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Abstract

Perception and action are tightly coupled: visual responses at the saccade target are enhanced
right before saccade onset. This phenomenon, presaccadic attention, is a form of overt attention
—deployment of visual attention with concurrent eye movements. Presaccadic attention is well-
documented, but its underlying computational process remains unknown. This is in stark contrast
to covert attention—deployment of visual attention without concurrent eye movements—for which
the computational processes are well characterized by a normalization model. Here, a series of
psychophysical experiments reveal that presaccadic attention modulates visual performance only
via response gain changes. A response gain change was observed even when attention field size
increased, violating the predictions of a normalization model of attention. Our empirical results
and model comparisons reveal that the perceptual modulations by overt presaccadic and covert
spatial attention are mediated through different computations.

Humans and primates make large and rapid eye movements, saccades, multiple times
per second to explore visual scenes. Already before saccade onset, visual performance
is improved (for example, o in discrimination tasks)!-8 and featural representations are
modulated®-11 at the saccade target location. These effects, due to presaccadic attention,
reveal a strong coupling between perception and action.

Presaccadic attention can be considered a type of overt attention—deployment of visual
attention with concurrent eye movements. Even though behavioural (e.g., refs.2:56.9) and
neural correlates'2-16 of presaccadic attention have been widely studied, their underlying
computational processes remain unknown. This is in stark contrast with the research

of covert attention—deployment of attention without concurrent eye movements—for
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which not only the behaviourall”18 and neural correlates'®>19.20, byt also the underlying
computations have been extensively investigated?1-25, To address this knowledge gap, here
we ask: can a unified computational framework account for the perceptual modulations by
both overt presaccadic and covert spatial attention?

Characterizing how attention modulates the visual system’s input-and-output functions—
here specifically defined as visual performance as a function of stimulus contrast—is an
essential step towards understanding the computations underlying attentional modulations.
Contrast response functions have often been used to investigate attentional modulations.
Several neurophysiological?6-30, psychophysical31-42 and human neuroimaging*3-47 studies
have investigated how covert spatial attention and feature-based attention affect contrast
response functions. Overall, the contrast response functions measured under various forms
of covert attention can be explained by the Reynolds—Heeger normalization model of
attention (NMA)?2L; for other normalization models of attention, see refs.22:24:48:49,

In this NMA, the attentional modulation is modelled as attentional gain factors that increase
or decrease the input drive of visual neurons. The modulation by the attentional gain factors
precedes normalization, and thus this modulation affects both the excitatory inputs and

the suppressive inputs (the normalization pool) of visual neurons. This principle explains
attentional modulations in many neurophysiological studies (e.g., refs.21:50-52),

Key predictions of this NMA regarding how covert attention modulates contrast response
functions have been confirmed by empirical psychophysical findings: spatial covert
attention can modulate neural responses by horizontally shifting the contrast response
function (contrast gain, quantified as a change of semisaturation contrast; Fig. 1a). Spatial
covert attention can increase neural responses by a multiplicative gain factor, improving
behavioural performance by vertically scaling the psychometric function (response gain,
quantified by a change of asymptotic response; Fig. 1b). The NMA and empirical studies
have shown that spatial covert attention can induce a response gain change, a contrast gain
change or a mix of both, depending on the attention field size relative to the stimulus size
(Fig. 1)21,40_

To elucidate the computation underlying presaccadic attention, here we characterize its
effect on the contrast response function in a series of psychophysical experiments. In
experiment 1, we investigated the effect of presaccadic attention when only one stimulus
was presented at the saccade target location. In experiment 2, we assessed the effect of
presaccadic attention at both the saccade target and its mirrored location in the opposite
hemifield, and we compared these effects with those of covert endogenous and covert
exogenous attention with the same stimulus parameters and task difficulty. In experiment
3, we investigated whether the effect of presaccadic attention depends on the location
uncertainty of the target stimulus. In all cases, the effects of presaccadic attention were
compared to a neutral baseline in which no saccadic eye movements were executed.

To preview our results, we found that presaccadic attention only generated a response
gain change, whereas covert attention generated a mix of response gain and contrast gain
changes. The response gain change generated by presaccadic attention was robust even
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when we encouraged observers to use a larger attentional field by increasing the location
uncertainty of the target stimulus. We found that a model in which attention modulates

the neural response by a gain factor multiplicatively after normalization outperformed the
NMA. Conversely, the NMA, in which attention modulates the neural response by a gain
factor multiplicatively before normalization, best explains the perceptual modulations by
covert attention. These results reveal that the gain modulations by presaccadic attention are
mediated through neural computations that differ from those proposed?! and empirically
confirmed?140 for covert attention.

Experiment 1.

We characterized the modulation of presaccadic attention on the contrast response functions
when a stimulus was presented at the saccade target location. Observers were asked to
discriminate the target orientation, presented 8° left or right of the fixation. To map out the
psychometric function, the contrast of the target varied on a trial-by-trial basis. In the neutral
condition, a neutral precue instructed observers to maintain fixation at the screen centre
throughout the trial. In the saccade condition, a saccadic precue instructed observers to
saccade to the upcoming target location (Fig. 2a), in which the target was presented shortly
after the cue onset. Observers had to report the target orientation, left or right of vertical.
Observers’ gaze positions were monitored throughout the trials.

Trials in the saccade condition were sorted offline on the basis of the relative timing between
saccade onset and stimulus offset (Supplementary Fig. 1). We compared the performance in
the neutral condition to the performance in a presaccadic time window (75 to 0 ms before
saccade onset)®9.10.53 We fitted performance () as a function of target contrast with

the Naka—Rushton function (Methods). Presaccadic attention enhanced performance at the
saccade target through an increment of aghax, the asymptotic performance level (P< 0.001,
95% bootstrapped confidence interval (ClI) 0.49, 0.93; o= 6.32; from here on we report
Pvalues and 95% confidence interval obtained by bootstrapping). Cso, the semisaturation
constant, was not significantly different between the two conditions (= 0.38, Cl -0.02,
0.04; d=0.86) (Fig. 2b—e). These results are consistent with a response gain change.

Experiment 2.

We investigated the effect of presaccadic attention at both the saccade target location and

its mirrored location in the opposite hemifield. Moreover, we compared the effects of
presaccadic attention and covert spatial attention. Observers performed three different tasks
in separate sessions: a presaccadic attention, a covert endogenous (voluntary) attention and a
covert exogenous (involuntary) attention task. We compared these three attention types with
the same stimulus parameters and task difficulty, and with their optimal cue location and cue
timing to maximize their effects (Methods and Fig. 3).

For the presaccadic attention task, two stimuli (a target and a distractor), one in the left
and one in the right visual field, were presented simultaneously in each trial (Fig. 3a).
In the saccade condition, a saccadic precue instructed observers to saccade either towards
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the target (towards condition) or away from the target, to the distractor (away condition)
with equal probability. Observers had to report the orientation of the target indicated by

an auditory response cue after stimulus offset. This design allowed us to investigate the
effects of presaccadic attention without conflating saccade direction with cue validity as the
saccadic precue did not convey information regarding the stimulus relevance, that is, which
stimulus was the target to be discriminated.

In the endogenous attention task, covert attention was manipulated by an informative (70%
validity) central precue. The cue indicated the target location in the valid trials and the
distractor in the invalid trials (Fig. 3a), and observers were instructed to pay attention to
the cued location. In the exogenous attention task, an uninformative peripheral precue was
flashed above the target or the distractor with equal probability, and observers were told the
cue was uninformative (Fig. 3b). In both tasks, observers maintained fixation at the screen
centre throughout each trial.

We observed both a benefit and a cost of presaccadic attention. Compared to the neutral
condition, when averaging @ across contrast levels, performance (o) increased in the
towards condition (P< 0.001, CI 0.67, 0.97, d= 10.92) and decreased in the away condition
(P<0.001, Cl -0.53, -0.25, d=5.60). Comparing the fit of the Naka—Rushton functions
between the towards and the away conditions, we observed a significant change of ghax (P=
0.004, Cl 1.31, 2.61, d= 6.34) without a significant change of Cyg (P=0.16, Cl —0.38, 0.086,
d=1.12) (Fig. 4a—d).

Pooling across stimulus contrast levels, covert endogenous attention, similar to presaccadic
attention, also increased performance in the valid condition (< 0.001, CI 0.22, 0.48, d=
5.30) and decreased performance in the invalid condition (P< 0.001, CI -0.50, -0.19, d=
4.48). Comparing the fits of the Naka—Rushton function between the valid and the invalid
conditions, we observed changes in both ghmax (P=0.02, C1 0.11, 1.24, d= 2.56) and Csq (P
=0.006, CI -0.30, —-0.05, d= 2.50; Fig. 4e-h).

The effects of covert exogenous attention and covert endogenous attention were similar.
Compared to the neutral condition, performance was higher in the valid condition (P<
0.001, C1 0.30, 0.58, d=6.08) and lower in the invalid condition (< 0.001, CI -0.49,
-0.21, d=5.18) than the neutral condition. Both agfnax (P < 0.001, CI 0.46, 1.25, d=4.32)
and Gy (P<0.001, Cl -0.21, -0.05, &= 3.09) showed significant changes when the valid
and invalid conditions were compared (Fig. 4i-1).

