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Abstract-Thresholds for detecting changes in color are raised following viewing a field sinusoidally 
moduhned in cQlor over lime. This effect is highly selective. For example, thresholds for detecting 
reddish and greenish changes from white are raised following viewing a field varying in a reddish­
greenish directLon, but not after viewing one vary~ng in a yellowish-bluish direction. Similarly thresholds 
for yellowish and blUish changes from white arc nmcd following viewing a field varying along a 
yellowish-bluish axis bur are nOt altered by exposllfe to reddish-greenish variation. Thresholds for 
chromatic changes arc not raised following viewing a field varying in luminance. Thresholds for changes 
in )umll1anee are raised following viewing a field varying in luminance but not altered by exposure to 
purdy ehromadc varialion. Since this selectivity is found only for these directions and not interm~dlate 

dircellOns in color space we conclude that these directions are cardinal. thal is. signals varying alung 
th~se directions are tarried along separate, fatiguable. second stage pathways. The results conform \0 the 
expectations of opponent process theory with the imporlant exception that lhe yellowish-bluish cardinal 
dire<;tion is a lrltanop.il,; confusion line and not a red-green equilibrium line. 

tNTRODUCTION 

Modern tbeories of color vision typically incorporate 
two stages: a well-established first stage that includes 
(he three types of cone receptors each with Its own 
photopigment, and a more tentative second stage that 
includes mechanisms whose signals depend on quan­
tal absorptions in more than one cone type. The inter­
active nature of the so-called second stage is widely 
accepted, receiving support from Olany kinds of evi'­
dence such as color appearance asses,sed ~vith the C<ln­
cellalion technique (Hurvich and Jameson .. 1957), de­
tection of mixtures of chromatic stimuli (Boynton er 
al., 1964; Guth et al., 1969: Guth and Lodge, 1973; 
Krauskopf, 1973; Kranda and King-Smith. 1979). 
transient tritanopia (Mollon and Polden, 1975), field 

additivity experiments (Pugh, 1976). and increment 
thresholds for spectral lights presented on achromatic 
backgrounds (Sperling and Harwerth, /971 J. In ad­
dition, a large hody of pbysiological evidence begin­
ning with the work of Svadichin (1956) and De Valois 
(1965) has shown that signals from different cone 
types are combined in <In opponcllt fashion. Still there 
is little agreement :tbout the specific interactions 
between cone signals that oCcur beyond the receptors. 
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Fife, Scotland. 
tWe have chosen to use the word "l1abituat,ion", while. 

others mll~ht prefer "adaptation", "faligue", "desensitiza­
tion", elc. 

~There were rcliable individual differences. D.R.W. 
required more 441.6 nm light for hi·s white matches than 
J.K. and is known to have a rela'lively dense macular 
pigment. Sill~ thiS shon wavelenglh wntributed little to 
the luminance of the white. Ihis variation had lJ1sigmli­
cant elrccts on the luminance measurementS. 

Prolonged viewing of temporaJly modulated fields 
raises the thresholds of detecting changes in chromati­
city and luminance (Guth e/ (II .. 1976; Benzschawd 
and Guth, 1978; Krauskopf, 1976, 1980; Jameson el 

al.. 1979). We have used a method of selective habitu­
ation to delineate the second stage mechanisms objec­
tively, measuring the changes in color discrimination 
produced by exposure to fields that are temporally 
modulated in color spacet. The test Stimuli we used 
for this purpose were color changes of a field from 
neutral white rather than test Ilashes superimposed on 
backgrounds as in the typical increment threshold 
procedure. Thus. In prinCiple, we could measure 
thresholds depcndent on but one second stage mech­
amsm. 

METHODS 

The apparatus is a compllter controlled color mixer 
described elsewhere (Krauskopf el lil., 1981) that pro­
duces virtually any temporal variation in chromaticity 
and luminance to which the eye can differentially re­
spond, within the limits imposed by the three primary 
sources. The sources are three lasers emItting light at 
632.8,514.5 and 44 \.6 nm referred to hereafter as the 
red. green and blue primaries, respectively, that are 
mixed to form a spatially uniform circular field2Q 

fixated by the observer. A spectrally calibrated PIN 
diode. incorporated in the equipment, measured the 
intensit)' of tbe primaries before and after each experi­
mental session. The retinal illuminances of the pri­
maries were com puled In trolands with the aid of the 
CIE photopic luminosity function. Flicker photo­
metric measurements confirmed the appropriateness 
of tllest: values for each of our observers§. 

