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EFFECT OF MODERATE CHROMATIC ADAPTATION’ 

CAROL M. CICERO~X and DAVID H. IcRAmz 
Department of Psychology, University of Michigan. 330 Packard Road, 

Ann Arbor, Michigan 48104, U.S.A. 

and 

Department of Psychology, Temple University, Philadelphia, Pennsylvania 19122. U.S.A. 

(Received I8 ~Vooember 1974; in reoisedform 3 Febrwry 1975) 

Abstract-The luminance invariance and additivity of opponentcolor equilibria were tested under con- 
ditions of chromatic adaptation to unique blue, green, yellow and to (nonunique) 650-nm red lights, 
varying from about 40 to 2000 td. Although the adapting lights produced large shifts in the loci of the 
red/green equjlibrium colors away from their dark-adapted values., hardly any nonadditivity was pro- 
duced by blue or green adaptation. For yellow adapting lights of 900 td or more, the red/green equilibria 
are luminance dependent, hence nonadditive. A small luminance dependence was produced by 40 td red 
adaptation. As a first approximation, the effects of,moderate chromatic adaptation on the red/green 
opponent code can be described by a coefficient law; however, the fact that unique hues do not 
shift under moderate elf-a&p~tion implies that the coefficient for at least one receptor type depends 
on the adapting input to other receptor types. The fact that yellow and red adaptation make the 
dark determined unique blue wavelength look reddish implies that the short-wavelength cones contri- 
bute a red innut to the rediareen ormonent system. The vellow/blue svstem exhibited nonhnearities under 

sin&ar tb the *nonlinearities found under dark chromatic adaptation which w&e qualhatively 
adaptation. 

In two preceding papers we investigated Grassmann- 
type additivity laws for the ~u~ibrium colors of the 
red/green and yellow/blue opponent processes, for 
dark-adapted fovea1 vision. The equilibrium colors for 
the red/green process (i.e. unique yellow, unique blue, 
and achromatic colors) were found to satisfy additi- 
vity [see Iarimer, Krantz and C&one, 1974). That 
is, suppose a is a yellow light which appears neither 
reddish nor greenish, and b is a blue light which also 
appears neither reddish nor greenish. Then the linear 
combination, (m)s(r*b), is another red/green equi- 
librium light. (The combination will appear yellowish, 
achromatic, or bluish, depending on the ratio s/t.) 

The implication of such a tinding is that the condi- 
tion of red/green equilibrium can be described as the 
zero-point of a linear function, denoted &. That is, 
#i(a) is the red/green chromatic response (Jameson 
and Hurvich, 1955); it is measured by cancelling red- 
ness (greenness) by admixture of a standard green 
(red) light, Q is a red/green equilibrium if and only 
if &(a) = 0; and & is linear. Linearity means that 
&{(s*a)@(t*b)] = ~#,(a) + @,(b). Moreover it can 
be proved (Krantz, 1975a) that 4, is consequently 
a linear combination of the three photopigment 

i This research was supported by NSF. grants GB 8181 
and GB 36642-X to the University of Michigan. The senior 
author acknowledges predoctoral support through N.I.H. 
grant GM-01231 to the University of Michigan. 

’ Equation (I) allows for ki, = 0; however, the results 
to be repotted are interpreted as meaning that k, I > 0, 
i.e. the z or short-wavelength cones contribute a red input 
to the red/green opponent system. 

quantumcatch hmctions. That is, if r(a), /I(u), and y(a) 
denote the quan~m~at~h rate from light a, for the 
short-, medium- and Iong-wavelength cone types re- 
spectively, then 

4,(a) = k,,r(a) - k,&)+ k&a). (1) 

Here, k, i, -k12 and kt3 denote the signed weighting 
coefficients for the contributions of 6, fl, and y cones 
to the red/green chromatic-response function.’ 

We emphasize that equation (1) is not merely a 
hypothesis about opponent-color cancellation and 
~u~ibrium; rather, it is a ~th~ti~l consequence 
of the empirically verified Grassmann-type additivity 
laws. (For proof, see Krantz, 197% Similarly, the cor- 
responding linear equation relating color-matching 
functions to cone quan~m~tch functions is a Iogical 
consequence of Grassmann’s laws of metameric 
matching; see Brindley, 1960 and Krantz 1975a.) 

This additivity finding prompted us to repeat the 
additivity tests under conditions of chromatic 
adaptation. If one adapts to a green light of moderate 
intensity, lights which previously looked neither red- 
dish nor greenish will appear quite reddish (orange, 
pink or violef depending on whether they previously 
looked yellow, white or blue). New equ~b~um lights 
can be found, which to the dark-adapted eye looked 
greenish yellow, greenish white or greenish blue. The 
question is, does this new set of red/green equilibrium 
lights satisfy the same additivity properties? If it does, 
then precisely the same mathematical reasoning will 
lead us to a new equation describing the adapted 
chromatic-response function: 
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In this equation. c denotes the adapting light and 
k,,(c). --kI1(c), k,,(c) are the new weighting coeffi- 
cients. The effects on the red,green equilibria of 
adapting to c would then be completely described by 
the shift from k,j (equation (1)) to k,,{c) (equation 
(2)). In particular the shift in the equilibrium locus 
is independent of the luminance of the test stimulus. 
Such a finding would open up a new set of questions: 
how does k,jc) vary as a function of c? 

Chromatic adaptation may have a number of differ- 
ent effects. depending on temporal, spatial, and inten- 
sity parameters. In hopes of tapping a relatively uni- 
tary process of chromatic adaptation, we first 
employed adapting exposures that were long and rela- 
tively dim (40 td). This probably eliminates photopig- 
ment bleaching as a significant source for the adapt- 
ing signal. 

Clearly the questions raised here are closely related 
to those posed in previous work on chromatic 
adaptation (e.g. MacAdam, 1956; Burnham, Evans 
and Newhall, 1957; Hurvich and Jameson, 1958; 
Wooten, 1970). However, these previous studies prin- 
cipally involved measurements of the appearance of 
nonequilibrium colors. Thus, to make a connection 
with our work, we must specify the relationship 
between nonzero values of f$,(a;c) (in equations (2) 
or (3), e.g.) and the redness or greenness of nonequili- 
brium colors. However, the chromatic-response func- 
tion, $I, is constructed solely on the basis of equilib- 
rium observations (cancellation); and its quantitative 
relation to nonequilibrium color appearance is one 
of the most important unsolved problems of color 
theory. So the relationships between the present study 
and the ones cited must be discussed very carefully. 
In particular, it is not true that additivity in our 
study, with its consequent coefficient changes. 
kij+ki,{c). would imply that a coefficient law holds 
for asymmetric matching. We shall return to this 
point in the discussion. 

