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REPLEX VIBUAL SERSATIONE AND
ANOMALOUS TRICHROMATISM

By W. A. Anderson
~ SYNOPSIS.
SECTION 1. - INTRODUCTION.

Thig eahtéins a brief summsry of the prin-

eiple of reflex visusl sensations as discovered by Allenm.
~ The author, whose vxsian is snmawhat abnerm&& gets out
to determine the eharactsr of thasa reflexes for his ab-
normel vision, .

 SECTION 11,  APPARATUS AND METHODS OF MEASUREL

A1l expaxigsnts were performed in a &@y#
;ight raem, using fha eritical £requaacy of f&iekar m@tha
0d., The reaults, which are quantitative, were obtained
by meking measurements on pure spactrai ealora.
SECTION 11l. NORMAL CURVES.

-gbnérmai‘viaien ia'sh@wn.by the character

- of the persistency curve, taken under normesl cenditions
‘ af’éayliéht adeptation. The type of ourve, Whieg'was
fﬁun&;tc be the sems for both eyes, is eamgara&‘with one
for normel vision and one for partisl red color blind-
ness .
SECTION 1V, REFLEX CURVES.

Phis contains the descriptions end results
of experiments carried out by fatiguing the left eye and

making measurements of the changes in the visgal
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response of the right to light from the different parts of
the spectrum. -

| The nature of sny change in the response was
‘always found t&,l\’%n snhancement of brightness of the sffect-
ed colors. Red and g&‘een were found to be more suscept-
ible to this reflex enhancement than the violet, Certain
eolors, .660p, «5OSR, .420p, emd t;ke entire region »B20R
to 480p, showed no reflex transferred to the other eye.
The magni%ﬁ.&e of the reflex was greatest for fatiguing
colors near the ends of the spectrum. The effect of derk
adeptation was sleo transferred to the other sye simi-
larly to fatigue, | | |
SECTION ¥, ‘ | PATIGUE CURVES. ‘

| This c@ntaim deseriptions é,né; resulte of
ekparim@nm in which the measurements. were made on the
fatigued eye, the other being alweys in daylight adepta-
tion. »

It wes found that the red sensation was
very difficult to fatigue,but very suﬁe'a&pﬁible to en~
hancement . The violet showed the reverse character,snd
the green sn intermediste péaiti@m ‘No affect was ob-
tained *fér fatigue ;s.g‘-‘;},a-rs, . 6&5;1, 058{9}:&, .ﬁ‘?ep, and @n&y
2 smsll effect for .620m. The effects of darkness and
a"smﬁg white light are very similar, both showing fat~
igue charscterigtics.

SECPION Vi THE THEORETICAL CONSIDERATIONS.
The exyaxim@#%all resulls Sﬁhoﬁ that every
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ray of light produces both a direct and a reflex effact
~ upon &ll %hréé fundemental sensations, which are shown to
be red, green,snd violet. The author's type of color
~vision is shown to be that of an anomalous trichromat,
and experimental evidence is applied to give a fuller.
meaning to the phenomenon a2s well as to explain its The
principle af‘?iaual raflexes is applied to thg-xaanga
Helmholtz anilﬁaring theories to show that the two can no
longer be regarded as rival theories, but can be hermon-
 ized by this principle, o g
L ;
. INTRODUCPION |

: In xasent investigations by Allenl abundant
ﬁﬁperimﬁnﬁal evidence has been brought forth establish-
fing a new prineiple of coler vision, the epplication of
which to tlie Young-Helmholtz theory offers simple and
satisfactory explanations of many of the phenomens of
eolor perception, which were aﬁmittaaly iaexyiiaabla on
the hasig of the triehramatie theory.

' Eia results show that the afiaet of fatigu-
ing a glven area of one retina with any spectral color,

- emcept én equilibrium one, is to lower the luminous res-

pansa'af'thét ares to colors eeﬁre&penﬁing'ta tha aénaa»

tions directly sffected by the fatiguing stimulus, and
to enhance ite response to colors, exeiting chiefly the

aomplam&ntary sensatiana. However, when the colors are
1. Ja’as»ﬁ & E»bol, 7 Posagi : 1928
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'reeeived upon & portion of the retins a@jaining the fat-
1guad aresa, & . or by the retina of the other eye,the phys~
'161951331 luminesity of the entire spectrum is enhenced.
Thus the canciuaien is drawn, thet every ray of light
prodnces té@ afiasts, é direct and a reflex, In the
gtimnlated area of thﬁ retina, the direct sction fati~
guas elther one or twe ef the fundamsntal sensations,
aecaraing as ths color stimulus is simple of compound

in ite nature; the reflex effect enhances the luminous
response of tha remaining aemplem@ntary sensations. It
is further aanclu&ed that the reflex is transferred te
tha aajainimg areas of the same retina, and also to the
athar @ye, in such a way as to enhance all three sensa-
tions.

Ths authar of this papar set out to repeat
some of these ebservatians but immﬁﬁiataly ﬁiseavered
from the aharaetar of his narmal persistency ourve,that
his peraaptiea of light an& color is somewhat abnormel .
It was therefore ef interest to determine the character
~af these &ireet and rsﬂlax.aatians of light for one of
abnormal viaian;'
| 33

ﬁ?PﬁRATUE ARD MEfﬂﬂﬁa OF OBSERVATION.
| The ‘apparatus used and the method adapﬁe&
wag, in most :aape@ts, the same as that employed by Allen.
| 2o J.0.84A. & RuSsl, 7, pa913; 1928, |
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Ear the purpose of msasurament the apparatus was essent~
ially the seme a8 that eriginally deviged by E. L. ﬂichalg.
The source of light was an acetylene flame, for which the
gas wes supplied at & constant progsurs. The light was |
focused upon the dit of the collimstor of & Hilger spec-
trometer, fitted witﬁ four prismes equivalent to three of
gixty degrees each, This gave & gpectrum of congider-
able dispersion, peyrow strips of whiehleguié be imolated
in a shutter eyepiece. Between thé acetylens flame and
the condensing lens an alnmiﬁinm disk with two ngasite
open secitors of ninety degrees sach #aa rotated, The
speed of rotation, which was regulated by ﬁeana'af &
brake, was electrically reeerdeﬁ}n@gn-a chronograph. The
gag flame was enclosed on all @iﬁea; éxaapt the top, in
& wooden box fitted with a small glass window which trans-
. mitted the light to the mpectrometer. This hox gerved two
purposes, first, in preventing air currents, produced by
the rotating disky fxam affecting the flame, and gecond,
in shislding the 1ight f£rom the obgerver's eyess The
gpectrometer was. properly aereene& from al& exfraneous
1ight, and e shield, closely fitting ebout the eye, was
attached to the eyepiece, thus enabling all measurements
te be made unaax exactly the same conditions. |
The spectrum used for fatiguing the eye,
in the csse of nearly all the reflex and also for some
'ef the fatigue curves, was ahtaiﬁad from =n arc light by
Be Be T Nichaia Am, Jaur.ﬁai. 283 1884.




means of a two-priasm Browning spectrometer. A narrow but

quite long rectangular patch of the spectrum was _isolated

by the shutter eyeplece. The spectrum was se.intenas
that the colors in the middle portions of it appresched
whiteness in appearance. For the majority of the fatigue
eurves a eonstant“aaviatian Hilger spectrometer was em-
ployed to furnish the fatiguing color. With this instru-
ment the source of light for the blue and violset was s8l-

ways the eleciric are, and for the remeinder of the fat-

iguing colors, sometimes the arc was used, snd at other

times an incendescent bulb, which produced a red of aboubt

 the same intensity as that of the arc spectrum, The use
of the Hilger spectrometer and incandescent bulb msde a
more convenient axrangemaat of the spparatus, enabling
- measurements to be made within a few seconds after rama&»
ing the eye from the faﬁigningveelcr, |

While fatiguing oneeye, or making measure-
‘ments, which was alWays done with the right, the unused
eys was directed at a neﬁtral grey surface about tan
inches @way. Sometimes, when recording observations on
the dim ends of the spectrum, the left eye wes closed for
& few seeonds, which did not exceed half a mirnmte. No
‘difference could be detected in the time of the eritical
frequency of flicker, as recorded for the brighter parts
_of the spectrum when the left eye was ¢losed for s few
séconds, and it was assumed that the time was unaffected

fgor the dim colors.
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All the apparatus was mounted in & room well
" 1lluminated with:daylight.l Measurements were not at-
tempted if it was too cloudy or dull or towards sunset,
end never with artificial lighting, for Allen has shgﬁn
that dim light and darkness tend to obscurs the reflex
sction of light. -

The rotating seotored diék\proﬁuee& a flick-
ering sensation in the isolated patch of fha spectrum,
épe ia the rapid succession 6f equal intervals éf ecolor
aga darkness, After sdjusting thalapeeé of the'mata;'
‘ua$i1 the flicker was ;uéﬁ imperceptible, the chrono-
graph was started, and while thé regera was §aing,maéeg
which required about half & minute, the speed of the |
disk was varied 8lightly, keeping the fiiakex just on
the point ef-a@peéring and disappearing. &t least two
independent records, representing the time of 120 tgi‘
400 revolutions of the disk, were éa&e for each point,
énd if these did not show good agreement ﬁore»reaaings
were teken. 50 constent were the conditions, that the
-independent raa@tds gave'vgluas for the duration of &
single flash, at the eriticel frequency of flicker,with

‘& veriation seldom greater than 0.0002 sec., except for

points in the dim ende of the speetrum. The values used

in pletting points in the bright parts of the apﬁatrum
wers meens of usually two or three imdependemt measure-

ments, end for the extreme vioclet and red the mean of
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about four readings wae taken.
- ‘These experiments stratched over an in-
terval of sbout fifteen‘manﬂhs, most of the work being
&éna, however, during the'firat ihree and the last five
months. The curves were not néeasaarily taken in the
~ order presented in this peper, although nesrly sll of
. the reflex curves were éam@laﬁe& during the first thrae
%anths and before sny fatigue ourves were attempés&f
NORMAL CURVES .

