study of after-images are
only approximately concilable with this theory. The problem
of simultaneous contrast offered no difficulties fo Helm-
holtz, because he assumed that the phenomena is the result
of false judgement.

Color-blindness is explained by assuming that

one or more of the three processes are absent, the remaining
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process (br processes), if necéssary, being Tredistributed?
to some éitent. Thismtheory has some‘advantéges in exp=- )
laining the cases of red and green blindness by assuminé
the absencé of the corresponding process and if necessary
a slight modification of the other two. It fails to exe
plain total color-blindness, however., ) B

‘ Fourth Period (1874 - )

The fourth perlod of the hlstory of color vision
opens with the hypothesis of Hering, the great rival of the
Young-Helmhol+tz theory, and ofiginating a new branch as com-y
ﬁaredmto that of the Young-Helmholtz theory which follows tﬁe
main line of developmént fgﬁm Newton. This hypothesis of
Herrlng was proposed in a serles of 31x papers 1n 7874.

The prinecipal fouadatlon of this theory eon31sts
of facts sueh as those of contrast, and the apparent simplic-
ity of black, white, and yellow as well as red, green, and B
blue; Herring assumes six psychophysical processes corres-
ponding‘to gix primary sensations which may be arranged in -
complementary pairs, namely, white and black, red and green,
yellow and blue.‘ In order %o aécounﬁ for these six fundam
mental seansations he assumes the presence somewhere in th;
retinocerebral apparatus of three distinet photochemical
substances. REach substance is capable of building up (ana-
oollsm) or of breaking down (katabollsm) under the 1n£1u-
ence of radiant energy or 1ts effects. The building up of

the black-white substance causes a sensation of blackness ,

and the breaking down of the substénce, a semsation of
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whiteness. leeW1se anabolism of +the redagreen subétance

is conaected with the sensation of green and katabolism

with red sensation. Similarly, the buildingup,of the

third substance produées blue, and the breaking down is
connected with yellow sensation. For example, red rays

cause a breaking down of the red-géeen substance, with the
result that red sensation is expérienced. These substances
are not present in equal amounts. All the fays of the visible
spectrum have a breaking down action on the black-white sub-
stance, but different rays in different degrees. Mlxed llght
appears colorless when it acts on the blue«yellow or redm
green substance with egqual breaking down or building up power.
The effects are not complementary merely but antagonistic.
For example, fundamental red and green do not produce white
by their combination, but merely destroy each other's effect
and leave visible the white which is already there.N This is
not stiietly true of the white-black antagonism, for fheir
actions do not destroy each other but give rklie to a series
of grays. BEBach visual sensatiom is really a mixture of all
gix fundamental sensations. The one of the six which has
relatively the greatest weight gives the character and name
to the mixed sensation.

Many observed facts concernimg after-images are
said to agreé with the theory. For example, if the eye be
stimulated by blue rays, anaboliém will take place in the
yellow-blue substance and the accumulation of the substance

results. If now yellow rays are permitted to stimulate the
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same area of retina, the breaking down of the yellow-blue s
substance proceeds at a greater rate and the sensation is
greatly augmented. Conversely yellow decreases the amount
of the substance and increaseé the rate of the anabolism
under the subsequent stimulation of the blue rays. Positive
- after-images are explained by assuming a continuation of the
anaboiic (or katabolie) change for a brief\period owing to
chemical iﬁertia. Allmthe general phenomena of after-images
are explained but the theory must bé‘modified in order to
explain some of the data on color-bllndness.

Tadd-Franklin theory - In this theory the rods
and cones are used. Colorless sensations white, gray and black
are assumed to be eauséd by a primitive photo-chemical subsfaxnce
which is composed of many 'gray' molecules. The molecules:
consist of a firm inner core to which is loosely attached
an outer range of atoms. These atoms are 'torn off'! in
decomposition and the sensétion ensuess Tﬁe cause éf the
Yearing off! of the atoms is the ether vibrétions which are
}n the visigle spectrum, the middle part having the more
powerful effect. These molecules exist in their primitive
state only in the‘fods, but upon dissociation they cause
golorless sensation. In the comes the gray molecule undergo
development and for soﬁe reason only a portion ofnthe mole-
cule becomes dissociated by rays of a given wavelength of

color. The evolution of the gray molecule is assumed to take

place in three stages diagrammatically shown here. In the
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first stage the gray molecule exists,
<:> but is so counstructed that it is dis-
integrated by light of all colors, thus
producing a white or a gray sensation.
@ In the seeohd stage the molecule has
beccme more complex and contains two
0 groupings..The dissociation of one of the
0 @ e latter causés a yellow sensation and the
| other, blue. Their simultaneous dis-
<§> sociation causes a sensation of whité or
gray; Molecules are assumed to exist in
' this stage in the outer zone of the reting
"~ where neither red nor green can be perceived as such. In the
third stage the yellow grouping is divided into two new’eomu

binations, the dissociation of one giving rise to red sen-
sations If the red and the green are dissociated simultaﬁefj
ously, yeilow sensation results, while all three (red, greeg,
and blue) together produce gray. |
" Duplicity TheoTy.- This theory, which attempts

.fo differentiate coloriess an& éolof vigion, is chiefly
associated with the name of Von Kries. It is based upon

the anatomical e#idence of the existence.of Trods' and
'cones' in the retina. The former are assumeé to ée resg-
 pnnsi5le for achromatic.sensations and the latter for both

achromatic and chromatic sensations. The rod action is

supposed to be largely responsible for light of sensation
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at twilight illumination and is in general more respomsiﬁe
to rays-of shorter wage-lengkh. The cones, however, are
supposed only to aet under stimuli of brightness represented
by the range above twilight illumination and not to be
greatly increased in sensitiveness by dark adaptation. Exame-
ination of the retina shows that the cones alone exist in th;
very center of the retina, the fovea centralis, and rods
appear just outside of this and predominate in the outer
zones. The chief observed facts that this theory explains
fairly satisfactorily (perhaps because it was built up from
these facts) are (1) colorless vision over the whole retina
in dim 11gqt for 1nstance in moonlight, (2) the decreased
sensitivity of the fovea in twilight, (3) tae shift in the
maximum of the luminosity curve of the eye (Purklnje effeet)
at low illumination, (4) the absence of such a shift for
foveal vision, (5) no achromatlc threshold is found for any
light for foveal vision, (6) no achromatic threshold for red
light for any region of the retina, and (7) colorless vision
over the whole retina in the case of the totally color-blind.
Bdridge-Green Theory.- Professor Edridge=-Green's
theory assumes that £he viéual pufple is the sole visual ”
substance. Visual purple is to be found in the rods only
and the rods are concerned merely with the formation of vis-
ual purple and take no part in visual sensations. (This is
contrary to the Duplicity Theoxy whieh holds that thé rods
are the visual ofgans for éeotopie vision.) Ths cones of the

retins are insensitive to light, but semnsitive to the changes
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in the visual purple. Iight falling upon the retina iiberates
the visusl purple from the rods, and it is diffused into the
fovea and other parts of rod and cone layersof the retina.
The decomposition of the visual purple by the light chemically
étimulates the ends of the cones (probably through the elec-
tricity which is produced) and a v1sual impulse is set up B
which is conveyed through the optic nerve to the brain. Thé
Visual impulses caused by the different rays of light differ
in character just as the rays of light differ in wave-lengthe.
Then in the impulse itself we have the physiologiecal basis
6f sénsation of light, and in the quality of the impulse the
physiological basis of the semsation of color. It is also
assuned that the quality of the impulse is perceived by a
special perceptive center in the brain within the power of
éf:percei%ing differences possessed by that center or port-
ion of that center. According to this view the rods are nd%
concerned with transmiting visual impulses, but only with
the visual purple and its diffusion.

McDougall‘s Theory.- McDougall has modified
the Ycung-Felmholtz theory. He aceepts the three funda-
mental colors, red,green end blue, but adds an independent
mechinism for white having its retinal seat in the rods.
MeDougall thus asgsumes a seperate retino-cerebral apparatus
fof each of the three photopic colors of red, green and blue,
and for the scotopic white element. He further assumes that
each eye has its own set of four such systems quite indepen-
dent of the other. The sensation of black is experienced when

ntcomplete fading® occurs and the visual cortex is at rest.




19

II
bscillatoi& Effect

The results of the recent in%estigations in
color vision'by Allen? may thus be generslized. Evéry light
stimulas acting upon the retina, generates in the wvisual
receptors nervous impulses which ascend by afferent nerves
to the visual centers in the cortex where a sensation of
light and color is produced. At some point in the reflex
are, prébabiy in the synaptic junctions of ﬁhe‘affereﬁt and
efferenf nérves, addifional nervous impulses are evoked,
which descen& by fhe efferent nerves to all parts of both
retinas, by means of Which the sensitiveness of the visual
receptors’is controlled. These efferent impulses are of
two kinds, one of which enhances and the othexr depresses
the sensitiveness of the receptors. The result of these
actions is the production of a state of sensitiveness which
is the measure of the excess of the one process over the '
others The receptors themselves when stimﬁlated by light
gige a thfee-fold response, resulting in the production of
three fundamental eolor semnsations corresponding to the red,
green and ﬁiolet colors of the spectrum. Every ray of light
stimulates all three color sensations in varying degrees,
and the efferent impulses generally depress or enhance the
sensations in varying amounts.

