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Definition

The countermanding oculomotor task or stop-
signal task (see Fig. 1) requires participants to
make a saccade to a GO stimulus (no-stop-signal
trial) but stop the saccade when a STOP signal is
presented (stop-signal trial). Participants’ ability
to inhibit the response depends on the interval
between the GO and STOP signals, often referred
to as the stop-signal delay (SSD). When the GO
signal has a small head start relative to the STOP
signal, then subjects succeed at inhibiting their
responses. As the head start grows, subjects
often fail to inhibit the response.

Detailed Description

The Countermanding Oculomotor Task
The countermanding saccade task (Fig. 1) is a
response inhibition paradigm, in which

participants are required to make a saccade as
quickly as possible to a GO signal (no- stop-signal
trial). In few trials a STOP signal is presented, and
the response must be stopped (stop-signal trial).
There are two possible behavioral outcomes in
this paradigm: (1) Participants fail to inhibit their
response producing a signal-respond trial with a
signal-respond reaction time (RT) and (2) partici-
pants inhibit their response producing a signal-
inhibit or cancelled trial. Participants’ ability to
inhibit their response depends on the interval
between the GO and STOP signal presentation,
often referred as the stop-signal delay (SSD) (see
Fig. 2a). When SSD is short, subjects often suc-
ceed at inhibiting; as SSD grows, subjects often
fail to inhibit the response. When subjects fail to
stop on stop-signal trials, their responses tend to
be faster than on trials without a stop signal. An
important aspect of the countermanding task is to
determine the stop-signal reaction time (SSRT),
the length of time required to cancel the saccade
being programmed and maintain fixation on the
central fixation spot. Because the duration of this
inhibitory process is not explicit in the behavioral
data, then an estimate of SSRT is calculated as the
mean reaction time when no-stop signal is given
minus the delay for which inhibition occurs on
50% number of trials (Hanes and Carpenter
1999). The probability of inhibiting/probability
of responding as a function of SSD is referred as
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Decision Making, Countermanding Oculomotor
Models, Fig. 1 Basic design of the countermanding
task. (Reproduced with permission from Hanes and Car-
penter (1999), Fig. 1, p. 2778, Copyright © 1999,
Elsevier). Typically a participant fixates on a central fixa-
tion spot (F) for a variable interval. Once it disappears, a
visual target (T) simultaneously appears in the periphery.

After a delay in some trials, the fixation spot may reappear
(stop-signal delay (SSD)) during which subjects are
instructed to withhold the movement. Subjects sometimes
successfully countermand the saccades, and sometimes
they do not. The dotted circle indicates the focus of gaze
at each interval, and the arrow indicates the saccade
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Decision Making, Countermanding Oculomotor
Models, Fig. 2 (a) Schematic indicating how the proba-
bility of responding [p(respond|signal)] and the probability
of inhibiting [p(inhibit|signal)] depend on GO- RT, SSD,
and SSRT distributions. (Reproduced with minor changes
from Boucher et al. (2007), Fig. 1D, p. 377, Copyright ©

2007 American Psychological Association). (b) Plot of
inhibition function as function of SSD. D’ and D” indicate
the proportion of signal-respond trials at SSDs of 100 ms
and 150 ms, respectively. (Reproduced with from Boucher
et al. (2007), Fig. 1C, p. 377, Copyright © 2007 American
Psychological Association)
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the inhibition function (see Fig. 2b for the proba-
bility of responding as a function of SSD).

Human Performance in the Countermanding
Oculomotor Task
Early countermanding or stop-signal experiments
involved manual responses to visual GO signals
and visual/auditory STOP signals (Logan and
Cowan 1984). The first countermanding oculo-
motor task was introduced by Hanes and Carpen-
ter (1999). In this task, participants were asked
initially to fixate on a central stimulus. As soon
as the central (fixation) stimulus disappeared, a
peripheral (target) stimulus appeared either to the
left or right peripheral visual field, and the partic-
ipants had to make a saccadic eye movement
toward it. On some trials, the fixation stimulus
reappeared, acting as a STOP signal, instructing
the participant that the saccade should be inhibited
and instead to hold his/her gaze on the fixation
stimulus. Mean saccade latencies on the GO trials
were reported to be 200–300 ms and were faster
with a higher luminance contrast visual stimulus.
On the other hand, SSRTs ranged from 125 to
145 ms but did not vary with target luminance.
Schall and Thompson (1999) suggested that
the short STOP signal latency may be due to the
STOP signal being presented centrally to
the fovea. Asrress and Carpenter (2001) tested
the effectiveness of central and peripheral visual
stimuli in the stop-signal response. They reported
that central and peripheral visual stop cues
produced the same SSRTs. However, when both
cues were used, then the SSRTs were shortened,
suggesting that the central and peripheral stop
signals have independent inputs to the stopping
process.