Before beginning the experiments. each observer 
determined a mixture of the three primaries (hat 
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Fig. I. Chromaticity digram depicting [he eighl leSI dIrec­
tions (shown as dolled lines) ami four habituation axes 
(shown as solid lines) for observer 1.K .. whose white poinl 
is at the intersection of these axes. The provisional cardinal 
chromatic axes are labeled PI (yellowish-bluish) and P, 

(reddish-greenish ). 

appeared white 10 him. He did this by adjusting the 
red and blue primaries while the green primary was 
kept fixed at half of its maximum output. No refer­
ence was used. The illuminances of each primary in 
trolands rcquired to produce a neutral white were 
slored in a separate file for each observer and used to 
set the mean luminance and chromaticity in each ex­
perimental session. 

To simplify specification of the experimental con­
ditions we tentatively defined two chromatic and one 
luminance direction in color space. The chromatic 
axes are depicted on the eIE chromaticity dIagram in 
Fig. I. A provisional reddish-grecnish axis was 
defined by equation I where LR , LG and L II are the 
luminances of the 632.8, 514.5 and 441.6 nm pri­
maries, respectively and WR , W(J and Wo arc Con­
stants representing the luminanccs of these primaries 
for the white malch. 

LR + LG = WR + We (IAI 

LB = Wo· (l B) 

Inc.reasing the output of the red primary while de­
creasing the output of the green primary by the same 
amount in trolands constitutes a change in the 
reddish direction. Reversing the sign of thc changes III 

the primaries produces a change in the greenish dire(:­
tion. A provisional yellowish-bluish axis was defmed 

·We have chosen to use the terms yellowish, bluish, 
reddish and greenish [0 describe these provisional direc­
lions to distinguish them from directions that corre­
spond to unique yellow, blue, red and green. In facl. as 
shown below, the reddish-greenish provisional axis is 
almost identical to the unique red-green direction but 
the yellowish-bluish provisional axis does not coincide 
with the unique yellow-blue direction but the lritanopic 
axis through the white point. 

by equation 2. 

0.5 (LR + L(,) + LH = WR + We + W 8 (2A) 

L n - WI! = L(; - WG· (2B) 

Increasing the output of the blue primary while de­
creasing both the green and red primaries each by 
half as many trolands constitutes a change in the 
bluish direction. Reversing the sign of the changes 
produces a change in the yellowish direction·. Simul­
taneous increase in all three primaries in proportion 
to their mean luminance constitutes an increment 
along the luminance axis, and a proportional decrease 
in all three primaries constitutes a luminance decre­
ment. 

The thresholds reported in this paper arc analogous 
to modulation thresholds. For example. thresholds in 
the reddish direction were measured in terms of 
LiL/l/WR and those in the greenish direction in terms 
of LiLG/WR . It should be nOled that the latter is not 
equal to LiLe/We for while according to equation 2 
LiLR is equal lO LiLe, WR is not equal to WG' The 
modulation measure used in thc other provisional 
primary direction is LiLiJiWo. The interpretation of 
absolute modulation thresholds IS theory dependent. 
The conclusions drawn In this paper are based on 
chal/ges in modulallon thresholds. 

Time-course oj hahi/llatioll 

Figure 2 illustrates the experimental procedure 
employed in a preliminary experiment. Thz observer 
viewed a steady white field for 30 sec, after which 
thresholds for detecting changes from white in the 
reddish-greenish direCllOJl 111 color space were 
measured with a yes-no staircase procedure. 
Thresholds for these same directIons were remeasured 
after viewing the habituation field. The lest stimulus 
illustrated in Fig. 2 is a pulse with a gaussian tem­
ponti wavdorm in the reddish dlreclion from the neu­
tral white. This waveform was chosen to minimiz.e the 
high temporHl frequency wntent of the test pulse, 
favoring detection or chromatic variation relative to 
achromatic variation (Kelly and van Norren, 1977). 

