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The Influence of Behavioral Context on the Representation of
a Perceptual Decision in Developing Oculomotor Commands

Joshua I. Gold! and Michael N. Shadlen?
'Department of Neuroscience, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6074, and 2Department of Physiology and Biophysics,
National Primate Research Center and Howard Hughes Medical Institute, University of Washington, Seattle, Washington 98195-7290

To make decisions about sensory stimuli, the brain must weigh the evidence that supports or opposes the alternative interpretations. In
the present study, we evaluated the hypothesis that a quantity reflecting the weight of sensory evidence is represented in brain circuits
responsible for the behavioral response used to indicate the decision. We trained monkeys to decide the direction of random-dot motion
and to indicate their decision with an eye movement to one of two choice targets. We interrupted decision formation with electrical
microstimulation of the frontal eye field, causing an evoked eye movement that is influenced by ongoing oculomotor activity. For the
“pro-saccade” version of the task, in which the correct target was at a known location in the direction of motion, the microstimulus-
evoked eye movement reflected both the impending pro-saccadic response and the temporal accumulation of motion information used
to select that response. In contrast, for the “colored-target” task, in which the correct target was of a particular color but at an unpredict-
able location, little ongoing oculomotor activity was evident. The results suggest that formation of the decision and formation of the
behavioral response share a common level of neural organization, but only when the decision is associated with a specific, predictable

movement.
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Introduction

Higher brain function provides for flexible associations between
sensory information and behavior. Central to this flexibility is the
ability to make decisions about the presence or identity of a stim-
ulus to guide the appropriate action. Recent studies have demon-
strated neural correlates of perceptual decisions in association
and motor cortices, which contain neurons that appear to repre-
sent the transformation of sensory information into the prepara-
tion for action (Glimcher, 2001; Gold and Shadlen, 2001; Romo
and Salinas, 2001; Schall, 2001). In the present study, we exam-
ined how the representations of these transformations depend on
the particular sensory-motor association.

For many perceptual tasks, decisions about sensory stimuli
instruct particular courses of action, as when detection of a stim-
ulus is indicated with an eye or hand movement to the location of
the stimulus. For a variety of these sensory-motor associations,
neurons that respond selectively in anticipation of a particular
movement also represent sensory information that encodes the
instruction (Taira et al., 1990; Boussaoud and Wise, 1993; di
Pellegrino and Wise, 1993; Chen and Wise, 1995a, 1995b; Kalaska
and Crammond, 1995; Murata et al., 1996, 1997; Rizzolatti et al.,
1996; Shen and Alexander, 1997; Zhang et al., 1997; Fadiga et al.,
2000). For example, neurons in various oculomotor areas, in-
cluding the lateral intraparietal area (LIP), the frontal eye field
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(FEF), and the superior colliculus (SC), signal both the prepara-
tion of a particular eye movement and the visual cue that instructs
the movement (Gnadt et al., 1991; Glimcher and Sparks, 1992;
Schall and Bichot, 1998; Colby and Goldberg, 1999). In monkeys
trained to decide the direction of random-dot motion and to
indicate their decision with an eye movement in the perceived
direction (see Fig. 1A), these neurons represent the transforma-
tion of motion information into a decision to make the appro-
priate eye-movement response (Horwitz and Newsome, 1999;
Kim and Shadlen, 1999; Shadlen and Newsome, 2001; Roitman
and Shadlen, 2002).

We recently demonstrated the close link between formation of
the decision and formation of the behavioral response for the
direction-discrimination task (Gold and Shadlen, 2000). We in-
terrupted motion viewing with electrical microstimulation of the
FEF, resulting in evoked eye movements that deviated in the di-
rection of the subsequently selected target. The oculomotor sig-
nals responsible for these deviations reflected the accumulated
motion information that informed the monkey’s direction
decision.

In the present study, we used the same microstimulation tech-
nique to assess how this decision-related oculomotor activity de-
pends on the association between the decision and the eye-
movement response. We used several tasks, each of which
required the monkey to form a direction decision by accumulat-
ing motion information over time but had different associations
between the decision and the response. We found that the mon-
key’s evolving direction decision was evident in oculomotor
commands only when the monkey could anticipate the particular
eye movement needed to indicate the decision. The results sup-
port the idea that when a decision about a sensory stimulus calls
for a specific behavioral response, the decision is formed as a
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Figure 1. Temporal sequence of events for the direction-discrimination tasks. 4, Pro-
saccade task. After the monkey fixated, two red choice targets appeared 8° from the fixation
point and along the axis of motion. The motion stimulus appeared after a 100 — 600 msec delay
and remained on for 100 —1500 msec, until fixation-point offset. The monkey then indicated its
direction decision with an eye movement to one of the two targets and was rewarded for
choosing the target in the direction of motion. B, Colored-target task. After the monkey fixated,
the motion stimulus appeared after 100 — 600 msec and remained on for 100 —1500 msec, until
fixation-point offset. The two targets, one red and one green, then appeared at random loca-
tions on an imaginary circle with a radius of 8°, centered on the fixation point. The monkey
indicated its direction decision with an eye movement to one of the two targets and was
rewarded if motion was to the left and it chose the green target or if motion was to the right and
it chose the red target. (, Anti-saccade task: like the pro-saccade task, except that the monkey
was rewarded for choosing the target opposite the direction of motion.
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direct transformation of sensory information into the commands
that generate the response.

Materials and Methods

We used two adult male rhesus monkeys (Macaca mulatta). All training,
surgery, and experimental procedures were in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals and were approved by the University of Washington Animal Care
Committee.

Behavioral tasks. The monkeys were trained to discriminate the direc-
tion of motion on a one-interval, two-alternative forced-choice task. The
display was generated in MATLAB on a Macintosh computer, using the
Psychophysics Toolbox extensions (Brainard, 1997; Pelli, 1997) and our
own software to draw the motion stimulus. The motion stimulus was a
random-dot kinetogram (Britten et al., 1992) contained within a circular
aperture 5° in diameter and centered on the fixation point. The dots were
white squares, 0.069° per side (two pixels at a screen resolution of 1024 X
768 on a 21 inch monitor positioned 60 cm from the monkey’s eyes) and
19.2 cd/m? in luminance, viewed on a black background. The dots were
plotted in three interleaved sets of equal size. Each set was plotted in one
of three successive video frames (at 75 Hz frame rate) and shown for just
a single frame. Three frames (40 msec) later, a fraction of the dots from
that set was plotted at a displacement of 0.2° to promote the perception of
motion (at 5°s ~!); the remainder of the dots were replotted at random
locations. Together, the three sets produced a dot density of 16.7 dots per
degree squared per second. The percentage of coherently moving dots
(0, 3.2, 6.4, 12.8, 25.6, and 51.2%), viewing duration (100—1500 msec),
and direction (two alternatives separated by 180° for a given experiment)
were randomly interleaved from trial to trial. The distribution of viewing
durations was chosen to approximate a flat hazard function (Luce, 1986):
100 msec plus a random time chosen from an exponential distribution
with mean 300 msec. This strategy minimized the monkey’s ability to
anticipate the end of the trial and thus maximized our ability to “inter-
rupt” motion viewing unexpectedly either with motion offset alone or
with motion offset plus electrical microstimulation.

We used three tasks. Each required the monkey to discriminate the
direction of random-dot motion and to indicate its direction decision
with an eye movement to one of two choice targets. For each task, the
monkey received a liquid reward for a correct response (an eye move-
ment to the correct target) and on half the 0% coherence trials. The tasks
differed in terms of the association between the direction decision and
the correct eye-movement response, as follows.

For the “pro-saccade” task (see Fig. 1 A), the monkey was rewarded for
making an eye movement to a target at a known location in the direction
of motion. First, the monkey fixated a red fixation point located at the
center of the visual field. Next, two red choice targets appeared, located 8°
from the fixation point and along the axis of motion. After a random
delay (100 msec plus a random time chosen from an exponential distri-
bution with mean 150 msec), the motion stimulus appeared. The motion
stimulus and the fixation point were extinguished simultaneously, indi-
cating to the monkey to make an eye movement to one of the two targets.
The correct target was located in the direction of motion; thus, for right-
ward motion, the monkey was rewarded for making an eye movement to
the target to the right of the motion stimulus. Data from this task have
been presented previously (Gold and Shadlen, 2000).

For the “colored-target” task (see Fig. 1 B), the monkey was rewarded
for making an eye movement to a target of the appropriate color but atan
unpredictable location. First, the monkey fixated a blue fixation point
located at the center of the visual field. After a random delay, the motion
stimulus appeared. Next, the motion stimulus and the fixation point
were extinguished, and the two choice targets (one red and one green,
both with a luminance of 3.1 cd/m?) were shown simultaneously. The
targets were shown at random locations on an imaginary circle with a
radius of 8°, centered on the fixation point. The targets were separated by
at least 3°. The green target was correct if motion had a leftward compo-
nent, and the red target was correct if motion had a rightward component
(we never used purely vertical motion for this task).

For the “anti-saccade” task (see Fig. 1C), the monkey was rewarded for
making an eye movement to a target at a known location opposite to the
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direction of motion. First, the monkey fixated a blue fixation point located at
the center of the visual field. Next, two red choice targets appeared, located 8°
from the fixation point and along the axis of motion. After a random delay,
the motion stimulus appeared. The motion stimulus and the fixation point
were extinguished simultaneously. The correct target was located opposite
the direction of motion; thus, for rightward motion, the monkey was re-
warded for making an eye movement to the target to the left of the motion
stimulus. In some experiments, the choice targets did not appear until offset
of the motion stimulus and fixation point.

The three tasks were not interleaved in a single experiment. Instead, we
first collected data using the pro-saccade task, which the monkeys had
several years of experience performing (Kim and Shadlen, 1999; Gold
and Shadlen, 2000). We then trained both monkeys and collected data
using the colored-target task. Finally, we trained monkey I'and collected
data using the anti-saccade task.

Data acquisition. In preparation for electrophysiological measure-
ments, monkeys were implanted with a head-holding device, eye coil,
and recording cylinder (Crist Instrument Co., Damascus, MD) suitable
for magnetic resonance imaging (MRI). The recording cylinder was po-
sitioned above the arcuate sulcus and the posterior third of the principal
sulcus (in the right hemisphere for monkey I and the left hemisphere for
monkey S). Tungsten microelectrodes (~1 M{) impedance at 1 kHz;
Fred Haer and Co.) were advanced in sterile guide tubes that extended
through a plastic grid (Crist Instrument Co.) to the surface of the dura
mater. Electrode tracks were registered with the anatomy using high-
resolution MRI images obtained with fiducial markers in the plastic grid
(1.5 T scanner, short T1 inversion recovery, using custom “carotid”
radio-frequency coils). All tracks were in the portion of the anterior bank
of the arcuate sulcus corresponding to the FEF, which was confirmed by
physiological criteria (Bruce and Goldberg, 1985).

During an experiment, eye position was monitored using the scleral
search-coil technique, sampled at 500 Hz (Robinson, 1963; Judge et al.,
1980). The FEF was targeted with a single tungsten microelectrode using
stereotaxic and MRI information. FEF sites were selected on the basis of
the ability to evoke saccadic eye movements using electrical microstimu-
lation. Microstimulation consisted of a train of 0.25-msec-long, biphasic
pulses applied at a rate of 350—450 Hz for 60 msec. A site was selected if
saccades with consistent trajectories were evoked using <50 wA of cur-
rent applied in darkness.

