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Fig. 9. Fraclion correct discrimination vs fraction correct delection for cardinal pairs (squares) and

intermediale pairs (circles). Dotled line is the prediction for perfect discrimination of all detected stimul.

Solid line is the prediction on thc assumption that detection and discrimination are medialed by

independent detectors within cardinal ehannels. Dashed lines are least squares fits 1o results. Long
dash—90" (cardinal) stimuli, short dash—45° (intermediate) stimuli.

one choses to assume a thresbold model for
detection one can predict the discrimination
frequencies directly from the detection fre-
quencies. Therefore, we have plotted our results
in the form of scatter plots of fraction correct
discrimination vs fraction correct detections as
shown in Fig. 9. Each point plots the results for
one member of a stimulus pair averaged over
trials in which it was presented in the two
intervals. There are thus 40 points per observer
for each type of stimulus pair. The dashed lines
which run through the data are least square
linear fits. The other two lines are predictions
from the model presented above. The upper,
dotted, line is for the cardinal pairs and is for
the case of perfect discrimination. It was derived
in the following way. It is assumed that each
time threshold is exceeded the observer correctly
judges the stimulus interval and. in addition,
that he chooses the correct interval on half of
the other trials (the standard guessing cor-
rection). According to the Mullerian Doctrine
every stimulus that actually exceeds threshold
should be correctly identified. In addition half
of the unsecn stimuli that were guessed as
occurring in the correct interval will be correctly
identified by chance.

Formally, the relations between the proba-
bility of the observer choosing the correct inter-
val (P;) and naming the correct color given the
correct interval (P.;) can be derived as follows.
First consider the case that the pairs of test
stimuli arc each detected by separate indepen-
dent mechanisms. Let P, be the true probability
of detection, i.e. the proportion of trials on
which the observer unequivocally knows when
the stimulus was presented. On the remaining
trials we assume the observer guesses randomly.

Therefore, the observed probability of choosing
the correct interval is the probability of de-
tection augmented by correct guesses on half of
the trials on which the test js undetected.

P,=P,+1/2(1 — Pp)=1/2 + 1/2P,,

On the Mullerian hypothesis all the truly
detected stimuli plus one half of those not
detected but judged by chance in the correct
interval will be correctly named. Therefore

Po=Pp+ 1/2%1/2(1 — P,)=1/4+ 3/4P,,.
But since

Ppy=2P —1

Po=1/4+3/42P,— 1) = 1/23F,~1).

This equation relates P, and P, independent of
Py,

The lower, solid, curve is the prediction for
the intermediate pairs. The difference between
the upper and lower curves is due to the ambig-
uous cases, for example, when detection by the
constant-B mechanism alone might have been
the consequence of a 45° or a 135" stimulus. For
stimuli detectable by one of two mechanisms. a
and b, the probability of detection by one or the
other or both is given by

Pp=P =P+ P(l - P)+ PP,

where P, and P, are the probabilities of de-
tection by each mechanism. Similarly, if P, is the
probability of detection in a third mechanism,
then the probability of detection of stimuli
which can be detected by either b or ¢ is given
by

Pp= PAl = P)+ Bl = P) + PPy,

The tern
refer to case
by the » m
indiscriming
trine. On h:
therefore g
presented s
this amoun

equals P’
Py
but
and
Thus
Finally
Pe
The resuls

agreement
difference b
cardinal axi
most imporl
with the off
solid curve.
J.K.only7¢
curve and ft
fall on or he
test requires
the 1% levt
points fall b
Similar ex
detected an¢
180" apart a
the perfect
hand, when
decrements
significantly
(1980).

The findi)
harmonic [o
ation stimult
Krauskopf ¢
conditioning
sient trilanoj
that desensil
pendent sec



»ing
[ de-
f of

truly
not
rrect

v

tof

for
'een
big-
the
een
For
s, a

the

de-
the
sm,
wli

Higher order color mechanisms 31

The terms P(1 —P,) and Pyl — P,) both
refer to cases in which detection is accomplished
by the » mechanism alone and thus would be
indiscriminable according to the Mullerian doc-
trine. On half of these trials the observer would
therefore guess that the wrong stimulus was
presented so P, in equation (1) is reduced by
this amount. For the 45° stimuli P, equals P,
equals P,. Therefore

Po=32-1/2~-1/2P,(1 —P,)

but
P,=1—(1—-Py"~
and
Py=2P,—1.
Thus
P,=1—-(2-2P)"
Finally

Po=1/2[P,+1—(2—=2P)"1.