,ClETHOD 

Design 

In the main experiment, designated Experiment I, five 
conditions of adaptation were employed: dark, blue, green, 
yellow and red. The dark-adapted condition simply repli- 
cated experiments reported in our previous papers. The 
blue, green, and yellow adapting lights were monochro- 
matic, chosen for kach observer at the wavelengths of the 
dark-adapted spectral equilibrium loci. This was done on 
the basis of pilot data, collected during a fairly extensive 
practice period prior to the main experiment. (Such prac- 
tice was required because of the perceptual learning necess- 
ary to respond in a stable fashion to slight deviations from 
equilibrium.) The red adapting light was simply chosen 
at 650 nm. (Since equilibrium red is extraspectral, it would 
have required two monochromators for the adapting field.) 
The experiment consisted of 16 light-adapted sessions with 
interspersed dark-adapted sessions. Four sessions were 
devoted to each of the adapting colors. For observers CC 
and TC, pilot dark-adapted values did not differ from 
the ones obtained in our previous experiments. Observers 
DK and PS showed a change in one equilibrium locus 
(green and blue, respectively). A total of four or five dark- 
adapted sessions were interspersed among the light- 
adapted ones, to keep track of any further shifts (none 
occurred). 

For each adaptation condition, there were three parts 
to the experiment: (i) measurement of the spectral loci of 

the red.!gresn equilibria: (ii) mixrurt tests for the red green 
equilibria; and (iii) measurement of the yellow blue equili- 
bria. The logical part Ii’*./. mixture tests for yeilow,biue 
equilibria, WBS omitted_ because it required four channels. 
only three of which were available in the apparatus. 

In each of parts (i) and (iii). there were eight test con- 
ditions: four test-luminance levels times two equilibrium 
colors. The lowest test luminance was approximately equal 
to the adapting luminance (about JO td): the remaining 
three levels were approv 0.5. 1.0. :ind I.5 log,,, units 
above it. 

In part (ii) we determined red/green rquilibria composed 
of mixtures of a yellowish wavelength and a bluish wave- 
length. For each test condition, we fixed both the yellowish 
wavelength and the yellow/blue luminance ratio, and we 
determined the wavelength of the bluish component of the 
mixture necessary for redjgreen equilibrium. In any given 
session, three fixed yellowish wavelengths were used: these 
consisted of the estimated equilibrium yellow wavelength 
as determined in part (i) earlier in the same session. and 
two wavelengths, one a fixed amount longer and the other 
a fixed amount shorter than the equilibrium yellow. The 
rationale for using wavelengths displaced from the equilib- 
rium point is explained in Larimer et al. (1974, pp. 1131- 
1132). Since there was variation in the daily determinations 
of equilibrium yellow, a large number of different condi- 
tions were explored over sessions. Two different yellow/ 
blue luminance ratios of 2.0 and 6.8 were used (for observer 
PS only one ratio was used by mistake). The retinal illu- 
minance of the yellow component was fixed near 230 td 
and two different illuminances of the blue were used, about 
I 15 and 33.9 td. 

In part (iii). for the extraspectral red, the luminance ratio 
of the red (6jOnm) to the blue was fixed at 3.0 and the 
wavelength of the blue component was varied. 

In Experiment II, performed after the completion of Ex- 
periment I. we tested the effects of higher luminance adapt- 
ing fields. We.determined the loci of the red/green equilib- 
rium hues under green adaptation at intensities of 39. 438 
and 2461 td: under blue adaptation of 39 and 480 td; and 
under yellow adaptation of 39. 663 and 3900 td. 

Apparatus 

The apparatus and calibration were the same as pre- 
viously described (Larimer et al., 1974). In the present ex- 
periment the test stimuli were either a single monochro- 
matic beam or mixtures of two monochromatic beams, 
provided by 55-mm grating monochromators with appro- 
priate stray-light filters. The field was a disc, 2.6” in visual 
angle, seen foveally in Maxwellian view. The adapting 
stimulus was provided by a small monochromator (also 
with appropriate stray-light filters) and was also 2.6’ and 
presented foveally in Maxwellian view. 

Adaptation procedure 

The observer initially fixated the adapting disc for at least 
j min. Subsequently, the adaptation channel was occluded 
for 1 sec. during which the test stimulus was exposed with 
no change in gxation. The test stimulus terminated and 
the adapting stimulus immediately reappeared for 2Osec. 
The experiment continued with a 21-set cycle, 2Osec of 
readapting exposure followed by 1 set test exposure. After 
short breaks. the observer initially readapted for at least 
60 set (usually longer). The adequacy of adaptation main- 
tenance was obvious, since there was no tendency whatever 
for subjects to shift systematically over the course of the 
block of test trials following a break or at the start of 
an experimental session. 

Test procedure 

For each experimental condition, a staircase method was 
used to determine the equilibrium wavelength. or the wave- 
length of one component of an equilibrium mixture. For 
example. in part (i), for the measurement of the red/green 
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equilibrium wavelength in the blue region of the spectrum, 
the observer judged each stimulus as reddish or greenish. 
The wavelength of the next stimulus on the staircase was 
accordingly moved one step toward longer (blue-green) or 
shorter (violet) wavelengths. The same method was used 
in part (ii), except that a fixed yellow wavelength was pres- 
ent in each test stimuIus on the staircase, and consequently, 
the test stimulus appeared whitish, rather than a saturated 
blue. In part (iii) a fixed red wavelength (650 mn) was pres- 
ent. and the subject judged the red-plus-blue mixture as 
yellowish or bluish. For more details concerning the 
rationale of these methods see Larimer et al. (1974, 1975). 

Each experimental session of Experiment I comprised 
three sections, corresponding to parts (i), (ii) and (iii) of 
the design. Sina the estimates of the yellowish equilibrium 
locus in part (i) were used to determine the addends in 
the mixture experiment part (ii). part (i) always preceded 
part (ii); othenvise. the order was varied in a nearly 
counterbalanced way. 

In sections (i) and (iii). the staircases corresponding to 
the eight conditions were irregularly interspersed so that 
the subject could not anticipate which staircase would 
determine the next test stimulus. (To simplify running we 
generally employed blocks of g-12 stimuli in one spectral 
region, but that still involved alternation among at least 
three staircases.) In some experimental sessions only three 
of the four luminance levels were used in a given spectral 
region (in particular, the decision to add the highest 
luminance level was made after the experiment was well 
under way for two observers. CC and TC). In section (ii), 
for any session, one of the two yellow/blue luminance 
ratios was selected, and three different staircases. corre- 
sponding to different wavelengths of the yellow addend, 
were interspersed. One of the three wavelengths was the 
daily estimate of the equilibrium locus for yellows; a 
second was of shorter and a third of longer wavelength 

(by 3-5 nm for high yellow/blue ratio and by 8-10nm for 
low yellow/blue ratio). 

Observers 

The observers were four of the five employed in our 
previous experiments (CC, DK, TC and PS). Only CC was 
used in Experiment II. 

RESULTS OF EXPERMENT I 

Part (i): red/green equilibrium loci 

Table 1 shows the estimated mean and the half- 
width of the 80% confidence interval for the red/green 
equilibrium wavelengths, in the yellow and blue spec- 
tral regions, as a function of observer, adapting condi- 
tion, and test luminance. The results for one observer, 
CC, are plotted in Fig. 1. We refer to the figure in 
pointing out significant features of the results; the 
reader can verify from the table that the main qualita- 
tive features are confirmed for the other three 
observers. 