Once a site was selected, the axis of motion discrimination was rotated
to be roughly perpendicular to the trajectory of saccades evoked with
fixation only. The microstimulation current was then adjusted to evoke
saccades reliably during the motion-discrimination task (25-110 pA). In
each experiment, a fixed percentage of trials were accompanied by mi-
crostimulation (75—-80% of trials for experiments using the pro-saccade
task; 70—100% of trials for experiments using the anti-saccade task; 50—
100% of trials for experiments using the colored-target task); these trials
were chosen at random and interleaved with trials without microstimu-
lation. The microstimulation pulses began simultaneously with offset of
the fixation point and the motion stimulus. On these trials, the evoked
saccade was followed by a second, voluntary saccade to one of the choice
targets. Reward was given on the basis of this second, voluntary saccade.

Data analysis. We included for analysis only trials in which the monkey
maintained fixation to within a 1.2 X 1.2° square aperture while the
fixation point was illuminated. Control trials without microstimulation
were included only if the monkey made a single, voluntary eye movement
to within 3.5° of one of the two choice targets 40—500 msec after fixation-
point offset. Trials with microstimulation were included only if there
were two saccades: first an evoked saccade that began 15-90 msec after
fixation-point offset (i.e., microstimulation onset) and then a voluntary
saccade to one of the two choice targets that began <500 msec after
fixation-point offset. For the pro-saccade task, 96.2% of all control trials
and 73.0% of all microstimulation trials tested in monkey I and 97.4% of
all control trials and 85.0% of all microstimulation trials tested in mon-
key S met these criteria. For the colored-target task, 99.4% of all control
trials and 90.2% of all microstimulation trials tested in monkey I and
99.6% of all control trials and 88.7% of all microstimulation trials tested
in monkey S met these criteria. For the anti-saccade task, 96.7% of all
control trials and 83.6% of all microstimulation trials tested in monkey I
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met these criteria. Most (66.0%) of the dropped microstimulation trials
were attributable to no evoked saccade.

Eye-position data were aligned such that the eye position at the time of
fixation-point offset (the “initial eye position” for measurements of sac-
cade trajectory) was at the origin. Saccade parameters were measured
using eye position data that were smoothed with a Gaussian function (5
msec width at half-height). Saccades were defined as eye movements that
reached a peak velocity of at least 70° ~! (this value was chosen to include
the shortest microstimulus-evoked saccades, which were ~1.5° in ampli-
tude; the peak velocity of most saccades was substantially higher: mean =
SD = 327 = 150° ~' for all microstimulus-evoked saccades and 451 *
99°s ~! for all voluntary saccades). The end of a saccade was defined as the
eye position at the time that eye velocity returned to nearly zero (<
10° ! for at least 10 msec).

The trajectories of electrically evoked saccades were quantified as the
vector from the initial eye position to the position measured at the end of
the evoked saccade (the “endpoint vector”). The validity of this measure-
ment was assessed in two ways. First, the trajectory defined by the end-
point vector was compared with the trajectory measured early in the
saccade (defined as the vector from the initial eye position to the eye
position measured 16 msec after saccade onset). Second, the length of the
endpoint vector was compared with the path length of the actual saccade.
We included for analysis only straight saccades, which were defined as
those with a difference between early and late trajectories of =20° and a
ratio of path length to endpoint vector length of =1.25 (91.4% of all
evoked saccades met these criteria).

Endpoints of electrically evoked saccades typically drifted over the
course of an experiment (often lasting >3 hr) by 2.4 = 1.8° (mean * SD;
n = 60). To control for this drift, we calculated a 150 point, chronolog-
ical running mean of the endpoints (separately for x and y coordinates)
from all trials corresponding to each of the two direction decisions in a
given experiment. For each endpoint, we then subtracted the average of
the two running means (corresponding to the two direction decisions)
centered on that point. This procedure caused the distributions of the x and
y positions of all endpoints from a given experiment to be centered at nearly
zero.

The deviation of a saccade in the direction of the monkey’s decision
was quantified as the dot product between the endpoint vector from
running-mean-subtracted data and a unit vector along the axis of motion.
For the pro- and anti-saccade tasks, the unit vector was in the direction of the
target that the monkey ultimately chose. Thus, for the pro-saccade task, a
positive deviation measured the magnitude of the component of the end-
point vector that was toward the direction of motion on correct trials and
opposite the direction of motion on error trials. For the anti-saccade task, a
positive deviation measured the magnitude of the component of the end-
point vector that was opposite the direction of motion on correct trials and
toward the direction of motion on error trials. For the colored-target task,
the location of the choice targets was not specified before the stimulated eye
movement. We therefore adopted the same convention as in the pro-saccade
task: the unit vector was in the direction of motion.

We used two strategies to combine data from multiple stimulation
sites. First, we simply combined data from all sites without standardiza-
tion. Thus, each stimulation trial contributed a value to the population
average that reflected its absolute magnitude of deviation. Second, we
performed a standardization of the deviation vectors before combining
data. For each site and for each direction, the average deviation was
subtracted, and the residual was expressed in units of SD, using all trials
in that experiment. This method discarded information about overall
magnitude of deviation but maintained information about the relative
effects of motion strength and viewing duration within each session. We
used the latter method to control for the possibility that experimental
sessions with different average magnitudes of deviation could exert un-
fair leverage on the population analyses.

To quantify how the magnitude of deviation depended on motion
coherence (C) and viewing time (T), we used the following regression
equations:

dev(C) = ko + k,C + klooprec: + € (1)
dev(T) = ko + k,T + k,T* + koo + € (2)



Gold and Shadlen ¢ Decision Formation in Behavioral Circuits

where the k; are coefficients that were fit by weighted least squares, and €
is a random quantity that is assumed to be distributed as Gaussian with
variance estimated from the data. To test the significance of the depen-
dence on C (Eq. 1), we used an F test (Draper and Smith, 1998) to
evaluate the null hypothesis, H,: k; = 0. To test the significance of the
dependence on T (Eq. 2), we evaluated H: k; = k, = 0.1, 0, 15 1 or
0 to indicate correct or error trials, respectively, and was used to test the
nested hypothesis that the magnitude of the deviation was different for
correct versus error trials; we evaluated Hy: k. = 0.

Assessment of performance and the underlying decision variable. We
measured probability correct (P) as a function of motion strength and
viewing duration. We quantified this dependence using several models.
For each model, psychometric functions were derived by maximizing the
(binomial) likelihood of observing the monkey’s choices. We report the
maximum likelihood estimate of each parameter along with its uncer-
tainty using standard methods (Meeker and Escobar, 1995).

For each task, we binned the performance data by viewing duration
and fit each bin to a coherence-dependent cumulative Weibull distribu-
tion function (Quick, 1974):

C\B
bre@ =05 +105 01 -en (]} o

where A, «, and 3 are the fit parameters. The value 0.5 represents chance
performance. A represents the lapse rate, which is the probability of
making an incorrect response even for easily discriminable stimuli. Be-
cause A determines asymptotic performance at high coherences and long
viewing durations, its value was determined by fitting Equation 3 to
performance data from trials with long viewing durations (> 500 msec),
and this value was then inserted in the equation to find best fits of & and
B to the data binned by viewing duration. « is the threshold, which
governs the scaling of stimulus strength (C) on performance and corre-
sponds to the value of C that elicits 82% correct responses when asymp-
totic performance is perfect (i.e., A = 0). B governs the shape of the
function, affecting mainly its steepness.

We used the best fits of awand 3 to the time-binned data to analyze how
performance depended on viewing time and whether this time depen-
dence was affected by FEF microstimulation. We used a power-law ex-
pression to characterize the monotonic decline in threshold as a function
of viewing time: a(T) = k,T*', where k, and k, are fitted parameters.
To test whether the dependence on time was significant, we evaluated H:
k, = 0. Logarithmic transformation of this power-law expression yields
alinear function, which we used to test the nested hypothesis that micro-
stimulation affects the dependence on time:

log[a(T)] = loglko] + ky log[T] + Lyiik, + ks log[TT} + €,
(4)

where the k; are fitted parameters, I_;,,, is 1 or 0 to indicate microstimu-
lation or no microstimulation, respectively, and €is as in Equations 1 and
2. We evaluated Hy: k, = k5 = 0.

The shape parameter, 3, did not exhibit a monotonic relationship with
time. We therefore used simple polynomial regression to characterize its
time dependence and to evaluate the effect of microstimulation:

B(T) = ko + k,T + k,T* + I lks + k,T + ksT* + €, (5)

where the symbols are as in Equation 4. To test the dependence on time,
we evaluated H,: k; = k, = 0. To test whether microstimulation affects
the relationship between 8 and T, we evaluated H,: k5 = k, = ks = 0.

To analyze the relationship between performance and the motion- and
time-dependent saccade deviation data (see Model of a decision variable
in Results), we did not bin the data by viewing time but rather expressed
P as a continuous function of both motion strength and viewing time.
We used two models of performance. The first model assumed that the
brain accumulates motion information over time and that the monkey
forms its direction decision on the basis of the value of this accumulated
quantity. By treating the representation of motion information as a ran-
dom variable, this model is a form of random walk, which is central to
many theories of perception (Luce, 1986; Link, 1992; Ratcliff and
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Rouder, 1998; Gold and Shadlen, 2002). Note that many such models
also attempt to explain response times (i.e., the subject determines the
viewing duration needed to reach a decision) and thus assume that the
decision is reached when the accumulated quantity—called a decision
variable—reaches a particular value (or barrier). In contrast, in our ex-
periments we controlled the viewing time, so our model assumed that the
decision was made on the basis of whatever value the decision variable
had reached at the end of that time.

For this model, the decision variable was computed as the difference
between two variable quantities, S; and S, , which can be thought of as
the accumulated, coherence-dependent responses of motion sensors that
encode the correct and incorrect directions of motion, respectively:

(S)) = (Ry + aC™T" (6a)

(S2) = RoT", (6b)
where C is coherence (the fraction of coherently moving dots, 0. .. 1), T
is viewing time (in seconds), and R, is the response (in spikes per second)
of either sensor to a 0% coherence motion stimulus. The remaining
terms—a, m, and n—are fitted, positive-valued parameters that describe
how coherence and time affect S; and S, and are described in detail in
Results. (- - -) denotes expectations of S; and S,, which are treated as
normally distributed random variables with variances that scale by a
; ) ) Var[S,]  VarlS,]
actor ¢ with their mean values: ¢ ) 5
ity accounts for errors, which result when S, > S,. A correct response
resultswhen S, > §,. If §, and S, are independent and normally distrib-
uted, then the probability, P, of a correct response is:

. This variabil-

1 3 )2
P(C, T) = \/ZWUZJ exp[ (xZOJM) ]dx> (7)
0

where p is the expected value of the accumulated difference, (S, — S,) =
(S, — (S,), and o~ is the variance, computed as the sum of the individ-
ual variances associated with S, and S,. Note that p and o~ depend on
both C and T. P was adjusted to take into account the lapse rate, A,
computed using Equation 3.

Our primary rationale for using this accumulation model is that when
fit to the behavioral data, it enabled us to derive a decision variable, D,
that we could compare to the evoked-saccade data. The value of D de-
pended only on the difference between the opposing pools of sensors
described by Equation 6 and was computed for a given motion strength
and viewing duration by using the values of the parameters a, m, and n fit
to the behavioral data. As with the deviation data, we calculated and
plotted D for correct and incorrect choices:

correct choice
incorrect choice,

<51 - 52‘51 > Sz>

<Sz - Sl‘sz > Sl> (8)

D(C, T) = {

where (x|y) indicates the expected value of x given that y is true. D is
therefore the expected difference favoring the decision that the monkey
actually makes and is always positive for all motion strengths and viewing
durations, including the case of 0% coherent motion.

