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dimensions: brightness, hue, and satnratign. Recent
neurological studies (Wiesel and Hubel, 1966) and work on §}

temporal aspécts of vision‘(NeIson and Bartley et al., “5&%

wih
7

1971) suggest, however, that there m3y be only two. Hue -,

o
2

and saturation may be different experieptial results of a
’ 5

»

single color coding process. H | | L
o In this thesis saturation is investigated in the
context of dimensionality. It is studied as a set of f?

temporal phenomena which change in relation to hue and

brightness under varying confitions of photic '
intermittency.

A subjective increase in saturation, termed

-

- [

Supersaturation, is produced under certain conditioms of
&ntermittency. This phenomenon, along with desaturation,

A

- forms the ba51c evidenceé for a color proce551ng model
based on temporal tunlnéhmechanlsms.

In the model, the fundamental notionhbf
tridimensionality is‘quesfioned; ~Saturation ié redefined
as a time-dependent neurological ﬁofential'for;the_
production of infornaticn for any primary color in
relation ‘to, or in isolation from, the other primaries.
| A temporal color diagram is introduced és'an |

alternative to exiSting Euclidean color spaceé. It

N

.

Color has traditionally been considered to have Ehree*&; -



N

b .
accounts for cplor mixing, and changes in hue and

saturation under both photic intérmittency and steady
illumination.

. l " [ I
. Hue and saturation are also studied under
= . o - '
intermittency in a deuteranomnalojs observer. Results

support the notion of’tempogaivtuning/ééchanismsAin»the

4

visual sys{ém andAsuggest that stich anomalies may qrise

.
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INTRODUCTION

R

LT

¢

color’ s a conceptually messy subject. In
Helleﬁi%ticsfhoﬁght it was considered to be a

unidimensional -matter which occurred isomorphically in
n 2

both physiciixﬁnd psychological domains. In modern man's

ordinary experience it is similarly unidimensional. It

Al

is" the difference between red, green, blue, orange, and
other emic categories. Within science however,

.explanations for color have become abstracted. The§ have
- ’ '
tended towards increasing complexity, often to the point

vhere the experiential referent is obscured- in the
"formality and rigor of the models which evolved to
describe it (see Appéndik I11). .

By the niﬁeteenfh ;entury an elabotqte conceptual-~-
linguistic structure had developedqarouna the sc%ence of
color. Withimr psychology it was firmly thouéht to have
three dimensions:l brighsgess, hue{ and saturation. “
These dimensions corresponded topolé%ically but not

isomorphicalfy with their physical derivatives. They o/

.

formed the superstructure from which current theories’
.

differentiated in all relevant disciplines.
For all these attempts to explain color, there has

evolved no unified theory vhich transcends physics,

L]

physiology, and psychology. There ate however, a nugber

-

of specialized theories within each of these disciplines
Ay [3 N

St : . €
LS v R '
¢ s .

K | | .



Which have developed from a single generic 9‘515.
1

The Newtonian color model has tradltlonally been
misused and abused to brldge the eplstemologlcal gap

betueen the three disciplines. - It has been the rototype

-

for all color spaces and most color mixing nodels since
its inception in 1?00 It has been borrowed from and
* adapted far beyohd its range of usefulness‘gﬁa original
u~1ntent10n. Today mahy misconceptions aboﬁt color can be
traced to the pola}iaation of ideas around the Newtonian

mpdel. : J

-

In particular three.clasgés of problenms éontribute
to this disorganization of ideas. They are:
(1) the conceptual rift between physics and
perception;

” | F ] *
(2) disagreement on whiteness and dimensionality #n

color, and

(3) the extent to which color experiences can be

N\ considered temporal rather than spatial phenoména.
) Py . " . ¢ oy
Some of the problems in these classes. derive

~

directly from Newtoniapn physicge Others have/origins in-

<

Euclidean space, but they have oneé thing in cbmhon. They
~ are all predicated on assumptidns wvhich, accurately or
inaccuratgly, are rooted in man's ordinary experience of
. ’ A ’ “ \\ 0y . '

the world. T

Saturation is“’salient in each of these three classes

F

N



s
\ . BN
of problems. It is perhaps the most poorly understood

and least studied of the so-called dimensions of color.

Major theories account'forbit in radically different

ways. It is ogten fitted in a;d qréund mechanisms
_‘ggsigned p;incipally to explain other.dimensions,

it

. Phenomena, or relationships. Neveftheless, saturation is
a pivotal concept in color. It has important "
implications for bothidimensf6nality and for whiteneés.

., Understanding it’may be the key fo:aAquch needed
| restfucturing of some of our most ba§ic ideas on éolqr.
Saturation is the focus of ;his thesis. "It is |
investigated first in a linguistiq context, through,a
: .
conceptual analysis of its involvement in egqh of the “
three classes of problems, It is then studied
empirically, as a set of fempora} phenomena which change
in relatioA to. hue aqd brightnéss as a functioﬁ of photic
inter;ittency. A -,
,The results of this invéétigaiion,léad toa 0~
redgfiniflon!of dimensionality in color; A color.space
based on temporal tuning mechanismg i§, presented as an
alternative to existipg Euclidean eolor spaces. This
colpf space includes a previously unréporteéyphenomenon
. ‘called "suferSaturatidn" vhich occurs under photic‘ . .
intermittency hut_not ordinarily‘under continuous
of ;

illumination.



BASIC CONCEPTUAL PROBLEMS IN'QOLOR ¢

The first and third classes of problems (the

‘physics-perception rift and space-time) have related
[

o¥idins in Greek thought, They are interpreted here as
pre-inferential problems which have become manifest only
since the rise of experimental science in the

'IL"‘”’" ‘ )

)Renaissance. The second class of probleams
(dimensionality) arises from the interchange of ideas and

. dependencies within institutionalized structures of

:

experimental science.

v

THE SEPARAT}ON BETWEEN YSICS AND PERCEPTION

~

The Greeks made no linguistic/ distinction between

color as it was in the real world and the color which

‘

they perceiyed. They were both called chroma. In moderh.
sciencé hovever, distinctions like waveiength versus hue,
or intensity versus brlghtness are veny important. They
derive from an art1f1c1al dlchotomy between phy51cs and
percpetlon.ATopoloﬁlcal correSpondooce betaeen these
llngUIStlc categorlks is postulated, but is far from
complete. Brovn and black for exaléle, are . ’ &

| ﬁsychologically "real® colors, bu?_are not included‘in

Newton's color model. nor in any other spectral color
: i}

>



space. This reflects limitations in both'éhxsdcal color
theory and inrps}ehotggy. Physical ﬁodels have simply
'Séeame too specialized to adequately handle psychological
data. Nevertheless psychology continues to use them. It
hes.ofteﬂ borrowed ihdiscriminafely and inappropriately
from physics: AThis borrouing éid,not'begin with
psychology. It has existed thfoughout the ¢ntire history
of science and, in fact, is an integral part of .the |
‘reaSOnithet science ever developed., ~ .
N ‘Throughout much of th history of ideas in vestedn
civilization, ph&sics ﬁas_been ﬁependenf upon psychoiogy,
insteadvof the ofher way around. Both science and
psychology are rooted in men',s ordinary experience gf

events in time and space. Both remained in a pre- -

1nferent1al or descriptive state untll nodern times.

.Y

During~the Renaissance, sc1ehce»went through a serles of

abstractlve changes thCh 1nvolved transitions [from

B

empirical Hays ‘of thipking about the .world 4.0 theoretical
’_approaches. Tradltlonally physics had been 11m1ted by
- £uman sensory~capac1t1es, but by the eighteenth century
'1t had, become a hlghly objectt:e, predictive sysxe '
L.

~characterlzed by organlzatlon and disc1p11ned thln{

QPsychology and other fledgling sc1ences were later to

enulate thls tradltlan.

* The rea}lgnment of the relationship between phy51csf

W

_and psycholquvcan be»s&?marlzed'hi a comparison of man's



on perception with those of the Greek

current notion
. 3

atémists.

/

Hellenistic n thought he saw the world exactly as

it was.- Epicurus (da. 300 B.C.) postulated that
perception occurred because objects gave off faint images
of themselves called eiYola which travelled through the

air and up the optic mervy¥ to make direcf contact Lith
the braiﬂ. This.idea, that\perception is veridical,
lasted until the ninetéenth c ntﬁry..
:"14 -Today there is a different\ conventional wisdon
“Surrounding perception. We still believe there is a ral
worla, but we now think that[our parceptual systéms give

us only part or a representation of this world.

o
‘.,
Furthermore, we consider our particula
[ ]

representétion‘to
be not the only one possible. Illustrat ons of this
philosophy are found in biological limitat\bfs of our

. senses. Po% gianple, neurological restrictidns in our’
visual system allov us to see only a very smakl part. of
tyf'electromagnetic specfrum (::380 - 720 nm),. e haveé
sowesthetic senses whiéh extend the range of this A N
perception sliqhtiy into the infrared and'ulfraviole

but beyond the capacities of these skin senses, we cany

<

only measure the spectrum with physical instruments.
Seweral developments led to the separation of

v

pﬁysics from perception. Some of these involved growing

dependencies upon abstractive or theorétical'language

—

i
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systems like mathematics, but others involved'changes in
experimental methodology. Bwo in particular bear

directly'upon colo;.

. One of these occurred rather abruptly in the

,seventeenth century with the invention of the calculus.

[y

It involved a transition in ways of thinking about cause-
~ )

effect relationships. Specifically, it involved aégganée
from empiricad methods of hypothe51s testing to

. J
theoretical exper1mentat1on. Newton was- 1n§§runental in

effecting this change. Before calculugs, experlmental

physics had a direct empirical referent. Galileo, .

Kepler, Lipperehey, Janssen, Leona;do,‘Torficelli}‘Nevtbn
himself aﬁa many others made importanf contributions to
science fhrouga'ideas which were detivgd»and tested
visually. vlhese contributions were delivered'in
abstractlvéxterms, but they came originally. fbon ordinary
perceptual ekperlences of chandellers su1n§§¥§ QF CGlors )

1-n§ from prisus, etc. As chhotte (19464 ,an’ﬁ Q\axers

-

s
have pointed out, there is sonothlng very bas;ﬁ ;n the
- i Z
cause-eifect relatlonshlp vhich” results from @he ;

assoc1at10n of perceptually contlguohs events. I?,is* »
interesting to,coajecture what Neuton's;contr;bu;ién to
eéience night pave'beeq;af he vere blind, or evenico;or
blind.. | _' .

Within calculus, hypotheses could be derlved and

-

tested 1ndependently of any dlrect experleutial referent.
v : ot ©

P
> ' - .
‘e .
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Much pf the modern work on the physics of light is done

in this way. Examples are found ih the measurement of
the speed of light knichelson and Morley, '1873), in |
Quantum fheory (Planck, 1900), and in Relativity
(Einstein, 1905). Calculus provided a"cohceptﬁafﬁa
linguistic superstructure which helped mefliate the

transformation of physics from a pergeptuallj-base&

=

descriptive study of the world to a theoretical-
. L]

-

predictive study.
. h E .
The second development was abstractive as well, but

consisted of a transition in hardware rather than in —

3. p—

software. It beghn with extensions of Fhe human senses—.

. in expe:imentafion and later involved the actual 6|[ﬁ

Jreplaéeleni of the hunan'Observér by machines. It begéhA\

priof to the Indusgrial Revolhtion‘and con£inues today.
With incgeaéing sophistication in scientific

.procedure iﬁ the sixteenth and seventeenth centuries,
methodoIogiéél attention became focused o precision. 1In

time, science required a level of accuracy which, in many

L . o ) » . o,
. cases, was beyond the capacity of the normal human

o

Fl o

observer. Man vas becoming the weak link in a

sophisticated predictive systenm.

~
: L Lot . _ 4 . : . 7
~The first stage -of adjustment to these requirements
of science-éonsistgd,q{\fechnologicdl aids to extend or
~ilpr0ye pan's senses. Examples are spect&cles, 

' t"., « | Ar—— - . V . -
teIQ§copes, microscopes, clocks, and more recently,

o

s

.
S g e



: telephojls,'telegraphs, and television.1

e second stage of adjustment started with. the'-

ial Revolutioh. It consisted of an aotual
replacement of human sensory functlons ultﬁfmachlnes.
Thetbosthts, feature analyzers, punch card readers,Aphoto
electrlc cells, radiometry, spectrometry and gas
chromatography all de?eloped in this tradition. ~

) :
£* By the mid-nineteenth century light and color .could

-

be disctiminateg more accurately by machines than by the
human eye. The direct empirical referent had been ~ - -
lfffectively removed from color science. - Co

i ‘As _physics became separated from perception,

N
'™

5?sychophysics arose at the interface and has acted as a

;L1a51on systea between the two. It has~helbed'to-p‘

ésxablisp ~a guise of sc1ent1f1c respectablllty for

) psychology by facllltatlng the transfer of ideas fron
s
,physics. Many good ideas came to psychology thls-yay but

along with them came some -assumptions which were
‘ \

tfundamentally had. Tr;ﬂlmen51ona11ty in color 1s one of

g
P

thEII.» ) . ."J/

L .
"TRIDIMENSIONALITY

R . : - : 3

-~

‘Thettrldlnen51onallty of color in psychology cones
dldeqtly fro- Newtonlan phy81cs. It may be one of the

blégest conceptnal problems in the hlstory of 1deas on

.

> ~ > ‘ . .‘ N L4 P
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color. Nevertheless, At is deeply 1ngra1ned i our

[y

thinking. 1t is reflecte% in theories (He mholtz, 1856 ;

Bartley, 1938, 1958), process models (gg\v1 h and

Jameson,’3955) and in color spaces (Hunsell,

Ostwald, 1948).

that the number should be three is even morefdoubt

In a, three-dimens'ional color space, a red-oranfe

distinction is categorically differept from a red-pink
. . . . L ..

distinction. The former is a hue‘ch&mge whereas™ the¢

i

latter/is a 'saturation difference. IA\more primitipe

 conce tuallzatlons houever, pink and orange may be just
' -

enlc categorles which b ar the same relatlonshlp t be

prlnary color, red. Ant erngglcal evidence. (Ber in  and:.

©

’ Kay,_1969) suggests that he most undlfferentiated[ or

| ,
spaces.hqve just two categorles, black and thtec ~Th
\

s

-

next 1nc1Ps;qn &s usually red, then green, yeilow, and ”cr*

blue appearig Orange, plnk, v1olet, and ntherstare found

usually only in h1gh1y dlfferen;}‘ted languagefsystems,

and dlmensionalltY’represents a multl-tlereﬁ s&stem of
classlflcatlon which is pecul1ar to sc1ent1f1c;types of°
conceptual;zatlon.' Hemder,(1972) a:gues thatﬁquofﬂ

y ‘ 4, - Sl S T
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. haming has an underlying biological basis, sinee'these
‘basie lanéuage categories‘or focal color areas %re
similan in linguistica related cultures. )

In general? the eonce of dxmen81ona11ty mplies
orthogonality. Physical c ot t@eory may haVe é ,/
1ndependent d1mens7bns of wavelength and 1ntensity but
the correspondlng psychological dlmen51ons of- hue and
brlqhnness,are ot 1ndependent. They are emp1Q1cally

/

separable to a ci;taln extent but both psycholfgical and |
neurologlcal'ev1d nce nou sugqest 1nteract1ve tather than

discrete codlpg sy tems for these experlenceﬁ.

lEipgrlentlal el 1dence for 1nteract10n be ween
lumnn051ty and chrom t1c1ty sy§tems is found/in ghenomena"
llkerthe Purklnje Shlftv(ln Hecht, 1921) awg

the‘Bezoldr -

- Brucke hue changes - (1n ﬁlldt and’ Bouman, 1568) . Anothef

-

type of ev1dence fat 1néeract1ve systems

) brlghtness, hue, andasaturatlon changes hich occur"under

o

photic intermittency{- This will be 1nt oduced later.
Neurologlcal ev1dence llkewlse dog's not suppott u,i

tridlmen51ona11t1.' Von Kr1es“(1897) fltSt suggesi g)‘
. ’ ’ ‘ * ) 3 =y
separate, photopig and scotopxg systens but-con51dered*h

"fhem in a-%arwinian or functional context rather than in
'terns of dlffetences betveen brzghtness and color.

*

Neurologlcal and’ spéctrophotonetrlc stud;es by Rushton N
4
(1962), Polyak 1957, Hacnlchol ?196“), etc. have 51ncee
t . J

docunented the Dup11C1ty Theory.; chers (DeValols, 1963

®
)
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Weisel and Hubel, .1966) have delineated an anatomicaI

ba51s for both chromat1c1ty and luminosity systems at the
\

thalamlq level, but as yet, nb separate anatomical
structures for saturation have been found.

v ' " .
Current neurological\evidence suggests that

S

satnratlon may be a/pz product of the interaction between

lumlnosity and’ chrom§t1c1ty processes. " In the retinal
¥ ,
archltectufe for?e{ample, there are separateﬁrod and cone

Y

-9
.receptor systems,”however, these interact laterally via

medlat;ng amacrxne and horlzantal cells (Polyak, 1957;
DeValols, 19650 T v s
. Al . n /
At the cortical level, electrophysiolog'
L}
dlfferentlates luminosity and chromatlclty,

al evidence

but again

there is no special evldence for saturation llingson

. \.
(1956) and Harter, Eason, and White (1964) report shape

:varlatlons :in cortlcal envelopes for different

~

wavelengths. Dustman and Beck (1963) and Shlpley, Jones,

and Fry (19%8) report that the wiii"ﬁpes qf v1sua1_

evoked’ poten ials are anelength spﬁclflc, and that the
latency and amplltude of cortlcal response is related to
tté\lu-1n051ty of the photgc 1nput : .

" In the lateral genlcnlate nucleus (LQN) lum1no<1ty

and chrotatlclty Processes are spatlally separate forfthe

H

most part, but interactions do occur.‘ Lun1n051ty seems

1-1 .

' 'to,be coded infthe two ventral layers by certaln types of

e

xcélls, and chromatlclty 1nathé‘§ou3 dorsal layers by
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other typesidf cells (DeValois, 1965;'ngsel and Hubel,
1966) . The separaﬁion of thes? iypesaot cells in the two
segments Is not complete, however. A certain Percentage
of overlapping occurs which may provide a ratio or
interactive mechanism for saturation.

