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The middle temporal area (MT) of primates is a cortical visual area that plays a
prominent role in the analysis of visual motion. We have examined the relationship between
the responses of MT neurons and motion perception by conducting electrophysiological re-
cordings as a rhesus monkey performed a direction discrimination task near the limits of
performance. Using a signal detection analysis of the neuronal responses, we found that the
sensitivity of many MT neurons to the motion signals in our stimuli equaled or exceeded the
monkey’s psychophysical sensitivity. For some neurons, we also observed a trial-by-trial
relationship between the intensity of the neuron’s response and the perceptual judgment
made by the monkey. When considered together with a previous lesion study, these results
suggest that perceptual decisions in this task are based in a relatively direct manner on the
directional information encoded by MT neurons.

Introduction

In primates, visual perceptual de-
cisions are based predominantly on the
responses of cortical neurons to visual
stimuli. The exact nature of this rela-
tionship is, however, far from clear.
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The visual cortex of primates com-
prises a large number of visual areas
organized in a complex hierarchy that
incorporates both serial and parallel
principles.'” Thus any particular visual
stimulus will presumably influence the
responses of a formidable number of
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neurons in widely disparate areas of the
visual cortex. However, some percep-
tual decisions, such as those made by an
observer working near the limits of
performance, may depend upon the
responses of a small subset of the neu-
rons activated by the visual stimulus.
Forexample, judgments concerning the
direction of motion of a visual pattern
appear to depend on directionally se-
lective neurons of the visual cortex**
even though such neurons constitute a
modest fraction of the total activated by
the pattern. If the moving pattern is
spatially complex such that its direc-
tion of motion must be computed from
several component motion vectors, the
psychophysical judgment may hinge
upon a yet smaller subset of direction-
ally selective cortical neurons.® Thus
the neurons that provide the critical
signals for a perceptual decision may
be both few in number and well local-
ized within the visual system despite
the large and distributed nature of the
complete population of neurons re-
sponding to the stimulus.

Ideally, a physiological under-
standing of such a perceptual process
would include: (1) identification of the
neurons that provide the critical signals
for the perceptual decision, (2) insight
into the way these signals arise from the
inputs provided by lower centers, and
(3) knowledge of the mechanisms by
which the critical signals are translated
into adecision. We are addressing these
issues by recording the responses of
cortical neurons in alert rhesus mon-
keys trained on a perceptual task re-
quiring a visual discrimination of di-
rection of motion. In a previous lesion
study, Newsome and Paré’ found that

the middle temporal visual area (MT),
an extrastriate area near the junction of
the occipital, parietal and temporal
lobes, is necessary for normal perform-
ance on adirection discrimination task.
This observation is consistent with
physiological data obtained in anesthe-
tized monkeys, since 80-90 percent of
the neurons in MT encode motion in-
formation in the form of direction and
speed selective responses.”® Additional
anatomical and physiological studies
have described an extended pathway,
including MT, that appears to process
motion information relevant to a num-
ber of behavioral tasks.? It thus appears
possible toinvestigate the neuronal basis
of perceptual decisions involving di-
rection discrimination by recording at
several loci on this pathway in trained
animals. We have now recorded the
responses of MT neurons while simul-
taneously measuring the monkey’s
psychophysical thresholds for direc-
tiondiscrimination. We have found that
many MT neurons are sufficiently sen-
sitive to the motion signals to form the
basis for the monkey’s psychophysical
performance, and we have observed a
trial-to-trial association between the
strength of neuronal responses and the
perceptual decision made by the mon-
key. These MT neurons could provide
the critical signals used by the monkey
to make perceptual decisions in this
task.

The Paradigm

The visual stimuli we employ are
dynamic random dot patterns in which
a specifiable proportion of the dots pro-
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Figure 1. A schematic representation of the dynamic random dot stimuli employed in these
experiments. Each stimulus was formed by plotting dots in rapid succession on the face of an X-
Y oscilloscope using a high speed D-to-A converter. Each dot survived for a brief period of time
before being replaced. In the 0 percent correlation case on the left, the replacement dots were plotted
at random locations on the screen so that the dot field appeared as twinkling visual noise with no
correlated motion in any single direction. In the 100 percent correlation state on the right, each dot
was replaced by a partner with a constant offset in space and time. In this state, the display took the
form of a conventional random dot pattern in which the motion of each dot was identical to the
correlated motion of the entire display. In intermediate states such as that for 50 percent correlation
(middle), a specifiable percentage of the dots carried the correlated motion signal while the
remaining dots provided dynamic masking noise. A two-altemative, forced-choice procedure was
used to determine the threshold correlation for which monkeys could successfully discriminate op-

posed directions of motion. Reprinted with permission from reference 5.

vides a correlated motion signal that is
spatially dispersed among masking
motion noise. At one extreme of the
stimulus range, illustrated in the left-
hand panel of Figure 1, dots are plotted
successively atrandom locations on the
screen, survive for a short period of
time, and are replaced by dots at other
randomly selected locations. The over-
all visual effect is one of twinkling
noise similar to that seen on a television
tuned between stations. In this state,
which we refer to as zero percent cor-
relation, there are many local motion
events that result from fortuitous pair-
ings between successively plotted dots
(arrows), but there is no net, or corre-
lated, motion in any single direction. At
the otherextreme, illustrated in the right-
hand panel of Figure 1, each dot that
disappears is replaced by a partner dot
with a constant offset in space and time.

This state, which we refer to as 100
percent correlation, corresponds to a
conventional random dot pattern in
which the motion of each dot is identi-
cal to the net motion of the entire pat-
tern. In most trials, the monkey actually
viewed an intermediate display such as
that illustrated in the middle panel of
Figure 1. In this state, a portion of the
dots carried a correlated motion signal
while the rest provided random motion
noise. As described previously by
Newsome and Paré,” we used a two-
alternative, forced- choice psychophysi-
cal procedure to measure the threshold
correlation for which the monkeys could
successfully discriminate opposed di-
rections of motion in these displays.
Our procedure for obtaining si-
multaneously physiological and psy-
chophysical datais illustrated in Figure
2. Initially, we isolated an MT neuron,
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Figure 2. Experimental paradigm for obtaining psychophysical and physiological data on the same
set of trials. The receptive field of a directionally selective neuron was mapped (thick circle) while
the monkey maintained his gaze on a centrally located fixation point (FP). The preferred (thick
arrow) and null (thin arrow) directions and optimal speed were identified qualitatively. The monkey
then performed direction discriminations on a series of trials in which the correlated motion signal
appeared in either the preferred or null direction of the neuron. The speed of the dots in correlated
motion was matched to the preferred speed of the neuron, and the dots appeared within an aperture
(thin circle) that just covered the receptive field of the neuron. The monkey held its gaze on the
fixation point for a two second interval while the random dot stimulus appeared within the aperture.
At the end of the two second viewing interval, the fixation point was extinguished and two target
LED’s appeared which corresponded to the preferred (Pref LED) and null (Null LED) directions
of motion. The monkey reported its judgement of the direction of correlated motion by transferring
its gaze to the corresponding LED target. By noting the monkey’s performance on anumber of trials
(at least 30) at each of several correlation levels, we measured the psychophysical threshold while
simultaneously recording the responses of the cortical neuron.

