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Introduction 

It is well known now that stimuli below the threshold 
of awareness can influence our responses (Breitmeyer & 
Öğmen, 2006; Dehaene, Changeux, Naccache, Sackur, & 
Sergent, 2006; Kouider & Faivre, 2017). While the effect 
of subliminal visual information on instructed responses 
is well studied (eg., Dehaene et al., 1998; Neumann & 
Klotz, 1994; Kiesel, Kunde, & Hoffmann, 2007), the sus-
ceptibility of voluntary eye movements to subliminal 
cues is not clear. Most laboratory tasks in cognitive psy-
chological research involve responding to targets based 
on specific instructions. But, in our daily lives, we often 

choose between two or more alternatives freely, and un-
der no specific constraints. The mechanisms involved in 
such “free” decisions and the factors influencing them 
has been an important topic of research (Haggard, 2008). 
Our interest was to examine if subliminal visual informa-
tion can bias eye movement behaviour when participants 
make constrained free-choice saccades. Additionally, we 
also investigated if such influence is under strategic con-
trol induced by task-goals. The nature of control mecha-
nisms at work when eye movements are triggered by sub-
liminal cues is largely unknown. Can spatially-irrelevant 
subliminal cues be ignored such that they don’t influence 
eye movement behaviour (eg., not look at the notification 
light on the phone while reading a book)? We examined 
these questions using a variant of the spatial cueing par-
adigm (Posner, 1980) with subliminal abrupt-onset cues 
on a constrained free-choice  saccade task. 

In one of the first studies to show the influence of 
masked, subliminal cues on “free” responses, 
Schlaghecken and Eimer (2004) asked participants to 
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press the “left” key on seeing a left arrow, “right” key for 
a right arrow (forced-choice trials) and choose either of 
the keys for a double-headed arrow (free-choice trial). 
The visible targets were preceded by masked left/right 
arrows presented for 16 ms. On the free-choice trials, 
participants chose the key corresponding to the masked 
arrow more often than chance (in this case, 50%) suggest-
ing that masked, subliminal visual information can influ-
ence responses even when they are freely chosen. Al-
though it is close to two decades since this landmark 
study, there have only been a handful of studies examin-
ing the role of masked visual information on free choices 
(eg., Kiesel et al., 2006; Mattler & Palmer, 2012; Ocam-
po, 2015; O’Connor & Neill, 2011; Prasad, Patil, & 
Mishra, 2017) and specifically, free eye movements 
(Huang, Tan, Soon, & Hseih, 2014).  

Eye movements are the primary mechanism through 
which we gather visual information and become aware of 
objects around us. But, what decides where we look? In 
line with previous models of oculomotor selection (Find-
lay & Walker, 1999; Trappenberg, Dorris, Munoz, & 
Klein, 2001), Godjin and Theeuwes (2002) proposed the 
concept of an oculomotor priority map in which saccade 
programming occurs through a single priority map where 
information from different sources is integrated. Thus, 
goal-relevance, physical salience and other factors com-
pete together to drive eye movement behaviour. Godjin 
and Theeuwes (2002) arrived at this model based on data 
that showed that participants were slower making a sac-
cade to the target (a grey open circle among red open 
circles) when an additional irrelevant distractor (red open 
circle) was suddenly presented (far from the target) than 
when it was not. The exogenous signals from the sudden 
onset of the distractor interfered with saccade planning to 
the target thereby slowing it down. Thus, the oculomotor 
selection is determined by the integration of several com-
peting programs and the resolution of this competition 
determines where the eyes land (but see Kramer,  Irwin, 
Theeuwes,  &  Hahn,  1999 for an alternative oculomotor 
model). So far, factors such as selection-history, reward 
learning and emotion representations been shown to 
compete for selection in the oculomotor priority map and 
direct eye movements (Belopolsky, 2015). Our interest in 
this study was to see if subliminal cues can compete for 
selection in endogenously generated saccades and bias 
eye movements towards the location of the cues.   

There are existing studies that demonstrate the influ-
ence of subliminal cues on saccade metrics (Mulckhuyse 
& Theeuwes, 2010a; Van der Stigchel, Mulckhuyse, & 

Theeuwes, 2009; Weichselbaum, Fuchs, & Ansorge, 
2014). But, most of these studies have used tasks where 
participants were instructed to make eye movements to 
specific locations. To our knowledge, there is only one 
study which has examined the influence of subliminal 
cues on free-choice saccades. Huang et al. (2014) asked 
participants to freely choose to saccade to one of the four 
placeholders (white, horizontal Gabor patches) on the 
screen. Prior to the eye movement response, subliminal 
cues were presented for 33 ms at one or more locations. 
The cues were white vertically oriented Gabor patches 
which were rendered invisible by presenting a mask dis-
play (a grid of 25 white, horizontally oriented Gabor 
patches) for 260 ms preceding and following the cue. The 
authors observed that participants were more likely to 
saccade to the cued location compared to chance and 
were also faster when they did so compared to other loca-
tions. Since this is the only study so far to have shown 
such an effect, we wanted to re-examine it and also inves-
tigate the time-course of this effect.  