Even when asked to maintain a stable fixation, humans make microsaccades, involuntary
small fixational eye movements. To explore if microsaccades contributed to the covert
attentional effects, we removed the trials in which microsaccades occurred during the critical
interval (from the cue onset to the test stimuli onset): about a quarter of the trials (28%)

in the endogenous attention condition and only 3% in the exogenous attention condition.
Again, both endogenous attention and exogenous attention exhibited a mixture of a contrast
gain change and a response gain change (Supplementary Fig. 2). It is not surprising that we
found the same results given that a low percentage of trials contained microsaccades.
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Could presaccadic attention’s predominant modulations on afnax be due to a minor
difference in its experimental protocol compared to that for covert attention? For the
presaccadic attention condition, trials with failed saccades (5.2% for the towards condition
and 4.9% for the away condition) were aborted and repeated at the end of each block
(Methods). Thus, we may have prevented the inclusion of some lapsed trials in the dataset,
in which the participants ‘zoned out’. In contrast, there were no behavioural indices (except
blinks; see Methods) that allow us to exclude lapsed trials in the covert attention conditions.
To rule out the possibility that the absence of lapse trials in the presaccadic condition
contributed to the difference with covert attention, we treated the trials in which the
participants failed to saccade correctly as the lapsed trials. For these trials, we simulated
lapsed responses by assigning random button presses, instead of using the participants’
responses when these trials were repeated at the end of each block. Because the percentages
of these trials were similarly low in both the towards and the away conditions, they had little
impact on the psychometric functions, hence leaving dmax and Csg practically unchanged.
Again, presaccadic attention only modulated gpax (P=0.002, ClI 1.22, 2.53, d=5.63),
without significantly changing Gsq (P=0.18, Cl —0.42 0.06, d= 1.09) (Supplementary Fig.
3).

In sum, we found that presaccadic and covert attention modulated performance through
different gain changes. Covert attention generated a mix of response gain and contrast

gain changes, regardless of the presence or absence of microsaccades, whereas presaccadic
attention only generated a response gain change, with or without simulated lapsed trials.

Experiment 3.

Both the NMA2L and empirical results3%40 have demonstrated that the modulations
generated by both exogenous and endogenous covert attention are affected by the attention
field size relative to the stimulus size. For spatial covert attention, when the attention field
size is large compared to the stimulus, attention generates a contrast gain change, and when
the attention field size is small relative to the stimulus, attention generates a response gain
change (Fig. 1). Thus, the finding that presaccadic attention generated a pure response gain
change in experiment 2 might reflect that attention was deployed locally at the saccade
target location. The deployment of covert spatial attention might have been less precise,
indicating a larger attention field size than the one during presaccadic attention.

Were the effect of presaccadic attention to follow the predictions of the NMA, contrast

gain changes would emerge with an enlarged attentional field size. To test this prediction,
following the protocols in covert attention studies*%->4, we increased stimulus location
uncertainty. This manipulation encourages observers to pay attention to a larger spatial area,
thus increasing the attention field size. Sometimes, while preparing a saccade to a particular
location, we may want to monitor a larger area in case the object of interest is nearby, but
not certainly at, the saccade location.

We considered the presaccadic attention task in experiment 2 as a low-uncertainty condition.
In experiment 3, we measured the effect of presaccadic attention in medium- and high-
uncertainty conditions, in which the target and the distractor were each randomly presented
in one of several predesignated locations in each trial (Fig. 5a,b). We asked observers
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to still saccade to the centre of the placeholder. According to the NMA, the effect of
presaccadic attention should be transformed from the observed pure response gain change
(in experiments 1 and 2) to a contrast gain change (or a mix of both) in the medium- and
high- uncertainty conditions.

Presaccadic attention exhibited response gain changes even when location uncertainty
increased. In the medium-uncertainty condition, ahax differed significantly between the
towards and the away conditions (P < 0.001, CI 1.16, 2.00, d= 7.38) but the corresponding
Cs did not (P=0.29, Cl -0.19, 0.04, d= 1.00) (Fig. 5¢—f). Likewise, in the high-
uncertainty condition, there were significant changes in gmax (P < 0.001, CI 0.91, 1.91,
ad=5.57), but not in Gsg (P=0.36, Cl —0.23, 0.04, d= 0.86), between the towards and away
conditions (Fig. 5g—j).

We conducted simulations to compare the predictions of the NMA with the data in
experiments 2 and 3. Simulations are based on Reynolds and Heeger’s NMAZ2! and the
stimulus parameters of our experiments. To simulate the effect of location uncertainty, we
scaled the width of the attention field size from 0.5, 2.5 to 6° for the low-, medium-

and high-uncertainty conditions, respectively (Supplementary Fig. 4). The model predicted
that attentional modulations on neural responses shift from a response gain change to a
contrast gain change with increasing attention field size (indexed by location uncertainty)
(Supplementary Fig. 4). Note that the simulation here is only to ensure that given the
assumptions of the NMA, with our stimuli and attention field size, which increases with
location uncertainty, we should observe a shift from response gain change to contrast gain
change. However, we did not observe such a shift.

Presaccadic attention field size.

Is it possible that observers’ attention field sizes did not increase with location uncertainty
as we expected? For example, observers’ attention fields might have remained small and at
the centre of the placeholder. Were this the case, the mismatch between the predictions of
the NMA and the empirical results would be due to the ineffectiveness of our experimental
manipulations.

To investigate this possibility, we binned the trials in the high-uncertainty condition on the
basis of the target location: the two outmost locations, two intermediate locations and the
central location (Fig. 6a,e,i). We found significant changes in g« between the towards
and the away conditions at all target locations (outmost locations £=0.03, CI 0.01, 2.19,
d=3.00; intermediate locations = 0.02, Cl 0.25, 1.65, d=2.97; central location P=
0.004, C1 0.64, 1.82, d=4.33). We did not observe significant Csg shifts at any of the
locations (outmost locations £=0.78, Cl —-0.47, 0.17, d'= 0.06; intermediate locations P
=0.10, Cl -0.37, 0.02, d'= 1.40; central location = 0.45, Cl -0.16, 0.05, d= 0.46).

In addition, there was no significant difference in the magnitude of response gain changes
(quantified as the afpax in the towards condition minus the dmyay in the away condition) across
the three bins (central versus outmost A= 0.75, Cl —-1.23, 1.26, d= 0.24; central versus
intermediate A=0.52, Cl -0.61, 1.19, d= 0.61; outmost versus intermediate A= 0.40,

Cl -0.96, 1.46, d=0.70). We further conducted a Bayesian one-way repeated-measures
analysis of variance (ANOVA) using target location (outmost, intermediate and central
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locations) as the independent variable and the magnitude of response gain changes as the
dependent variable. The results show weak support for a null model assuming no effect

of target location on response gain change (BF1g = 0.85). Moreover, the distributions of
saccade landing points were almost constant regardless of the location at which the target
was presented (Supplementary Fig. 5). These results are in line with the assumptions in

the simulations that in the high-uncertainty condition, the size of the attention field extends
beyond the central target location.

So far, we found that increasing location uncertainty did not affect the response gain changes
generated by presaccadic attention, and that the effect of presaccadic attention was robust
and similar across different target locations. We further explored whether and how location
uncertainty affected participants’ oculomotor behaviours. Analysing the trials in which the
target was presented at the central location (for example, Fig. 6i), we found that both
saccade landing points (< 0.001, CI —-1.95, —-0.55, d'= 3.43) and saccade reaction times
(the interval between saccadic cue onset and saccade onset; £< 0.001, Cl —41.73, -7.45,

d= 2.37) were significantly less variable in the low- than the high-uncertainty condition
(Supplementary Fig. 6). These results also confirm that the uncertainty manipulation was
successful.

Model comparisons.

The absence of a size-dependent gain change by presaccadic attention in our experiments
indicates that the modulations by presaccadic attention deviated from the critical
predictions2! and empirical tests3940 of the NMA. To directly test the NMA against
alternative models, we built and compared various computational models. We computed
theoretical neural response and used signal detection theory to link population neural
response and behavioural reports. This approach has several advantages: (1) we no
longer commit to specific parameterizations of the psychometric functions. Instead, the
assumptions are made on the computation of the neural responses, as described below.
(2) With the goal of understanding the modulations of neural response underlying the
behavioural responses, rather than extracting different indices from the psychometric
functions, we compared models with different assumptions about how attention affects
population neural response. (3) The models made predictions of behavioural choices on
a trial-by-trial basis using all the trials in the dataset, without emphasizing particular

data points on the psychometric functions (for example, asymptotic performance). (4)

By computing the response of the neural population with neurons selective for different
locations and by considering the neurons’ excitatory field and suppressive surround, the
models account for the effect of stimulus size and attentional field size, which are the critical
components of the NMA.

The models are based on the framework that neural response can be estimated by a
normalization equation®®, which effectively estimates neural firing rate in visual cortex.

In different models, attention modulates neural response through different stages of
normalization: (1) in the response gain model, attention is modelled by response gain factors
that multiplicatively modulate the response of the neurons after normalization (Fig. 7a);

(2) in the NMA model, attention affects neural responses through attentional gain factors
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that multiplicatively modulate the excitatory drives of the neurons before normalization
(Fig. 7¢)?L; (3) in the contrast gain model, attention divisively modulates the suppression
constant in normalization (Supplementary Fig. 7); (4) in the input baseline model®,
attention modulates the excitatory inputs of the neurons additively before normalization
(Supplementary Fig. 8) and (5) in the output baseline model#>°7, attention is modelled as an
additive term after normalization (Supplementary Fig. 9) (see Methods for details of all the
models).

We jointly fitted the models to the data of the presaccadic attention condition across three
levels of location uncertainty (low, experiment 2, Fig. 4a; medium, experiment 2, Fig. 5¢ and
high, experiment 2, Fig. 5g). We fitted the free parameters to the data from each individual
observer using maximume-likelihood estimation, and used the Akaike information criterion
(AIC)%8:59 and log-likelihood cross-validation as the indexes for the model comparisons.

The response gain model outperformed the NMA in fitting the data by a group-summed
AAIC score of 84 (CI 28, 216) (Fig. 8, and Supplementary Tables 2 and 3), whereas the
output baseline model performed the worst. With a factorial model comparison, we tested
different variations of the models (20 in total, Methods). The ranking of the models was not
specific to the setup of the other factors in the model: The response gain model was the
best-fit model even when we changed the setup of the response bias or the trade-off between
the attentional field size and the magnitude of attentional modulation (Supplementary Fig.
10).

We also fitted the models to the data of a study reporting the size-dependent gain

changes induced by covert exogenous and covert endogenous attention?®. Herrmann et al.40
fitted Naka—Rushton functions to the psychometric functions (¢ versus contrast) without
fitting process models such as ours that incorporated both population neural response and
behavioural reports, and generated predictions at a single-trial level. Critically, we found
that different from the results of presaccadic attention, the NMA model is the best model

to explain the effect of both exogenous and endogenous covert attention (AAIC between the
NMA model and the response gain model: endogenous attention, 36 Cl 25, 82; exogenous
attention, 39 CI 25, 80) (Fig. 8b, Supplementary Figs. 11 and 12).