For years it has been an observed fact that the
‘sensitivenesé of the receptors in the nervous system flﬁca
tuates as though it were in sccordance with some periodic‘
regularity. This éan be readily shown to be so by numerous

e J.BsSoA. and R.S.I. Vol. 13. Np. 4, Octe 1926,
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experiments employing any of the senses or combination of
senses, and even in the higher mental process. Simple and
easily performed experiments to illustrate this phenomenon
are: Hold your watch away from your ear at a point where
you“ean fjust barely hear the tick' and observe that the
sound pefiodically appears and diséppears, and this fluc-
tuation is continued ag long as you listen; this shows tﬁe
periodicity existing in the auditory sense; In order to

show the fluctuations present in the wvisual sénse such ex-
periments as the observation of faint a faint visual stimulus
readily show that there is & periodicity in the visual sense.
It will also be noticed in any$ypical learning curve that the
fate of increase of efficiency with respect to time does not
vary in uniform degrees but shows decided periods of greater
and less readiness of the nervous system to respond to the
stimulus, or this can be expressed in other words as a varie
ation in attention and hence, it has led psychologists to ‘
say that attention flows in wavess In this natural periodice
ity lies the foundation for rlythm iﬁ poetry and musie, and |
even in plastic and graphic arts. It gives Satisfactory‘ex~
planation to numerous phenomena in éolor vision which reeeng-
1y had been only partially explained. But all forms of skilé
ful, natural, and effective mental Work-in daily routine a::‘*eﬁ~
organized upon the same prineiple; that is, the conscious
task naturally divides itself into units adapted to the

natural pulsations of attention; and notv only is this a
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single periodicity but it can be shown that periodiciﬁies
within periodicities are also present, ranging from the
smallest fluctuation for a duration of a fractional part
of a second within large fluctuations extending over a
period of yearse

The explanation of these fluectuations has been
variously gi#en as due to fatigue in the sense organs,
either of the muscles or the sensory endings, to fatigue
of +the éensory regions in the cortex, or ito changes in blood
supply to the cortex, and even to fluetuations of mental
energy.

Actual measurements of this periodic change

in the sensitivity of the sense organs of the muscles have

§ These experim-

been worked through by Allen and O'Donoghue
ents were based upon the fact thathé voluntary; practically‘
isometric, contraction of a skeletal muscle is followed by

a very noticeable contraction of considerable duration and
of an involuntary nature in the same muscle. This pheno-
mena is termed 'post contraction'. - The muscle'or muscle
group chosen isﬁthe deltoid 1evafor éomplex, ir which the
phenomenon has been previously studied.

The apparatus by which the intensity and dure
ation of thevinitial stimulus of the‘voluntary contraction
and the magnitude of the duration of the post contraction
is measured, is as follows, To a hangervof an initial
weight of 50 grm. on to whieh‘eould be slipped a series
of heavy slbt%ed weights, thus providing a way of varying
the load as desired, was attached a thin steel wire, and

1. Quarts Jouv Expy Phys, %ﬂfavH;.ﬁQS.éﬁif.
J
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to the other end of the wire a stirrup padded upon the
ingide to receive the fingers. The wire was passed over

& grooved pulley borne upon & sténd which allowed its

height to be adjusted to suit the requirements of the
subjeet. The pulley, stand, and weight-carrier were placed
upon the léft of the person and the stirrup on the right.
They were arranged in such o manner that when the stirrup
éad was adjusted across the penultimate phalanges of the
fingers of the right hand and the carrier with its load

Just lifted of the ground, the right arm remained vertical,
the wire from the stirrup of the pulley passing horizontally
in fromt of the thighs. It is extremely easy to 1lift the
weight of the groundganarfe?méintain:it‘in“a constant ,posit-
ion for é long period of time without consciously Wétching it,
and, moreover, the alteration in magnitude of the forse,
coused by moving the weight up énd down slightly, is so
infinitessimal as to be negligible, wheress a similar range
of movement upon a spring might perceptibly alter the pull.
Again, the raising of the weight % to % inch from the ground
occupies such a minute fraction of the total time the weight
isnupheld that, even although this action is isotonic, its
effect can be entirely disregarded. This,then, provided a
means of applyiung a stimulus that coﬁld be readily and
accurately measured or varied, which would call forth a nearly
perfect isometric contraction. The utilization of kunown
weights supported for known times makes the conditions

constant and capable of exact repétition.
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The duration of the stimulus presented no
difficulty; it was measured by means of a metronome beating
seconds. This was set in front of the subject so that
sight, as ﬁell as hearing, could be utilized in coounting
the time, and it had additional advantage of providing a
simple distraction which prevented too much attention being
directed to the movement of the arm; a desirable feature,

The arm, with fingers extended, was allowed to
was allowed %o rise during post contraction, and the height
reached was meésured by taking the angle from the vertical
traversed by the arm., To this end, a board screen was erected
and on it a semi-cireleydrawn with the lewel of the shoulder-
Joint as theceentre and the arm-length as the radius, the
centre being at the edge of the sereen. This was graduated in
degrees, and a glass-topped drawing-pin stuek into the screen
at the level of the finger-tips at the end of the post con-
traction rise. |

To perform the experiment the subject stands
upright with his right shoulder so close to the sereen that
the joint is opposite the center of the semicirele and the
thumb will almost touch the board while the fingers are
traversing the scale. A series of experiments with varying
weights were made and the results plotted with the weights-
as the abscissae and the angles of rise as the ordinates;
this did not appear significant beyond showing that, in |
general, the greater the weight used the higher the arm

would rise. When, however, the common logarithms of the
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weights were used és abscissae it wés immediately seen that
the curve resulting was of the same general itype as thatb
previously found in the experiments upon sight, hearing,

taste and toush.

ﬁormal gurve.- In order to study the ordinary results of the
éxyeriméntal précedure, a number of reddings were taken from
different subjects. In each case the length of stimulation
was 10 seconds, and aﬁ interval left for recovery; the results
plotted in the form of graphs, were de31gnated’normal curves?.
A succession of weights of 500 grm,, 700 grme, 1 kgoy 1.5 kg.
2 kgey 2.5 k8o, 3 kg., 4 kg., and 4.5 kg., were employed to
éach'of these the initial weight of the hanger, i.e. 50 grme.
must be added. For the length of time chosen it was found +
that the Weights{below 550 grmp. failed to elicit comnsistent
results, so this may be regarded as the threshold of efficient
gtimnlation.

After éeveral normal curves had beén taken by
different individuals on wvarious days it was found that each
individual has his own curve which, as a rule, is distinctive
and not coinecident with that of another. Although each person
has a typical form and position of the curve, and a mean
normal graph can be obtained by plotting the means of a series
of readings, yet the seperate graphs, taken on seperate days
under slightly different conditions, exhibit a moderately
wide range of variation. This does not seem to apply to
curves taken on the same déy, unless some noticeably external

disturbance has taken place, and therefore in subsequent
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experiments a normal for the day is obtained with which
comparisons can fairly be made.
Augmentation Curve.- If a normal curve be taken, and then
after a rest of 20 miﬁutes a similar series of readings be
repeated with ﬁhé‘same arm, the curve they yield is raised
noticeably above the normal throughout, although of the
same type. This indicates a direct, ipselateral augmentation
of the end résults‘ In the accompanying figure the normal
for the day is indisa{ed B; A is the augmentation curve,and
as will be seen, the Wholé’curve is found to be shifted up
and every individual reading is higher than the corresponding
one in B.
Inhibition urve.= If a normal curve be taken and then imm
ﬁediately a'similérAset of readings repeated with the sam;
arm, the resultant curve is significantly below the normal
throughout, although of the same type. This indicates that
the augmentation phenomenon is preceded by a direct ipsee
lateral inhibition. An analagous situation to this had ﬁre-
viously been found by Allen and Hollenberg in the tactile
sense,where a considerable maniféstation of’augmentatidn
followed a kind of inhibition effect. In the accompanying
figure, C is the inhibition curve. |