The dark-adapted data for CC were taken from 
Larimer et al. (1974); the sessions run in the present 
experiment did not differ from these previous results. 
We’concluded in that previous paper that these data 
did not show any substantial deviation from the pre- 
diction on the basis of additivity: namely, that the 
equilibrium locus is independent of luminance level. 
Note that blue adaptation leaves both this additivity 
property and the actual equilibrium locus invariant 
in the blue region of the spectrum. The additivity prop- 
erty is also preserved in the yellow region, but the 
spectral equilibrium locus is shifted 9 nm toward 

Table 1. Equilibrium colors of the red/green opponent process 

I Adwtim Condition 

~ 
.93 47S.Jt2.6 1.06 466.415.0 I.00 463.4fJ.S 

3 n 4x.5 - - 1.10 4Sl.Etl.S i.16 494.713.6 
; 476.0 .33 47s.3t1.1 .49 490.Zfl.6 .42 4(19.ot3.2 

3 
474.4 .07 477.3iI.3 .os 469.3t1.2 .% 4W.Ot4.6 

-.39 473.8fl.0 -.40 490.0tl.f -.39 4W.7r6.3 
1 
fl PS 492.7 1.12 491.3tl.6 1.17 495.7tl.O 1.17 4W.lt2.3 

489.4 .4b 491.3t1.6 .47 493.2tO.S .47 493.3to.s 
1 469.4 .Ob 4ll7.3to.7 -03 4s1.7t1.0 .03 492.0tl.S 
s 466.2 -.39 4%.ltl.? -.41 491.St1.2 -.42 492.6t3.3 

Z 

1.29 
.72 
.23 

-.7.S 

338.6A3.9 
332.Y6.2 
334.ti6.S 
S32.otS.O 

1.06 532.226.4 
.I8 fU.Di3.3 
.11 331.2=6.2 

-.33 S52.bS.2 

I.26 362.2*1.9 
.77 3b3.b:l.O 
A M3.160.6 

-.33 sbJ.UO.4 

1.27 363.3*2.2 
.76 363.6t1.2 
.29 365.6tl.o 
-.I7 3bb.St1.2 

i.24 
.72 
.29 

-.I1 

371.4fl.t 
S74.M.O 
373.1t1.2 
574.120.6 

493.%1.7 
491.422.3 
49I.3r1.3 
496.9t2.0 

377.1f2.3 
376.3fl.S 
377.P1.0 
374.6fl.J 

Pad 

log I s., 

1.06 466.St2.3 
.33 462.a24.9 
,OB 43l.Sf4.4 
..37 460.3r2.2 

1.03 4a6.is.2 
.54 4711.926.7 
.D6 478.PS.l 
..40 474,623.f 

1.13 4DS.Stl.4 
.47 492.910.4 
.40 490.9tl.s 
..39 4a7.9io.4 

1.09 469.2t2.5 
.31 467.btl.4 
.06 466.811.9 
-.39 466.3t2.3 

1.20 601.YS.S 
.72 600.St3.7 
.26 bOl.Sk7.6 
-.29 6OS.St4.8 

1.24 S92.7tb.6 
.74 397.653.2 
.29 s99.6z3.3 
-.23 604.2t2.0 

1.22 Sbf.lf2.3 
.74 388.6tS.S 
.26 366.lt4.2 
-.I3 391.4f4.2 

1.17 603.Dt2.6 
.63 604.Dil.2 
.Os 606.s61.7 
-..I3 613.6*1.7 

i, is the mean equilibrium wavelength (*halfwidth of 80% confidence 
interval). Log i is the logarithm of the retinal illumination (relative to 
115 td). Adapting luminance is about 40 td. 
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Fig. 1. The mean values of equilibrium blue (left) and equi- 
librium yellow (right) spectral loci under dark adaptation 
and 40td of ~qu~ibrium blue adaptation. equilibrium 
green adaptation equilibrium yellow adaptation and red 
(650nm) adaptation are shown for subject CC. The error 
bars are 80 per cent confidence intervals based on between- 
session variability. The dotted lines mark the mean values 
of the dark-adapted equ~ibrium wavetengths. Note the 
break in the wavelength abscissa between 500 and 560 nm. 

shorter wavelengths for observer CC. The shifts for 
the other three observers are in the same direction, 
but are larger. Under blue adaptation, the former 
equilibrium yellow looks orange. But this is not 
merely a negative orange afterimage, adding to the 
yeliow. If this were the case, the afterimage wouId 
produce a shift at the lowest luminance level, but 
would be swamped by the brightest test luminance. 
Instead all luminance levels tested show about the 
same shift (additivity prediction). The same luminance 
invariance is found for all four observers, for equilib- 
rium yeftow under blue adaptation, except that for 
DK, the very highest test luminance yields a smaller 
shift. 

Under green adaptation, the additivity property is 
again reasonably preserved, but now both spectral 
loci shift toward the adapting wavelength; the dark- 
adapted blue and yellow loci look reddish blue and 
reddish yellow. Again, the effect of green adaptation 
cannot be treated as a red afterimage, since for three 
observers, the luminance invariance is satisfied. (It is 
violated for DK in the yeilow region; we are at a 
loss to explain this difference.) 

Under yellow adaptation, additivity properties still 
hold; now it is the yellow locus which is fixed, and 
the blue one which shifts. The dark adapted equi- 
librium blues look violet under yellow adapiation. 
Once more, the new equilibrium-blue locus is inde- 
pendent of luminance (there is a nonsignificant trend 
toward a targer shift with higher test iu~~nce). 

Finally, the red adapting light shows the only fail- 
ure of linearity which is reproducible across subjects: 
the shift of the yellow equilibrium point is greater 
for low test luminances than for high ones. This is 

true for all four observers. Yet it is Important to note 
that the change with luminance is only 13 nm for CC, 
while even the highest luminance test field is shifted 
24 nm from its dark-adapted equilibrium wavelength. 
A comparable result holds for PS, while for DK and 
TC, the luminance shifts are much smaller compared 
with the shifts produced by adaptation. One might 
suppov that red adaptation involves an additional 
adapting mechanism (e.g. an afterimage), which does 
not come strongly into play for the other adapting 
conditions. Note also the nature of the effect of red 
adaptation in the blue region: luminance invariance 
is maintained. and the former equilibrium blue looks 
reddish blue after red adaptation! The effects of red 
adaptation and of yellow adaptation on the blue equi- 
librium locus are generally similar. The only explana- 
tion for rhese results that has occurred to us is to 
assume that red and yellow adaptation leave the out- 
puts of the short-wavelength (x) cones relatively 
enhanced. and that this enhanced output provides a 
blue input to the yellow/blue opponent system and 
a red input to the red/green opponent system. -4 
quantitative discussion of this explanation is deferred 
to the discussion section. 

Table 2 gives the coordinates of red!green equilib- 
rium mixtures, as a function of observer, adapting 
condition and yellow/blue luminance ratio. The 
extensive dark-adapted data (Larimer et nl., 1974, Fig. 
5) are not repeated here. The first coordinate is the 
wavelength of the yellow component, which was fixed 
during any measurement; the second is the estimated 
wavelength of the blue component, based on a single 
staircase. 