FP

mapped its receptive field (thick circle),
and identified its preferred direction of
motion (thick arrow). We considered
the null direction (thin arrow) to be 180
degrees opposed to the preferred direc-
tion. We then placed the aperture con-

taining the random dot pattern (thin
circle) directly over the neuron’srecep-
tive field, and we matched the size of
the aperture to the size of the receptive
field. In addition, we set the speed of
the moving dots to be near the optimal



speed for the cell. We then presented a
block of trials in which the strength and
the direction of the correlated motion
signal varied from trial to trial. A range
of correlation levels was chosen to span
the psychophysical threshold, and an
equal number of trials was presented at
each correlation level: half in the neu-
ron’s preferred direction and half in the
null direction. The monkey obtained a
liquid reward for correctly reporting
the direction of motion in each trial. By
tailoring the parameters of the random
dot stimulus (aperture location and size,
speed, and axis of motion) to be opti-
mal foreach neuron recorded, we sought
to maximize the chance that the ob-
served neuronal responses would con-
tribute to the monkey’s perceptual
decisions.

In each trial of the threshold
measurement, the monkey directed its
gaze toward a fixation point (FP)
directly in front of him. The random dot
stimulus then appeared for two seconds
within the neuron’s receptive field, after
which the fixation point and the random
dot pattern disappeared. As the fixation
point was extinguished, two target
LED’s appeared, one corresponding to
the neuron’s preferred direction (Pref
LED) and the other to the neuron’s null
direction (Null LED). The monkey then
indicated its decision concerning the
direction of stimulus motion by making
a saccadic eye movement to one of the
two target LED’s.

We measured the monkey’s eye
position throughout each trial using the
scleral search coil technique. If the
monkey broke fixation during the
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stimulus presentation period, we aborted
the trial and discarded the data. In this
manner we ensured that the random dot
pattern remained within the neuron’s
receptive field for the entire two second
viewing interval.

We compiled the psychophysical
data into psychometric functions like
the one shown in Figure 3; the propor-
tion of correct responses is plotted
against the strength of the motion sig-
nal. Typically, as in the case shown in
Figure 3, choice performance was per-
fect for strong motion signals and fell to
near chance for weak ones. We used a
maximum-likelihood method!! to fit
these data with functions of the form

p=1-(1-v) exp [-(c/o)]
1)

where Cis stimulus correlation, yis the
“guessing” probability (that is, the
probability of getting a correct choice
by chance, in our case 0.5), o is the
correlation level supporting “thresh-
old” performance (in our case thresh-
old performance is considered to be
0.82, or 82 percent correct) , and B is a
parameter governing the slope of the
function. This function is the integral of
the Weibull distribution and was intro-
duced to psychophysics in this form by
Quick.'”? We found that it provided a
good fit to most of our data, better, for
example, than the Gaussian integrals or
other plausible forms for the psychom-
etric function. For the case shown in
Figure 3, the threshold (o) was 0.062
(6.2 percent correlation), and the slope
of the function () was 0.88.
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Figure 3. The perceptual performance of a monkey in a combined psychophysical and physiologi-
cal experiment. The abscissa shows the percentage of dots in correlated motion. High correlations
indicate strong motion signals; low correlations represent weak signals. The ordinate depicts the
proportion of trials on which the monkey correctly reported the direction of motion of the correlated
signal. 120 trials were presented at each correlation, half in the preferred direction and half in the
null direction. The monkey performed flawlessly at the highest correlation, butits performance was
random (near 50 percent correct) at the lowest correlation. The data points were fitted with a
sigmoidal curve as described in the text. Threshold was taken to be the correlation level that
corresponded to 82 percent correct performance. For the data illustrated here, threshold was 6.22
percent correlation.

Comparison of Neuronal and of
Psychophysical Sensitivities

motion. The neuron exhibited typical
direction-selective behavior at high
correlation levels: it responded vigor-

Figure 4 shows the physiological  ously to motion in its preferred direc-

data that we obtained during the psy-
chophysical threshold measurement
illustrated in Figure 3. The circles con-
nected by the solid line indicate the
neuron’s responses to stimulus motion
in the preferred direction for each of
eight correlation levels; the squares
connected by the dashed line depict the
neuron’s response to null direction

tion, but was relatively unaffected by
motion in its null direction (the sponta-
neous discharge rate is indicated by the
triangle). As the correlation level de-
creased, however, the neuron became
steadily less sensitive to directional
differences in the motion of the dot
pattern.

Thiseffectcan be seen more clearly
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Figure 4. An example of the physiological data recorded in a combined psychophysical and
physiological experiment. The abscissa shows the percentage of dots in correlated motion, and the
ordinate indicates the response of the neuron (number of action potentials recorded during the two
second viewing interval). Each symbol represents the mean of the responses on 60 trials; the error
bars indicate standard errors of the means. The responses shown by the circles and solid line are for
preferred direction trials; the responses indicated by the squares and dashed line are for null
direction trials. For high correlations, the neuron was strongly direction selective, but low
correlations yielded statistically indistinguishable responses for the two directions of motion. The
triangle at the lower left depicts the spontaneous firing rate for this cell. We observed a range of
responses to stimuli with zero percent correlation; many neurons, like this one, responded well

0.0

while others responded poorly or not at all.

in the histograms of Figure 5A. The
three pairs of histograms show the
complete distributions of spike counts
elicited by preferred (hatched bars) and
null (solid bars) direction motion for
three of the correlation levels depicted
in Figure 4. The distributions were
virtually nonoverlapping at 25.6 per-
cent correlation, but were essentially
the same at 0.4 percent correlation. As
the correlation level moved between
these two values, the neuron underwent
a transition that was qualitatively simi-
lar to that seen in the monkey’s behav-

ior in Figure 3: the neuron provided a
reliable basis for directional discrimi-
nation at large correlation values, it
failed todo soatlow correlation values.

In order to compare quantitatively
the performance of the neuron on a dis-
crimination task to that of the monkey,
we employed a simple discrimination
model in which the perceptual decision
for each trial is based on a comparison
of theresponses of two oppositely tuned
directional neurons such as those illus-
trated in Figure 6 (the receptive fields
of the two neurons would be superim-
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Figure 5. Signal detection analysis of ncuronal sensitivity. A. The complete distribution of
responses obtained for stimulus motion in the preferred (hatched bars) and null (solid bars)
directions for three of the correlation levels illustrated in Figure 4. The abscissa shows the response
in spikes per trial; the ordinate indicates the number of trials for which each response was observed.
The response distributions for preferred and null directions overlap very little at 25.6 percent
correlation, but are statistically indistinguishable at 0.4 percent correlation. B. Receiver operating
characteristics (ROC curves) for five selected correlation levels, including the three illustrated in
A. An ROC curve is generated by plotting, for each possible criterion level, the proportion of
responses in the “null” distribution (solid bars) that exceed criterion against the proportion of
responses in the “preferred” distribution (hatched bars) that exceed criterion. These proportions are
first calculated for a criterion level of one spike per trial, in which case the point falls at the top right
corner of the unit square. The proportions are then calculated and plotted for successively higher
criterion levels until no responses in either distribution exceed criterion, in which case the point falls
at the lower left corner of the unit square. The resulting ROC curve provides a description of the
sensitivity of the neuron to the directional signals at that correlation level. The area under the ROC
curve represents the performance level that would result from strict adherence to the decision rule
in Figure 5. At 0.4 percent correlation, the proportion of the unit square that falls below the ROC
curve is 0.535, corresponding to near random performance (53.5 percent correct). At 25.6 percent
correlation, the area below the ROC curve is 0.997, corresponding to nearly perfect performance
(99.7 percent correct).