In further investigations with similar methods
of measuremehts and procedure it was fopmd that stimulation
of one area of a sensory field will produce inhibition and
augmentation effects in adjacent, but not previously stinu-

lated, areas of the same field. These two effects are known
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as transferred or indirect inhibition and transferred or
indirect augmentation respectively. It was also found
that a stimulation of an area of one éide of the body will
bring about inhibition and sugmentation in the correspond-
ing part on the other side of the body. These effectsﬂaré
known as direct crossed inhibition and difect crossed aug-
mentation respectively. PFurthermore, it has been eonceivéd
as theoretically possible,although not as yet encountered
experimentally, that transferred crossed inhibition and
transferred crossed augmentation exist. These latter two
effeets should be brought about by stimuiation of one area
of a sensory field on one side of the body and the inhibition
and augmentation effects arising not only in its exact coun=
terpart, but also adjacent aréas on the other sidee. :
It was found in direct inhibition, the first
type mentionéd here, that immediately following a set of
gtimulations the responsiveness of the muscles was lowerédu
Indirect augmentation, also the first type mentioned, it
ﬁas Tound that after an interval of 20 minutes had elapsed
following a set 6f stimulations a Quife noticeable augmen-
tation existed in the response. In all of these experimeﬁts
it was noticed that a stimulation'of a certain magnitude
has first an immediatégor primary inhibition, then post-
contraction, which is succeeded by a secondary inhibitidn
periocd manifested at any rate 3 minutes later. This is both
ipselateral and contralateral. It is followed by an auge

mentation period both ipse= and contralateral, which can be
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detected 17 or 20 minutes later. Obviously, them, at some
point betﬁeen 5'and 20 minutes the normal condition should

be restored and this Was found to be so when a poin% 8w
bitrarly taken at 10 minutes was tested; the results

yielded a fairly gébd normal curve and showed no marked

sagns of either inhibition or augmﬁntation. Purtherimore,

the augmentation period is succeeded by a retﬁrn to the normal,
but it has not as yet been determined whether there are
further inhibition or augmentation periods intervening,

It is clear, then, that starting at normal we have
first primary inhibition, then return to normal, then poste
contraction, then secondary inhibition and augmentation Wifh
the normal state intervening, and then a return to the normal
again. This succession may well be %ermed the oscillatory
effect since if recalls the oscillations of a pendulumkcoming
to rest, only apparently by these experiments it has fewer
excursions.

A similar phenomenon to the oscillatory effect
oceurs in sight according to Parsons (19, p. 129) who records
it in the following way: "The longer'fhe }fafigﬁ@’ the lower
is the capacity for disériﬁinating flieker; and. thé more in-
tense is the process of recovery. After the recovery there
isfover-compensationf which is greater the longer the period
of_fatigue. If inhiﬁition were inserted for "fatigue' and
augmentation for Tover-compensation', we Will»then ha&e a

firect statement of the oscillatory effect. Roaf? mentions

to Qu.ar'bc Jour. BEXp. Phyo, Vol. XVIIIe,, NOOB, ‘E927e
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in his work on the influence of colored lights on the
sensitivity of the eye, that he drew the recovery curve
in order to get some idea of the initial effect of a
stimulus. Some of the records suggest that the recovery
is phasic; or, in other words, indicates the presence of
the oseiliatory effect. Roaf obviously attached no sig-

nificance to this results

III
Periodic Change in the Séﬁéitivity of the Retina

The experiments now to be described are those
relating to fhe actual measurements of the sensitivity ex-
isting in the visual recepyors after some stimulus had been
allowed to act upon the retina. The measurements were taken
at varying intervals of time for a period of about thirty
minutes after’the cessation of the applied stimulus. '

For the purpose of measurement of the sensitivity
of the retiné the apparatus was essentially the same as that
originally devised by E. L. Nichols' and employed and des=-
cribed by Allen? in one’of his papers. Light from an acety-
lene flame, which can be maintained at the same luminésity |
by means of a manometer that indicates the pressure og the
gas ay any time, passed through a disk with two opposite open
sectors of ninety degrees each. The light was then focused
upon the slit of the collimeter of a Hilger spectrometer,

fitted with four prisms equivalent to three of sixty degrees

e E. L. Nicholsy Am. Jour. Sci., 28; 1884.
2, Phys. Reve Vol.IX, 1900; Do 259, |
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each. The light wa.s ﬁiewed through an eyepiece, at the
other eﬁd, which has adjustable shutters that cut off ail
the spectrum except a narrow rectangular band of the desired
wave length. The speed of the gectored disk was recorded by
electrical meaﬁS¢ Bvery 50 revolutions a contact was made
by one of the two small indices on & speed counter that
closed a ecircuit in which there was an electro magnet that
on drawing a clappei down made a mark on the rotating drum.
The time that was taken up during each reading was also
feeorded on the same drum. A clock was used, whose pendulum
by a mercury contact made an electrical connection every half
second with another electro magnet that drew a clapper down
making a mark on the same drum Just a little distance below
the mark made by every 50 revolutions of the sectored diske
The speed of}the disk was controlled by means of
a8 leather thong acting as a brake on the shaft of the métore
The wave length was determined by turning the telescope of
fhe spectrometer through any desired angle. In this way any
wave length whatever could be used and the Spéed for critical
frequency maintained; the number of revolutions could be ob=
tained and the time for them is recorded along side each othan
Thus it is very simple to calculate the eritical frequeney of
flicker for mmy wave length of light and determine the dur-
ation of a single flasgh of light upon the eye. |
When the light is viewed through the eye-piece,
and the disk is being turned slowly, there is a flickering

of the light, but as the disk is turned more rapidly a speed
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is reached, which is different with different luminosities,
where the flickering is perceived as a just continuous sen-
sation. This is called the eritical fregquency of flicker for
whatever wave length you are viewing. The greater the lum-
inosity of the light in the spectrometef then the greater will
be the eritical frequency. This can,be explained in a very
elementary way if we considef our every day experience in
perceiving moving objectse 'In mid-day we can see plainly

any dark object that is moviﬁg or oscillating unless it is
too minute and the speed of its movement too great, but in
twilight if we try to do the same thing under the same ¢ir-
cumstances we are very apt to experience some difficulty aﬁd
at night it will be impossible to see this same object un-
less it moves very slowly or is not moving at all. When this
is applied to the colors éf the spectrum we find that at both
ends of the spectrum where the inPensity of the 1ight is the
least the disk must turn comparitively slowly, even moreso

at the violet end than the red, so as to see the flicker it
causes, while in the central portions, i.e., in the yellow
and green, the disk causes a flicker even when ratated at a
fairly high speed. From this we can see that the greater the
critical frequency of flicker is, the shorter will be the
duration of a single flash of light upon the retina; or,

in other words, the duration of the maximum intensity of the
sensatibn varies inversely as the critical frequency of fligc-
ker,

The apparatus with whish the measurements that
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will be discussed in this paper, were taken,was set up in

& room that was well illuminated with ordinary daylight.
Great care was taken to have direct sunlight excluded from
the room and at no time was the eye stimulated on account
of fixation on any particular luminous object whilst the
readings were being taken. Measurements were not attempted
if it was too cloudy or dull or towards sunset, and never
with artificial lighting.

The taking of observations was more or less a
matter of roﬁtine after one had accustomed himself to the
procedure; yet with every sitting great care and precision
were necegsary. A diaphragm was on the eye-=piece of the
spectrometer and‘a narrow portion of the spectrum was iso-
lated. The motor was started and one could distinetly seé
& flickering of that portion of the spectrum, but on releass
ing the friction brake the speed of the rotation of the motor
wag increased until the flickering just disappeared and a
uniform band of color was seen. The motor was maintained at
this speed and the two circuits Wése closed so that the clock
and speed counter would register on the rotating drum.

The time sufficient for 100 revolutions of the
disk Was.eon§enient for computing the time of duration of a
single flash of light, but in one sitting ther would be from
100 to 800 recorded. It all depended on the luminosity or
Wave length of the light one was observing. The extreme long
wave lengths and the extreme short ones allowéd but com-
itively few revolutions of the disk while the drum was ro-

tated once. The wave lengths in and near the central spectral
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region, however, allowed seven or eight hundred revolutions
of the disk to one rotation of the drum.

In determining a normal persistency reading for
a certain Waﬁe length, the eye was fested for three minutes
in an ordinary lighted room after each observétion. Two
observations were made for each normal reading of a pértieu-
lar wave length, and if, after computing the results, it Waé
found that they differed an appreciable amount additional
observations were made.

In making the measureﬁent for a normal persist-
ency reading'the following procedure was adapted. A narrow
rectangular patch of the spectrum was isolated by the shutter
eye=-piece when the spectrometer was set. The mean wave length
of this narrow ban@ of light was known. The spectral color
was observed untili_the critical frequency was reached and
then recorded. During the reéording period great care was
taken to fixate fhe color directly so that the eye would not
wander. The eye was then rested in ordinary day light for
abéut thrée minutes before the second chronographic reading
of the same wave length was taken. Since the spectrum, upon'
which all these measurements were made, was not very brilliant
and the time taken for one reading was only about a half a
minute, the eye was not likely to become appreciably stimu-
lated.