Two questions arise from the confusion of ideas on

interactive systems:
(1; if saturation is a bi-product, @ﬁen to what
extent is it rélated to each of hue aﬁd brightness, &\\
4
ahd .
(2) how are saturation and whiteness related.
Approaches to these questions have centered ardund
éhe traditioﬁs of nativism and empiricism. The Young-
Helmholtz Trichromatic Theory hnd Hering's Theory of
Opponent Processes account for wﬁiteness in totally
different ways. Their differences are critical and bear

i . Y
directly upon both saturation and dimensionality.

v

THE NEWTONIAN BASIS ¢F TRICHROMATIC THEORY

[

Theé Trichromatic theoty is a direct development of
‘ t " J 4

. the Nevtonian cglor mixing. model. It is an archetypic
example of the extent to which Newton's infIuence .has
extended to fields vhich his theories were not intended

to explain. Like Euclid and Aristotle, Newton gained
such a measure of respecf that to a certain extent he
¢ ‘ ' oL

& ' -
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became tho h a@ axdemlgod People began to think he
B ) m‘ hu y
,’1x9 f‘
IR v @

1w

I
' }g;;}l

In 1675.

e denoted seven spectral colors and

é@reatly ephapced his influence in

3/\

postulated ﬁathematlcal types of, relationships between’
them on :he basiS'd%vmusical theory. Each color had an
analogous note in the octave séale. This analogy was
crude, but it formed the prototype for most later
mathematical models of*color mixing. In 1704 Newton
derived a color circle from the spectral Solors thch has
1
served as the basis for all subsequent color dlagrams
including cirqles, squares, triangles, modified triangles
(such as those ofAKénig and Dieterici, 1892; and the 1931
CIE model), and three dimensional models like those of
Munsell (1942), OSébald (1948), Nickerson ang Newhall
(19a5), and Munn 11951);

Newton was conv1nced that purple completed the
spectral gap between red and violet. His color space
omitted variation in brightne§s. It proﬁided oply for
differencés in hue and saturation. When twovhues -of any
location within the circle were mixed, the resultént was
an'intermediate hue of deéreased saturation. The degreé_
of reduction in saturation vaé inversely related to the
linear or chord distance betuéénkthe,original hues. The

further apart théy vere in the circle, the paler the

resultant of their mixture. Whiteness and all greys

-
~
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betwveen white and black were considered'fhé result of
compounds of hués rather than separate ﬂues in and of
themselves. In a sense though, they ueré different from
the spectrai.hues, for to change a grey to white, Newton
thought that one had only to increase the amount of
light. ”

Several strong assumptions about saturation and
dimensionality permeate this model.

The first is that hue and saturation are different
from brightness since they are relatéd through color
mixing in a vay which does not include brightness. The
second is that whiteness, belng a mixture of the spectral
hues, is essentlally deferent from the other- colors and
thirdly, whiteness and saturation are related ana uay.in
fact be just magnitude differences of a single systemn
since theylboth reSufk from similar hue mixing processes. .

Tridimensionality is impliéit in this model,
"however, the degree of dimensionil orthdgonality'is not
clear. On the one hand,.Newton does not include
5rightness in his model, but he does relate brig@tness to
vhitenegs through the reduction of greys to white (which
iévoives increaéin§ the amount of light). Hue and n
saturatlon, although theoretically separate in his color
dlagram, are also related through color mixing.

) These assumptlons are an integral part of the Young-

Helmholtz theory. ¢ .

/ * .

;jli :

[ 4
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TRICHROMATIC THEORY

The Trichromatic Theory of color is deeply rooted in
physics and in the empirical philésophy of sciéﬁcé. In
1802 the English physicist, Thomas Young, anticipated
Miller's (1826) Doctrinebof Specific Nerve Energies for
the visual sysfem. He‘suggasted that the retina probably
contains three different kinds of light sensitive
substances, each maximally sensitive to a different part
of the spectrun. ‘Excitation from‘each of these
substances is éransmitted along separate pathwdys to the
brdin where the information is combined toAreproauce thew
¢6lors of the real vorid. .

In 1856 Helmholtz revised this model and introduced
color-mixing processes from Newton's theory. Like
ﬁewton; he considered color to have three | '
dimensions: brightness, hue, and saturation. He
developed an elaborate mathematicgl model of color mixihg
and po;tulated the three pﬁimary colors 'to be red,
yellow, and bluf. _Recent spectrophotometric stpéies
(ﬁacﬂichol, 1964) support his model anﬂ show .the |
absorption peaks of tﬁe three retinal photopic pigments
to be 447nm (blue-violet), 540nm (green), and 577nn
(yellow) . | o o

The Young-Helmholtz model has a glear, concise

N AS
;é e
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explanation for color. Hue and saturation are related
throﬂgh color ﬁixture._ Brightness is independent of

»
these two diméhsions. Each discriminable color results
from the proper ratio of excitation of the three tybes of

[e}

nerve fibers. As in Newton's theory, whiteness is
different fr&m thé three primary hues, for it has no
unique physiological process: It arises dg a result of
color mixing when all three systems are excited equally.
Pale or desaturated hues arise as the result of the sanme

mixing process, but only when the three systems are

excited in different'proportions. Saturation and

whiteness in the trichromatic theory are not different

concepts or processes. They are just gradational results
of a single color mixing process. 1In Helqultz's theory,
as in Newton's, black and brbun are not well accounted

for. ’

‘"Mering's theory offers a. different account of

saturation‘and whiteness,

C : —

THE THEORY OF OPPONENT PR

The theory of opponent processes- is grounded in

[

nativish and phenohenolqu. Hgtiug éonsidered nany of
- . & ) a .
the world's physicai processes to be diq@gtomous and bi-

directional in nature. For him, temperature was not

defined in terms of the movement of”molecules where coid

¢
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”
¥

is iust the ab§en£e of heat. He.propésed A chemical °
analogy for temperatute vhere hot and cold ére separate
eritities derived froam disctete and opposing ﬁrocessgs of
anabolism and catabolism. |

This 6hemical anatogy carried over to Hering's
notionsﬂof color. 'He thougﬁt that color could be
~accounted for by thee bi~diréctional systemse(, @ , and
J. Fach of these produces one primary color through the
process of aésimilation and another throughout the
process of dissimilation. The priﬁary color pairs wvere
red—gfeen, blue—yeiéyw, and black-white. |

‘The important feature of his theory for the 5resent
study is that whiteness was considered to be a "real"
primary color with an indepgﬁgent codipg process rather
‘than the result of a mixture of other primafies; In
Hering's system color mixing occurred{centfaaly rather
" than -peripherally. The degree of sqiuration depends upon
the e%tent to which the vhite-black system‘iﬁtgracts ﬁith
the other tgq sfstems. Whiteness and séturation result
from different processes, rather than from gradational’
differences of a single color miging érocesé.

Hering's thebry-wds supported in the beginning>by
expe;imental ev;dence of‘visual'phendneﬂa iike §olor'
blindness éng afterinéges'uhere éoidrs~seem tq-ﬁperate’in
conplementaty palrs. Sincé the developménﬁ of

psychophy51cal nethodology, the theory has been further .



developed and elaborated by Hurvich and Jameson. Lately
.it has received neurologlcal support through the single-
unit recording work of DeValois, and Hubel and Weisel.

1

Thus, there are two major theories of color which
s

differ oﬁ’exblanatidns for saturation and whiteness.

Both are atomistic rether than molar, and both are state

models rather than process models. Helmholtz's theoryzﬂé
’ peripherally based whereas Hering's ie more centrally

based, but neiiher succeesfully accounts for color in

toto )

Physiological work now s;pports‘the idea that we
cannot understand vieual proceSsing in terms of static
events which occur at specific loeations in the nervous
system. Vision can only be understood in ferms of
factivity in the total pathway. Time rather than space as

* ) . L
a basis for neural processing can facilitate this molar

approach to the study of vision.

’

COLOR AS A TEMPORAL PHENOMENQN

Until recently, man‘ﬁas considered his visual
‘experlence of the vorld to be spatlally coded in the
~ hervous systenm. Early accgunts of vision in optlcs and
psychology dealt with matters 11ke aculty and the
locallzatlon of surfaces in space. Explanatlons.for

size, shape,?distéqce, and depth perceptioh, for examgle;“
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commonly involved an understanding of the geometrical
properties of objects in the environment, and
corresponding spatial relationships of patterns of )

stimulation falling on the retina. These accounts were

':generally peripheral rather than central.

The epitome of this approach is presented in the

f rst book of Helmholtz s Handbuch der Ph151glogj§g§gg

A

7933;5:(1856),.vhere the eye is treated as a fine optical

o

) ) n.” - - -
system, -similar to, but more flexible than, a camera.

-

Physiological work has also traditionally been
spatially based. Examples of this approach are found in

anatomical studies and work on receptive fields, cortical

envelopes, geniculate stratification and topological’ :

e

proﬁection of information in different neural structures.

These studles have been concerned more with which .
channels are COHdUCtlng information than with when the
information is being conducted. They have provided a. -
good explanatory pdées for certain.classes of visual.
phenomena, like size, shape, and Mistance, etc. but have
not bee: particularly successful in explalnlng ot her

‘

classes of phenomena associated with contour, edge;

-

brightness, and color, etc. There is a grou1ng body of

‘evidence now to suggest that these latter phenomena can

be better explained on a tlme ba51s. -
Concern wlth txne as a variable began in the

nlneteen}h century. Color phenonena induced by the

7

-



spinning of toy tops popularized the methods of
intermittent photic stimulation as a temporal device for
studying visual processing. The study of traids of
photic stimulation is concerned with gulse durations and
inter-stimulus intervals, but i% is also éqncerned with-
h\atmonics, that ig, uith periodic visual &enomena which
arise frbm'cyclic characteristics of the train. Several
\ -
classes of colét phegbmena are associated wvith flicker:
(n Sugjective Color Phenomena. Prevost, Fechner,
and Benhanm demonstrated thaé v@ious hues and
satu;ations‘will a;ise»ftbﬁ‘%ull spectrum
stimulation under certain.conditions of
integmi(?éncy (in Cohen and qoraoh, 1949) .
(2) Bridhthess Enchanceﬁent (BE,»The Brucke-Bartley
effects). Under certain conditions an
. intermittently illuminated karget ﬁill appear
- brighter than a steady target of;the‘sane |
intensity (Bartley, i938; Brﬁckeﬁ 1894).
‘(3) Hué Shift (HS).  ﬁnder photic in;ermitten%y hues
B vwillfshift in épecifiable‘directions depending ’
upon the.rate of intgrmittehéy.and the "
wévelength (éali and Barfiey, 1965; HprSt aﬁd_J
Muis, 1965; Nilsson and Nelson,.1954);.-‘“ |
(4) Desa'tuféti_on (DES) . Part 'é;ieétr,uﬁ t.arge_t’s will
épbedr to lose their color under certain

conditioﬁs of pho?if intermittency (Ban§ley and
o \
L o Y
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Nelson, 1961; Ball, 1964).

The differences between color under steady light and
color under intermitient'light are analogoué to e
differences in illuminant and reflected color spaces.

. Bartley (1t958) pointed out that color experiences depeéend
to a certain extent upon the mode i uhiéh the )
information is preséﬁted. Brown and black, for example,
are easily produced in the reflectéd mode throughsmixing
pigments; however, they are impossible to produce in the
illuminant mode. by mixing colored fights unless a
surround-annulus configqguration is used. As well aé“
illuminant and reflected modes, Bartley (1958) and Kééz_
(1935) suggest that there e#ists also an aperture modé, a
volumetric'modé, a film mo&é, and a temporal mode of
presentation each of which produces slightly different
color experiences.

Isolated stuéies in various classes of time related
phenomena have been conducted for over omne hundred years,
but'Bartley and hi$ colleagﬁes vére the first to .
systenatically ihvestigate«an extended range of phenomena
related to flickgr. They have otganized and inferprefed

€he'findin§s within a temporal framework called the

Alteinatioq of Respohse Theory.

THE ALTER&ATION OF RESPONSE THEORY

»
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The Alternation of Response Theory nroposes that the
visual system consists of a number of parallel channels
or'longitudinal circuits which connéét the peripheral
receptor elements with higher centers in the nervops
systen. In the optic nerve, arsingle fiber is a
“functional'unit and therefore constitutes a channel. At
the tetinal level, complex anatomical interreiationships
invoiving bipolar, amacrine, and horizontal cells
qonplicate the histoiogic&l delinegtion of a channel, -but

N

functionally it is a restriéted‘tissue systenm connecting

ad the brain. ‘The significance‘bf this theory

sent research can be’ summarlzed by thrqg
per1odlclt;,halternat10n, and reorganization.
.concept of periodicity evolved from the vork- of
iand Bishop (19321 1933) on electrlgii stlnulatton
-optlc nerve in the rabbit. They dlsézvered that

ual system was perlodlcally receptlve to .
:atlon. The. duratlon of the receptiVLty cYcle was
3v100ms.3 As pergod1c1ty rekgtes to the total -
patnuny;'or to cells in.the corter, it is cdnsidered a
cortical excitabilitf=éysle. As itsrélates_ ) ébtivity
infa-single channel;:it‘can be considered anlactivity-’
recorery'cycle. | B
Under steady illun&natlon, the channels in the

'nstel are’ in a state of alxernatlon.- Some are ‘

1nfornation while. others are recoverlng..
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Different .sequences of biochemical reactions are involved
. >}

in these procésses and time differemces in discharge

1.

latencies, conduction rates, and recovery rateslin
diéferent channels provide the mechéhism for alternate
firing and r%covery ot the various’pathways in the
system. These time differeaces can he explained at an
anatomical level in terms of structural dlfferences 1;
4the fibers such as lehéth;‘diemeter, myelination, number
. and properties of synapses, etc., or at a more atomistic
level in terms of blochemlcal reactlons 1n the pathway.
The existence of these tlme/dlfferences 1n pattexrns of
mass @ischarge forms the’basis for the concept of
alternation.

-

The waveform of the cortically evoked potential

re . .
produced at the omset of a train of photic stimuli

typlcally shows an early peak of maximal ahplrtude, which -

is folloned by several smaller 1rregular peaksi
Eventually the waveform exhibits é‘Seguence of regular

peaks whose perlods ‘are consistent and vhose amplrgudes
e

are greater than those of the 1rregu1ar peaks, but not so *

great‘as that of the initial peak. fhe temporal
explanatiop for this uaveforh is that prior to

stlnulation, the v1fuai system is in a_ state of relative

-

’

7»quies¢enCe. Slnce most of the channels are at rest at

&

°

the tlne of initial stlmulatléh they are capable of

relatlvely synchronous response; The sxnultaneous~fgrindl

A
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of large nu;bers of fiber; ac?ounté for'; summated
response to the stimulus which is represented by thef
firs£ wvave of @he evoked potential. As variou§ channels.
discharge and recq;er at different.rates, patterns of
neural activity are.distributed 6ver time and a certaial"
duratioﬁ elapses Before 5ynchrony of‘dischazgé becomes
optimal. This periad of irregular activity which
precedeé synchronous disbharge is referred to by Bartiley
as the period of reorganization.

Acco;giné to the altern%tion theory,rcertain
conditions of stimulus intermittency progrém the channels
fq fire and recover synchtonéusly, and thus produce
guqching of éctivity in the optic }ract. This
disjunctiiity of input is purportedfto be the cause of
. . -3 N ’ 2
the various phenomena associated'ﬁifh‘fliqker.‘ The
physicalxconditions for optimal synchrény‘pf dischérgé or
maximum bunching in the system é;n be épecified by the 7
interaction between the rate of stiﬁhlus in;efmi€%ency{

-

and the oh—off ratio or. pulse-to—cycle fraction-(PCF).

.- Pive to ten Hertz and 0.25 PCF are 1n general consldered

+

¢
optlnal cond1t10n§ for thls bunchlng
f/-§ Thegse conditions have been delonstrated to produce
optimal increases in brlghtness (Bartley, 1958 Babello

-

and’ Grusser , 19635 BaLl and Bartley, 1968' Nelson and
"Bartley, 1961); optimal hue shlfts (Ball and Bartley, :';

1965 Nllsson and Nelsén, M971-,Horst and uuls; 1969) and

_v" i | o ¢
r

i._, N
) S N
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- -
optimal chan'ges in saturation (Bartley.and Nelson, 1961;

Nelson,’Bartley, and Ford, 1963; Ball, 1964).

v

The special virtue of the temporal’ mode of analysis

.

is that neural activity lends itself well tq

quan{ification in terms of latencies, rates of dischange,

‘and recovery times. The results of these.time variations

can be.measured_precisely and tend to reflect the o

. - - ‘o . . .
operation of the nervous system 1n a nativistic way.

Temporail approachés are no;‘wiébéut limitations, however.

One major criticism is that the mathematical parameters

of time, for-example duration and frequency, have
structured temporal analyses to deal with successive

events only at the expense of simultaneous events.

‘Another criticism is that temporal approaches are too

parsinbni0084 They!attempt to explain'a lot of-"complex
N\ : .
neural activity in terms of a few simple parameters of a

" single variéble.

Liké uavelehgth theory, this temporaﬁ*ﬁﬁaﬁi is
highly specialized. It' vas not meant to be upiversal.
Despite its specialization, it offers a very important
aiternatiVe Qay»of_st;éying visual phenomena which have
not teen«adeéuateiy expldiﬁed by the spatiaiﬂtheories,»
It provides é'uni§ue opportunity for investigating neural
dependencies betwgen hue, prightness;”and éaturation
thrpugh éfudyin§,qonconitant changes in these dimensions

9

under photic intermittency.



EHPIRICAL BACKGROUND
. S

Tehporal studies'heve been instrumenta; in recent
attempts te break the nehralchlor code. Much of the
relevaht'uork has been done on changes_;n hue under
photic intermittency. Desaturation has been'cohsidered
only recently, ahd only as an adjunct to hue shift. No’
~‘optica]. System or methodology has been designed;érimériiy
and spec;fically to sfudy desatgraiion,“either in

‘ v

isolation, or in context with hue, "brightness, ar

Whiteness. ‘ ‘ ~ /e

The basic queshions of dimension%lity_remaiq
unanswered: o | °

Is color tridhiensibnal?. Does saturation have a
coding process seﬁérete from those of hhe and brighthess?‘
If not, to what extgnt is it'rel@ted to each,.ahd to
wvhiteness? - : v “ - |

Ball and Bartley (1965, 1968) studied bhenomenal
chahges in brightness, hue, and saturation under
" intermittent conditiens.v They found that b;ighthess
.varies with the rate of interaitt®ncy and PCF, but not
generally vith vavelength. BE‘apéeared slightly greater
near 520nm but ip general appeared to be. 1ndependent of

wavelength Changes in hue and saturatlon, however, -

deﬁ‘nded upon wavelength as well as the condltlons of |
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ihtermittency (figs. 1 and-2). ‘Both the diréction of HS
:énd the magnitude of DES are specifiaéie in terms'of.
.uavelength. o

HS and DES were studied separafely and under
someyhaf different conditiéns, but an”ihporthnt

céaﬁénality in'the findings suggests that they are -
fundamentally ;élgteq. The spectrai_loéi.of the maximunm
and miniﬁum points of éegaturation (“99 and 575nm) are
the same as the points where HS either reversed |
direction, or was not apparent, Fyrthermore, the
direction of HS in other spectral areas seems to be away
from highly desaturated coiors, and téwards colors which
' remained saturated under photi; intermittenéi. This
commonality has beenéobséured by the separation between

these studies and vas hever explained. It has important

impliéétioﬂs for the relationship between hue and 2%

.