posed in space, but are separated in the
figure forclarity). Ina giventrial, motion
will be judged as rightward if the
“neuron” in Figure 6 responds more
strongly than the “antineuron.” If the
“antineuron” responds more strongly,
motion will be judged as leftward.
(Psychophysical studies of direction-
specific adaptation and the motion af-
tereffect support the notion that direc-
tional judgments are based on the rela-

tive responses of oppositely tuned di-
rectional mechanisms.!314)

We have obtained two of the three
types of data needed to evaluate the
performance of this model; we know
the monkey’s psychophysical responses
and the responses of the “neuron” on
each trial, but we do not know the
responses of the “antineuron.” To cir-
cumvent this difficulty, we assumed
that the response distributions of the
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Figure 6. A simple model for evaluating the discrimination performance of an MT neuron. In the
model, discrimination of oppositely directed motion signals is accomplished by comparing the
responses of two directionally selective neurons whose preferred directions are opposed. In the
example, motion can be rightward or leftward on a given trial. The response of the “neuron,” which
prefers rightward motion, is compared to that of the “antineuron,” which prefers leftward motion.
If the response of the “neuron” is larger on a given trial, the direction of motion will be judged as
rightward. If the “antineuron” generates a larger response, motion will be judged as leftward. The
receptive fields of the two neurons would be coextensive so that they respond to stimuli over
equivalent regions of visual space. In the figure, however, the receptive fields are displaced from

each other for clarity.

antineuron are identical to those of the
neuron with the sole modification that
its preferred direction is opposite to that
of the neuron. Under this assumption,
the histograms illustrated in Figure 5
can represent the responses of both the
neuron and the antineuron, with the
preferred direction being reversed for
the antineuron. Thus the decision on a
given trial will be based on the com-
parison of a response selected from a
hatched distribution in Figure 5 with a

response selected from the accompa-
nying solid distribution. For stimulus
motion to the right, the hatched distri-
bution will correspond to the responses
of the “neuron” (preferred direction
rightward) and the solid distribution
will represent the responses of the
“antineuron” (null direction rightward);
for leftward motion, the opposite rela-
tion will obtain. If there is no correla-
tion in the activity of “neuron” and
“antineuron,” the responses compared
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Figure 7. Psychometric and neurometric functions for simultaneously recorded perceptual and
physiological data. The solid circles and dashed line are the same psychophysical data illustrated
in Figure 3. The open circles and solid line indicate the performance of the MT neuron as derived
from a signal detection analysis of neuronal responses (see text). Perceptual threshold for the
monkey was 6.22 percent correlation; threshold for the neuron was 6.87 percent correlation.

on a given trial will be drawn randomly
from the two distributions.

We used a method based on signal
detection theory'® to compute expected
discrimination performance given the
data illustrated in Figures 4 and 5 and
the decision rule outlined in Figure 6.'¢
For each correlation level tested, we
computed an ROC (receiver operating
characteristic) by plotting, for a series
of criterion response levels, the propor-
tion of preferred direction trials that
exceeded criterion against the propor-
tion of null direction trials that ex-
ceeded criterion. Consider, forexample,

the response distributions for the zero
percent correlation trials (lower panel,
Figure 5A). For a low criterion level,
such as 5 spikes/trial, criterion is ex-
ceeded by all of the responses in each
distribution, and the point is plotted in
the upperrightcorner of the unit square.
As the criterion increases, the number
of responses exceeding criterion falls at
roughly similar rates for the preferred
and null distributions because they are
equivalent. The ROC curve therefore
falls along the diagonal from the top
right of the unit square to the bottom
left. For substantially separate response



distributions such as those obtained at
25.6 percent correlation, an increasing
criterion level exceeds almost all of the
null direction responses before exceed-
ing any preferred direction responses.
The ROC curve therefore falls near the
upper and left-hand boundaries of the
unit square. The bend of the ROC curve
away from the diagonal is an index of
the separation between the preferred
and null response histograms.

The expected performance of our
decision rule at each correlation level is
equal to the area under the correspond-
ing ROC curve. Green and Swets' give
a formal derivation of this relationship,
but one can intuit that it is reasonable.
If, for example, we consider the total
area of the unit square in Figure 5B to
be 1, then the area under the ROC curve
for 0.4 percent correlation is 0.535,
which represents near chance perform-
ance in a two-alternative task (53.5
percent correct). On the other hand, the
area under the ROC curve for 25.6
percent correlation is 0.997, indicating
that decisions based on the response
distributions in the upper panel of Fig-
ure 6A will be, as expected, nearly
perfect (99.7 percent correct).

We plotted the area under each
ROC curve against correlation level to
obtain a “neurometric”’ function such
as that illustrated by the open symbols
and solid line in Figure 7. This function
characterizes the utility of the neuron’s
responses for discriminating the direc-
tion of motion and may be compared
directly to the simultaneously observed
performance of the monkey (solid
circles, dashed line). We fitted a
sigmoidal curve to the neurometric
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function, as described above for the
psychometric data, and extracted the
parameters indicating threshold and
slope of the function. Interestingly, the
single MT neuron in Figure 7 was vir-
tually as sensitive to the motion signals
as was the monkey: the threshold corre-
lation for the neuron was 6.87 percent
as compared to 6.22 percent for the
monkey. A comparison of the psychom-
etric and neurometric functions using a
likelihood ratio statistic indicated that
they were not significantly different (p
> .05).

Figure 8 shows the relationship
between cell threshold and psy-
chophysical threshold for 45 MT neu-
rons from one monkey. Points lying
below the diagonal represent neurons
whose thresholds are lower than the
monkey’s. If the monkey could have
accurately attended to and counted the
impulses from these neurons (and their
presumed antineuron partners), his
performance would have been better
than thatactually observed. Points lying
above the diagonal indicate neurons
that were less sensitive than the mon-
key’s psychophysical performance.

Recall that we tailored the visual
stimulus to be optimal for each neuron
studied; the aperture size, retinal ec-
centricity, axis of motion and speed of
motion varied from cell to cell. We
therefore observed a broad range of
psychophysical thresholds during the
course of these experiments, ranging
from 3 percent to approximately 30
percent correlation. Across this range,
the comparison of neuronal and psy-
chophysical data reveals that the sensi-
tivity of MT neurons commonly equaled
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Figure 8. A scatterplot of psychophysical threshold (abscissa) against neuronal threshold (ordi-
nate) for 45 MT neurons studied in one monkey. Points that fall on the diagonal indicate identical
thresholds for perception and physiology. For points below the diagonal, neuronal thresholds were
lower than psychophysical thresholds; points above the diagonal indicate that psychophysical
thresholds were lower. For most MT neurons, cell performance approached or exceeded psy-

chophysical performance.

or exceeded that of the monkey. Neu-
ronal threshold was within a factor of
two of psychophysical threshold for 76
percent of the cells, and neuronal thresh-
old was actually lower than psy-
chophysical threshold for 40 percent of
the cells. For a minority of cells, neu-
ronal performance was considerably
worse than psychophysical perform-
ance. Presumably, these cells do not
carry signals important for discrimina-
tion performance near psychophysical
threshold.