To check the robustness of our results we also used cross-validated log likelihood as an
alternative index for model comparisons. Again, the response gain model outperforms the
NMA model for fitting the data of overt presaccadic attention experiment, and the NMA
model is the best model for explaining the effect of exogenous and endogenous covert
attention (Supplementary Fig. 13).

Discussion

We investigated the perceptual modulations of presaccadic attention, a form of overt
attention, by characterizing its effect on performance as a function of stimulus contrast.
We found that presaccadic attention exhibited a response gain change, which was robust
even when location uncertainty of the stimuli increased.
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We compared the effects of presaccadic attention with those of covert endogenous and
covert exogenous attention, which exhibited a mixture of response gain and contrast gain
changes on the psychometric functions. The effect of covert attention was the same whether
we analysed all the trials or excluded the minority of trials containing microsaccades. These
results are consistent with previous findings that covert attention affects performance even
when only the trials without microsaccades were analysed, or even when the retinal image
was stabilized0,

By model comparisons, we found that a response gain model, a model that assumes that
overt presaccadic attention modulates neural responses after normalization, outperformed
the Reynolds and Heeger’s NMA?L, a computational model that has explained various
phenomena of covert attention3940.50-52 These findings indicate that the computations
underlying the modulations of these two types of spatial attention—overt presaccadic and
covert—are different.

Previous studies have distinguished presaccadic attention and covert attention by creating
experimental conditions that limit the effect of one type of attention but not the other.

For example, presaccadic attention can take effect at a shorter latency than covert
endogenous attention82:10, covert attention can facilitate performance for stimuli outside

of the oculomotor range” and observers can covertly attend to a task-relevant location even
when a saccade was made to other locations®L. Here, while keeping experimental designs,
stimulus parameters and task difficulty as similar as possible, we optimized cue location and
timing to maximize the operation of each attention type (Fig. 3). Our results demonstrate
that overt presaccadic and covert spatial attention not only differ in the conditions under
which they can take effect, but also in the consequences of their deployment.

Psychophysical experiments of covert attention had found varying gain modulations across
studies. For example, covert attention exhibits both contrast and response gain changes

in contrast discrimination tasks34, and response gain changes for both luminance-defined
and colour-defined stimuli with a dual-task procedure3®. Furthermore, studies from our
laboratory reported contrast gain for endogenous attention and response gain for exogenous
attention31:37:38, The NMAZ21 and experiments testing its predictions340 pointed out that
the degree of response gain and contrast gain changes by covert attention depends on the
relation of the attentional field size to the stimulus size (Fig. 1). Thus, to obtain a pure
response gain or contrast gain change for covert attention, stimulus size and attentional field
size should relate in a specific manner. Our results that both endogenous and exogenous
attention exhibited a mix of response gain and contrast gain change resulted from the
stimulus parameters we used: the stimuli eccentricity, the size and eccentricity of the
placeholders and the size and eccentricity of the peripheral precue for exogenous attention
—all parameters that could influence the size of the attentional field, resulting in similar
attention field sizes in both the exogenous and endogenous attention tasks.

Albeit the differences in their details21°0-52, in the NMA, the computations of attention can
be conceptualized by a normalization equation: R = E(Ceenter)/ [N Ceenter + Csurround) + o1, in
which the visual neuron’s response R is determined by the excitatory drive £, suppressive
drive (normalization pool) Sand a non-negative suppression constant o. £ is a function
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of the input contrast ceentre at the location central to the neuron’s receptive field. Visual
neurons have an extended suppressive surround and thus Sis a function of the input contrast
(Ceentre @Nd Csurround) at both the centre and the surround. Critically in the NMA, attention

is modelled as a gain factor athat concurrently modulates excitatory and suppressive inputs
before divisive normalization. When the attention field is large (covering both the centre and
the surround), neural response becomes R = A aceenter)/ [ N@Ccenter + @Csurround) + o1, leading
to a contrast gain change as in Fig. 1a; when attention field is small (without “attending to’
the surround), the neural response is R = E{aceenter)/ [ X aCenter + Csurround) + o1, leading to
a response gain change as in Fig. 1b (ref.21). The absence of size-dependent gain change

by presaccadic attention in our experiments indicates that the modulations by presaccadic
attention can instead be summarized by a response gain factor j that scales neural responses

after normalization R = yE(Ceenter)/ [ Ceenter + Gsurround) + o1-

These concepts are confirmed by model comparisons. The model assuming that attention
multiplicatively modulates neural response after normalization is best at explaining the
effect of presaccadic attention. In contrast, the NMA is best in explaining the effect of both
endogenous and exogenous covert attention. Thus, whereas the NMA can explain many
neural and perceptual modulations generated by covert attention, our results indicate that
such computation does not apply to presaccadic overt attention. A response gain mechanism
seems to be a signature of the perceptual modulations rooted in saccade preparation.

The modelling approach we took is more comprehensive than the approach in the previous
studies, in which the data were compared with the predictions of the NMA by fitting
Naka—Rushton functions to the psychometric functions3940. Instead of describing the data
by parameter values amax and Gsg, in our models we computed population neural response
and made predictions on trial-by-trial behavioural reports. Among a neural population,
depending on the neurons’ preferred orientation and location, different neurons could
exhibit different magnitudes or forms of attentional modulation®’. This heterogeneity of
the attentional effect was taken into account by the models we used here because the signal
available for the observers to make a decision encompasses the entire simulated neural
population. In addition, this approach also allowed non-sensory or decision-related factors
(for example, response bias) to be fitted in the models (Methods and Supplementary Figs.
10-12).

Our models assumed that the attentional field is maintained at the centre of the placeholder
regardless of location uncertainty. This assumption is in line with the findings that
presaccadic attention depends on the planned location during oculomotor programming
rather than the exact saccade landing point82-64. Moreover, in our data, the averaged saccade
landing points changed very little (<0.13°) when the target was presented away from the
central location (Supplementary Fig. 5). Jittering the location of the simulated attention field
by this amount led to negligible changes on the simulated neural responses.

It may be surprising that the response gain model outperformed the NMA in fitting the
data, as the NMA could mimic either response gain or contrast gain by adjusting the size
of the attention field to be either small or large, respectively. Note that our models take
into account the stimulus location on a trial-by-trial basis. For the conditions with location
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uncertainty, if the size of the attention field remains small, there would be no attention effect
at the outmost or intermediate locations, or attention could even generate a suppressive
effect on the target, which was not observed in the data (Fig. 6). The fits of the NMA to

the presaccadic attention condition (Fig. 7d) seem to indicate that the model used shallower
(non-saturating) functions in an attempt to generate different maximum responses at the
highest contrast level (a response gain-like pattern) across the toward, away and neutral
conditions. However, this led to model fits that cannot capture the shape of the psychometric
function as well as the response gain model.

For the NMAZL to explain our data, the following conditions would have had to be fulfilled:
in the high-uncertainty condition, the attention field size would have to remain small,

and attention would have to shift to the location wherever the target appeared during the
presaccadic interval, as if the target attracted stimulus-driven attention onto itself, while
participants were still able to saccade to the centre of the placeholder. This is unlikely

for two reasons. First, this stimulus-driven attention would have to be extremely fast and
only occur in the presence of presaccadic attention; otherwise, the target in the endogenous
and exogenous attention tasks would have had the same effect. Second, if the stimulus
generated an attention-capture effect, saccade endpoints would have been affected, resulting
in averaged saccades that landed between the planned saccade landing point and the target
stimulus®°:66, However, the mean of the saccade endpoints remained practically constant
even when location uncertainty was high (Supplementary Fig. 5).

We did not directly measure the change of the attentional field size as a function of

location uncertainty with fMRI, as has been done for covert attention“®. Nevertheless, such
limitation is unlikely to invalidate the dissociations between presaccadic and covert attention
reported here for the following reasons. (1) Several data analyses indicated that the location
uncertainty manipulation was effective. The magnitude of the response gain was similar
when we analysed the central or the most peripheral locations, indicating that the size of
attention field extends throughout all the possible target locations. Furthermore, oculomotor
behaviours showed that when uncertainty was low, both the saccade landing points and

the saccade reaction times were less variable, consistent with the findings that overt
attention decreases neural variability®” and that location uncertainty increases variability

in oculomotor behaviour®8. (2) All the models we compared contained free parameters
allowing adjustments for the attentional field sizes under different location uncertainties, and
the best-fit attentional field sizes were comparable between the NMA and the response gain
model (Supplementary Tables 2 and 3). Thus, more direct estimates of the attentional field
size are unlikely to change the results of model comparisons.

The coupling between saccadic eye movements and visual attention are well-documented
at both the behaviourall~48:69-71 and neural®72-77 |evels. Our results resonate with the
notion that even though the neural correlates of saccade and covert attention are shared at a
coarse scale, the two phenomena are neurophysiologically dissociablel6:78-81 For example,
in the frontal-eye field (FEF), visual and visuomotor cells show enhanced firing rate during
a covert attention task, whereas motor and visuomotor cells show enhanced firing rate
(time-locked to saccade onset) during a saccade task’8. In addition, the synchronization
between FEF and visual cortex V4 also depends both on cell types and task. These distinct
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neural substrates underlying saccade execution and covert attention might contribute to the
differential perceptual modulations and computations we observed for presaccadic attention
and covert attention.