éatﬂfatiop; ’

Nilsson and'Nelson'é (1971) findings dorrbborate
this commonality. In'comparing HS phenomena with the
Bezold-Briicke effect,9 they found a third spectral locus
vhere HS dgés not occur. It,falls near Ball and
Bartley's‘second.degatﬁration maximum (near 630nm). When -
HS ié rectified and short wavelengths are separated fron
the Iang ones at 575nm, the magnitude of HS across

vavelength apppars, in a general way to be feciprdcally’ -4
. . ¢ . é

* relafed,to thg éagnitude'o§_2§§,

[aN
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These data ﬁere collected under different
conditions, at different times, and by different
investigators, houevér, they suggest thét,under the -
abnormal conditions of photic intermittency, saturation
is related more closely fo hue than to brightness.

MacDonald (1971) suggested that hue and saturation
are different experiential end results of a general
chromaticity system. He proposed an harmonic-type
matheq@;ical model to account for the apparent.
interdébendence of HS and DES in terms of a single neural
process in the visual system. 1In his model, whiteness
and saturation are related as differences in magnitude of
a singie éhromaticity process. HWhiteness aﬁd'DES are
considered to be "noise" in the system (probably in the ;
LGN) which arises as the aharmonic result when
overloading occurs in specialized color[processing
systens.

The model is based on a proposed geﬁporal tuning
mechanism iherein each color system has a temporai range
withiﬁ‘which it can effectively fprocess infofmation. For

t

» . , '
trichromats, each system is tuned somewhere in the

midrange, ‘for evolutionary or adaptive reasons, .or

wvhatever. This»provides maximum processing flexibility

. —————

under steady illumination. Under photic interh1ttency

temporal’tunihg¥§s disrupted. As discharge and recovery

»
! A

of the channels tends to synchroniie, certain biochemical

¢
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processes do not get enough time t¢ regenerate, Neural
overloading results and tﬁe point of optimal effective
processing shifts within the temporal range of that
system. Bi-lateral changes in hue and saturation are
dependedt upon the direcfion of diSplacement of the
temporal tuning locus, ;hich in turn depends upon the
congg tions’ of idfermittency. For dichromats, the locus
of tuning‘un€:r steady illumination lies in a position
within the range which is differént from that of the
trichromats. Under certain conditions of intermiitency,
this ;ocuérténds to shift toward its'trichromatic
couﬁterpart. |

Thus, the model purports to account for HS and DES
in color defectives as well as normals. It is outlined
here only briefly , but is presented in detail in the
disuéussion. ' N

The purpoée of this feéearch is to clarify the
concept of saturation ih the cohtext of dimensionality
through the testing ande§evelopnenf'of tﬁis model.’
‘.h The model offers an i@portant alternative to the

- _ . .
. traditional (spatial) theories of c¢olor since (A) neither
. L ' :

for color, especially for saturation; (B) neither

~ ~_

e—la—

traditional approach attempts to account for both color
deficiencies and for trichromatic vision vithin the same

context;.and (C) there is, at present, no other extensive

"~

. . | N
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'

temporal explanation for color. Existing time-based
models have dealt predominately vitﬁ‘brightness rather
tg;n with hue and saturétién. Under photic ’
intermittency, changes in hue and_safuration are
consistent and specifiable. They tend to reflect the
'operation of the visual system in a way which spatial

approaches cannot. It is these changes which are

investigated in the present research.



METHOD

Experimental methodology was designed to study
saturation in relaticn to brightness and hﬂe under ?hotic
intermittency. The majority of the data were collected
by psychophysical forced-choice or matching techniques.
Preliminary tests in?olved trainding subjects and mapping
ranges of HS ana BE for several parameters in order té
test the efficacy of the system, and to establish

psychophysical ranges where saturation changes occur in

relative isolation from HS and BE.

i

' : SUBJECTS

¥

',Five Studénts served as observe:é in the main study.
All were ennetfpéic and in their twenties. Four.(Du, MG,
SM, aﬁd BJ) uere(nofmal'trichromats. GT was st%ongly |
deuteronomaious. A sixth observer, AJ, had Retinitis
Pigmentosa. He was examined in an aux}liary'sfhdy (Seeu

{ﬁgendix iI). . e . .

&/ ~
\Z APPARATUS oo

. !

&

Since the methodology in%¥olved in this research

cannot always be conveniently categorized into hardware

-8 nf:" . :

33
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s

And software,.certain procedural aspects are—presented;in

the apparatus section.

Stimulus

A émall (éﬁm) bi-partite field of bright hpmogeneohs
- monochromatic iight vwas presented to the right fovea.
Wavelength, intensity, rate of intermittency, and PCF
: coﬁld be controlled independently in each half of the

target.

Stimulus Delivery System
[4

Parallel optical systems were used to project each,
‘haif of the target (fig. 3). E;ch system was ¢oﬁprised
of a tungsten light source, a double grating
monochrometer and Maxwellian view optics. Episcotisters

provided the photic intermittenéb.

' . L kL
Detail amd Specifications

, ( . | v
Lamps. Two tungsten filament (quartz iodine) sources

e
- —

« were used, They were Bausch and Lomb step-down

]

YO

transformer lamps (Cat. No. M53-86-39).

-

c S :
Monochrometers. Two double drating monochrometers

%

1 Pro ided waveleﬁgth control. They were Bausch and

Lomb digital counter units with slit height of 10nm

and}bandvpass of 2.0nm, tolefance’of.t 0;1nl.,~aﬁd a
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focal length of 250 nm (Cat. No. 33-86-66) .

Ooptics. Sequences of Edmund Scientific Co. achromatic
condensing and collimating lenseé vere positioned
downstream from the facal points the monochrometers.
The Leams were reflected from front -surface mirrors onto

the retinal target area,

Lgtérm;ttencx Cconditions., IgEerittency was provided by
three synchrohous motors set at 5 Hz, 1 Hz, and 0.16 Hz
and by a variable speéd motor vithha range from 0.4 Hz to
1.65 Hz. - These potors carried black cardboard o
eplSCOtlge‘t discs and were p051tloned to chop the

collimated beams before they vere reflected’ from the

mirrors.

-

 Retipal P051t10n1ng of the Target. The positioning of

_-_-—.—-—-

the stimulus f1eld on the retina was roughly stablllzed
by fixing the position of the cranial bone structure.
Each subject had a wax dental impression "b1te -board"

nade which was flxed to an 1mmovable head frame device

1nsldg a shielded observatlon booth.

P . . N
Stimulus uanlpulatlon. The experimenter could manipulate®

o —— e G W A i e — —

‘ conditions of intermittency, wavelength, and luminosity

independently in both lover and upper beanms. Havelengthr

was controlled by settlng the dlgltal monitors on the

" monochrometers. Lul1noslty was set and controlled by the

5 .

[



, discs.

use of} ral den;Xty (ND) filters which wvere

) ;om the monochrometers. Ss could also
Xy in a limited range by controlling the
 ith_variacs.‘ Rate of intermittency was.

COn  )Y a combination of the number of cutouts in-

the lister discs and the use of the appropriate
motor: rive the?. The PCF wvas controlled by.varying

the an r proportion of the cutouts in the episcotister

PROCEDURE

lvere hired and tested separately on 16

tests w .:océurred during twelve 30—50 minute sessions

~

at two day intervals. The bi-partite target was

presented under various conditions of intermittency,

“waveleng{h, and lhmindsity: Both fields were

1
-

. intermittent for some tests,. but for most tests, 6nly the

lower field was intermittent. Observers either made

forced-choice comparisons, or matched the dpper and lower

fields for brightness, hqp, or saturation erending‘upod-
the test. - o i

The first two sessions ue;eAprdpératofy._ These were

“followed by éAsession for luminosity tests, two for hue

shift, two for brightness, four for satuggtion and .a

final one for extra hue shift“@ests 'ﬁéfails are

B
“o



presented below. Deutan procedure was somewhat different =

- and is éiﬁfgntea separately. ' '

[ 4

‘.\\ \
\
N : . b *
A. TRICHROMATS
I. Preparatory Sessions . ¢
Several prepafations were made prior O the test ,)
sessions: : 3 ' _!

,
/
%

(1) Acuity was checked and color vision was tested

N i
using H-R-R and Dyorine color plates.
. B j.‘
. \ A
(2) Dental impressiép boards were made.
\\ L]

»
i)

(3) Ss were dark adapted and individual 1un1nos1ty e
R Cee » .
data vere collected by the thre hold‘method in order

to equate lum1n051ty acros§ the sgectthm 1n'

- A
subsequent tests. , \Q§\

(4 The "dimensions" Of hue, brightndys, and
saturatlon ‘were vasually and semaptlcally defined in .
order to establlsh efflClent lanquage comnunlcatlons
for. 1nstruct10na1 pniggses. Temporally 1nduced
‘changes ih these dlnen51dns were*then demonstrated
under the condltlons of 1ntern1€tency, lnm1n051ty,
and wavelength where they ogcur in optilal nagnltude
and 1seiat10n from each other, Observers vere ‘
familiarized vithrthese.types of changég in a shoht‘

' A\

A
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TEST CONDITIONS

Before. each test, Ss were dark adapted fo a photopic

o

M*_lex_l_i§:2l‘minutes). Matching tests involved four

\

repeated measures of each EBBHItten*\\hereas forced
\

-choice tests involved. only tvo,

- . . 4

II. Luminosity Ranges : ' .

Lower lun1n051ty thresholds were establlshed at

elght spectral loc1 (“75, 500" 525, 550, 575, 600, 625

<

and 650nm) for changes 1n hue, brightness, and saturation

which occur under 1QHz, 0.25 PCF. Theilower . .

-

(1nterm1ttent) f1e1d was cémpared u1th the upper (steady)

A}
field for each phenomenon as the level of lum1n051ty in

both flelds ﬁas Varled s;qurtaneouely ofgr a wide range

-

O .
vlth ND filters. Thresholds differed for ggiferent_A
phﬁnonena ‘and these data were used to expe

1sélate saturation changes in bthe; stnd;es (Se®*Results

3

sectionm) N _ : P - ﬂ&

P IIL. . Hue Shift and Hue Matching
xf' The spectral areas and dlrectlons 'of hue Shlft
\

uere deternlned under 1032, then 3Hz, 0.25 PCF. flrst b{
2 T &

. -
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forced choice between the intermittent and steady fields;
, . Y
and later through matching by the method of limits. 1In
\)‘ , N
the forced choice test, S was. asked to report whether HS

-

;as detectable, and if so, towars which end of the
spectrum, K .

In éreparatibﬂ'gor HS tests, wavelength and
llumihosity vere equated in both fields uﬂder steady
light. Under 3Hz, slight BE occurréd and was also
Eompénsated for in the matching tests before hue matche3
wvere made. BE effécts vere small as ‘the 1uminésity range
was not high (T+3 log units),, and co®sequently, gross
changes in lpminosity vere'seldom necessary« E

controlled most of these changes with ND filters, but

some fine tuning was done by $ with variacs.®

—— e

Test 1: Direction of Hue Shift. Ss were
instructed to compare fields for hue differences only'and
‘not for saturation differences. Direction of HS was

mapped in 10nm,steps from 700nm to 400nm with luminosity .

. ! } ——
equated from 635nm to 475nm. eoReports were vérbal.

4

Methodological note: In certain pArts of the

spectrum hue and saturation changes are difficult td
A A A

sepS{ate. For exgmple, HS from brange to yellow can be
" .}

nisinterpteted as a desaturation effect as (A) -

‘ desgturationfusually occurs here anyway and (B) yellow
. . . Ed - .
looks more desaturated than orange under steady
illuminatioh. Guessing was discouraged here. Possible
Ad A}

)

~
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eIIors were subsumed under the categpry of hue shift in
! Tést I and then‘separatéd out in Test I1I.
Igst 1I:- Magnitude of Hue shift. Hues presen'ted
"intermitteptly at 10Hz, O.25‘PCF were matched to steady

hues Ly the method of limits at seven spectral loci,

They were:

(1) 650 and S45nn whe%e boéitiVe HS “(1.e., toward

lcngeg wavelengths) was expected; . .

(2) 620, 580, and 515nm.where no appreciable Hg\rai ‘
expected; and T ' S >

7

(3) 600 and-475nm where negative HS was expected.

-

Luminosify'vas adjusted accordingly as the

wavelength was ch?nged.

o . »
Further magnitude HS testS were done after

‘saturafiqn data vere collected. These were designed to

“

f < compare HS magﬂiggde with DES magniiude.{ They invdlved:

(1) A split-béanm compag}tén of HS .magnitude in
adjacénﬁ spectral area; where S made simultaneoué
subjective comparisdhs df 475 x 495nm, then 530 x
545nm, 545 x 563nm, 587 .x 600nm, 600 x STODm'anq 650

x 635om under the sanme conditions of intermitfency.

{2) 'An intensive hue matching study where spectrally

)

closer wavelengths and 1% repeated measures were

useds  The wave.lengths were: 475, 495, 510,530,
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545, 560, 580, 587, 600, 610,(920, 635, and 650nm.

-y

IV. Brightness Studies

‘Brightness changes were studied under

intermitteAcy at 3 non=~HS wavelengths (620, 580, and

'515nm)'firs€ iﬁ a lower'luminosity range (Threshold +3

lod units) where saturation changes were studied and
later in a range (Threshold +4.1og units) where both BE

and Dﬁé occur.

Test

(o]

Rate x PCF. Brigpfness was mapped over 13
rates of intermittency (1, 2;;..,10, 15, 20&2, and |
fusion) for eégh of four PCFs (0.125, 0.25, 0.50, and
0.75). Ss were instructed to, compare the brightness

under each rate of~intermitténcytfirst with that of the

. steady target, and later vith the brightness under the

AN

next highest rate when both fields were intermittent
(that is, 1.x 0, 2 va( 3 x0, etc.,.fben 1 x 2, 2 f3ﬁﬂz,
eté.).

§tqas‘instruéted to’report whéther the lower target
appeared brighter, lesé bright, or egualﬂto the upper
targe£. ‘The i;énitudes of brightnéss changes and the

shapes of "the rate curves were roughly determined by

~making additional .comparisons of certain rates with
p _

*
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ji.iheri‘uhicb were optimal for brightneés changes, and
with Talbot level conditions (see Table 8).
’ I§§§ 11 ECF, Brightness wa§ then tested és a
function of PCF with rate and wavelength held constant.
211 combinations of 0.125, 0.25, 0.50, 0.75, and steady

- light were compared for 3 wavelengths and 3 rates: 3 Hz,

10 Hz, and fusion.

- {B) Brightness Enhancement Levé;

BE at T + 4 log units was studied as a function of
»wavelength at 10 Hz and 0.25 PCF by ordlnally comparlng
brlghtness in adjacent spectral areas during a split beam
test. Luminosity wvas first equated across the spectrunm
under Sté;dy illumination, and then BE data were
callected as wavelength was varied in nine 25nm steps
from 450nm to 650nn.

£

41,
"

V. Saturation Studifs

Saturation was studied ;s a functidh of photic
intermittency in a luminosity raﬂge (T + 3'10og) where BE
and HS do not ordlnarlly occur, and faf 3 spectral. arQas
(620 580, S15nq) vhere HS dges not occur. Lum1q051ty
was equated écrst~theLspectrum and ordinal data were
coilected by the sanme mefhod used in the brightness

‘studies above. S wvas instructed to report whether--the

'louer target appeared more saturated less saturated, or
4 ’

[



equal to the upper target.

Luminosity was further
adjusted to compensate for brightness changes under
intermittency (particularly for BE under low rates of
iﬁtermittencysf Satu;ation was mapped over 14 rates of-
intermittency (1, 2,5..,10, 12, 15, 20Hz, and fusion) for
each of four PCFs (0.125, 0.25, 0.50, and 0.75) in the
same manner that brightness was mapped out. Ali.~a_ |
combinations of PCFs were compared, but the shapes of the
rate curves were determined by using only three of the
remaining rate permutations (6 x 10, 5 x 12, and 4 x
15Hz) .

Test II: Supersaturation. An increased saturation

—— e - — . . e i, s s e S

G
effect occurred at low rates of ifitermittency. The

temporal extent of this effect was established by
observing saturation changes at very low rates (0.16,
0.25,'0.33, and 0.50 ﬁz) and under the same PCF and
wavelgzgth conditions which were used in the previous
study. ﬂnder these rates, inter-pulse-intervals vwere
loﬁg enough that a single pulée occurred within each
cycle. BE was adiﬁéted for and Ss were asked to report
r . . . :

saturation differences in the upper and lower targets at
the beginning of each cycle,Aahd to note whether
saturation changes occurred in the loweﬁ target wifhin

. the duration of the cycle} |

~ . 3 ‘
Test II1: PCF, sSatpration was thgn tested as a
]

N . - -
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function of PCF with rate and wavelength held constant.
All PCF combinations of 0.125, 0.25, 0.50, 0.75, and

steady light were compafed for each of 3 wavelengths x 3

rates: 3 Hz, 10 Hz, and fusion.

lest 1IV: saturation x Havelength in a split-field
study the magnitude of saturation change was compared 1in
adjacent spectral areas under 3 Hz, 0.50 PCF and uander 8
P :
Hz, 0.50 PCF. Wavelength was changed in eight 25nm steps
from 475nm to 650nm. Three extra/cohpérisqné of optimal
ranges uére made when the optimal ranges were determined.