In meking messurements f£or a normal
curve, the following procedure was adopted. The SpeC~
trnﬂﬁ%as set 8o that the shutter eyeplece ilsclated e
nar:aw_reﬁtangalar patch of the ape@trﬁm, the mean wave
length of which was known. The spectral color was ob-
aexvéa by the right eye, while the speed of the disk
Was.regulataé to give the eritlcal frequency, which was
~ then recorded, Care was taken to fixete the color dir-
Vv&eﬁly,»ané to prevent the eye from wendering while juig-
ing the pg’int of eriticel ﬁreéﬁ@ﬂeyc The eye was then
rsatea»far & minute or two, snd s second chronographic
raeéra nade on the seme portion of the Spaeﬁrﬁﬁs Between
the measurements made on different points in the spect-
rum the eye was rested in the diffuse daylight of the
zegmvfar from five to teﬁ miﬁu%eé, according to the |
'brightneas.of the spsetral.eaiar, S8ince the speotrum,

upon which all measuremente were made, wes not very
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brilliant . and the %ime reguired to record one reading
about half a mintte, the eye was not likely to beeam&
appreciably fatigueé. In thia way, ebsexvatieaa wore
made on fifteen ox more points of the apeetrum ,
| The persistency turves, obteined by p;ettn
ing wave lengths as abscissae and the persistence of

vision as ar&inates, show thet the duration of these

light mﬁaisegmxmaasaamiwexsaafmﬁwaftrm_, ,

luminosity of the color obeerved, It was discovered by
"Ferxy,4 and subsequently in another manner by Eart@r,a
that the duration of thé.SQ:ﬁa%ian of undiminshed bright-
ness of a flssh of 1ight at the aritieal frequency of
flieker éagﬂnﬂs only on the 1um$naaity of the lzghx and
in no wey on the wave lengbh. fhe Perry-Porter law, as
it is known, is reprasentaé by-%hﬁ-égﬂatiaﬁ E"T;Egaija
where D i# the persistence @f‘visi@n. I the 1amin@$i$y,
and k end k, twe comstants. Aecording to this lew, a
lowering of ﬁh@ paraisﬁauay ¢urve msy be 1a~taryrete§
‘a8 en ineresse, and an aleVatiaa &8s a &aewaase, in the

. luminosity of the spectrun as p ei?aé bylghe aye .

Ga&siﬁarabls éifﬁi@ﬁlﬁy was experie
‘enced at first in obtaining a éa%isfa&%axy normal aﬁrvag‘
The suthor was not aware that hié’visian wes abnormsl in
any way, and expected t6 get a smooth ourve ss aﬁtainaa
by other observars of normal visiea, After every set of
readings, the curve proved to be irreguler betwesn «591

‘end’ .66p, and it was thought for a time that this was

4. Am.Jour Sei. Vol. 3892
Bs Prot. EQY: Soe, Va%. 63, 1898; Vol. 76;1962.
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due to the writér!a.inaxparienea in making such messure-
ments . The readings were rep@aﬁeaxagain and sgain, the
groatest care bheing taken to ﬁaka‘earreet o%servatiens,
yet o smooth curve was pever obtained through this fq;on,
After two weeks of straﬁgaua,werk and several hﬁn&xeﬁ
measurements the writer was fa;aed to r@aiiza thaﬁﬁ%alar
ﬁiﬁian was not complebtely normel. The normal ocurve wes

finally'ylatteé ehawing the abnormel elavﬁxibn.betwean ’

, «é?@n and .&ﬁa, the exast aharaeter of Whieh was aeaur~
ately'éatarminsa by makiag ab%&rvatieas on several ad-
ditianal peinza in this part of the spaetrum‘wi

' | An@thﬁx &iffieulty axperieneed in ebtaia»
ing & satisfa&tawy narmaz waa tha gra&a&l 1swariag af
_the sntira aurva a8 the eanstant ra-reading of tﬁa _
_'geintﬂ eanzgnaed_frem &my to éay; @hi& gra&ual.dﬁprQQSw
ien.efuthe cnrve,.wﬁiah was most promounced during the
fitst %azaxeé weeks sud before a satisfadory normsl was
ébtaiﬁaﬁ; @eﬁtiﬁned t¢ drep ?éxy sleﬁ&# for several weeks
more, The phégéman@ﬁ:appaaralég one péeu;iar to the
aﬁthér himself, for thréa other observers, using the
same apyaratas and warking unéer the same G&ﬁditiéﬁs fcr
aeveral wsntha, aia naﬁ exparienoe ite One observer was
.nﬂtieaably eﬂlar aeficieat in rea, while the other twe
were of nexmal eel&r vision and aﬁtaiﬁa& almost ident~
_,ical>persiatengy eurves. 3eeause of this graﬁual lewer~
ing of the nermal the xea&ings were repea&ad every fow
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deys, end if any ayyreeiéﬁla c¢hange had taken plaea; the
fatigue or reflex aﬁrvas, takén sinae'thé last naxmal ob~
servation, were discarded., It was found, nowsver, after
about one month's work that the nﬂrmal'xeméine& almost
constant, During continuous work from week to week the

~ change in the normsl, if sny, wes always e general low-
‘ering end never the reverse, However, on resuming the
work aftarvaa'intervai'af’aaven'menﬁhs, the normsl had
slightly raised, but gama back to its original positien
after working for a week; In the second column of esch
5tabls of data are geiven the rea&inga of the normel
curve against which the iallawing reflex or fatigue.
eurves exe pl@ttea;

 Fig. 1 repraaanta three atages in the

-1ewering of the normal eurve the data of which ave given
in Pable 1. The first normel plotted was that obtained

after one weak of ateaﬁy wexk the seeaaﬂ after two
weaks aﬁa the thir& is the finel cuyve which ramainaa
_almaat eanstant during the last five months. In Fig. 2
. ~ the suthor's final n@rﬁél‘ vmarkaélwlaya;, is plotted

with two other normels obtained by experienced observ-
'ara; who used the seme apperatus end worked under the
seme conditions. The curve marked F.A. is Allen's nor-
mel whieh is almost identically the same as obtained
later by M. 8. ﬁallﬁnkarg. The third, marked AuH., is
that of A. Hollenberg, whose color vision iz noticeably
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| feficient in the reds 4 comperison of the suthor's per- |
gistency curve with the normal type, as obtained by Allem,
indieates that the former's eye is much more sensitive
0 1light of all gavé\lenghts, the meximum ﬁiﬁf@ren&e
being in the gr@eﬁvana the.wiﬁiﬁam in the orange. As
shgwn by Allen,é‘aqlarféeﬁiéienﬁg ig revealed by those
portions of the persistency curve elevated sbove the nor-
ﬁal type, This is Wﬁll‘iilastraﬁedvin Ay Hollenkerg's
eurve, whigh shows  almost aﬁﬁplete.eqinei&eﬁse with tbe
writer's throughout the violet and blue, but is greatly
eleVaté&, even above the nermel type, in tha_yaliaw,
orenge and red, |

A% ‘the close of the research a normsl
eurve for the left eye was taken, This curve, pl&ttéa
ageinst the final nermal for the right eye is shown in |
Figs B+ It will be observed that it is of the same
character as that for the right eye, the siight deyia-
tien being yrahably~éna to the faet, that the left éya
was unsccustomed to taking resdings. The date for all
the normal curves discussed above are given iﬁ'éabis 1.

| | . |

REFLEX CURVES

Aal.eﬁxvaa,'pléttaa-fraa;xaaalﬁs ébtainsa |
by fatiguing the left eye and tﬁen,making measgurements
on the spectrum with the right, are cslled reflez curves.
The procedure wes similer to thet used to obtein a