Figure 2 plots the data for observer CC. The open 
symbols are the points for yellow/blue ratio equal to 
2.0. the closed symbols represent a ratio of 6%. The 
large star on each graph represents the mean spectra1 
loci for equ~ibrium yelIow and blue, as found in part 
(i). As shown previously (Larimer et al., 1974) the 
additivity prediction is that the curves for different 
yellow/blue ratios should intersect at the large star. 
The departures from additivity are no larger than 
found in Larimer et nf. (1974) under dark-adapted 
conditions. These departures are nonsystematic and 
visually trivial. 

Table 3 and Fig. 3 display the results for the equili- 
bria of the yellow/blue opponent process. The data 
for “equilibrium red” are the wavelengths of the blue 
component, the red component being fixed at 650 nm. 

The first indication of nonadditivity in our dark- 
adapted study (Larimer et a[., 1975) was the tendency 
for the observer to need less blue for equilibrium red 
as luminance increased. This was not very clearcut 
for observer CC, whose data are replotted in Fig. 3. 
but it was consistent over observers and was repeat- 
edly confn-med in the data for mixtures of reddish 
and greenish equilibria. We see that this same shift 
is found for all four ~i~t~a~pted conditions for CC. 
and the data from the other observers corroborate 
the finding. The size of the shift does not seem to 
vary in any regular or reproducible way as a function 
of adaptation. 
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Table 2. Loci of yellow plus blue mixtures that are neither reddish nor 
greenish 

1129 

cc 

* v 

(53.5 
i44 JSl 
is2 466 
i60 506 

(531 
522 674 
;zs 473 
526 483 
532 484 
53s 485 
5S6 493 
558 538’ 
541 491 
54t 541’ 

(36 
559 485 
560 4.30 
561 484 
364 466 
565 485 
566 4a3 
569 491 
57(l 493 
571 494 

(571 
360 474 
3.62 476 
563 47B 
570 4b6 
3’12 486 
573 48b 
578 501 

3.60 508 
S&1 508 

i30’ 477 345 ia6 
is2 478 54? 489 
is5 482 553 486 
i58 480 555 489 
i60 490 361. 496 
i62 400 363 504 

178) (5.33 
i20 I 480 313 476 
524 486 ‘523 483 
j28 518. 323 491 
i34 482 526 463 
35 413 333 496 
537 4b7 333 335’ 
539 490 536 493 
540 407 343 516’ 
54.3 520. 346 346’ 

189) (56: 
35s 4s3 
SSb 482 
537 481 
SS? 4b2 
560 484 
561 482 
562 484 
562 488 
565 484 
366 487 
367 4117 
567 491) 

479) (571 
364 470 SiS 483 
366 460 566 404 
367 4?3 568 436 
5611 418 576 491 
569 490 37s 493 
3.71 471 371) 493 
372 305 Sal 513 

,911 I (376.4i 
i4S- 473 369 i73 
i4S 478 369 478 
ml 476 577 485 
;30 484 57? 483 
is5 477 56s 693 
is3 495 385 498 

190) (566 
i28 486 336 da1 
iS0 478 336 484 
is2 535. 338 4.9s 
is5 493 566 4ab 
is4 4?3 566 489 
i36 527. 368 490 
i3b 553. 574 SO4 
i38 461 374 St6 
542 520. 576 SO8 

493) (574 
369 480 
569 483 
$70 483 
370 484 
571 484 
374 484 
574 487 
573 486 
37s 4aS 
376 4a4 
579 467 
379 489 
380 488 
380 492 
581 496’ 

689) (57: 
362 482 36s 478 
563 483 571 481 
564 4bl 514 414 
563 492 3?11 4.33 
567 488 581 486 
36b 491 584 4b6 
663 527. 

I 

SbS 498 
571 SSOO’ s91 511 
ST2 5339 394 512 

p* 
tie 
68 
& 
4 Y 

55) 
71 468 
72 472 
76 483 
?7 084 
BI 503 
32 306 

w 
b2 463 
62 476 
63 478 
65 475 
66 483 
67 493 
68 522’ 
69 496 
71 s1-31 

95) 
,74 464 
v?S 460 
877 47s 
>7S 4?6 
b79 4a3 
iao 490 
;a1 15s 
ills 51s 
ias on 

Red 

Y:ll ratio 

F%p 

(602.JSJ) 
iS7 i91 394 477 
i93 498 393 473 
)05 sob 599 482 
,o6 484 600 485 
rt4 489 604 490 
122 489 605 510 

(399.4SOl 
iSO 471 ~394 476 
iS6 469 597 463 
iS9 478 398 436 
i90 478 601 470 
i96 481 602 472 
;96 483 602 493 
599 483 603 4SS 
504 489 603 465 
507 48.3 608 4M 

(336:491) 
569 483 , 
374 483 1 
579 483 
380 PS3 
382 434 
582 487 
sas 47s 
383 484 
3117 487 
590 483 
590 491 
391 496. 
392 492 

(60(1:4b7) 

Two yellow: blue ratios of approx 2.0 and 6.8 were used. A is the wave- 
length of the fixed yellow addend which when combined with a variable 
blue light of wavelength V produced a red/green equilibrium mixture. Each 
pair A,V is based on a single day’s determination. Poorly determined points 
are marked with an asterisk. In parentheses are the mean spectral loci for 
equilibrium yellow and blue as found in part (i) under 40 td of blue, green, 
yellow and red adaptation. 

The equilibrium-green locus remains unchanged 
under green adaptation. For CC (Fig. 3) blue 
adaptation induces a shift of approx 8mn toward 
shorter wavelengths; yeilow adaptation induces an 
II-nm shift; and red adaptation yields a small shift 
of less than 5mn. In all cases but blue, these shifts 
are accompanied by strong support for linearity. 
There is a slight but apparent deviation &om linearity 
under blue adaptation in the consistent progression 
of the equilibrium green locus toward shorter wave- 
lengths as test intensity decreases. 

For dark-adapted conditions (Larimer et nl., 1975) 
the locus of the short-wavelength component of equi- 
librium red is always well below the equilibrium- 
green point; this reflects the fact that the 6%nm light 
is perceived as yellowish red and a bluish light must 
be added to attain yellow/blue equilibrium. Thiseffect 
was smallest for CC. For two observers (DK, TC) 
the same effect was found in all the light-adapted con- 
ditions, even after yellow adaptation. (Note that for 
these observers, the yellow-adapted equilibrium red 
had its short-wave component approximately at the 

dark-adapted value of equilibrium green.) For CC, 
the effect is small under dark and red adaptations 
and more or less disappears for the other conditions. 
The data of PS are rather irregular; they clearly fail 
to show the effect in question. 

RESULTS OF EXPERIMEM 11 

The present experiments have shown that the 
properties of luminance invariance and additivity of 
opponent-process equilibria are preserved under low 
levels of chromatic adaptation. At the same time, the 
linear codes r#~, and I#Q which represent the conditions 
for additivity are changed dramatically, as is evi- 
denced by shifts of the equilibrium hue loci on the 
wavelength axis. But the findings thus far hold only 
for low adapting Ievels near 40 td Additional exper- 
iments with observer CC investigated the effects of 
higher levels of adaptation. 