The normal persistency reading was the stan-
dard with which readings for abnormal conditions of the eye
were to be compared. It was discovered by Ferrg and subseg-

2,

uently in another manner by Porter® , $rs#$ the duration of
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the sensation of undiminished brightness of a flash of light,
at efitical fregquency of flicker, depends only on the lumin-
osity of the light and in no Way'on the wave length. The |
FerryéPorter law, as it is known, is represénted by the
equatlon, D‘-“fE“IEE‘E"k , where D is the persistence of
vision, L the luminosity; and k and kyare constants. Also,
it is lmown (Rivers) " that the point of fusion of inter-
mittent stimﬁli, sohaé‘to produce_a*ébntinuous sensation,
depends, not on the physical intensities of the shtimuliy -,
but on the physiological intensities as determined by the
condition and nature of the stimulated medina". We are jus=-
tified, therefore, in interpreting an elevatién of an ab= |
normal reading above a normal reading with respect to ﬁhé
duration of a flash of light at eritical freguency of flie-
ker, as a decrease in physiological brightness ocecuring in’
the corresponding part of the spectrum; a depression below
the normal reading as an increase in brightness; and a co-
incidence betweem them as indicating no change whatever. "ﬁnd
also, it may be said, that in the case of naturally abnormal
eyes, the persistency reading of the color impression to
which the retina is abnormal, is abnormally increased or
decreased, thus affording a method of determining the

wave lengths to which the retina is incapable of responding
normally.

The spectrum used for stimulation was obtained
from a D. C,'arc light and a Browning spectrometer with
From P32, 1o Ame Jour. Scle 44. ?892
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two prisms. A narrow but quite long rectangular portion
of the spectrum was isolated with a shutter eye-piece,
and the wave length for the center of this band is taken
as the wave lenght of the stimulating color. The eye=-
piece was fitted with a sheild mainly for the burpose 
of supporiting the head and to keep the eye from wandering.
The center of the retina alone was used for both stim-
ﬁlation and measurement of sensitivity.
At the outset it was a matter of conjecture
as to whether the oscillatory effect in the sensitivity
of the retina could be definitely obtaiged. In previous
experiments it has been shown that the effeotvof every
stimulus acting upon the retina altered the state of
gsensitiveness of the receptors. But in all these ex-
periments there was a failure to recognize the time inter-
val between the initial stimulus and the teking of readings,
"and hence, a failure to take into account the oscillatory
effect; +this may well be the explanation of many of the
contradictory results that have been recorded in the inves-
tigations of the sensory activities, partieulary in vision.
In order to determine the amount of increasing
and decreasihg gsensitivity in the visual receptors, after
an initial stimulus had beem allowed to act, the normal
sensitivity of the eye was obtained with which the abnormal
sensitivity of the eye may be compared. The procedure for
obtaining the normal sensitivity has already been outlined

and in all the oseillatory experiments the wave length used.
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for measuring the sensiti#ity of the eye when in eithei
normal or abnormal condition was .68}%. In most cases
this same wave length was used for’stimulétion; the reason
for choosing this particular wave length at the outset of

1

the experimental work was that Allen' found .6874to give
g

the greatest reflex effects. One case is to bé discussed
where white light was used for stimulation.

The procedure for making observations Waé
pracﬁicélly fhe game for all the osceillatory curves ob-
tained. All the instmuments were placed in adjustmentm
and in readimess for recording the speed of the disk, the
time of durstion of the stimulus and the time of the ine
tervals at which measurements were made to determine %hé
variations in the sensitiveness of the retina after the
stimulus had been allowed to act. A satisfactory obser;v
vation was then made in order to determine the normal
sensitivity of the retina. The normal sensitivity was
that determined with the eye in adaptation of the diffused
day light of the room; this brightness was subject to
some variation owing fo the bright spring sunshine and
frequent falling of new snow which, without doubt, caused
slight variations in the normal which was determined pre=-
vious to the taking of each set of readings. After the |
normal value was determined the eye was exposed to the
stimulating light for different intervals, the exact time
being recorded either by counting the minute beats of a

te On Reflex Visual Sensations, Vol. 5, Nos. 3and 4.
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metronome or by an assistant, the latter being the more
preferable. Immediately after the stimulation measurements
were commenced for the determination of the abnormal sen-
sitivity. The interval elapsing between the completion

of the stimﬁlation and the first measurement was never less
than approximately 15 seconds, the time being spent in
changing from one ihstrument to the other and in adjusting
the speed &f the disk. The time required to complete a
sufficient regord for sensitivity was from 15 to 30 seconds
depending upon the ability to determine thefcritical fre=-
queney of flicker. Now since the interval required to

make the sensitivity record is very small and the intensity
of the measuring source is also very smali as compared to
the intensity of stimulation, it may be said then that any
effeet caused by the measuring is so small that it may be
negligible as compared to the effect set up by the stimu-
lating source. The interval at which the measurements are
taken are in thevmost cases somewhat regular, being every
two to three minutes. At least three hours, and usuall

one night, intervened between the taking of two different
sets of readingse.

In each curve the ordinates represent the
dutration of one individual flash of light at critical
frequency, or this may be termed as a measurememt of the
sensitivity. The abscissae represent the interval after
the cessation of the stimulation. The normal sensitivity

or reference curve is shown#iroughout as a dashed line, and
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the other curve, that which is obtained with the eye in
its abnormal condition, as a continuous line. With no
exception all curves determining the sensitivity of the
eye either in its normal condition or abnormal condition
were made with the right eye of the author. In all curves
the right eye was acted upon by stimulation eieept the one
case where the left eye was stimulated. The coincidences
aﬁd:aivergences of the abnormal and normai curves show the
effect of the stimulus under study as far as it can be
shown by this method. An elevation of the abnormal above
the normal curve is interpreted as a decrease in the
physiological brightness or the sensitivity of the retina;
a Jdepression below the normal as an increase in brightness
or the sensitivity of the retina; and coincidence between
them as indicating no change whatever.

The results of stimulating the right eye with
wave length ;687 for 30 seconds and measurements made on
the right eye With Wavé length .687 are shown in curves
A; B, and ¢, Fig. I. The measurements are given in Table I.
From the curves we see that the effect of stimulation is %o
éause a change in the sensitivity of the petina; this change
appears to be periodig and as it changes alternately between
increased sensitivity and decreased sensitivity going through
the normal sensitivity each time, it is then termed the
oseillatory effect. In curve A the first reading was taken
4 minutes after the céssation_of the stimulation and measures=

ments were taken at every 4 minute interval, the full period

of measurements lasting Ffor 28 minutes. In Curve B the first



TABLE I

Oscillatory Curves

Right eye stimulated with wave length 668}(;{. Measurements
made on right eye with wave length .687/4. |

S see. ) Curge ® B
01700 N T 01700 § T 01750 § T
01690 4 uin. 01670 3 01670 0.5
.01775 8 01730 5 01725 3
01675 12 01760 10 01750 6
01700 16 01740 15 01775 9
01750 20 01700 20 01800 12
01725 24 01654 25 01700 15
01675 28 01725 30 .017900 18
I 01640 35 01770 21
- 01750 24
01730 27

01736 30
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reading was taken 3% minutes after the cessation of stimu-
lation and at intervals of 5 minutes for a full period of
35 minutes. In Curve C the first reading was taken im-
mediately aftér cessation of the stimulus; the second
reading after an interval of 5 minutes and then every 2%
minutes until a full period of 30 minutes was reached.

Hence, we see in (Curves A} B; and C, regardless
of the variations of the intervals at which the measurements
for sensitivity were taken, the curves are essentially the
same in fheir characteristics. The curves first start at
increaséd sensitivity or enhancement,then croséj%he normal
value to reach a point in the decreased sensitivity region
or to show depression or inhibition; from this inhibition
region it again crosses the normal and falls into enhance-
ment, then to normal, inhibition, normal, and at the end
of the period for measuring the sensitivity, the curve ends
up in the enhanced state of sensitivity. The period for
measufing the sensitivity was the same practically for all
curves, being from 30 to 35 minutes. By comparison of the
three curves taken With the retina in its identical abnormal
condition, it will be readily seen that they are similar in
their counterpart characteristics which differ somewhat in
size and interval over which they extend.

Another interesting feature to be noticed in
these curves is that the first divergence showing enhance-
ment is greater than the second enhancement, and that the’
third is greater than the second with the exception of

the latter part of curve C. Also, the first divergence to



39

show inhibition is greater than second divergence to show
inhibition in all three curves. If now the mid points of

the branches joining the maximum succeeding points of
inhibition and enhancement a second oscillatory curve show-
ing enhancements and inhibitions alternately will be obtaiﬁed;
along which the first or original oscillatory ecurve will
follow. This shows that there is a periodicity within the
first periodicity.

In Curves D and E of Eig. I and Curves A and B
of Fig. II, the right eye was stimulated with wave length
.682;ffof’2minutes and. measuremenﬁs on the right eye with
wave length .682440 These curves in a similar manner %o
the three curves just‘menﬁioned, show the existence of the
oscillatory effect. The immediate reading after the stimu-
lation shows enhancement in all four curves. Again the
periodicity within periodicity is quite easily seen with
perhaps, an exception or so which is likely due to experi=
mental arror or to some other extrameous stimulation acting
upon the nervous system. The counterpart characteristics of
these curves are all someWhat similay and, by comparison
with those for 30 second stimulation it will be seen that
for the same length of period there is one more additional
period of inhibition and also another period of enhancemente.
Then the result of a longer stimulation by these curves show
an increase in the vibration of the oscillatory effect. The

measurements for the above curves are given in Tables II and

1II1.