To transform D into units related to the probability of making a par-
ticular eye-movement response, we first assumed that D was propor-
tional to the logarithm of the likelihood ratio favoring the choice that the
monkey made (Gold and Shadlen, 2001):

P(D|choice made) ] )

b log[P(D|choice not made)

Thus, D can be thought of as the amount of evidence supporting the
choice that the monkey made. For a two-alternative forced-choice task,
we can transform this decision variable into the probability of making
that choice (in this case, the correct choice) given the value of D. Using
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Bayes’ rule and assuming equal previous probabilities of making each of
the two choices:

Dol P(choice| D)
o o
0817 = P(choice|D) |’ (10)
which rearranges to:
o exp(yD)
P(choice|D) =~ 1+ exp(yD)’ (11)

where vy is a constant.

Equation 11 describes the probability of making a correct choice given
a particular value of the decision variable. We fit a time-shifted and scaled
version of this quantity to the magnitude of evoked-saccade deviations.
That is, we fit the deviation data to a quantity related to the probability of
making a particular, correct choice, given the value of D:

exp(yD)

dev(C, T) = P(choice]D) = & + ‘P[ 1+ exp(yD)

- 0.5], (12)

where ¢ and vy are the fit parameters and 8 is the time shift. ¢ scales the
magnitude, which is offset to take into account the fact that P(choice| D)
varies from 0.5 to 1.0. vy is defined in Equation 11. The time shift &
accounts for a short delay after the onset of the motion stimulus, before
the growing decision variable affected the developing oculomotor com-
mands; it was computed as the first time at which deviation magnitude
depended significantly on motion strength (Eq. 1; p << 0.05). Recall that
D is a function of motion coherence and viewing time.

The second time-dependent model of performance assumed that the
probability of making a correct response improves as a function of time
because there are more opportunities to make the appropriate discrimi-
nation. This process, which is termed probability summation over time
(Watson, 1979), was modeled using a psychometric function that was
also based on the Weibull distribution:

P(C, T) = 0.5 — (0.5 — A)(1 — exp[—(C-p)PT]),  (13)

where A and 3 are the same as in Equation 3, and p is a fit parameter that

1

determines the time-dependent threshold, a(T) = W This model

predicts that the underlying neural signals do not reflect an accumulation
of motion over time but instead reflect either an undecided or a commit-
ted state in favor of one of the alternatives. To test this prediction, we
analyzed whether the deviation data comprised a mixture of values that
correspond to the undecided and fully committed states (see Fig. 15).
Finally, we fit the deviation data with an alternative model that did not
depend on the underlying decision process. For this model, we assumed
that the saccade deviations arise from stereotyped dynamics of oculomo-
tor commands that are simply delayed as a function of motion strength:

T— Scuh "
dev(C, T) = k{l — exp[—(f> }},

where k, 7, and n are fit parameters that describe the temporal dynamics
of the saturating exponential function and are independent of motion
strength. Only the parameter 8_;,, which describes the delay, depended
on motion strength. Equations 12 and 14 were both fit to the monoton-
ically increasing part of the deviation data (<350 msec viewing time).

(14)

Results

Our central hypothesis was that when the monkey forms a deci-
sion about the direction of random-dot motion and indicates its
decision with a specific, predictable eye movement, the underly-
ing decision process is reflected in signals associated with the
oculomotor response. To test this idea, we evoked eye move-
ments with electrical microstimulation of the FEF while the mon-
key was forming its decision. We analyzed the trajectories of these
evoked eye movements for evidence of ongoing oculomotor ac-
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tivity associated with the generation of the eye-movement re-
sponse (Gold and Shadlen, 2000).

In the first section, below, we present data from the pro-
saccade task, which had a predictable association between the
decision and the eye-movement response. We show that perfor-
mance improved steadily with increasing motion strength and
viewing time and that a similar buildup of motion information
was evident in neural signals associated with the generation of the
eye-movement response. In the second section, we present data
from the colored-target task, which did not have a predictable
association between the decision and the eye-movement re-
sponse. We show that performance also improved steadily with
increasing motion strength and viewing time, but that no com-
mensurate developing oculomotor commands were evident. We
also present data from the anti-saccade task, which confirm our
interpretation of the results from the other two tasks: when the
decision is associated with a specific eye-movement response,
decision formation is evident in the signals that generate the re-
sponse. In the third section, we develop a computational model
to assess more quantitatively the relationship between the
motion- and time-dependent oculomotor signals evident in the
pro-saccade task and the neural computations responsible for
forming the monkey’s direction decision.

Pro-saccade task

For the pro-saccade task (Fig. 1A), the monkey indicated its di-
rection decision with an eye movement of a prespecified trajec-
tory in the direction of motion. The two choice targets, which
were visible from before the motion stimulus appeared until after
the monkey indicated its decision, were located along the axis of
motion. The correct target was located in the direction of motion.
Thus, for example, a rightward decision was always indicated
with a rightward eye movement. This task has been used exten-
sively in other studies (Britten et al., 1992).

Performance on this task depended on both the strength and
duration of the motion stimulus (Fig. 2). Atlow motion strengths
and short viewing durations, performance was near chance. As
motion strength and viewing duration increased, the percentage
of correct responses improved steadily, to ~100% accuracy at
51.2% motion coherence and viewing durations of more than
~250 msec (Fig. 2A). We quantified this dependence by fitting
behavioral data for different viewing durations to best-fitting cu-
mulative Weibull distribution functions (Fig. 2 B) (Quick, 1974).
The fits demonstrated a systematic, inverse relationship between
discrimination threshold (« in Eq. 3) and viewing duration (Fig.
2C) (Eq. 4; p < 0.01). The parameter 8 in Equation 3, which
describes the shape of the psychometric function, had best-fit
values of between 0.9 and 1.4 and depended significantly on view-
ing duration in monkey S (Fig. 2D) (Eq. 5; p < 0.01) but not in
monkey I (p = 0.18). The lapse rate (A in Eq. 3), determined
from long-duration trials, was zero for both monkeys [likelihood
ratio (LR) test, Hy: A = 0; p = 1].

To assess developing oculomotor activity during formation of
this coherence- and time-dependent decision, we analyzed the
trajectories of eye movements evoked with electrical microstimu-
lation of the FEF. It is important to note that this microstimula-
tion technique allowed us to study the mechanisms responsible
for forming the direction decision without substantially disrupt-
ing performance. As shown in Figure 2C, discrimination thresh-
olds measured on trials with microstimulation were slightly
higher than those measured on control trials, but by only 1.6 =
0.3% coherence in monkey I and 1.4 * 0.6% coherence in mon-
key S (Eq. 4; p < 0.01 for each monkey). There was no obvious
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but from trials with microstimulation. The
monkey’s eyes again remained stationary
during motion viewing. After a random
viewing duration, the motion stimulus and
the fixation point were extinguished, and
electrical microstimulation was begun si-
multaneously. The monkey then made two
distinct saccadic eye movements. The first,
electrically evoked saccade had a trajectory
roughly perpendicular to the axis of mo-
tion. The second, voluntary saccade trav-
eled from the endpoint of the evoked sac-
cade to one of the two choice targets,

thereby indicating the monkey’s direction
decision.

By interrupting motion viewing, FEF
microstimulation interrupted the period
during which the monkey gathered mo-
tion information toward a direction deci-
sion. We tested whether this evolving
decision was reflected in developing ocu-
lomotor commands by analyzing the tra-
jectories of the eye movements evoked by
the FEF microstimulation. We quantified
this trajectory as the vector defined by the
change in eye position from the onset of
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Figure2.  Performance on the pro-saccade task. 4, Percentage correct plotted as a function of viewing time. Points are shown at

the center of time bins that had the width adjusted to include approximately equal numbers of trials (n ~ 300 trials per point).
Colors represent different motion strengths, as indicated. Data are from 45,511 trials, with and without FEF microstimulation, from
both monkeys. B, Percentage correct plotted as a function of motion strength. Points represent a subset of the data presentedin 4,
binned into four groups of viewing duration, as indicated. The solid curves are maximum likelihood fits of the cumulative Weibull
function (Eq. 3), computed separately for each curve. The dashed line shows the asymptotic performance (determined from A in Eq.
3), estimated from long duration trials only. C, Discrimination threshold as a function of viewing time. Symbols and error bars
represent the best fit and SEM of the parameter « in Equation 3 to performance data in 80-msec-wide bins of viewing time. To
emphasize the inverse relationship between threshold and time, the best fits of Equation 4 are shown (/ines) for each data
set. Circles correspond to monkey |; triangles correspond to monkey S. Closed symbols and solid lines correspond to trials
without FEF microstimulation; open symbols and dashed lines correspond to trials with FEF microstimulation. D, Slope of the
psychometric function (the parameter 3 in Eq. 3) as a function of viewing time. Symbols and error bars are plotted as in C.

Note the logarithmic time scales in Cand D. coh, Coherence.

explanation for this slight decrease in performance (e.g., it was
unrelated to the percentage of trials in a given experiment in
which microstimulation occurred; weighted least-squares regres-
sion; p > 0.05 for each monkey). Moreover, microstimulation
affected the slope of the psychometric function in monkey S (Fig.
2D) (Eq.5p < 0.01) but notin monkeyI (p = 0.77), and it did
not affect the lapse rate (zero for both monkeys on trials with
microstimulation). Together, these observations indicate that
FEF microstimulation interfered only slightly with the monkeys’
ability to perform the discrimination task.

Figure 3 illustrates the effects of FEF microstimulation on the
eye movements in a single experiment (eye-movement data from
all experiments are summarized in Table 1). Figure 3A—C shows
the monkey’s eye positions from individual control trials. The
eyes remained stationary during motion viewing. After a random
viewing duration, the motion stimulus and the fixation point
were extinguished simultaneously. The monkey then made a vol-
untary, saccadic eye movement that brought its gaze to one of the
two choice targets, thereby indicating its direction decision.

Figure 3D-F shows eye-position data from the same experiment

electrical microstimulation to the pause
immediately after the first (evoked) sac-
cade (the “endpoint vector” or simply
“endpoint”). Subsequent analyses in-
clude only straight saccades, for which the
endpoint vector was a reliable estimate of
saccade trajectory (see Materials and
Methods).

The endpoints of eye movements
evoked by electrical microstimulation of
the FEF during the discrimination task
were similar to those evoked with fixation
only but tended to deviate in the direction
of the subsequently selected target. Figure
4 A shows the endpoints of the electrically
evoked saccades from correct discrimina-
tion trials in a single experiment, sorted
by the monkey’s choice. In nearly all cases, the endpoints were
located above the fixation point, similar to those evoked with
fixation only (data not shown). However, on trials in which the
monkey subsequently chose the left target, the endpoints of the
evoked saccades tended to deviate leftward. Conversely, on trials
in which the monkey subsequently chose the right target, the
endpoints tended to deviate rightward.

Figure 4, B and C, summarizes the effect of the monkey’s
direction decision on the endpoints of evoked saccades for all 32
sites tested. Figure 4B shows the average endpoint vectors of
saccades evoked on all correct discrimination trials (lines radiat-
ing from the center). These average trajectories, which ranged in
amplitude from 1.5 to 12.5° were predicted by the saccades
evoked during fixation, when the monkey did not perform the
discrimination task. However, averaging the trajectories across
all trials belies a systematic deviation as a function of the mon-
key’s direction decision. The pairs of symbols at the end of each
radiating line show the mean saccade endpoints sorted by the
monkey’s decision (the dependence of endpoint position on tar-
get choice was significant for each experiment: two-dimensional
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Kolmogorov—Smirnov test; p < 0.01). A
These endpoints tended to be separated

by 1.6 = 0.2° (mean * SEM; radii in the 10
polar plot in Fig. 4C), along the axis
formed by the two targets (angles in the
polar plot in Fig. 4C). These results indi-
cate that the trajectory of an electrically
evoked saccade had a component deter-
mined by the site of electrical microstimu-
lation and a component in the direction of 10
the subsequently selected choice target.