Our additional interest was to examine if it is possible 
to strategically control the influence of subliminal cues 
on free eye movements. The relative contributions of 
stimulus-driven and goal-driven factors to the influence 
of subliminal cues have been a point of debate (see An-
sorge, Horstmann, & Scharlau, 2011; Mulckhuyse & 
Theeuwes, 2010b; Prasad & Mishra, 2019 for reviews). 
Many researchers have argued that subliminal cues cap-
ture attention in a purely stimulus-driven manner - that is, 
irrespective of their relevancy to the current task (eg., 
Schoeberl, Fuchs, Theeuwes, & Ansorge, 2015). Evi-
dence for this comes from studies that show attention-
capture by task-irrelevant cues. For instance, Weichsel-
baum et al. (2014) presented white or black subliminal 
distractors (filled circles) while participants were asked to 
make a saccade to a white target (open diamond). The 
authors observed oculomotor capture by the cues (slower 
saccade latency to the target in the presence of a distrac-
tor) irrespective of whether they had the same (white cue 
- white target) or different contrast polarity (black cue - 
white target) compared to the target. On the other hand, 
some others have found that attention capture by sublimi-
nal cues is contingent on attentional control settings 
(ACS) generated by the task-goals (Ansorge, Kiss, & 
Eimer, 2009; Ansorge, Horstmann, & Worschech, 2010; 
Lamy, Alon, Carmel, & Shalev, 2015). While there is no 
eye movement study in support of this, Ansorge et al. 
(2010) demonstrated top-down contingent capture by 
relevant masked cues on a task that required participants 
to search for a colour-defined target (eg., red) and dis-
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criminate based on its shape (diamond or square). The 
cues were colour singletons (eg., single green or red 
shape surrounded by three other red or green shapes) 
whose visibility was diminished by backward masking. 
The shape of the cue could either match or mismatch that 
of the target creating response congruency between the 
cue and the target. This was included with the additional 
goal of examining the extent of response activation by 
congruent cues which we won't discuss here. Importantly, 
location cue validity effects were seen only for the target-
matching (red) but not for non-matching (eg., green) 
colour singleton cues lending support to the hypothesis 
that only goal-relevant masked cues capture attention.  

Most studies with masked/subliminal peripheral cues 
have similarly manipulated relevancy based on feature 
match/mismatch between the cues and the targets where 
the task-relevance is established based on a feature such 
as colour, shape or onset type of the cues (along the lines 
of contingent-capture studies pioneered by Folk, Reming-
ton, & Johnston, 1992; see Prasad & Mishra, 2019 for a 
detailed tabulation of such studies). But to our knowl-
edge, no study so far has examined if spatial relevancy 
can modulate attention capture by brief, nearly-invisible 
cues. Although, the role of spatial ACS in modulating 
attention capture has been studied using visible cues 
(Ruthruff & Gaspelin, 2018; Ishigami, Klein and Christie, 
2009; Yantis & Jonides, 1990). Yantis and Jonides (1990, 
Experiment 2), for instance, used black, central arrow 
cues which always indicated the direction of the target 
letter. Participants were equally fast in identifying the 
target (E or H) when the target was an abrupt-onset com-
pared to when one of the distractors was an abrupt-onset. 
This showed that voluntary attention  to a specific loca-
tion can override exogenous attention capture (in this 
case, by the abrupt-onset distractor). 

Similarly, Ishigami et al. (2019) showed reduced at-
tention capture by peripheral cues presented outside of 
the spatial ACS. They were also the first to demonstrate 
that multiple locations can be ignored (or attended-to) 
depending on the task-goals. Spatial ACS in this study 
was induced by instructing a group of participants to look 
for targets in the vertical visual field (in a display 
arranged in the form of a plus sign with four black-
coloured figure-8 placeholders). Another group was as-
signed to the horizontal condition. The task was to identi-
fy a black coloured-digit (2 or 5) in the relevant visual 
field and press a key accordingly. Peripheral cues, created 
by brightening one of the figure-8 placeholders, were 
presented for 100 ms at the relevant-valid, relevant-in-
valid and irrelevant-invalid locations. Faster RT in the 

irrelevant-invalid condition compared to the relevant-
invalid condition  was seen suggesting that the irrelevant 
cues were not as efficient as relevant-invalid cues in cap-
turing attention. These studies show that spatial attention-
al control settings can successfully modulate or even pre-
vent capture by irrelevant peripheral cues. 

Current study 
It is well-known that spatial and feature-based atten-

tion differ with regard to their time-course, strength and 
flexibility (Carrasco, 2011; Hayden and Gallant, 2005; 
Liu, Stevens, & Carrasco, 2007). Thus, the role of top-
down attention on subliminal processing should depend 
on which form of top-down attention is being manipulat-
ed (Kanai et al., 2006; Prasad & Mishra, 2019). As men-
tioned before, no study so far has examined the role of 
spatial ACS with subliminal cues on free eye movements. 
On each trial, participants were instructed to make a sin-
gle saccade to one of the two target circles in the upper or 
lower visual field. A central coloured circle indicated the 
relevant locations for that trial (eg., blue: up, green: 
down). These two types of trials appeared randomly. 
Thus, within the relevant visual field (eg., Up), partici-
pants were free to choose either of the two locations (eg., 
upper left or upper right). We will refer to this as “con-
strained free-choice” (see Huestegge et al., 2019 for a 
similar terminology) to distinguish it from previous free-
choice studies where there were no additional constraints 
on participants’ responses (eg., Huang et al., 2014). Prior 
to the saccade response, a subliminal cue was presented 
for 16 ms either in one of the two relevant locations or in 
one of the two irrelevant locations. The cues were ex-
pected to be masked from awareness due to the short pre-
sentation duration and the immediate display of place-
holders following the cue. On a separate block of one-
third of the trials, no cue was presented. We speculated 
that the sudden appearance of the cue on some trials 
might provide an alerting benefit irrespective of its loca-
tion relevancy. Thus, to prevent the alerting mechanisms  
from confounding the orienting mechanisms triggered by 
the cue, cue absent trials were presented in a separate 
block.  