Perhaps the most surprising as-
pect of the data in Figure 8 is that so
many cells provide information about
stimuli near or below psychophysical
threshold. It is natural to wonder why
the monkey does not make better use of
theinformation thatis clearly presentin
its cortex. The problem can be explained
trivially if the monkey is simply not
exerting maximum effort on the dis-
crimination task during the measure-
ments of psychophysical threshold. We
believe this to be unlikely because this



monkey’s psychophysical thresholds
were on a par with the best thresholds
we have obtained from human observ-
ers. In addition, the monkey typically
performed at 100 percent correct for su-
prathreshold stimuli.

A more plausible explanation for
the monkey’s failure to perform as well
as his “best” neurons is uncertainty in
the decision process.!” The reasoning
here is that while we, the experiment-
ers, can precisely match the neuron
under study with the motion signal
activating it, the monkey has no such
knowledge. Instead, he is to some de-
gree uncertain about the identity of the
stimulus to be discriminated and must
therefore base his judgment on the ac-
tivity of more than just the single neu-
ron under study. Some of these other
neurons whose signals contribute may
notbe well tuned to the particular stimu-
lus, and may therefore contribute a
substantial amount of noise that com-
promises the overall performance of
the decision process. This hypothesis
predicts that psychophysical perform-
ance would be degraded relative to the
performance of the “best” neurons.

Pelli'” used a quantitative model
to evaluate the effects of uncertainty on
psychophysical decisions. Of particu-
lar interest in the present context, he
demonstrated that uncertainty would
not only make the decision process less
sensitive (such as to raise the thresh-
old), but would also steepen the slope
of the psychometric function relative to
those of the individual analyzers. Fig-
ure 9 shows the relationship between
neuronal and psychophysical values of
B, the slope-related parameter that we
extracted while fitting smooth curves
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to the neurometric and psychometric
functions. While there is no correlation
between the two measures, the mean
value of 3 for the neurons (1.42) is quite
similar to the mean value for
psychophysical B, (1.20). Although the
estimation of [ is rather variable, we
conclude that the slopes of the psy-
chometric functions are not systemati-
cally elevated in comparison to the
slopes of the neurometric functions.
This suggests that uncertainty effectsin
our data are likely to be modest and that
the dominant influences on the mon-
key’sdecision derive from neurons that
are well related to the stimulus. We
should recall, however, that there are
some neurons whose sensitivity is sig-
nificantly better than the monkey’s, and
that some form of uncertainty must
therefore contribute to the transforma-
tion from neuronal to behavioral per-
formance.

Itis well known that pooling of in-
dependent signals from individual
sources can, in principle, provide more
reliable information about near-thresh-
old stimuli than that encoded by any
single source.'®® If uncertainty effects
are small in our paradigm, it is reason-
able to inquire why signals are not
pooled to permit psychophysical thresh-
olds that are lower than those of indi-
vidual neurons. A possible reason is
that fluctuations in the responses of
neurons well tuned to the stimulus are
highly correlated, due to the existence
of common inputs or mutual excitation.
Since the advantage of pooling depends
critically on the signals being inde-
pendent, highly correlated responses
would greatly reduce the utility of
pooling. Correlated responses among
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Figure 9. A scatterplot of the slope parameter, 3, for ncurometric data against the slope parame-
ter for psychometric data. The data were obtained from the same 45 experiments illustrated in
Figure 8. There was no systematic correlation between the two slope parameters, but the means of
the two distributions were similar (1.42 for the neurometric functions; 1.20 for the psychometric

functions).

similarly tuned neurons have been
observed in the striate cortex of pri-
mates (see Chapter 4 in this volume),
and it is reasonable to expect that they
are present in MT as well. Whether or
not this particular hypothesis is accu-
rate, the similarity of neuronal and psy-
chophysical thresholds indicates that
pooling, like uncertainty, is of little
consequence for the processing of
motion signals in our task.

It appears, then, that perceptual
decisions regarding the direction of
motion in our visual displays could be
based on the responses of MT neurons
inarelatively direct manner. Many MT
neurons are sufficiently sensitive to the
direction of stimulus motion to provide
the basis for psychophysical perform-
ance near threshold. The lack of strong
uncertainty effects suggests that the
decisions are not greatly influenced by



other neurons that are insensitive to
stimulus motion near threshold. In
addition, our data indicate that pooling
need not be invoked to account for
psychophysical performance. We sug-
gest that the perceptual decisions could
depend upon a small number of suita-
bly selected cortical neurons.

A Covariation Between Perceptual
Decision and Neuronal Response

A psychophysical subject’s dis-
crimination of near-threshold stimuli is
imperfect. During the threshold meas-
urement illustrated in Figure 3, for
example, the monkey identified the
direction of motion correctly on 83
percent of the trials at 6.4 percent cor-
relation. Of the 60 trials at 6.4 percent
correlation that contained preferred di-
rection motion, the monkey correctly
judged motion to be in the preferred
direction in 49 trials. In the other 11
trials, he mistakenly indicated that
motion was in the null direction. Statis-
tical variation is also present in the
responses of MT neurons to repeated
presentations of the same stimulus. For
example, the hatched histogram in the
middle panel of Figure 5A shows that
the responses of this neuron varied
widely among the 60 trials in which
motion was presented in the preferred
direction at 6.4 percent correlation. If
perceptual decisions made by our task
monkey are based on the responses of a
small number of MT neurons, it should
be possible to detect a trial-by-trial
covariation in the strength of the neu-
ron’s response and the monkey’s deci-
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sion. In other words, for near-threshold
stimuli the monkey may be more likely
toselect the preferred direction on trials
in which the stimulus evokes a rela-
tively large response from the neuron.
We have, in fact, observed such an
effect in the monkey we have studied
most intensively. (A similar effect was
reported in alert monkeys trained to
detect incremental changes in a nox-
ious thermal stimulus.!* %)

Figure 10 illustrates for one MT
neuron the responses obtained to stim-
uli moving in the preferred direction
during a psychophysical threshold
measurement. The closed symbols
depict the mean responses of the neu-
ron in trials in which the monkey cor-
rectly decided that motion was in the
preferred direction, and the open sym-
bolsillustrate responses in trialsin which
the monkey mistakenly judged motion
to be in the null direction. Note that at
each correlation level, the same pre-
ferred direction stimulus was presented
in each trial. The primary difference
between the trials represented by the
open and closed symbols is the mon-
key’s decision. It is obvious that the
monkey decided in favor of the pre-
ferred direction in trials in which the
neuron, on average, generated a larger
response. Interestingly, the effect was
present for zero percent correlation
trials. Thus even when the monkey was
“guessing,” he tended to select the
preferred direction for trials on which
the neuron responded more strongly.