Y position (deg)
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We quantified the magnitude of the
component of deviation in the direction -10
of the subsequently selected choice target
for both correct and error trials (see Ma-
terials and Methods for details). For cor-
rect trials, this quantity was positive, on
average, indicating a deviation in both the
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direction of motion and the direction of
the monkey’s subsequent voluntary sac-
cade (monkey I: mean = SEM = 0.82 =
0.01°, n = 12,480 correct trials; monkey
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the value of this quantity varied across
stimulation sites (Kruskal-Wallis test;
p < 0.01 for both monkeys together or
each individually), ranging from 0.39 =
0.06 to 2.80 = 0.20° in monkey I and
0.23 = 0.02to 1.67 £ 0.03° in monkey S, it
indicated a consistent direction of devia-
tion for all 32 sites. For error trials, this
quantity was also positive, on average, in-
dicating a deviation opposite the direction
of motion but in the direction of the monkey’s subsequent vol-
untary saccade (monkey I: 0.53 * 0.02°, n = 2,577 error trials;
monkey S: 0.62 = 0.02°, n = 2,556; these values were signifi-
cantly smaller than those measured on correct trials; ¢ tests; p <
0.01). Like the data from correct trials, the value of this quantity
varied across stimulation sites (p < 0.01 for both monkeys to-
gether or each individually), ranging from 0.31 * 0.03 to 1.78 *
0.10° in monkey I and 0.17 = 0.05 to 1.32 = 0.08° in monkey S,
but indicated a consistent direction of deviation for all sites.
These results indicate that the deviation reflected the impending
motor command (which itself reflected the monkey’s direction
decision) and not simply the direction of the motion stimulus.

This component of the evoked saccade in the direction of the
subsequently selected target was not simply a function of the
intended eye movement; it also depended on the strength and
viewing duration of the motion stimulus. Figure 5A shows the
endpoints of evoked saccades on trials from a single experiment
in which the monkey viewed weak motion for a short time, con-
ditions that make it difficult to reach an accurate direction deci-
sion. These evoked saccades deviated only slightly in the direction
of the subsequently selected target. Figure 5B shows the end-
points of evoked saccades from the same experiment, but on trials
in which the monkey viewed strong motion for a longer time,
conditions that make it easy to make an accurate direction deci-
sion. These evoked saccades deviated more strongly in the direc-
tion of the subsequently selected target.

Figure 5C-E summarizes the effects of motion strength and
viewing duration on evoked-saccade trajectory from the popula-
tion of data from all 32 experiments. For correct trials, the aver-
age magnitude of deviation increased steadily as a function of

0
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Examples of eye movement traces from correct trials in a single pro-saccade experiment, using various motion
strengths and viewing durations. Eye position was sampled in 2 msec intervals. 4, Ten trials without microstimulation. The two
large circles represent the two targets. The fixation point is at the origin. The dashed line indicates the axis of motion. B, C, Time
course of the eye movements corresponding to the trials in A. Data are aligned to fixation-point offset (time = 0). D—F, Ten trials
with microstimulation, plotted as in A—C. In A—F, rightward decisions (i.e., rightward eye movements) are indicated with thicker
lines than leftward decisions (i.e., leftward eye movements). pos, Position; deg, degree.

both motion strength (Fig. 5C) and viewing duration (which
tended to cause a steady increase in deviation magnitude to a
plateau or slight decrease at ~350-500 msec) (Fig. 5D, E). For
error trials, the average magnitude had a similar dependence on
viewing duration but was smaller and tended to decrease with
increasing coherence (Fig. 5D, E). These trends were evident in
data combined directly (Fig. 5C, D) and data standardized to
account for differences in deviation magnitude measured in dif-
ferent experimental sessions (Fig. 5E). As illustrated by the simi-
larity of these two data sets, the strength and duration of the
motion stimulus were the strongest and most consistent factors
of the experimental protocol that influenced the deviation data.

Several other factors had slight effects on the deviation data.
An increased percentage of microstimulation trials in a given
experiment corresponded to larger deviations in both monkeys
(weighted linear regression; p < 0.01). The amount of overall
drift in endpoint position was also positively correlated with the
magnitude of deviation in monkey I (p < 0.01) but not monkey
S (p = 0.15). The average magnitude of the endpoint vector was
positively correlated with deviation magnitude in monkeyI (p <
0.01) but negatively correlated in monkey S (p < 0.01). These
effects are removed in the standardized data set used to construct
Figure 5E.

The results suggest that when a decision about the direction of
motion is indicated with an eye movement in the same direction,
neural signals associated with the generation of the eye-
movement response also reflect a quantity that is a graded func-
tion of motion strength and viewing duration. Thus, for this task,
there appears to be a close link between formation of the decision
and formation of the behavioral response. In the next section, we
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Table 1. Eye movement during the direction-discrimination tasks “
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Evoked-saccade Pause between Voluntary-saccade
Task® Monkey Eye drift¢ latency? saccades? latency ? Control latency ®
PS/C | 0.00 (0.02) 48.2 (10.6) 82.4(26.7) 162.7 (26.1) 183.7(27.2)
PS/E | 0.00 (0.01) 48 6(10.4) 88.1(28.6) 168.9 (28.1) 189.7 (28.3)
pPS/C S 0.00 (0.02) .2(10.1) 95.9 (25.5) 183.8(25.3) 189.0 (21.9)
PS/E S 0.00 (0.01) 43 9 (10.0) 101.0 (26.7) 188.9 (26.5) 189.2 (21.8)
AS/C | 0.00 (0.03) .5(11.4) 82.0 (30.2) 160.0 (28.0) 234.4(30.4)
AS/E | 0.00 (0.02) 45 3 (11.7) 82.5(31.7) 162.1(28.7) 242.3 (33.0)
/i | 0.00 (0.01) 38.6(9.2) 164.6 (45.2) 224.8 (43.5) 229.8 (33.5)
(T/E | 0.00 (0.01) 40.4 (10.0) 158.6 (50.9) 220.5 (49.1) 232.1(36.1)
/i S 0.00 (0.02) 48.5(10.5) 156.7 (41.4) 234.4 (40.0) 218.5(34.9)
(T/E S 0.00 (0.05) 48.6 (10.0) 157.9 (45.4) 235.8 (44.2) 219.2 (37.8)
“All latencies are reported as mean (SD), in milliseconds, with respect to fixation-point offset.
®ps, Pro-saccade; AS, anti-saccade; CT, colored-target; /C, all correct trials; /E, all error trials.
‘Mean (SD) offset in eye position, in degrees, in the direction of dots along the axis of motion, during the final 50 msec of motion viewing.
IMeasured on trials with FEF microstimulation.
“Measured on control trials without microstimulation.
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Effect of target choice on electrically evoked eye movements from the pro-saccade task. A, Endpoints of evoked saccades for all correct trials from the experiment depicted in Figure 3.

Open and closed symbols represent leftward and rightward decisions, respectively. The magnitude of separation was defined as the distance between the means of the two distributions of endpoints
( filled circles, designated with an apen and a closed symbol; r = 4.4°). The dashed line connecting the mean endpoints defines an axis of separation that is nearly parallel to the axis of random-dot
motion, indicated by the line between the choice targets (/arge filled circles). The angle between these two lines gives the direction of separation (6 = 0.28 radians). B, Mean endpoint positions of
evoked saccades for all correct discrimination trials from each site tested. Line segments radiating from the origin represent the mean evoked saccade. Circles (monkey 1) and triangles (monkey $)
show the mean evoked saccades sorted by the direction of the ensuing target choice. Closed symbols indicate the more rightward choice. For each experiment, the dependence of endpoint position
on target choice was significant (two-dimensional Kolmogorov—Smirnov test; p << 0.01). C; Polar plot of the magnitude (r) and direction (6) of saccade endpoint separation, as described in A, for
all sites tested in monkey | (circles) and monkey S (triangles). Angles near zero indicate that the endpoints tended to deviate along the axis of motion and i the direction of the subsequently selected
target. Values for r and 6 were computed from run-mean-subtracted data, as described in Materials and Methods but not shown in A. deg, Degree; rad, radian.

corroborate this interpretation by measuring evoked-saccade de-
viations on tasks with different decision-response associations.

Colored-target task

A key point in interpreting the pro-saccade data is that the task
explicitly linked the monkey’s direction decision with a specific
eye-movement response. Our results appear to be a direct conse-
quence of this link: formation of the decision was evident in
signals that reflect the development of the eye-movement re-
sponse (the evoked-saccade deviations). A test of this interpreta-
tion would be to unlink the decision and the eye-movement re-
sponse, which in principle should eliminate the decision-related
oculomotor activity. We performed this test by requiring the
monkeys to make the same decision about the direction of
random-dot motion as the pro-saccade task but to indicate their
decision with an eye movement to a target of a certain color:
green for leftward motion, red for rightward motion (Fig. 1B).
Importantly, the targets were not visible until after the motion
stimulus was extinguished, and they appeared at random loca-

tions. Thus, during motion viewing and decision formation, the
monkey could not prepare an eye-movement response to a par-
ticular location.

Performance on the colored-target task improved as a func-
tion of motion strength and viewing duration (Fig. 6). At low
motion strengths and short viewing durations, performance was
near chance. As motion strength and viewing duration increased,
performance improved steadily, to ~90% accuracy at 51.2% mo-
tion coherence and viewing durations of more than ~400 msec.
This dependence on motion strength and viewing duration was
similar to that found on the pro-saccade task. Psychometric
threshold was inversely related to viewing time (Fig. 6C) (Eq. 4;
p < 0.01) and was significantly affected by FEF microstimula-
tion for monkey I (p < 0.01) but not monkey S (p = 0.80).
Likewise, the slope of the psychometric function varied signifi-
cantly (but not monotonically) with viewing time (Fig. 6 D) (Eq.
5; p < 0.01) and was significantly affected by FEF microstimulation
in monkey I (p < 0.01) but not monkey S (p = 0.37). Peak perfor-
mance was lower (i.e., the lapse rate was higher: 9.1 = 1.0% coher-
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Figure 5.  Effect of motion strength and viewing duration on electrically evoked eye movements from the pro-saccade task. 4, B, Endpoints of evoked saccades from all correct trials in the
experiment depicted in Figure 4A. Open and closed symbols indicate trials in which the monkey subsequently indicated a leftward or rightward decision, respectively. The average endpoint was
estimated as a running mean and subtracted from each data point, thereby centering the distribution of points at the origin. The magnitude of deviation in the direction of the subsequently selected
target was quantified as the dot product between the endpoint vector (thin arrows) and the unit vector in the direction of the target (thick arrows). Examples are illustrated in red. Zero magnitude
is represented by the roughly vertical lines that pass through the origin. Positive values indicate deviations in the direction of the subsequently selected target. Deviation magnitude was smaller on
trials with weak motion and short viewing durations (colored symbols in A; mean = SEM = 0.5 == 0.3°) than on trials with strong motion and longer viewing durations (colored symbolsin B; 3.2 =
0.1°). ¢, Summary of the effect of motion strength on deviation magnitude. Data are sorted by viewing duration, as labeled. Symbols and error bars represent mean and SEM. The effect of motion
strength was significant for all but the earliest epoch (Eq. 1; p << 0.01). Data are from correct trials. D, Summary of the effect of viewing duration on deviation magnitude. Data are sorted by motion
strength, as labeled. Symbols and error bars represent mean and SEM in 40-msec-wide bins of viewing duration. The effect of viewing duration was significant at each coherence (Eq. 2; p < 0.01).
Solid lines represent data from correct trials; dashed lines represent data from error trials. £, Data as in D, but standardized with respect to the mean for each experiment (see Materials and Methods
for details). For this data set, the effect of motion strength was significant for all but the earliest epoch (Eq. 1; p < 0.01), and the effect of viewing duration was significant at each coherence (Eq. 2;

p < 0.01). coh, Coherence; deg, degree.

ence for monkey I; 7.6 = 1.0% for monkey S) on the colored-target
task, particularly on microstimulation trials (16.2 * 1.4% coherence
for monkey I; 11.5 = 2.1% for monkey S).