6. Phys. Rev.1l, p.257; 1900,
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normal curve, exeept that the left eye was first fatigued
,fer three miﬂazﬁa with the given apeetr&l golor, Care was
.taken in fatiguing the eye to fixate on the centre of the
patch of éo&ar end to prevent the eye from wandering. The
iﬁtsrval elayﬁiag\between the removel of the eye freﬁ the
fatigﬁing color amd the cemmenaemaat of the ehranggraphie _
reaer& wag from 15 to B0 aaaanda while the time requiraa

ta ee&pieta the raeaxﬁ wa@ abeni angthax 3@ seconds, Since

_thﬁ 1eft aye was fatigneé for three minutes before svary
raa&ing, an& the tima elapsing from one pariaé of fatigus
te the next geldom langar thaen a miﬂnte &n& g hﬁlf the

: eya was anéar almsﬁt eenxinuaua fatigua, ?he ra&ﬁings |
fer an anmira eurvﬁ ware usually tsken at aaa session @f
two an&/half to thres hours. Aay readings, which were
abvianaly inaceurate, ware repaate& a few hours later ar.'
a8 was aften the case, the next day. At least two or |
three henrs, and usually one night, iﬁtarVenﬁ& between
the taking’af readings for two differenmt fatiguing col-

ors. In each figure two curves are plotted together to- iiﬁf
the same scele, one, the normal or reference curve,which N
throughout is shown es a deshed line, the second, the re-

flex curve, drawn ag a cc&ﬁiﬁa@ﬁs';inga The ceincidences

and a&éargaﬁaes of the reflex snd normal ﬁﬁ??ﬁs show the

effect of the fatiguing color in the left eye, upon the
9h¥siéiﬁgieéi luminesity of the spectrum as perceived by
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the right.

The deviation of the reflex curve from the
normal is shown in énether manner, ‘at the bottom of each
figure, by giving an arbitrary value of 100 to 21l points
in the normal curve, and reducing the reflex curve in
proportion., The data for all the reflex curves aﬁra given
in Tables 2, 3 eand 4. The fatiguing color used is mark-
ed at the bottom of the figures by an BTTOW. |

The result of fatiguing the left eye with
wave length .687n is shown in Fig. 4. The éﬁfira curve
is depressed below the normsl, the depressions being
greatest in the '%waéﬁ@%”and‘midém of the spectrum,and
“ 1&#31} at the two _paixwﬁé,, sbout wave lengths .50p end
+66p, which appréximate the normal curve, It is a;vi;
-dent that the effect of :‘Ea’t;}ggag on the left eye has had
e reflex effsct upon the righﬁ, resulting in the en-
hancement of the physiological brightness of the entire
spectrum. Fig. 5, which showe the result when the fat-
iguing color was «670n, ‘imiaag-es. an enhmieemeng from
the extreme red to .50m, and ceincidsnce at .66p end
from .50 to the violet éndfgv When wave length .
was used to f‘atigﬁe the eye, the rezfléx"euwe‘,, Eig,Q,
agrees c}.csely with the normel in nearly 811 points,
except for a slight é.epreséion in the orangs, and a
- small elevation in the extreme wiolet, which ‘mé,y heé part-
1y due to the diffhculty of meking sccurate measure-

ments in this dim region of the spectrum. It is quite
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probable that soms color close to +660R, such as ,663p
or «668u, might be found to give & more compilete colnei-
@éncg.j %ava 1ehgth +660R is one of the equilibrium col-
ors diaeevsred_bylﬁllén? which shows no reflex enhance~
ment in the other aye. . o

- The reflex curve for a fatiguing color of
«589m, ?ig;v?, shows a further reduction in the extent
of reflex anhancémﬁnx,‘aa compared with Figs, 4 and 5.
The enhanced effect is eanfinaﬁ:ta the middle part of
zhavﬁgaatrum>batwﬂen wave lenghts .50p and ,66p, while
the remeinder of the aazvﬁlaaineiaeﬂ with the normal.,
The transferred refiez'enaaneamgnﬁ,far'iatigna coloy
-géiag? ésgshewn»inlﬁigﬁ 8, is very similar to that for
«BB9n, exeept that the am@naﬁ.gf'anbaneeaent in the |
~ orange is aklittis'graatex; Sinéa.wava length .870m,
;aaathar of the eq&iiikéium colors éisaéveraﬁ byfé;ian,,
414 not give the geme result for the writer, another
color near to it was tried, namely, .565p. This proved
to be an almost parﬁéeﬁ.aqui&i§rium 361ar;~aa shéwﬁ‘in_ |
Fig., 9. The reflex curve f@z3%555n,,aalplsﬁted_in Fige
10, shows, like some of thal@%e?iéaa curves, an en-
hancement in the red and ysliéw*§¥6€n, and coineidence
with thé nsxmal-frem,;éﬁu'te the end of the violet., It
differs from the other reflex e&évss by shcwihg coin-

- 7. Phil, Mag. 38, p.bbB; 1919, Also JeOsBals
| "t U, peses; 1928, ’
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cidence in the region corresponding to, the sbnormsl part
of reference curve, which, however, includes .66Mm.

Allfatigue colors chosen from the spsct-
rum between wave lenghts .5,20# and A80p resulted in giv-
ing good eguilibrium curves ve:y’similar to Fig. 9._Gu§ves
for the following weve lengths were obtained, .529&, -
 o513p, .5OBp, .495p, and .480p, the date for which are
given in Qéblss & and 4, but the curves themselves are
not reproduced in this peper sipme they resemble closely
Fig, 9. In this part of the spectrum Allen found three
equilibrium colors, .520p, SOBR end .480p, while wave
lengths ,513p and .495n gaﬁa small reflex enhancements.,
Since ﬁ@st of the trensferred réflex effects obtained
by the wziterha:s smaller than those shown by Allen's
curves, it is quite praﬁably that, if eny reflex action
via/pra@uead by either .B1l3m or .495p in the writer's
aye, it is foo small to be detected.

The reflex curve for wave length .45qn

88 shewn in Fig. 11, revaals s decided enhancement b

throughout thé entire spectrum. The effeet is most pro- -

nounced in the red, snd least agein about .5Qu end .66p.
It msy be observed that moat of the reflex #ﬂ!?@ﬁ tond
to colneide with the normal st these two points,which
Allen has called "eaineiéamee points®. When wave
length .420p wes used to fatigne the eye a smsll ref'
flex enhancement was obtained, as shown in Fig, 12,but

when <426 was tried the reflex curve coincided through-
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ant with the nermal thus glving the sasme aquilihrium
aelar a8 founﬁ by Allen. .
Although the lumindsity of the violet fat-

o ,iguing color was eemparatively lew, yet the largest re-
- flex effects were ohtainsed fer the fatigue galexa‘.éeﬁn

~ and +410p. The resulte of the latter are shown in Fig.

- .18, ,Ligé,.&ﬁ@&..it produces a large enhancement through-
out the entire spectrum except at the coincidence péimﬁﬁ
L 50R end +66R. | |
o An examination of the reflex curves as

& whole, showe a very interesting faét, nemely, that‘the
largest reflex enhancements are not obtained hy'fatigng |
ing with the brightest colors, but rather with the dim

. eolors, such as JSQZ&,-»%&Q& end o410, These wave
alengths'étimulata preéamiﬁantly,ane?senaatien eachithe
firet is éanfin&d almost entirely to the red sensation,
while the latter two affect chiefly the violet. It

would sppeer therefore, that the large enhancements,
obtained by fatiguing with the ah@ve colors, iz due,
either to their lower luminosity, or to the simpliecity
of their stimulations of the fundamentsal s?nsatiense A
comperison of the various reflex curves shows, that &

' ref;ex_anhaﬁeement iﬁ the violet is obtained, only when
the fatiguing color is eme of comperatively low lumin-
osity, such as a ved or violet. When & reflex does oc-

cur it isvalwaya menifested iﬂ’the»m@atuluminaas porsion
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of the spectrum§ and with the exception of the reflex

curve for .5_89}1, also in the red. It was therefore of
interest to determine the reflex effect of an intense
white light, | , .
The left oye was fatigued with a similar

pateh of white lighﬁ,fabtained‘by removing the prisms
from & apeétremeter and viewing the white light in the
eyepiece. - By this meaﬁs, the ares of the retina stim-
ulated was the same as for the other fatigue colors.
‘The resultes, as shown in Pig. 14, are similar to those
ébtéineﬁ for bright colors throughout the middle of
thquectrum. @hs earvé from .48u to the violet end co-
1ngi&és almost completely with the normsl, while the
remainder, with the exception of sbout .68m, shows &
éistinct reflex enhsnoement . ’The date for this curve
and the next are given in Table 8.