We also manipulated the cue-target stimulus-onset 
asynchrony (SOA) to include three levels: 33 ms, 50 ms 
and 100 ms. Huang et al. (2014) did not manipulate SOA 
as they were presumably interested in obtaining the basic 
facilitatory effect of the subliminal cues. We wanted to 
replicate and extend their study by investigating the time 
course of these effects. The three levels of SOA were 
chosen based on the existing free-choice studies with 
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manual responses that have observed facilitatory effects 
at short SOA and inhibitory effects at longer SOAs of a 
similar range (O’Connor & Neill, 2011; Prasad et al., 
2017; Schlaghecken & Eimer, 2004). Thus, we expected 
facilitation at 33ms and 50 ms SOA and inhibition at 100 
ms SOA. The SOA condition was blocked because most 
studies examining the time-course of free-choice priming 
effects have used blocked SOA condition (O’Connor & 
Neill, 2011; Prasad et al., 2017; Schlaghecken & Eimer, 
2004). O'Connor and Neill (2011) explicitly compared 
the effects of blocked vs. mixed SOAs on a free-choice 
priming study (Experiment 1a and 1b) using a design 
similar to Schlaghecken and Eimer (2004). They recom-
mended blocking SOA in future research as it led to 
clearer effects of the masked primes on free-choice re-
sponses compared to the mixed SOA condition.  

 We measured the frequency, endpoint deviation, 
accuracy and latency of the saccades. First, in line with 
many previous studies, we expected the subliminal cues 
at relevant locations to influence saccades. We expected a 
higher frequency and faster latency of the saccades to the 
cued location. We also predicted the saccade end location 
to deviate more towards the cued location. Next, if it is 
possible to selectively filter out task-irrelevant informa-
tion, irrelevant cues should not interfere with saccadic 
responses as much as relevant cues. As seen with Ishiga-
mi et al. (2009), the responses on trials with irrelevant 
invalid cue should be faster compared to relevant invalid 
cue trials. 

Experiment 1 
The sample size was determined using a power analy-

sis (“pwr” package in R). The effect size was estimated to 
be from 0.5 to 0.9, based on previous research on sublim-
inal cueing of eye movements where saccade latency was 
measured (Huang et al., 2014; Mulckhuyse & Theeuwes, 
2010b; Van Zoest & Donk, 2010). Cohen’s standardised 
difference scores (dz) were estimated using the reported 
paired-sample t-test values and sample sizes (i.e., dz = t/
√N; Cohen, 1988). In the only study so far that has exam-
ined the influence of subliminal cues on the frequency of 
free saccades (Huang et al., 2014, one-cue condition), the 
sample size was 23 and the effect size 0.5. The power 
analysis yielded a sample size with a range of 11 to 33 
with the desired power of 0.8 and a confidence level of 
0.05. We selected a sample size that was within this 
range. 

Participants 
Twenty-four participants (9 female, Mean age = 22.71 

years, SD = 2.33) took part in the experiment. All partici-
pants reported normal or corrected-to-normal vision and 
provided written informed consent. All the procedures of 
this experiment and the subsequent experiments were 
approved by the Institutional Ethics Committee (IEC) of 
the University of Hyderabad. 

Apparatus 
Experiment builder software (SR Research Ltd., On-

tario, Canada) was used for stimuli presentation. Stimuli 
were presented in a dimly lit room on an LCD monitor 
with 1280 * 1024 resolution and 60 Hz refresh rate. Eye 
movement data were recorded using Eyelink 1000 desk-
top mount eye tracker with a sampling rate of 1000 Hz. A 
chin-rest and a forehead bracket were used to stabilise the 
head and maintain a viewing distance of 70 cm for all 
participants. 

Procedure 
The experiment began with a 9-point calibration. 

Each trial started with a fixation cross surrounded by four 
black filled circles of diameter 0.8° on a grey background 
(CIE-Lab: 63.33, 0.00, -0.00). A fixation trigger was used 
to ensure that the display did not move to the next screen 
unless the participant fixated on the cross for a minimum 
of 500 ms. The four circles were placed 7° from the cen-
tre and were equidistant from each other (Figure 1). This 
was followed by a central coloured circle of diameter 1° 
(blue CIE-Lab: 22.83, 58.29, -94.73 or green CIE-Lab: 
37.08, -40.51, 41.55). The coloured circles henceforth 
referred to as “ACS signal” indicated the relevant visual 
field for the participants on that trial. For instance, a blue 
circle indicated that the participants had to make a sac-
cade to one of the two circles in the upper visual field. 
The green circle indicated that one of the two circles in 
the lower visual field were the targets. The mapping be-
tween the colour of the ACS signal and the visual field 
was counterbalanced across participants. Next, the outline 
of one of the four black circles turned white for 16 ms, 
acting as the cue. The cue appeared in one of the two 
relevant locations on one-third of the trials and in one of 
the two irrelevant locations on the other one-third of the 
trials. The cue was equally likely to appear at each of the 
four locations. On the remaining one-third of the trials, 
no cue was presented. A display screen consisting of the 
central coloured circle and the four black circles was then 
presented for a variable duration of 17, 33 or 84 ms fol-
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lowing which the ACS signal disappeared at which stage 
the participants were required to make their response. 
Thus, there were three levels of SOA between cue onset 
and the offset of the ACS signal: 33 ms, 50 ms, and 100 
ms.  

Figure 1. Experimental trial structure in Experiment 1. The ACS 
signal (blue central circle) shown in the example required the 
participants to make a saccade to one of the target circles in the 
upper visual field. In this example, the subliminal cue was 
presented in one of the relevant locations. The possible 
conditions as a function of cue-location and choice of saccade 
location are displayed on the right. The cue was not present 
during the eye-movement response. It is depicted so in the 
figure (on the right) to provide clarity on the experimental 
conditions. The same trial structure was used in Experiment 2. 
The only difference was that participants were asked to make a 
saccade to one of the target circles in the left or right visual 
field.  
Note: Only negative feedback were given: “Incorrect”, “Too 
slow” and “Trial aborted”.  