TABLE II

Oseillatory Curyes

Right eye stimulated with wave léng’ch 068%6 Measurements

made on right eye with wave length e68;],ég¢

Curve D
o
01675 T
01650
.01733
.01750
.01637
.01700
:01625
01644
.0 1687
.01900
L01713
.01670
.01650

Stimulation 2 Min.

0.5

5.0

7.5
10.0
12.5
15.0
17:5
20.0
22,5
25.0
2745
30.0

Wﬁe B
o
01650 T
.01600
01675
.01633
.01575
01592
01675
Ot 605
01600
.01650
.01650
.01600

Stimulation 2 Min.

0.5
5.0
Te5

10.0

12.5

15.0

17.5

22.5

25.0
27.5

20.0

Curve A

D T
.01675 T ‘
.01600 0.5
01637 2.0
.01675 5.0
.01600 7.0
01650  10.0
01700 12.0
.01680 15.0
01570 17.0
.01650 20.0

01133 2R.0
01675 25.0
01650  27.0
01625  30.0

Stimulation 2 Mine.




TABLE III
, Ogeillatory Curves
Right eye stimulated with wave length .6%}@for curve B;
Right eye stimuleted with white light for curve C.
Left eye stimulated with wave length . 68/afor curve D.
Measurements in each case were made on right eye Wlth

wave lenghh 06%}go

Curve B Cufve c CurvekD
1 D iy p T
01675 8 01625 T | 01700 ™ |
.01650 0.5 .01800 0.5 ,01750 0.5
.0%675 2.5 .01625 3.0 .0%70@ 2.5
.01700 6.0 .01610 5.0 .9@770 5.0
.@@658 7;5 .01600 7.5 ,0f700 7.5
.01610 10.0 .0@650 0. 0 .9%77@ 10.0
.01660 12, 5 ¢0E550 ra 5 .G%?@Q, 12.5
01700 5.0 01575 20.0  .01800  15.0
.01640 | t7 5 .0%650 22, 5 .0?75@ 7.5
01600 }2@ o .01700 25 0 ,0%725 20.0
.01633 22,5 A .9%650 27. 5 .01875 25.0
.01625 25.0 .01750 30.0 01750 27.5
,01672 27 5 Stimulation 15 Sec. .01825 30.0
.01590 30 0 Stlmulatlon 3 Mine
,.0%625 32 5

0%659 35;0

Stimnlation 2 Mine
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Curve C, Fig. II, was taken with an entirely
different source of sfimuléfion, being white light from
an arc light for 15 secends. The measurements are given
in C, Table III, and were madevin a similarnmanner as the
above mentioﬁéd curves. This curve shows the oscillatory
effect remarkably better fhan was expected owing to the
increased intensity of the stimulation; but this curve is
perhaps a more true representative of what actually takes
place in the sengitivity of the receptors of the retina after
the stimulus has been allowed to act than any of the other
curves. The immediatei reading shows a decided period of
inhibitioﬁ and this state of inhibition is continued for the
first three minutes after the stimulation has ceased and then
the curve c¢rosses the normal into enhancement to take in that
phase of its periodic trend. Again, in a gimilar manner as
before, periodicity within periodicity can be traced.

Curve D, Fig.II, is the only curve taken by the
author where fhe léftweye has beeﬁ acted upon by the stimulus
and measurements made upon the rigﬁt as before. The time of
stimulation was 3 minutes with .63}& . The readiﬁgs are
given in D, Tablé III. The oscillatory effect is very well
defined and the nuﬁﬁér of vibrations for the period is even
greater than the curve taken for a 2 minute stimulation. This
may be on account of the longer duration of the stimulation.
The tendency to show a periocdicity within periodicity is
also somewhat defined. However, the main feature of this

curve is to show that the oscillatory effeet exists in the
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right eye after a stimulation in the left. The curve differs
from the other curves with the exception 6f 6urve C, Fig.IlI,
in that its first reading immediately after stimulation
was Found to be in the region of inhibition; another dif-
ference in this curve is that all the readings were at

normal or in the region of inhibition, never showing an
increase in the sénsitivity although it likely would have
done so had the period for making the measurements been
extended. '

The curves so far discussed are those obtained
by the author {R. A. L.) who possesses normal color vision.
The curves that will bepdiscussed now are those obtained by
a subject (D. C. A.) whose color vision is said to be anoma-
lous, being super sensitive for the red and green sensations.

The effect of a 30 second stimulation for D.C.A.
the subject with anomalous vision, is shown in Curves A and
B, fig. III. Stimulation: and measurements were made on the
right eye; the feadlngs are given in A and B, Table IV. The
distinet oscillations in the curve are well defined but by
comparing with curves taken by the author, the first enhan-
ced period is relatively greater than any of the author's
curves. This same relative difference is found to be 80

n the immediate readings after stimulation in all curves
obtained under similar conditionse. The reason for thiSTis
perhaps due to an over development of the efferent impulses
which enhance the sensitiveness of the receptors. In both

curves there is a similarity between the characteristics of

the vibrations of eacho




TABLE IV

Oseillatory Curves
Right eye stimulated with wave length 968}a, Measurements

made on right eye with wave length ,682ga

Curve A Curve B Curve C

D T D T D 7
.01525 T 01635 | 01645 T |
01535 0.25  .01665 4.5 201500 0.25
.01600 é;5~ .éiéjo 9.5 .6%6@5 2.5
.01580 5.0 .01645 14.5 01685 5.0
.01590 7.5 .01640 19.5 01675 7.5
.01585 10.0 .01610 24,5  .01645 10.0
.01550 12.5 .01620 29.5  .01615 12.5
.0%550 15.0 Stimulation 30 Seco.éf645 15.9
.01605 17.5 .01690 17.5
01655 20.0 ' .0%655 20.0
01600 22.5 .01685 22,5
.01590 25 .0 .01620 25.0
.01560 27.5 - 01590 27.5
.01575 30.0 01610 30.0
01605 32,5 Stimulation 1 Min.

Stimulation 30 Sece
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In Curves C and D, Flge IV, the stimulation is
for 1 mlnute, the readings are given in (¢, Table IV, and D,
Table V. Here, with a longer duration, the’curve'seem to"
Be vibrating a little bit faster as compared to the curves
for 30 second stimulation fof the same length of period over
which measurements were taken. In Curves E and F, Fig. V,
the duration of stimulation is Z minutes; the readings afe
given in E and F, Table V. Again, the ctrves seem to be
vibrating somewhat(faster than those for the shorter duration
of stimulation.
In Curves G and H, Fig. VI, and in Curves I and
Jd, Fige VII the stlmulatlon is 3 mlnutes and 4 mlnates reS=
pectlvelyo The measurements, obtalned in a similar manner
as before, are given in G and H, Table VI, I, Table VI, and
J, Table VII. The oscillatory effect in thes curves as in
prevxous curves, is very well defined. With the longer
duration of stimulation, it appears that the vibrations are
inereased in number for the particular period over which
the measurements are taken; but, by a comparison of the
'''' curves for 3 and 4 minute stimulation, there is no further
inerease in the number of the vibrations. Hence, it appears
that there is a set limit for the fime of duration of
stimulation when the maximum number of vibrations can be
obtained for a certain definite measuring period. In Curve
3, Pig. VII, there is on interesting feature which clearly
Shows the éffect of an extraneous stimulation, i.e. aside

from the ordinary room stimulation where silence 1i8 a

necessary factor in order to obtain ogeillatory curves.



TABLE V

Osecillatory Qurves
Right eye stimulated with wave length ,63}g¢ Measurements

made on right eye with wave length .687.

Curve D ~ Curve E Curve F

D 7 D T D T
01615 N 5 01620 N . ots50
.01500 0.25 01410 0.25  .01360 0.25
01605 . 2.5 .01590 2.5 01483 2,5
.01610 5.0 .01590 5.0 .01536 5.0
01660 7.5 .01640 7.5 .01520 7.5
01550 100 01610 10.0 .01520 10.0
.01580 12.5 01610 12.5 01613 %2.5‘
.01605 15.0 .01670 15.0 .01543 15.0
01660 7.5 01650  17.5 01616 1.5
.01505 20.0 .01590 20,0 01586  20.0
.01615 22.5 .01670 22.5  .01533 22,5
01615 25.0 .01610 25.0 .01550 25.0
.01605 27.5 .01570 27.5 01560 27,5
.01660 50.0 .01640 30.0  .01590  30.0

Stimulation 1 Min. Stimulation 2 Min. Stimulation 2 Min.