| _ Before taking any resdings for the re-

flex effoct of darkness adaptation in one eye upon the

perception of the 1&min¢$ity of colors by the other,

thé;iéft eye was ﬁlin&falded_far about an hour,and kept

in that state until all the observations, Whieh were

taken at the rate of one every five minutes, were com- |
pleted. This curve, as plotted in Fig. 16, is quite aif- G
ferent from any of the other reflex ecurves, in that the

entire curve, with the exception of the abnormsl region

591 to .66n is elevated above the normel. This elearly

verifies the obeervations made by Allen, that dark
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adaptation in one eye 16§ers tha;phys;alagicé; luninosi-
ties of colors péécéive& ia‘the other, a faet, which ghows
the importance of invastigatiﬁg reflex phenamana in dsy-
' 1igh£ when the unused aye is under natural light adapta~
tion. ' |
The mé;a?i%y.of the reduced euxvea,»ahéwn?

at the bitom of the figures, indicate a division into
three parts, two of whiah eefrasgoné to the sensations of
- red ané viélet, wh§1e the thir& is in the middle portion
of the ggécﬁrﬁm; where green may be eaagiéarai aatﬁha pre«
dominent sensatien.stimulate&,

| Thess eurvaavfully verify the prineiple
discovered by Allen, thst _' ﬁaé_a effect of fatigus, by &
light etimulus in one éﬁe;'is transferred to the other by
& reciproesl or refiex éétieﬁ\af gome kind, vesuliing in
an enhancement of the ph@éiélagical.iﬁmgﬂaaity of the
‘spsctral colors pa?ﬁaivaﬁ by thé unfatigued eye, They &if-
for fr@m'hia in'tha£ the améua% of enhsncement is ganer-
“ ally less, being sametimes very slight ar eyen abhsent,es-
! paaially in the blne an& vielet or that part which s%im-'
nlates chiaefly, the viglet sanaatian,} The wave lengths
of the eqﬁilibriﬁm ealcra are aypzeximatgiy the same as
found by Allen, bxeept for the aaaitianal eolors hgtwéaﬁ'
«520p and .43@#, whiéﬁ also gavs very»gée& equilibrium
curves, The two caineiaance points, .60m and .66p, also

agrea well with his.
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Awith thg narmal,Aas-was‘ehtaiﬁe@ for the reflex curve.
InStead,ihawévef,'as shown in Fig. 18, the curve is sim-
iler to the préviogs two, showing even = greater-enhéneen
ment in red and also & greater fatigue in the yellow and
green. The two coincidence points, +50p and .66p are
well merked. This curve was also repeated on anethar
day after having carefully cheekea the normal, as was
.alwaya done every few deys, The results fully verified
the first curve,

| The three fatiguﬁ curves, now @eseribed
for different wave lenghta of re& shaw 1&rgﬁst enhance
ments in ragzens ‘ahout .?ap and .6én, and greatest fati»
.gue about .44n‘ In an attempﬁ taklaaata‘_;g pasaihle.
an equilibrium color in the region of 660, wave length
;665ﬁ,ﬁas ﬁriﬁa a8’ a fatiguing coloy, with the result
that bath'aarVeé~ahawea #ery good ceoincidence thr@ﬁgh~ |
out the entire spectrum, as shown by the data in Table 6.
A &istinzt diffarense in the effects of fatigns by +6685n
"and «660R could be nabiae& on the red end of the spect-
rum, the former eaus;ng but 1ittla changa in either sat-
uratien or spparent brightnesa, while the latter caused
the red to appesr noticeably less saturated but brighter,
| It was of interest to‘ﬁatermiﬁé the @f-
‘fect of fatiguing the eye with o color selected from
that gart éf'the spéatxum, which gives the ahha?mal-el~
gvation in the reference curve. Wave length .630m was



aaiaéteéﬁanéja ﬁatigneraﬁﬁ?evébzain@é for it, ;ké,ehaia-»
aeter of which is shown iﬁ Pig. 1%.' Like other fatigue
ourves for red o smooth curve wes obtalned withoat any |
trace of an irregular alevatien batween «59p anﬁ .66&;

As has been ebsarved the curyes Tor wave lsngtha +687p
and .670R both ef which are on ths same ﬁide of the equl-
1ibriuwm color, .665n, are very simi&ar, 8o, too, the o
curves for ,660p, and ,63@u, on the other side of .665m,
show close raaéﬁhlan@ea. HWave 1ength.3stp showsg smaller
enhancement in the raﬁ but much larger fatigae in the
graen; The &isyrapartiau&tely l&rge enhaneamant aeauru ‘
ing about ,?%n, a8 also refsrra& to in the pr&v;aﬁﬁ fig«
ures, is a natieeable xeatnre, The absarvatians on ﬁhis
point were repested for naar&y all ths rea fatigus eﬁrvea
but in every case, the ﬁﬁ@‘xeaéimgs.eanﬁixmgd the axig;«
nels - L | |
a %heh qﬁﬁﬁn, the ﬁrightast eclor in the
spectrum, was amgleyaa té fatigne the eys, &néﬁhex-s§:~_‘
-priaiﬁg resu&% Waa &htaineﬁ. As ahﬁwn by tha data in
?able 6, the raa&inga are a&m@st iﬁenxieal with thasa
for the normal cuxve, ;#Ew being the only peiaz ta show
any apprecisble veriation, and thia in the ﬁstura of &

slight enhencement. For tha writer‘s eys,. thax‘

wava langth.589u ig Bn. equilihrium eelar, wheﬁ,meaaure- E
ments are made on bthe f&tig&eﬁ eye. It may hs reaailaé,.

that oven the :af;sx curve f@? ;589p, Fig. 7, aa;naiae@
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with the ﬁcrm31 exeept in the middle part of the spec-
trum from abotit «B3R to +6Gu. The fatigue equilibrium
color, eerrespanéing to «568p of the reflex curves,was
found when .b570p was employsed. As shown by the data in
Tablé'é. a vefy good agreement exists between the normel
end most of the fatigue readings. N

The fatigue curves for wave lengths .bB&6n

and +E8Bp are quite similar, as shown in Figs. 20 and 21,

Both show en anhanﬁament in the extreme red, fatigua in
the yellow, orangs and orange~raa yery 1ittle change in
the green, but considersble fabtigue in th@ biaae In the
vialet thare is & &ifference one 5hpwing &istinaa fat-
igu&, the @ther eainciéeneaexeept for e 8light enhanca-

. ment in the 1ast point. |
B . ﬁig; 22 shows the eurve fer-fatigae col=-
 @£ .52@n, whick, althaugh not quita en equilibrium 201~
"ar, yet suggests that & g#lightly shorter or longer wave
length would result in such, When meking observations ”
»f@é the veflex curves, all colors beitween ,52@@ and
«480Rn ahawa&.na‘ehaagaAin-the'éaraiatency surye, but
when these seme colors were employed to obtain fatigue
gurves, nsna were found to give sqniliﬁﬁﬁnn;effects.
‘Pige. 23, 24 snd 25, show the curves for the fatigne
ecolors, .51%&, .5’§p,ﬁ&na «A80p raspeetively, Allvthraa’
gurves are somewhab similar. 3howing fatigue to a
groater or less degres in a1l parts, axéeyk in the ex-

treme ved and violet. - Weve length yBlZm, however,
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indieates alse 8 fatigus of the extreme vialet. Aeegfaa
ing to the intarsectiens of the aqnal ares sanaatxan
‘eurves of Kdnig ana Dieterieis this partian of the spec-
trum is quit€~eam§lex and it is therefore, not surpris- -
ing ﬁhat-almoat‘all-parts'cf the gpectrum should show
fatigue, On the other hend, the largest reflex effects.
in the nnfatigué& aye were ebtaina& for the eamgar&tivaly
gﬁre celors, red and vielet whieh arouse pre&o&inantly
: one sensatien aaeh anﬁ ‘hut slightly tha other twa, Since
white light, and most colors gtim&l&ting the,three sen-
sstions o a considevsble degres, produce comparatively
small reflex resﬁlﬁsi.ig iﬁ»n@ﬁ ééxpriaing that ths‘k’
abava'm@ntieneé eam@&ex-regien of the=spaé%xﬁ& sﬁéﬁl&
giva aquilibrium reflex curves: '
! ~ The fatigﬂe curves £ar wage 1angths
.450p.anﬁ .425n, Fige» 26 and 27, show fatigue in all
. parta of the spaetrnm, the former, except in the ox~
| trome xeﬁ t0 & much more marked degree, It may be ob-
aerva& from these two curves, and also from «480u, that
greataat fatigne is shown in that pert of the spectrum
aorresyqn&ing to the fatiguing color. When the dim viop
let, +410p, was employed, the fatigue was only evident

in the less bright parte of the spectrum; &s shown in

_Eiggbza@ It is possible,; that the eensiaerably'brighte N

er vegion of the spectrum, from +BOR o «66p, repidly -
| 8, Parsons: "Bolour Viaion" p.222
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overceme the state of fatigue due to the dim violet. It

is also possible, that the eye was under partial dark-

ness edaptation, due to the comparative darkness of the

spectrometer tube, in the centre of which, the dim vio-

let was fixated for three minutes out of eery four., This

1atter pasaibility gseems the more probable in view of
the effact of darkness aﬁaptatlsn on the same eye with
which the measurements ware mades This effsct is shown
in the next curve,