Other experiments examined the effects of
other sensory modalities in response inhibition
and reported that the SSRTs were slightly longer
when an auditory or a tactile instead of a visual
stimulus was used as a STOP signal (Armstrong
and Munoz 2003; Morein-Zamir and Kingstone
2006; Akerfelt et al. 2006; Cabel et al. 2000).
Subsequent experiments have reported that
human subjects respond faster and with greater
accuracy to stimuli that are brighter, louder, and
associated with larger reward or have larger

probability of appearance, than to neutral stimuli
(Wattiez et al. 2016).

Recent experiments investigated how saccade
cancellation is influenced by the fixation disen-
gagement (Stevenson et al. 2009). Human partic-
ipants performed countermanding experiments
that required them to try to cancel an impending
saccade in the presence of an imperative visual
STOP signal, across different fixation conditions.
Stop signal reaction times were�40ms shorter on
trials with a 200 ms gap between fixation point
removal and target presentation compared with
when the fixation point remained illuminated.
Investigators concluded that the reduction in
SSRTs were primarily due to removal of a foveal
fixation point (as opposed to a generalized warn-
ing effect) and persisted with an auditory stop
signal that controlled for potential differences in
stop signal saliency across different fixation
conditions.

Countermanding Oculomotor Performance in
Disorders
Countermanding performance has also been
investigated in many neurological and psychiatric
disorders including attention deficit hyperactivity
disorder (ADHD; Armstrong and Munoz 2003;
Hanisch et al. 2006), schizophrenia (Thakkar
et al. 2011, 2015), bipolar disorder (Thakkar
et al. 2015), and Parkinson’s disease (Farooqui
et al. 2011).

In particular, patients with ADHD involved in
a countermanding saccade task (Armstrong and
Munoz 2003) made more impulsive eye move-
ments than age-matched controls. Furthermore,
ADHD participants were faster to respond to a
target, but they were more likely to fail to coun-
termand an eye movement on STOP trials
(Armstrong and Munoz 2003). SSRTs of adult
ADHD patients were reported to be longer in a
saccadic countermanding task, particularly with
an auditory or peripheral visual stop signal
(Armstrong and Munoz 2003). Slower SSRTs
were also observed in children diagnosed with
ADHD (Hanisch et al. 2006).

Similarly, patients suffering with schizophre-
nia (Thakkar et al. 2011) were associated with
increased latency to inhibit a planned saccade.
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Longer SSRTs were found in patients, despite
patients having equal sensitivity to the stop signal
and similar latencies to initiate a saccade. Their
SSRTs were correlated with increased negative
symptoms and poorer occupational functioning,
indicating the clinical relevance of these findings.
Patients made appropriate RT adjustments after
errors but slowed down significantly more than
control subjects after correctly inhibited saccades.
Subsequent experiments from the same group
tested the countermanding performance of schizo-
phrenia patients in a double-step task (Thakkar
et al. 2015). In this task, participants were required
to make a saccade to a visual target. Infrequently,
the target jumped to a new location, and partici-
pants were instructed to rapidly inhibit and change
their response. Patients had poorer efficiency of
inhibition, indexed by longer TSRT (target step
reaction time). An impairment in response execu-
tion was also observed when patients were
required to redirect gaze to a new location.