TABLE VI

Qseillatorx Curves
ngh’c eye s’s:s.mula‘bed. with wave length 6871,{» .Measurements

made on right eye with wave lenght 687,5,,50 |

Curve G Curve H Curve 1
B T 5 T 3 T
01540 N | .01585 T | 60%650 N
401370 0.25 .0%3%6 0.2 .01270 0.25
.01606 2 5 .0@54@ 2.5 01630 2.5
.01630 5.0 .01590 5,0 .01620 560
01665 7.5 .01640 7.5 .01630 7e5
.@s625 10.0 .01655 10.0 01645  10.0
01575 12.5 .01620 12.5 01655 12.5
.01620 15.0 .01640 15.0 01710 15.0
.01640 7.5 .01635 17.5 01630 17.5
.01635 20.0 .01610 20.0 .02630 20.0
01493 22,5 01675 22.5  .01690 225
.9?560 25.0 .01620 25,0 01620 25.0
.01525  27.5 .01640 27.5 01625 27,5
01566 50.0 .01640 30.0 01645 30.0
.01545 32.5 .01660 52.5 01655  38.5
.01660 55.0 01615 35.0  .01680  35.0
L0610 37.5 Stimulation 3 Min.  .01640  37.5
.0?6?5 4@ 0 01645  40.0

St:.mulation Z: Mlne Stimulation 4 Min.




TABLE VII

, Qse;llatorx Qurxgs
nght eye stimulated with wave length 68}aﬂfor curve J«

Left eye stimulated with wave length 681#for curves K and Lo
Measurements made on right eye thh wave 1ength .63}%s

Curve J Curve K * Curve L |
.3 T D T D T
.01580 N ' .01590 N | .01550 '
.01280 0.25 .01690 0.25 .01570 0.25
.01560 2.5 .01675 2.5  .01595 2.5
.0%625 5.6 .0%645 5.0. .01600 5 0
01570 7.5 01515 © 7.5 .01615 7.5
01566 10.0 ,0t605 10.0  .01620  10.0
.01630 12‘5 .01665 12.5  .01585 12.5
01600 15 0 .01645 15.0  .01583 19.0
01593 1. 5 .01625 1.5 .01615  17.5
.01536 20.0 .01640 20.0  .01675  20.0
.O?ét@ 22, 5 .01620 22.5  .01610 28.5
.0%500 25.9 01615 25 0 01565 25.9
.01410 27 5 .01645 27 5 .01545 27 5
.01525 30,0 01625 3.0  .01620 30..0
01590  32.5 .01565 32.5 01670 32.5
01610 35.0 .0?659 35.0 01655 35.0
°@T589 37 5 S%lmulatlon 3 Mln, Stlmnlatlon 4 Min,

Sﬁlmulatlon 4 Mlne
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In this curve the last divergencé from normal showing an
énhaneement appears to be very much exageraﬁed and a dotted
line was drawn whieh the curve would have probably followed
had not the extraneous stimulation in the form of a person
entering the room occured just as the 25 minute interval
measurement was being taken.

In Fig. VII, Curves K and L show the result of
3 and 4 minufe Stimuléfion on the left eye. The measurement
given in X and L, Table VII, wkre obtained byvthe right eye
in a similar manner as meaéurements obtained for previous
curves. These curves differ from the others in that the
region of.decreased sensitivity or inhibition contain the
majority of the points, but regardless of this fact the
oseillatory effect is shown very clearly. Also, it may be
noticed by comparing these curves with the others where the
right eye was stimulated for the same duration of time, it
appears that the vibrations are somewhat opposite in phase.

In the majority of the curves obtained by D. Ce.
A. it can be4similar1y shown as in the case of'the author'é#
curves, that there is a tendency for the vibration of theéé
curves to Follow another long drawn out vibratratory curve,
or it may be stated that the curves show periodicity with-
in pefiodicitys

Tn the curve shown in Fig. IX, the measurements
of the sensifivity of the retina after stimulation were ta
taken continuously. The stimulation was for 2 minutes on

the right eye and the measurements were made by the same eye,
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In order to take measurements continuously the speed of fhe
disk was continuously adjusted as it varied with the change
in the sensitivity for observing the critical frequency of
flicker. The records of the number of revolutions of the
disk and the time in seconds were taken as one continuous
set of readings. The mean time intervals for successive
100 revolutions of‘the disk, measured from the time of
éessation of the stimulation, are taken as the points
representing the sensitivity for the same 100 revolution
period. The measurements are given in Tabie’VIII. The
curve shows a large number of oscillatiens for}the measuring
period of 870 seconds. The general trend of the curve
starts at enhancement, cfosses the normal, and rises to
inhibition. In obtaining curves like this there is bound
to be slight experimental errors in keeping the rotation

of the disk at the exact speed necessary for critical
frequency. It seem then that this may be an explanatiom
for all the emall oscillations whilst all the large os-
cillations are due to a changing sensitivity of the retima.
Still another way to account for the oscillations is by

the resultant effect of two different oscillatory curves,
the one set up by the first stimulation of 2 minutes and
the other, the oseillatory effect set up by the stimu- |
lation from the source of fhe light used far measuring the
sensitivity. There are certain horizontal portions rep-
resenting a constant state of sensitivity of the retina‘
which may be due to the two oscillatory curves in opposite

phase, and the large oscillations a resultant effect of two



TABLE VI1I
nght eye stlmulated for 2 mlnures with wave length . 6?}@@

Measurements made contlmuously on right eye with 68’]@:‘%s

D T D T D T
D151 13.2 00185 352.2 L0191 773.3
0154 19,3 0183 359, 7 0188 780.8
0149 25,4 0183 367.1 0184 788.3
0164 31.6 0178 374.1 0188 795.8
0164  44.7 0178 381.1 0188 803.3
0164 51.3 0178 388.4 0190 810.8
0158  57.7 0165 395.7 0175 818.1
D166 64,17 e 0189 825.3
0155  70.6-- D179 471.6 .0188 832.9
D170 77.% 0189 478.6 0186 840.4
0165  83.4 0176 486.2 .0t89 847.8
0166 90,0 0194 493.% 0185 8656.3
0168  96.0 0190 500.7 L0178 862.6
0165 103.2 0188 508.3 0195 866.5
0166 . 109.9 0188 515.8 0193 870.0
0169 116.6 .0188 523,3 :

L0159 123.2 0188 530.8
0153 129.1 .01825 538.2
0167 135.9 0188 545.6
L0180 t42.4 0188 553.1
0159  149.7 0190 560.7
20166 156.2 .0189 568.4
Q?é@ ?62‘7 001‘86 57508
0175 176.8 0185 590.7
0175 183.9 0190 598.2
0175 186.9 0188 605.8
0175  191.0 D193 613.4
0181 198.1 L0190 621.0
0194 205.3 0193 628.7
L0179 212.4 0199 636.5
0184 219.7 0194 64433
0175 226.9 0193 b52,1
0179 233.9 0203 660.0
0171 240.9 0188 667.8
L0179 248.4 0193 6%8.4
0185 263.7 0183 682.8
01975 271.3 . 0193 690.4
0180 278.9 0183 697.9
0180 286.1 0191 705.3
00‘583 29304 06?86 7?208
.0180  300.6 0180 719.6
0183 307.9 0198 727.7
.0187 315.3 0198 735.6
0183 322.7 0198  743.5
0193 330.2 0190 1751.2
0175 337.5 -0187 558.3
0188 344.8 01750 766.0
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oscillatory curves in the same phase. That the curve starfs
in enhancement, crosses the normal and remains in inhibition
Sseem quite correct from the fact that there is a constant
stimulation. As this constant stimulation is carried on
longer the curve tends to g0 more and more into inhibition
and its final maximum state of fatigue is nothing more than
inhibition to the fullest extent. But in reaching this maxi-
mum state of inhibition or fatigue, the semsitivity has a
Periodic variation.
Iv
Summary‘of Results

The oscillatory curves which have been described
were practically all obtained under the same nervous cone-
ditions, but there are many minor differences which tend
to reduce the regularity of the curves. These may be attrib-
uted to extraneous stimulation to the ner#ous system either
at the time of taking measurements or Just previous; In
order to determine as to whether the previous state of’the
nervous system had any direct bearing on the form of the
parves, the history of the observer was noted for at least
two hours previous to the taking of the readings. For the
first half-hour before taking readings the observer&re-
mained in fhe room where observations were made in order %o
become quite adapted to the luminosity of the'roomo During
this period also, the nerves were never excited in any way
that would likely have an effect upon the readings. XNo
definite relation between the previous héﬁ&éry of the

observer which was always under quite normal conditions,
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and the results obtained could be found. Hence, the nervous
system must have been under a fairly consfant condition
each time before the procedure of making readings for a
curve was commenced. The variations from the regularity
in these curves seems fhen, to come from extraneous stimu-
1i whilst reedings are in progresse. The room in which the
readings were taken, was as nearly as possible kept under
jdeal conditions to prevent extraneous stimulation, but the
occasional glancing around the room by the observer at
different objeets during the interval elapsing between the
measurements, must have been sufficient to stimulate and
consequently set up other minor oscillatory effects. Bvery
object viewed at will stimulate to a certain extent although
it may be very small, and from this stimulation the regu-
larity of the oscillatory will be changed to show some
irregularities. In order to get greater regularity, for
it seems that theAcurve should be naturally regular, more
ideal conditions, free from stimulations of any sort, must
be sought for. Another effect upon the oscillatory curve
wouldbe the change of season, daylight illumination and
snow falls together with probable variations in the physieal
conditions of the observer. |

Of all the curves obtained, they all show de=-
cided oscillations existing in the sensitivity of the retins
after the action of some stimulation. The oscillatory effect
ig also shown to be crossed when the left eye was stimulated
and the right eye was tested for gensitivity. Up to a

certain limit, the longer the duration, the more rapid does




the sensitivity of the retina changes

Generally, it may be said that whenever a
light stimulus acts upon the retina, nervous impulses are
generated in the visusl receptors which ascend by the
afferent nerves to the visual cortex where the sensation
of light and color is produced., At some point in the
reflex are, probably in the synaptic juhction of the
afferent and efferent nerves, additional nervous impulses
are evoked which descend by the efferent nerves to all
parts of both retinas, by means of which the sensitiveness
of the visual receptors is controlled. These efferent
impulses can either enhance or depress the sensitiveness
and both are always present acting alternately until normsal
sensitivity is regained. The result of these actions
determine the state o¥ sensitiveness as it is measured for
the instant; it is the éxcess of the one process over the
other.