| Before takiﬁg any reaﬁin;w far the
fatigua eurve for darkness, ss it may be c¢alled, since
the results are similar to fa@igaa the right eye was

veryaéve mmutas

blindfolded for about one houz. Reaﬁings were made, on
‘the apeetxam, B%ill in the éaylight room by aaeaverzng
the eye for the brief period of about thirty s&e&nﬁs
which was reguired to meke the ahranégraphie record,
Wﬁiie uﬁce?éring'ths aye nd ?laeing'it in the shield
attached to the spectrometer eyepiegs, care was taken
to prevent any daylight from @ntexing the eye. 7ol
'Abxhaugh tha appesrance of the spsctrum 1o the dark ad-
apte& eys wes such as to suggest an ineraasa in the
brightness, yet the true effect st be judged by the
aetual,mﬁasnﬁementa ebtaineds These m@asﬁramﬁgtg, 88
plattaa in Fig. 29, clearly show that the efyect @f
daxknass aﬁagtatian is to lower the physislogical

iﬁminosity of the spectrum, a fact, which waa’péiatgé
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out hy Allengaver twenty years agos Thé effect, as ob-
tainea by the writer, is not marksd in the most lumin-
ous part of the spectrum. This may‘be eaused by the rapid
éisaﬁpaaraneevef the'sffects of dariness adaptation in .
the presence of the comparatively bright spectral colors,
J'npgn which the measurements were being made; for it has
already been pointed out, that the suthor's eye is much
more sensitive than mormal to a light stimulﬁs,'

To obtain a'fatigue eurve for which white
11gh% the eye was fatigueﬁ by & maﬁerately brighz 1ight,
transmitte& thxaugh & apaetromater with the prisms re-
'mavaﬁ a8 wag the case for %hﬁ reflex curve, A very
brilliant light made 1t aimost impossible to-get con-
,sistent raadings becauaa af the vivié after imaga pra-
 duaaé, The reaéings from whieh gig. EQ wes nle%teﬂ
4'ahQWﬂﬁ hawaver, gao& agraementﬂ' The character of thi%
eurva is 1nﬁereat1ng in the re*atian.whieh it bears to
211 the ctharfatigaa eurvea. ?hxs curve is really the
combined effect of ths rain fypes of fatigue eurvea for
it reveals a 1arge fat&gue in the y@llew, graen blue
- and violet anlars, as is slso shown to e gregter o
1eas_axteﬁt by nearly'ail the fatigne eurvﬁﬁ; but shows
little or no fatighe in the red ani of the spectrum, &
result which is about the éverage affect for all the
fatigue aélara; ?ﬁe‘datﬁ_iér_%hemﬁwe curves on white

9. Phys. Rev. 11, p. 266; 1900. |
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light and darkness ere given in @aﬁle -
| - A genersl survey of all the fatigue
gurves, except those for aqailibrium colors, revesls

three feirly distinet types, which chenge more or 1less

graduslly from ope type to the other. When the fatigu-

ing color is eny hue of red, there is alweys en enhance-
ment in the extreme red and orange-red, the amount of
which is less for the fatigue coler, .630p than for
those of longer wave length, The depression in the
. brightness of the green veglon of the spectrum in ~
#xeasas_in smount with a decrease in the wéve length
of the red fatiguiﬁg golor, while the violet end shows
'aiwayé'a &istincﬁklﬁwexing»af the'phyﬁiﬂiagieal'iﬁn;na
osity, The equilibrium curves for yellow fatiguing
colors geparate ﬁhe rod %ypa/fram»tha graan;‘e: 5336&&
typég"Eatigaing with green gives an enhancement in
the red, the améuﬁt afiwhieh éée?ea&&s a8 the fatigne
color moves towsrds the blme, the blue showing 1ittle
oy no affaét on the i@nget red waves; on the égangs*
ved the effect is & lowering of the brightness, the
amount of which increases with a decrease in the weve
length af the'fatigne color. Green fatigﬁe cuYves
 also show & éég?essiaﬁ in the brighxnﬂsa a£ §he green,
biaé and violet colors, the smount of which ing?saSas
as the fatigue color becomes more blue.
| The second %?ga eh&ﬁges gradually ‘
through the fatigue ocurves for blue to the third bype,




Whieh is for violet fatiguing colors., The trensition
ourves in the blus show but liﬁtié fatigue or anhaaqeé
ment for the extreme red or violet, and an ineressing
fatigue iﬁ the brighﬁe& éaléﬁé,' The ?iaiét curves give
8 &eprassion in luminﬂgity thraughouz the entire gpect-
‘ rnm, the amouwnt of which éeareaﬂes a8 the fatlguing eel~w‘
or epproaches the extieme ond of the epaatrum, until for
‘.41@; the brighter part of the spectrum shows no chenga.,
The reduced curves at the ﬁ@ttam.af the
figﬁr$$’$hGW & tendendy to divide, in most cases, into
three regions, which sre not regular @nﬁﬁgh in_&il the

curvew to say that they indicste always the three fund-

- amsatal'éensatians; ved, green anﬁ violet: The eﬁiat-

:'anee of thesa three fundemental sesnstions is indicated
more partiaularly by the natural division af the ourves
into the three main types as already deseribed,
THEORBIICAL EONSIDERATIONS

.@hsvéx@erimanﬁal rasﬁlta, which have now
been considered, fully‘variiy Ailenfs éisaevery of the
dual sction of light in arousing viéual sénsatiens. Al--
though the character of many of the curves, given in
this peper, differ considerably from his, yet they elear-
ly show that in addition to th@ direet effeet of light,
whigh tends to produce fatigue, there is also a reflex
effect, resulting in an enhancement of the fundemental



sensations.’ several of the reflex curves ars very siméf
lar to Allen's shOQing that, when a light stimulus falis
" upon oneaye, the ‘sensory reflex is.transfarred to the
other causing an enhencement of all three aansatiaﬁs,
Gertain eel@rs,vwhieh,are termed équilibxi&m colors, ap-
ﬁaréntly produce no effect in the physiological bright-
ness of the colors perceived by the unfatigued eye,while
fﬁtig&e by still diffarsﬂt weve lengths, enhences only

the red end green sensations in the opposite eye and not

the violet. The violet mensations in the writer's eye
8eems the least senaitive to stimulation by s sensory re-
flax; transferred from one eye to the other.

© In the seme eye, Allen found that the dlr-
ﬁétleffeﬁt of & color stimulus wes to cause aféimin -
tion in the physiological brightness of the colors,cor-
#espen&iﬁgkta the primary coler sensations represented
in the fatiguing dc;or; and thaﬁ the reflex effect wes
to eﬁhanﬂe'thﬁ‘brightna$s sf ﬁ&ese colors which stimm-
late chiefly the complementary sénsati@aa;

The mejority of the suthor's fatigue .
eurves, however, are gulte ﬁiifereat from thoge obtained
by gil@ﬂ; Whén,xéﬁ af any wave length, except .665p,
wes amglayed}aa the fatiguing eolor, the result was net
& dimunition in the brightness of the red, observed in
the a%herrapaatremsker, apd a ﬁerraspeaﬁingveakanea*

ment of those colors representing predominantly the
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green and violet sensations. Insteaa ‘the red sansat:an

was actually enhanced, the violet fatigued and the green
little affected, except by the sharter red weyes which
fatigne& it. Stimmlation with green shcw& fatigus in tha
grean and vielet and enhancement in the red, bu$ vialet
haaever fatigues more or less all three aensatigha. |
: Aiﬁh@ugh these rasults are nét of the |
narmal type, yet it is evident that tha cencluaiens ﬁrawn
frem.ﬁilea 8 researehas do not give =a complete atateman&i
of the dzrect and reflex stimﬂation of the fumdamental
" eolor aensatimns when 1ight falls upon the retina, A
more comprehensive statement, which is_base@ on the ra;
sults shown by %he'euy?éé in this paper, may be expres-

sed as follows:~

‘tine affects all thrﬁa.sgasaﬁiana both aireeﬁly and re-
flexly, For axampla a'gxsaa light gtimulates by dir-
eat ‘aetion all thrae sensations, but praaominantly the
green, and by reflax action also tie three sensations,
éax preéamiﬁaaﬁly the red and yiolet. The direct effect
‘always tends to pr@daca iatigﬁe and ihe :éfleX‘ en-
'hanaamant; In nﬁrmai vision under ordinary ean&itiens
it we again,%aka gzaeﬁ aa the fatiguing color, the ddr-
@ot eff&eﬁ on thﬂ gxaan;asnsazzen everbalanees the re-
flex action on the same aensatien, resulting in a fat-

igue of the greeen senaatian. an& th& reflex ‘effeet on

Light of every hue falling upon the re%
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the complementary sensations, red end violet, overbal~
ppoes the direct effact on the same sensations, thus pro-
ducing enhancement of the complementary sensations, While
the sye is still being stimulated by the green light,the
direct effect usually predominates over the reflex, the
net result being a semsation of green with an underlying
 whiteness, which inereases with fatigue. Howeyer, under
certain conditions, snd especielly in cases of abnormel
vision, the above 1s not slways the net result of direct
and reflex stimulation of the sensations. The discussion
of this point, hawa?eré will be postponed until after

the anther's'type‘af abnefmal color visi@ﬁ has been con-
‘sidered,
| Helmholtz suggested that every ray