Figure 3 presents the results of such an experiment 
lO ililistrate the size and the time-course of the (I<;. 

sensitizalion effect of viewing of a sinusoidally varying 
habituation field. The habituation stimulus vafled in 
the ~Cjuiluminous reddish-greenish direction for 30 sec 
at a frequency of I Hz and an amplitude that was the 
lurgest that could be generated within the rules 
defined above. Note thai the habituation stimulus is 
produced by sinusoidally modulating each of the laser 
primaries while kecping their time-averaged lumin­
ance the same as that of the neutral white. Gaussian 
pulses (SD = 250 msec, (otal duration = 1.5 sec) were 
presented at 3.0 sec intervals for 60 sec following the 
ofrs~t of the habituatlon stimulus. Two separate series 
of test pulses were alternately presented, one aftcr 
each presentation of the habituation stimulus. In one 
series the first test pulse began immediately at the end 
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Fig. 2. Gaussian test pulses whose amplitude is varied to measure threshold before and after exposurc to 
sinusoidal variation in color spatc whose mcan level is a neutral wh ite. A reddish test pulse and a 

reddish-greenjsh habituation stimulus are depicted. 

oJ the last cycle of the habituation stimulus, while in 
the other it occurred after a delay of 1.5 sec. The two 
series combined provided a threshold measurement 
every 1.5 sec. The observer reported whether each 
pulse was visible by pressing one or two bUllons. If 
the observer reported seeing a pulse, its amplitude for 
that time slot on the next presentation was reduced 
by 0.1 log units (except on the first trial on which the 
change was 0.2 log units). The amplitude ""as in­
creased by the same amount if the observer reportcd 
nol seeing a pulse. No change ",as made and the trial 
did nOt affect the computed threshold on the: rare 
occasions when the observer failed to respond before 
the next pulse was presented. At the end of the test 
period the habilUation stimulus was presented again 
initiating a new cycle. Ten to twenty cycles were run 
within an experimental session, the data from which 
were stored and used as initial values for a later 
session. The mean of the log amplitudes or the pulses 
presented in each time slol. cxL"iuding the first three 
trials thaI were used to locate the thresholds approx.i­
mately, were taken as estimates of the thresholds for 
that intl?ryal. The rcrinal illuminance of the Ileld was 
fl.xed at 50 td throughout the experiment. 
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Fig. 3. Time-cOllrse of the desensitiZIng effect of vlewmg a 
field varying sinusoidally at 1 Hz in the reddish-greenish 
direction 011 a gaussian pulse in the reddish direction hav­
ing a standard deviation 250 msec and a total duration of 
1500 msec. Habituation period--15 sec. Mean iLluminance 

-50 tcl. Observer-D.R.W. 

In Fig. 3, thresholds are inItially about 0.5 log units 
higher than their asymptotic values. An exponential 
recovery curve with a lime constant of 8 sec fits the 
data well. Further experiments showed that roughly 
15 seC viewing of rhe habituation field was sufficient 
to produce maximal changes in threshold. Experi­
ments in which both the habituating stimulus and test 
pulses were either changes in luminance or changes in 
our provisional yellowish-bluish direction produced 
similar recovery curves. Similar data were obtained 
with a second observer. 

Effect ofnlOdulolioll depth ofhabiruarioll stillll/IIIS 

These results suggesled the use of the following 
"top-up" procedure that was used in the ren1aming 
experiments. After an initial 30 sec exposure to the 
observer's while field, lhreshold~ in several directions 
in color space were measured using randomly iIllcr­
leaved staircases. The habituation field was then 
viewed for 30 sec. A second set of threshold measure­
ments were made using lhe interleaved staircase pro­
ccduro: but with a 5 sec reexposure of the habituation 
field preceding each test presentation. An interval, 
typically 0.5 sec, elapsed between the end of tbe ha­
bituation stJrnulus and the beginning of test pulse 
during which the field was white. At the end of the 
test pulse, the field remained whitt: until the observer 
responded, at which lime tbe habituation stimulus 
r~sumed. 