They were 475 x 575nm, 575 x 650nm, and 515 x 625nu.

|

B. DEUTAN

4

‘The deuteranonalous observer went through muéh\the
. ‘ .

same proceddre as the trichromats. He was tgsted for
luminosity, hue shiff and hue matching, brightness, and
saturation changes under photic inteémittency. -
"Procedural déviations from the dormai.trichromatic .
methodology are outlined here. | |
1.  Hue Matches ..

Slnce GT had dlfflculty matchlng hues, espec;ally in
certaln spectral areas, ranges of hue ‘match rather than

specific spectral points vere collected unden‘both stgady'
' - . o

and intermittent conditions.? As well as hue -matches for

N
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steady light and 10 Hz, hue matcﬁing erformance was
tested as a function of rate of intermittency for 4

uavelendths (425, 500, 550, and 625nm). The rates of

-intermittency used were: 2.4, 3.5, 4.5, 5.8, 7.0, 8.0,

8.8, 10, and 15 Hz. ' /

II. Brightness Studies

GTé brightness responses were studied only at
saturation level luminosities. Procedure was the saﬁe as
for trichromats except that more wavelengths were tested.

They were 425, 475, 515, 550, 600, and 620nm.

III. Saturation Studies
Procedure was the same as for trichromats but again

the above wavelengths were added.
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\} ' \ RESULTS

The research Has\successful. The reliability of.the
methodology and of the optica; system was established
through the successfﬁl replication of major works done by
Ball and Bartley (1965) and bngelson and Bartley (1961)
within the Alternation of Response Theory. All relévant
phenomena including hue shift, brightness enhancement,
and desaturation vwere produced and measured. The major
findings are summérized below and a detailed description

fo%lows:

MAJOR FINDINGS

-

1. At rates bedow 3 Hz the. intermittent target
appeared more highly saturated than a'steady target of
the same wavelength, intensity, and brightness. This o

effect iszcalled "sypersaturation” (55).
'@F 24 Jtuminosity thresholds exist for supersqiuration
and désafuratidn,bapd are lower than those for hue shifts
and brightness enhancement.

3. In a 9ene;él vay, hue shiff and saturation %
changés are inversely‘rélated, and can pe accounted for .

by a single neurological mechanisn.

, 4. Brightness enchancemént seems to be

&

' et%onentially reiated to luminosity. This relationship

may involve a temporal tuning mechanism or some sort of
a7 . N

e} i ”



us

Weber fraction.

<

5. Parallel desaturation and supersaturation
processes implicate temporal tuning mechanisms in the
chromaticiti systeam. |

6. Hue. matching pefformance in deutanl[can be
facilitated or disrupted through temporal manipulation of
photic input. |

7. For deﬁtans, the experience of - saturation-
dgsaturation seems to be related to the ability to match
hues which suggests an imbalance in chromatic temporal

. . §
tuning mechanisnms.

( -

Luminosity Functions (fig. 4)

The luminosity functions were normali GT showed a

curve.typical for a deuteranomalous observer.with a
slight recession near 525nm and peak at a slightly longei

‘wavelength than the trichromatié functions ( 550nm).

TRICHROMATIC DATA

& ' . ~

L] A

4L

I. Luminosity Study
Figure -5 shovs lumjnosity thresholds for the

occurrence of BE, DES, SS, and HS over wvavelength at 10

Hz, 0.25 PCF. 1In general, brightness enhancement qccurs
3 -

o

A
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in a high luminosity range (abdve'T;t 3 log. units)
whereas changes in saturation accur above T + 2 log
units< Hue shifté occur in the midrange. These .
thresholds are lovwer at lower rates of intermitfency\égif)
at higher PCF's. Thresholds for SS and DES vary
similarly across wavelength but SS occurs at somewhat
lower luminosities than DES. The Shape of»the BE curve
follousfthat of the lyminosity curves. These data were -
used to further separate the various phenomena through
experimental congrols in subsequent studies,
I1. Hue Shift and Hue Hatchlng

The dlrectlons and magnltndés of hue shift were

consistent,sith the previous findings of Ball and Bartley

. +(1965), Horst and Muis (1969), and Nilsson and Nelson

~

"(19f1). Figure 6 shows verbal reports of ditection of

hue shift undervboth 3 Hz and 10 Hz. In'the,red end of
the'speétrum, Ss reported positiée hue shifts undér 5 Hz
and negative shifts under 10 Hz. This change in
directionality is interpreted in this thesis as a

possible saturation phenomenon which will be discussed

later. Hue matching data for 10 Hz, 0.25 PCF confirm i

- that the directions and magnitudés of HS are'generally

consistent iith‘finaings of pfevious sthdies (fig. 7).
Three spectral areas exlst where llttle or no hue Shlft'/
_was apparent (620~ 625nm, 570—580nn, and 505- 520nm).

\ AN . o .

»

~

in
n
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yayeongths within these areas were selected as prime
spectral loci for the saturation stﬁd}eé in order to
a}sofﬁte saturation changes trom hue shitts. In figufe 7,
it appears éhat'the magnitude of HS for any hue is'
related to‘the.spectxal distance of that hue trom oune of
the three areas of no hue shifff{ This notion was roughly
cortotorated in a split-field study (flg 8) where
mégnltudes of HS in ad]acent spectral areas were gumpared'
simultaneously at 10 Hz gnd O.25;BCF. This reciprocity
between HS magnitudevand spectral distance fromn the
statbe~points was confirme€d in a more rigorous hue
matching'study'(fig. 9) whére 10 r;peated measures were
taken for matches in intermediate spectral areas. It is
important to note that HS magnitude is dreater at 600 and
5u5nﬁ than at 475 and 650nm.

°

I1I. Brightness Studies
r

. Brightness was investigated first in a luminosity

range (&) where saturatlon changes are 1solated (T + 3

-

‘log units) and then in a range (B) where brlghtness
enhancement interacts with saturation changes (T + 4 log

units). o . .

{3) Saturatlon LeveL Brlg s

Figure, 10 shows brlghtness as a function of rate and
PCF averaged over repeated measures for 3 wavelengths.
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In a general way, brightness is proportional to the f\
luminous flux (i.e., 1/PCF) with the exception of PCF
0.75 below 5 Hz. Slight BB is apparent at low rates but
as rate increases, brightnesslagproaches Talbot level for
each PCF. This change is gradual and begins at rates
much lower than.CFF. Figure 11 illustrates this change
in terms of brightness~as a function of PCF. At 3 Hz, BE
occurs and is optimal at O.SO'PCF.. For 10 Hz and fusion
however, ?rightneés changes over PCF resemble Talbot
level functions rather tﬁqn’BE effects, Luminosity of T

+ 3 log units was chosen specifically to minimize BE for }v

easier interpretation of s&turation change,

JEL‘EEightﬂess Enphancement Level (T * 4 Log)

«

'Vﬁf» The shape of the BE function (fig. 12) suggests a
monotonic relationship over wavelength between BE,f
luminosity (fig. 4), and BE threshold (fib. 5). However,
‘since luminosity was equated across the spectrum prior to
this tesf, the shape of the curve'refleCts“a possible

. exponential relationship between BE and luminosity.

IV. Saturation Studies ‘ ‘, .

Figure 13 spows change in saturation ag a fﬁné&ion

b - s

fﬁof rate and PCF. Ordinal data were collected, but the

direction of change was the same for 620, 580, and S15nm.

Desaturation occurs under most rates, 8 Hz being optimal.

<



@ 3Hz - o 59
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BE

steady
state

BRIGHTNESS

0.125 0.25 0.50~ 0.75

PCF »
Figure 11. Brightness as a function of PCF (T+3 LOG)
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BRIGHTNESS
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.Figure 12. BE as a function of wavelength (T + 4 log)
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e

Under low rates (1-4 Hz) a "supersaturation" effect
occurred. PCF'O.SO vas optimal for both these effects.
Supersaturation has never been reported be%ore and has
possibly been confused with brigﬁtness enhancement which
also occurs at low ratef. In this study, however,
brightness was equated géfore saturation judgeméﬁts were
made.

)

The SS effect persisteq over a wide luminosity raryge
whiéh included the BE- threshold (see fig. 5).

Figure 14 shows saturation as a function PCF for 3
rates of intermittency. No change invsa\uration occurred
at fusion but SS and DES change with PCF in mirror image
fashion, 0.50 beinqg optimal for‘both shifts,

Figﬁre'15 shows the magnitude of both bﬁs and SS as a
function of wavelength. DES is bi-modally distributed
over wavelength with maxima near 515 and 620nm, and a
ninimum poiﬁi neér 580nm. The shape of the DES curve
resembles that of the DES threshold curve (fig. 5) and
also the curve of Ball and Bartley (1965); In this case,
howeve%, the 1%g;£tudég1;%d lateral (spectral) ;
dispersions of DES about 515 and 620nm are:the opﬁosite.

620nm is the |point of greater desaturation, and
correspondinglf narrower spéetral Fange. SS appears to

_ 0 :
. ! .
increase as a| function of wavelength from blue to red.

Supersaturation Study

f .

i

/



A 3Hz
() 10Hz

CHANGE IR SATURATION

0.125 0:25%

PCF

"Figure 14. Change in saturation as a function of PCF

' (x OVER wavelength).
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Figure 16 shows the temporal limits for SS for 620,
580, and’515nm. For single pulse lengths up to 1000ms SS
remains positive and constant for all three wavelengths.
Above 1000ms SS diminishes observably for each;'bug decay
timesﬂvary with uavelengkh, 515nm taking the longes#
( 1250ms) typ reach steady state saturation (interstimulus
intervals etween 75ms and‘usooms were tested). The
minimum effective ISI for single pulse phenomena was
125pms. “Above this, the length of the ISI influenced
neither the onset time nor the decay rate for the 35

effect (Table 14, Appendix I).

II. DEUTAN DATA

: ) - )’ /

-

GT had a normal luminosity curve which is typical for
a deuteranomalous observer (fig. ‘4). Hevalso.experienced

changes in hue, bri ness, and saturation, but under

different conditions of intermittency than the

trichromats. 1In most cases these changes were wavelength
L 4

'dependenf.

-~

1. Hue Shift and Hue Matching

‘Under steady illumination, GT made matching errors

in all spectral areas, but performed more poorly near’

550nm and 425nm than in other areas (fig. 17). -Under

.
'
b

i
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intergittency of 10 Hz and 0.29% PFCF his matches improved
in these areas but wolsened i1n cthers (fig. 18). Faqure
19 shows the direction and magnitude ot hue shitt as’a

tunctigm ot rate ot intermittency for both well and ‘
¥ L
“poorly¥matched spectral areas. The diréctions and

»

4

average magnitudes of hue shifts are simllar to those for
trichremats (tig. 7), but GT's range of errors w7slmuch

greater and varied with wavelendgth. The shapes of the
o had '

S eLLol envVelopes fuor ‘rate vgiiatiqns are s;milar\fpr‘uzﬁ,'

-

. 00, and 550nm, but the shape tor 625na is ditferent
tfig. 19). o ~

Thi's ditference is more clearly represented 1n

.tigure 20 where average ranges of mdtching ¢ILOTS 1in
; . e

these, four spectral ateas are plotted as a tunction of
rate. " Cufves for 42%, 500, and 550nm show optimal

matching performance in the midrange (7.0-8.8 Hz) whereas
: {

matching tor 625nm was worse in the midrange, and better
at low rates of intérmittency. .

- S ’ N -
Eigure 21 shows that at 5.8 Hz, 550nm is sewmewhat

o3

" better matched under PCF 0.50 than upder 0.125, 0.25, and

: '
0.75. : ‘
S . L \\

" ~IT. Brightness Studies . - , .

. 7 * ¢ . : N > .

Figure 22 éhous brightness as a fanction of rate of
intermittency at T+2) . log luminance fof GT. BE was not
* 'y . . Y 4 -
. “ . [ ’ . © Lt ® .
appdrent at this luminosity level; except at low rates of
. : .S | A' b "‘ ' h . -

,infermittency'(beiou 3.Hz). In géhéral,.brightnésS is

v

. e L . €

N

>

.‘3’
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HUE MATCH RANGE--ERROR IN nm

Figure 19-C.
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wavelength dependent and follows the trichromatic curve

»,

only at 550nm. For the cther t%ree spectral areas,

brightness increases to steady state near 15 Hz, which

i&gicé:jjy4hat BE may occur here at higher luminosity

levels

*

IIT. Saturation éiudieé , R
. "‘ ~Saturation as a function of rate of i'ntermy.tency
for 6T is represented in figure 23. Like brightness,
Saturation is wdvelength dependent withvonly‘625nm
resémbl}pg the trichromatic function. U25 and 550nm. show

an SS effect at midrange rates (8-18 Hz) and 500nm showed

little change-in e‘fher direction. - Figure 24 shows ,

~

satutation over PCF for 3 rates. At 3 Hz and fusﬁQE\
deutan curves generally follow trichroma;f%'exbgcgations.

At 10 Hz, however, saturatiom over PCF, is wavelength

dépendent with 625nnm resemblfné the trichromatic,

- e

function; and 424 and 550nm being more or less opposite.

‘. ) LJ . ) - - I3
This suggests tgé\same type of supersaturation mechanisn
which operates at 3 Hz.

" N .

Figure 25 shows DES as a function of wavelength. L

;' This function fesembles{that of a trichtomaiipxcegt near
500nm where GT reported little oL no iisaturation. There

N
-

. . .
‘also. sees to be.adn"inverse relatiodship betwveen DES and
.o . - ' ! . . L [ -.-.‘ Iz s . _. -,

hue ma;c%ing»ability in GT's_data. (Compate shapes of

©

. . . - T ’ v . \ .
rurves ‘aboye 5 Hz for each wavelength in figs. 20 -
nd 23). - L N O

L. . . ° 'b\, \ . . .r\ '\ i .

-

Cwe, L .
" : . -

Sy w e . VIR
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DISCUSSION -

The major %indiqgs fall into two classes for
purposes of interpretation: ﬂ
{ .
(1) evidence for temporal tuning (TT) mechanisms in

the visual system, and <

*4

+(2) evidence for a neurological relationship betweep

- - /
hue and saturation.

MacDonald (1971) proposed a. model to acwount for.

basic changes in hue and saturatlon ugder phOth
1nterm1ttehcy‘ This model has since been elaborated to

include TT mechanksas. It invofves a tempdral color
N .

R " e v
space which incorporates flicker changespand o@lnary

"
g

cplor m1x1ng processes within the same conceptual
frameuork. The model is presented here alang u1th .

supportlng experlmental ev1dende.

@ © THE TEMPORAL TUNING MODEL

The model uorks equall{ wel_Lﬁ for both three and fon}t

1

color/Systems (or for auy number of colors), but let us

i

. r
.assume for demonstratlon purpqses that there are 3 = -~

o
-

s

A



3

. S O N
L A( S 7 . . ‘ o
physiological primaries:~ red, yellow, and blue. Each of

(a3

these colors. occupies a pivdtal pOsition on any wmodcrn
° - .- ) - - ) ‘ =
color-mixing trlanqle, for gxample, the'C.I;E; model.

' L= 2 . -

(fig. 26) . wlthln this trlangle cam*oe foqnd all thi,.

hues and saturatidns wh1ch;ar15e as the resqlt of

Y

combinations ©f the basic three. Desaturated hues and

-

whites are situated towards the centre. - .

Apart from this color mixing process, the author

Al

suggestslthat'each primary system has-a range -of temporal

possibilities.vithin which it can effectively process
color information. 1¥ese'ranges arise as the résult f
1nteract10ns between conductlon and recovery times ‘in

undetlylng sequﬁﬁges of bloch%mlcal reactlons. The'

Teactions take certaih amounts of time to gbq%o ’
: - C ol . 2k :
".\}/comple&iona .These ‘times vary between systems and between
channels within each system. - The variation betVeen .
. i o e

»

’

channels within any system provides.the temporal rarge -
[
for that partlcular system. et . = / )

The maganyde or width of these ranges‘varaes fot

each of the “thfee systems,”w;th yellow

. nagrowest (ev1dence for this 1s‘present'

° ' !

‘range vldth nay reflect the degree of evolut ona;ﬁ o
o

spec1allzat10n for each color system. ' . . /

’
/

! Hlthln each systen, the ma&bltude nf_nesponse for

. . .
production of neural colot 1nformat10n 1s optlmal at, and
f’ - s

dlstnlbuted° _about, some pOlnt 1n the mldrange, deflned

4 / o . : » R : !
P . i a, T .
0 ' g ; : - ‘

’ W . H
« —- T - Lo o . LY .
t . R . ‘ , : . e

-+ .