The histograms on the left of Fig-
ure 11 show the complete distribution
of responses that we observed for three
of the correlation levels illustrated in
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Figure 10. The responses of an MT neuron to motion in the preferred direction at each of several
correlation levels. The solid circles and solid line indicate responses on trials in which the monkey
correctly judged motion to be in the preferred direction. The open squares and dashed line show
responses on trials in which the monkey mistakenly judged motion to be in the null direction. At
zero percent correlation, of course, there was no “correct” or “mistaken” judgment, only “pre-
ferred” and “null” decisions. Each symbol represents the mean response of the neuron for that
condition. 45 trials were presented in the preferred direction at each correlation, The number of
incorrect judgements was low for high correlation levels and larger for low correlation levels. The
error bars indicate standard error of the means. On the average, decisions in favor of the preferred
direction were accompanied by stronger responses {rom the neuron.

Figure 10. All trials contained motion
in the preferred direction; the hatched
bars show the response distribution for
“preferred” decision trials, and the black
bars represent responses for “null”
decision trials. We again employed a
signal detection analysis to quantify the
separation of the two distributions. We
generated the family of curves on the
right of Figure 11 by the method de-
scribed above (Figure 5). Again, the
curvature away from the diagonal is an
index of the separability of the parent
distributions. It seems inappropriate,

however, to describe these curves as
receiver-operating characteristics since
the parent distributions are not based on
differences in the stimuli “received” by
the system. Rather, werefertothe curves
as sender-operating characteristics, or
SOC curves, because they are based
solely on differences in the output of
the system, thatis, on the decision made
by the monkey. In other words, the
information that gives rise to the bend
in the SOC curves appears to be related
to the signal “sent” by the neuron to the
decision process.
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Figure 11. A signal detection analysis of the effect illustrated in Figure 10. A. The histograms
depict the complete distribution of responses obtained at three correlation levels. Motion occurred
in the preferred direction on each trial, with the exception of zero percent correlation trials, which
did not contain a correlated motion signal. The hatched bars show the responses of the neuron in
trials in which the animal decided in favor of the preferred direction; the solid bars depict responses
in trials in which the animal decided in favor of the null direction. For each correlation level, the
response distribution for “preferred” decisions is offset to a higher range than the corresponding
distribution for “null” decisions. B. The right-hand pancl of the figure illustrates “sender” operating
characteristics (SOC curves) that we computed for five different correlation levels. The SOC curves
were computed by the method described previously for ROC curves. The proportion of the unit
square lying under an SOC curve represents the probability that an ideal observer could predict the
decision of the monkey (preferred or null direction) based only on the response of this neuron. Since
we have never seen a systematic relationship between the area under the SOC curve and correlation
level, we used a weighted mean of the areas under the family of SOC curves to obtain a single
decision-related probability (SOC probability) for each neuron. The contribution of each curve to
the weighted mean was proportional to the lesser of the number of errors or correct decisions made
by the monkey at that correlation level. For the ncuron illustrated in this figure, the decision-related
probability was 0.673.

We integrated each SOCcurve to  correlation level, we calculated a
obtain a quantitative measure of thisef-  weighted mean of the areas under the
fect. Foreach correlationlevel,thearea  family of SOC curves to obtain a single
under the SOC curve correspondstothe  decision-related probability for each
probability that an observer could cor-  neuron (each SOC curve contributed to
rectly predict the monkey’s perceptual  the weighted mean in proportion to the
decision based on the response of this  lesser of the number of errors or correct
neuron. We therefore refer to this met-  decisions made by the monkey at that
ric as a decision-related probability, or  correlation level). For the neuron whose
SOC probability. Since we have never  curves are depicted in Figure 11, the
observed a consistent relation between  mean decision-related probability for
the decision-related probability and  preferred direction stimuli was 0.673.
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If there was no covariation between the
neuron’s response and the monkey’s
perceptual decision, the SOC curves in
Figure 11 would be randomly distrib-
uted about the diagonal, and the mean
decision-related probability would be
near 0.5.

As will be seen below, the deci-
sion-related probability for the neuron
showninFigure 11 (0.673), was among
the larger values we obtained. Toevalu-
ate the reliability with which these
values deviated from chance, we used a
numerical technique to simulate the ex-
pected values that would result from
random association between the mon-
key’s response and neuronal activity.
After computing the distribution of
values expected from these random
associations, we established the proba-
bility that values as large as those actu-
ally observed could have been obtained
by chance. For the case presented in
Figure 11, this probability was less than
0.01.

We calculated the mean decision-
related probability for each of the 45
neurons which we studied in this mon-
key, and the results are displayed in
Figure 12. Figure 12A shows the distri-
bution of probabilities for preferred
direction trials. The mean value for all
cells was 0.540, and the rightward dis-
placement of the distribution from 0.5
is highly significant (z-test, p < .001).
This indicates that the monkey’s ten-
dency to report preferred direction
motion in trials that yielded a relatively
strong neuronal response is significant
for the sample of neurons as a whole.

Though we have considered only
preferred direction trials thus far, we
carried out the SOC analysis for null di-

rection trials as well. Figure 12B illus-
trates the results of this analysis. Again,
the distribution was significantly dis-
placed to theright of 0.5 (z-test, p<.05),
though the effect was smaller than that
for preferred direction trials. Thus a
large neuronal response was accompa-
nied, more likely than not, by a decision
in favor of the neuron’s preferred direc-
tion both in trials in which motion
occurred in the null direction and in
trials that contained motion in the pre-
ferred direction. As we indicated previ-
ously, the effect is present even for
zero percent correlation trials , which
do not contain a reliable motion signal.
We analyzed these trials independently
for each neuron, and Figure 12C shows
the distribution of decision-related
probabilities across the sample. The
distribution is clearly displaced to the
right of 0.5 (#-test, p < .001), confirm-
ing the somewhat surprising observa-
tion that the monkey’s decisions were
correlated with the discharge rate of
MT neurons even in trials in which the
stimulus provided unreliable informa-
tion concerning direction of motion.
This covariation of neuronal and
psychophysical responses suggeststhat
the activity of many MT neurons is in-
timatelyrelated to directional judgments
made by the monkey. In our experi-
ments, this relationship was evident
near or below threshold, where percep-
tual judgments are finely balanced be-
tween two alternatives. In this situ-
ation, the variability of neuronal re-
sponses can have a measurable impact
on the judgment made by the monkey.
The most straightforward interpreta-
tion is that these neurons provide the
critical signals used by the monkey in
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making such directional judgments.
That the effect is present for zero per-
cent correlation trials is particularly
suggestive: even in the absence of a
reliable motion signal, the monkey
would appear to base decisions, in part,
on the activity of these neurons.

Magnitude of the Decision-Related
Probability:
Theoretical Considerations

Although the covariation of neu-
ronal and psychophysical responses il-
lustrated in Figures 11 and 12 is signifi-
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cant, it is nevertheless small. The sepa-
ration in “decision” based distributions
such as those illustrated in the histo-
grams of Figure 11 do not approach the
best separations for “stimulus” based
distributions such as those at the top left
of Figure 5. Consequently, the areas
under the individual SOC curves are
generally much less than one. Interest-
ingly, theoretical consideration of the
two-neuron model outlined in Figure 6
indicates that the decision-related proba-
bilities expected from perfect adher-
ence to the model are, like those meas-
ured from our neurons, usually less
than one. In other words, the experi-
mentally derived probabilities in Fig-
ure 12 are closer to the expected values
than it might first appear. The logic that
leads to this conclusion is developed in
Figures 13 and 14.