Our results are consistent with the findings that neural responses in sensory visual cortex
are enhanced in a retinotopically specific manner!2.14.82.83 pefore eye movements. This
presaccadic enhancement is accompanied by an improvement of orientation decodability
of saccade target34. The enhancement of neural firing rate can occur at two locations
simultaneously, a task-relevant location and a saccade target location, indicating that
attentional demand (task relevance) and presaccadic enhancement are dissociable®.
However, in that study the modulations by saccade preparation and attention (relevancy)
were very similar in both their form (increased firing rate) and magnitude. This is

probably not surprising as they aligned the neural response to cue onset and analysed an
epoch long before (>800 ms) saccade execution. Moreover, given our results, to reveal

the differences between the modulations by presaccadic attention and covert attention, a
finer characterization of the modulations is called for by mapping out the entire contrast
response functions just before saccade onset. Future neurophysiological studies can take
this approach to investigate whether the neural modulations by overt and covert attention in
visual cortex are supported by different computations as our behavioural and computational
results indicate.

We have proposed that presaccadic attention facilitates transaccadic integration by making
the peripheral saccade target more fovea-like, specifically by sharpening orientation
tuning®11 and preferentially enhancing high spatial frequencies®10. The robust response
gain change of presaccadic attention revealed in our study is consistent with this proposal.
To achieve transaccadic stability, it would be more useful for the visual system to upscale the
contrast of the saccade target regardless of its physical contrast (similar to a response gain
change), rather than to preferentially enhance the target whose contrast is at a threshold level
(a contrast gain change).

To conclude, our study reveals that presaccadic attention and covert attention are mediated
by different computations. Whereas a well-established model of covert attention, the NMA,
does not account for the computations underlying the effects of presaccadic attention on
contrast sensitivity, a response gain model does.

Participants.

Four observers (two females and two males, age range 22-33 years) participated in the
three experiments (a total of 21 1-h sessions per observer). No statistical methods were used
to predetermine sample sizes; our sample sizes are similar to those reported in previous
publications38-49. All observers had normal or corrected-to-normal vision. The experiment
was conducted with the written consent of each observer and the University Committee on
Activities involving Human Subjects at New York University approved the experimental
protocols. Data from all the particpants were analysed. We conducted trial exclusion on the
basis of observers’ eye movements described in Eye position below.
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Setup.

Observers sat in a dimly lit room with the chin rest positioned 57 cm from the

monitor. Presentation of the stimuli was controlled by MATLAB (Mathworks) using

the Psychophysics Toolbox extensions®®. The monitor was gamma-corrected and had a
resolution of 1,280 x 960 pixels with a refresh rate of 85 Hz. The gaze position of the right
eye was recorded by an EyeLink 1000 with the Desktop Mount (SR Research).

Experiment 1.

Each trial started with a fixation period of 300 ms followed by the onset of a neutral cue
in the neutral condition or a saccadic cue in the saccade condition. The saccadic cue was
a bar at the fixation pointing towards the upcoming target location (8° left or right from
the fixation, Fig. 2a). Two placeholders, marking the two potential target locations, were
presented throughout the experiment. Observers were instructed to make a saccadic eye
movement to the cued location as fast as possible when they saw the saccadic cue. The
neutral cue was composed of two bars pointing to both locations, instructing observers to
maintain fixation at the centre throughout the trials. The test stimulus (the target, a Gabor
presented for 35 ms) appeared shortly after the cue onset. Eye position was monitored
throughout the trials.

The SOA (stimulus onset asynchrony) between the cue and the target was randomly sampled
between 12 and 224 ms in each trial. This range of SOA was used because it allowed

the test stimulus to be presented before saccade onset in most of the trials in the saccade
condition. Moreover, this interval was shorter than the time (roughly 300 ms) required for
covert endogenous spatial attention to take full effectl’. After the offset of the test stimulus
and a delay of 400 ms, an auditory tone was played as the response cue. Tones in two
different frequencies informed the observer at which location (left or right) the target had
been presented. After hearing the response cue, the observer reported the orientation of the
target (left versus right tilt from vertical) by pressing either the left-arrow or right-arrow
key on the keyboard. Observers were given 3 s to respond after the response cue. After the
button press, the next trial started after an intertrial-interval ranging from 0.8 to 1.2 s. The
neutral condition and the saccade condition were tested in separate blocks, in a randomized
order. On average, every observer performed 2,592 trials in three sessions on different days.

Experiment 2.

Three types of attention were manipulated in experiment 2: presaccadic attention, covert
endogenous (voluntary) attention and covert exogenous (involuntary) attention. On average,
every observer completed 8,892 trials in 11 sessions on different days. The procedures for
the presaccadic attention task were identical to the ones used in experiment 1, except for
the following modifications: the test stimuli in experiment 2 were composed of two Gabors,
a target and a distractor, one presented 8° to the left and one presented 8° to the right

of fixation simultaneously (Fig. 3a). The location of the target was determined randomly

in each trial. In the saccade condition, the saccadic cue either pointed towards the target
(towards condition) or the distractor (away condition) with equal probability. Thus, the
observer had to saccade to the distractor (that is, away from the target) in half of the trials.
At the end of each trial, an auditory response cue (either in a high or a low tone) informed
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observers about the location of the target. Observers then reported the orientation of the
target using the keyboard. The neutral condition and the saccade condition were tested in
separate blocks in a randomized order. In the saccade blocks, equal number of trials of the
towards and away conditions were randomly interleaved. Observers were explicitly told that
the direction of the saccadic cue was not informative regarding the target location.

There were three conditions to investigate the effect of covert endogenous attention: neutral,
valid and invalid (Fig. 3a). The procedures in these conditions were similar to the procedures
of the neutral, saccade towards and saccade away conditions described above, except for
the following changes. The SOA between the precue and the test stimulus was 400 ms so
that the effect of covert endogenous attention could take full effect!”. For all the conditions,
observers had to maintain fixation at the screen centre throughout each trial; eye position
was monitored throughout the trials. There were two types of block, one containing only
the neutral condition and the other containing both the valid and invalid conditions. In the
latter, 70% of the trials were valid trials (with the precue pointing towards the target) and
the remaining 30% were invalid trials (with the precue pointing towards the distractor).
Observers were told that the precue was informative regarding the target location and that
they should pay attention to the cued location.

The covert exogenous attention task was similar to the endogenous attention task, except for
the following modifications. The precue was presented peripherally and transiently with a
duration of 60 ms. The precue was followed by an interstimulus interval (40 ms) before the
test stimulus. This led to a 100-ms SOA between the precue and the test stimulus, which
yields the greatest effect for exogenous attentionl’. In the valid condition, the precue was

a black line (0.5° length) presented above the target (1.8° above the centre of the target),
whereas in the invalid condition, the precue was presented above the distractor. In the
neutral condition, the precues were black bars presented at the fixation, equivalent to the
neutral cue in the saccade and the endogenous attention tasks. Similar to the endogenous
attention task, there were two types of block, one containing only the neutral condition and
the other containing both the valid and invalid condition. In the latter, equal number of
valid and the invalid trials were randomly interleaved. Observers were told that the precue
was uninformative regarding the target location. Eye position was monitored throughout the
trials.

Experiment 3.

We repeated the presaccadic attention task in experiment 2 with increased location
uncertainty. Again, we instructed observers to saccade to the centre of the placeholder in
the saccade condition. There were still two placeholders on the screen, but now with five
potential target locations within each placeholder. We considered the presaccadic attention
task in experiment 2 as a low-uncertainty condition and we tested two levels of location
uncertainty here, named as medium-uncertainty (Fig. 5a) and high-uncertainty (Fig. 5b)
conditions that differed in the area covered by the placeholders. In each trial, the target was
presented at any one of the five locations in a placeholder with equal probability. Similarly,
the distractor was presented at any one of the five locations in the other placeholder. The
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location of the test stimuli varied across trials. On average, every observer completed 7,722
trials in ten sessions on different days.

The test stimuli were Gabor patches generated by a sinusoidal function (four cycles per
degree with its phase randomly determined in each trial) weighted by a Gaussian with a
standard deviation of 0.5°. Test stimuli in nine contrast levels (5, 10, 14, 20, 27, 37, 51, 70,
95%) were tested. Contrast levels were randomly selected on each trial, and were interleaved
in each of the experiments. In experiments 2 and 3, the target and the distractor in a trial
were always presented with the same contrast level.

The orientation of the Gabors was titrated for each observer. The titration procedure was
conducted using the procedure of the neutral condition of each experiment and task.
Three types of task (presaccadic attention, endogenous attention and exogenous attention)
in experiment 2 were titrated separately. The medium-uncertainty and high-uncertainty
condition in experiment 3 were also titrated separately. Test stimuli were presented at the
highest contrast level and an adaptive procedure86 was used to determine the amount of
tilt (from vertical) at which observers’ performances in discriminating the orientation (left
versus right tilt) of the target were at about @’ = 2.

Two placeholders (centred at 8° left and right from the fixation) were presented on the
screen throughout all the experiments. The placeholders were composed of four black
dots forming a square with a width of 2.3° in experiments 1 and 2. In experiment 3, the
placeholders had a width of 3.4° and 6.3° in the medium-uncertainty and large uncertainty
conditions, respectively.

In experiments 1 and 2, the test stimuli were presented at 8° left or right from the central
fixation. In experiment 3, the test stimuli were also presented 8° from fixation but could
occur at any one of the five locations within the placeholder. The five locations were

evenly spaced on an imaginary circular arc symmetric around the horizontal meridian. The
imaginary arc had a radius of 8° and an angle of 18° and 44° in the medium- and the
high-uncertainty conditions, respectively. Thus, the two outmost locations (the top and the
bottom) had a distance of 2.5° and 6° in the medium- and the high-uncertainty conditions,
respectively (see Fig. 5a,b, in which the locations are marked by dashed lines for illustration
purposes). Observers were told to saccade to the centre of the placeholder.

We fitted psychometric functions (¢ as a function stimulus contrast) with Naka—Rushton
functions parameterized as @ = G C/(C" + C's5p) where Cis the contrast level, g,y is
the asymptotic performance, Gy is the contrast level corresponding to half the asymptotic
performance and 77 determines the slope of the function. A change in g,y indicates a
response gain change and a change of Cs indicates a contrast gain change.

A bootstrapping procedure was used to test the statistical significance of the change of
Omax and Csq across conditions. We first resampled (with replacement) the data to obtain a
psychometric function (nine data points) for each observer and condition. We then computed
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group-averaged psychometric functions by averaging the data points across observers.
Naka—Rushton functions were then fitted to the group-averaged psychometric functions.