A,
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\
Aere as tbe’)jwus of temporal tuning (fig. 27). this
locus repﬁesents the set of temporél((or biological)
circumstﬁnces under which the visual ;yétém)interpretS»
and pfdtéﬁses input as if it were continhou;lrather tha;

i
v

discrete} The range for any color can also be thought aof

A

-

as a ranée of Gyﬁchrony of discharge where the.discharge—
recovery gatio-is positively skewed oh one side of ‘the TT
io;us and negétively skewed on the other side. For any
color system, the dfstribution of discharge-recovery
ratios provydes a.distribution of interactive
po'ssibilities between that s}stem and‘the other primary-
color systems. The result is a variation in purity 9;“'
safuratiQn on a temporal dimension, for eaéh color
.system. \
)

THE TEHPORAAfCOLOR DIAGRAM

‘To illistrate the mechanism. of interactién, let us
: futfhe; suppose that the three color ranges are
juxtaposed such that they interaég totally.at\ene end of
the temporai continuuﬁ, ané are completeiy'separaﬁe at
'the other. The interactions between éjétems are
analogouf.goAany gﬁ the various color m&xing models
wherein, desaturated hues arise as the‘resuit of"§he mix,
Tﬂes‘relationsﬂip'between the three systems can be
cqﬁveniently dégcribed in the form of‘a pyramidal shape
(fig. 58) vhere thé §ides_;r facéé-represent the TT - ‘

\
!
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ranges of&the primary colors. In this conceptualization,

-

time factors lie on the'vertical dimension. Hidway'&pn7‘"11

the tinme ranges lles the’ plane of temporal tunlng uhach N

¢ )
1n plan view 1s a triangle wlth the prlmarlqs lylng at - //
its vert;ces. Color mixing or color 1ntegratlon - L.
relationships lie in horizontal nlanes, but only one o{i)
‘these planes, the TT plane, represents a color dlagggmd' 'y
_(such' as the CIE) in static time (that is, under ' ‘?&,

. . -

- e

continuous illumination)

1 ~

. Within the model then, saturation is redefined aﬁ a
[} .80,
.functiOn of time; th%t is, as the neurological potential -

of any systen to produce color 1nformat10n 1ndependently
of, Qr in relation.to, the other color systems.' Temporal

parameters underlie -the mechanisms through which the
* o - ) : ' ) &
three )ysfems are neurally related in the production of

color information. ' ' ‘ T

The model @lso p051ts that desaturatlon is not
ba51cally dlfferent from whlteness or- fron any reduction
in saturatlon vlthln static tlme. Both effects occur as

3

the result of the same /sart of 1ntegrat1ve ot : nlxlng -
procedures, but the tenporal patternlng is dlfferent for :
eqch. This 51n11ar1ty of ‘process can ‘be 1llustrated by-
oon51der1ng tvo of the three color ranges in pyramlqal
arrangement (£fig. 29). . : . _1‘ -,,; .
"The iptersectlon of TT locl~lA in fig. 2§)vfor;red,ﬁ
jellov; and blue,-fornsftne pléne f&r'color mixing in



( - w L : COLOR MIXING THRESHOLDS
' . ‘ . “MAGNITUDE OF RESPONSE

\ - . FOR YELLON : o
Flgure 29, section “of tembora] co1or pyramld showmg co]o.r m1x1ng, DES,

and SS ptanes. _ _, L
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N .éfatfc iime‘~¢he intersection oﬁ otheg temporal loci in -

the 1nteract1ve range (e ‘9., at B) forms the planes for- .
»
color mnixing through hue shift and desaturatlon under )
- )Vpaotlc 1nrerm1ttency.' The'ex1stence of color producing
ldci outs;de the anteracfive range (e:g.; at ) ieu{hen
; : . e -
///g;sis for supersaturation or production ‘of color . A
» inforﬁation in any -one éystem ipdependenhlj of the
orhers; ‘It'is‘importantﬂto noie‘that the’reeponsej.
i ihresholdg for these three ‘classes of coler purity are,
diffgrent{ They:a%so should coange,iaccording to thewé

shape of the curve, v

- changes in the conditions of

photic intermittency.

o

‘ An explanatlon gor dlrectlon and magnltude of hue
/ 1 . -

-

Shlft is presented/later.
\r . Lum1n051ty\;s introduced .as an inverse function of

the area of any hgrizontal plane.iﬂ the pyramid, where

color, systems either interact, or are separate. " The
inverse area function is.accounted for by a neural
é§ which is“outlinedhhere, and developeq

[y

_ ‘recruitment mod
later to explain the relationship between HS and DES.
) . - . ) o R

" Each coLor systeh, éhannels, cones,-or vhatevén, has -
’ w W

a spectral .range over which it can process photlc

1nformat10n.a uaculchol (196&), Rushton (1962) and others
*
haVe shown that for spec1f1c cones, sdbctral absorpt1on

ranges are broad enough that ‘the three systens overlap

w

' consaderably (fig; 30). B : l"‘gl' e

" -
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i

When a certain waveband and intensity of photic
stimulation impinges upon the receptors, it recruits
4neurologlcal potentlal for color processlng from each of

the three systems, in proportion-tao 1ts 1ntensLty and

%pectxal distance from each. As 1ntenslty is 1nc:eased

neurologlcal potent1al is recrulted from each color
] 7
system, but proportionally more 1s.reqrulted from the

spectrally closest system than from the other two. When
: Pul

‘intensity is raised near the threshola where all or most

of the potential ip'the closest #ystem is recruited; it

"-beginé to recruit proportionally more from %he spectrally
A d :

more distant systems.-‘when this happens,,the level of S

neural 1nteract10n between the color &ystems 1ncreases,

\ . .
.and.the Bezo;d-arqcke shlfts occur.
™ ' Since thé respoese'cdfacity (amplit;de of curve ih‘
fig;,27)\}or any. color system is flxed by the blologlcal
llmltatlons of its sub- ystems (e. g.,’cones, ‘etc. ) thlS

)

shlft 1n recrultment Fatio can be represen ed in the‘
v !
temporal color space only in the form of a "coll&pse"

. /
.'system where the base,’face, or thfeshold level of the

more lumlnous color system is soved’ geometrlcalLy closer {

. to the o%her tvqwffmg. 31) Th1s is dlﬁfzcult to
:conceptuallze as it 1nvolves repreSentihg a p051t1ve

o

'~energist1c change in terms of a negatlve change in _space.

»

"The result 1s a decrease in the -area of the horlzontal TT

- -

'-,plane in inverse proportion to,the’lncrease in”’
LT v S

. .
re R 2 i :
5 » ~ . . e

-
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ccurs with hlgher lum1n051ty, is represented in the

fuminoslty. The 1ncrease in neural 1nteract10n uhlch .

e

increased- overlap area or 1nteract1ve rafhge w;khln the
color mixing triangle. This increase 1n 1nteract1ve
range is_ demonstrated here in a vertical plane (fig. 32)
but can be shovn in the horizontal (TT) plane as uell

‘Both Hue Shlft under 1nterm1ttency ‘and the Bezold-

/
T

'Brucke changes, nnder steady 1llunlnat10n, are explalned

later in terms of this lum1n051ty dependent change in
b A .

1

neural 1nteract10n. T

D

Major experimental flaplngs are presented here in

support of thestemporal’ tuning model.

. '
PRaRY " '

EXPE?IHENT@L EVIDENCE FOR TEMPORAL TUNING
) L - .. ¢
Hithin the preseht study., evidence for temporal

tunlng is, found in both lun1d051ty and chromat1c1ty

“f

results.
In the 1un1n051ty results, the monotonic
._relatlonshlp betweeh the wavelength ﬁunctlons for

lu11n051tf, BE, and BE threshold (fghs. 4, 5, and 12)

f‘QXponentially related to lum1no=1ty.

suggests ‘that B;;
Such a relatxonshlp 1mp11cates a TT mechanlsm fot

brightness perhaps 1n the form of a varlatron of Heber's

law vhlch operates qn a time ba51s. Cﬂanges of BE with
RE g .
lumin051ty nay also reflect a Heber fraction whlch N

L f. ' A ST A

/

&

-
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operates in static time.
In the chromaticity system evidence for a TT 1is

- f . . ! . - "4 . R - o
found in the symmetrlcal operation of changes' in hue and

.

saturatlon about certaln conditionq of intermittency.
The ex1stence of SS (fig. 13) and its symmetrical

operation &#ith DES for‘PCF (fig. . 14). and for threshold ‘!b
/ — , '
"over 'wavelength (fig. 5) suggest a single bi-directional

\process for saturation, which yields neural information

for any particular color:.in varying magnitudes depending
' / ! . " :,
upon the.conditions of temporal patterning.

~ Hue shift and matching data alsb suppért the notaon

of a 51ngle b1°d1rectlcna1 process/for'color productlon.

\

» Direction of HS 155 to d-certain ﬁxtent, deyen@ent,upor

‘ ratle and PCF (fig. 6, Bal]l and Bartiéy,‘ 1965, 1968). |

’ /

The deutan Hue matching evidence is especially .

1

g |
1//'strong. In flgunes 19 and 20 hue latch grrbr enveldpeq
’ i

and %ﬁ curves are plotted for several wavelengths as a
“‘ﬁ‘ /
function of 1nterni.‘§tency.~ The hue matc?_envelopes k

. ', p' e . . ’

(fig. 19, B and D) show the range ofuerrors to be
: . &
p051t1ve (i.e.,. greater }n nm than the match target) at ‘
' l
some rates of 1nterm1ttency, a/g negatlve at others. Th

~.

.

TT curvés (flg;\?O) shov that magnitufle of hue match

A

error for deutan var}es wlth rate- and wavelength"and is

better underlcentaln conditions of 1ntern1ttengy thad : DA

‘e E . . ] / . 'v . ‘ v ‘ ‘ / S

under steady light for some wavelengths. This wavelength|.

T . ' ‘/ . ;\\ ~ -’ T : A VA
e variation is evident in a similarity in TT function, for -

. S

B

ro- 7 —




v
- . i

N I

those wavelengths which were most poorly mad&gched under
"\ steady illumination (425 and 550nm) -and a difference in
TT function between these two and 625nm whigh was better

matched under steady illumination (figqg. ap).

S

wavelength variation is also evident in a comparison

of figures 16'an 17 where hue match under 10 Hz improves

-

. c ' ,
in some spectral areas, but worsens in others.
)

Deutan results showed further evidence of wavelength

" specifit TT effects in saturation as a function of rate

{fig, 2§); brightness as a function of rate (fig. 22);

L}

and saturgti’on as a functian of PCF (fig,., 24) where some

wavelengths follow trichromatic expectations, and others

do not. : L B ,
These data support earlier_ﬁofions of temporal

processingvsimilaritieéAbetweeﬁ.trichromats énd

dicﬂro.at;-(ﬁﬁli gpd qutlef, 1968) : They also provide

*

good evidence for the idea firstly.thaf TT 16ci are
. . J

7

different for deutans and'trichromats; and Secondly‘that
e - )
under .intermittency, the loci of 'maximum effective

proCessiﬂg shift within the ranges. -The latter idea is . 
espéciélly supported’ by the TT curves and by a compaéisdﬁ'

of saturation over rate for deutan and trichromats
o

(figs. 13 and 23).
Triéhrodats showed further evidenceqpf wévelength

spécific T? effects in SS decay times for single pulses
B -, ' R s 3 o

?(f1g3 6). - _ . ;u | N

e
JN
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Evidence for the notion that yellow has & more.
narrow range of effective temporal processing than the
other color systems is found in "the bi-mQdal. shape of the

saturatjon threshdzd curves (fig. g)*ahd in the similar
N ' - o S
shape of the curves. for magnitude of DES over wavelength
' . - . . A N :

(figs. 15 and 295) uhichibqth show minima near 575na.
The explapation for this is that yellow cannot

desaturate as much as blue or red'undeé”internittency

because iégis already close to itg saxinum desaturation
* capability under steady illumination. " That is, yellow
R v . "

}has-a short temporal range of effective color processing,
ahd son;gquently, the yellow discharge-retovery ratio
varies less from iis TT locus to the interaetive end of
its genge than do the correspond!ng ratios for red and

/ blue. The\yellow.TT iocus is closer, in.@n'absolute

sense, to™the interactive end of-itsfrange, than are the

P )

corresponding loci for red and blue.
The magnitude of neural response for each primary

system may, in some way, be relate%J%o.the range width

fbr that particular system, since the luminosity i -

.

thresholds for saturation changes are lower for'57§nhi

“$ than for other wavelengths; The monotonic relationship E

1

B between{thesé cu:vés,iffgs. 5 and 15) suggesfg a Webef'

type of function similar to the one suggested for BE.

0

This evidence coficludes the present argument for .

temporal tuning. Hihbr_éhanges in. the temporal color .



diagram are now suggested. R

o

FORM CHANGES IN THE TEHPORAL-COLO&}PYRAHID

The pyramidal shape of the color diagram is only

theoretically regular. It serves much the éamg purpose
.as the geometrically regular triangle which encompasses

the CIE color diagram. Sevéral changes in the form of

the ﬁacDonald color pyramid (fig. 28) are syggested in

thé light of the experimental findings, and in othé;
aimplicf} assubptions.

L3

1. The shape ;f the horizontal piane.at the TT
lo§us should be adjusted to C15152301f1Cat10ns

2. The base aﬁd‘apex of - the pyram1d agb false apd
‘should follow the contours formed by the neural
productlon functions os the TT ranges:

3. The yellow face of the pyramld should be shorter

.
than the others to account for the narrower

yelioiiTT~réngé. .
4.  Rbove the TT plane, both blue and red faces
should be colldpééaﬂon the horizontal plane

toward the yellow face td.account for HS.

— —

.. = T

ihese ad justments conp;efe the description of the

color diagram. Bvidence for interaction between HS and

-
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DES, and a model accqunting for this evidence is
presented in the next section.
. !

"EXPERIMENTAL EVIDENCE FOR A NEUROLOGICAL RELATIONSHIP

" BETWEEN HUE SHIFT AND DESATURATION
¥ . »

¢
Al

o

One of the main hypotheses of the thesis vas
conflrmed in the study of relative magnitudes of HS and
DES. A comparlson of figures 8 and 9 with figure 1///

.

'shgws*fﬁ/t the magnltudes of HS and DES are reci rocallya
related on both sides of 575n& | | \
Accordlng to the TT model, 575nm (the”yellow
primary) may, upder steady 111um1nat10n, be nearer its
point of paximum DES thah blue of(red since it has a
shorter temporal range. Intermlttency condltlons‘optlmal
Hfor DES may yleld only small changes at thls spectral

point. | ]
‘Deutan results stronglf ehppoftAthe*hyp?tﬁesis‘of a
relarionship betweep HS ahquBé; *Hhen TT curves :‘ .

'(flg. 20) ar*~éoﬁpared with saturation over rate

»”-
ce ‘& -

(flg. 23), the magnltude of "hue match error appears to be
1nverse1~ proportlanal to the nagnituae of DES for each.
of four aavelengths. 625, 550,-500, and'425nm;
Conversely. DES and hue curyes do- not appear toAbe | 26\7
‘51n11ar to brlghtness curves under 51n11ar condltlone of~‘

1nter;1ttencY. There are several examples of thls.

"



]

. o _ N
ﬂ ) | G
(A) Phenomenal threshold curves (fig. 5) where the BE

functions differ from chromatici'ty functions;

13

(B) Magnitude of HS and saturation which are bi-modal

over wavelength compared-with BE which is not

t

‘(figs. 9,:12, and 15);

s -
A}

(C) Magnitude of brightness over rate as corpared
with magnitude of Saturation foftrichromats

(figs. iO‘an9;13); and HS and DES for the deutan

(figs. 20, 22, and 23). .

(D) Magnitude of brightness compared with that of HS

and saturation over PCF in trichromats (figs. 11 and
14) dhich show different func%ibnSu
. R

EXPLANATION FOR THE RELATIONSHIP BETWEEN
A

\Y» : " HUE SEIFT AND DESATURATION

A two*s€age model is presented here to account for
. : _ ) A o o
the relationship between HS and DES. The first stage <L
involves an harmonic model of DES and HS based on

eural processing times for various

N T , - O )

colors. .

differenfes in n

() .A TEMPORAL-HARMONIC ACCOUNT OF HUE SHIFT AND

7

4 ]
. :

2
S

. . ' ' ’ w:“—‘i .

1 d
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N N _ 3%
DESATURATION

-
.t

It was Q@rlier nggested that TT ranges'raries for

\ X ' '

' the three primary colors as a function of the temporal

\,‘“‘\f t 'w ' ., ) ‘ .
~interaction between djischarge and recovery times of the

underlying biochemical reactions. There is a history of’

evidence that cetrtain colors are processed'more quickly
. v J;

by the’visual system than others. “This evidence is of

direct %mportance to the«TT model,

7/

Konig (1897) concluded that information.from 1onger
uavelengths is conducted by fibers which synapse only

with cones, whereas information grom the short end of the

spectrun is garried by channels which synapse with both

rods ad and cones. Walraveq (1966) and others later

adapted these ideas into color information processing
. 1

-

modeis. Chang (1950) demonstrated that the visual systen

4 r - [

codes red information mqgre qulckly than blue., Brindley

,

(1965) suggested_that’the,blue cone mechanism has a lower

7

CFF than red or green mechanisis. uadSen and Lennox
(1955) showed that for cats, various types of spectral

- pass- bands evoked dlfferent types of activity at the

. o
visual cortex. pustaan and Beck (1963) later reported

L}

4

, that the anQform of the visaal evoked potential (VEP) in
”‘adult humans is both uavelength sPec1f1c and con51stent

oger-t1ne,u1th1n subjects (although not betwéen
'x‘ . . . . . « . 7 . 4 - ,
subjects) . R .

A ' - i
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shipley, Jones, igﬁ Fry (19664\3968), 1nvestlgated
VEP uaveforms for dlfferent colors more prec1Sely. They
\

7

noted that latter parts of the waves (300-500ms) had the

same form for all colér:%)hovever~>ngelength spec1f1c.

’d;fferences existed in e early parts,of the waves.

Implicit times (ITs: the time from thé onset of the
stimulus to the peak of the response) were longer for

violet and green than for red and yellow (See Table -

below) .
L o ~
IHPLICIT TIMES FOR FOUR HAVELENG'T;HS«,Q
(from Shipley, ‘Jones, and Fryy 1968),
COLOR WAVELENGTH TINE ) .
‘ | ' Red . ‘| 680nm . \\JQQms .
R . Yellow . 575nm '+ 200ms
~ Green 520nm - 300as /
" ‘Violet u3onm"' 250ms
- vy # —

°
A . ’ e

Waveforms from the short ehd of- the spectrum showed

Iarge'negative poten%ials gfeceding-thevinpiicit tiles

-whereas those fron the long end did ‘not (flg. 33).

These findings and others by Nllsson and’ Nelsonn~

»
]

(1971) suggest that color~cod1ng is represented 1n the;
- R _ . P .- . ¥,
el : ‘ . '
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; "conceptual framework. .

»

L

_1//1 a > - .. : . @ o . E 103

'; early co¢Poneénts of the wave. L

. e . . 3 - -
. If a color is coded before the implicit time, or

e . - ¢

before.some other spe01£1aple tlme early in’ the vave,

then both HS aad 'DES canp be explalned within the same

3 R ' . < : : . .

Y e . . .

Let ys. assume for demonstration purposes that the:
e~ Y : : o ' B
.implicit time in the' VEP for any color represents that
[
po1nt in time “when the biochemical proceSSes for that

* qolor have gone to cOmpletlon. Under photlc

4

1nterm1ttency of 5 Hz (i.e., ' 200ms cycles) neural

1nformat10n for 680nm and 575nm could be fully processed

wlthln the duration” of each cycle 51nce the ITs for these
N\

wavelengths are not longer than the cycle length. Their

hue'characterlstlcs under steady illumina#ion could be

C maintaiped'oVer a train of pulses, given the appropriate

cond1t1ons of 1nterq}ttency (fig. 34). Violet and green
1nformat10n~%ovever, could not be fully coded within the€

duratlon of one cycle. In a sequence of pulses,
‘ ~

dlsruptlons in temporal patternlng of the 1nfornatlpn for

>

P
these C°1°5§ would begin V1th the onset of the. second \

?

pulse.in-the traln. For example, in the green system

-

‘ 1nfprm tlon from only the guicker conduct;ng channels

could be coded pr;or to the dnset .af %he second cycle.
Q

Affhr seieral cycles, re51dual 1gforn2t1qp fmom preéedlng

»

1 g

cycles vould\be sgnmated or Lntegnated urth 1nforuat10n .
X - .
from succeeding cycles through non-completlon of the

’
5 <
-
-~
~

LN *

-

-
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blochemlcal processes within each 200ums cycle. the

'\\ Py

>
.harmonic result would be the productlon of neural

information for hues other than the steady stimulus hue.
RN

These hues would then SUmmate to produce either HsS, DE§‘b
or both. The cha ge in the perceptual end result -would
be reflected in a thange in wavéform of the VEP -

. (fig. 3u). 4 | o " .