The participants were instructed to quickly look at 
one of the two black circles in the relevant visual field of 
the trial as soon as the ACS signal disappeared. They 
were given a maximum of 1000 ms to initiate the eye 
movement response, failing which they were prompted 
with a message “Too slow!” written in red (50 pt, Times 
New Roman) on a black background accompanied by a 
loud beep. The participants were also instructed to main-
tain fixation throughout the trial until the response. When 
eye movements away from the fixation were detected 
(before the response stage), the trial was aborted with a 
message written in red “Trial aborted” accompanied by a 
beep. An error message was similarly given if the sac-
cades landed in a wrong (irrelevant) location. A blank 
screen was presented for 500 ms after every trial. 

There were a total of 540 trials in the experimental 
session divided into two blocks: 360 trials with cue and 
180 trials without the cue. This was the first level of 

blocking within which the trials were further divided 
equally between three levels of SOA (33, 50, 100 ms) and 
were presented in blocks. Within each SOA block, the 
trials were again divided equally between the two ACS 
signals (up and down) and presented randomly. The sub-
liminal cues were presented in a relevant location half the 
times and in the irrelevant location half the times. Thus, 
in total there were 180 trials with a relevant cue and 180 
trials with an irrelevant cue. Thus, the probability of the 
cue appearing was 25 % at each location. The trials in 
each block were presented randomly. The order of pre-
sentation of the blocks was counterbalanced across par-
ticipants. The experiment lasted about 45 minutes with a 
break after every 120 trials. A practice session of 30 trials 
was administered first. 

 After the main experimental session, an ob-
jective visibility test was administered to assess the par-
ticipants’ level of awareness of the cues. The same se-
quence of events as in the Main experiment was followed 
(only with relevant and irrelevant cues) except the partic-
ipants were asked to identify the location of the sublimi-
nal cues. They were instructed to make a guess even if 
they were not sure about the cue’s location. A four-button 
(arranged in the form of a plus sign) Cedrus RB series 
response pad (SR research) was used to collect the re-
sponses. Participants pressed the button that was spatially 
congruent with the cue’s location.  

 A total of 150 trials were administered which 
consisted of 138 experimental trials + 12 control trials 
presented together. The experimental trials had 16 ms cue 
duration like in the main experiment; the control trials 
included cues of 500 ms duration. The objective of in-
cluding control trials was to assess if the participants un-
derstood the instructions and performed accurately when 
the cues were clearly visible. The 150 trials were divided 
into three SOA blocks of 50 trials each. Each SOA block 
consisted of 25 trials with cues in relevant locations and 
25 trials with cues in irrelevant locations. The order of 
presentation of the trials within each block and the blocks 
themselves was randomised. 

Data analysis 
On each trial, the first saccade that originated within 

an imaginary square of 4° width around the fixation cross 
and landed within 4° of four target circles was consid-
ered. Three participants’ data were discarded because 
more than 25 % of their saccades landed more than 4° 
away from the target circles. From the remaining partici-
pants’ data, 9 % of trials were discarded based on this 
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criterion. Saccade latency was defined as the time taken 
to initiate a saccade following the disappearance of the 
ACS signal. Frequency distribution of saccades (Figure 
2) revealed two distinct peaks which are considered as a 
hallmark of the presence of two types of saccades: ex-
press and regular saccades (Fischer & Ramsperger, 1984; 
Fischer & Weber, 1993). Express saccades are those with 
a latency between 80 ms and 130 ms (15 % of the total 
saccades). Remaining saccades with the latency greater 
than 130 ms were considered as regular saccades. Sac-
cades with latency less than 80 ms were discarded as be-
ing anticipatory (10.5 %). Separate analyses were per-
formed on express and regular saccades. The upper limit 
for outliers among the regular saccades was calculated 
using the median absolute deviation (MAD) criterion as 
the more common method of discarding responses based 
on the standard deviation is considered to be not as effec-
tive in detecting outliers in smaller samples (Cousineau & 
Chartier, 2010; Leys, Ley, Klein, Bernard & Licata, 
2013). Regular saccades with the latency greater than 2.5 
MAD away from the median latency were discarded for 
each participant (10.7 %). On the remaining filtered tri-
als, accuracy analysis was performed. Next, only those 
trials in which the saccades landed in the correct interest 
area (based on the spatial ACS of that trial) were consid-
ered for other analyses (88.28 %). The saccades could 
land in the relevant locations (correct saccades) or the 
irrelevant locations (categorised as errors). The saccades 
that landed correctly in one of the relevant locations 
could either be at the cued location or  the opposite loca-
tion.  

Figure 2. Frequency distribution plot of saccade latency in 
Experiment 1 showing two distinct peaks for express (80 ms - 
130 ms) and regular saccades (> 130 ms)  

Thus, trials were categorised into four types as a func-
tion of the location of the cue and the landing position of 
the saccade: relevant valid cue (cue location matches the 
correct saccade end location), relevant invalid cue (cue 
location opposite to the correct saccade end location, in 
the relevant visual field), irrelevant invalid cue (cue loca-
tion in the irrelevant visual field) and no cue. The results 
from the analysis of regular saccades are reported below. 

The express saccades analysis lead to mostly non-signifi-
cant results and are reported in the supplementary materi-
al.  