Figure 4 shotis that linearity was maintained for 
1.59 and 2.68 log td of blue adaptation. Again, the 
equ~ibri~ blue locus was hardly shifted from its 
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Fig. 2. The loci of yellow plus blue mixtures that are 
neither reddish nor greenish when viewed under 40 td of 
equilibrium blue, equilibrium yellow, equilibrium green 
and red (650nm) adaptation for subject CC are shown. 
Closed circles are the results for a yellow: blue ratio of 
68 and open circles for a ratio of 24. Poorly determined 

points are marked by arrows. 
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Fig. 3. The mean values of equilibrium green (right) and 
the blue component of equilibrium red (left) spectral loci 
under dark adaptation, blue adaptation, green adaptation 
and red adaptation are shown for subject CC. Note the 
break in the wavelength abscissa. (Details are as in Fig. 

1.) 

Table 3. Equilibrium colors of the yellow/blue opponent process 

Yc 494 .a 
E 493.5 
u’ 490.1 
5 

‘; QS 497.8 
.2 496.2 

; 
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Wo 
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cc so2 
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49S.l 
49J.7 
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1.1s so9.3t0.8 II.14 sD9.0t1.1 
.GG SDb.Dt4.4 
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.lS SD2.7tS.l .2s SD7.1Cl.4 
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-.DS s21.sts.o 

Z 

.7s 
-.Dl 
-.44 
-.a7 
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-.4J 
-.8B 

.a3 SO4.of2.B 
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-.91 496.Sf4.2 

.s7 4as.st2.2 

.Db 4a3.1ts.1 
-.39 4aS.StJ.2 
-.a4 4a2.lt2.1 

.% SOS.2fl.4 
-.oz 4W.4to.a 
-.47 4W.4tl.b 
-.90 495.4t2.4 

.77 4aS.atl.7 .90 493.1t2.1 1.02 S02.2t1.7 

.SD 48l.Sf2.1 .48 494.011.9 .s4 499.20.5 
-.26 478.ltl.S -.Dl 490.at1.0 .09 499.S:J.b 
-.I1 47B.ftl.a -.46 491.X1.2 -.31 S01.9t4.B 

.90 493.U2.2 .9s 497.1t0.4 .9a s00.4ti.8 

.4b 492.320.4 .SO 495.e1.4 .s2 497.St1.S 

.DD 49l.Oil.9 .DO 492.1t0.4 .Db 491.721.8 
-.SO 488.5tO.S -.4S 492.4tD.b -.S9 497.0t1.9 

.93 49S.St2.8 .99 Soo.Sf2.2 1.17 510.Sr0.5 

.I7 495.412.2 .SB SOl.St2.1 .7s 510.at2.a 

.Ol 492.St2.6 .14 S01.9tD.8 .52 S1l.b’D.B 
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S09.bt2.9 .a9 501.9*1.4 
soo.9+2.5 -.03 497.7tb.S 
s04.Dfs.l -.4b 49b.Dt7.1 
SOb.lt4.6 - .92 497c7t7.9 

497.2t1.7 
49b.Yl.O 
492.Ois.s 
493.CJ.2 

.b4 490.2t1.8 

.04 4B7.111.6 
-.41 487.1fD.9 
-.8S 48S.S~l.S 

S08.2t0.4 
s00.4t2.0 
SD4.DkJ.l 
SDS.5 

.81 502.6’2.7 

.OD 494.1fl.7 
w.45 494.462.8 
-.90 49S.lf4.7 

Red 

109 1 A, 

1.26 SlS.Oi1.9 
.80 51S.lt2.5 
.ss s12.5r2.1 

-.OS 516.3~4.2 

.89 492.221.3 

.47 493.722.7 
-.O, 491.3$5.6 
..46 491.StS.S 
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.s2 497.421.1 

.OS 496.121.7 
-.59 49b.bT1.7 
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.b4 SD4.Dll.8 
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-.I0 S02.Sr2.8 

.77 soo.s*3.3 
-.D2 49s.st1.s 
- .4s 493.9t1.s 
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I., is the mean equilibrium wavelength (k halfwidth of 80% confidence 
interval). Log I is the logarithm of the retinal illumination (relative to 
115 td). Adapting luminance is 40 td. 
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Fig. 4. The mean values of equilibrium blue, equilibrium 
green, and equilibrium yellow spectral loci under 159 and 
2-68 log td of blue adaptation are shown for subject CC. 
The dotted lines mark the mean dark-adapted values. The 
error bars are 80 per cent confidence intervals. The data 
shown at 159 log td are not the same as in Figs. 1 and 
3 but were obtained in Experiment II as a replication un- 

der the same adapting condition as in Experiment I. 

dark-adapted value marked by the left-most dotted 
line. Equilibrium green was shifted toward shorter 
wavelengths, approx 5 nm at 159 log td and 10 nm 
at 2.68 log td. There is a slight hint of nonlinearity 
which was also present at 40 td of blue adaptation 
(see Fig. 3). At 159 log td the equilibrium yellow 
locus was shifted approx 11 nm; at 268 log td the 
shift was more than 20mn. Yet linearity was main- 
tamed. 

The results with green adaptation were similar in 
that linearity was largely maintained while substantial 
shifts in the equilibrium loci were observed (see Fig. 
5). The equilibrium blue locus was shifted approx 
10~1 under an adapting intensity of 1.59 log td 
and more than 15 nm at both 2.64 and 3.39 log 
td. The indication of nonlinearity at 264 log td is 
countered by clearly linear results at 1.59 and 3.39 
log td. The yellow locus showed even more dramatic 
shifts with green adaptation. At 1.59 log td a shift 
of 9 nm was seen; at 264 log td there was a shift 
of 2Onm; and at 3.39 log td the shift was 25 nm. 
The higher the adapting intensity, the greater was the 
shift in the equilibrium loci. Even with a 25-nm shift 
in the equilibrium yellow locus under green 
adaptation linearity was clearly maintained. 

Under high level yellow adaptation the character 
of the results was very different. As Fig. 6 shows, at 
1.59 log td adaptation, the linearity observed under 
dark-adaptation was preserved. The locus of equilib- 
rium yellow was unchanged, while shifts of more than 
10 and 7 MY were observed for the equilibrium blue 
and green loci, respectively. At the two highest adapt- 
ing levels, however, definite nonlinearities were evi- 
denced. At high test intensities, the equilibrium..yellow 
locus was identical with its dark-adapted value. At 
low test intensities there were shifts greater than 
1Onm. The equilibrium blue and green results under 
2.82 and 3.61 log td of yellow adaptation showed 
marked nonlinearities. The results showed large unde- 
termined shifts away from the dark-adapted values. 

Our main interest in Experiment II was to press 
the limits of our linearity findings as the luminance 
of the adapting light was increased. Since red 
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Fig. 5. The mean values of the equilibrium blue and equi- 
librium yellow spectral loci under green adaptation of 159, 
264, 3.39 log td are shown for subject CC. At 1.59 log 
td of green adaptation error bars are omitted when the 
between-session variability was zero. (Details are as in Fig. 