-,

. The magnitude of thls phenomenal color change

»

‘ depends upon the* magnltude of the extraneous 1nfornatron"
produced, but the dlmen51onal‘form of the change,
(whether hue shrft, desaturatlon, or both) depends upon

the Spectral dlstrrbtulon of thls 1nformat10n.

3

J T If the information is dlstrlbuted symmetrically

NS
! about the steady stlmulus hue, or. about some other

balance p01nt 1n any Newtonian-based color-nlxlng scheme,

- then, in accordance with .the spectral relatlonshlp

betweentfalance point and hue, the extraneous neural

information should sumBate to produce uhiteness and the

. L 4 .
resultant hue will be desaturated. If the 1nformat1on 1s

dlstrlbuted asynnetrlcally, or in skewed fashlon, about‘

W

: the balance p01nt, then the resultant of the sumnatlon .

' wlll dlffet in hue fron the ste dy state stlnulus.

Ve

(sDesaturatron v111 occur but ‘hue shlft will also. occur.

‘p

The nagnitud% of DES and“&s will be rec1proca1, the total

product belng lllited by the amount of extraneous neural

unfornation ptoduced (algehraically, HS x DBS K). ‘The

o
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\
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ﬂnuuber of prinary colaors.

-

magnitude of ea‘h will be a function of the skewness of
the. dlstrlbui{gn of extraneous neural 1nforuat10n.

/4 . . .
‘o ‘ ’ . ~ ;/I
(B) A SPECULATIVE NEURAL RECRUITMENT MODEL FOR HUE

sgIrT kD DEsaTuraTION

f
2
: \

R \ 0 CN

" The mkchanism for relating hue shift and

'.

'desaturation-may involve;the model of recruitment of

. E A | N
neural imformation whic? was previously suggested to

explain.luminosity increases.” At the reéeptor'level this
_ : [ :
3 _ _
model nay be evolved from the overlapping portions of.
photoprc absorptlon curves (fig. 30) but, for the present -

‘state. of,development of this model, it is conceptually

\
' better to COn51der three more general ‘color systems, each

»r e
Yk

hav1ng a- tange-o} spectral p0551b111t1es for the
productlon of‘neural 1nformat1on, which can- operate at
any spec1fic place, or at all places, 1n the 71sual
system.; It 1s important to note that, like the pyramld,

this nodel can vork equally well ‘for three, four, or any

»

\(

Q; «?or Beaonstration purposes, let us assume that'theb

_.\.

jdlstrlbutlons for recrultuent of neural response overlap

and: hre sylmetrlcally dlstrlbuted about certain spectral

Fp01nts (fld 35), although not necessarlly about the peak

uabsorptlongwaqelengths for the cOnes (flg 30) ’The

degree of ovenlap is’a functlon of the tenporal

o e B
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conditions. . ‘
o /

The diagram then, represents the potential for/@ny
of the three systems to be recruited as a functlon bf
wavelength and intermittency.x Within each system,

‘subsystems are activated as a functlon of 1um1no§1ty 1u

muchvthe same way that cone dlscharqe thresholds vary

¢
/

with luminosity (fig. 36).

SPECULATIVE EXPLANATION FOR DESATURATIbN

>

Let us assumg fer demonstration puré?ses thgt the
points oflintersection of the three curves are the
spectral points of nd hue shift (A, B, andlC fig. 37),
If we present a stigalus of known and }ow 1nten51ty at'
one of these (e g., at A, 5150m), the/tYpes of channels -
or subsystems it recrults will symAetrlcqlly i \

’ dlstrlbuted 8bod4 the st11ulu$vvavelength, and the number
" of subsystems it recruits can be specifled ;n terams of
.the amplltude of dlstrlbutlon or agdi functlpn of Ehe .
nlumlnosity; Thus we get the curve. L whlch-recrults red,;g%
;ellow, and blue 1nformat1on 1n vdrylng proportlonsl-'

v Spec1f1cally, the recruitmedt curve L falls totally y
o Hlthln the;range of recruxtnent boss1b11tles of both the
A'blue and yellow systems‘51nce 1# 1s>a complete subset of

each It is iny a partlal suﬁbet of@red, with perhapsv~

- 20%° overlap occurrlng. Yoo / S J oo
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, a green of ‘a high

-~ i ,"e:;‘: A ; + i . ¢ [

saturatlon{kgy" 1q§ﬂas ‘detefnined by the COlor-
“

l'h‘

whiteness ratib

-

§topont10n -of neural energy

available to prod&ce-uhlte 1nformar10n is limited by the

R Y

#hallest cont?ibdtion oftthe three participating systems.
P 4

{

The amount of saturation then, can be specified in teras
of the ratios of red, yellow, and blue information. 1In
- :

this case recruitment involwes 100% of the possible blue.-

L : .
and yellow information and 20% of the possible red -

: : T, . b . vl .
information. From these data, it is possible .to derive a

wvhiteness or non-purity exponent of 20,220 and a color
- " M
, . , d
purity exponent of 20/220.° The ratio these

N exponents (0.100) represents a certain lgvel of

A

saturation. -

¢ .’

If the possibility for neural production is

»

increased at the Same wavelength, either by increasing’

luminosity or by synchronizing channels through ,

intermittency, much more neural potential is recruited

-

from eech sYéteﬁ’bu{ the proportions change.

If thexanplitude ef the recruitment curve in fig; 37
is raised to DES thresholdnfor exauple,,curje M results
;here the tetal possible neural productiop is not a
conéleté subset of any of the three cq}or systeme. Only

bout -80% of the'pQSSible blue and.yellov inOrmation is
recruited. The shaded areas, I and 11, represent the

-4

other possible 20%. Note that the areas of I an@zll are

"
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-~

equal, indicating that the proportions of blue qnd'yelibu

remain equal, even though they are reduced in reletipn to

;e

the proportlon of red. As well, the proportio of red is

1ncreased slightly,.to perhaps 30% s;nce M 1ntersects‘R

at a steeper part of the R curvé than did L.

i

Recruitment in this case involves 80% blue,‘86%
Yellow and 30% red 1pformat10n. The. whiteness eXponeet
is 30/190 and the purity exponent is 160/190 The
saturation ratio 1s 0.138 which represents a higher xevel

of desaturation than 0.100.

1 3

Under M, a greater proportion -of the neural energy
‘is available tgo produce white information than under L.
Y

4

SPECULATIVE EXPLANATION FOR HUE SHIFf

o
g\

.- N

HS operates muGh the same as DES:" The basic

) difference is, that when ‘the neurei'potential for

vhitehess is extracted'from the total, the remaining
neural»poténtial is not symmetrically distributed about

~

the stimulus wavelength. . -

-

An'exaMple of HS is demonstrated,idefigure 38. If a
sg}mulus is presented in-.a spectral area where negatlve |

hue shlft occurs, for example agdGOOnm, neural potentlal
‘1s recrulted in the sane nanner as Lt was for 515nm' The

. o ’
recrultnent curve N- as a total subset of R and ! and is a -

partial (=30$) subset of B. Tpe result;ng pu fty'and

' s
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non-purity exponents are 200/230 and‘30,/230 which yields
a saturated orangé. |

When neural'production is increaséd-to T, all
proportions change, including the reiative_proport%ons of
Y and A- Y remaips at 100% but R reduceé totabout 80%
and B increases slightiy to 49%. ?ee newv exponénts show
a higher ratio of ndn-purity to purity, only part of
which, in this céSe, is interpreted by the .system as DES.
There is an ove;balanée of yellow neur;l information, and

. part of the purity<non-purity ratio is interpreted as a

hue shift towards the yellow,

<
SCOPE OF THE GENERAL MODEL

, o

A

This}model accouhté for much éf the HS and DES daté
'éollecﬁed both by the author, and by the’ofhgr _ t;
investigators. - A brief summary dfTits explanatory écope--
is Ptésentéd here}' | G | | |

(1) It explains direciibhwgh&fnggnitude of HS and DES
in all par£5‘of éhe ébectr ‘ ‘
, ¢
¢2) The neural fecruitmenf nqdef is in general accdrd )
with both the Bezold-Brucke shifis and the .
temporally-induced coior shifts (HS and Degr,since‘
the-d?;ections'and magnitudes of thesé shifts &bout

the‘specfral anéﬁor points are ty;\giiﬁ‘for both sets
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L

of phenoména;T‘The spectral loci of these poinxé of
no hue’shift aré different for HS aﬂd”the Bezold- .
Bricke shifts, but this can be interpreted in tefms
o£ a tfansforpation of wavelength scale, or through a
_spectral translocation of tﬁe neutal Tecruitment
curves (a type of TT‘locué sﬁift) vhich arises as a

function of photic intermittency.

\
L3
»

(3) The TT model predicts that the luminosity
threshold for Bezold-Bricke -shifts will be bigher

® . : . .

than that for HS and DES; and that HS threshold will

vary somewhat with the conditions of photic

intermittency (fig. 29).

(4) i; also explains the,fact that the threshold for

DES “is higher than that fbr SS (fig.“S)‘since‘ﬁore
subsystems from varying color éystens are recruited
in the production of DES.

(5) It predicts that BE will occur in the
chromaticity system, along Hlth elther DES on Hs,

igaln through the recrultment of Bore sub-systems.

(6) It supports the notion that the yellou tenporal
range is shorter than the others- and. that y¥llov in
steady -state 1§ afready more desaturated. ‘than the
othe;;colqrs._ This is explalned by a hlgher base

level puf&ty-non—purlty exppnent ratlo for yellov
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than. for other systems through the recuitment of high

proportions of red and blue information in the

3

production of steady state yellow (consider exponent.

"ratios for a recruitment c&rﬁe‘L at S75nm, i;\}igure

- *37A, spectral locus B). - ' /

P

(7) It can explain SS By a dimensional transformation

-

Iof the integrative processes. of neural recruitment

~

from the three coior_systems. When considered in a
‘ . . .

.non-temporal context, DES is produced through.an

increase in neural recruitment represented, by .

changes 1in themordiqate where increasettn'neural

recruitment represented by changes in the ordinate

vhere the abscissa (vavelength) remains fixed, As in_ .

{figure 37. This representation however, is somevhat

artificial as the real process, when considered in a

\ : o
temporal ‘context, ihvolves a collapse system in which

- the degree o% overlag betueenfthe thréefpolor systems
varies (fig. 39). ‘The ofdinate"remainéffixed and the
abscissa contracts as a_ funct1on of 1nterm1ttency.“‘
SS can easily be 1ncoé¥orated in to thls schema. o
through an expansion of the. absc1ssa as a functlon of
SS 1nterm1ttency condltlons, to;the p01nt uhere the .
three color systeas do not overlap for the partlcular E
lunlngglty level in questlon. It is convenlent to |

: outline the model the other way hovever, because°1t

3 oo
is conceptually d;fficulT.to usolate.specttal S
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dispersions from temporal dispersions on the abscissa.

'
ag S
! .

- OTHER POINTS OF DISCUSSION .

1 Supersatutatien deeay rates for red, ellow,
and,greenj(fig. 16)'a¥e rela vd to the VEP'iméllcif times
for these colorﬁ 1Ship1ey, ones, and Fry, 1266),' The§
are also ordinally consietent with‘ofher d;ta on neural

processing times for various colors (Chang, 1950; Madsen

and Lennox, 1955; etc.) . -

\

.2 There is a certain body of evidence to suggest °

that above 620nm, aﬁd“beloy'510nm, colgr chenges_may”:~

involve SS as well as HS towards the extreme ends of the
spectrum. One such'piece of evidence is found in the
1sagreehent in dlrectlon of HS above 620nm by varlous

1nvestlgators (Ball and )Bartley, 1965 Nilsson and

-

Nelson, 1971). Anothe@ is found vithin the present’ ~

study, in smaller magnltudes of hue - matches at these
extrene uavelengths (flg. glu observers may have been
confuslng HS vlth SS ‘here for both red and V1olet In
gtie collapsevrecrultuent model, these changes can be R

?1nterpreted either ‘way.

'

3 The data for nagnltude of BE .over wavelenqth
. p .
"~ (£ig. 12) do not agree with those of Bartley (1965).

“This dlfference may have arlsen from a hlgher 1un1n051ty

-
' .
L% -
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level, or "from the usé of double grating monochrometers

in the present study which yield a more narrow waveband.

4 The magnltude of DES for each of the three
primary colors (fgy. 15) reflects the width of the TT

range for these colors. .
. ! ; ,

S For Deutan, 925nﬁ and SSOhm (violet and éreen)
seem to-operate in simila;'fashipnAfor hue'matching
j(fiés.1{7,‘1é, 194, 19C, and 20), and for desaturetion
(figs. Zé;andSZQ); but not for brightness (fig. 22).

These cqﬁéariséns‘indicate that green and violet may be

M&gy

neuﬁ:T3§1ug£if‘more closely related than red and green in
dichfoiats; e , ‘ )
/ f6ﬁThreshQ1d curves for BE and the chromatic

.phegionena (fig, 5) further support the relative neural
isolatign 6f‘1umin6sity'and chromaticity systenms.

‘?, . 7 The shapes of the brighfness Cufves for PCF in
figure.10>snd§est that iﬂ'general,»brightﬁess is
proﬁortionai”to the luminous flux. At low rates ef
1nterm1ttency, uhere BE occurs, rate of 1ntenm1ttency and
- PCF 1nteract to'produce the BE effect. Slnce, for single
pulses and rates above CFF, changes in PCF are equlvalent
to changes in 1un1n051ty,~1t is p0551b1e to conceive of a
Bunsen-Roscoe,lot Bfoca;Sulze; type of relationship‘

. betvween brightness, BE, and luminou$ flux as a. function

. . ' .
(e el
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~of intermittency.

This completes the discussion of the results.
Salient findings and interpretations are summarized. in

the following settion.



SUMMARY AND CONCLUSIONS Dl

-

Saturation is perhaps, a more imporrant variable in
color than people have suspected. dnder'steady
illumination,{it seenms inextricably related to both que
‘and to whireness. Under photic intermittency, however,
chauges in hue and saturation'are related in an ordered,
time-dependent way which reflects the operation'of a
single process for all color iutegratiou. :

"In this research, saturation has peen'considered in.
a temporal context. A temporal colgn space, based on
color mixing processes, -has been- proposed as an
alternative to ex1st1ng Euclldean color spaces. '?he
suggested temporal deflnltlon for saturatlon _provides a

49 - 5

framevork for cousidering color iixing as a comparator
mechanlsm which 1nterprets Lnfofmatxon about €he spatlal
organlzatlon of the env1ronment. In the- three . ~
dlnen51ona1 vor}d, edges- angles,vshapes; and contours
‘are perceptually defxned to a great eitent by abrupt
chauges in texture, brlghtness, and color gradlents.
Information fron hese changes is transduced into a
systen of neural processlng 1atenc1es for the varlous
types of‘lnput. )
Under steady 111un1natlon, tﬁese Latenc1es are

optinally dlfferent for dlfferent colors.; Under

flnterplttehcy, inforua;xonvoverload occugg? and more
- : B .=t ' ’ L~

\

i
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v . / ’
B e o . L _
‘uniﬁprm latencies result. In short,; the temporal

. ! “

B

compafator is.not ‘as efficient under intermittency.

Desaturation and whiteness arise as elements of naise in

the chromaticitf sysfem} Color deficiencies, such as

: ) . ' . . /\/
deuteranopia may also ke the result of harmonically -
induced noise in an imporperly tuned systen.
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suggests that they are not related.

» - c- ll
.of variacs since resulting color temperature chanEES'

FOOTNOTES

t
4

0The Bezold-Briucke effect inveolves hue shifts which 6ccur
in some spectral areas as a function of increased
luminosity. ' \

Y

1These more recent sensory aids are abstractive to an

extent since they transduce sensory i@?ormation‘in-

different modes.

2The Ladd-Franklin (1929) color theory pfbﬁjdes an

evolutionary analogy to this develepment in color naming

-
’

systems.
re , '
3The cycle duration is similar to that of the alpha-~
rhythm. Various theoretical connections between alpha
and this periodicity have been developed since u?3g$

however, recent work by Andersson and Anderseﬁ“(1969)
(o

4The variacs were set at line voltage and used only for
pﬁ}ot vork, and in Some tests for fine tuning and .

eq%alization of the farget luminosities. - Tkk necessity

"for gross Ehangés in luminosity precluded the general'use

affected.cérresponding hues.

o ' - 123
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3

sThresholds for HS, DES, and BE were taken first. The SS

threshold was taken later.

v

sResulting color temperature changes were small and did
‘not affect hue since (A) voltage changes were stall and

(B) monochrometers vere situated ‘downstream from the

lampS. This was tested by cpmpafing‘these reductions

with eépivalent ND reductions. » T,

-~

2

?This involved simultanéouély varying wavelength and
¢ .
compensating for luminosity by changing ND filters. ,The

pgocedure was somewhat -awkward.

8The distribution is assun to be symmetrical here for
Y

the purposes of demonstrdtion.

>

9This is a simplified version as one is not strictly a

‘s
g b

purity exponent and the other is not strictly a uhiténgsé~

_exponent.

This thesis research was supported in part by National

Research Council Grant No. A0 145
' - +



REFERENCES ,

4

Andersen, P. and Andersson, S. A. Physiological basis of
/ . : .

the alpha-rhythm New York: Appletdn-éentury—crofts,

‘@

1969, p. 235.

Ball,IR.uJ. An investigation of chromatic brightness

-~ . . : . )
enhancement tendencies. American Journal of
) > ,

optometry, 1964, 41, 333-361.

* Ball, R. J. and Bartléy, S. H. Effects of temporal 2
‘mahipulation'of photic stimulation on perceived

brightness, hue, and saturation. American Journaliof

- " — o — — . e Wt i

optometry and Archives of American Academy of

Optometry, 1965 42, 573-581.

oL

»

4

"Bail, R. J. "and.Battley, S.. H. Brightness and saturation
changeé«;esultant from tempdral manipulation of
" spectral photi¢ input for normal and color deficient .