Figure 7 illustrates eye-movement data from a single experi-
ment using the colored-target task (eye-movement data from all
experiments are summarized in Table 1). The monkey’s eyes re-
mained stationary during motion viewing. On trials without mi-
crostimulation, the fixation point and the motion stimulus were
extinguished, and the two choice targets were shown simulta-
neously, after which the monkey made a single, saccadic eye
movement directly to one of the targets. This eye movement was
initiated with a longer latency relative to fixation-point offset
than for the pro-saccade task (Table 1), reflecting the additional
time needed to process the location of the targets. On trials with
FEF microstimulation, the fixation point and the motion stimu-
lus were extinguished, the two choice targets were shown, and
electrical microstimulation was begun simultaneously. The mon-
key then made two distinct eye movements. The first, electrically
evoked saccade had a trajectory roughly perpendicular to the axis
of motion. The second, voluntary saccade traveled from the end-
point of the evoked saccade to one of the two choice targets, the
color of which indicated the monkey’s direction decision.

For this task, the monkey’s direction decision had little effect
on the endpoints of saccades evoked with FEF microstimulation.
Figure 8 A shows the evoked-saccade endpoints from all straight
saccades and correct trials in a single experiment, sorted by the
monkey’s choice. The endpoints of these saccades were located
above the fixation point, similar to those evoked with fixation
only (data not shown). Importantly, the endpoints were similarly
distributed regardless of the monkey’s direction decision.

Figure 8, B and C, summarizes the effects of the monkey’s
direction decision on the endpoints of saccades evoked on dis-
crimination trials from each of the 18 colored-target experi-
ments. There was a slight but significant difference between end-
points associated with the two direction decisions in 15 of these
experiments (Fig. 8 B) (two-dimensional Kolmogorov—Smirnov
test; p < 0.01). However, this difference reflected a separation of
mean endpoints of <0.6° for all sites tested (radii in the polar plot
in Fig. 8 B). Moreover, these separations were in no systematic
direction relative to the axis of random-dot motion (angles in the
polar plot in Fig. 8C). Accordingly, the magnitude of deviation
along the axis of motion was significantly smaller than that found
in the pro-saccade data (f tests comparing correct or error data
across sites for each monkey individually; p < 0.01). For correct
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a particular eye movement, thereby mini-
mizing the effect of oculomotor prepara-
tion on the evoked saccades.

This interpretation implies that the
evoked-saccade endpoints should reflect
oculomotor preparatory signals once tar-
get locations are specified. Because the
evoked saccades began ~40-50 msec af-
ter onset of the targets (Table 1), there was
generally too little time for visual infor-
mation about target location to affect oc-
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ulomotor processing. Indeed, for trials in
which the saccades were evoked with rel-
atively short latencies, there was no devi-
ation in the direction of the subsequently
selected target. For trials with longer la-
tencies, however, a small amount of such
Y deviation was evident (Table 2). Note that
{ this effect is in contrast to data from the

pro-saccade task, in which the monkey
could prepare its eye-movement response
while viewing the motion stimulus, and
accordingly, evoked-saccade deviations
toward the selected target were apparent
regardless of the latency of the evoked sac-
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trials from monkey I, the mean = SEM deviation was 0.11
0.01° (n = 7062 trials), ranging from —0.02 = 0.02 to 0.13
0.01° for individual experiments. For error trials from monkey I,
the magnitude of deviation was 0.05 = 0.01° (n = 2610), rang-
ing from —0.09 = 0.01 to 0.08 = 0.11°. For correct trials from
Monkey S, the magnitude of deviation was —0.07 = 0.01° (n =
6512), ranging from —0.18 * 0.03 to 0.03 = 0.01°. For error
trials from Monkey S, the magnitude of deviation was 0.00 *
0.01° (n = 2513), ranging from —0.07 * 0.02 to 0.07 = 0.03°.

The near absence of deviations along the axis of motion ap-
peared to reflect the fact that the monkey could not predict the
direction of the appropriate eye-movement response while view-
ing the motion stimulus. The lack of visual targets during the
motion-viewing period by itself did not minimize the deviations:
significantly larger deviations along the axis of motion were
found when targets were similarly hidden until after decision
formation but then appeared at predictable locations along the
axis of motion (mean = SEM magnitude of deviation = 0.69 =
0.02° from 4876 correct trials for two sites in monkey I; ¢ test; p <
0.01). Instead, the unpredictability of the target locations seemed
to dissociate the monkey’s direction decision from a plan to make

*
*

400 800
Viewing time (msec)

Performance on the colored-target task. A, Percentage correct plotted as a function of viewing time. Points are shown
at the center of time bins that had the width adjusted to include approximately equal numbers of trials (n = 350 trials per point).
Colors represent different motion strengths, as indicated. Data are from 61,057 trials, with and without FEF microstimulation, from
both monkeys. B, Percentage correct plotted as a function of motion strength. Points represent a subset of the data presented in 4,
binned into four groups of viewing duration, as indicated. The solid curves are maximum likelihood fits of the cumulative Weibull
function (Eq. 3), computed separately for each curve. The dashed line shows the asymptotic performance (determined from A in Eq.
3), estimated from long duration trials only. (, Discrimination threshold as a function of viewing time. Symbols and error bars
represent the best fitand SEM, respectively, of the parameter «in Eq. 3 to performance data in 80-msec-wide bins of viewing time.
Toemphasize the inverse relationship between threshold and time, best fits of Equation 4 are shown (lines) for each data set. Circles
correspond to monkey |; triangles correspond to monkey S. Closed symbols and solid lines correspond to trials without FEF micro-
stimulation; open symbols and dashed lines correspond to trials with FEF microstimulation. D, Slope of the psychometric function
(the parameter Bin Eq. 3) as a function of viewing time. Symbols and error bars are plotted as in C. Note the logarithmic time scales

cade (¢ tests evaluating whether deviation
magnitude equaled zero for different la-
tencies; p < 0.01).

The evoked-saccade endpoints for the
colored-target task also were more stereo-
typed than those measured for the pro-
saccade task, providing further evidence
that the colored-target endpoints did not
reflect the monkey’s direction decision.
Endpoint variability across all motion
strengths and viewing times was signifi-
cantly smaller for the colored-target task
than for the pro-saccade task, whether
measured in all directions (monkey I:
mean * SEM absolute lengths of end-
point vectors for run-mean subtracted
data = 0.55 = 0.01° for the colored-target
task, compared with 1.40 = 0.01° for the pro-saccade task; mon-
key S: 0.62 * 0.01° compared with 1.26 * 0.01° for the pro-
saccade task; Kolmogorov—Smirnov tests; p < 0.01) or just along
the axis of motion (monkey I: SD of the magnitude of deviation
from correct trials = 0.36° for the colored-target task, compared
with 1.04° for the pro-saccade task; monkey S: 0.41° compared
with 0.88° for the pro-saccade task; F tests; p << 0.01). These
small, stereotyped deviations along the axis of motion were influ-
enced only slightly by motion strength and viewing time. More-
over, these effects were not consistent between the two monkeys.
For monkey I, the magnitude of deviation increased slightly but
systematically with increasing motion strength (Fig. 9A) but
tended to decrease slightly with increasing viewing time (Fig. 9B,
C). In contrast, for monkey S, the magnitude of deviation tended
to decrease slightly with increasing motion strength (Fig. 9D) but
was not monotonically related to viewing time (Fig. 9E, F). Thus,
for this task, there was no buildup of motion information appar-
ent in saccades evoked while the monkey was viewing the motion
stimulus and forming its direction decision.

Together, the pro-saccade and colored-target data suggest
that the deviations evident in the pro-saccade task correspond to
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developing oculomotor commands that A
reflect the gradual conversion of motion

information into a plan to generate the 10
appropriate eye-movement response. The
deviations do not simply represent the
motion stimulus itself, because they are
opposite the direction of motion on error
trials on the pro-saccade task, and they are
much smaller and not similarly related to
motion strength or viewing time on the
colored-target task (when the same mo-
tion stimulus is used). Moreover, the de-

Y position (deg)
o

-10

Gold and Shadlen * Decision Formation in Behavioral Circuits

D
10

-10

viations do not simply represent the mon- 10
key’s direction decision, independent of
the motor response; again, the colored-
target data appear to rule out this
explanation.

10 1B

X position (deg)

0 10 -10 0 10
X position (deg)

104 E

To further test this idea, we trained one

— I
\————— ! |8

of the monkeys on a third version of the
direction-discrimination task, the anti-
saccade task, which restored a predictable
(albeit reversed) association between the

-10

101F

decision and the eye movement response

Y pos (deg) X pos (deg)

(Fig. 1C). As on the other versions of the
task, the monkey’s performance on this
task depended on the strength and view-
ing duration of the motion stimulus (Fig.
10). At low motion strengths and short
viewing durations, performance was near
chance. As motion strength and viewing
duration increased, performance im-
proved steadily, to ~95% accuracy at
51.2% motion coherence and viewing du-
rations of more than ~300 msec (Fig.
10 A, B). Fits to time-binned data of the cumulative Weibull func-
tion (Eq. 3) showed that increased viewing time caused a system-
atic decrease in discrimination threshold (Fig. 10C) (Eq. 4; p <
0.01) and caused a slight change in the slope of the psychometric
function (Fig. 10D) (Eq. 5; p < 0.01). On trials with FEF micro-
stimulation, psychophysical threshold increased by 8.9 = 1.0%
coherence (Fig. 10C) (Eq. 4; p < 0.01). There was a significant
change in the slope of the psychometric functions (Fig. 10 D) (Eq.
5; p < 0.01), and the lapse rate decreased on trials with micro-
stimulation (3.6 * 1.3 vs 5.2 * 1.4% on control trials). In general,
despite a degradation of psychophysical thresholds on trials with
FEF microstimulation, all trials appeared to depend on a
coherence- and time-dependent decision process that was similar
to the one responsible for performance on the other two tasks.

Figure 11 illustrates eye-movement data from a single exper-
iment (eye-movement data from all experiments are summarized
in Table 1). The monkey’s eyes remained stationary during mo-
tion viewing. On trials without microstimulation, the fixation
point and the motion stimulus were extinguished simulta-
neously, after which the monkey made a single, saccadic eye
movement directly to one of the two choice targets. On trials with
microstimulation, the fixation point and the motion stimulus
were extinguished, and FEF microstimulation was begun simul-
taneously. The monkey then made two distinct eye movements.
The first, electrically evoked saccade had a trajectory roughly
perpendicular to the axis of motion. The second, voluntary sac-
cade traveled from the endpoint of the evoked saccade to one of
the two choice targets, thereby indicating the monkey’s direction
decision.