Consider a hypothetical pair of
MT neurons, X and Y, which are selec-
tive for rightward and leftward stimu-
lus motion, respectively. For any given
stimulus, the responses of X and Y
(denoted x and y) would be expected to
vary on successive presentations and
may be idealized by frequency distri-
butions like those in Figures 13A and
13B. When the stimulus is random
motion noise ( zero percent correlation)
the response distributions of X and Y,
f(x) and f{y), are identical, as illustrated
in Figure 13A. For a weak rightward-
moving stimulus, the response distri-
bution of X is displaced to larger values,
as shown in Figure 13B. By the deci-
sion rule in Figure 5, directional judg-
ments are made by comparing the re-
sponses of the pair of neurons. Motion
is judged to be rightward if x exceeds y

on a given trial and judged to be left-
ward if y exceeds x.

If the responses of cells X and Y
are independent, then all possible com-
binations of paired responses from the
two cells would be predicted as the
product of the two frequency distribu-
tions, f(x)f(y). The probability surfaces
in Figures 13C and 13D represent the
distribution of paired responses for the
noise and near-threshold cases, respec-
tively. In both plots, the diagonal line
that separates shaded from unshaded
regions of the probability surface indi-
cates trials on which equal responses
are obtained from the two cells. Trials
fall into the unshaded region of the
surface if x exceeds y; trials fall into the
shaded region if the converse relation
obtains. For the zero percent correla-
tion case (noise, Figure 13C), the joint
distributionis centered on the diagonal.
Thus it is equally likely for either X or
Y to yield the larger response. For the
threshold case (Figure 13D) the surface
is centered to the right of the diagonal
and x would be expected to exceed y on
the majority of trials.

These relationships may be appre-
ciated in the contour plots in Figures
14A and 14B which represent the same
joint probability surfaces as viewed
from above. Here the diagonal line
clearly distinguishes the portion of the
paired response distribution in which x
exceeds y from the portion in which y
exceeds x. For the zero percent correla-
tion case (14A), the diagonal cuts the
contour plot in equal halves, whereas
most of the distribution falls below the
diagonal (x> y) for the threshold stimu-
lus (14B). The decision rule in Figure 6



From Single Cells to Visual Perception 191

X

2

TRIALS

/XANDY B "\\ /

NUMBER OF

RESPONSE RESPONSE

Figure 13. Idealized responsc distributions for a hypothetical neuron-antineuron pair. As in Fi gure
6, neuron X responds preferentially to rightward motion while “antineuron” Y is selective for
leftward motion. The response distributions of the two neurons are assumed to be identical except
that their preferred directions are reversed. A. Response distributions for zero percent correlation
(noise) stimuli for neurons X and Y. Response magnitude is represented on the abscissa in arbitrary
units, and the frequency distributions are modeled as Gaussian for purposes of computational con-
venience (tic marks are separated by V2). Since there is no consistent motion in any directionin this
stimulus, the distributions are completely overlapping. B. The response distributions of X and Y to
rightward motion at a correlation level near psychophysical threshold. Since the neuron, X, is
selective for rightward motion, its responses are generally larger than those of the antineuron, Y.
C.The joint probability distribution for zero percent correlation trials illustrated in A. Displacement
on the z-axis reflects the probability of obtaining a particular combination of responses from X and
Y on a single trial. The diagonal at the boundary between the shaded and unshaded regions is the
identity line along which the responses of the ncuron and anti-neuron are equal. The distribution
is symmetrically situated about the diagonal. By the decision rule in Figure 6, trials that fall in the
shaded region result in a leftward decision (response of ¥ > response of X). Similarly, trials that fall
in the unshaded region are accompanied by a rightward decision (response of X > response of ¥).
D. The joint probability distribution for the ncar-threshold correlation value illustrated in B. Since
the responses of X are generally greater than the responses of ¥, the peak of the joint probability
distribution is shifted to the right of the diagonal. Rightward decisions will therefore occur on more
trials at this correlation level.

therefore predicts that motion will be  distribution of responses obtained from
judged as rightward for most trials  cell X when motion is judged as right-
represented in Figure 14B. ward, and compare this with the ex-

We may now derive the expected  pected distribution of responses when
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Figure 14.
Theoretical A
prediction of
response dis-
tributions on
rightward and
leftward deci-
sion trials. A.
Contour plot
representa-
tion of the
idealized joint
response dis-
tribution of
neuron X and
“antineuron”
Y for the zero
percentcorre-
lation (noise) €
stimulus. The
contours are
horizontal
slicesthrough
the surface
shown in Fig-
ure 13C. Thus
smaller di-
ametercircles
indicate higher joint probability. The decision rule is represented by the diagonal line which dis-
tinguishes two regions of the distribution. Below the diagonal, trials are represented in which the
response of rightward preferring ncuron X exceeds that of leftward preferring “antineuron™ ¥ (x >
y); above the diagonal the relationship is reversed (x < y). Notice that all trials in which neuron X
responds with strength a are described by a slice through the joint distribution at a (x = a). A
rightward decision is expected when the response of Y is less than a, represented by the portion of
the slice below the diagonal (stippled). B. Contour plot representation of the idealized joint
frequency distribution in Figure 13D, representing the paired responses of rightward preferring
neuron X and leftward preferring “antineuron” Y to a weak rightward stimulus. The distribution
favors larger responses in X. Since most of the distribution falls below the diagonal, rightward
decisions are expected on the majority of trials. C. Predicted response distributions for neuron X
on trials in which rightward decisions are made (x | x> y) and on trials in which leftward decisions
are made (x| x < y) for zero percent correlation (noise) stimuli. These distributions were computed
by equations (2) and (3), employing the idealized Gaussian response distributions in Figure 13A.
Two examples are shown schematically for arelatively low and high response of neuron X, denoted
a and b respectively. Although neuron X is equally likely to respond with strengthx=aorx=b,
the larger response, b, is more likely to be accompanied by a rightward decision. The probability
that neuron X will respond with magnitude a in association with a rightward decision (y < a) is
represented by the open circle. Thisis the area under the joint distribution along the stippled portion
of the slice at a in the contour plot (panel A). The probability that response a will be associated with
aleftward decision is shown by the solid circle, reflecting the arca under the solid portion of the slice
ata. The same relations pertain atx=b. The decision-related probability (SOC probability) for these
two distributions is 0.83. D. The expected response distributions for neuron X accompanying
rightward decisions (x | x > y) and leftward decisions (x | x < y) for a weak rightward moving
stimulus. Fewer leftward decisions are predicted and are more likely to be associated with smaller
responses of the neuron. The decision-related probability (SOC probability) for these distributions
is 0.85.
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motion is judged as leftward. Let us
consider the zero percent correlation
stimulus (Figures. 14A and 14C). The
frequency of observing a particular
response, a, from neuron X is the inte-
gral along a slice through the probabil-
ity surface indicated by the vertical
strip at a in the contour plot (Figure
14A). The fraction of the integral be-
low the diagonal, indicated by the
stippled portion of the slice, reflects the
frequency of observing response a when
neuron Y yields a smaller response. If
the decision rule is obeyed, motion will
be judged as rightward on these trials.
The fraction of the integral above the
diagonal, shown by the solid portion of
the slice, reflects the frequency of ob-
serving response a in neuron X when
the response of neuron Y is greater than
a. For these trials, the decision rule
predicts that motion will be judged as
leftward. In general, the conditional
probability of obtaining any response
from neuron X given a rightward deci-
sion is given by percent

fixbe>y) = fol 2fpdy ()

where f(x) and f(y) represent the re-
sponse distributions of neurons X and
Y, respectively. Similarly, the condi-
tional probability of obtaining any re-
sponse from neuron X given a leftward
decision is given by

(xlx<y) = f(x)] “f(y)dy 3)

Recall that these distributions are
estimated from the experimental data:
f(x) is the distribution of response val-
ues recorded from the neuron under
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study while the response distribution
for the “antineuron,” (y), is inferred
from the response of the “neuron” to
the opposite direction of motion.