Choice rate. The choice rate was calculated as the 
proportion of correct saccades to the cued location (rele-
vant valid) and the opposite location (relevant invalid). 
Only relevant cue trials were included because partici-
pants could only choose one of the two relevant locations. 
To assess if the subliminal cues biased saccadic decisions 
when they were relevant, d’ was calculated on the choice 
rate (following the procedure of Mattler & Palmer, 2013; 
Prasad et al., 2017) for each ACS signal type (Up and 
Down). For instance, for the ACS signal Up, the upper 
left cue was arbitrarily designated as the signal and the 
cue on the upper right was considered as noise. Hits re-
ferred to saccades that landed on the upper left quadrant 
when the cue was on the upper left. Saccades that landed 
on the upper left quadrant for the Upper right cue were 
considered as false alarms (FA). d’ prime was calculated 
as the difference in z transformed values of hit rates and 
false alarms. d’ was similarly calculated for ACS signal 
Down. Hits and false alarm rates of 0 or 1 were corrected 
using the log-linear rule (Hautus, 1995). A t-test was per-
formed comparing the mean d’ value with chance (0). 
Next, to examine the effect of SOA and ACS signal, we 
constructed a linear mixed-effects model using the lmer 
function. The effect of SOA was analysed by constructing 
two columns: SOA100_50 (SOA 100 ms: +1, SOA 50 
ms: -1) and SOA100_33 (SOA 100 ms: +1, SOA 33 ms: -
1). ACS signal was also sum coded (Up: -1, Down: +1). 
All these factors were entered as fixed effects. 

Accuracy. Our objective was to compare the accuracy 
level across relevant (R), irrelevant (IR) and no-cue trials. 
It was not possible to compare the accuracy between rel-
evant valid and relevant invalid saccades here because 
this was a constrained free-choice task where a saccade to 
either of the relevant locations (valid or invalid) was con-
sidered correct. The difference between the frequency of 
correct saccades to relevant valid and relevant invalid is 
captured in the choice rate analysis described above. In 
the accuracy analysis, we primarily wanted to examine 
the accuracy in following the ACS signal as a function of 
cue type. d’ was calculated for accuracy. Correct respons-
es to ACS signal Up (saccades to one of the upper loca-
tions) were considered as Hits and Incorrect responses to 
ACS signal Down (saccades to one of the upper loca-
tions) were considered as false alarms. “Relevancy” was 
included as a fixed effect in the analysis by creating two 
columns. One column compared irrelevant cue- and no-
cue trials (IR_No; +1: irrelevant cue, -1: no cue) and an-
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other column compared the relevant- and no-cue trials 
(R_No; +1: relevant cue, -1: no cue). SOA100_33, SOA 
100_50 and their interactions with relevancy were also 
added as fixed effects. 

Saccade endpoint deviation. The mean horizontal de-
viation of the saccade landing position from a central 
vertical line was calculated in degrees (following Wang, 
Satel, Hilchey, & Klein, 2012). For each ACS signal, the 
endpoint deviation was calculated such that saccades 
landing to the right of the central line had a positive sign, 
those landing to the left had a negative sign. Thus, a posi-
tive (rightward) deviation in the presence of a right cue 
and a negative (leftward) deviation in the presence of a 
left cue would indicate that the subliminal cues have fa-
cilitated the saccade endpoint deviation. In contrast, a 
positive deviation in the presence of a left cue and a neg-
ative deviation in the presence of a right cue would indi-
cate inhibition of the cued location. Trials with relevant 
and irrelevant cues were analysed separately. Mixed-ef-
fects analysis was performed with cue location (left: -1, 
right: +1), SOA (SOA100_33 and SOA50_33), ACS sig-
nal and their interactions as fixed effects.  

Saccade Latency. Mixed-effects analysis was per-
formed on saccade latency using the lmer function. There 
were three levels of the “Condition” variable: relevant 
valid, relevant invalid, and irrelevant invalid. No cue 
condition was not included in the analysis as it lacks the 
alerting component involved in all the other conditions. 
Thus, it differed from the other conditions not only in 
terms of orienting but also in terms of alerting. The effect 
of condition was analysed by creating two columns: con-
ditionRIV_RV (relevant invalid: +1, relevant valid: -1) 
and conditionRIV_IR(relevant invalid: +1, irrelevant 
invalid: -1). SOA100_33, SOA 100_50, ACS signal and 
their interactions with condition were also added as fixed 
effects. 

In all the analyses involving d’ (frequency and accu-
racy), Participants was entered as a random effect. For the 
latency and endpoint deviation analyses, both Participants 
and Items were included as random effects. All main ef-
fects and interactions were included for each model. 
lmerTest function was used to obtain p values using Sat-
terthwaite approximations to degrees of freedom (Bates, 
Maechler, Bolker & Walker, 2015). The description of the 
final model and the output for all the analyses is given in 
the Appendix.  

Cue localisation. Trials with response times greater 
than 130 ms were discarded from analysis (3.4 %). Accu-
racy on experimental and control trials was calculated. 

Cue visibility index was calculated by creating pairs of 
cue locations: Q1 - Q2, Q1 - Q3, Q1 - Q4, Q2 - Q3, Q2 - 
Q4, Q3 - Q4 (Q1, Q2, Q3, Q4 represent each of the four 
quadrants). For each pair, the cue appearing at one loca-
tion (for eg., Q1) was arbitrarily designated as the signal 
and the cue appearing at the other location (for eg., Q2) 
was designated as noise. Correct responses to the signal 
(selecting Q1 when the cue appeared in Q1) were consid-
ered as Hits and incorrect responses to the noise (only 
those responses that were same as the correct response to 
the Hits, for a given pairing - for example, selecting Q1 
when the cue appeared in Q2) were considered as false 
alarms (FA). Hits and FAs were corrected using the log-
linear rule to adjust for occurrences of Hits and FAs of 0 
or 1 (Hautus, 1995; Prasad, Patil, & Mishra, 2017). Hit 
rate and FA rate were calculated by dividing the Hits and 
FAs by the total number of signal and noise trials, respec-
tively. The Hit rates and FA rates across the 6 pairs of cue 
locations (Q12, Q13, Q14, Q23, Q24, Q34) were aver-
aged to yield a single Hit and FA rate. The mean d’ was 
computed as the difference of the z transform of the mean 
Hit rate and the mean FA rate using the norm function in 
R. One-sample t-tests were conducted to examine if the 
cue visibility significantly differed from chance (0). 
Paired sample t-tests were conducted to compare the visi-
bility between cues at relevant and irrelevant locations.  

