bands is taken into account, has been
developed by Kasuya and his co-workers
(36). This model is very successful in
explaining the anomalous magnetic prop-
erties of CeSb and CeBi. A delicate bal-
ance between the crystal field splitting and
the strength of the p-f hybridization is
responsible for the existence of the mod-
ulated phases with nonmagnetic planes in
CeSb. Hydrostatic pressure destabilizes
this delicate balance and leads to the
disappearance of such phases.

Related Areas

The complementary use of neutron and
X-ray magnetic scattering techniques is ex-
tremely powerful for the study of magnetic
materials. The experimental results for
magnetic structures in rare earth metallic
systems are established, and our theoretical
understanding is quite reasonable, although
not complete. Recently, a number of mag-
netic phases have been discovered in heavy
fermion and high-temperature supercon-
ducting materials. These materials form a
class of strongly correlated electron systems
for which there is a possible interplay be-
tween magnetic interactions and supercon-
ductivity. These materials certainly merit a
separate article.
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Neural Mechanisms for Forming a
Perceptual Decision

C. Daniel Salzman and William T. Newsome?*

Cognitive and behavioral responses to environmental stimuli depend on an evaluation of
sensory signals within the cerebral cortex. The mechanism by which this occurs in a specific
visual task was investigated with a combination of physiological and psychophysical
techniques. Rhesus monkeys discriminated among eight possible directions of motion
while directional signals were manipulated in visual area MT. One directional signal was
generated by a visual stimulus and a second signal was introduced by electrically stim-
ulating neurons that encoded a specific direction of motion. The decisions made by the
monkeys in response to the two signals allowed a distinction to be made between two
possible mechanisms for interpreting directional signals in MT. The monkeys tended to cast
decisions in favor of one or the other signal, indicating that the signals exerted independent
effects on performance and that an interactive mechanism such as vector averaging of the
two signals was not operative. Thus, the data suggest a mechanism in which monkeys
chose the direction encoded by the largest signal in the representation of motion direction,

“winner-take-all” decision process.

Within the cerebral cortex, the visual
environmerit is encoded by the electrical
activity of neurons in topographically orga-
nized maps of visual space. Little is known,
however, about how the neuronal signals
within a sensory representation are inter-
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preted to form perceptual decisions that
guide behavior. Such decision processes
have been extensively modeled in cognitive
psychology and psychophysics to provide
quantitative accounts of human perfor-
mance in a variety of discrimination tasks
(1). Physiological approaches that test and
refine such models are essential for under-
standing the neural basis of cognitive be-
havior. Here we describe a physiological
experiment that explores how sensory sig-
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nals are evaluated to judge the direction of
moving visual stimuli in a specific psycho-
physical task.

In monkeys, neural signals related to the
perception of motion are carried within a
specialized pathway in visual cortex (2).
Neurons in this motion pathway are pre-
dominantly direction-selective; they" re-
spond maximally to visual stimuli moving
in a preferred direction but little or not at
all to motion in the opposite direction.
Within the motion pathway, the middle
temporal area of dorsal extrastriate cortex
(MT, or V5) contains a systematic repre-
sentation of motion direction (3). Almost
all MT neurons are direction-selective, and
these neurons are organized in a columnar
fashion so that neighboring neurons tend to
have a similar preferred direction and re-
ceptive field location. Each cortical column
therefore encodes a particular direction of
motion in a restricted region of the visual
field. Cortical columns may differ in recep-
tive field location and preferred direction,
thus forming a topographic representation
of all directions of motion (4).

In a direction discrimination task, at
least two competing hypotheses—vector
averaging and winner-take-all—could ex-
plain how activity within this system of
columns is evaluated in order to form a
perceptual decision. In a vector averaging
model, the responses of neurons encoding
all directions of motion are weighted and
pooled to obtain an accurate estimate of
motion direction. In this model, each neu-
ron “votes” for its preferred direction with a
weight proportional to its response intensi-
ty. The average of all individual neuronal
vectors yields a population vector, indicat-
ing the direction of stimulus motion that
elicited the observed pattern of activity in
MT (5, 6). This proposal is similar to motor
mechanisms that control the metrics of
saccadic eye movements (7) and also, per-
haps, of reaching arm movements (8).