We subtracted the amax (Or Gsg) between valid and invalid conditions to obtain the difference
score. This procedure was repeated 2,000 times to generate the distribution of difference
scores. We computed the proportion of the difference scores that fell below (or above) zero
and multiplied this proportion by two as the Pvalue for the two-tailed bootstrapping test.
Effect size () was computed as the mean of the difference score distribution divided by its
standard deviation.

For experiment 3, to investigate whether the magnitude of response gain change was
constant across different locations in the high-uncertainty condition, we conducted Bayesian
one-way repeated-measured ANOVA using JASP’. The ANOVA compared the strength of
the evidence of a null model against a model assuming response gain change differs across
target locations. The prior probabilities of the two models were set equal.

Eye position.

Models.

We monitored eye positions online. Trials with blinks or saccades (except for the response
saccade required in the saccade condition) detected from the beginning of the trial to 200 ms
after the offset of the test stimuli were aborted and repeated at the end of the block. Trials
with no response saccade detected online in the presaccadic attention condition were also
aborted and repeated. For offline analysis, we smoothed the raw eye data with a Gaussian
and computed smoothed eye velocity using the eye positions of five neighbouring time
points. Saccades were detected when the eye velocities exceeded the median velocity by
five standard deviations for at least 8 ms (ref.88). Saccades separated by less than 10 ms
were merged as a single saccade. For the saccade condition, we analysed the trials in which
observers’ first response saccades occurred between 70-400 ms after the cue onset and
landed within the cued location with an error smaller than 2.5° (from the centre of the
aperture) in experiment 1 and 2, and smaller than 3.5° in experiment 3.

We also extracted fixational eye movements from the data of both the exogenous and
endogenous covert attention conditions (for the analysis presented in Supplementary Fig. 2).
Fixational eye movements were extracted using the same velocity-based method described
above, except that we defined fixational eye movements as the saccadic eye movements with
an amplitude smaller than 1°.

NMA.—We simulated population neural responses following Reynolds and Heeger’s
NMA?ZL, We simulated a two-dimensional array of neurons with orientation tiling the
orientation space in steps of 1°, and receptive field centres ranging from —10° (degree visual
angle) to +10° relative to the target location in steps of 0.5°. The responses of the neurons
(R) were computed as

A(x, 0)E(x, 6; c")
S(x,0;c") + 6" (1)
S(x,0;c") = K(x,0)*[A(x, 0)E(x, 0; c")]

R(x,0) =
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where £'is the excitatory drive, Sis the suppressive drive, A is the attentional gain factor,
cis stimulus contrast, 77is an exponent term and o is a hon-negative suppression constant
(Fig. 7a). The excitatory drive £was determined by each neuron’s receptive field centre

x and preferred orientation 6. The spatial excitatory field of each simulated neuron was

a Gaussian with 1° standard deviation and the orientation tuning was a circular Gaussian
with 48° full-width at half-maximum, approximating the spatial and orientation tunings
reported for macaque primary visual cortex8%90, Suppressive drive Swas computed as a
suppression kernel K convolved with attentional-modulated excitatory drive. * represents the
convolution operator. K'is a two-dimensional suppression kernel in which the spatial extent
was modelled as a Gaussian with a width four times that of the spatial excitatory field,
emulating the broad suppressive surround of visual neurons (Supplementary Fig. 14). For
simplicity, we set K'to be uniform across orientations, meaning that at the same locations,
the normalization pool was summed across all the neurons.

Attentional modulation was modelled by attentional gain factor (A) that multiplicatively
modulates the excitatory drive before normalization. Attentional gain factors are uniform
across orientation (Fig. 7a), and the spatial extent of the attentional gain factor is modelled
as a Gaussian,

| k)
A(x,0) =1+ w—e 5,2 e
Oq

where 1 is the baseline of the attention gain factor, 4, is the attended location (assumed to be
centred at the central target location), o, determines the size (width) of the spatial extent of
the attentional gain factor and p is a parameter controlling the trade-off between the spatial
extent and the magnitude of attentional modulation. If p= 1, spatial attention has a fixed
volume, decreasing in magnitude when its spatial extent increase. If p= 0, the magnitude

of the attentional gain is independent of the spatial extent of attentional modulation. wis

a weight that determines the strength of attentional modulation. We fitted this weight with
two free parameters w;, w;, corresponding to the strength of attention in the neutral and the
towards (or the valid) condition. The weight of the away (or the invalid) condition was fixed
at zero.

Behavioural performance (&) in a discrimination task is proportional to the neural responses
given the assumption of an additive, independent and identically distributed noise. An
alternative model with Poisson noise and a maximum-likelihood decision rule would yield
the same linkage between neural response and behavioural performance3’-91. Therefore, we
fitted a free parameter, o, representing the magnitude of the noise, to relate the underlying
neural responses to behavioural reports.

We computed probabilistic behavioural report using the simulated population neural
response and signal detection theory. The available signal sfor an observer is computed

as the Euclidean norm of the subtraction between two vectors s= lirg — r_ll, in which the
vector rg represents the population neural response for a right-tilted target and r|_ represents
the population neural response for a left-tilted target. On the basis of signal detection theory,
the observer’s performance is @ = s/, and the probability for the observer to correctly
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discriminate a right-tilted target is pC =R | C =R) = @(% - c), where Cis the true category

of the target (left-tilted L or right-tilted R), C is the observer’s response, cis a response bias
(that is, an idiosyncratic preference for reporting a particular category) and @ is cumulative
distribution function of the standard normal distribution.

The inputs to the model were based on the stimuli in the experiments. We simulated
population neural responses (rgr and r; ) for the right- and the left-tilted orientation by
setting the orientation of the input stimulus at 4° and —4° relative to vertical respectively.
For the medium- and high-location uncertainty conditions, the neural responses for the
outmost locations, intermediate locations and the central location were simulated separately
by moving the location of the input stimulus based on our stimuli (Fig. 5a).

Below, we consider alternative models. All the models share the same implementations as
the NMA described above but differ in how and when attention modulates neural responses.

Response gain model.—The effect of attention is modelled as the response gain factor ¥
that scales the response of the neurons multiplicatively after normalization. The responses of
the neurons () are computed as

E(x,6;c")

R(x,0) = y(x,0)
S(x, ;) + o

S(x,0; ") = K(x,0) * E(x, 0; ")

Contrast gain model.—The effect of attention is modelled as the contrast gain factor

¢ that divisively modulate the suppression constant of the neuron. ¢ horizontally shifts the
response functions of the neurons left (¢ > 1) or right (¢ < 1). The responses of the neurons
(R) are computed as

E(x,6;c")
S(x,0; ™) + [o/d(x, 0)]"

R(x,0) =

S(x,0;c") = K(x,0) * E(x, 0; c")
Input baseline model (IB).—Here attention is modelled as a change of baseline input /.
The responses of the neurons (~) are computed as

E(x,0;(c + 1(x,0)")

R(x,0) =
S(x,0;c") + o
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S(x, 0; ) = K(x,0) * | E(x,0: (c + I(x.0)")]

We found that an input baseline added after the exponent term E(x, 6,¢") + /x, 6) to fit the
data almost equally well as the input baseline added before exponentiation. Thus, we only
report one version of this model.

Output baseline model.—Attention is modelled as an additive term O after
normalization. This is similar to the ‘increased baseline’ observed in previous human fMRI
studies on covert spatial attention®®.

E(x,0;c")

R(x,0) =
S(x,0;c") + 6"

+0(x, )

S(x,0;c") = K(x,0) * E(x, 0; c")

Response gain factor y, contrast gain factor ¢ are all modelled using equation (2) with the
same free parameters pand o, Baseline input /and output baseline Oalso follow equation
(2), except that they have a baseline at 0, instead of 1.

After fitting the output baseline model, we found that the model predicts the same
behavioural performance regardless of attention. This makes sense as the signal sfor an
observer for discriminating between the two orientations is s= lirg — rp_ll in which rg and r_
are two vectors representing the population neural response for a right- and left-tilted target.
Adding an output baseline Oto neural response left s=li(rg + O) — (r_ + O)ll unchanged.
We present the results of the output baseline model for completeness.

Note that all these variables, y, ¢, /, O, can be conceptualized as attentional gain factors.
Here, we use different names and symbols to distinguish them from the terms used in the
NMA.

Model variants.—In addition to different models of attentional modulation (NMA,
response gain, contrast gain, input baseline and output baseline), we varied other factors

in the model: (1) the response bias ¢ was either fitted as a free parameter or fixed at zero (no
bias). (2) The trade-off between the size of attentional field and the magnitude of attention
was either allowed to be a free parameter (pin equation (2)) or fixed at 0 (no trade-off).

We conducted factorial model comparison using all the factors above leading to 20 models
in total: five types of attentional modulation (NMA, response gain, contrast gain, input
baseline, output baseline), X bias or no bias allowed X trade-off or no trade-off allowed
(Supplementary Table 1). This procedure ensures that the winning model does not depend on
the setting of the models we choose a priori.
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Model fitting.—We denote the free parameters collectively by & (free parameters

of each model are listed in Supplementary Table 1). We fit each model to

individual data by maximizing the log likelihood of 6, log L(6) = log p(data|

6). We assume that the trials are conditionally independent. The log likelihood is

log L(0) = log[; p(C; | C;.1;,6) = ¥;log p(C; | C;. 1;,0), where /;is the location of the target,
C;the true category (right or left tilt) of the target and C; represent observers’ responses

on the #h trial, respectively. We optimized the parameters for each observer using Bayesian
adaptive direct search%2. To select the best model, we computed the AIC for each observer
and model. The best-fit model is the model with the lowest group-summed AIC. We reported
group-summed AAIC (the AIC of the models minus the AIC of the best-fit model) and its
confidence interval estimated by bootstrapping.