Figure 7.

200
Time re: fixation offset (msec)

-10 -
400 600 0 200 400 600

Time re: fixation offset (msec)

Examples of eye movement traces from correct trials in a single colored-target experiment, using various motion
strengths and viewing durations. Eye position was sampled in 2 msecintervals. A, Ten trials without microstimulation. The targets
are notshown because they appeared at different locations for each trial. The fixation point s at the origin. The dashed lineindicates
the axis of motion. B, , Time courses of the eye movements corresponding to the trials in A. Data are aligned to fixation-point offset
(time = 0). D—F, Ten trials with microstimulation, plotted as in A-C. In A-F, rightward decisions (i.e., eye movements to the red
target) are indicated with thicker lines than leftward decisions (i.e., eye movements to the green target). pos, Position; deg, degree.

Like the pro-saccade data, the endpoints of eye movements
evoked electrically during the anti-saccade task deviated in the
direction of the monkey’s subsequent eye-movement response.
Unlike the pro-saccade data, however, this direction was opposite
the perceived direction of motion. Figure 12A shows endpoints
from all correct trials in a single experiment, separated by the
monkey’s choice. In all cases, the endpoints were similar to those
from saccades evoked with fixation only (data not shown) and
were located above the fixation point. However, on trials in which
the monkey subsequently chose the left target, corresponding to
rightward motion, the endpoints of the evoked saccades tended
to be located slightly to the left. Conversely, on trials in which the
monkey subsequently chose the right target, corresponding to
leftward motion, the endpoints tended to be located slightly to
the right. In fact, at all 11 sites tested, the mean saccade endpoint
vector depended significantly on target choice (Fig. 12B) (two-
dimensional Kolmogorov—Smirnov test; p < 0.01). On average,
the mean endpoints corresponding to the two direction decisions
for a given experiment were separated from each other roughly
along the axis of motion (angles in the polar plot in Fig. 12C) by
2.1 = 0.6° (mean * SEM; radii in the polar plot in Fig. 12C).

For each trial, we determined the component of the electri-
cally evoked saccade in the direction of the monkey’s impending
eye-movement response, which was the same convention used
for the pro-saccade data (see Materials and Methods). For correct
trials, the magnitude of deviation was positive, on average, and
thus was in the direction of motion: the magnitude of deviation in
a given experiment ranged from 0.22 = 0.02° (mean = SEM) to
3.06 £ 0.08° and combined across all experiments was 1.06 *
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Figure8.  Effect of target choice on electrically evoked eye movements from the colored-target task. A, Endpoints of evoked saccades for all correct trials from the experiment depicted in Figure

7. Open and closed symbols represent leftward and rightward direction decisions, respectively (n = 905; many points are obscured by other symbols). The magnitude of separation was defined as
the distance between the means of the two distributions of endpoints ( filled circles, which are superimposed, designated with an apen and a closed symbol; r = 0.1°). The dashed line connecting
the mean endpoints defines an axis of separation that crosses the axis of random-dot motion, indicated by the ine through the fixation point at the origin. The angle between these two lines gives
the direction of separation (6 = 0.73 radians). B, Mean endpoint positions of evoked saccades for all correct discrimination trials from each site tested. Line segments radiating from the origin
represent the mean evoked saccade. Circles (monkey 1) and triangles (monkey S) show the mean evoked saccades sorted by the monkey’s direction decision. Closed symbols indicate rightward
decisions. Large symbols indicate experiments in which the dependence of endpoint position on target choice was significant (two-dimensional Kolmogorov—Smirmov test; p << 0.01). C, Polar plot
of the magnitude (r) and direction (6) of saccade endpoint separation, as described in A, for all sites tested in monkey | (circles) and monkey S (triangles). Radii near zero imply minimal separation
of endpoints. Values for r and 6 were computed from run-mean-subtracted data, as described in Materials and Methods but not shown in A. deg, Degree; rad, radian.

Table 2. Deviations of evoked eye movements toward the subsequently selected
target for the colored-target task

Evoked-saccade Number Deviation wrt

Monkey latency ? of trials target”
0-25 percentile

I/Correct <33 4813 0.01(0.01)

|/Error <33 1300 0.02 (0.01)

S/Correct <43 2415 0.00 (0.01)

S/Error <43 837 0.00 (0.01)
75-100 percentile

I/Correct >43 3620 0.10 (0.01)*

|/Error >47 1245 0.16 (0.02)*

S/Correct >53 2172 0.12 (0.02)*

S/Error >53 785 0.15 (0.03)*

*Significantly different from 0; ¢ test; p << 0.01.
“Latencies are reported in milliseconds, with respect to fixation-point offset.

®Magnitude of deviation measured in the direction of the subsequently selected target, in degrees. Values are mean
(SEM).

0.02° (n = 6929 correct trials). For error trials, this quantity was
also positive, on average indicating a deviation opposite the di-
rection of motion: the magnitude of deviation in a given experi-
ment ranged from 0.21 = 0.03 to 2.50 = 0.16° and combined
across all experiments was 0.70 = 0.03° (n = 1917 error trials;
this was significantly smaller than deviations on correct trials; ¢
test; p < 0.01). These results indicate that the endpoints of eye
movements evoked by FEF microstimulation tended to deviate in
the direction of the subsequent, voluntary eye movement, which
was opposite the perceived direction of motion.

As for the pro-saccade data, these deviations depended on the
coherence and duration of the motion stimulus. On difficult tri-
als in which the monkey viewed weak motion for a short dura-
tion, the deviations in the direction of the subsequently selected
target were small (Fig. 13A). In contrast, on easier trials in which
the monkey viewed strong motion for a longer time, the devia-
tions were large (Fig. 13B). In general, the average magnitude of
this deviation increased significantly as a function of motion
strength for all but the shortest viewing durations (Fig. 13C) and

as a function of viewing duration (up to ~400 msec) for all co-
herences (Fig. 13D, E).

Thus, data from the pro-saccade, colored-target, and anti-
saccade tasks together demonstrate that the deviations are not
simple reflections of the motion stimulus itself or the direction of
the monkey’s decision per se but rather represent these factors
only insofar as they bear on the development of the associated
oculomotor plan.

Model of a decision variable

Performance on the direction-discrimination tasks improved
with increasing motion strength and viewing duration. When the
decision was indicated with an eye movement to a target at a
particular location (e.g., the pro-saccade task), evoked-saccade
endpoints deviated in the direction of the subsequent eye-
movement response. The magnitude of this deviation increased
in a coherence-independent manner for the first ~175 msec of
viewing duration and then increased steadily as a function of both
motion strength and viewing duration. We tested the idea that
the coherence- and time-dependent deviations reflect the neural
computations that convert incoming motion information into a
binary decision and subsequent eye-movement response. We
first show that performance can be explained by a model of deci-
sion formation in which motion information is accumulated into
a decision variable, which is a quantity that is monotonically
related to the relative likelihood of one alternative versus the
other (Green and Swets, 1966; Graham, 1989; Gold and Shadlen,
2001). We then show that a version of this decision variable,
derived from performance, matches the deviation data from the
pro-saccade task. Finally, we show that two alternative models fail
to explain the deviation data.

To model performance, we assumed that the monkey’s deci-
sion was based on the value of a decision variable. The decision
variable was computed as the difference between two variable
quantities that represented the accumulated responses of motion
sensors that encoded the two directions of motion (Eq. 6). The
expected value and the variability of the decision variable gov-
erned performance accuracy (Eq. 7). The fit of this model to the
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Effect of motion strength and viewing duration on electrically evoked eye movements during the colored-target task. A—C, Data from monkey . D—F, Data from monkey S.In Aand D,

data are separated by viewing duration, as labeled. Symbols and error bars represent mean and SEM, respectively. The effect of motion strength was significant for each time epoch in monkey | but
only the earliest two epochs in monkey S (Eq. 1; p << 0.01). In Band £, data are separated by motion strength, as labeled. Symbols and error bars represent mean and SEM in 40-msec-wide bins of
viewing duration. The effect of viewing duration was not significant for any coherence in monkey | and was significant for all but 6.4% coherence in monkey S (Eq. 2; p << 0.01). Datain 4, B, D, and
Eare from correct trials. G, F, Data as in B and £, respectively, but standardized with respect to the mean (see Materials and Methods for details). For this data set, the effect of motion strength was
significant for each time epoch in monkey | but only the earliest two epochs in monkey S (Eq. 1; p << 0.01). The effect of viewing duration was significant for 12.8% coherence in monkey | and for

all but 0 and 6.4% coherence in monkey S (Eq. 2; p < 0.01). coh, Coherence; deg, degree.

performance data specified how the decision variable depended
on motion strength and viewing duration to account for the
monkeys’ choices.

The psychometric functions derived by fitting this model to
performance data from the pro-saccade and colored-target tasks
are summarized in Figure 14 A and Table 3. Only three values, a,
m, and n from Equation 6, were fit in this procedure. The remain-
ing two factors in the model (see Egs. 6 and 7) were held constant
at realistic values: R, = 10 spikes/sec, which is consistent with
measurements from the middle temporal visual area (MT) (Brit-
ten et al., 1993), and ¢ = 0.3, a reasonable value for the pooled
responses of weakly correlated neurons (Zohary et al., 1994;
Shadlen et al., 1996). These factors had little effect on the critical
parameters m and n, which describe how the underlying decision
variable in the model depends on coherence and time, respec-
tively. Both factors affected primarily the value of a (Table 3).

The fits to the model indicate that performance was consistent
with a decision process that was based on an accumulation of
motion information over time. The best fits produced values of m
and n that were near unity for the pro- and anti-saccade tasks,
with slightly higher values for n on the colored-target task (Table
3). Values near unity imply that the decision variable scales in an
essentially linear fashion with both motion strength and viewing
duration. Such a decision variable is suggestive of a temporal

integration of the kind of coherence-dependent neural activity
found in the MT (Britten et al., 1993).

To compare the expected value of the decision variable (D),
derived from the fit to performance, with the deviation data, we
considered one additional transformation. D represents the ac-
cumulated weight of evidence distinguishing between the alter-
native direction decisions, and it increases steadily and without
bound (Fig. 14 B). Perhaps a more natural quantity to be repre-
sented in the oculomotor system is the probability of making a
particular eye movement. The transformation of D into such a
probability is straightforward given the observation that D is
roughly proportional to the logarithm of the likelihood ratio
(logLR) favoring the correct choice, as we have described else-
where (Gold and Shadlen, 2001). Because we are sorting the data
into correct and incorrect choices, this transformation causes a
compression of D into probability on [0.5 to 1] (Eq. 12).

We compared this transformed version of the decision vari-
able, derived from performance, to the coherence- and time-
dependent deviation data from the pro- and anti-saccade tasks.
This comparison involved scaling the transformed decision vari-
able to match the ranges of deviation magnitudes that we mea-
sured, but not altering the coherence or time dependence of ei-
ther quantity. For the pro-saccade task, both quantities varied
with motion coherence and viewing time in a similar manner
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a higher frequency of salient motion fea-
tures, and is consistent with performance
(Fig. 15A). Thus, on the basis of behav-
ioral performance alone, both the proba-
bility summation and motion accumula-
tion models appear to be equally plausible
explanations for the monkeys’ decision
process.