4.) 

adaptation of 40 td produced systematic nonlineari- 
ties in Experiment I, we omitted higher levels of red 
adaptation. 

DISCUSSION 

Characterization of redfgreen equilibrium changes with 
adaptation 

The effect of low to moderate levels of chromatic 
adaptation on the red/green system is to produce 
large shifts in the loci of the equilibrium hues (except 
when the adapting and test lights are of the same 
wavelength). At the same time, the yellow and blue 
equilibria are (1) approximately invariant with 
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Fig. 6. The mean values of the equilibrium blue, green 
and yellow spectral loci under yellow adaptation of l-59, 
282 and 361 log td are shown for subject CC. Poorly 
determined points are marked by arrows. (Details are as 

in Fig. 4.) 



changes in tesr luminance (Fig. 1) and I 2) approsi- 
mately additive (Fig. 2). Confirmation of the invar- 
iance and additivity properties implies that the red.! 
green chromatic-response function can be defined. in- 
dependent of luminance, for the chromaticall) 
adapted eye, and that it remains a linear combination 
of the photopigment quantum catches (equation (2)). 
The dependence of the coefficients k,,(c) OR the adapt- 
ing light c specifies the changes in the chromatic- 
response function. 

In general there are two kinds of questions about 
chromatic adaptation: Where is the source of the con- 
trolling signal. and where is the sire of its action? 
Here we describe adaptation by the coefficients k I,ic). 
The question of the SOIII’CL’ of the controlling signal 
deals with how k,Ac) depends on light c. The question 
of site of action deals with whether the location of 
effect is in the receptors themselves or at the receptor- 
to-opponent linkage. (In the latter case this means 
that the coefficients characterizing adaptation to light 
c may be different for the different opponent systems,) 
In this section we show that our data permit a sur- 
prising inference about the source of chromatic 
adaptation. 

The simplest hypothesis is that the ,ith coefficient 
depends on1y on the quantum catch of the jth photo- 
pigment for light c. This hypothesis corresponds to 
the idea that the source of the adapting or gain- 
change signal lies in the receptor. At- the opposite 
extreme we have the most general possibility, that 
a given coefficient k,,(c) depends on I(C). p(c), and 
g(c). (Nothing more general need be considered, since 
metameric lights produce the same chromatic 
adaptation.) 

The first possibility was suggested by von Kries 
(1905) in connection with his coefficient law of adap- 
tation; it is suggested further by Brindley’s work 
(1959), in which colored afterimages produced by 
brief, bright flashes were shown to depend on photo- 
pigment bleaches rather than on perceived color. 
Pointing in the opposite direction is the work of 
Loomis (1971, 1973, who showed that for his moder- 
ate adapting conditions, colored afterimages 
depended on perceived color and are independent of 
amount of pigment bleached. Loomis’ conditions 
(moderate intensity and long duration of adapting 
light) are more similar than Brindley’s to the condi- 
tions used in the present experiment. 

We are able to reject the simple, intrareceptor 
modei on the basis of a mathematical argument. The 
one additional assumption required is the following: 

Self-incariance: A dark-adapted red/green 
equilibrium light remains in red/green equi- 
librium under self-adaptation. 

This principle is supported by our data on adaptation 
to individually adjusted equilibrium blue or equilib- 
rium yellow lights; such adaptation left the blue or 
yellow locus invariant. respectively. A similar conclu- 
sion was reached by Wooten (1970); and indeed, the 
self-invariance assumption relates to the common 
observation that prolonged inspection of a light of 
moderate intensity does not produce a hue change. 

Incompatibility theorem: Consider the following 
conditions: 

ia) Red green equilibrium of light a after adaptation 
to c is described by $,(L?:c) = 0. where d,([~;c) ~tih%es 
equation (3). 

Ib) k,,(c) = y,[z(c)]. k,,(c) = y:&)], k,,lo) = 
II,C:.(CU~ 

(c) +,(c:O) = 0 if and only if ~,(c:c) = 0. 

These conditions are incompatible unless k, j = 1 for all 
c. i.e. no adaptation takes place. 

Proof: Without loss of generality adjust the units for 
z, /3. ;: such that k,jO) = I. i.e. for the dark-adapted case 
we have 

#(a;O) = z(a) - /3(n) + j.(U). 

Then the condition for dark-adapted red green equilibrium 
is simply p = I f 7. From condition (c). whenever we have 
a light that satisfies this condition. we also have 

i.e. 

(z + ‘i)g?(Y + ;‘) = %9,(Z) + ;‘g,(i*). (3) 

Equation (3) is a generalization of the well-known Cauchy 
functional equation. It is valid in a convex cone in the 
(~2) plane. Thus the only solutions to (3) are given by 

<g,(z’) = d< + Ej 

(where E, + e3 = Ed). Letting < - 0 shows that ej = 0, j = 
1,2,3. Thus gj(<) = S. a constant. Since g,(O) = 1 by assump- 
tion, we have k,,{c) = 1 for all c, as claimed in the theorem. 

QED 

An intuitive grasp of this theorem is perhaps best 
obtained by considering the case of equilibrium blue. 
Under dark adaptation, at 175 or 1801~~ the nega- 
tive value of -k,?P + k13y (greenness) is balanced by 
a positive k,,x input. If chromatic adaptation of a 
cone system depends on that cone’s quantum catch, 
then under equilibrium blue adaptation, one would 
expect g&3)/g,(z) and g&g&) to be greater than 
unity. Thus the net greenness produced by the middle- 
and long-wavelength cones would be enhanced rela- 
tive to the balancing redness. Equilibrium blue ought 
to turn blue-green under self-adaptation. The fact that 
it does not do so suggests that signals originating 
in the r cones, feeding perhaps through the yellow- 
blue response system, eventually are fed back to 
reduce the inputs from p and 7 cones to the red/green 
system. 

Note that assumptions (a) and (c) of the incompati- 
bility theorem follow from the generalizations estab- 
lished in the experiments described above; (a) from 
linearity, (c) from self-invariance. Therefore it is (b) 
which must be rejected-at least one of the coeffi- 
cients k,,{c) depends on more than one cone response. 

Two of the major concepts invoked to explain 
chromatic adaptation or successive contrast are 
receptor gain changes and opponent induction. Our 
results show that under the present conditions, much 
of the effect can be accounted for in terms of receptor 
gain changes (coefficient law) although with a compli- 
cation as mentioned in the preceding theorem. Hur- 
vich and Jameson (1959) offer a theory that can have 
both coefficient changes and an inducation term. But 
our results leave little room for the induction term. 
though of course it comes into play under other con- 
ditions (Hurvich and Jameson. 1958). Note that a 
pure opponent-induction model would predict that 
adaptation to any equilibrium light should not affect 
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the ~uilibrium locus of that light or of its COmpk- 
mat. For example, equilibrium blue adaptation 
should leave not only the locus of equilibrium blue 
unchanged but should also leave the locus of equilib- 
rium yellow untouched. Figures 1 and 3 show that 
this prediction was not supported; equilibrium lights 
remain unmoved under self-adaptation, but their 
complements show large shifts. The directions of these 
shifts (and of all other shifts) are qualitatively consis- 
tent with a receptor gain-reduction model. A blue 
adapting light should depress the sensitivity of the 
short wavelength cones more than that of the middle 
wavelength cones while affecting the long wavelength 
cones least. Thus the previous equilibrium yellow 
light should look reddish, and a shift to shorter wave- 
lengths should be the result. This is confirmed in Fig. 
1 and Table 1. For CC the shift caused by blue 
adaptation was 9 nm, from 579 to 570; for PS the 
shift was 15 nm, for DK 21 nm, for TC 35 nm. We 
conclude, as did Wooten (1970), that opponent induc- 
tion alone does not suffice as a theory of these 
adaptation effects. 