' iﬁ the spaaﬁrmm«aﬁfeets& sach of the three sensations,
xeé,-gﬁeen énﬁ h&aa, Abney in referring te_ﬁﬂ}mhﬁ;tz's
3&5@63&1@# staﬁas%g "If Helmholtz's diagram, p»214,were
aorrect, ons colour wowld never gtimwaﬁe one gensstion
by itself., As it is, however, the red sﬁimnlatea only

" red sensation in one part of the spectrum, %hilat the
violet stimulates both the red and the blue, and not the

green semmations. A4 green color stimulates not only the

. green gensation, but it stimulates the red end blue a8

well, ss is shown in Helmholtz's diagram. The trichro-

matie theory requires this $a'§e the cese." The exper-

imental results given in this paper shewkthat‘ﬁﬁlmbaltz
10, "Resesrches in Color Vision" p.830 |
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was right in his assumptions, slthough unsware that the
three fun&amental aelar aansatians are stimmlated re-
Flexly as well as éireetly by every hue. Abney failed
to detect the dusl nature of the actian of iigﬁt upéﬁ‘ |
the retina, @artly no doubt, becausa of the negativa ef-
feet of darkness adaptatian anﬁ yartly becaase many of
his observations were based on the assumpéion that light
- falling upon one eye has no affact upen thﬂ other, & eené
clusion which these rasaarehes show te be incarrect,

Anomalous @riehrematiam.

_ The suthor has no ﬁiffieulty whataver in
psssing ordinary wool and card taats fer calar defici~
ency, nor has he, at any time, experienced any phenom-
é&a}apartlf#@m ﬁEGSQ'ex@eriﬁaﬁts to iaaiaa%axth&ﬁ'hia
vislon is in any way sbnormel. Slight pleechroism in
gertain minersls under the pelarisiug'miéﬁéae§pa ean bhe
ébsewécx, even wheon the effect :i@si too weak to be detect- _
#d Dby as meny as one q&axtar of & class. Thara is also
no shortening of the specirum at eiﬁher aaé aa aem—
pared with those whese caler ‘vislon is nndka%maaly nor-
mal, Howaver, & cempariaan of the aathar‘s ngrma; per=-
gistency ourve, and sspecially his faﬁigué curves,with
those obtained by Allen, iﬁéiéatea thet an abﬁgrmali%y
of some sort certeinly éxists. élleﬁ 's curves have
bean fully cenfirmea by H. S. 5@1&enbar%% who not only
- obteined the same n@rmal euxve hat also the same type

. of reflex anﬁ'fatiguaféurves. v@heir resa;ts aggea?
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therefore, as tﬁoae of ebéarvexs whose color vision is
in every way normal.

A comparison of the author's normel curve .
with that of Allen, Fig.2, shows that the greatest devi-
ation is in;the éreeg and yellow, or that part whieh
aaxrasyeaﬁs;praa@minanziy to the green sensation, and
_%ha least aé§artara from the normel typs in the orange
end prenge-red, from (G to 661, An axaminatian of the
gensation curves of Zéhig and Biateriei ahews that the

green sensation falls o saxs in this ragian, Although,

in.iight of the griﬁﬁiplé‘ef reflex stiﬁn}aﬁién'af geng-

ations, all three sensstion curves should extend to the

énéé of tha visible spectrum, yet the a%evé”ﬁéﬁiieﬁéé

e&rvea are no doubt eorrect xn inéiaatimg that, at 1east

the direct gstimuletion of green beyond .aﬁp is vary
‘ ama11._ The elevation in the auﬁhsr‘@ narmal curve ﬁe»
“twaan ,ﬁﬁn and s&ﬁﬂ wonld appear, theraﬁsre to be due
ta 8 deviation of the green saaaatisn curve, rather
then the red, from that of tha nogmsl type. It seam&
probable that, if the writer's semsetion cuves were
determined and pbtited as agnéx aréa carves efter the
manner of those of Xdnig and Dieterici, the green seaé_‘
gatlion curve would Eé found ﬁﬁ shaw a depression, aﬁv
aﬁmyare& with uha nermel type, f@r the region hetwéan

1le In process of Pub. in J.0:8.4 & ﬁ.s.lgl,1934
124 Paxsana, "Ca&aar ?isian“ P 222,




. . '55

«59p and .66#, and & acrreeyonﬁing elevatien thraughﬂnt
~the yellow sund green parts of the spectrum.

| 7 It is well kngwn that there are individ-
'uala,VWhQ~shaw no ﬁéior deficiency whatsvar, but wﬁa;in
metehing a spectral color, by two mixed colors, differ
in their equation from that of the aormai; Ea:'axample;
when making the equation, q&?qn-k.5$§u = .Ssﬁn, some re-
quire more red snd others more gresn than the normel.
Those requiring more red are eammeﬁiy aaliéﬁ red aﬁQHQ
alies, and those requiring mors green, green snomslies,

Eﬁri&gs-&reen states%s

"There are also %hﬁs& who will
make normal aqaa%ieHS-wﬁen the red am@leyeﬁ is,%§?@ but
will meke an anamalaus equatian with a reﬁ of l&rgar ,

wave length, as for in&tanca )ﬁB@ yumting in twice as

mueh red in the mixture aﬂmpargé with the ngxmal squa-
 tion in similar sireuméténeeaﬂrv It is quite aénﬂaivu
sble that an individusl, who 18 not color deflcient,may
not only agree with the normel in the eguation,
.E?QPfr.ﬁﬁﬁa 5 «58%a, bui also with a few cheﬁ(aqna»
tions, snd yet aiffer from ﬁh&Lhﬂﬁﬁglvwhén stiii,aiffer~‘
- ent wave lengthe sré employed. Such individuals mmst be
classed as anamaleug trichromats, |

| As the reauita of the axperimenza given

in this paper, were mtudied more closely it baasmagm@rs
eonvineing that their aba@?maiﬁeharaeﬁers mnét b&'éne“
to aneméléus trichromatism. It therﬁfarafhéeamﬁ,.

15, "Physiology of Vision" p. 283.
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desirable to test the ézu’cmr'% colof vision by meazﬁs of
eoclor equations, |
| _ @hev apperatus used was Allen's triebxa*
mat ic sp%trometér%é in whaich two colors can be isolated
and mixed in the upper part of the shutter ezfapi%a, and

8 single color in the lower part, Bach of the three col~

ors were obtained from the swparate spestm of three so=

stylene flames of constant liminosity. The iﬁtemi ty of
| & color was altered by opening or vlosing the eollinator
slit. |

The first equa‘ﬁién attempted was

+670R + J635R T (589K, but in this the suthor sgreed with
the normel squation as obtained by Allen snd others. It

will ve noticed by reference to the normal surve, Fig é,
that these three wave lenghts are outside of the w:éifhear‘;s
particular abnormsl vmgicn; .-'59}1: ta +B6p. ?he red mist
‘then chang@& to a longer #;é,?e length ,69Cn, but again
the difference was ﬁat sufficisnt *E:_e.. gay that &zaataal
disagreement existed. The same was tmme when a mnger
wave l@ﬁg‘bh of 720p was used instead of .690m, The next
Aste@‘ was to select 2 wave length from the abnormel reg~
ion, «59n to .66p, as one of the three colors, The first
eguation maé.e was «670R+.585pn * ,620p. In this case,
when the match was perfect for the normal eye, it sp~
peared distinctly too yellow to the writer , ami the am=
'cmz of green had to be decreased to give a gocd mateh.
4. 3,0.8.4 & BuSuI, 8. ps § 1924,




o |
~ When the red was changed to .é.%p; and 720p the same ré—
gsults were obtained. | | ,
Wave lengths .630m affects chiefly the red
end green sensations; and since a less amount of green,or
a greater vamaunt of réé,' is required than normal to match
«630p, then it is evident, that either the green sensa-
~tion is comparatively less stimulated, or the 're&- moré’--»«
stimulatea than narmal by colors betwsen -B9p and .66}1.