In addition to AIC, we conducted a tenfold cross-validation procedure to fit and compare
the models. The cross-validation procedure trains and tests the models using different
portions of the data, and thus naturally accounted for the complexity of the model and

its goodness-of-fit. Specifically, for each participant, we segmented the data into ten subsets
in a pseudo-random fashion (ensuring that the trials from different conditions were evenly
distributed across subsets). In each of the ten iterations, we treated one subset as the test set
and the other nine subsets as the training sets. The training sets were used to estimate the
best-fit parameters. We then used the test sets to compute the log likelihood of the model,
which was then summed across the ten test sets. In Supplementary Fig. 13, we report the
delta negative log likelihood (negative log likelihood of each model minus the negative log
likelihood of the best-fit model) summed across all participants.

Simulation before experiment 3.—Before conducting experiment 3, we ran a
simulation to investigate the predictions of the NMA (Supplementary Fig. 4). In this
simulation, the model parameters were handpicked. We scaled the size of attention field
with the size of the placeholders, and we set the weight of the attentional modulation so that
the ratio between the asymptotes of the simulated neural response in the towards and the
away condition (under the low location uncertainty) was similar to the ratio of gfpax between
the towards and away conditions in the data.

Reporting Summary.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This work was supported by National Institutes of Health grant RO1EY 019693 (to M.C.). H.-H.L. was supported by
NIH grant RO0DA043849. The funders had no role in study design, data collection and analysis, decision to publish
or preparation of the paper. We thank members of the Carrasco Laboratory, in particular A. Fernandez, N. Hanning
and M. Jigo.

Nat Hum Behav. Author manuscript; available in PMC 2021 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Data availab

Page 21

ility

The data that support the findings of this paper are available at https://github.com/

hs

References
1.

inhungli/overt-covert-attention.

Kowler E, Anderson E, Dosher B & Blaser E The role of attention in the programming of saccades.
Vis. Res 35, 1897-1916 (1995). [PubMed: 7660596]

. Deubel H & Schneider WX Saccade target selection and object recognition: evidence for a common

attentional mechanism. Vis. Res 36, 1827-1837 (1996). [PubMed: 8759451]

. Hoffman JE & Subramaniam B The role of visual attention in saccadic eye movements. Percept.

Psychophys 57, 787-795 (1995). [PubMed: 7651803]

. Montagnini A & Castet E Spatiotemporal dynamics of visual attention during saccade preparation:

independence and coupling between attention and movement planning. J. Vis 7, 8-16 (2007).

5. Deubel H The time course of presaccadic attention shifts. Psychological Res 72, 630-640 (2008).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Rolfs M & Carrasco M Rapid simultaneous enhancement of visual sensitivity and perceived contrast

during saccade preparation. J. Neurosci 32, 13744-13752a (2012). [PubMed: 23035086]

. Hanning NM, Szinte M & Deubel H Visual attention is not limited to the oculomotor range. Proc.

Natl Acad. Sci. USA 116, 9665-9670 (2019). [PubMed: 31004064]

. Collins T, Heed T, Doré-Mazars K & Roder B Presaccadic attention interferes with feature

detection. Exp. Brain Res 201, 111-117 (2010). [PubMed: 19760268]

. Li H-H, Barbot A & Carrasco M Saccade preparation reshapes sensory tuning. Curr. Biol 26,

1564-1570 (2016). [PubMed: 27265397]

Li H-H, Pan J & Carrasco M Presaccadic attention improves or impairs performance by enhancing
sensitivity to higher spatial frequencies. Sci. Rep 9, 2659 (2019). [PubMed: 30804358]

Ohl S, Kuper C & Rolfs M Selective enhancement of orientation tuning before saccades. J. Vis 17,
2 (2017).

Moore T, Tolias AS & Schiller PH Visual representations during saccadic eye movements. Proc.
Natl Acad. Sci. USA 95, 8981-8984 (1998). [PubMed: 9671790]

Mazer JA & Gallant JL Goal-related activity in V4 during free viewing visual search: evidence for
a ventral stream visual salience map. Neuron 40, 1241-1250 (2003). [PubMed: 14687556]
Fischer B & Boch R Enhanced activation of neurons in prelunate cortex before visually guided
saccades of trained rhesus monkeys. Exp. Brain Res 44, 129-137 (1981). [PubMed: 7286100]
Moore T & Zirnsak M Neural mechanisms of selective visual attention. Annu. Rev. Psychol 68,
47-72 (2017). [PubMed: 28051934]

Steinmetz NA & Moore T Eye movement preparation modulates neuronal responses in area V4
when dissociated from attentional demands. Neuron 83, 496-506 (2014). [PubMed: 25033188]
Carrasco M Visual attention: the past 25 years. Vis. Res 51, 1484-1525 (2011). [PubMed:
21549742]

Carrasco M & Barbot A How attention affects spatial resolution. Cold Spring Harb. Symp. Quant.
Biol 79, 149-160 (2015).

Maunsell JH Neuronal mechanisms of visual attention. Annu. Rev. Vis. Sci 1, 373-391 (2015).
[PubMed: 28532368]

Anton-Erxleben K & Carrasco M Attentional enhancement of spatial resolution: linking
behavioural and neurophysiological evidence. Nat. Rev. Neurosci 14, 188 (2013). [PubMed:
23422910]

Reynolds JH & Heeger DJ The normalization model of attention. Neuron 61, 168-185 (2009).
[PubMed: 19186161]

Lee J & Maunsell JH A normalization model of attentional modulation of single unit responses.
PL0S ONE 4, e4651 (2009). [PubMed: 19247494]

Nat Hum Behav. Author manuscript; available in PMC 2021 October 28.


https://github.com/hsinhungli/overt-covert-attention
https://github.com/hsinhungli/overt-covert-attention

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 22

Verhoef B-E & Maunsell JH Attention-related changes in correlated neuronal activity arise from
normalization mechanisms. Nat. Neurosci 20, 969 (2017). [PubMed: 28553943]

Boynton GM A framework for describing the effects of attention on visual responses. Vis. Res 49,
1129-1143 (2009). [PubMed: 19038281]

Kanashiro T, Ocker GK, Cohen MR & Doiron B Attentional modulation of neuronal variability in
circuit models of cortex. eLife 6, 23978 (2017). [PubMed: 28590902]

Williford T & Maunsell JH Effects of spatial attention on contrast response functions in macaque
area V4. J. Neurophysiol 96, 40-54 (2006). [PubMed: 16772516]

Martinez-Trujillo JC & Treue S Attentional modulation strength in cortical area MT depends on
stimulus contrast. Neuron 35, 365-370 (2002). [PubMed: 12160753]

McAdams CJ & Maunsell JH Effects of attention on orientation-tuning functions of single neurons
in macaque cortical area V4. J. Neurosci 19, 431-441 (1999). [PubMed: 9870971]

Sani |, Santandrea E, Morrone MC & Chelazzi L Temporally evolving gain mechanisms of
attention in macaque area V4. J. Neurophysiol 118, 964-985 (2017). [PubMed: 28468996]
Reynolds JH, Pasternak T & Desimone R Attention increases sensitivity of V4 neurons. Neuron
26, 703-714 (2000). [PubMed: 10896165]

Ling S & Carrasco M Sustained and transient covert attention enhance the signal via different
contrast response functions. Vis. Res 46, 1210-1220 (2006). [PubMed: 16005931]

Dosher BA & Lu Z-L Noise exclusion in spatial attention. Psychological Sci. 11, 139-146 (2000).
Lu Z-L & Dosher BA External noise distinguishes attention mechanisms. Vis. Res 38, 1183-1198
(1998). [PubMed: 9666987]

Huang L & Dobkins KR Attentional effects on contrast discrimination in humans: evidence for
both contrast gain and response gain. Vis. Res 45, 1201-1212 (2005). [PubMed: 15707928]
Morrone MC, Denti V & Spinelli D Different attentional resources modulate the gain mechanisms
for color and luminance contrast. Vis. Res 44, 1389-1401 (2004). [PubMed: 15066398]

Cameron EL, Tai JC & Carrasco M Covert attention affects the psychometric function of contrast
sensitivity. Vis. Res 42, 949-967 (2002). [PubMed: 11934448]

Pestilli F, Ling S & Carrasco M A population-coding model of attention’s influence on contrast
response: estimating neural effects from psychophysical data. Vis. Res 49, 1144-1153 (2009).
[PubMed: 18926845]

Pestilli F, Viera G & Carrasco M How do attention and adaptation affect contrast sensitivity? J. Vis
7, 9-12 (2007).

Herrmann K, Heeger DJ & Carrasco M Feature-based attention enhances performance by
increasing response gain. Vis. Res 74, 10-20 (2012). [PubMed: 22580017]

Herrmann K, Montaser-Kouhsari L, Carrasco M & Heeger DJ When size matters: attention
affects performance by contrast or response gain. Nat. Neurosci 13, 1554-1559 (2010). [PubMed:
21057509]

Fernandez A & Carrasco M Extinguishing exogenous attention via transcranial magnetic
stimulation. Curr. Biol 30, 4078-4084. e4073 (2020). [PubMed: 32795447]

Jigo M & Carrasco M Differential impact of exogenous and endogenous attention on the contrast
sensitivity function across eccentricity. J. Vis 20, 11 (2020).

Buracas GT & Boynton GM The effect of spatial attention on contrast response functions in human
visual cortex. J. Neurosci 27, 93-97 (2007). [PubMed: 17202476]

Murray SO The effects of spatial attention in early human visual cortex are stimulus independent.
J. Vis 8, 2-11 (2008).