Although a vector averaging model may
be correct for some moving stimuli, it can-
not account for perceptual phenomena like
motion ‘transparency in which two direc-
tions of motion are perceived simultaneous-
ly when two moving dot patterns are spa-
tially superimposed (9). Motion transparen-
cy indicates that directional signals need
not be averaged together, but can be kept
segregated in the neural representation of
motion. - :

The segregation of signals is a central
feature of a winner-take-all model, in
which the direction of stimulus motion is
identified by monitoring several direction-
specific channels. Decisions are cast in fa-
vor of the channel generating the largest
signal. In the present context, a channel
may be considered to be one or a few
columns in MT that encode a particular
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motion direction (10). Winner-take-all
models account nicely for perceptual data
acquired in several common psychophysical
procedures (1), and they can also be applied
to physiological data to predict accurately
psychophysical performance (11, 12).

To distinguish between vector averaging
and winner-take-all mechanisms in a spe-
cific perceptual task, we applied electrical
microstimulation to directional columns in
MT, while rhesus monkeys performed an
eight-alternative direction discrimination
(13-15). Evidence for vector averaging
could emerge when the direction of visual
stimulus motion differed by 90 or 135 de-
grees from the preferred direction of the
stimulated neurons. Under these condi-
tions, a vector averaging model predicts
that the monkeys’ choices will be biased
toward directions of motion intermediate
between the two directional signals. In con-
trast, a winner-take-all model predicts that
the two directional signals will compete with
each other, with choices being made in favor
of the channel of neurons responding most
strongly. In this case, microstimulation and
the visual stimulus exert independent effects
on the monkeys’ choices. Decisions will tend
to be cast in favor of one of the two direc-
tional signals if these directions are separated
sufficiently. Our data support the winner-
take-all mechanism; the monkeys’ perform-
ance could be accounted for by independent
contributions from microstimulation and the
visual stimulus. We observed no interactions
between microstimulation and the visual
stimulus that could support a vector averag-
ing mechanism.

Stimulation sites and the behavioral
task. For each experiment, we positioned a
microelectrode within a cortical column
encoding a particular direction of motion
(16-18). The multiunit receptive field was
mapped with a bar of light, and we then
presented visual stimuli consisting of dy-
namic random dot patterns within an aper-
ture placed directly over the neurons’ recep-
tive field (I11). The strength of a motion
signal within the random dot display was
determined by the percentage of dots carry-
ing a unidirectional motion signal. We refer
to this percentage as the correlation of the
motion signal, and the correlation could
vary from O to 100 percent. The remaining
uncorrelated dots were displaced randomly
in the display, creating.a masking motion
noise. Thus the dificulty of the eight-
alternative discrimination could be adjusted
simply by presenting a different correlation
of the motion signal.

Before starting a microstimulation ex-
periment, we used a dot pattern with 100
percent correlation to measure the direc-
tional tuning properties of neurons at the
stimulation site. Multiunit responses were
measured for each of eight directions of
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motion separated by 45 degrees while mon-
keys performed a fixation task (19).
During a discrimination experiment, a
monkey fixated a point of light (Fig. 1A,
FP) while viewing the dynamic random dot
stimulus presented within the visual stimu-
lus aperture placed over the neurons’ recep-
tive field. For an individual trial, the direc-
tion of motion in the visual stimulus was
one of the eight possible directions (Fig.
1A, arrows). The direction was selected
randomly on each trial, and the speed of
the correlated motion signal was the opti-
mal speed of the neurons under study. At
the end of a 1-s viewing interval, the visual
stimulus and fixation point were extin-
guished, and eight light-emitting diodes
(LEDs) were turned on, one corresponding
to each possible direction of motion. The
monkey indicated its judgment of motion
direction by making a saccadic eye move-
ment to one of the LEDs. Correct choices
were rewarded with drops of water or juice.
We trained two monkeys on this task until
their performance under a wide range of
stimulus conditions no longer improved.
The monkeys usually performed almost per-
fectly (>90 percent correct) when the cor-
relation was high (>50 percent correlated
dots). At low correlation values (below 10
percent correlated dots, for example), per-
formance approached chance values.
While a monkey performed the eight-
alternative discrimination, we attempted to

A o— Target LEDs
O @)
FP -+
O O
O )
O
B
— ——— Fixation point
— L Visualstimulus
— T L —__  Microstimulation
T~ — Target LEDs
——~— /" Eyeposition
1 second