Figures 4 and 5 show that the results discussed 
thus far hold remarkably well for adaptation to blue 
and green lights up to 500 and 2500 td, respectively. 

Another important result of these experiments 
stems from the change in equilibrium blue locus un- 
der red or yellow adaptation. As Figs. 1 and 6 show, 
under long-wavelength adaptation the former equilib- 
rium blue wavelength looks reddish-blue. Recall the 
red/green chromatic response function, equation (1): 

9,(a) = k,,%(a) - k,,B(a) + k,,y(aX 

which allows kl, 2 0. Indeed, suppose k,l = 0, then 
equilibrium blue should remain unchanged under 
adaptation to equilibrium yellow (since equilibrium 
yellow is unchanged under self-adaptation). By the 
same argument it should appear greenish under red 
adaptation just as does equilibrium yellow. These are 
inconsistent with our results. Therefore, k,, must be 
positive. This means the short-wavelength cones pro- 
vide input to both opponent systems, and in particu- 
lar, a red input to the red/green opponent system. 
Assuming that long-wavelength adaptation leaves the 
output of the r cones enhanced relative to the /3 and 
y cones implies that equilibrium blue should look red- 
dish under long-wavelength adaptation; and it does. 

Under higher level yellow adaptation exceeding 
40 td, however, the linearity and self-adaptation prin- 
ciples no longer hold (Fig. 6). This means that under 
yellow adaptation of high intensities, opponent-pro- 
cess equilibria must be described by a nonlinear lbnc- 
tion. The fact that under dark adaptation the red/ 
green equilibrium code is linear while under condi- 
tions of high intensity yellow adaptation it must be 
nonlinear indicates that we cannot account for high 
intensity yellow adaptation by a simple model of gain 
changes in the cone outputs. This constitutes a more 
serious departure from the simple von Kries scheti 
t&n previously discussed. At low levels of unique 
blue, green and yellow lights, a von Kries kind of 
scheme holds as long as we allow the coefficients klj 
to be dependent on the absorptions in more than one 
cone type. For blue and green adaptation this scheme 
holds up to 500 and 2500 td, respectively. For yellow 
adaptation, however, a model of gain changes in the 

cone outputs no longer works, even if each k,j is 
allowed to be dependent on all three cone types. 

Characterization of changes in other opponent-system 
with adaptation 

The nonlinearity of the yellow/blue opponent sys- 
tem (Larimer et al.. 1975) makes precise characterb- 
tion difficult. However, the data in Fig. 3 and Table 
3 indicate that there is no profound qualitative 
change under adaptation. The green equilibrium locus 
shifts but remains nearly invariant with luminance; 
the non-invariance of the red equilibrium is not much 
changed by adaptation. It is therefore plausible to 
suppose that the shifts in yellow/blue equilibrium can 
also be characterized by gain changes. 

We have no data relevant to the third, or white/ 
black opponent system. One relevant question would 
be whether the Grassmann-additivity results obtained 
by minimizing flicker or contrast (see Boynton and 
Kaiser, 1968) are maintained after chromatic 
adaptation. 

Estimation of coefficients 

Our results allowed us to estimate the adaptation 
coefficients k,Xc). The theoretical calculations were 
somewhat speculative, and we pursue this topic in 
the Appendix. 

Relation to asymmetric matching 

Most previous work on chromatic adaptation has 
used one or another version of asymmetric (cross- 
context) visual calorimetry. Our results seem to sup- 
port a modiied von Kries coefficient scheme, whereas 
previous studies using asymmetric matching have 
mainly rejected the coefficient scheme; we need, there- 
fore, to analyze the relationship between results of 
asymmetric matches and of equilibrium determina- 
tions. In fact, the relationship between the two types 
of experiments is quite subtle, and there is no necess- 
ary contradiction between results supporting a coeffi- 
cient scheme for linear opponent-process codes and 
results rejecting a coefficient scheme for asymmetric 
matching. 

Three points need to be discussed: (i) the differences 
in adapting conditions from previous studies; (ii) the 
functional relation between linear opponent-process 
codes and perceptual codes; and (iii) the possible 
adaptation-dependence of this functional relation. 

Differences in experimental methodology are not 
essential to the experimental logic; however, differ- 
ences in the intensity of the adapting light may have 
profound effects. We have shown in these experiments 
that the coefficient scheme fails to describe the red/ 
green equilibria at high levels (660 and 4080 td) of 
yellow adaptation, whereas it succeeds (except for red 
adaptation) at a low level (40 td). Previous studies 
using asymmetric matching have mainly rejected the 
coefficient scheme on the basis of data obtained at 
moderate to high levels of adapting intensities. For 
example, Walters (1942) used green adaptation of 600 
and 1200 td and red adaptation of 1000 and 2000 td. 
MacAdam (1956) used adapting lights between 1500 
and 2X0 td for the bulk of his experiments. Whether 
the coefficient law su~ceds in describing asymmetric 
matching under low levels of chromatic adaptation 
is still an open question. 



What we mean by a “perceptual code” coincides 
with what Jameson and Hurvich (1961) call a “chro- 
matic response process” and Stiles (1967) calls a 
“mechanism”. This is a physiologically or opera- 
tionally defined measure which is equated whenever 
two colors match. Thus, a match between light a, 
viewed after adaptation to c. and light b. with 
adaptation to d, is equivalent to three equations 
between independent perceptual codes fi, ,f;. 1;: 

f,(a:c) = f,(h 16) 
f:(n :c) = f;(b;d) 

&(a:~) =,f,(b;Li). 

In an opponent-colors framework fi would be the 
magnitude of perceived redness or greenness, f2 the 
perceived yellowness or blueness, and& the perceived 
whiteness or blackness. 

What is the relationship of perceptual codes fi, f2. 
f, to three functions such as &,, &, & based on 
opponentcancellation methods (for 4I and 4?) or on 
additive luminance (&Y? 

Iffi (perceived red,‘green) were a fixed hnction of 
41 (red/green chromatic response) then c$, matches 
would predict f, matches. Thus, at least one aspect 
of asymmetric matching could be predicted by a coef- 
ficient scheme. If similar properties held for f2,& and 
f3,& then complete asymmetric matches would be 
predicted by the coefficient scheme. Under these sim- 
plified assumptions, the equilibrium experiments and 
the asymmetric matching experiments would be very 
closely interrelated. 

However, we know on other grounds that perceived 
redness/greenness is not a simple function of the redj 
green chromatic-response. For example, addition of 
achromatic light leaves 4L unchanged (since 4, = 0 
for an achromatic light) but reduces the perceived red- 
ness or greenness. 