A eamparism of the writer 8 nermal persistemy curve with

that of a normel triahram*b, a8 hag already been pointed
out, would indicabe that the abnerzml‘t ¥y is ﬁué to an over
sensitivenss (af 'eha green sensation to wave l@ng‘chs of
the Wllaw :331& grean ragiens of the speatrum, and an
under semsitiveness of the same sensation to wave lengths
between .59 =nd .66m. In this respeect, therefore, the
guthor is an anomalous trichromat, bub ‘&ééaréin'g' to the
ganerai d,i’atma%&ién between green and red anamar;iea he

" would be classed as a red &xiemalyi gince he requirss

more ra& m the equations than ishe normsl.
Anomalous tmchmmati&smi and in faet gol=
or vigion in any phase, cannot be studied fully unless

both the direct and reflex sction of & light stimulus on

the retina ve taken into consideration. Heretofore,only
the direct effect .ef light was aéﬁsi&aredf snd that not
gansrally to the extent that every ray effeets-, ‘i:c; a8

gr'ea%ar é:" less axtan-ti all tfmaa sansatiam, An indi~

vidual ‘may be not only anomalous in xespeé:t of the
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‘é.j‘.reet effoct of light, but also anom&laas in the de%l?
opment of 'hié reflex Aaénsatiens .l The l&ﬁtar phage is
":prohably mest easily detected after Prolonged sﬁimulation
since the reflex sensatitm which may be smet up in g very
small fraetion of & second, inereaﬁes w:ﬁ:h eontinued
stimuletion, |

While fatiguing the aye with & brillisnt

green light it was observed that, at the end of about

25 seconds, the light began to lose its green color and
to aawma & zmrpla ﬁings which increaaad in sa%wa‘ticﬁ
for amther 25 sgaamiﬂ, at the end of Wﬁi@h the eelcr

| appeared mers parzgale than green; the purple then graé~
uelly dsoreased watil at the emd of about 90 seconds it
| haga.i.‘a &p}aeama a é.ul}». grean of ‘m:ach reduced imtﬁnamgf
snd satumtmm A simi}.ar efifect was abserve& when fat-
iguing Wiizh a straﬁg whi% light. The white light ‘ba“

| caaae dwtimtl,; ﬁiﬂk. which graﬁmlly incressed for s
}shert time a;a& “Ehms. slawly disazape&rad, as the fa‘eigue

'maehe& & maximum,. Hﬁwwer@ when using a brillisnt red
| light na_ tmge of green sould be obaerved gi%heugx at
first it was ezﬁyeete{%. These ab@ervatiena may be resad-
‘ ily explaine& ag follows:.

An ex&mizaati on of the fatigue" curves shows
| that the author 8 vialet ﬁensatimn is eagily i‘atiguﬁd
by nearly all kmas to s grea"eer or less extent. From
‘t.h&_ reflex c..aweu,;, it may; alse be seen that violet ,
?sﬁ'méﬁ.ﬁ'ﬁé by the other eye is not merkedly emhanced bY



a traﬁsferrea‘raﬂéx stimulstion, except when the fé,ti?
guizigﬁ color is near either end of the sz%ea‘i:m; It there~
fore appears, that with pralongesi sﬁiﬁu&at’im}; “zﬁé nai; |
result of the direct and raflax aetmn of ’{;ha é.ifferant
‘huss upon the violet sansati:m is marly alwaya in favor
of fatigne. Fatigue curves &Sh_é?li_ that the gre-an senea-
tion is also fatig&g}'d by m,cxét yht&es, but the fé‘éig&e,é-x*

aa;;t by & fe@ eolam is not marked, Re‘flex earves; on

the other ham-i, ahw, amept :t’or equilib,;.{"w eelam. |
| 'faixly distinet enhana@ments, The reci sezzsa.tmﬂ, hnm? .
ever, is very aifficmlt to fatigue and shm& fatigue |
only in the a&tmms red and enl:f; when t:ne fa ’i‘signing e ol
Var has & wave length 'cf 4801 or 1@3»@» Acgording to
ﬁha sensstion ourves of ESnig and Bia*&ériei the raé. sen~
faa’aion gurve tamma’e@a at abou't .4;867;{, It s slready |
.baar; pointed out that the experimental evx&aﬁ% ‘given
in this paper, would indi e.&’ba that the rea aamati@n
curys really extends to the violet end of the spectrum,
as Emer 8 curves 311&’??}& However, the curves of ,Kemg
snd Dieterici may be taken as showing, that the”éirac%
stimulation of the red sensation by wave lengths 'wﬁger
than «480p is at least very smell. If the fatiguing
eolor is any hue of red or gresn, excepl aquilibrizzm
colors, the fatigue curves show that the effect of pi-a-:--
longed stimulation is sn enhancement of the red

15. ©Parsons: Celour Vision . 223.
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sensation, due to the reflex sction overbalancing the
direct. The reflex curves also show that the red sensa-
tion is far more susceptible to reflex stimuiation than
the othér sensations. It must be remembered, of course,
that the experimental results were obtained by remving
the eye, after strong stimulation for three minutes, to

& less intense spectrum upon which the measurements were
ma&s. Therefore, when a bright white light is fizated by'
the authar‘s eye for about 30 seconds it &sm&s a pink
tinge due to the strong enhamemen‘b of the rea sensati on
by reflex aetion. With lenger fixm;mn the dL sct efi’éat
overtakes the reflex snd fatigue pm&amim%es with the .f;'sf,fﬁj
pin}zz tings é.isappaam leavmg ® white of 2 much reduced
Aﬁntamity. bimilarly, wzhen B brillian"a green color is
fizata& the reflex anhanaement of ﬁae red sensation,
which is the sensation ;predominantly stimulated by the re~
flex action of graen. outgrows the grasn sensation, whieh
‘_is being fatigaed by direot stimala‘cim, thus resulting
in g’iviﬁg the color & purpimh tinge. Longer :Eim‘ﬁioa
agaln results in favor of the direet asotion on the green
and the color appears a green of a much reduced lumine- .
sit:y and maturation. Hwava‘r,." when fizating upon a
Er-illiant red color, the author's red sensation is so
&ifficul‘tz te fatigue, and so sansitive to enhancemant by
reflex action, that the reflex green never outgrows the |

red, and '%hersfare, no green tinge wase ever observed when
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fatiguing with red.

Although anomslous trichromatism may, in
part, be explained as due to & shift of one of the sens-
ation curves, yet the experimental evidence given in this
paper shows that & more comprehensive explanation is pos~
sible. Since direct stimulation of the retina is always
accampaniaa b;y a sensory reflez, then any abnormal deve-

lopment of the reflex stimuletion must produce at least

snomelous results in color vision. In genersl,therefors,
snomalous trichromatism is due ‘%a an abnermal ratic of

the vé.i-met. stimulation of the sensations to their re-

ﬂéx enhancement, Sines this ratio depends %o g;ema ax-
texﬂ; upon the im;ané ity snd duration of a stimum%; it

is quite coneeivable, as E&rége«»&reen has absarve& that

16 "There are alse persons who will meke normal equas
tions in one set of cireumstances and anomalous squs~
tions in another.” He has also observed, that some in-
&iviéﬂals will agree with the aé;t'mal eguation when a red of

 wave length 670w is used but will make an anomalous equ-

ation with a red e-:i’ 26900, Now, «670p is wery close jba

o an squiliﬁriﬂm eala;‘z‘vvvjmieh, the suthor found to bs at
»665p, while «690m is a tz-olar;whia}x.gi‘?ﬁéﬁ»!;‘l&??%@;Lixﬁﬁlﬁ';xass».»
-, - It is guits possible, thﬁrefare,_ thet thess anomslous
trichromats, examined by Bdridge~Green, -haé' an 6@115;11«'

_ hrima golor clc;sa to «8670p, the stimuletion af mieh

| weulé, raw}.t in & balance being sét up betws@n the éir»

ect and reflex effects of the coloy, while the effect
16. “.“Ehyaialagy of Vision" p.223.
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of empieyiag-a red of ,690m wéald‘be to‘gxgﬁase abnaxﬁal
reflex aﬂhaneemanﬁs and consequently an anamalcﬁsveqﬁaé
tion, | | | |
The following éhservatiaﬁs, nade byfvafr_
ious experimenters, clearly show whan;vieweé in thé 1ight
of this paper, that the reflex sensation B8y, nnder eer-
tain conditions and with Bertain ia&ivldaals aetaally |
gre&aminate over the airset effeat af‘a light stzmalus.
| ®If the primary stimulums {white) is more. |
”intanse or acts for a'langar‘time coloration may com~
mence before obscuring the eye {Faehﬁer}.“iv
"5 vivid olue«graeﬁ,aitar image mag he
seen net only in the absence of all green 1ight but
:>:whllst the eye is still being stimulated with a red
11gnt, 18
"The case of 8 strongly colorsd red sur-
. face whose imege QXt&ﬁﬁu over the greater parﬁ of the
retine is especially striking, The ﬁeleur fades very
.slowly but steadily, g1V1ng rise to a’ peculiar sensa*
tion of loss of power of the eye until the fieb& becowes
guite grey snd golourless. At this ntage the state is
one of kinetic eguil%briuﬁ‘ and a gubjective fluctua-
tiom, . 1ika these which are always taklﬁg place in self
1ight, mey suddenly result in 2 rige of the threshold
walues of the weak green ‘and blue sensaations, If that
ocours thé colour of the field will su&aenly flash 3into

17. Parsons: "Colour Vision", p.1l0.
18. E&ri&g&—&r@en' “Ehysielogy of Visxcﬁ,p.l@ﬁ.
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perception as s strong gré;em The effect is unusually
strking, but is not essy to attaim“w

| T’hia last quotation is ‘really a careful &e%*‘
e:c-if,»ti{m of what may be ealled the growih of the reflex
a;ansaticm until the effeet of direct ae&tie&, which af- |
fects predominently the red sengation, is equalled by the
reflex éaﬁien, which enhances ch'_iaﬁ;y' the e..l&mmtary |
gr:ean, thus resulting in & gray. An equilibrium between
the two effects then exists urmil the reflex enhancement
of g:e:aan suddenly yméeminai:&s over the dirvset emita—
tion of red.