Thus we see that for every stimulus applied
to any sensofy receptor, impulses ascend by the afferent
nerves nerves to the cortex where an interpretaﬁion of the
sensation is produced. But, once a stimulus is allowed to
act the sensitivity of the receptors is rendered into an
sbnormal state. Additional impulses are then evoked which
descend by the efferent nerves, and are of such a kind that
they tend to restore the abnormal sensitivity to one of
normal sensitivity. In doing so they 'overshoot' the mark
of normal sensitivity'and render the éénsitivenéss of the

receptors in an abnormal state of the opposite sense. KNow
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impulses of thé other kind are evoked which tend to restore
the second state of abnormal sensitivity to one of normal
sensitivity, but in doing so, overshoots the normal sen-
sitivity mark and renders the sensitivity of the receptérs
in an abnormai state of the first kind. Again, the same
process is repeated over and over, and if allowed to act
without a disruption by a further stimulation, the change
in the sensitivity of the receptors would oscillafe back
and forth until it eventually would come to rest at the
normal state. The impulses that are evoked which descend
by the efferent‘nerves to the receptors, are of two kinds;
they both tend to restore the abnormal sensitivity to the
normal state, but on arriving at this state they both go
a little too far, the one kind enhances the sensitivity'
and the other depresses the sensitivity. Hence, there is
always a forde one way or the other tending to return the
sensitivity to a normal state through a series of oscil-
lations, after a stimulating impulse has been allowed to
acte
v
Applications

in an explanation of the process of learning
or any work 6f routine, mental or physical, an interesting
application of the oscillatory effect arises., A typical
learning carve for card sorting is shown in Fig. X. The
abscissse represent represent intervals gt which the measure-
ments of the efficiency were taken and the ordinstes rep-

resent efficiency. The increase of efficiency with respect
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to time does not vary uniformly but has increases followed
by smaller increases or even regressions in the efficiency.
In the learning curve there is a constant stimulation in
fhe form of the subject's actual performance of the work
which is being measure&; A new oscillatory effect is con-
tinually being establishedVat every infinitely small period
of stimulation. All these infinitely small osecillatory
effects as a result of all the infinitely small successive
perio@s of stimulation will be compuunded together to form
a resultant oscillatory effect; this resultant oscillatory
effect governs the variatiouns in the sensitivity of the
'receptors and hence, the variations in the increase of
efficieney in the learning curve. This oscillatory effect
governing the variations in the learning ocurve has been
drawn in the same figure just below the learning curve.
The curve was constructed on the plan that with an increase
in effieiency, the oscillatory curve must necessarily have
been in an enhanced state, with regressions am inhibited
state and plateaus the normal sensitivitye

According to this, the oscillatory effect is the
bases of all learning. With an increase in sensitivity,as
governed by the oscillatory effect established by a stimu-
lation, there is an increase in efficiency, and with a
decrease in sensitivity a desrease in efficiency. Suppose
now that the oscillatory effect is inexistent, they there
would be no increases or decreases in efficiency as a result

a stimulation, and we would be living always in a normal

state or on a mental or physical plateau.
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Many phenomena in color vision ean be explained
by the osciliatory effects To account for color phenomena
many theories have been deviéed o suit its particular
objective in explaining a series of these’phenomena, The
theory employing the oscillatory efféct in the nervous-system
can account for a large number of these coler;phemgméﬁdaﬁlA
stimulus will establish the oscillatory effect, resulting in
an oscillatory change in the sensitivity of the retina. While
the retina is undergoing these various changes of sensitivity,
there is no doubt that phenomena ranging from the very simple
to the most complex, are bound to arise. Many of these
phenomena have never been investigated far enough in order
to determiﬁe what other changes in the phenomena would occur
as the sensitivity of the retina changed in accordance with
the oscillatory effect. Ik mhst also be remembered that
phenomena employing the visual sense are more likely to be
obgserved than those employing any other senses, owing to the
great sensitivity of the receptors; phenomena would oceur
in vision more than any other sense because every ray of
light>stimu1ates all three color sensations in varying degrees
causing a variation in the efferent impulses and hence, a
variation in the oscillatory effects for each sensation.

VI
Normal énd Abnormal Vision

Since the discovery of color-blindness much
curiosity has been aroused which gradually led to a care-
ful examination of its peculiarities. In the latter half

of the nineteenth century the subject was enormously increased
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by monsideration that in travel by land and sea human life

is often dependent upon the correct perception of eolor-
signals by those in charge of trains and vessels. From this
economic standpoint the subject has been developed to perhaps
a2 high degree of excellence as is necessary. But fhe most
interesting aspect of abnormal color vision is that of its
relation to the exceedingly involved and complex Question

of the nature of our perception of light and color.

The investigation to be discussed from this point
on was undertaken with the object of finding out the nature
and magnitude of the variations of abnormal from normal color
vision as far as they can be shown by cbmparing the corres-
ponding measurements of the persistence of vision of the h
rays of the speetrume

A detailed discription of the apparatus used and
the manner of taking a normal persistency reading has already
been deseribed above in Section III. In brief, however, the
method consists in rotating a seéfared‘disk in_front of a
s1it of a spectrometer at such a speed that the complete
fusion of intermittent flashes of color of the part of the

’ f?t«,A

spectrum under ObSGTV&thn@

The speed of the disk is elec-
trically recorded on a chronograph which enables the duration
of the Ereatest intensity of light stimulation to be very
accurately determined. The time of fusion varies from paint
to point through the speétrum, but it is dependent, however,
only upon the intensity of the light and the sensitiveness of
the retina. During the recording period great care was taken

to Pixate the color directly so that the eye would not wander.
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After each reading taken, the eye was then rested inm ordinaxry
diffused light of the room for about 3 minutes before the
second chrOnogfaphic reading was taken. Since the spectrum
upon which all these measurements were made, was not very
brilliant and the time taken for one reading was about 30
seconds or less, the eye was not likely to become appreciably
stimulated. To make the complete measurements for a per-
sistency curvé; obgervations were made on fifteen points of
the spectrum, the longest wave length to be recorded was
.ﬁg;,ggana the shortest .43/

| The persisteﬁcy curve for a subject possessing
normal color'vision is the standard with which curves for
'subjects possessing abnormal coior vision are to be com-
pared. These curves are shown graphically by having ordinatéﬁ
represenf the persistence of vision for various parts of the
spectrum in seconds, and the abscissae represent the differens
wave lengthse

An elevation of the abnormal curve abo¥e the

normal is interpreted as a decrease in the physiological
brightness in the corresponding part of the spectrum; a
depression below the normal as an increase in the bright~
ness;-énd a coincidence between them as indicating no>
change whateWer. In the case of naturally abnormal eyes,
the persistence of‘eolcr inpressions to which the retina
responds abnormally, is increased or decreased, thus afford=
ing a method of determinimg the wave lengths to which ﬁo |
which the retina is incapable of responding normally.

At the outset of the experimental study it was

the author's task to obtain a persistency curve for his
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his particular type of vision which did not seem to be
defective inkany way e Therevwas but little difficulty
experienced in getting é satisfactory curve with the
exception of becoming = accustomed <+o taking readings,
as was indicated by slight deviations. However, after
two or three practice curves had been obtained, it was
found that the persistency curve remained almost constant.

Two sets of persistency curves,it will be
noticed, arevmade use of; the reason for this is that
during the time the investigations were being carried on
the luminosity of the spectrum was changed owing doubtless,
to some variation of the intensity or quality of light
from the acetylene flame. The pressure of the gas was
quite constant, and in addifion,to the measurements of
another observer at the same time there was also a change
to a small degree in some of his measuremenﬁs. These
reasons are sufficient to assign the cause of the slight
change in the readings as due to some variation in the
character of the light itself, not to any inconsistency
of the retinal process.