Fig. 1. (A) The experimental set-up for the
eight-alternative direction discrimination. The
monkey fixated a light-emitting diode (LED)
labeled FP and viewed the visual stimulus pre-
sented within an aperture (outer circle) placed
directly over the receptive field of neurons at
the stimulation site (inner circle). Motion in the
stimulus could occur in any of eight directions
(arrows) over a range of correlation levels. (B)
The timing of events within a trial containing
microstimulation. Microstimulation was applied
simultaneously with the presentation of the vi-
sual stimulus.



introduce a directionally specific signal into
the cortex by activating neurons at the
stimulation site with trains of small-ampli-
tude stimulating pulses (10 wA, biphasic
pulses) (20). Microstimulation was applied
for 1 s, beginning and ending simultaneous-
ly with the onset and offset of the visual
stimulus (Fig. 1B). In a typical experiment,
the monkey discriminated the direction of
motion at six or seven correlation values
spanning O to 100 percent correlation. Mi-
crostimulation usually occurred on half of
the trials at all but the two highest correla-
tion values; the values excluded. from the
microstimulation regime helped ensure that
the monkey’s reward rate was sufficiently
high to maintain motivated performance.
For both the stimulated and nonstimulated

conditions, an equal number of trials (usu- .

ally five) was presented in each direction for
each correlation value. At O percent corre-
lation, where the stimulus cannot cue a
correct choice, we rewarded the monkey
randomly. Reward contingencies were
identical for stimulated and nonstimulated
trials, and all trial types were randomly
interleaved.

Performance on the eight-alternative
discrimination. Microstimulation frequent-
ly had a striking effect on the monkeys’
decisions (for example, Fig. 2). Data from

Fig. 2. Polar plots show-

ing monkey performance A
(circles) and model pre- L
dictions (lines) for an L
eight-alternative  micro-

0%
correlation

this experiment have been collapsed across
the eight visual stimulus directions to indi-
cate the overall proportion of decisions
made in each direction. The monkey’s
choices were influenced by at least three
factors: (i) an inherent “choice bias,” (ii)
microstimulation, and (iii) the visual stim-
ulus. The monkey’s inherent choice bias
can be observed in the nonstimulated con-
dition at very low correlation values, where
the visual stimulus supplies little or no
directional information. Under these con-
ditions, the monkey chose the rightward
direction more frequently than would be
expected by chance (>12.5 percent of the
decisions) (Fig. 2, A and B), revealing an
inherent choice bias toward the right. The
choice bias could be overcome either by
microstimulation or by the presence of a
strong motion stimulus. The effect of mi-
crostimulation on the choices is demon-
strated by the large increase in decisions
made down and to the left on stimulated
trials (Fig. 2, A through D). The effect of
the visual stimulus, while large, is not
directly obvious in these polar plots because
the data have been collapsed across visual
stimulus direction. However, the monkey
made approximately equal numbers of
choices in each direction at high correla-
tion values (51.2 percent and 100 percent)

B 6.4%
correlation

stimulation  experiment. 6O,
The preferred direction
of neurons at this stimu-
lation site was down and
to the left. The data have
been collapsed across
visual stimulus direction
so that one polar plot de-
scribes all choices made
at a particular correla-
tion. Open circles, per-
formance on nonstimu-
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lated trials; closed sym-
bols, the data from stim-
ulated trials. Dashed
lines, model predictions
for nonstimulated data;
solid lines, predictions
for stimulated data. Data
predicted by the model
are at the vertices of
each of the line plots; the
vertices are connected
with lines only for the
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purpose -of presentation.
Microstimulation was not
applied at 51.2 percent
and 100 percent correla-
tion, and therefore only
data and predictions for
the nonstimulated condi-
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tion appear. Eighty trials were performed at each correlation value.
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(Fig. 2, E and F), reflecting nearly perfect
performance when the visual stimulus con-
tained a strong motion signal. (Equal num-
bers of trials were presented in each direc-
tion for each correlation value.)

Analysis of these data had to accommo-
date the large number of test conditions
within an experiment (usually 528 combi-
nations of stimulus and response options).
We developed a statistical model, based on
polychotomous logistic regression, that pre-
dicted performance from three types of pa-
rameters, corresponding to the three influ-
ences evident in Fig. 2—choice bias, micro-
stimulation, and the visual stimulus (21).