The probability summation and mo-
tion accumulation models can be distin-
guished on the basis of the underlying
neural signals. A decision based on dis-

crete, salient motion events would not re-
flect a gradually accumulating quantity in
the brain. Instead, a motion event would
trigger a more abrupt transition from an
uncommitted or “no decision” state to a

count for the deviation data, this idea im-
plies that although the averaged curves
appear to be smoothly varying functions
of coherence and time (Fig. 5D, E), these
curves must, in fact, reflect a mixture of
values. That is, before the decision is

ﬁ committed or “decision” state. To ac-
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Figure 10.  Performance on the anti-saccade task. 4, Percentage correct plotted as a function of viewing time. Points are shown

atthe center of time bins that had width adjusted to include approximately equal numbers of trials (n ~ 250 trials per point). Colors
represent different motion strengths, as indicated. Data are from 16,298 trials, with and without FEF microstimulation, from
monkey |. B, Percentage correct plotted as a function of motion strength. Points represent a subset of the data presented in 4,
binned into four groups of viewing duration, as indicated. The solid curves are maximum likelihood fits of the cumulative Weibull
function (Eq. 3), computed separately for each curve. The dashed line shows the asymptotic performance (determined from A in Eq.
3), estimated from long duration trials only. (, Discrimination threshold as a function of viewing time. Symbols and error bars
represent the best fitand SEM of the parameter cxin Eq. 3 to performance data in 80-msec-wide bins of viewing time. To emphasize
the inverse relationship between threshold and time, best fits of Equation 4 are shown (/ines) for each data set. Closed symbols and
solid lines correspond to trials without FEF microstimulation; open symbols and dashed lines correspond to trials with FEF micro-
stimulation. D, Slope of the psychometric function (the parameter 3 in Eq. 3) as a function of viewing time. Symbols and error bars

are plotted as in C. Note the logarithmic time scales in Cand D. coh, Coherence.

(Fig. 14C) (x* goodness of fit; Q = 0.0648). For correct trials,
both the transformed decision variable and the saccade devia-
tions increased with stronger motion and increased toward a
point of saturation with increasing viewing time. For incorrect
trials, both quantities increased with viewing time but decreased
with greater motion strength. An exception to the match between
the transformed decision variable and the saccade deviations can
be seen at the strongest motion strengths on correct trials, where
the deviation magnitude begins to decrease at longer viewing
durations. Presumably this decrease occurs because the monkey
formed its decision before microstimulation onset on these long
trials, and thus the oculomotor preparation signals at the time of
microstimulation were dominated by other factors.

We considered two alternative explanations for the deviation
data. One possibility is that the decision is not based on an accu-
mulation of motion information but results from the perception
of momentary motion features in the random-dot stimulus. This
process, called probability summation over time (Watson, 1979),
assumes that the slope of the psychometric function (8 in Eq. 13)
is unchanged by viewing duration, which is consistent with the
observations in Figures 2D, 6 D, and 11 D. Moreover, the proba-
bility summation model predicts improved performance with
stronger motion and longer viewing times, because they provide

made, there should be (on average) no
deviation. When the decision is made,
however, the command to generate the
appropriate oculomotor response is initi-
ated and should cause a deviation in the
direction of the impending eye move-
ment that is independent of the motion
stimulus that led to the decision. Thus, an
intermediate value of the average magni-
tude of deviation would reflect a mixture
of deviations corresponding to the no de-
cision and decision states.

We found no evidence that the devia-
tion data reflected a mixture of values
from two states. In principle, such a mix-
ture should result in a bimodal distribu-
tion of deviations at intermediate viewing durations and motion
strengths, but this was not the case (dip test; p > 0.9 for both the
pro- and anti-saccade data) (Hartigan and Hartigan, 1985).
However, it could be argued that such bimodality is likely to be
obscured by the high degree of variability in the deviation data
(Fig. 15B): for fixed conditions (i.e., correct or error trials for a
given coherence and viewing duration), the distribution of devi-
ation magnitudes had an interquartile range (IQR; a non-
parametric, robust measure of spread) that was, on average, 1.4°
(this variability seemed to be inherent to the technique, because
saccades evoked from fixation in the absence of motion viewing
had an IQR of 1.2° in the horizontal direction and 0.9° in the
vertical direction; n = 5428 trials). Given this variability, we
devised a more sensitive test to recognize such a mixture. We
estimated the widths of distributions of deviation magnitude that
would arise, in principle, from mixtures of values drawn from
distributions representing the no decision and decision states. As
shown in Figure 15C, we assumed that these states corresponded
to outermost values from the pro-saccade data. However, the
IQRs of distributions corresponding to intermediate values of the
average magnitude of deviation were substantially narrower than
these estimates, suggesting that they did not arise from mixtures
of values from two states.
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A second possible explanation for the
deviation data is that regardless of the un-
derlying decision process, only its out-
come affects the developing oculomotor
commands that give rise to the deviations.
This possibility, like probability summa-
tion, implies that on a given trial, the
coherence- and time-dependent decision
process affects only when and in which
direction to generate the appropriate ocu-
lomotor response. We therefore fit the de-
viation data to a model of developing ac-
tivity that reflected stereotyped dynamics
of a preparatory signal to the saccadic sys-
tem (Eq. 14). This model assumed that the
coherence- and time-dependent decision
affected only when to initiate the oculo-
motor response and where the eyes would
move. The developing activity reflected in
the growing deviations would thus repre-
sent, for example, pre-saccadic activity
found in numerous oculomotor areas, in-
cluding the FEF and the SC, that are in-
volved in generating the commands to
move the eyes (Sparks and Hartwich-
Young, 1989; Gaymard et al., 1998). The
fit of the pro-saccade data to this model
was poor relative to the fit to the decision-
variable model (Fig. 15D) (x* goodness of
fit; Q < 10 ~?). The poor fit was attribut-
able to the fact that motion coherence af-
fected only the delay before the stereo-
typed rise. Various alternatives to

Equation 14 describing the dynamics of the stereotyped rise pro-

vided similarly poor fits.

Thus, the data appear to be most consistent with a process
that caused the magnitude of deviation to take on intermedi-
ate values that varied smoothly with motion strength and
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Examples of eye movement traces from correct trials in a single anti-saccade experiment, using various motion
strengths and viewing durations. Eye position was sampled in 2 msec intervals. 4, Ten trials without microstimulation. The two
large circles represent the two targets. The fixation point is at the origin. The dashed line indicates the axis of motion. B, C, Time
courses of the eye movements corresponding to the trials in A. Data are aligned to fixation-point offset (time = 0). D—F, Ten trials
with microstimulation, plotted as in A—C. In A=F, rightward decisions (i.e., leftward eye movements) are indicated with thicker
lines than leftward decisions (i.e., rightward eye movements). pos, Position; deg, degree.

viewing duration. This process is not consistent with discrete,

stimulus-independent decision states or the stereotyped
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dynamics of developing oculomotor commands that are gener-
ated after the decision is formed. Instead, this process appears to
involve developing oculomotor commands that reflect not just
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Effect of target choice on electrically evoked eye movements from the anti-saccade task. A, Endpoints of evoked saccades for all correct trials from the experiment depicted in Figure

11. Open and closed symbols represent leftward and rightward decisions (i.e., rightward and leftward eye movements), respectively. The magnitude of separation was defined as the distance
between the means of the two distributions of endpoints ( filled circles, designated with an open and a closed symbol; r = 3.8°). The dashed line connecting the mean endpoints defines an axis of
separation that is nearly parallel to the axis of random-dot motion, indicated by the /ine between the choice targets (large filled circles). The angle between these two lines gives the direction of
separation (6 = 0.02 radians). B, Mean endpoint positions of evoked saccades for all correct discrimination trials from each site tested. Line segments radiating from the origin represent the mean
evoked saccade. Symbols show the mean evoked saccades sorted by the direction of the ensuing target choice. Closed symbols indicate the more leftward choice (indicating a decision that motion
was rightward). For each experiment, the dependence of endpoint position on target choice was significant (two-dimensional Kolmogorov—Smirnov test; p < 0.01). C, The magnitude (r) and
direction (6) of separation, as described in 4, for all 11 sites. Angles near zero indicate that the endpoints tended to deviate along the axis of motion and in the direction of the subsequently selected
target. Values for r and 6 were computed from run-mean-subtracted data, as described in Materials and Methods but not shown in A. deg, Degree; rad, radian.
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Figure 13.  Effect of motion strength and viewing duration on electrically evoked eye movements from the anti-saccade task. 4, B, Endpoints of evoked saccades from all correct trials in the

experiment depicted in Figure 124. Open and closed symbols indicate trials in which the monkey subsequently indicated a leftward or rightward direction decision, respectively. The average endpoint
was estimated as a running mean and subtracted from each data point, thereby centering the distribution of points at the origin. The magnitude of deviation in the direction of the subsequently
selected target was quantified as the dot product between the endpoint vector (thin arrows) and the unit vector in the direction of the target (thick arrows). Examples are illustrated in red. Zero
magnitude is represented by the roughly vertical lines that pass through the origin. Positive values indicate deviations in the direction of the subsequently selected target. Deviation magnitude was
smaller on trials with weak motion and short viewing durations (colored symbols in A; mean = SEM = 0.2 = 0.2°) than on trials with strong motion and longer viewing durations (colored symbols
inB;4.0 = 0.2°). (, Summary of the effect of motion strength on deviation magnitude. Data are sorted by viewing duration, as labeled. Symbols and error bars represent mean and SEM. The effect
of motion strength was significant for all but the earliest epoch (Eq. 1; p << 0.01). Data are from correct trials. D, Summary of the effect of viewing duration on deviation magnitude. Data are sorted
by motion strength, as labeled. Symbols and error bars represent mean and SEM in 53-msec-wide bins of viewing duration. The effect of viewing duration was significant at each coherence (Eq. 2;
p << 0.01). Solid lines represent data from correct trials; dashed lines represent data from error trials. £, Data as in D, but standardized with respect to the mean for each experiment (SD; see Materials
and Methods for details). For this data set, the effect of motion strength was significant for all but the earliest epoch (Eq. 1; p << 0.01), and the effect of viewing duration was significant at each

coherence (Eq. 2; p << 0.01). coh, Coherence; deg, degree.

the impending eye-movement response, but also the gradual
transformation of motion information into the preparation of
the response.

Discussion

The results demonstrate that a decision about the direction of
random-dot motion is represented in gradually evolving com-
mands to generate the appropriate eye-movement response when
the decision is indicated with an eye movement to a previously
specified location (the pro- and anti-saccade tasks) but not oth-
erwise (the colored-target task). In the following sections, we first
discuss the microstimulation technique that we used to probe
developing oculomotor signals. We then develop the idea that
these signals reflect an accumulation of motion information into
a direction decision when the decision instructs a particular eye-
movement response. Finally, we consider how the brain forms
more abstract decisions that are not linked to specific actions.

Microstimulation technique

We assessed ongoing oculomotor activity during the discrimina-
tion tasks by interrupting motion viewing with electrical micro-
stimulation of the FEF and analyzing the trajectories of the result-

ing, evoked eye movements. We adopted this strategy because
previous work showed that electrically evoked eye movements
can be affected by ongoing activity in the oculomotor system.
Microstimulation of the FEF or the SC typically evokes an eye
movement with a stereotyped trajectory that depends on the site
of stimulation when applied in darkness (Robinson and Fuchs,
1969; Robinson, 1972; Bruce and Goldberg, 1985). In contrast,
similar microstimulation can result in either no eye movement or
an evoked movement with a trajectory that reflects the associated
oculomotor behavior when applied during visual fixation (Te-
hovnik et al., 1999), immediately before or during a visually
guided eye movement (Sparks and Mays, 1983; Schlag et al.,
1989), during smooth pursuit (Marrocco, 1978), or concurrent
with shifts in visual attention (Kustov and Robinson, 1996).