A comparison of the two persistency curves
obtained by the author {R. A. L.} is shown in Fig. Xlo
The readings are given in TablesMIX and X. These two’
gurves are practically thebsame, differing oﬁly slightly
in the branches for the violet sensation. The apparent
smoothness of these of these two curves is very significant

and that is a characteristic of zll curves showing normal

color vigion.



TABLE IX

Persistency Curves

Normal Vision Anomalous Vision Color Blind in

Re Ao L. D. C. A " Red-Violet

D (Sec.) D : D‘
74 0219 0212 0257
.2 .0200 .0189 .0218
.10 L0180 L0171 .0196
68 L0168 0154 0164
66 .0152 L0146 | .0t44
64 0142 CLot42 0145

63 0136 -
.62 .0132 L0130 013t
.61 | .0121 -
.59 .0123 0116 .0128
.55 0129 .0120 L0137
253 0137 .cézc ,0f42
50 C.0160° .0156 L0174
.48 .0184 L0185 | .0214
.46 .0209 0207 .0263
.44 .0240 .0243 .0291

.42 0272  .0284 .0329
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IABLE X

Persistency Curves

Normal Fision

ReAoTo

D(See)
.0220
.0200
.0180
L0165
0154
L0141

0132

0125
0129

0136
L0165
.0190
.0220
.0250
.0285

Anomalous Vision

DeCoAe

D
.0215
L0194
.0172
.0158
L0144
.0138
L0136
.0131
.0125
0119
.0126
.0132
0137
L0169
.0195
.0221
.0251
.0283

Red-Violet Colorx
Blind Subject

D
.0257
0218
.Gf?é
L0164

oG’E44

0145
0131

0128
0137

0142
L0174
0214
.0263
.0291
.0329
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, The first case of abnormal color vision to be
studied was fhat of a red-violet color blind subjecﬁ; This
subject when examined by the wool and card test, shewedvthe
usual indications of red-violet color blindness, but his
vision for the green senéaﬁion was found to be normal. Un-
fortunately, two persistency curves, i.e., the one using |
the original gas and the other with the gas changed, could
not be obtained. The two persistency curves for normal
vision are so nearly the same that the persistency curve
for the color-blind subject can be compared with either one;
the characteristic variations afe still essentially the :
Same. The persistency readings for the color blind subject
are given in both Tables IX and X. The cufve is showvn as a
continuous line mafked Wifh crosses in PFigs. XII and XIII.

Mr. D. C. A. was unaware of his viéion being‘
different from that of normal color vision; at all times,
he never experienced any difficulty whatsoever in discrim-
inating between colors. After taking a complete Set of
readings throughout the spectrum range, it was noticed that
there was some irregularity tending to reduce the smoothness
of the curve. A second and third set of readings were
obtained, but always the same curve was obtained. By com-
paring the curve with subjects who are anomalous in their
vision, a great similarity was found. Additional readings
were taken in the region of the 'hump', or the region where
the irregularity of the curve frsm sméothness ogeubed; in this

way the exact shape and size of the 'hump' was determined.

The two sets of readings for the subject (D. C. A.) are given
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in Tables IX and X: the curves ére shown by the continuous
‘line with circles in Figs. XTI and XIII.

By comparing the.éurves éﬁfained by subjects of
normal colorAvision, red-violet color blindness, and anomalous
vision, and exact felatidn between them can be readily seen.
All these curves are obtained with the ssme apparatus uhde:
identical conditions, and the subjeets are all of about the
same age. With such a situation it may be said that the |
results obtained by comparison represent the exact differences
in the retinal physiological brightness for corresponding
rarts of the spectrum.

In cbmparing the curve for red-violet color
blindness Wifh the curve for normal color visiom, it will be
seen that two parts of the curve are evidently abmormal; oue
an elevation in the red extekding to wave length ‘ééﬁ%in
both Figs. XII and XIII, and a simiiar elevation but even
mnore pronounééd in thé'violet extending from ,5?;éfin Fig. XII
and ,BQ@gin Fig. XIII, %o the end of the violet. fhe<depres;/
sion of the éurve between the elevations indicates an in-
‘creased brightness of the speetrum to the subjeet. The |
position of this brightest part does not coincide with the
normal, but the reason for this is perhaps due to insufficient
time for the subject to repeat the set of readings in which
a lowering is likely to have occured.

J The curve for amomalous vision {d. C. A.} is also
compared With the normal on the same figurevés that ;f the

comparison of normal and color-blind visien curves. It will

be seen that the curve for anomalous vision is identical to
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the normal through the V1olet to wave length ,EQM Flg» XII
and 5§¢aF1go XIII, at which the depression begins extendlng
to wave length 6%& Fige XII and 62M@1go XIII, where it
just touches the normal and begins another depress1on eX-
tending to the end of the red. |

Prom these curves it is elearly seen that each
subject possésses his own particular type of color vision.
The red-violet color-blind subject can be said to be sub=:
sensiti?e in the red and violet sensations, and the subjéet
possessing anomalous color vision, super sensitive for the
red and green sensations. Theoretically, it seems possibley
from the fact that every refina possesses three fundamental
color sensations, that several different types of color-blind-
ness as well as several different types of anomalous viéion
can be obtained. The anticipated types of subsensitiveness
may be represented as follows: Red, Green, Violet, Red-Green,
Red=-Violet, Green=Violet, and”Re&-Green-Violet; ies€e SUb=
senéitiveness in 6ne sensation, two sensations; or three
sensations. In a similar manner seven types of super-sen-
sitiveness aré anticipatede. |

Allen? hag made a close study of color-blindness
and determined the persistency curves of about twenty-SiX
cases. Among them no less than six out of the possible'seven
types of subsensitiveness were found. In thg case of violet
subsensitiveness, nore as yet have been"foundo

The subject who possesses anomalous vision ments

ioned here is super- sensitive for the red and green sen-

sations; several other subjects of this same type of super
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5%nﬁitivi%y has %é%ﬁwfﬁgn@jfbﬁﬁ ﬁhé~%émaiaiﬁg~éiﬁ %g?és.éf
auperuﬁaﬁﬂitiv@aeas hame ne?ar ag y@t been @@%eateég

Eram %%@sa iﬁVﬁ%ﬁigu%iﬁﬁ% zﬁ is seen thaﬁ every
lighﬁ gﬁimﬁlue aaﬁzﬂg'u@aﬁ the r%tlna, gan@y&%esfin the .
vzs&al r@@apt@rg nervous impulses which ascend by ﬁhe
affefeﬁ% nerves to th@ visual centers in the corbex where thea
sensati@m of 11@@% %ﬁﬁ @gﬁgr,ia gxwéuae&‘ As soon as %he
guzmnlus aﬁts u@@n %ﬂe re%zma, a&&iﬁzsnal imgulaea at same
paznt in %h@ reflez ar@, pr&@&blv wﬁ uhe syﬁapﬁiﬁ jaﬁetlans
of % @ afieremL and efzef@ﬁt nerves, are evoked whieh~ée$—
ae&é by the efferent uerves %& 81l gar%s of baﬁh retlnaa, by
means of Whl&h %he seﬁ&mtavaﬂagg i; @aa%rellad« ”he%a im-
gmlw@ 6“&&&& 3n zh@ ef“eTent nerves, ar the se ¢alled raflex
aetLaﬁs, immeélately tend t& restore %o ﬁarmal gensitivity
any change in ﬁha,aanszﬁivkﬁg %ha% may be caused by the
aa&xqu.@f the %imul&m» Thla %emd&ﬁ@v o restore the normal
éeaszt&vity zs eafrieé on at the same tzma ag the stimulug
acts, and even Wﬂ%ﬂ %ﬁ@ s%imalus hag ggaged %@,aa% thenfes--
%@ra%iam is aaatzﬁue& by a §%riaéi$ ebanga between saper«
sensitivity aﬁ& subsensi%1v1ﬁy passing %hraugh the normal
sensitivity for each change uatil the nermal sensitivity

&

is reached; this is e¢learly shown in the oseillatory curves.

1£ +the reflex actions whish tend %o restore
subsensitiveness to normal pensitivenesy are avef«aé§@lapaé‘
with respect to the reflex actions which tend %o é;;%;%@ the
ﬁu@@yuaeasiﬁiv@ﬁagﬁ; the resultant effect produced is super-
senﬁiti%éﬁgzaeem@ariaaa to the resultant effect when the

reflex actions are both equally developed. Similarly, 1%
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follows, if the reflex actions tending to E@sz@%e supers
sensitiveness are overdeveloped with respect to those réflex
actions tending to restore subsensitiveness, the resultant
effect is subsensitive in comparison to the resultant effect
produced by two equally developed reflex actionse.

Hence, for normal colorrvision the reflex aetions
are considered to be in a state of equilibrium. For color-
blindness the reflex actions are unbalanced éo that the |
resultant effect produced is subéenSitive in comparison to
‘the resultant effect produced by the reflex actions for
normal color vision. For anomalous color vision the reflex
actions are also unbalanced, only in this case the resultant

effect of the actions is supersensitive in comparison with

the resultant effect produced for normal color visione

i