In its simplest form, the statistical model
assumed independent contributions from
each free parameter. Eight parameters de-
scribed choice bias, one for each choice
direction. If the data from an experiment
revealed no choice bias, the eight bias
coefficients were équal. An additional eight
parameters described the effect of mi-
crostimulation, one corresponding to each
of the eight possible directions. Finally, five
parameters described the relation between
the direction and strength of motion in the
visual stimulus and a monkey’s decisions.
The first of these five parameters modeled
the influence of the visual stimulus on
decisions made to the same direction as the
visual stimulus. The remaining four param-
eters modeled the effect of the visual stim-
ulus on decisions made to directions *+45,
+90, +135, and *+180 degrees away from
the direction of stimulus motion. Because
the monkeys accurately reported the direc-
tion of motion in the stimulus at high
correlation values, the fitting of the model
to the data always estimated the first stim-
ulus parameter to have the largest value,
with the values of the other parameters
tending to decrease as the angle between
stimulus and choice directions increased.
The use of these five parameters to model
the contribution of the visual stimulus to
performance required two assumptions: (i)
the monkey’s sensitivity to the visual stim-
ulus on average does not vary with the
direction of the motion signal, and (ii)
given motion in a particular direction, the
monkey’s decisions are symmetrically dis-
tributed about that directien in.the absence
of bias.

We used a maximum likelihood fitting
method to provide quantitative estimates
and measures of statistical significance for-
each parameter (22). Our criterion for sta-
tistical significance of a parameter in the
model was P < 0.01. The model provided
an excellent description of the data for
every experiment (23), with modél predic-
tions closely matching observed data (for
example, Fig. 2, dashed and solid lines).

Interaction between microstimulation
and the visual stimulus. To distinguish
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between vector averaging and winner-take-
all mechanisms for forming decisions about
motion direction, we examined conditions
where the visual stimulus and microstimu-
lation both influenced decisions. We could
not detect vector averaging if either the
visual stimulus or the microstimulation ef-
fect was sufficiently strong to overwhelm
the other signal. We therefore analyzed a
subset of data chosen to maximize our
chances of detecting interaction effects; in
this subset both microstimulation and the
visual stimulus had a statistically significant
impact on performance (24).

The selected subset of data comprised 27
stimulus correlation values from 23-experi-
ments. For each selected condition, we
extracted the data when the direction of
visual stimulus motion was 90 or 135 de-
grees away from the preferred direction of
the microstimulation effect and analyzed
the pattern of decisions made under these
conditions (25) (Fig. 3, A and B). Each of
the 27 selected conditions actually contrib-
uted two sets of data in this analysis, as
stimulus motion was presented both clock-
wise and counterclockwise from the mi-
crostimulation effect direction.

When the direction of stimulus motion
and microstimulation effect differed by 135
degrees, the monkeys made the most deci-
sions in favor of the visual stimulus direc-
tion, with somewhat fewer decisions made to
the microstimulation effect direction (Fig.
3A, open symbols). As expected from a
winner-take-all mechanism, fewer decisions
were made in favor of directions intermedi-
ate between the two directional signals. The
model predictions closely matched the ob-
served data (Fig. 3A, solid symbols). Recall
that the model estimates the effects on de-
cisions of microstimulation, the visual stim-
ulus, and choice bias under the assumption
that these factors contribute independently
to decisions. The model cannot incorporate
specific interactions such as vector averaging
between different directional signals (26).
Since independent contributions of mi-
crostimulation and thé visual stimulus ac-
count for psychophysical performance, our
data support- a winner-take-all decision
mechanism.

When the visual stimulus and mi-
crostimulation effect directions differed by
90 degrees, the monkeys made slightly more
decisions to the direction intermediate be-
tween the two-directional signals than one
might intujtively expect (Fig. 3B, open
symbols). A winner-take-all mechanism,
however, would predict an increase in
choices to intermediate directions when the
two directional signals are broadly tuned
and not substantially separated (27). In
fact, the statistical model, which does not
incorporate vector averaging, predicts a
higher proportion of decisions in favor of
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the intermediate direction than was ob-
served in the data (Fig. 3B, solid symbols).
Thus the monkeys made even fewer choices
to the intermediate direction than would be
expected if microstimulation and the visual
stimulus contributed independently to de-
cisions. This might occur if the subpopula-
tion of neurons encoding the intermediate
direction was inhibited by the visual stim-
ulus and microstimulation (28).