Non-human Primate Performance in the
Countermanding Oculomotor Task
The primate brain circuits involved in the
countermanding oculomotor task are complex,
involving many brain areas (for reviews see
Schall and Godlove (2012)). Neurons in the fron-
tal eye field (FEF), supplementary eye field (SEF),
lateral intraparietal area (LIP), pre-supplementary
motor area (preSMA), and subthalamic nucleus
(STN), and superior colliculus have been
described as movement-related in the saccade
countermanding task. However, neuronal record-
ings from SEF, LIP, preSMA, and STN have pro-
duced conflicting results (for more details see
Stuphorn et al. 2000; Scangos and Stuphorn
2010; Isoda and Hikosaka 2007, 2008). The two
brain areas that are the most studied and have
produced the most consistent results in response
inhibition in the countermanding task are the FEF
and SC.

FEF is an area in the dorsolateral prefrontal
cortex of macaque monkeys where neurons
respond to visual stimuli but also are involved
in the production of saccadic eye movements

(Bruce et al. 1985; Hanes and Schall 1996;
Sommer and Wurtz 2000; Segraves and Goldberg
1987). The FEF movement-related neurons have
been shown to discharge before and during sac-
cades (Bruce and Goldberg 1985; Hanes and
Schall 1996) and innervate other movement-
related neurons in SC and the brainstem
(Segraves and Goldberg 1987; Sommer and
Wurtz 2000; Segraves 1992). Other FEF and SC
neurons have been shown to discharge during
fixation but suppress their activities during sac-
cades. These fixation cells are critical for control-
ling saccade initiation. Electrical stimulation of
SC fixation cells can interrupt saccades in mon-
keys (Gandhi and Keller 1999), and their deacti-
vation results in excessive saccade initiation
(Munoz andWurtz 1993). Two experimental stud-
ies have described the activities of movement-
related and fixation neurons in FEF and SC in
macaque monkeys performing a saccade stop sig-
nal task (Hanes et al. 1998; Pare and Hanes 2003).
Once the GO signal was given (target appeared),
then movement- related neuronal activity in both
areas grew toward a threshold. In trials where no
STOP signal was presented, these activities con-
tinued to grow (see Fig. 3a left). The activities of
corresponding fixation neurons were decreased
(see Fig. 3a right). If a STOP signal was presented
(cancelled trial), then the movement-related
activities were inhibited (see Fig. 3a left) and the
fixation cells generated rapid bursts (see Fig. 3a
right). This activation reciprocity of movement-
related and fixation cells naturally reinforces the
idea that they share a mutually inhibitory
relationship.

A similar inhibitory relationship exists
between fixation and saccade neurons in macaque
monkeys performing the antisaccade task
(Everling et al. 1999; Everling and Munoz
2000). Fixation cells are tonically active when
subjects are fixating, and they pause their
activities when a saccade is executed. Saccade
neurons, on the other hand, discharge when a
saccade is initiated but remain silent during fixa-
tion. Two populations of saccade neurons have

4 Decision Making, Countermanding Oculomotor Models



been recorded in SC: buildup and burst cells
(Munoz and Wurtz 1993, 1995a, b).

Computational Models of
Countermanding Oculomotor
Performance

Over the years many mathematical and computa-
tional models of countermanding oculomotor per-
formance have been proposed. Some of
these models provide explicit descriptions of the
mental processes that are tightly linked to
countermanding behavior, and others focus on
the neurons, networks, or brain regions involved
in the countermanding task. A direct comparison
of the performance of these various computational
models in the countermanding task can be found
in Table 1.

Independent Horse-Race Model
The oldest and most successful model of
the countermanding task is the “independent
horse-race model” (Fig. 4; Logan and Cowan
1984). The model is intuitively simple consisting
of two independent accumulators, a GO process
and a STOP process, which race each other till
a predefined threshold is reached by one process.