Additionally, we calculated Bayes factors to supple-
ment the results as frequentist statistics is not appropriate 
for accepting a null hypothesis - that the performance on 
cue visibility test is equivalent to the chance level. 
Bayesian hypothesis testing involves setting up two mod-
els with two contrasting hypotheses and adjusting the 
likelihood of each model based on the evidence (data 
obtained). We tested for model H0 defined as cue visibili-
ty being same as the chance level against model H1 de-
fined as better cue visibility compared to chance level. 
We performed one-sample t-tests using JASP comparing 
d’ with chance level (0). Bayes factors (BF01) were com-
puted which quantify the relative evidence for the two 
competing hypotheses. According to a commonly accept-
ed convention (Jeffreys, 1961; Kruschke, 2011), 3 > 
BF01 > 1 denotes anecdotal evidence, 10 > BF01 > 3 
denotes moderate evidence and BF01 > 10 denotes strong 
evidence for the null hypothesis. Similarly, 1/3 < BF01 < 
1 denotes anecdotal evidence, 1/10 < BF01 < 1/3 denotes 
moderate evidence and BF01 < 1/10 denotes strong evi-
dence for the alternate hypothesis. BF01 = 1 suggests that 
the data is inconclusive. 
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Results 
Choice rate. Overall d’ prime was significantly greater 

than chance level suggesting that saccades landed at the 
location of the relevant cue more often than the opposite 
location, t (1, 20) = 2.02, p = 0.057. Mixed-effects analy-
sis revealed a significant effect of SOA on d’ (SOA 100 
ms vs. SOA 33 ms: β = -0.19, t  = -2.37, p = 0.019). The 
proportion of saccades to the cued location (see Table 1 
for means and Figure 3A) were much higher at 33 ms 
SOA compared to 100 ms SOA. Separate t-tests were 
performed on d’ at each SOA. d’ was significantly greater 
than chance at 33 ms, t (1, 20) = 2.4, p = 0.026, but not at 
50 ms SOA , t (1, 20) = 1.22, p = 0.236 and 100 ms SOA, 
t (1, 20) = -1.28, p = 0.215. There was no effect of ACS 
signal, β < 0.001, t = 0.01, p = 0.994, suggesting that the 
influence of relevant cues did not vary as a function of 
whether participants were told to look up or down. The 
interactions between ACS signal and SOA were not sig-
nificant either (t < 1.5). 

Saccade endpoint deviation (horizontal amplitude). 
There was no main effect of (relevant) cue location, β = 
0.23, t  = 1.43, p = 0.15 (Figure 3B). There was a signifi-
cant interaction between cue location and SOA at 100 ms 
compared to 33 ms, β = - 0.49, t = - 2.05, p = 0.041. Sac-
cades landed towards the location of the cue at 33 ms 
SOA (leftward deviation for left cues and rightward devi-
ation for right cues). This effect was reversed at 100 ms 
SOA (leftward deviation for right cues and rightward 
deviation for left cues) which indicated that the cued lo-
cations were inhibited. There was a significant main ef-
fect of ACS signal, β = 0.54, t = 3.37, p < 0.001, indicat-
ing greater positive (rightward) deviation whenever par-
ticipants were instructed to look Up, irrespective of the 
cue location.

Spatially- irrelevant cues did not affect the saccade 
endpoint deviation, β = -0.01, t  = - 0.08, p = 0.938 (Fig-
ure 3C). The interaction between irrelevant cue location 
and SOA was also not significant either, 100 ms: β = - 
0.05, t = - 0.23, p = 0.821; 50 ms: β = - 0.05, t = - 0.23, p 
= 0.817.  

Saccade Latency. Latency on relevant valid and rele-
vant invalid trials across SOAs were comparable, β = 
1.17, t  = 0.98, p  = 0.326 (Figure 3D). However, partici-
pants were faster on relevant valid trials compared to 
relevant invalid trials at 33 ms as indicated by a signifi-

cant interaction between SOA and condition (100 ms vs 
33 ms: β = 3.84, t  = 2.14, p  = 0.032). This pattern was 
also reversed at 50 ms which was significant compared to 
33 ms SOA (50 ms vs 33 ms: β = -3.21, t  = -1.97, p  = 
0.049). There were no overall differences in latency be-
tween IR invalid cue trials and relevant invalid trials, β = 
-1.16, t  = -1.14, p = 0.255 either. There was a significant 
interaction between SOA and IR invalid cue condition 
(100 ms vs 33 ms), β = -6.73, t = -4.43, p < 0.001. Partic-
ipants were faster in making saccades in the IR invalid 
condition compared to relevant invalid condition at 33 
ms, but the pattern was reversed at 100 ms SOA (see Ta-
ble 1 for means). Saccades were faster when the instruc-
tion was to look up vs. down as indicated by a main effect 
of ACS signal, β = 1.59, t = 1.97, p = 0.049. Saccades 
were also faster on trials with 100 ms SOA compared to 
33 ms SOA (100 ms vs 33 ms: β = -12.41, t = -10.27, p < 
0.001). None of the other interactions were significant (t 
< 1.3).  