To confirm that the averaged data in
Fig. 3 did not disguise vector averaging
effects in individual experiments, we ex-
plicitly tested the interaction hypothesis on
an experiment-by-experiment basis. For
each of the 27 selected conditions, we fit
the experiment containing the selected
condition with an expanded version of the
model containing two interaction terms
(29). One of the new terms estimated

" interaction effects when the direction of

visual stimulus motion was orthogonal to
the preferred direction of the microstimula-
tion. effect. The second new term assessed
interaction when the visual stimulus moved
in a direction 135 degrees from the pre-

0.3
‘0.2

0.1+

0.0

Proportion of decisions
<
7]

0045 50 135 180 25 270 315
Choice direction (degrees)

Fig. 3. The pattern of decisions made when the
visual stimulus (VS) differed by (A) 135 or (B)
90 degrees from the preferred direction of the
microstimulation effect (ES). Open symbols, the
average proportion of the decisions made in
each of eight response directions; closed sym-
bols, model predictions for the same data
points. Before averaging the selected data,
each data set was rotated so that the preferred
direction of the microstimulation effect corre-
sponded to 225 degrees. The data were also
symmetrically folded over so that visual stimu-
lus motion clockwise to the microstimulation
effect direction could be represented on the
same plots as motion ceunterclockwise.
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ferred direction of the microstimulation ef-
fect. The interaction terms only modeled
choices made when the visual stimulus was
at the correlation value specified by the
screening tests described above. The new
terms allowed the model to capture nonlin-
ear interactions between the visual stimulus
and the microstimulation signal that would
not be fit under the assumption of indepen-
dence of the two signals. Positive interaction
terms would reflect increased: choices rela-
tive to the original model toward directions
intermediate between the visual and mi-
crostimulation signals. This result would be
consistent with the vector averaging model.

In 52 of the 54 conditions tested (96
percent), the interaction term was not sig-
nificantly different from zero. Of the two
significant interaction terms, one was posi-
tive and the other was negative. In addi-
tion, the mean of the interaction terms was
not significantly different from zero for the
27 conditions where the direction of stim-
ulus motion differed from the direction of
the microstimulation effect by 135 degrees.
The mean of the interaction terms was
significantly less than zero when visual
stimulus motion was orthogonal to the di~
rection of the microstimulation effect. Neg-
ative interaction terms imply that fewer
decisions were made to the intermediate
direction than expected on the assumption
of independence. This result is consistent
with the averaged data in Fig. 3B, which
show that fewer decisions were made in
favor of the intermediate direction (180
degrees) than predicted by the original
model.

@—@ Microstimulation
effect

O---O Multiunit response

ks29

Fig. 4. The behavioral effect of microstimulation
compared to the directional tuning of neurons
at the stimulation site (experiment from Fig. 2).
To describe the microstimulation effect (filled
circles and solid lines), for each response di-
rection the predicted probabilities were plotted
under the assumption that the only factor affeet-
ing the monkey's choices was microstimulation.
In the plot of neuronal response as a function of
visual stimulus direction, the maximum re-
sponse was normalized to equal 1.0 (open
circles and dashed lines). Monkey ks29.



Our data therefore provide no evidence
for vector averaging between the visual and
microstimulation signals. Considering the
data set as a whole, the pattern of choices
made by the monkeys is well described by
modeling the visual stimulus and mi-
crostimulation signal as independent influ-
ences on performance.

Characterization of the microstimula-
tion effects. MT is thus far unusual in that
psychophysical performance can be manip-
ulated predictably by activating functional-
ly defined cortical circuits with microstim-
ulation. Because microstimulation exerts an
independent influence on performance, the
model enabled us to compute the direction-
al properties of each microstimulation effect
without the confounding influences of
choice bias and the visual stimulus. To
accomplish this, we calculated for each ex-
periment the probability of decisions occur-
ring in each of the eight possible directions
assuming microstimulation was the only fac-
tor affecting the monkeys’ choices. The bias
and visual stimulus coefficients in the model
were set equal to zero. For the experiment in
Fig. 2, the computed microstimulation effect
was specific for the preferred direction of
neurons at the stimulation site, and the
directional tuning of the behavioral effect
was substantially narrower than that of the
neurons (30) (Fig. 4).

To compare quantitatively the mi-
crostimulation tuning curve to the visual
tuning curve of neurons at the stimulation
site, we fit separate Gaussian functions to
the two sets of data (31). The fit Gaussian
functions produced a mean and standard
deviation (o) for both the neuronal and

-
o
1

o]
!