Li X, Lu Z-L, Tjan BS, Dosher BA & Chu W Blood oxygenation level-dependent contrast
response functions identify mechanisms of covert attention in early visual areas. Proc. Natl Acad.
Sci. USA 105, 6202-6207 (2008). [PubMed: 18413602]

Pestilli F, Carrasco M, Heeger DJ & Gardner JL Attentional enhancement via selection and
pooling of early sensory responses in human visual cortex. Neuron 72, 832-846 (2011). [PubMed:
22153378]

Lu Z-L, Li X, Tjan BS, Dosher BA & Chu W Attention extracts signal in external noise: a BOLD
fMRI study. J. Cogn. Neurosci 23, 1148-1159 (2011). [PubMed: 20433240]

Nat Hum Behav. Author manuscript; available in PMC 2021 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Page 23

Schwedhelm P, Krishna BS & Treue S An extended normalization model of attention accounts for
feature-based attentional enhancement of both response and coherence gain. PLoS Comput. Biol
12, 1005225 (2016). [PubMed: 27977679]

Ni AM & Maunsell JH Spatially tuned normalization explains attention modulation variance
within neurons. J. Neurophysiol 118, 1903-1913 (2017). [PubMed: 28701536]

Verhoef B-E & Maunsell JH Attention operates uniformly throughout the classical receptive field
and the surround. eLife 5, e17256 (2016). [PubMed: 27547989]

Ni AM & Maunsell JH Neuronal effects of spatial and feature attention differ due to normalization.
J. Neurosci 39, 5493-5505 (2019). [PubMed: 31068439]

Ni AM, Ray S & Maunsell JH Tuned normalization explains the size of attention modulations.
Neuron 73, 803-813 (2012). [PubMed: 22365552]

Szinte M, Carrasco M, Cavanagh P & Rolfs M Attentional trade-offs maintain the tracking of
moving objects across saccades. J. Neurophysiol 113, 2220-2231 (2015). [PubMed: 25609111]
Cutrone EK, Heeger DJ & Carrasco M On spatial attention and its field size on the repulsion effect.
J. Vis 18, 8 (2018).

Carandini M & Heeger DJ Normalization as a canonical neural computation. Nat. Rev. Neurosci
13, 51-62 (2012).

Cutrone EK, Heeger DJ & Carrasco M Attention enhances contrast appearance via increased input
baseline of neural responses. J. Vis 14, 16 (2014).

Hara Y, Pestilli F & Gardner JL Differing effects of attention in single-units and populations

are well predicted by heterogeneous tuning and the normalization model of attention. Front.
Computational Neurosci 8, 12 (2014).

Akaike H in Selected Papers of Hirotugu Akaike (eds Parzen E et al.) 199-213 (Springer, 1998).
Akaike H in Selected Papers of Hirotugu Akaike (eds Parzen E et al.) 215-222 (Springer, 1974).
Poletti M, Rucci M & Carrasco M Selective attention within the foveola. Nat. Neurosci 20, 1413—
1417 (2017). [PubMed: 28805816]

Klapetek A, Jonikaitis D & Deubel H Attention allocation before antisaccades. J. Vis 16, 11
(2016).

Van der Stigchel S & De Vries J There is no attentional global effect: attentional shifts are
independent of the saccade endpoint. J. Vis 15, 17 (2015).

Wollenberg L, Deubel H & Szinte M Visual attention is not deployed at the endpoint of averaging
saccades. PLoS Biol. 16, 2006548 (2018). [PubMed: 29939986]

Van der Stigchel S & de Vries J Commentary: visual attention is not deployed at the endpoint of
averaging saccades. Front. Psychol 9, 2166 (2018). [PubMed: 30473676]

Findlay JM Global visual processing for saccadic eye movements. Vis. Res 22, 1033-1045 (1982).
[PubMed: 7135840]

Coren S & Hoenig P Effect of non-target stimuli upon length of voluntary saccades. Percept. Mot.
Skills 34, 499-508 (1972). [PubMed: 5063190]

Steinmetz NA & Moore T Changes in the response rate and response variability of area V4
neurons during the preparation of saccadic eye movements. J. Neurophysiol 103, 1171-1178
(2010). [PubMed: 20018834]

Lisi M, Solomon JA & Morgan MJ Gain control of saccadic eye movements is probabilistic. Proc.
Natl Acad. Sci. USA 116, 16137-16142 (2019). [PubMed: 31337680]

Hanning NM, Aagten-Murphy D & Deubel H Independent selection of eye and hand targets
suggests effector-specific attentional mechanisms. Sci. Rep 8, 9434 (2018). [PubMed: 29930389]
Castet E, Jeanjean S, Montagnini A, Laugier D & Masson GS Dynamics of attentional deployment
during saccadic programming. J. Vis 6, 196-212 (2006). [PubMed: 16643090]

Shimozaki SS, Schoonveld WA & Eckstein MP A unified Bayesian observer analysis for set size
and cueing effects on perceptual decisions and saccades. J. Vis 12, 27-27 (2012).

Kustov AA & Robinson DL Shared neural control of attentional shifts and eye movements. Nature
384, 74-77 (1996). [PubMed: 8900281]

Ikkai A & Curtis CE Common neural mechanisms supporting spatial working memory, attention
and motor intention. Neuropsychologia 49, 1428-1434 (2011). [PubMed: 21182852]

Nat Hum Behav. Author manuscript; available in PMC 2021 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.
88.

89.

90.

91.

92.

Page 24

Armstrong KM, Fitzgerald JK & Moore T Changes in visual receptive fields with microstimulation
of frontal cortex. Neuron 50, 791-798 (2006). [PubMed: 16731516]

Armstrong KM & Moore T Rapid enhancement of visual cortical response discriminability by
microstimulation of the frontal eye field. Proc. Natl Acad. Sci. USA 104, 9499-9504 (2007).
[PubMed: 17517599]

Engel TA et al. Selective modulation of cortical state during spatial attention. Science 354, 1140—
1144 (2016). [PubMed: 27934763]

Zhao M, Gersch TM, Schnitzer BS, Dosher BA & Kowler E Eye movements and attention: the role
of pre-saccadic shifts of attention in perception, memory and the control of saccades. Vis. Res 74,
40-60 (2012). [PubMed: 22809798]

Gregoriou GG, Gotts SJ & Desimone R Cell-type-specific synchronization of neural activity in
FEF with V4 during attention. Neuron 73, 581-594 (2012). [PubMed: 22325208]

Thompson KG, Biscoe KL & Sato TR Neuronal basis of covert spatial attention in the frontal eye
field. J. Neurosci 25, 9479-9487 (2005). [PubMed: 16221858]

Juan C-H, Shorter-Jacobi SM & Schall JD Dissociation of spatial attention and saccade
preparation. Proc. Natl Acad. Sci. USA 101, 15541-15544 (2004). [PubMed: 15489272]

Lowe KA & Schall JD Functional categories of visuomotor neurons in macaque frontal eye field.
eNeuro 5, 10.1523/ENEURO.0131-18.2018 (2018).

Moore T Shape representations and visual guidance of saccadic eye movements. Science 285,
1914-1917 (1999). [PubMed: 10489371]

Saber GT, Pestilli F & Curtis CE Saccade planning evokes topographically specific activity in the
dorsal and ventral streams. J. Neurosci 35, 245-252 (2015). [PubMed: 25568118]

Moore T & Chang MH Presaccadic discrimination of receptive field stimuli by area V4 neurons.
Vis. Res 49, 1227-1232 (2009). [PubMed: 18501949]

Kleiner M et al. What’s new in Psychtoolbox-3. Perception 36, 1-16 (2007).

Watson AB & Pelli DG QUEST: a Bayesian adaptive psychometric method. Percept. Psychophys
33, 113-120 (1983). [PubMed: 6844102]

JASP v.0.14.1 (JASP-Stats.org, 2020).

Engbert R & Mergenthaler K Microsaccades are triggered by low retinal image slip. Proc. Natl
Acad. Sci. USA 103, 7192-7197 (2006). [PubMed: 16632611]

Graf AB, Kohn A, Jazayeri M & Movshon JA Decoding the activity of neuronal populations in
macaque primary visual cortex. Nat. Neurosci 14, 239-245 (2011). [PubMed: 21217762]
Keliris GA, Li Q, Papanikolaou A, Logothetis NK & Smirnakis SM Estimating average single-
neuron visual receptive field sizes by fMRI. Proc. Natl Acad. Sci. USA 116, 6425-6434 (2019).
[PubMed: 30867291]

Jazayeri M & Movshon JA Optimal representation of sensory information by neural populations.
Nat. Neurosci 9, 690-696 (2006). [PubMed: 16617339]

Acerbi L & Ma WJ Practical Bayesian optimization for model fitting with Bayesian adaptive
direct search. In Proc. Advances in Neural Information Processing Systems (eds Guyon | et al.)
1836-1846 (NIPS, 2017).

Nat Hum Behav. Author manuscript; available in PMC 2021 October 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lietal.

Response

Page 25

Contrast gain b Response gain

s Attended
mmmm Unattended

log contrast log contrast

.0. Stimulus Attention field

Fig. 1 |. Different forms of attentional modulation on contrast response functions.
a, Contrast gain change: attention horizontally shifts the response function as if attention

scales the input contrast. b, Response gain change: attention scales neural response by a
multiplicative gain factor, modulating the asymptotic response of the neuron. The NMA21
predicts that attention exhibits different modulations depending on the relative size of the
attention field and the stimulus. A large attention field size (relative to the stimulus size)
leads to contrast gain changes (a) and a small attention field size leads to response gain
changes (b).
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Experiment 1

(]
Fixation Neutral Saccade (towards)
300 ms
° . . ) ) ’
r Cue onset .. .. .. Y
SOA: 12-224ms | 4 O . SO R 1
L— Test stimulus
35 ms
© o=
Delay 400 ms
Response interval o o ~ S GO o o s
High tone: right target ‘) ))
Low tone: left target ‘ )
b c
I 500 |- ., P<0001
3r Saccade :
1
- 1
2k + g 0 Il 1 | 1
" 3 2 - 0 1 2
5 d,ax (s@ccade minus neutral)
1F ®
/l o 500 - y
: =
I
0 a1 1
1
1aal l. L O | 0 | 1 1 J
0.1 1 -04 -02 0 0.2 0.4
log contrast Cs, (saccade minus neutral)
d e or
4r 02
) )
g 3r § 04t
Q 3 e
= 2r = 06 of
3 3 [
= O \ o/
1 -08
0 1 1 1 1 __1 1 1 Il 1 ]
0 1 2 3 4 -1 -08 -06 -04 -02 O
dax (neutral) Cy, (neutral)

Fig. 2 |. Experiment 1.
a, Procedure. Each trial started with a fixation period. A neutral precue or a saccadic precue

directed observers to either maintain fixation or make a saccade towards the upcoming target
location. The target appeared shortly after the cue onset. Observers were asked to report

the orientation of the target after hearing an auditory response cue. Two tones in different
frequencies were used to inform observers of the target location to eliminate the uncertainty
regarding the target location. b, Group-averaged psychometric functions (¢’ versus contrast).
Ohax and Csq of the group-averaged psychometric functions are plotted at the right and

the bottom of the figure. The error bars represent 95% hootstrapped confidence interval.