Using equations (2) and (3), we
computed the expected response distri-
butions for neuron X under the two con-
ditions of interest for the SOC measure-
ment: “leftward” decision and “right-
ward” decision. Figure 14C shows the
result of this computation for a zero
percent correlation stimulus, and Fig-
ure 14D depicts the result for the weak
rightward moving stimulus. In each
figure, the expected response distribu-
tionforrightward decisiontrialsis given
by the dashed line labeled “x | x > y.”
Similarly, the expected response distri-
bution for leftward decision trials is in-
dicated by the dashed line labeled “x | x
< y.” Of course, the sum of the dashed
curves in each figure must equal the
original distribution of responses for
neuron X shown in Figures 13A and
13B and indicated again by the solid
curves in Figures 14C and 14D.

An intuitive feel for the predicted
distributions may be gained by consid-
ering the vertical “integration strips™ at
points a and b in Figure 14A. Integra-
tion along the stippled portion of the
strip at a will yield a smaller value than
integration along the solid portion
because more of the joint probability
surface lies above the diagonal at a.
Thus the probability of obtaining re-
sponse a from neuron X will be smaller
for the condition x > y (rightward deci-
sion) than for the condition x < y (left-
ward decision). The expected frequen-
cies for the two conditions are indicated
by the open circle (on the curve x > y)
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and the closed circle (on the curve x <
y) at point a in Figure 14C. The oppo-
site relation obtains for the strip at point
b in Figure 14A. Integration along the
stippled portion of this strip yields a
larger value than integration along the
solid portion since more of the joint
probability surface lies below the di-
agonal at this point. Thus, the likeli-
hood of obtaining response b is greater
for trials in which rightward decisions
are made (open circle at b in Figure
14C) than for trials on which leftward
decisions are made (closed circle).
We may now compare the theo-
retically derived distributions in Fig-
ures 14C and 14D with experimentally
observed distributions such as those
illustrated on the left of Figure 11.
Although the experimental distributions
in Figure 11 appear rather rough due to
the modest number of trials recorded at
each correlation level, they are qualita-
tively similar to the theoretical results.
For the zero percent correlation case
(Figure 14C; top left of Figure 11), the
distribution for “preferred” decision
trials overlaps, but is offset to the right
of, the distribution for “null” decision
trials in both the theoretical and experi-
mental data. For the near-threshold case
(Figure 14D; lower left of Figure 11),
the theoretical and experimental data
both yield a striking difference in
amplitude between the distributions for
“preferred” and “null” decisions. This
is a natural consequence of the fact that
a larger proportion of correct decisions
occurs near threshold than at zero per-
cent correlation. More importantly, the
offset and overlap of the distributions
for“preferred” and “null” decisions are
again similar for the theoretical and ex-

perimental data. Qualitatively, then, the
observed distributions for the MT neu-
ron in Figure 11 conform to the results
expected from the two-neuron model.

It is possible to evaluate quantita-
tively the correspondence between
theory and experiment by comparing
the decision-related probabilities for
the idealized distributions in Figures
14C and D with those obtained for the
MT neuron in Figure 11. For the theo-
retical distributions, the probability was
0.83 for the zero percent correlation
case (Figure 14C) and 0.85 for the near-
threshold case (Figure 14D). Thus the
decision-related probabilities expected
from perfect adherence to the two-
neuron decision rule, like those of our
neurons, are substantially less thanone.
For the experimental data, the corre-
sponding probabilities were 0.71 (zero
percent correlation) and 0.73 (25.6
percent correlation). While the theo-
retical and experimental data are quali-
tatively similar, then, the decision-re-
lated probabilities for this MT neuron
fall somewhat short of the expected
values. Recalling that the neuron in
Figure 11 yielded one of the largest
decision-related probabilities in our
sample of cells, we would expect this
quantitative discrepancy between the-
ory and experiment to be generally true
in our data. A preliminary analysis has
shown this to be the case.

The most likely explanation for
the discrepancy is that the basic as-
sumptions of the two-neuron model are
overly simplistic. In other words, there
is more variance in the monkey’s deci-
sions than can be accounted for by a
comparison of only two oppositely
tuned neurons. This is hardly surpris-



ing; even the most ardent single-unit
physiologist would concede that per-
ceptual decisions in our task are likely
to depend upon a somewhat larger col-
lection of neurons, perhaps comprising
the most sensitive neurons in a few
cortical columns. What is remarkable
about the comparison between theory
and experiment is that the decision-
related probabilities from single MT
neurons can approach as closely as they
do to those predicted by the two-neuron
model. This observation lends addi-
tional support to our hypothesis that
perceptual decisions in this task are
based on the responses of a small
number of neurons.

We have argued that the covari-
ation in neuronal response and psy-
chophysical response revealed by the
SOC analysis arises because the mon-
key’s perceptual decisions are based on
the directional signals encoded by MT
neurons. However, alternative expla-
nations must be considered. For ex-
ample, the covariation may result from
athird variable, such as attention, which
is not under adequate experimental
control. One might suppose that in-
creased attention in a particular trial has
the effect of enhancing slightly the
responsiveness of neurons across alarge
portion of the visual cortex. If increased
attention also elevated the probability
of the monkey making a correct deci-
sion, then a correlation between in-
creased neuronal responsiveness and
correct decisions would be expected in
the absence of a causal relationship
between the two. However, the atten-
tion hypothesis cannot explain the
covariation of neuronal response and
psychophysical decision on zero per-
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cent correlation trials. For these trials
there are no “correct” or “incorrect” de-
cisions since there is no net motion in
the stimulus. There are only “preferred”
and “null” direction responses.

Whatever variable is postulated to
explain the effect must occur only in
trials in which the monkey emits a
“preferred” response. The most obvi-
ous event that occurs only in “pre-
ferred” decision trials is the operant
response itself, the eye movement to
the preferred target. However, we have
never observed saccade-related activ-
ity in MT, and lesions of this area have
no effect on saccades to stationary tar-
gets.?! In addition, the changing ge-
ometry of receptive-field location and
preferred-null axis for individual MT
neurons ensures that no particular met-
ric of the saccade will be associated
consistently with the target LED for a
preferred-direction choice. We are
therefore skeptical that the eye move-
ment itself could account for the co-
variation between neuronal response
and psychophysical decision.