(2]
1

H
L

Number of experiments

edhllTHlng

-100 -50 0 50 100
Preferred direction difference (degrees)

Fig. 5. The difference between the preferred
direction of microstimulation effect and that of
the neurons recorded at the stimulation site in
each experiment in which microstimulation had
a significant effect. This difference is defined as
the preferred direction of the neurons minus the
preferred direction of the behavioral effect, as
characterized by the Gaussian fits to neuronal
and behavioral data.

microstimulation data, allowing us to com-
pare directly the preferred directions and
bandwidths of the microstimulation and
visual response data. For the experiment in
Fig. 4, the preferred directions differed by
only 6 degrees, but the bandwidth of the
visual tuning curve was 43 degrees wider
than that of the microstimulation tuning
curve (o = 70.8 degrees for visual responses;
o = 27.5 degrees for microstimulation).
We performed this analysis for each of
the 44 experiments (out of 66 total) in
which microstimulation had a significant
effect on the monkey’s choices. Since the
visual responses of MT neurons are broadly
tuned, the preferred direction of the mi-
crostimulation effect generally fell within
the excitatory bandwidth of the visual tun-
ing curve (Fig. 5). In fact, 80 percent of the
behavioral effects (35 out of 44) had a
preferred direction within 45 degrees of the
preferred direction of neurons at the stimu-
lation site. The absolute value of the differ-
ence in preferred direction was inversely
correlated with -the size of effects (r =
—0.46;.P < 0.01) (32), indicating that the
alignment of the preferred directions was
more precise when a large effect occurred.
As in the experiment in Fig. 4, the
microstimulation tuning curves tended to
be narrower than the visual tuning curves of
neurons at the stimulation site. When the
microstimulation tuning bandwidth was
plotted as a function of visual tuning band-
width (Fig. 6), the bandwidth of the behav-
joral effect was usually narrower than that
of the visual responses (data points below
the diagonal). The mean difference in
bandwidth was 18 degrees, indicating a 29
percent decrease in behavioral bandwidth
relative to visual tuning bandwidth (paired
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Fig. 6. The bandwidth of the behavioral effect of
microstimulation from every experiment with a
statistically significant effect plotted as a func-
tion of the directional bandwidth of the neurons
recorded at the corresponding stimulation site.
Bandwidth is defined as o, which was derived
from Gaussian fits to behavioral data and to
neuronal data, respectively.
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t test; P < 0.0001) (33). The narrow tuning
of microstimulation effects was even more
striking for experiments showing large ef-
fects, as the size of the effect was inversely
correlated with behavioral bandwidth (r =
—0.49; P < 0.001). For the 22 experiments
with the largest effects, the difference in
bandwidth was 27 degrees, corresponding
to a 44 percent decrease in behavioral
relative to neuronal bandwidth. Experi-
ments with large effects therefore tended to
produce narrow tuning curves well aligned
with the preferred direction of neurons at a
stimulation site. These conditions probably
arise when the stimulating electrode is par-
ticularly well positioned, perhaps in the
middle of a cortical column.

Neural mechanisms for forming a per-
ceptual decision. Our results provide phys-
iological evidence that distinguishes be-
tween two mechanisms for forming a per-
ceptual decision on an eight-alternative
direction discrimination. We found that
the directional signals elicited by mi-
crostimulation and the visual stimulus ex-
erted independent effects on performance.
These effects may be explained if monkeys
used a winner-take-all mechanism to form
decisions on the task. In this mechanism, a
comparison of activity in distinct subpop-
ulations of neurons, each encoding a par-
ticular direction of motion, results in a
décision favoring the largest signal. The
independent effects of microstimulation
and the visual stimulus arise directly from
their differential influence on specific sub-
populations of direction selective neurons.

Qur data do not rule out the possibility
that vector averaging of neuronal signals
occurs within each subpopulation of neu-
rons. In fact, the narrow tuning of mi-
crostimulation effects, as compared to the
tuning of MT neurons, could result from a
local vector computation. We found no
evidence, however, that decisions on this
task rely on a vector computation across
neurons encoding all directions of motion.
Our results therefore show that directional
signals can be segregated and evaluated
independently to support performance on
tasks like our eight-alternative direction
discrimination. The segregation of direc-
tional signals, however, does not.imply that
microstimulation caused a subjective im-
pression -similar to motion transparency in
our experiments. The perception of a sec-
ond transparent dot field would almost cer-
tainly require intricate patterns of activity
in V1 and other extrastriate areas that
microstimulation in MT cannot replicate.