If the GO process, initiated at GO stimulus onset,
reaches the threshold first, then stimulus response
is generated, and the trial ends; if the STOP
process, initiated at the STOP stimulus onset,
reaches the threshold first, then the subject stops,
and the trial ends. The STOP process wins the race
if SSRT + SSD is less than the GO-RT. Then, the
response is inhibited and a signal-inhibit trial
takes place. If the SSRT + SSD is greater than
the GO-RT, then the GO process wins, the
response is executed, and a signal-respond trial
occurs. Because the GO-RT and SSRT are
assumed in the model to be independent random
variables drawn from their response time distribu-
tion, then the outcome of the race includes
a random component. Increases in SSD favor the
GO process and so the STOP process wins less
often. Thus, the probability of inhibiting the
response decreases, and the probability of
responding increases. Such a relationship repro-
duces the experimentally observed inhibition
function. The “independent race model” explains
further why the responses in the stop-signal trials
are faster than the no-stop-signal ones and how
they change in relation to the SSD.When the SSD
is short, only the fastest GO-RTs are faster than
SSRT + SSD, so signal-respond RT is very short,
reflecting the lower tail of the GO-RT distribution.
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Decision Making, Countermanding Oculomotor
Models, Fig. 3 Normalized activity of FEF gaze-shifting
(left) and gaze-holding (right) neurons. (Reproduced with
permission from Schall and Godlove (2012), Fig. 2,
p. 1014, Copyright ©, Elsevier). Thick green and red
lines represent the activities of cancelled FEF gaze-shifting
and gaze-holding neurons, respectively. Thin green and red

lines represent the activities of non-cancelled FEF gaze-
shifting and gaze-holding neurons, respectively. Presenta-
tion of the stop signal is indicated by the solid vertical line.
The time needed to cancel the planned movement – stop
signal reaction time (SSRT) – is indicated by the dashed
vertical line
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As the SSD increases, more GO-RTs are fast
enough to win the race, so signal-respond RT
increases. If the SSD is long enough, all GO-RTs
will win the race, and signal-respond RT will
approach no-stop-signal RT. The model has been
successfully able to quantitatively simulate
the inhibition function as a function of SSD and
the SSRT distributions across age, patient groups,
and experimental conditions. The model did not
though consider the underlying neural processes.
Furthermore, recent experimental evidence has
ruled against the independent race of the GO and
STOP processes (Montagnini and Chelazzi 2009).

Countermanding LATER Model
A model similar to Logan and Cowan’s (1984)
“independent horse-race model” is the
countermanding LATER model of Hanes and
Carpenter (1999) (see Fig. 5). The
countermanding LATER model consists of two
independent LATER units, a GO unit and a

STOP unit, racing each other to a threshold. The
rate of rise of each LATER unit’s activity takes
values from two normal distributions with differ-
ent means and standard deviations. In the model,
as in the experiment, the GO unit is activated first,
followed by activation of the STOP unit, which in
turn inhibits the GO unit. If the GO unit reaches
the threshold before the STOP unit, then a GO
response is generated. If the STOP unit reaches
the threshold before the GO unit, then a No-GO
response is generated. If the GO unit activity
reaches threshold first, then a GO response is
generated. The model is able to simulate accu-
rately the RT distribution and inhibition function
as a function of SSD. However, it does not attempt
to provide any insights to the neural mechanisms
of stopping.

Interactive Race Model
The “interactive race model” (see Fig. 6) was
introduced (Boucher et al. 2007) as an alternative

Decision Making, Countermanding Oculomotor
Models, Table 1 Comparison of performance of compu-
tational models in the countermanding paradigm.

(Reproduced with permission from Cutsuridis (2017),
Table 1, p. 9, Copyright ©, Royal Society Publishing)

Modelling study Behavioral data Neurophysiology data

Inhibition
function

Cumulative
reaction time
distributions

Movement
neuron profile

Fixation neuron
profile

No-
stop Cancelled

No-
stop Cancelled

Independent race model (Logan and
Cowan 1984)

√ √

Countermanding LATER model
(Hanes and Carpenter 1999)

√ √

Interactive race model (Boucher et al.
2007)

√ √ √ √ √

Augmented interactive race with pre-
target model (Wong-Lin et al. 2010)

√ √ √ √ √

Spiking neural model with top-down
control (Lo et al. 2009)

√ √ √ √ √

Cancellable rise-to- threshold model
(Salinas and Stanford 2013)

√ √

Blocked-input 1.0 model (Logan et al.
2015)

√ √ √ √ √

Blocked-input 2.0 model (Logan et al.
2015)

√ √ √ √ √

Boosted-fixation 1.0 model (Logan
et al. 2015)