We found that the evoked saccades deviated from their nor-
mal trajectories when the monkey’s direction decision instructed
an eye movement to a particular location. This deviation was in
the direction of the monkey’s subsequent eye-movement re-
sponse (toward and away from the perceived direction of motion
in the pro- and anti-saccade tasks, respectively). Similar devia-
tions are found when microstimulation occurs after an explicit
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Figure 14.  Comparison of deviation data with a decision variable inferred from psychophysics. A, Modelfit to behavioral data from the pro-saccade task. Data are from all trials, without and with
FEF microstimulation, in both monkeys and are plotted as a function of viewing time for different motion strengths, as indicated. The smooth curves are maximum likelihood fits of the model
described in Equations 6 and 7. The model quantifies the decision variable that underlies the monkey's choices. B, Expected value of the underlying decision variable as a function of viewing time for
different motion strengths (as in A). The decision variable is derived from the fit of the model to the pro-saccade data, shown in A. Solid lines represent correct trials; dashed lines represent error trials.
The decision variable approximates the logarithm of the likelihood ratio favoring motion in the direction chosen by the monkey (this conditionalization ensures that the value is always positive). ,
Transformation of the decision variable to movement probability. The decision variable from B was transformed to the probability of making a particular eye-movement response (Eq. 12). The curves
are scaled and shifted to align with the pro-saccade deviation data ( points). Circles and solid lines represent correct trials; crosses and dashed lines represent error trials. Data are separated by motion
strength, asindicated in A. In Band C, black curves and symbols represent data from 0% coherence trials. arb units, Arbitrary units; coh, coherence; deg, degree.

Table 3. Best-fit values of parameters from the temporal accumulation model of decision formation

Task® Ro ¢ a m n

PS 10 0.30 35.70 = 1.90 0.99 = 0.02 1.01 £ 0.03
PS 1 0.05 5.07 £0.22 1.02 = 0.02 1.00 = 0.03
PS 1 1.00 67.53 =3.70 1.34 = 0.02 0.98 = 0.03
PS 50 0.05 2458 = 0.45 0.90 == 0.00 1.02 £ 0.03
PS 50 1.00 136.93 = 3.31 0.97 = 0.01 1.01 = 0.02
a 10 0.30 2753 £ 0.12 0.92 £ 0.01 1.47 = 0.02

“See Materials and Methods and Results for details. Values are reported as maximum likelihood estimates == SE. Combined data from both monkeys (except anti-saccade task), using trials without and with FEF microstimulation.

®ps, Pro-saccade; CT, colored-target.

instruction to move the eyes but before the movement is initiated
(Mays and Sparks, 1980). We interpret the deviations in our ex-
periments as a reflection of an evolving plan to generate the im-
pending eye-movement response.

The present results argue against a number of alternative ex-
planations for the deviations. First, they do not represent the
motion stimulus itself, because they were not systematically re-
lated to the direction of motion on the colored-target task and
were opposite the direction of motion on pro-saccade error trials
and anti-saccade correct trials. Second, they do not reflect the
monkey’s direction decision independent of the subsequent eye-
movement response; otherwise, the deviation data from the
colored-target task would be expected to show a similar
coherence-dependent buildup as was seen in the pro- and anti-
saccade data. Third, the deviations do not seem to reflect an
ongoing eye movement at the time of microstimulation, which
can cause a compensatory deviation opposite the direction of the
ongoing movement (Schlag et al., 1989). In principle, to account
for our data, this idea implies that the monkey’s eyes were moving
opposite the direction of the dots for the pro-saccade task and in
the direction of the dots for the anti-saccade task. In fact, there
was no tendency for either monkey to adjust its eye position along
the axis of motion while viewing the dots (Table 1). Fourth, the
deviations do not reflect systematic offsets in fixation because
each deviation was measured with respect to eye position at mi-
crostimulation onset. Fifth, the deviations were not simply part of

the voluntary saccade to one of the choice targets, which was
initiated after a delay after the termination of the evoked saccade.
Indeed, the deviations were measured using only straight sac-
cades and thus did not reflect curved trajectories that might have
arisen as a combination of a nondeviated evoked saccade and a
voluntary saccade toward one of the choice targets (McPeek and
Keller, 2001).

It is not clear how, under these conditions, the oculomotor
system generated an evoked saccade with a component deter-
mined by the site of FEF microstimulation and a component
determined by the direction of the planned eye-movement re-
sponse. Numerous oculomotor regions are thought to be involved
in forming the direction decision and preparing the appropriate
oculomotor response, including area LIP (Shadlen and
Newsome, 2001; Roitman and Shadlen, 2002), the SC (Horwitz
and Newsome, 1999, 2001), and areas of the prefrontal cortex
including the FEF (Kim and Shadlen, 1999). In principle, devel-
oping activity in any or all such areas could interact with the
electrical microstimulation to affect the evoked saccades (Schiller
and Sandell, 1983). This interpretation suggests that although our
electrode was placed in the FEF, this technique is an assay of activity
not just in the FEF but in the oculomotor system as a whole.

Another difficulty in understanding how these components
interact in the oculomotor system is the complicated effects of
microstimulation, which in our study likely activated all FEF neu-
rons clustered near the electrode tip (Tehovnik, 1996). In addi-
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Figure 15.  Possible alternative explanations for the deviation data. A, Performance on the pro-saccade task fit by a model of
decision formation based on probability summation over time. Curves are maximum likelihood fits of Equation 13, which models
the probability of a correct response as a function of both time and motion coherence. Data ( points) are from all trials, without and
with FEF microstimulation, in both monkeys and are plotted as a function of viewing time for different motion strengths, as
indicated. B, Distributions of deviations of evoked-saccade endpoints from the pro-saccade task. The cyan curve represents the
distribution of deviations from all trials with low motion strengths (0 and 3.2% coherence) and short viewing durations (<170
msec). The blue curve represents the distribution of deviations from all trials with high motion strengths (25.6 and 51.2% coher-
ence) and longer viewing durations (350 — 460 msec). The dashed curve represents a hypothetical distribution obtained by draw-
ing random values from the cyan and blue distributions. Note that this mixture contains only one mode, but it is wider than the
distributions shown in color. ¢, Comparison of the widths of distributions of deviation data from the pro-saccade task with
predictions of a mixture model of extreme values. The interquartile range (/QR; i.e., width) is plotted as a function of the amount
of deviation. Each point represents deviation data for one condition, defined by motion strength, viewing duration (in bins of 13.3
msec), and correct versus error. Points on the left correspond to weaker motion and shorter viewing durations. Points on the right
correspond to stronger motion and longer viewing durations. The solid curve represents the running mean of these values. The
dashed curve represents the expected IQR of hypothetical distributions obtained by taking random samples from the distributions
at the extremes. D, Model of stereotyped dynamics of saccade preparatory signals fit to the deviation data (Eq. 14). Data are
separated by motion strength, as indicated in A. Black symbols represent data from 0% coherence trials; the fit to these points lies
under the magenta curve. Coh, Coherence; deg, degree.
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with a decision process, based on an accu-
mulation of motion information over
time, that can account for performance. In
contrast, the deviation data do not appear
to be consistent with a decision process
that is completed elsewhere in the brain
and affects only when to initiate a particu-
lar oculomotor command.

Thus, when the monkey’s direction deci-
sion instructs a specific eye-movement re-
sponse, there is a continuous flow of motion
information into the circuits responsible for
forming the oculomotor response. This mo-
tion information, known to be represented
in area MT and the medial superior tempo-
ral (MST) area of extrastriate visual cortex
(Newsome and Pare, 1988; Britten et al.,
1992; Salzman et al., 1992; Celebrini and
Newsome, 1994, 1995; Pasternak and Meri-
gan, 1994; Salzman and Newsome, 1994),
appears to be accumulated over time into a
decision variable that can account for per-
formance. Indeed, the idea that the develop-
ing decision is represented as a temporal ac-
cumulation of motion information in the
oculomotor system has been shown to have
neural correlates in numerous brain regions
involved in preparing the eye-movement re-
sponse, including area LIP, the prefrontal
cortex, and the SC (Horwitz and Newsome,
1999, 2001; Kim and Shadlen, 1999; Shadlen
and Newsome, 2001; Roitman and Shadlen,
2002).

These results, linking decision formation
to the generation of the behavioral response,
reflect the one-to-one mapping between the
decision and the behavioral response. That
is, for the pro- and anti-saccade tasks, a par-
ticular direction decision always leads to a
particular behavioral response. Accordingly,
the brain appears to construe motion evi-
dence for or against a direction decision as
equivalent to evidence for or against gener-
ating the appropriate eye-movement re-
sponse. This idea is supported by numerous
studies that have shown that the interpreta-
tion of sensory information is represented in
neurons that signal specific actions, like pur-
posive eye or arm movements (Boussaoud

tion, the microstimulation could have caused both orthodromic
(Hanes and Wurtz, 2001) and antidromic activation (Ferraina et
al., 2002) of other oculomotor regions that connect with the FEF,
notably the SC and LIP (Wurtz et al., 2001). Regardless of the
exact pattern of activation, this aggregate of microstimulus-
evoked activity tended to dominate the evoked-saccade trajec-
tory, which when evoked during the discrimination task tended
to deviate by <2° from the trajectory evoked in darkness.

Decisions linked to specific actions

The developing oculomotor commands evident during motion
viewing on the pro- and anti-saccade tasks depend not just on the
impending eye-movement response, but also on the strength and
duration of the motion stimulus. This dependence is consistent

et al., 1995; Schall and Bichot, 1998; Colby and Goldberg, 1999;
Romo and Salinas, 2001). Likewise, there appears to be a close rela-
tionship between the mechanisms that shift gaze and the mecha-
nisms that shift attention (Kustov and Robinson, 1996; Moore and
Fallah, 2001), providing further evidence that circuits involved in the
preparation for specific actions can play a central role in the inter-
pretation of sensory stimuli and the formation of decisions that
guide those actions.

Decisions not linked to specific actions

The colored-target task represents a form of “abstract” decision-
making, in that the monkey’s direction decision is not linked to a
particular eye-movement response. Accordingly, circuits in-
volved in preparing particular eye movements do not appear to
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play a role in forming this kind of decision. However, the mon-
keys” performance on the colored-target task indicates that the
underlying decision process is similar to that used for the pro-
and anti-saccade tasks. The results from those tasks suggest that a
continuous flow of motion information is accumulated in cir-
cuits that form the direction decision. Where is this accumulation
evident for the colored-target task when the decision does not
instruct a particular action?

The decision on the colored-target task can be thought of as
instructing a behavioral rule: rightward motion instructs the rule
“when two targets appear, choose the red one,” whereas leftward
motion instructs the rule “when two targets appear, choose the
green one.” According to this interpretation, the neurons in-
volved in accumulating motion information toward a direction
decision do not represent specific actions but rather behavioral
rules. Clinical (Milner, 1963) and physiological evidence (Hoshi
etal., 2000; Wallis et al., 2001) suggest that the prefrontal cortex,
particularly Walker’s area 46, represents behavioral rules. This
representation may be part of a more general or “pragmatic”
framework that includes representations of potential, deferred,
or rule-based actions (Jeannerod, 1994; Rizzolatti et al., 1996). It
remains to be seen whether these neurons accumulate sensory
information into categorical decisions that therefore may be
formed independently of specific, predictable behavioral
responses.
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