The &;;pliaaﬁioza of the Principle of Eaﬁlex ?ieaual
mnsa ions to the Young~Helmholtz and Ha:riag ‘E‘heerias,
The 'ﬁamg«-fielmhaltﬁ tmshromatie thwry
of color vision with the various modifications ami exben-
sions, mede by von Kries + Abney am. gthers, mmﬁﬁwﬁ B
gimple ané. satisfactory explanat ion of a great mass of
phenomens associated with the Emraeptim of light and
~ eslor. The theory originated aizt af 2 study of coler
:mis;ctnms,; which are explsined by it in a very satisfae-
tory manner. Dichromatic vision is explained as due to
the absence of one of the sensations, and menochromstic
vision a8 the identity of all three. Anomalous trichro-
matism, sccording to this theory, is due to s partial re-
duction in ome or more of the sensations, or in some
types, %0 & ghift in one of the sensation ourvess
19, Pedale: "Golour Vieion." ps 175
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The theory,apart from the principle of
reflex sensﬁtians,affers,ga aﬁequéte explanation of the
phenﬁm@na'ef after images, for both positive and nega-
tive after imsges ﬁay be experienced in the absence of
stimulation by white light, If dichromstic vision is
due to thé absenge of one campmnemmlaengstian, it is dif-
ﬁieglt to unéarstaﬂd-why 8 aartaiﬂ §$rt1éﬂ of the spegct-
‘rum should be seen 8s grey an& not éﬁlarea, if the re=
maining two sensatione are stimulated, nor almost com-
pletely dark, if nonme of the aansatiéns he'affecte&;
Again, it does noi appsar éﬁﬁﬁi%ﬁant to suppose, that
dichromatic vision is due to the absence of one color
sensation, while monochromstic vision is tie identity of
the three. The thﬁary is also deficient in offering en
explenation for the various ﬁy?ea of color blindness
with ﬁafmal 1aminasity'e&rvasu The faaﬁ& of g@atial in*
duction or simultaneous contrast wers regarded by Helm-
‘holtz as "illusions of Judgment", an explanstion which
ahan&aas@;phgsiélegy completely. |

%hese researches are not intended to
confirm the Young~Helmholtz thaery, althuugh they do in~
‘éiaate three fundamental sa&gat;ens aerresyenéing'ta red,
graen and violet. The eviﬁaaeaArathar correets and ex-
'tén&s the theory by recagnizing the reflex action of
1ight upon the visual mechanism in sddition to its dir-

got effect,
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This addifion of the principle of reflex
Visual senﬁatiens, aa'&isaavarea by Allen and as.axtemded
both by him and in this paper, offers on the basis of the
'%riehramatie theory, simple and satisfaatery explanations
for suae@asive'ana.aiéultansaus contrast, the whiteness
underlying ell colors, the saturation of color in after

images, complementary colors, anomalous trichromatiem,ete,

von Eries' duplicity theory, which offers an explenation
of seotopic or twilight wision, may yet prove an unnecas-
sary addition, for, &s all eolors tend to become @hite at
high‘intan&i%ies* due ﬁa the reflex enhancement beiﬁg
squal to the airaet, 80 teg, the absensa of coler in &1l
lights st low intensities may be dve to another &qnaliw

' bstwaan the éir&at and reflex action of light in stimaw
l&tiﬁg the sensations. It is quita possible that cal@r
blindness, sither partial or camplete. may also be caused
by certain balances aat up between the &iraet aatlen of

1ight and the eamylemenxary reflex, rasnl%ing in grey.

.Ehe sorractness of thg abava yraﬁzatiana, aan ahly be de~
‘ tﬁ&mina%, ia.tha fﬂrst case, by an.axparimental stu&y of
reflagas at low intensities, and iﬂ the aeeeﬁavby invast~
igating them in the color blind. -

| The valua of any theary is twefem firet,

'iﬁ éﬁﬁariﬁg-satisfaatgry explanations of may raiateé
phenomena, ani second, in atimul&ting fruitful research.

in this respect the trichromatic theory of Young-Helm-
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holtz has become mowe angd more firmly establisﬁ&é,until
now, in the light of the regent researehas in reflex vig-
nal aansatiens little room ssems left for many of the
opposing thﬁﬁrias, However, it Seems quite improbable

that a rival theory, which slae explains many phenomena

- of ecolor viaman and which too hasg stimu&ated muah.valw

uable research, shoul& not contain = considerable degrese
of truth, Sueh a theory is that Proposed by Esranga .
Phe Hering theory sssumes six payaha»
physical processes, aarrasPQnding to the six primary sen~
sations, which may be arrenged in pairs, red*green yel-

‘iﬁwﬂﬁluﬁ, white~black, Three @h@taahemical substances

L BYe suppase& to axiet in the retiﬁa, one aarx&syaﬁ&iﬁg

to each of the three gadrs of sensations, The first
nzmed sensation in each pagr 1s supposed to srise from
the ﬁisaimila$isﬁ ef the photochemical ﬁubstanee and the
sacond sensation from its sssimilation. All rays of the
: visibla spectrum heve a éiasimil&ting agtion on the
white~black substance but different wavelengths in dif-
ferent degraes, @hen.mixs& light produces equal ﬁissim«
ilation ang agsimilation in the red~green or the yellow~
blue substances colorless light ig tha resulte The aation
is not esm@lemaﬁﬁary but yrather &nt&g&n;stie, for yal&ew
and blue do not produce white light by their cambinatian
but by destroying sach other's effeets, and 1ea¥iﬁg;via-
ible the white, which is alraady‘thﬂxe through the dis-
gimilétian of the white-black substance ﬁy the mixed




light. Hach visual resgmse is therefore = mixture of
three mensations ezeited by k&iasimilatiozi tagetﬁer with
the t-»h;éee arising from assimilation, the resulting color
’being due to th@ one of the. aix; that pr@émes relatively.
the great%t $ffeet. _‘ v
The prineiples deduced from the e:zzaari~

mental eviciema given in this paper show mat two oppose.
ite effects are pmé,u@a&whemvw light of any hue stim-
u:{atea ‘tzhej .re*sina‘, The direct and reflex sation of Light,
almxeugh a;@?mm&%iy an‘tagmimia, produce théir full. é‘fv« ,
:ﬁ‘aets withoué: irz anyway destroying or 1mzibitmg each
others Tﬁe xzat ‘result is not the excess of one aetim
over v,th%ﬁ. other, but rather the combined effect of the
twos Because of the underlying whiteness of all spect-
rum colors, Hering assumes the existence of s white~
black substance, in which the antagonistic sction re-
~sults in a series of greys. The discovery, however, of
reflex visual sensations no longer necessitates this as~
sumption, since white is the result of equal stimmlation
of the three fundamental aﬁaﬁsaticm y ved, green ani vio-
1@#- whether it be by direot action, reflsx action, or
by a wmbinatian of both which it appears must genex al‘iy-
by the case.

- , - Both the Younget felmholtz snd Hering the~
ories reaegﬁm@ that the namm of color vision is emse

- entially trmhmm?;ie, the fowmer by supposing the
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sxisteiwe of three fundemental sensations, and the
latter by the assumption of three pairs of psycho-phys~
iecal processes. The first theory explains most satis—
factorily phenomens, such as those of color mixtures,
which arise c:hiei’ly from the dirset action of light; tle
seconﬁ. p.’aencmana relating to color contrast, whiech
have now bean shown by Allen to be due largely to the re-
flex effect of a color stimulus>° Each theory there-
fore is maily based on only one of the two phases of
color perception. In i:hav} light of a visual reflex of &
sensory nature, the Young~Helmholtz and Heriﬁg t'haeé
ories can no longer be regarded ss antagonistic, The
- existence of a reflex, affecting predominantly the com~
pi&smmwy "‘é.enaaﬁem § azplains fully the a};ym‘_mt an-
tagéni;sm of color sensations, which Hering recognizes
as an essential feature of color perception.

20s Ju04844 & ReBsIe 7, p.913; 1923,