√ √ √ √ √
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to the previous race models in order to suggest
how neural circuitry could give rise to the
observed behaviors. To this end, the authors
(Boucher et al. 2007) quantitatively simulated
the behavior of the countermanding task and spec-
ified the neural underpinnings of stopping. They
proposed that lateral inhibition between

competing neural accumulators is the mechanism
for stopping. This model assumption was in
line with the experimentally observed modulation
of neural activity from recurrently inhibited neu-
rons in SC and FEF, two brain areas directly
involved in saccadic eye movements (discussed
in the previous section; Hanes et al. 1998; Pare
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Decision Making, Countermanding Oculomotor
Models, Fig. 4 Basic schematic of the independent
horse-race model of countermanding performance. Two
independent processes race toward a threshold, where
one process is initiated by a GO signal, while the other
process by a STOP signal after a variable stop signal delay
(SSD). If the GO process crosses the threshold first, it wins
the race and a non-cancelled response is made. If the STOP

process crosses the threshold first, it wins the race, and the
response is inhibited. The STOP signal response time
(SSRT) is the time between STOP signal onset and the
point where the STOP process crosses the threshold to
countermand the response. (Reproduced with permission
from Hanes and Carpenter (1999), Fig. 4, p. 2782, Copy-
right ©, 1999, Elsevier)
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Decision Making, Countermanding Oculomotor
Models, Fig. 5 Countermanding LATER model.
(Reproduced with permission from Noorani (2014),
Fig. 4, p. 3, Copyright ©, Frontiers publishing company).
A GO unit competes with a STOP unit, and the winner of

the competition determines the outcome. In some trials, the
GO unit reaches threshold even in the presence of the
STOP unit, which failed to stop it (non-cancelled trials).
In other trials, the STOP unit is faster than the GO unit, so
no response (saccade) is generated (cancelled trials)

Decision Making, Countermanding Oculomotor Models 7



and Hanes 2003). As in the previous models, the
interactive model consisted of two accumulators,
the GO process and the STOP process. The GO
process was modelled as a stochastic accumulator
that integrated neural activity over time until it
reached a threshold, after which a response was
made. Similarly, the STOP process was modelled
as a stochastic accumulator that stopped the
response by inhibiting the GO activation and
preventing it from reaching the threshold. The
STOP and GO processes were mutually inhibiting
each other, but their strengths were asymmetric
with the STOP process inhibiting the GO process
more than the GO process inhibited the STOP
process. Because in the model the GO and STOP
processes proceed independently for most of their
duration, the STOP unit inhibited the GO unit
strongly only very late in the trial. This produces
finishing times that appear independent, as in the
independent model. The model has been success-
ful at simulating accurately both behavioral and
neurophysiological data including the
activation profiles of gaze-responding neurons
(movement and fixation cells) in the signal-inhibit
and no-stop-signal trials.

Cancellable Rise-to-Threshold Model
Salinas’ and Stanford’s (2013) “cancellable rise-
to-threshold model” is built on the foundation of
the compelled saccade task (Shankar et al. 2011),

which attempts to separate the contribution of
perceptual and motor processing in the
countermanding task. As in the interactive race
model, programming a saccade involves a process
building activity to a threshold. The model
assumes that once a stop-stimulus is presented,
a perceptual mechanism detects it with a particular
speed and reliability. Once the signal is detected,
then the movement plan decelerates, and
the movement is stopped. The model successfully
replicates the experimentally observed
countermanding behavior, but it does not
attempt to reproduce the recorded neural activity.
However, it has been suggested to be profoundly
similar to the “interactive race model” and hence
matches the earlier model in its predictions (see
Bissett (2013) for a critique of the “cancellable
rise-to-threshold model”).

Augmented Interactive Race with Pre-target
Input Model
Wong-Lin and colleagues (2010) advanced an
extension (see Fig. 7) of the “interactive race
model” by including an additional pre-target
input to account for the experimentally reported
high firing rates of fixation neurons (Hanes et al.
1998). They demonstrate that such simulated
pre-target fixation neuronal activity reproduces
countermanding behavior that maximizes reward
rate as a function of SSD, fraction of stop-signal
trials, intertrial interval, duration of timeout, and
relative reward value. Further, it simulated accu-
rately the neural traces of movement and fixation
cells in no-stop and cancelled trials.