Figure  3.  Results  from  Experiment  1  (A) There were more 
saccades to the relevant valid location at 33 ms and 50 ms SOA 
compared to relevant invalid location (B) The horizontal 
deviation of the saccade end location showed that saccades 
landed towards the cued locations at 33 ms and away from the 
cued locations at 100 ms SOA, only when the cues were 
relevant (C) but not when they were irrelevant (D) Facilitation 
followed by inhibition was observed in latency of saccades to 
the (relevant) cued location. But latency on IR invalid cue trials 
was faster compared to relevant invalid trials at 33 ms. This 
pattern was reversed at 100 ms SOA (E) Participants were less 
accurate on IR cue trials compared to no cue trials, accuracy on 
relevant cue trials was also greater compared to no cue. Note: 
The choice-rate and accuracy data are plotted in terms of 
proportion for ease of comprehension. The statistical analysis 
was performed on d’ values. The dashed horizontal line 
represents chance level (0.5)  

"  8
 



Journal of Eye Movement Research Prasad, S. G. & Mishra, R. K. (2020) 
13(4):2 Subliminal cueing of constrained free-choice saccades

Accuracy. Participants were less accurate on IR cue 
trials (M = 86 %, SD = 9) compared to no cue trials (M = 
89 %, SD  = 7), β = -0.12, t  = -2.26, p  = 0.025 (Figure 
3E). The accuracy on relevant cue (M = 90 %, SD  = 7) 
trials was also greater compared to no cue trials, β = 0.14, 
t = 2.48, p = 0.014. There was also a main effect of SOA 
indicating greater accuracy on 100 ms SOA trials (M = 92 
%, SD  = 7) compared to 33 ms SOA trials (M =  86 %, 
SD = 7), β = 0.21, t = 3.89, p < 0.001.   

We next examined if there were more error saccades 
to the location of the irrelevant cue as opposed to the op-
posite location. The overall d’ value across SOA was not 
significantly different from chance t  (1, 20) = 0.25, p  = 
0.804. A mixed effects analysis on the d’ values revealed 
a nonsignificant effect of SOA (50 ms vs 33 ms: β = 
-0.08, t = -0.77, p = 0.443; 100 ms vs 33 ms: β = -0.01, t 
= -0.12, p = 0.904). 

Cue localisation. The accuracy on control trials (M = 
59.1 %, SD = 30) and experimental trials (M = 40.8 %, 
SD = 18.1) were both significantly different from chance 
level (25 %), t (1, 20) = 5.21, p < 0.001 and t (1, 20) = 
3.99, p = 0.001 respectively. The cue visibility index (M 

= 0.5, SD = 0.77) was also significantly greater than zero, 
t (1, 20) = 2.97, p = 0.007. Paired t -tests revealed no sig-
nificant difference between the visibility for cues at rele-
vant (M = 0.52, SD  = 0.7) and irrelevant locations (M = 
0.46, SD = 0.9), t (1, 38.51) = -0.21, p = 0.832. 

Bayesian statistics showed that there was moderate 
evidence to accept the alternate hypothesis (BF01 = 
0.16).  

Table 1. Descriptive statistics (Experiment 1) 

Note: Latencies are given in ms. Horizontal amplitude of endpoint deviation is given in degrees. Numbers in bracket denote +1 SD. 
Since the choice rate on relevant-valid and relevant-invalid trials is complementary, values are given only for relevant-valid trials. IR: 
irrelevant.  

Choice rate 
(relevant 

valid)

End location  
(horizontal amplitude) Saccade latency

Left cue Right cue Relevant 
valid

Relevant 
invalid

IR 
invalid No

33 ms 0.55 (0.08) -0.31 (7.18) 0.87 (7.28) 206 (61) 213 (68) 203 (56) 203 (60)

50 ms 0.52 (0.09) -0.84 (7.39) -0.12 (7.44) 198 (48) 195 (45) 198 (48) 199 (57)

100 ms 0.49 (0.08) 0.47 (7.5) -0.21 (7.47) 182 (41) 183 (50) 196 (65) 184 (48)
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Discussion 
The subliminal cues had a significant influence on 

saccadic decisions when they were spatially-relevant. The 
frequency of saccades to the cued location was greater 
than the saccades to the opposite location. We also ob-
served significant leftward deviation in the saccade end-
point for cues on the left and rightward deviation for cues 
on the right at 33 ms suggesting that the cues facilitated 
the saccade endpoint deviation at short SOA. This pattern 
was reversed at 100 ms SOA indicating inhibition of the 
cued location. Participants were also faster making sac-
cades on relevant valid trials, but only at the short SOA 
(33 ms). All these results indicate that we found the clas-
sic pattern of facilitation at short SOA followed by (not 
so significant) inhibition at longer SOA commonly ob-
served in studies with peripheral cues (Klein, 2000). 
Thus, we found converging results to conclude that spa-
tially-relevant cues biased both the spatial and temporal 
characteristics of constrained free-choice saccades in a 
manner similar to the influence on instructed responses.  

We had hypothesised that if the participants can filter 
out spatially-irrelevant cues to some extent, then the par-
ticipants should be faster on IR invalid cue trials com-
pared to relevant invalid trials. We found exactly that at 
33 ms SOA. The pattern was reversed at 100 ms in line 
with the inhibitory effects seen with relevant cues. Thus, 
the trials with IR invalid cues captured less attention than 
relevant invalid trials suggesting that participants were 
less influenced by IR cues. Interestingly, participants 
made more errors on IR-cue trials compared to no-cue 
trials indicating that IR cues did influence saccadic re-
sponses. Thus, we can only conclude that while partici-
pants could not completely ignore the IR cues, there was 
reduced capture by IR cues.  