Although our data clearly demonstrate
the existence of a winner-take-alt decision
process for the eight-alternative direction
discrimination, both vector averaging and
winner-take-all mechanisms probably oper-
ate in the visual system, depending upon
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the nature of the visual stimuli and the
demands of the task being performed. For
example, a stimulus in which dots move
randomly within a restricted range of direc-
tions results in a unidirectional motion
percept, suggesting that a vector averaging
mechanism underlies perception of this
stimulus (34). More complicated mecha-
nisms than either vector averaging or win-
ner-take-all must also exist. For example,
the psychophysical phenomenon of motion
coherence, in which a single direction of
motion is perceived when two sine wave
gratings moving in different directions are
spatially superimposed, suggests a sophisti-
cated “intersection of constraints” mecha-
nism (35). It is interesting that some neu-
rons in MT respond to the superimposed
gratings as predicted by this mechanism
(36). Thus neural signals for visual motion
are probably combined in multiple ways to
form decisions in different perceptual tasks
with greatly varying demands.

Sensory systems represent diverse stimuli
present simultaneously in the environment.
Motor control, by contrast, is inherently
more serial because movements of any body

part are executed one at a time. Thus motor-

systems may rely more on broadly based
averaging mechanisms (7, 8, 37, 38), hav-
ing no need to code different movements
simultaneously. From this point of view, a
critical problem in sensorimotor integration
is the selection of single targets for move-
ment from a large array of environmental
stimuli. The decision mechanisms that ac-
complish this selection are becoming an
increasingly important subject of irivestiga-
tion for cognitive neuroscience.
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> exp(y)
/=1
where
Yi=o;+ Bjzy + ygX Q)

In these equations, «; represents the contribution
of choice bias for the jth response direction, and
B, models the effects of microstimulation for the
same direction. B;-is multiplied by Zz;, which
equals 1 when microstimulation is applied, but 0
when there is no microstimulation. The visual
stimulus parameters are represented notationally
by v1.s. These terms are specified in Eq. 2 by v,
where d indicates a particular visual stimulus
parameter according to the difference in angle
between a response direction, j, and the direction
of the visual stimulus. v, is used when stimulus
direction and response direction are identical
(that is, when stimulus motion is in the jth direc-
tion). Similarly, when motion is 45 degrees from
the jth direction, «, is included. For motion 90,
135, and 180 degrees away from the jth direction,
Y3 Y4 and ys, respectively, are used. In each

‘instance, the designated y parameter is multiplied

by x, the correlation of the visual stimulus. This
system of equations estimates the proportion of
choices in eight directions for each combination
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imum likelihood methods to find the best fitting
parameters aq._g, B1.g, and vyq.s.
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eters (ag, Bg, and vys) equal to 0. The other
parameters are therefore estimated relative to the
three preset parameters. Presetting these param-
eters in this manner did not affect the predictions
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experiment, we performed a goodness-of-fit test
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reject the fit from any experiment (P > 0.5 in all
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For each experiment in which microstimulation
had a significant effect (at least one significant,
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ing two chi-square tests of association. The first
analysis tested the null hypothesis that the direc-
tion of the monkeys' choices on stimulated trials
was unrelated to-the direction of the visual stimu-
lus. The second analysis tested the null hypothe-
sis that the direction of choices was urirelated to
the presence or absence of microstimulation. A
correlation value was included in the interaction
analysis only if both tests revealed a significant
association (P < 0.05).

The preferred direction of the microstimulation

_effect was determined by the fit of the model

described by Egs. 1 and 2. We defined this
direction according to which stimulation coeffi-
cient B, was greatest.

To confirm that the model could not account for
interactions such as vector averaging, we per-
formed an analysis of residual errors. One might
think that vector averaging could be incorporated
into the model by increasing the estimate of
microstimulation parameters corresponding to di-
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rections 45 or 90 degrees from the microstimula-
tion effect direction. Choices to these directions
would be affected by a vector averaging mecha-
nism when visual stimulus motion is 90 or 135
degrees away from the microstimulation effect
direction. The change in parameter estimates
would thereby permit accurate description of the
effects of vector averaging. But predicted choices
in this case would be affected independent of
visual stimulus direction, because the increased
estimates of microstimulation parameters would
influence predictions regardiess of visual stimulus
direction. This would lead to systematic errors in
the predicted choices for those conditions in
which vector averaging is irrelevant (for example,
when the visual stimulus was in the same direction
as the microstimulation effect or in a direction 45
degrees away). Examination of data and predic-
tions for the 27 selected correlation values re-
vealed no evidence of systematic error under
such conditions. (the mean value of each set of
residual errors was not significantly different from
0; t test, P> 0.1). This analysis confirmed that an
interaction such as vector averaging between
signals generated by microstimulation and the
visual stimulus cannot be described with this
version of the model. To account for a vector
averaging effect, the model must include terms
allowing a specific interaction between the visual
stimulus and microstimulation.