-

observers. The Journal of Bsychologdy,. 1968, §8, 55-

«a

61- I ) ’ : - A .

a

Bartley, S. H. A‘céntral mechanisa iQ:brightness

enhapcemént; Proe. Soc. exp Biol. Med. } 1938, 38,

[ 4

' 535-536. T : _ o ’

A'( , | .~
. S " 125



T ST 126

) ~\ } ) 3 "\,}: )
‘Bartley, S, H. Principles of Perception. New ¥frk,

-

~Evanston, and London: Harper -and Row, Publishers,

1958.

-

Bartley, S« H. 'Some fa&ts and concepts regarding the

neurophy31ology of the Optlc pathuay.” American

Bedical Mssociation Archives of Opthalmology, 1956, 60

Bartley, S. H. Tempo;al features of input as-crucial

factors in vision.. In Contributlons to Sensor1

+

Physiology, (Edited_by H. D. Neff), vol. 3, pp. ?2-
135, o |
‘ )

A
-~

[

".Bartley, S. Hg and Bishop, G. H. The cortical response
to stidulation of the optic nerve in the rabbit.
American Jodrnal of Physio logz, 1932, 103,  159-172.

Bartley S. H. and Bishop, G. H. Factors determining the .

\}

form of the electrical response from the optic cortex

“‘\'J = 2 e
of the rabbit. American Journal of Physiol ggx, 1933,

P—

103, 173-184.

\

* Bprlinm, B. and Kay, P. Basic Color Terms: Their

Universality _g Evolutlon. Berkeley: University, of

o

?\ California Press, 1969. ‘ . .-

\ > ~

.3

4



b . , ' 127

Brindley, G. S., Du Croz J. J., and Rushton, W. A. H. The
fllcker fu51on freqdency of the blue -sensitive

mechqnlsm of color v181on. Jonrnal of Physiology,

v

Londoaf-1965,.1§§, 467-500,

Il £

7’

-3

Brucke, E. Uber d1e NutZeffect 1nterm1tt1exender

Netzhautrelzungen. Sitzungsberichte der Mathggg§;§gg:

Naturwlss%nschaftllchen Classe der Kalserllchen

Akadem 1g der Hlssenschaftgg‘ 1894, 49, 128-153.

Chang, H. T.  Functional organization of visual pathvays:

Res. Pub, Ass. Nerv. and Ment. Dis. , 1950, 30, 430~ -

453.

Cohen, J. and Gordon, D. A. "The Prevost-Fechner- Benmam?

subjective colors". Ps sychological -;&ggkg, 19&9,’u6

97-136. - . ' S

f
i
'

/

DeValois,-R. L. ehaV1ora1 and electrophy51olog1cal f

studles of primate V151on, in Neff W. D.. (Ed.)

N

Qgg;g;ggtl g§ to Senso 15101_31, New Yorka*
London: Academic Press, 1965, vol., 1, pp: 137&173.'1 .

< %

+ I

: ‘Dustman}:R. E. an;\ﬁecx E. cC. Long tern stablllty of

)

; v1sqa11y evoked potentlals in man, Sc1ence, 1963 132,{_ ’ d:

. ’ ——



"o 1480-1481.

>

(,Einstein, A. Elektrodynamik bewegter Korper. _Annalen der

" physik, ser 4, 1905, 17, p. 891-921.

Ellingson, R. J. Brain‘uaves and problems .in’psychology.
Psychological Bulletin, 1956, 53, 1-3u.

a

(4

v Epicurus, Letter to Herodotus in Balley and Oates, eds.,

’ 1
The Stoic and Epicurean Phllosogh€*§, (New

\ : - }
“York: Randon House, 1940) pp. 5-7.

Harter, M. R., Eason, ﬁ..G., and White, C. T. Effects of

intermittept visual input, disruption, flicker-rate, |
V'S?d worktime on fracking performance and dctivation
level. Perceptual and Motor Sklllg, 1964, 19, 831-

gug. | e

5

e . Y

} @& .
Hecht, S. The nature of. fof%al dark adaptatlon. '

I

en. Physs , 1921, 4, pp. 113-139.

L)
-

e

i
Heider, E. R. Universals in color naming and aemory.

J. E. P. , 1972, 93, p. 10-20.

© s
L2 LE T OO TNI ‘
B L3

Helmhdifz, H. von Handpuch d_gfﬁ; ;_ h n Optik,
" Vvol. 1 und 2, 1856, 1860, Trans. J. P. C. Southall,

n‘»

”""J

(\



129-

New York: Dover Publications, Inc., 1962

5

Hering, E. Zur Lehre vom Lichtsinn. gigg\Ak d Wiss

Sitzungsber 69 (3), M874, 85-104. [389,429,449].

<Q

Hering, E.. ggggggﬁgg‘der Lehre vom Lichtsinn.,» 1st

éd.-Leip., Engelmann; 2nd ed. Berlin, Springer;

1907, 1920 [ 389,429, u432].

1 4

Horst, G. J. C. van der adﬁ Muis, W. Hue shift and

brightness enhancenent.of.fligkering light. " Vision

Res

[
g

. 1969, 9, 953-964.

- _
Hurvich, L. M. and Jameson, D. Some quantitative'aspeéts
of an oppoments-color theory. II. Brightness,
saturation,;agd hue in norsal and dichromatic vision.

J. opt. Soc. Am. , 1955, 45, 602-616.

v

Katz, D. The world of color. London: Kegan Paul, * -
Tﬁgnch, Trubner and Co. Ltdy, 1935; : T "

ot 7 -

y
. i

. Konig, A.« Die Abhdangigkeit der sehscharfe Qon_der o
Beleuchtungsintensitat. §itig§§spe;z AKad. Hiss.,
Berlin, 1897, 35, $89-575. ' S

\
v
. ’
-3 . e ! ° ,..'?T

Konig, A. and Dieteriei, C. Die Grundenpfindqueh in

0. . R - R



/// 7130

‘-»’ >
) N <
e ol
normalenr and anomalen Farbensystemen und ihre .

.
Intensitatsverteilung im Spectrum. Z. Ps., 1892,.u,'{\

261-347,

kries, J. von. Uber die absolute Qgpfindlichkeit der
verschiedenen’Netzhautteile im dunkeladaptierten Auge.

. z ps, 1897, 15, 327-351.

-
’

+

Ladd-Franklin, C. Colour and colour ggeogies. New York:

N

Harcourt, Brace, 1929.
. .. . -/
Lennox, M. A, and Madsen, A. Cortical and retinal.

responses to colored light flash in anesthetized cat.

3. Neurophysiol 1955, TH, 412-428.
(-2 . * ) . .
-~ M . - . R )
MacDonald, G. "Nélson, T. M., and Bourassa, C. M.
.7 Pursuit/éwtor performance under 1ntern1ttent part-

Speétrum jllumination. 1In Symposium on Alternwtlon of

Response, Journal of General Psychology., 1971, 84,

pp. 105-111.

MacNichol, E. F. .Three-pigment color vision. .Scientific

Aperican, 1964, 21%, 48-56. . °

£ .

) ) ' i ' '
Michelsorf, M. and Morley, A. On the medsurement of . the
_ _ g _ )

speed of light. EQLIQSOQQQQQ; Hagagigg,'necenber;

Q



N S

. La pencept

.

‘ o B T
chhotte,-A.- gﬁn de - 1a causalite.

Louvaing;:

_______ E; de Pgllosoph;eL 19116_L s g )

Y

- ‘ ’ .' . L4 . -
o ‘ \ : g:\ g ’ "
Miller, J. 'Qur vergleichenden Ph151olog1e des .
¢ : d

>
: - LT ’.\*
Gesichtssinnes

-

¢s Menschen und der Thiere.

1826,

, c. cnobloch, Leipzig.

, Miller, J. Uber g;g<anntastischen"Gesicgtsérschelnun en.

1826, Holscher, Coblenz:

Huller, J.’rﬁag uch &gg Phy51olog1e dgs Menschen. 1837,
' Holscher,.Coblenz. s

-

Hgnsell_gook‘ggigglgs, Munsell Colp;“Co.,’Inc.,
. == . o

1942,
b

.

:3“'
. ‘\“'. . ' S §

Nelson, T. M._ and Bartley S. H. The role of PCF ‘in
'tenbbral;laniﬁulétioﬁs of ‘color.

I3
®
1
O
e
"
1=
=
Lo

" . Bsychol gx, 1961, 52, 45T-477,
B - ‘ . ) . ; . |

Nelson, T m., Bartley, S. Hey Bourassa C. H., and" Ball,

R. J. Edltors°? Synp051mm oh Alterlatlon of Rgsponse

< xn Jou gal of ge ral 9_19 olggl, January,v1971.

"
[
™ 3

Nelson, ‘T. M., Bartley S. H., and Ford; Z. The brightpess

.
Lo o g

/
Q- .



g 132

v

‘\,.3.‘ o »
of part-spectrum targets stimulating the eye

~ parafoveally at;intermittency rates below fusion. The

~.

Journal of Psychology, 1963, 55, 387-396.

. o
Newton, Isaac, MAn hypothésis exblaining'the propertiqag

vy

of light...," 1675, in Thomas Birch, History of the™.

Royal Society of Lomdon, vol. III, London,
. .

§ ‘

.

Newton, I. Opticks. , 1704 (Reprinted 1931, McGrawv Hill,

New York). v

[

Nickerson, D. Color Measurement and Its Application to

gricultural'Products. ’ 1945,

!ﬂ
=
113
(7]
L]
L.
[[=%
-
2
1o
123}
(1]

U. S. Dept. Agr. Misc. Pub., Hashington, D. C;; 580,

Nilsson, T. H, Effects of pulse duration and ‘pulse rate
on hue of monbchroﬁatic,stimuli, i;g;gg ggégg;gg,
1972, 12, 1907-1921. o

Nilsson, T. H. and Nélsoan. M. Hue shifts produced'ﬁ}-.
intermittent stimulation. lggigg‘gggg . 1971, 11, -
gé7ﬁ712- ’ o |

‘Ostwald, H.,'Bvans;'R. M. An Introduction to gglog,_l .

w-oo-



133

ot

— ..
- Wiley, -1948. o

-

Planck, M. Quantum Theorie, Verhandl der Deutschen Physik

.AO~

. 1900, ges. 2,\9. 237.

- -

Polyak, S.. L. The vertebr&te vigual szstem, H. Kluver

(Ed.). Chicago:f Unlver51ty of€§h1cago Press, 1957.

h d
A .
Rabelo, -C. -and Grusser, 0. J. -Die Abhangigkeit der
{ ) - \ - -
subjectiven Helligkeit intermittiérender,Lichtreize

von den FllnMerfrequenz (Brucke-Effect "brlghtness

enhancementay!Untersuchungep be;.verschledener Leucbt

dlchte und Fel@grosse. Psychol. Forsch. , 1961, 2¢,
29&-312.’ \\ S . .

Rushton,-wW. A. H. Visuél ?ignents in map. Scientific

<

ogggg;_ag, Novenmber, 1962.
ey - :

. . .
S : . . ) [

Shapero, M., Cline, D., and Hofstettér; H. W. (eds.),

Dictionary of visual.s scie nce Philadelp'hia:-- Chilton
. Book Cogpany, 1968.%

N ~

'.Shiplei,”r., Jones; BR. H), and Fry, A. Inten51ty and the '

L

évoked occ;pitogcaﬁ in Man. ..¥ision Res 1966 g,
657-667. / | ' “ o

-



134

g

ABouﬁan, M. A. FIﬁcfﬁétiOnaﬁheqry'of
ghati.m in normal tfichroﬁats; Vision
56, 6, 567-586. |

. | v . |

Hubel, D. H.. Spatial engiehrématic

‘interactio W~ the lateral .geniculate'body of the

Wiesel, T. N.

Neurophysiol. ., 1966, 29, 1115-" "

~

rhesus monkeyge ‘J.

Hlldt G. J. * 'der and BOuman, M. A; The- dependence of

-

Bezold- Brucke hue shift on spatlal intensity

distribution. !igidn Research, 1968!’§, 303- 313.

" Young, Thomas, "On the theorx of light and colors,"

. Phij los_Eh1cal Transactlgg_ aof the Roxal Soc_g;x of
| Londo%.92 41§021* also in George Peacock, ed.,.

gellaneo s UQ rks- of the Ette g gg§ Young," VOlv I '
e 'London, 1855. Young quotes a letter of Isaac Newton

eof 48 Novenber 1672, vhlch vas publlshed ;n

LY 'Ph losoghiéal Trg__ac 2 11§_g (No.-4).

A



o

A.

B'

APPENDIX I

‘DATA TABLES

1

Trichromat?Data, Tables‘1-14

Déutah Data, Tables 15-21

/ )
. e
S
Y
-
R -
X,
M v
. o 3
N |
v ! A
\..
. -
\
A
\|
AY
N
M -
X 5
\\
A}
\
N
] “\ Y
. \
~ 4 . . - \
L
° .
\ .
B
. . .
a. -
3 fot
e T - .-
) L " "
v : . -
R
> .
"n)
R -
.

v




136

S
.
(; T
BN
TABLE 1 ( {
LU’HINOSITY.AS A FUNCTION OF WAVELENGTH (see figqg. l-l)
. 6 . ‘ | o o
. WAVELENGTH X 10G LOMINOSITY ABOVE THRESHOLD. ..
inne MG BJ DN _ SM 6T  AJ
650 3.9 3.9 4.0 3.6 3.5
625 4.4 u>;,//a.3 4.3 4.0 -2.7
" 600 u.§' 4.7 4.6 4.8 4.4 . .
. ;575 w.6 4.8 5.1 4.9° 5.0 3.5 '{ R
550 4.7 .5.0 5.2 4.9 5.4 - ‘ o
525 4.8 5.2 5.3 5.0 4.8 2.8 SR
500 4.7 5.0 5.1 4.9 s
475 4.5 4.3 4.5 'gk.6 4.8 igé\» S
450 4.2 3.6 4.3 4.4 3.8 "
425 3.4 3.2 3.6 .3hg//43.e
. 400 1.9 1.9 3.5 PREWY




137

TABLE 2 '
¢

LUMINOSITY THRESHOLDS FOR BE, DES, ss§,

AND HS AS A FUNCTION OF WAVELENGTH (see fig. 5)

PHENOMENON _  WAVELENGTH IN nn
S 475 500 525 550 575 600 625 650

BJ 2.9, 3.4 3.6 3.7 3.9 3.5 3.3 2.9

BE MG 3.2 3.5 3.7 4.0 3.8 3.5 3.2 2.9

' DNy 351 3T 3.6 3.8 3.8 3.7 3.3 2.8

sM 3.1 3.2 3.5 3.8 3.9 3.7 3.1 2.7

BJ 2.5 3.0 2.9 2.9 2.6

HS -~ MG 2.4 2.9 . 3.2 - 3.1 26

As . DN 2.6 2.9 © 3.0 30 2l
— sM_ 2.4 2.8 2.8 3.0 2.5

2 2.6

DES MG 2.1 2.6 2.7 2.6 2
Tz e iea ,;,‘Vl__ * o . - \
JT 229 T . . .
DN 2.1 29 ,ZAQT;Z\E\;iﬂf; 2.7 2.3
T SM 2.2 2.7 2.6 2.4 2.3% 2.4 2.5 2.3
N . , ¢ ‘ ~ . ‘ € j-
"BJ C1.9 2.1 2.3 2.2 1.8 2.1, 2.2 2,07
SS.. MG 1.8 2.2 2,220 1.7 2.2 2.1 )9

DN 1.7 2.0 2.4 2.2 1.6 2.2 2.3 2.1

SM 1.8 2.1 2.1 2£2 1.9 2.1 2.0 1.8

. . . ] - ) . . .
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630
620
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600
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" TABLE 3

REPORTED DIRECTION OF HUE SHIFT

A FUNCTION OF WAVELENGTH (see fig. 6)

-

DIRECTION (X over repeated measures and Ss )

3 Hy '10w57
. _ . )
$ -
’ B
= .
+ +
+ ..
- 7
+ + .
4+ +
T4 +
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! o, ' TA‘BLE q
HUE MATCHES AS A FUNCTION OF
WAVELENGTH FOR STEADY ILLUMINATION
Y .AND 10 Hz, 0.25 PCF (see fig. 7)
WAVELENGTH "HUE MATCH (X efror in nm)
in nm MG BJ /,//L/;,,Sﬁ,-%——*~
- . Rate s 10 s 1 s ° 10 s 10 ~
L3 . o N : .
’ 650 ////E;g//,efﬁ///b.v -3.8 0.7 -5.0 1.0 ~-4,0
620 1.0 -0.7 0.4 -2.0 -0.7 =1.0 =-0.2 =-1.5
600 1.1 -6.0" =0.4 =5.0 =0.7 =7.0 1.0 =7.0
575 0.5 =-0.3 0.0 -1.4 =0.7 -1.0 -0.8 -0.7
5a$ -0.7 4.0 -0.2 4.0 0.5 6.0 0.4 7.0
A
S 520 0.0 1.8 =0.5 1.0 0.2 - 6.2 0.7 1.0
: - Ce. -~
475 -0.3 -3.0 -0.7 -1.8 0.7 -3.5 0.0 -3.8
?\ ) v‘;; o ¥
.y T
[ q ; > ~ !
f' . 'E ¢
B .'::,4. :05) ' 4 - N
/ f ~ . L
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/
TABLE 5
.COMPARED .HAGNITUDE OF HS AS
A FUNCTION OF WAVELENGTH (see fig. 8)
-"TEST '~ . ,. WAVELENGTH WITH LARGER HS
" WAVELENGTHS' (nm) MG BJ DN  SM :
' 475 x 495 475- 475 475 475 *
530 x 545 545 545 = ' 545
545 x/563 545 = - 563 545
587 x 600 600 660 - 600 587
600 x 610 600 600 600 =
© 635 x 650 6505 = . 650 650
pata for 510, 520, 575, and 620nm from Table 3.
) . - ) /

/
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TABLE 6

MAGNITUDE OF HS AS A PUNCTION OF WAVELENGTH
(see fig. 9),

.

WAVELENGTH
in no
475
495
510
530
545
560
580

»
587

HS X error over 10 rep.