There is necessarily a functional relationship 
between4 and rbl, &, and &. It can be written as 
follows: 

Qfl;C) = Fj[$l(aiC)* 42(n;cb &+(a;c); cl. (4) 

The reason for the existence of such a functional rela- 
tionship is that, if $&;c) = &(b;c) for k = 123 then 
a and b are metameric and a firtiori they match 
with respect to every perceptual code. There is 
nothing in the logic of the equilibrium or asymmetric 
matching experiments that prevents the functional 
relation between ]j and the 6’s from depending on 
the adapting condition c. (Such a dependence could 
perhaps be interpreted in terms of additional, proxi- 
mal sites of chromatic adaptation.) If, in fats the rela- 
tion between each perceptual code and the three #S 

is independent of adaptation, then asymmetric 
matches correspond to 4 matches. In such a case, 
a coefficient scheme for all three 4 functions would 
lead to a coefficient scheme for asymmetric matches. 

In other words, if the coefficient scheme describes 
not only the red/green equilibria. but also the yellow/ 
blue equilibria and white/black, as a function of duo- 

matic adaptation, and if, under the same adaptation 
conditions, the coefficient scheme fails to describe 
asymmetric matching, we would be forced to the con- 
clusion that the relationship between perceptual codes 
and the q5’s is adaptation-dependent. This would im- 
ply that the relationship between perceptual codes 

and photopizjnents uas nonlinear. and that the non- 
linearity is systematically adaptation-dependent. Since 
we have not established the coefficient scheme for 
white black. nor very firmly for yellow;blue, and since 
there ars residual questions about similarity of 
adaptation conditions. such a conclusion would be 
premature on the basis of the present data. 

There is one case for which the similarity of adapt- 
ing conditions behveen our study and previous 
studies on asymmetric matching allows a comparison. 
We found that under green adaptation of approx 450 
and 2500 td. the red Feen equilibria follow a coeffi- 
cient scheme. Under similar levels of green adaptation 
Walters (1942) and MacAdam (1956) found that the 
coefficient law fails for asymmetric matching. 
Although the yellow,blue and black/white equilibria 
have not been investigated at these higher adapting 
intensities, we have a hint that the functions Fj must 
be adaptation-dependent. 
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APPENDIX 

Estimation of coeficienrs 

Our results allow us to estimate the adaptation coefli- 
cients k,,(c) as follows: Under each adapting condition c. 
two red/green equilibrium wavelengths were determined, 
one short-wavelength value and one long-wavelength value 
(Figs. 1, 4 and 5). For each determination. equation (2) 
$e&ls a homogeneous equation in the unknowns k&c). 
For example, if 478 nm is found to be an equ~jbrium point 
for a given observer, then we have the equation 

We used values of z(o), @(a), y(u) taken from Vos and Wal- 
raven (1971). The two simul~n~us equations in three un- 
knowns kij permitted us to solve for the two ratios kll/k13 
and k,,/k,s. We divided these ratios by their dark adapted 
values (this is the same as choosing units for x. fl, y such 
that the dark-adapted chromatic-response function is 
z - /3 f 7). 

The normalized values of k,,/k,, and klr/k,s are shown 
in Table 4. They are reasonable according to a receptor 
gain-reduction model. For example, under green 
adaptation, the muddle-waveIength cone output is 
depressed relative to the long-wa~length output (k,r/ 
k,, < 1). At the same time the short-wavelength output 
is enhanced relative to the long-wavelength output (k, ,/ 
k,, > 1). 

We can go one step further by applying the yellow/blue 
system data to our estimation scheme. Larimer et at. (1975) 

Table 4. Estimated adaptation coefficients for the 
red/green equ~ibrium code under low-level (40 td) 

chromatic adaptation 

kllels OK 0.655 1.134 1.603 4.2% 

n 0.520 1.071 2.723 5.219 

PS 0.7% 0.999 l.4% 1.w 

a 0.791 1.795 3.240 5.0119 

%h OK 0.7s9 0.759 1.019 1.876 

n 0.711 0.706 0.972 2.n2 

Ps 0.861 o.abi 1.w 1.2% 

cc 0.%7 0.89s 1.041 I.%2 

k,,, k,2 And k,, are the coefficients describing 
the gain reduction in the short-, middle- and long- 
wavelength cones. respectively. 

&to) = -k&a) f k&a) + flk4#‘. (5) 

where n < 1. Furthermore, we obtained parameter esti- 
mates for k,,, kzl, k2, and n by optimizing the fit to our 
data according to a least-squares criterion. Under a recep- 
tor lain-reduction assumption. we may rewrite the above 
equation to include the effect of adaptation to light c as: 

~&XC) = -k,,(c)&) + k,,(c)/%) + (k&Y;(a)]“. (6) 

Determinations of the green and red equilibrium yield two 

equations in the three unknowns k,,(c). 
If the site of adaptation is in the receptors themselves. 

the same set of receptor-gain reductions should work for 
the red/green and yelIow/biue systems. To test this hypoth- 
esis, we used the k ratios obmined above and computed 
separate solutions fir the k’s themselves from each of the 
two yellow/blue equilibria. Under the assumption that 
k&)/k,,(O) = k&)/k,,(0) = k, equation (6) becomes: 

where the kj/ks are the normalized ratios of the c- 
adaptation dependent coefficients which were computed 
from the red/green equilibrium determinations (Table 4) 
and where the klj and n are as in equation (5). The equilib- 
rium green and equilibrium red determinations yield two 
separate solutions for ks. If, for example, 510 is found to 
be an equilibrium green point for an observer. we have 
the following equation to solve for ks: 

Note that for equ~iibrium red the 6%nm con~ibutjon 
must also be included. The values of kti, kx2. k”,, and n 
were obtained from Larimer et al. 11975). These were. re- 
spectively, 1, @Ol IO. OGO84, @7 for ‘CC; ‘1. @00X!. 0.4348, 
07 for DK; 1, OGO93, O-0363, @8 for TC. Subject PS did 
not participate in Larimer et al. (1975). 

This computation yielded results which were unsatisfac- 
tory in two respects. First, the computed values for ks 
were imaginary in many cases. Some real values of k, were 
highly reasonable. For example, under green adaptation 
(subject CC) k, > k, > k,, which is a reasonable prediction 
from a receptor gain-change model. However. the values 
computed from the equilibrium green equation did not 
coincide well with those computed from the equilibrium 
red equation, even when both sets were real. These diflicul- 
ties indicate that some part of the model is faulty. It is 
quite possible that the fault lies with the form of equation 
(5). This was not well determined by our previous work: 
among other things, our fits to the dark-adapted data 
(Larimer et ol., 1975) modeled well the slight nonlinearities 
in the equilibrium red results but nqt the ~oncu~ent lineari- 
ties of the equilibrium green results. If equation (5) is 
accepted then it must be concluded that the site of 
adaptation lies proximal to the receptors and that k,,{c)/ 
k,#) s; k&)/k,,~O). 

For higher adapting ievels the effects were larger (Figs. 
4, 5 and 6) and the computed coefficients were corres- 
pondingly greater. 