A winner-take-all mechanism is based on a com-
parison of the sum of activity in distinct subpop-
ulations of neurons encoding different motion direc-
tions. If two broadly tuned directional responses,
differing in preferred direction by 90 degrees, are
introduced into cortex, then the peak of activity
across the entire population of neurons may corre-
spond to the direction intermediate between the two
preferred directions. In this case, a winner-take-all
mechanism will decide in favor of this intermediate.
direction. )
Consistent with this finding, psychophysical ex-
periments have shown that the perceived angle
between two patterns of spatially superimposed
random dots is overestimated for angle differ-
ences of up to 90 degrees, also suggesting a
mechanism that relies on inhibition (72). In addi-
tion, a model of the perception of motion in plaid
grating patterns incorporates inhibition between
adjacent direction channels [H. R. Wilson, V. P.
Ferrera, C. Yo, Visual Neurosci. 9, 79 (1992)].
To implement the interaction analysis, the model
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31.
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described by Egs. 1 and 2 was first fit to deter-
mine the preferred direction of the microstimula-
tion effect; we defined this direction according to
which stimulation coefficient B; was greatest. The
interaction terms were then added to the model in
an appropriate manner given the direction of the
microstimulation effect. The model including inter-
action terms is still described by Eqg. 1, but the
equation for y; (Eq. 2) was modified to

Yi= o+ BiZyygX + 8122 + 8223 3)

Here 3, is the interaction coefficient when the two
directional signals differ by 90 degrees, and &, is
the term for a difference of 135 degrees. z, and z;
are dummy variables that allow &, and 3, to affect
model predictions only when conditions are ap-
propriate for vector averaging. Specifically, z,
assumes a value of unity when the response
direction (j) is intermediate between two orthog-
onal directional signals. Otherwise, z, is zero.
Similarly, zz is unity only when j is intermediate
between directional signals separated by 135
degrees. For the four experiments that contained
two correlation values appropriate for analysis, we
performed separate fits of the model to test inter-
action at each correlation value independently.
Note that the interaction terms assumed symme-
try; the value of the coefficient was the same
regardless of whether the visual stimulus was
clockwise or counterclockwise to the preferred
direction of the microstimulation effect.

In the experiment in Fig. 4, the effect of microstim-
ulation was sufficiently strong that the modeled
microstimulation effect was very similar to the plot
of actual performance on stimulated trials at 0
percent correlation (compare with Fig. 2A). For
experiments with smaller effects, however, mi-
crostimulation did not completely overcome the
effects of choice bias, as the monkey made
choices on stimulated trials both toward the bias
direction and toward the direction of the mi-
crostimulation effect. In those cases, the model
provides an accurate description of the mi-
crostimulation effect independent of choice bias.
We fit the data with a Gaussian function that had
four free parameters: a baseline parameter allow-
ing the tails of the function to asymptote at non-
zero values, a parameter characterizing the cen-
ter of the distribution, a parameter that quantified
the bandwidth of the distribution (o), and a pa-
rameter that allowed the amplitude of the function
to vary. To fit the functions, we first “clipped open”
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the circular tuning curves for the microstimulation
effect and for'the visual responses and plotted
each on linear axes. We used a fitting algorithm
based on chi-square minimization. Errors on the
microstimulation data points were calculated from
the'model parameter estimates (B,.g) by using the
delta method for calculating asymptotic distribu-
tions [Y. M. M. Bishop, S. E. Feinberg, P. W.
Holland, Discrete Multivariate Analysis (MIT
Press, Cambridge, MA, 1975)]. For the visual
response data, -errors were calculated on the
basis of the standard deviation of the mean firing
rate in a particular direction across eight trials.
For this analysis, we estimated the size of each
effect by calculating-the proportion of decisions
changed by microstimulation.

The mean multiunit neuronal bandwidth in the
significant experiments was 61.7 degrees. This is
similar to a mean single-unit bandwidth of 66.0
degrees measured in MT with the same stimuli (n
= 163 cells) (K. H. Britten and W. T. Newsome,
unpublished data).
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