Finally, we should point out that
inter-animal variability in the selectiv-
ity of inputs to the monkey’s decision
process could yield different patterns
of results in different animals. All the
data we have presented were obtained
in a single monkey, and the data sug-
gestthatthe directional judgments made
by this animal were based in a selective
manner on neurons that are well tuned
for, and highly sensitive to, the motion
signals in our visual displays. If the
decisions made by another animal were
more strongly influenced by the activ-
ity of neurons that are poorly related to
the stimulus, our experiments could
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reveal a wider gap between sensitivity
of the “best” neurons and psychophysi-
cal sensitivity (see discussion of uncer-
tainty effects in a preceding section) as
well as a diminution or absence of the
covariation of neuronal response and
psychophysical decision. We have
obtained preliminary data from a sec-
ond monkey in which both of these
trends are evident, but a reliable indica-
tion of the inter-animal variability in
these results must await more extensive
data from a larger pool of animals.

Conclusions

Earlier in this chapter, we sug-
gested that a physiological understand-
ing of a perceptual process would in-
clude: (1) identification of the neurons
that provide the critical signals for the
perceptual decision, (2) insight into the
way these signals arise from the inputs
provided by lower visual centers, and
(3) knowledge of the mechanisms by
which the critical signals are translated
into a decision. Although preliminary,
our results are relevant to these issues
and suggest experiments that will fur-
ther clarify the physiological basis of
the perceptual decisions made by the
monkey in our task.

Previous experiments which
combined psychophysical testing with
cortical lesions indicated that MT is
necessary for normal performance on
the psychophysical task employed in
the current study.’ Our ROC analysis of
the physiological data obtained during
performance of this task shows that the
directional information encoded by

single MT neurons is often sufficient to
account for psychophysical perform-
ance. Considered together, these find-
ings suggest that the directional signals
encoded by MT neurons contribute to
the monkey’s perceptual decision.

This point of view is strengthened
considerably by the observation of a
trial-by-trial association between the
intensity of response of an MT neuron
and the likelihood that the monkey
would judge motion to be in the neu-
ron’s preferred direction. Thus some
MT neurons contain information about
the decision that the monkey will make
in a trial, independent of the stimulus
presented to the system. Although
additional data are needed to interpret
this effectconclusively, the covariation
of neuronal response and perceptual
decision provides evidence for a rela-
tively direct link between MT and the
monkey’s decision process.

It will be of interest to determine
how the sensitivity of MT neurons to
motion is related to that of antecedent
neurons in the central visual pathway
(point 2 above). Itis clear, for example,
that many directionally selective neu-
rons in striate cortex (V1) project to
MT,? and anatomical experiments have
shown that MTreceives inputs from V2
and V3 as well.??* We suspect that
neurons in these areas will not exhibit
the striking correspondences between
neuronal and psychophysical perform-
ance for the stimuli employed in the
present study. If, however, the stimuli
are modified to be optimal for neurons
in V1, V2 and V3 (smaller apertures,
slower speeds, higher dot densities),
correspondences between neuronal and



psychophysical performance may
emerge. We will address issues of this
nature in future experiments.

The present data are also relevant
to the third, and most difficult, point
raised above: the mechanisms by which
sensory signals are translated into per-
ceptual decisions. Our theoretical con-
sideration of the sender-operating char-
acteristic indicates that a decision rule
based on a comparison of the responses
of neurons with opposite preferred di-
rections can account qualitatively for
the covariation between neuronal re-
sponse and perceptual decision. This
finding provides physiological support
for the notion, based initially on psy-
chophysical evidence, that perceptual
judgments concerning direction of
motion result from a comparison of
oppositely tuned directional mecha-
nisms. Exactly where and how this
comparison is made remains to be de-
termined. Our data are consistent with
the idea that MT neurons provide rela-
tively direct inputs to the mechanism
that implements the comparison, and
we plan to search for neuronal corre-
lates of this mechanism in the higher
cortical areas that receive projections
from MT.

In principle, the output of the com-
parison mechanism should be a signal
that reflects the animal’s decision more
directly. Clearly, such signals exist in
oculomotor centers such as the superior
colliculus since the monkey must de-
cide on a given trial whether to move its
eyes toone or the other target. Our goal,
however, is to trace more accurately the
transition from sensory signals to deci-
sion-related signals by recording at
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intermediate levels of the pathway. The
fact that we can observe both sorts of
signals in the activity of MT neurons
suggests that the transition may be
graded, with sensory responses gradu-
ally giving way to decision-related
responses. Additional insight into the
nature of this transition should come
about from continued analysis of these
signals in the cortex of behaving mon-
keys.
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Figure 14.
Theoretical A
prediction of
response dis-
tributions on
rightward and
leftward deci-
sion trials. A.
Contour plot
representa-
tion of the
idealized joint
response dis-
tribution of
neuron X and
“antineuron”
Y for the zero
percentcorre-
lation (noise) €
stimulus. The
contours are
horizontal
slicesthrough
the surface
shown in Fig-
ure 13C. Thus
smaller di-
ametercircles
indicate higher joint probability. The decision rule is represented by the diagonal line which dis-
tinguishes two regions of the distribution. Below the diagonal, trials are represented in which the
response of rightward preferring ncuron X exceeds that of leftward preferring “antineuron™ ¥ (x >
y); above the diagonal the relationship is reversed (x < y). Notice that all trials in which neuron X
responds with strength a are described by a slice through the joint distribution at a (x = a). A
rightward decision is expected when the response of Y is less than a, represented by the portion of
the slice below the diagonal (stippled). B. Contour plot representation of the idealized joint
frequency distribution in Figure 13D, representing the paired responses of rightward preferring
neuron X and leftward preferring “antineuron” Y to a weak rightward stimulus. The distribution
favors larger responses in X. Since most of the distribution falls below the diagonal, rightward
decisions are expected on the majority of trials. C. Predicted response distributions for neuron X
on trials in which rightward decisions are made (x | x> y) and on trials in which leftward decisions
are made (x| x < y) for zero percent correlation (noise) stimuli. These distributions were computed
by equations (2) and (3), employing the idealized Gaussian response distributions in Figure 13A.
Two examples are shown schematically for arelatively low and high response of neuron X, denoted
a and b respectively. Although neuron X is equally likely to respond with strengthx=aorx=b,
the larger response, b, is more likely to be accompanied by a rightward decision. The probability
that neuron X will respond with magnitude a in association with a rightward decision (y < a) is
represented by the open circle. Thisis the area under the joint distribution along the stippled portion
of the slice at a in the contour plot (panel A). The probability that response a will be associated with
aleftward decision is shown by the solid circle, reflecting the arca under the solid portion of the slice
ata. The same relations pertain atx=b. The decision-related probability (SOC probability) for these
two distributions is 0.83. D. The expected response distributions for neuron X accompanying
rightward decisions (x | x > y) and leftward decisions (x | x < y) for a weak rightward moving
stimulus. Fewer leftward decisions are predicted and are more likely to be associated with smaller
responses of the neuron. The decision-related probability (SOC probability) for these distributions
is 0.85.
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