Spiking Interactive Race with Top-Down
Inhibition Control Model
Lo and colleagues (2009) introduced an attractor-
based model of neural spiking dynamics. The
neural network model was multi-modular
consisting of a premovement module that con-
trolled inhibition of movements and a control
module that provided a top-down inhibitory con-
trol over the premovement module. The model
replicated the probability of responding and RTs
on correct and error trials as well as the patterns of
activity observed in SC and FEF (Hanes et al.
1998; Pare and Hanes 2003). The model made
new predictions and suggested new experiments.

Decision Making, Countermanding Oculomotor
Models, Fig. 6 Interactive race model. (Reproduced
with permission from Logan et al. (2015), Fig. 9b, p. 49,
Copyright © 2015 American Psychological Association)
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Particularly, their model predicted that the neural
activities of movement and fixation neurons are
negatively correlated earlier in non-cancelled tri-
als than in cancelled trials. It demonstrated that
inhibitory control in the countermanding task is
due to modulation of the strength of the top-down
drive to the movement module. Weaker simulated
top- down control resulted in shorter reaction
times, more errors, but unchanged SSRTs.

Despite its successes, the model did not incor-
porate all of the brain circuits involved in control
of saccades, omitting areas such as the supple-
mentary frontal eye field (SEF), and anterior
cingulate cortex (ACC). Furthermore, the model
did not separate the stimulus-driven input and the
top-down input to fixation neurons in order to
assess their effects on inhibitory control (Asrress
and Carpenter 2001).

Other Race Models
Recently, Logan et al. (2015) introduced new
variations of the original interactive race model
(Boucher et al. 2007), namely, the “blocked-input
1.0 race model,” the “blocked-input 2.0 race
model,” and the “boosted-fix 1.0 race model”
(see Fig. 8). The “blocked-input 1.0 race model”
assumed that the STOP unit did not directly
inhibit the GO activation, but instead it activated
a top-down process that turned off the GO activa-
tion and set the mean neural GO activity to zero
once it reached the threshold. If the input is
blocked early enough, then the GO neural activa-
tion did not reach the threshold and the response

was inhibited. If the GO activation reached the
threshold before its input was blocked, then inhi-
bition failed and the GO response was executed.
The “blocked-input 1.0 race model” fits the
behavioral data as well as the original interactive
model indicating that direct inhibition from the
STOP process on the GO process is not needed
to account for the countermanding behavior. The
“blocked-input 1.0 race model” fitted monkey
neurophysiological data better than the original
interactive model by predicting growth rates,
decay rates, and cancel times that fell within the
95% confidence intervals of the observed monkey
data. The “blocked-input 2.0 race model” was
the same as the original interactive model with
mutual inhibition between the GO and STOP pro-
cesses except that it also includes a third indepen-
dent top-down process that also inhibits the GO
signal. Version 2.0 of the “blocked-input race
model” produced as good a fit to the behavioral
and neurophysiological data as version 1.0 but
a better one than the original interactive model.
The “boosted-fix 1.0 race model” assumed the
presence of a similar top-down process, but
which boosted the STOP activation instead of
blocking the GO activation. It produced as good
a fit to the data as the “blocked input 2.0 race
model.” Further neurophysiological experimenta-
tion will show if such a hypothesized top-down
signal that blocks the GO activation and/or
boosts the STOP activation really exists and
what mechanisms allow it to switch modes of
operation.

Target

Pre-target

Control

FNMN
SSD

pre-target

Stop

stop
targetI

I

I

Decision Making, Countermanding Oculomotor
Models, Fig. 7 (Left) Augmented interactive race with
pre-target input model. (Reproduced with permission from
Wong-Lin et al. (2010), Fig. 1A, p. 12, Copyright © 2010
Elsevier Science Ltd). Asymmetrical mutual inhibition

between movement (MN) and fixation (FN) neural units
is observed. (Right) Inputs trace to MN (green) and FN
(red). SSD = stop signal delay. Cognitive control is
assumed to vary pre-target FN input
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