MG BJ
6.1 4.2
4.1 6.3
0.7 1.2
2.3 2.5
4.3 3.8
4.0 2.8
1.3 0.8
6.8 4.4

600 6.3 4.8
— .. ,

610
620
635

650

3.2 2.7
0.6 0.9
3,5 3.8

DN

S

Measures

141
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(see fig.
* COMPARISON
" RATES in Hz

[

=
WAV LE WK =

X
X
X
X
X
X
X
X
X
X
X
X
X

" CFF (30)

(D\)G\U'ch_l\)_a
NNNNNNN\%'

15 x 20

20 x CFF

-

COOCOCOQLCOCOCOOOD O

LoOJdODmEWN

TABLE

O

7 .
»

BKIGHTNESS AS A FUNCTION OF RATE AND PCF
10, ordinal data X over Ss) ~_

BRIGHTNESS COF HIGHER RATE
{compared with lower)

PCF 0.75 0.50 0.25 0.125

N+ 4+ + +

[

R S G O

+ + -
+ + -
+ + -
+ + -
+ = -
N~ -
+ + +
+ + +
+ + +
+ - 4+

+ +
+ + +
+ + -
+ o+ .
+ + +

142
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TABLE 8

BRIGHTNESS X RATE AS A FUNCTION.

OF TALBOT LEVEL BRIGHTNESS (see fig. 10)
. .

(A), TALBOT LEVEL (B) TEST RATE AT WHICH BRIGHTNESS

PCF _ PCF OF B = THAT OF A (in Hz)
0.75 0.50 10
. 0.25 , 7
Py - _ o
: 0.125 o 3
0.50 T0.25 15
[
‘ 0.125 - 10,5 ,
0.25 0.125 . {?
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. TABLE 9

BRIGHTNESS}AS A FUNCTION OF PCF
(see figs. 10, 11, X over Ss)

N

PCF . BRIGHTNESS OF THE. LARGER PCF

COMPARISONS 3 HZ 10 HZ CFF
0.75 X 0 . + - .
0.50 X0 .+ -« -
0.25 x 0 T ‘3-; -
0.125% 0 - - - -
.0.75 X‘O.Sd ' - + - T4
0.50 %70.25 + T
> .

'0.25 X 0.125 £ . +

0.75 X 0.25 B +

13

Ay
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v ' TABLE 10

BRIGHTNESS ENHANCEMENT AS A FQNCTION OF WAVELENG?H
' ' (T+4 log) - .
(ordinal nm comparisons X over Ss, See fig. 12)

\

WAVELENGTH BRIGHTNESS OF LONGER nm IN COMPARISON

COMPARISON -in.nm  10Hz, 0.50 PCF 10 Hz, 0.25 PCE

450 x 475 ’ + , +
. I S : _

475 x 500 - N B ¢
500 x 525 ) . . +

525 x 550 . . e +

550 x 575 | - S/ ( -
575 x 600 - oo~ : -

’ ' e

600 x 625 - - . -

625 x 650 - -

‘——_a* 525 3 575 . = o R
.b* 500 x 600 = s
c* 650 x 450 . . - = -

*auxiliary comparisons set after main
data vas collected. S

i
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TABLE 11

SATURATION AS A FUNCTION OF RATE AND PCF
. : ' (see fig. 13) .
(ordinal, compgrisons, X over Ss and wavelepgths)

SATURATION OF GREATER RATE (COHPARISON)

COMPARISON . PCF
RATE IN HZ 0.75 0.50 0.25 . 0.125

1 X0 + + + +
2X 0 + + +
30 + * =+ )
4 X 0 + = = -
5% 0. - - - -
.6 X0 - - - -
7%x0 - - - -
.8 X 0. - - - - \
9 X £~ ~ - - - i o
10 x 00" - - - -
< 12a2h - - - - /
15 X 0 - - -, =
20X 0 - b= - -
CFF X 0 = Vo= = =
- 7 saturation of lower rate
1% 2 = - = =
— 2 X 3. - 4 + + ‘
3 X 4 = + + 4+
4 X 5 + + + +
5X 6 o+ + + + <y
6 X 7 + + + + <
7 X 8 = :";" = -
8 X 9 L RS - - -
9x 10 = ' = - -
10 X 12. - - - -
12 X 15 - - - ‘-
15 X 20. = - - -
CFF X 20 - - - -
L .
A* 6 X 10 = = = -
_B* 5 X 12 + = + = <
€ ceux 15 o+ + -+ =

*AUXILIARY TESTS A, B, C DETERHINED AFTER
THE ORiGINAL DATA UERE AHALYZEDu oo



TABLE 12

(see figs. 13, 14)

(ordlnal comparison data, X over Ss and wavelength)

PCF SATURATION OF LARGER PCF (comparlson)
Comparison - 3 Hz 5 Hz 10Hz  20Hz
0.125 x 0 + - - .
0.25 x.0 S = - -,
0 . ° ) *
0.50 x o0 . .+ . - - -
0.75 x 0 + 7 - - -
e
0.125 x 0.25 - = + . S
0.25 x 0.50 - = o +

‘- SATURATION AS A FUNCTION OF PCF.

CFF

Oy

147
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3

;o . TABLE 13

~ ORDINAL MAGNLTUDE OF DES AND SS**
-~AS A FUNCTION OF WAVELENGTH (see fig. 15)

' COMPARISON - . SATURATION :
WAVELENGTH (nm) (magnltude comparison of larger nm)

LA  me BI - DN SH
- ‘DES SS  DES SS  DES SS DES .SS

5

. 475 x 500+ - I -

1

] 500 x 515 P + - = o +
515 x 525 - - .. - - o

L © " 500 x 525 = 4 = -

I
-

o 585 x 550 - 4 - - EESY

550 x '§75 . - . + = - - e =

S;E\Q 600 L+ . ¥ % T S
. . | . .»,\"7' . “ - ' ‘ ‘ N ‘ c _ . .

600 x 610"\ . St e

610 x 625 - ‘  + ‘ s | i\\\\} S +

625 x §37. ° = - - N

. > . F : . I -
4 ! . e
600 x 625 | -4, + o4 o T

625 x 650. | -+ = - L.

637 x 650 = - B

+

a* 475 x 575 ; Co= o

b* 575 x 650 = = = - -

c* 515 x 625 4 . - - 4 el g

*aux1llia.,ry conparisons for pES S 3 §
"\..**SS data J.nconplete‘ C e T e
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TABLE 14
/

SUPERSATURATION DECAY TIMES FOR

515hm, 580nm, and 620nm (see fig. 16)

LY

Pulse le

ng{h

SATURATION AT. END OF‘STIHULUS INTERVAL )

(compared with steady)

in ms* ,/// .62Qnm .580nm 515nm

5400
4500
3000
2250
1500
1400
1350
1300

.

1250

1200
1175
1150
1100
1050
1000

950 .

850
750

500

375
.250
125.

-~

I wnn o

B I N I T
I

o+
_yntg owononon ot
"/. ’

+
+ + 4+ o+t
(.1}

4+ ¥+
O e k. I T TR I

+*
+ + + #‘ P I T L (T (Y T | R T R TR [} TR

+ e e+

>

and PCP‘s transformed into’ pulse and
[ys interval ‘times. 5s.d4id mot occur:
} erval was’ less tham 125ns.

P
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TABLE 15 o
_DEUTAN HUE NATCHES AS.A FUNCTION OF WAVELENGTH FOR
STEADY ILLUMINATIONNAND 10 Hz, 0.25 PCF
L 4

(see figs. 17T, 18) e . e

WAVELENGTH. HUE MATCH RANGE (R
in om STEADY 10 Hz .
650 - -5, 5 -18,12 T\R*;\
625 “5 ' -3; 4  ". <3a{f1?;.- NG
600 © -6, L -22,w120 RS
s75 . . -4, 9 w2508 e D
s . I ST
525
b',: 50 o = Lo
’ lﬁ7$ .
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- i —~
- | 'TABLE 16
DEUTAN HUE SHIFT AS A FUNCTION OF
RATE IN FOUR SPECTRAL AREAS '(see fig. 19)

[t

‘Hue Match Range (X error in nm)

.

RATE 425 na .. 500 nm 550 nm ] 625 RM
in Hz  Loci rahqe“ Loci range - Loci range Loci . range
2.4 2,48 w6 =12,11 23 -23,18 41 -8, 24 32 |
3.5 J13,83 0 56 -2,12 14 -18,18 36, -18, 71 25
4.5 -2,35 37 0,21 21 -14,29 43" -29, -4 25
5.6 11,40, 29 3,18 15  -2,24 26 “40,-21 19
7.0 r 8,36 28 -3,14 17 2,16 14 -e4,-25 39
8.0 - 2,20 22 5,12 7 e2,17 19 -73,-28 45
8.8 1,30 29 1,10 9 -8,15 23 -69,-21- .48
£ 10.0 g,azf 31 -1,12 3T 31\ 56,16 40
15,6 1,39 - 38  =3,14 17 =~34,22 56 -9, 6 25
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TABLE 17

DEUTAN HUE MATCH ERRORS AS A FaNCTION OF PCF

7

(550nm, 5.8 HzZ, see fig. 21)

PCF HUE MATCH RANGE (X error in nm)
LOCT RANGE

0.125 5,3 30 | /

0.25 1,36 . 35

0.50 -2,24 26

0.75 -13,27 40 '

\} RN
- y
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TABLE 18

DEUTAN BRIGHTNESS AS A FUNCTION OF RATE

IN FOUR SPECTRAL AREAS (see fig. 22)

’ R
RATE . BRIGHTNESS OF HIGHER RATE

COMPARISONS 425nm 500nm 550nm 625nm

1x0 = - = +
3x0 = ) ¢ = I
5x 0 - - - -
7x 0 - - - -
10 x 0 - - C- -
12 x 0 - | ; A . - -
15 x 0 - s = -
®x o0 - - - -
. . :
20x 0 - = - -
CFF x 0 - - g -
1x 3 = + = - .
3 x 5 - - - -
5(<5 - - : -
7 x 10 + + = +
10 x:12‘ + + - o+
| d |
12 x 17 + = - <+
15 x 16, - - ' - -
18 x 20 - - - -

M
H
]

20 x CFF =



RATE 1IN

10

12

15

18

20

CFF

10

12
15

20

\ ) ‘ -
TABLE .19

SATURATION AS A FUNCTION OF

BATE FOR DEUTAN (see fig. 23).

x
HZ/ 'SATURATION (comparison of higher rate)

L25nm°  500nm 550nm 625nm

x O + = e +
x 0 . + + +
x O - = - -
x 0 - = - -
x O + - + -
x O + - + -
x O + - + f;
x 0 + = = -
x 0 = = - = - =
x O = = = =
x 3 = + - =
x 5 - - - -
; .
x 7 4 = + + -
x 10 +- == + +
x 12 ¢‘ , - | + +
x 15 - = - 7.
x 18 - + - -
X 26 ' - | = = =

f
+

X CFF = p = -

154
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TABLE 20

SATURATION AS A FUNCTION OF

PCF FOR DEUTAN (see figs. 23,24)

PCF SATURATION (comparison of larget PCF)
Comparison 425nm 500nm 550na 625nm

3 10 F 3 10 F 3 10 F 3 1C F

0.1%?§§;‘0° S - - = - = = - = = - - =
0.25(”i 0 + - = = = = + ’q = + - =
0.50' x 0 X + + = = = = + + = + - =
0.75 x 0 e e o= e - =+ .+ = s - =
0.75 x 0,50 = - = & = = - = = = & =
0.50 x Qw25 s = = = o= e = e sz
0.25 x 0.125 + = = + = = + + = 4+ - =
0.75 " x 0.25 - + = + - = . - = - + =

¢
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DESATU&ATION AS A

(";

COMPARISON.

WAVELENGTH (nm)

650

625

2525

uﬁ’o

500

475,

X
X
»

X

X

625

600

uisl

575
550

525

500
475

450

1425 x . QOO

550

*0

rdlnal comparisors of magnltude for 625,
500,

x

Table 19.

v
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TABLE 21 -

Y

FUNCTION OF WAVELENGTH FOR DEUTAN
(see fig. 25)* ‘

CHANGE IN SATURATION

(cbmparison of larger nm)

1

.
- - 4 ’
&
*

-

v

and 425nm were taken fromedata 1n
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APPENDIX II

RETINITIS PIGMENTOSA STUDY

Ep v , -~
A sixth observer, AJ, was examined in an auxiliary

¢tudy He had Retinitis Pigmentosa; a rare genetically-
e

babed dxsease which degenerates receptor plgment'.
progress;vely from the periphery of the ret;pa to ;he
fovea. At the time of the experiment, luminosity apd
perimetry tests showed this disease had completely
deteriorated his ecotobic‘vision, but lkft his photopie
vision intact. .
Studies of AJ's color experiences under intermittency
were fragmentary. Luminosity ratings were taken for 3
vavelengths (620, 580, and 515nm) and responses were
neted under condifions which optimally produced BE, DES,

.

and SS in the trichromats.

_FINDINGS

AJ had a reduced luminosityvlev 1 due to the loss of

scotopic pigmeﬂt (see Table 7, Appendix I). -Undér 10‘%2,;
X
0.50 PCF he' detected both BE (at 575 and 625nm) and HS '

,-tat’560 and 600nm) in the same d1rectlons and approxlmate,}

magnitudes as nornal trlchromats. He also detected S5 at

”

3 Hz, O. 50 Hz (at 525, 575, and 625nn) but did not report

-
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< . DE§ fq& any anéTénéth.oR\for_any conditions of
Ve e T ' g T ' '
Jinfermittency ffom 1 Hz to CFF. This suggests that the
fidm;nosfty system .is invelved in the prgduction of DES

N »
N

. under intétmittency,,but,nbtgnécéésarily in BE, which has
: . Y . . _ A )

* : ‘ S

-~ vimportant implications for experiéntial results of

# . - -

;1ﬁminosit§—c%romat}city interactions.:

B . - n
Y - ., B ooy .
’ - . S ‘
L. Newrue . ¢~ “
. N oL \; ’ 5
’ : -t ’ T !
. b
. . L . »



@jvarious technﬁcal terms used in tnis thesis.

1

4

APPENDIX III

GLOSSARY OF TERMS,

Pl

‘pefinitions from the Dictionary 'of Visual science

PR

(Shapero, Clige, and Hofstetter, 1968) are given hére

-~

-

Ve * #
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' Brightness. The subjective attr;bute of apy‘light”
sensation giVXE% fisé fé’the ééréeét of'luhihous
intensity, iﬁtlua;ng‘fhe'uhole scale of qﬁalities of
being bright,. light, brilliant;:dim, o#ada?k, .

»
o

Brightness enhagcement {BE, the'Erﬁcke-&a:iley’effect)ﬁ . "

The increased brightness of-intétmitté%t stimulation
o o o ), L
(illumination) over continuous.illumpination of the

same intensity. e

experience, chéragieriied by thé attrubutes of hue,-
brightness, and saturatién, andfusually'arising from,

or in response to, stimulation of thé‘retina‘by

)\'
(%

radiation ofvwaveiengthsfbexueen about 380 and 760
mp. Sensory cqmpohents, su?h as}vﬁite, gray('and
black, whiéﬁ have néit@ef hue nor saturation, are
¥ ‘ sometimes included with colors; Variouély synonymous

© with hue, tint, or shade. 2. A stimulus or a visual

. ) ') , . : “
object whlcy/évokes_q'chromatlc response.

°

‘critical fusign/;;eguengx (CFF) . /éhe rate of

ptéseutatﬁim of intermittent, alternate or -
discontini;ous photic'sti‘i that. just gives rise ‘to
‘axfully unifb;;.and~continuous seanqion obliterating
.1xhe'£;i¢kerb' - wf . @ L ' i’ L
) . . N -
s ‘ggggggip_gl The ap.pa,rent*blea,ching of a hue under
s o6 e e iyt

v .

-
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. N )
photic interﬁi{tency.

Deuteranomaly. A form of anomalous trichromatism 1in

—— e e e e e

which an abnormally large proportion of green is

required 1in a mixture of red and green light to match
a given yellow. 1In the green to red region of the
spectrum;>hue discrimination is poor, and colors
atpear relatively more desaturated to the
deutéranomal than they do to the nbrmal trich;dﬁat,
leading to:confuéion of light tints or of very dark

shades of these color.

Episcotister., A sectored disk which may be rotated in

4

e —— et -

front of a 1ight source to produce flashes of light.
. . ] } .

It is used in the study of the critical flicker

frequency.

-

Hue. The attrib&¥5§c{ color sensation ordinarily

. //
y

Hue

Al

correlated with wavelength or combinations of

uavélength; of the visual stimulus and distinquished.

. X 4 < :
from the attributes brightness and saturation.

PRI

shift. Thewsgpjfent change in hue under photic

intermittency. o
A v Y

Pulse-to-cycle fracfion (PCF). The light-dark ratio, or

e

the proportion of time within a

i

photic cyclewthéﬁytbg

N - i
R A ‘-" N -



1 S 162

stimulus -is present.

<
K
. |

Retlnltls glggentoga. A primary degeneration of the

neuroepitbelium pf'the retinaviith‘subsequent
»migration Qf,the'retinal pigment. The
ophthalmoscoplc appeargﬂce is rof" 1nd1v1dual clumps of

; gbiacﬁ plgment perlpherally located and shaped llke ,

.\E
bone‘corpuscles,fattenutated retlnal vessels, and a
\ _ e , _

i

pale waxy opfic diskl The main symptoms-are night
blindness and progressive contraction of the visual
fieiéQX'I%ngffamilial, of unknown étiology, and

{ . usually bilatera}. |

o

saturation. The quality of visual perception which

<
permits a judgement of different p&kities of any one
dominant wavelength; the degree to which a chromatic
color differs from a gray of the same brighaﬂ’s%b

«

§ggjéc ive color. The sensation offcolor dérived'from'

st1mulat10n other than ulﬁh chromatic stlmull, as may’
occut frd 1nterm1ttentﬁﬁxpos?re at low frequencies
"to achromatic stlmul; or from exposure to dazzling

-1ights. .

Supersaturation. The apparent increase igp, purity of a

. hue uhdér‘phbticvinternittencyﬁ y
: : .’ o

-~

]
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.o~

Talbot level pgigggge§§ (Talbot effect). The experiénce

p4— —

~80f continuous light from a ;apidly‘intetmittegt
source, but of an intensity equivalent to that

“produced if the tptal amount of light were equally
R , .
distributed in time; the phenomenon giving rise to

Talbot's lavw. ¥ .

— G
-

=)

some structures in the visual system are designed to :
process éisu;i“infofmation better under certain time

-

conditions than under others.

. .. -, ¢!