The results for the two observers are in close
agreement and for each observer there is little
difference between the fitted curves for the
cardinal axis and noncardinal axis pairs. The
most important question is whether the results
with the off-axis pairs can be fit by the lower,
solid curve. This fit must be rejected since for
J.K. enly 7 out of 40 points fall on or below this
curve and for D.R.W. only 4 out of 40 points
fall on or below this curve. A conventional sign
test requires rejection of the null hypothesis at
the 1% level when fewer than 11 out of 40
points fall below the line.

Similar ¢xperiments in which the stimuli to be
detected and discriminated were cardinal pairs
180 apart also produced results well fitted by
the perfect discrimination line. On the other
hand, when the stimuli were increments and
decrements in luminance, discrimination was
significantly imperfect, confirming Krauskopf
(1980).

DISCUSSION

The f{inding that the phasc of the second
harmonic follows the direction of thc habitu-
ation stimulus in the reanalysis of the results of
Krauskopf er al. (1982) and the direction of the
conditioning stimulus in the generalized tran-
sient tritanopia experiment rules out the notion
that desensitization occurs solely within inde-
pendent second stage opponent mechanisms.

Additional desensitization in higher order
mechanisms maximally sensitive in noncardinal
directions could account for phase following.
The existence of such higher order mechanisms
is supported by the nearly perfect discrimination
of non-cardinal, as well as cardinal, pairs of
colors at detection threshold.

The phase of the first harmonic follows the
phase of the conditioning stimulus in the gcner-
alized transient tritanopia experiment. This is
consistent with the existence of fatigable mech-
anisms which respond more to changes in one
direction with respect to the white point in color
space than to their complementaries. Such
mechanisms may also account for the selective
effects on thresholds of habituating with fields
modulated in a sawtooth fashion in time, and
for the imperfect discrimination of incremcnts
and decrements in luminance (Krauskopf, 1980;
Krauskopf et al., 1982).

On the other hand, the greater selectivity
wben the habituation stimulus is in a cardinal
direction seems to imply desensitization within
mechanisms having the sensitivity of parvo-
cellular LGN neurons (Derrington er al., 1982).
The psychophysical desensitization must be due
to processes in pathways beyond the combina-
tion of stgnals from the different classes of cone
receptors. Otherwise thresholds for detecting
changes in color would be raised by viewing
fields modulated in luminance, as well as by
viewing fields modulated isoluminantly. In addi-
tion, no sign of fatigue is found in the responses
of lateral geniculate neurons, so the desensi-
tization must occur at a higher level than the
LGN. Viewing a modulated field in onc¢ cye
raises thresholds for color changes detected in
the other eye, also implying a more central locus
of the desensitizing process (Krauskopf ¢t al.,
1982). Our working hypothesis is that dcsensi-
tization occurs at a cortical level, both in some
fatigable mechanisms which receive inputs only
from stngle classes of parvocellular neurons and
in other neurons that receive inputs from the
two types of parvocellular neurons cells and are
maximally sensitive to different isoluminant
colors distributed about the color circle.

The similarity of the results of the analysis of
the generalized transient tritanopia and habitu-
ation experiments suggests that they have a
common explanation. The habituation stimulus
has a time-averaged value precisely cqual to that
of the field upon which thresholds are measured.
The system is not unbalanced by the procedure.
The explanation of transient tritanopia and
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related phenomena offered by Pugh and Mollon
(1979) in terms of the dynamics of second stage
processes does not seem applicable to the desen-
sitizing effects of sinusoidally modulated fields.
On the other hand, the phenomena of transient
tritanopia and the related effects of transients
reported by Augenstein and Pugh (1977) seem
explicable in terms of dcsensitization of central
neurons induced by activity.
Acknowledgement—We would like to express our appre-
ciation to Dr Qasim Zaidi for critical comment on this
paper.
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