¢, The bootstrapped distribution of the difference of g« (top) and the difference of Cyg
(bottom) between the neutral and saccade conditions. Asterisks denote that the distribution is
significantly different from zero. d, Grey dots, best-fitted dpax Of individual observers; grey
ellipse, the ellipse with the major axes oriented towards the difference and the sum of the
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Omax across two conditions. The difference (or sum) of dhay is first computed for individual
observers, and the major axis of the ellipse represents +1 s.d. of the difference (or sum); the
black dot shows the group-averaged g and the error bar represents the standard deviation
of the bootstrapped distribution of the difference between neutral and saccade conditions. e,
Cy illustrated in the same format as in d.
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Experiment 2
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covert ENDO task
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Test stimulus . —
30 ms
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Fig. 3 |. Experiment 2.
Observers were tested with three tasks in different sessions: the presaccadic attention (PSA)

task, covert endogenous attention (ENDO) task and covert exogenous attention (EXO)
task. a, Here we illustrate the procedures of the PSA task and the ENDO task together

as they shared a similar stimulus sequence. The cue-to-target SOA was shorter in the

PSA task than in the ENDO task. Two stimuli, a target and a distractor, were presented
simultaneously. In the PSA task, the precue instructed observers to saccade to the cued
location. In the saccade towards condition, the precue matched the target location, whereas
in the saccade away condition, the precue indicated the distractor. Saccade towards and
saccade away conditions were interleaved with equal probability; therefore, the saccade cue
was uninformative regarding the target location. In the ENDO task, observers maintained
fixation throughout the trials and the precue instructed observers to covertly pay attention
to the cued location. The valid and invalid trials were interleaved within the blocks with a
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70 and 30% probability, respectively; thus, the precue was informative regarding the target
location. At the end of a trial, observers reported the orientation of the target probed by the
auditory response cue (high tone, target at the right; low tone, target at the left). b, In the
EXO task, the precue was a brief flash. In the neutral condition, the precue was presented at
the fixation. In the valid condition, the precue was flashed above the target whereas in the
invalid condition, the precue was flashed above the distractor. The valid and the invalid trials
were interleaved with equal probability, hence, the precue was uninformative regarding the
target location. See details in the Methods.
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Fig. 4 |. Experiment 2.

a—d, Presaccadic condition. a, Group-averaged psychometric functions (¢ versus contrast).
Ohax and Cs of the group-averaged psychometric functions are plotted to the right and
bottom of the figure. The error bars represent the 95% bootstrapped confidence interval.

b, The bootstrapped distribution of the difference of an,x (top) and the difference of Csg
(bottom) between the towards and away conditions. Asterisks denote that the distribution is
significantly different from zero. c, Grey dots, best-fitted dmax Of individual observers; grey
ellipse, the ellipse with the major axes oriented towards the difference and the sum of the
Ohax across two conditions. The difference (or sum) of ghax is first computed for individual
observers; the major axis of the ellipse represents 1 s.d. of the difference (or sum). The
black dot shows the group-averaged g,y and the error bar represents the standard deviation
of the bootstrapped distribution of the difference between the towards and away conditions.
d, Gy illustrated in the same format as in c. e-h, Covert endogenous attention condition;
corresponding to a—d. i—-l, Covert exogenous attention condition; corresponding to a—d and
e-h.
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Experiment 3 Experiment 3
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Fig. 5. Experiment 3.

a,b, The procedure of experiment 3 is the same as the presaccadic attention task in
experiment 2, except that the test stimuli were presented with location uncertainty.
Stimuli appeared at one of five predefined iso-eccentric locations. Stimulus locations were
randomly and independently selected in the left and right placeholder. The dashed circles
(not displayed during the experiments) indicate the possible stimulus locations (five in

each placeholder; the figures here are for the purpose of illustration only. See Methods

for the details of the stimulus parameters). c—f, Medium-uncertainty condition. ¢, Group-
averaged psychometric functions (¢ versus contrast). dmax and Csq of the group-averaged
psychometric functions are plotted at the right and bottom of the figure. The error bars
represent 95% bootstrapped confidence interval. d, The bootstrapped distribution of the
difference of apax (top) and the difference of Gsg (bottom) between the towards and away
conditions. Distributions significantly different from zero are denoted with asterisks. e,
Grey dots, best-fitted dmax Of individual observers; grey ellipse, the ellipse with major

axes oriented towards the difference and the sum of the gf,,y across two conditions. The
difference (or sum) of afpax is first computed for individual observers, and the major

axis of the ellipse represents £1 s.d. of the difference (or sum). The black dot shows the
group-averaged dhax and the error bar represents the standard deviation of the bootstrapped
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distribution of the difference between the towards and away conditions. f, Csq illustrated in
the same format as in e. g—j, High-uncertainty condition, corresponding to c—.
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Fig. 6 |. Performance binned by target location in high-uncertainty condition.
a—d, Outmost locations. a, Group-averaged psychometric functions (¢ versus contrast).

Ohax and Cs of the group-averaged psychometric functions are plotted at the right and the
bottom of the figure. The error bars represent 95% bootstrapped confidence interval. b, The
bootstrapped distribution of the difference of dn,x (top) and the difference of Csq (bottom)
between the towards and away conditions. Distributions significantly different from zero are
denoted with asterisks. ¢, Grey dots, best-fitted g« Of individual observers; grey ellipse,
the ellipse with major axes oriented towards the difference and the sum of the gfax across
two conditions. The difference (or sum) of g,y is first computed for individual observers,
and the major axis of the ellipse represents +1 s.d. of the difference (or sum). The black

dot shows the group-averaged amax and the error bar represents the standard deviation of
the bootstrapped distribution of the difference between towards and away conditions. d, Gy
illustrated in the same format as in c. e-h, Intermediate locations, corresponding to a—d. i-l,
Central location, corresponding to a—d and e-h.

Nat Hum Behav. Author manuscript; available in PMC 2021 October 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Lietal.

Page 34

a
D Excitatory drive

Stimulus -50
-10 0 10
Position rel. to the target
(RF centre, DVA)

Population response

Orientaiton
o

@
t=}

Suppressive drive Response gain factors
b Low location uncertainty Medium location uncertainty High location uncertainty
4 4 4r
Neutral
Away + *
5 Towards * + + & ¢ + 3‘ * +
¢
: : it -
° + + ¢ f=t + 4 4 # ¢ ¢ t
» ¢ o [}
1t 4 ¢ 4 1 + + ¢ i * ¢ * t
+ * v ¢ ¢ (]
AT ER 2
0 0 0+
v i , |
0.1 1 0.1 1 0.1 1
log contrast log contrast log contrast
€ Normalization model of attention (NMA)
Excitatory drive Population response
Q %
Stimulus - -50
S
£ o
12
= 50
-10 0 10
Position rel. to the target
(RF centre, DVA)
Attentional gain factors Suppressive drive
d Low location uncertainty Medium location uncertainty High location uncertainty
4 4 4
Neutral
Away + ¢
3
3 Towards + + + ¢ * e + +
2 . 2 + * 4 2 t (]
s ‘ ¥4 ¢ 4 $ee
, + D ¢ ] + + * ° ) + +
4 e ¢ + 4 1 ¢ 4
* ¢ ¢
= 3 f
OH 0 ; org ¢
s . ) . )
0.1 1 0.1 1 0.1 1
log contrast log contrast log contrast

Fig. 7 |. Models and models’ fits.
a, Response gain (RG) model: attention multiplicatively modulates neural response after

normalization. Simulated neurons are arranged in each panel according to their receptive
field centre (x axis; DVA, degree visual angle) and preferred orientation () axis, where

0 represents vertical orientation). The excitatory drive is determined by the preferred
orientation and location of the simulated neurons. Brightness at each location in the image
corresponds to the excitatory drive of a single neuron. The suppressive drive is computed by
convolving the excitatory drive with the suppression kernel (Supplementary Fig. 14). That
is, the suppressive drive is the excitatory drive pooled over space and orientation. In the
response gain model, the neural response is computed by dividing the excitatory drive by
the suppressive drive, and then multiplied by the response gain factors. b, Model fit of the
response gain model. Data points and error bars represent group-averaged data and +1 s.e.m.
The model was fitted to individual observers, and the shaded areas represent the average of
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the fits across observers (mean £ 1 s.e.m.). ¢, Attentional modulation based on Reynolds and
Heeger’s NMA. Different from the response gain model, attention is modelled by attentional
gain factors that are multiplied with the excitatory drive of the neurons before normalization.
d, Model fit of the NMA model. Data points and error bars represent group-averaged data
and +1 s.e.m. The model was fitted to individual observers, and the shaded areas represent
the average of the fits across observers (mean + 1 s.e.m.).
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Fig. 8 |. Model comparison using AIC.
a, Model comparisons for the presaccadic attention experiments. The smaller the AIC, the

better the model performed in fitting the data. AAIC is the AIC of each model minus the
AIC of the best-fit model (response gain, RG, model). The bars represent AAIC summed
across observers. The error bars represent 95% bootstrapped confidence interval. b, Model
comparisons for the data reported in Herrmann et al.*0. AAIC is the AIC of each model
minus the AIC of the best-fit model (NMA). CG, contrast gain; 1B, input baseline and OB,
output baseline. Here, all the models contain a response bias term c as a free parameter,
without a trade-off term p (see details in Methods and Supplementary Figs. 10-12 for
complete illustrations of the results of model comparisons).
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