For reddish and greenish test pulses and reddish­
greenish habituatlOll stimuli, Fig. 4 plots the ratio of 
the thresholds following exposure to the habituating 
stimuli relative to control thresholds obtained with­
out habituation, as a function of the amplitude of 
modulation of the habituating stimulus. 

Selectivity of Iwbil1!aliOI1 fo/' ch/'omalic stimuli 

Are the threshold-elevating effects of viewing a light 
varying sinusoidally along one axis in color space 
c.onfined to test stimuli in the same direction as lhe 
Il<lbituating stimulus or do they generalize to other 
test directions as well') Thresholds were measured in 
fQur directions (D.RW.) or eight directions (J.K.) in 
each experimental session before and after viewing a 
field varying along one of our two provisional chro­
matic axes. Thresholds were measured in J6 direc­
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AMPLITUDE OF HABITUATION STIMULUS 

Fig. 4. EffccI of amplitude of reddish-greenish sinusoidal 
h'lhiluation on the ratio of the hahilualcd to the control 
thresholds for delecting reddish (Rl and greenjsh (G) 
pulses. using the top-up procedure described in the lex!. 

Observer: J.K. Mean illuminance: 501d. 

tions altogether for D.R.W. and in eight for l.K. 
Figure I plots the white point for lK. on the erE 
chromaticity diagram, showing the eight test direc­
lions from white u.scd. The solid lines labeled P, and 
Pl represent tJle habiluation axes used for this ob­
server. The stimuli used for the second observer 
(D.R.W.) were similar though the mixture of primaries 
he chose as a neutral white was somewhat different 
than that choscn by J.K. Thererore. there is a slight 
difference between the loci of P, and P2 and the white 
points for the two observers. 

The directions chosen for test and habituation 
stimuli were equally spaced around the color circle in 
the fullowing sense. Thresholds measured in each of 
the provisional primary directions were used to define 
unit vectors in these directions. Intermediate vectors 
were defined In terms of these vectors. Forexal11ple, 
we denote the "reddish" direction HS 0 ~tnd the "yel­

lowish" direction as 90°. A unit \'ector in the "yellow­
ish-red" direction at 22Jo is defined in terms of the 

Instrument provisional axes as the Sum of sin(22t') 
times the variation of the laser primaries <It threshold 
in the yellOWish direction and cos(221°) times their 

threshold variation in lhe reddish direction. 
The thrcsholds beron: habituation were about 1/[00 

of the full variation possible In the rcddish and green­
ish directions but only 1/15 of the full variation in 
Ihe yellowish and bluish directions. We wished to use 
habituation stimuli that were roughly equal multiples 
of thresholds in all cases. Therefore. the amplitudes of 
all the habituation stimuli were set at roughly 15 
times threshold. 

The upper parts of Figs 5 and 6 plot in polar form 
(ror J.K. and D.R.W., respectively) the changes in 
thresholds caused by habituation. The major axes of 
the plots are the provisional axes. The bold lines with 
arrow heads show the direction of variation of the 

J.K. 

~
 

Fig. 5. (Upper) changes in thresholds resulting from view­
ing fields varying along the provIsional cardinal axes. See 
text for delails. Obsaver-J.K. (Lower) Cbanges 111 

thresholds resulting from viewing fields varyl11g along di­
rectiolls halfway between the provisional cardinal axes. 

habituation stimuli. The center of each graph is the 
locus of no change in threshold. Solid symbols plot 
the elevation of log threshold for specific test pulse 
directions following habituation, unfilled symbols rep­
resent cases in which log threshold was lower follow­

ing hahituation. Tick marks represent increments of 
0.1 log units. 

The results for both observers show strong selective 
changes in threshold. For J.K. thresholds are raised 
by between 0.25 and 0.55 log units in the direction of 
habituation and virtually unchanged in the ortho­

gonal directions. The thresholds for D.R.W. are 
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Fig. 6. Effects of chromatic habituatlllg stimuli on delect­
ability of chromalic lest pulses for obsen'cr D.R.W. 
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