Experiment 2 
We can conclude two things from Experiment 1: First, 

subliminal cues influenced saccadic decisions. Second, 
there was reduced capture by spatially-irrelevant cues. In 
Experiment 2, we sought to replicate these findings with 
a slightly different design. It is well known that spatial 
biases play a role in determining eye movement be-
haviour (Previc, 1990; Nuthmann & Matthias, 2014; Os-
sandón, Onat, & König, 2014; Thomas & Elias, 2011). To 
examine if the observed findings could be generalised 
and was not restricted to the way we defined the ACS (up 
vs. down), we conducted another experiment with a dif-

ferent type of ACS (left vs right). Participants were asked 
to choose one of the target locations on the left or right 
depending on the ACS signal at the centre. Based on the 
results of Experiment 1, we expected 1) the subliminal 
cues to similarly influence frequency of saccades, end-
point deviation and latency when the cues were spatially 
relevant 2) the latency on IR invalid cue trials to be faster 
than relevant invalid trials at short SOA 3) accuracy on 
IR cue trials to be worse compared to no cue trials.  

Participants 
Twenty-two individuals (19 males, Mean age = 25.27 

years, SD = 3.19) took part in the experiment. None of 
them had participated in the previous experiment.  

Procedure 
The apparatus and stimuli were exactly same as Ex-

periment 1. The procedure was similar to that of Experi-
ment 1, except the participants were asked to choose one 
of the two targets in the left and right. Thus, blue and 
green circles indicated Left and Right direction respec-
tively  for half of the participants (and vice-versa for oth-
er half of the participants). The number of trials and the 
blocking levels were same as Experiment 1.  

Data analysis 
The analysis procedure was similar to that of Experi-

ment 1. Four participants’ data was discarded from final 
analysis because more than 25% of the saccades landed 
more than 4° away from the target circles (irrespective of 
the ACS). From the remaining participants’ data, 10 % of 
the trials were discarded based on this criterion; 18 % 
saccades were discarded for being anticipatory. 16.5 % of 
trials were express saccades (130 ms > latency > 80 ms, 
Figure 3) and were analysed separately (Supplementary 
material). Among the regular saccades, 10.6 % of the 
trials were discarded as outliers based on the upper limit 
determined by MAD criteria. Error trials constituted 
10.25 % of the trials. In the cue visibility test, 6% of the 
trials were discarded as outliers (RT < 130 ms) 
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Figure 4. Frequency distribution plot of saccade la-
tency (Experiment 2) showing two distinct peaks for ex-
press (80 ms - 130 ms) and regular saccades (> 130 ms) 

 In the choice rate analysis, d’ was calculated for 
each ACS signal (Left and Right). For instance, for ACS 
signal Left, saccades to the upper left quadrant on trials 
with upper left cue were considered Hits. Saccades to the 
upper left quadrant on trials with lower left cue were con-
sidered False Alarms. d’ was similarly calculated for ACS 
signal Right. Mixed effects analysis was done on d’ val-
ues with ACS signal (Left: -1, Right: +1) and SOA 
(SOA100_33, SOA 100_50) as factors. In the saccade 
endpoint deviation analysis, vertical amplitude was calcu-
lated. This was because the ACS signals in Experiment 2 
were Left or Right. For each type of signal, the cue could 
be located either up or down. The deviation of the sac-
cade landing position (vertical amplitude) from a central 
horizontal line was calculated. A positive number indicat-
ed a downward deviation and a negative number indicat-
ed an upward deviation compared to the central horizon-
tal line. Mixed effects analysis on saccade endpoint devi-
ation was performed with cue location (up: -1, down: +1), 
ACS signal and SOA as fixed effects. For the accuracy 
analysis, d’ prime was calculated by considering correct 
(leftward) responses to ACS signal Left as Hits and incor-
rect (leftward) responses to ACS signal Right as False 
Alarms. Relevancy (IR_No and R_No) and SOA were 
entered as fixed effects. Saccade latency was analysed by 
entering condition (conditionRIV_RV and condition-
RIV_IR), SOA and ACS signal as factors into the mixed-
effects model.  

Results 
Choice rate. The frequency of saccades to the relevant 

valid location was not significantly greater than chance, t 
(1, 17) = 1.45, p = 0.165. lmer analysis on d’ showed that 
SOA did not significantly modulate the frequency of sac-
cades to the relevant valid location, (50 ms vs. 33 ms: β = 
0.12, z = 1.6, p = 0.113; 100 ms vs. 33 ms: β = - 0.11, z = 
-1.39, p = 0.152) (Figure 5A). Individual t tests on d’ val-
ues were performed separately at each SOA. Saccades to 
the relevant valid location were greater than chance at 50 
ms, t (1, 17) = 2.17, p = 0.044 but not at 33 ms SOA, t (1, 
17) = 0.35, p = 0.733 and 100 ms SOA, t (1, 17) = -1.39, 
p = 0.185 (see Table 2 for descriptive means). There was 
no effect of the ACS signal (β  =  -  0.04,  z  = -0.67,  p  = 
0.506) suggesting that the instruction to look Left or 

Right did not modulate the influence of the cues on 
choice rate.  

Saccade  endpoint  deviation  (vertical  amplitude). 
There was a main effect of cue location, β = 0.40, t  = 
2.05, p = 0.041 (Figure 5B) suggesting that the deviation 
from a central horizontal line was relatively more positive 
(downward) for Down cues compare to Up cues. This 
indicates an overall facilitatory effect of the cues on sac-
cade deviations. This facilitatory effect was greater at 50 
ms SOA compared to 33 ms SOA, β = 0.53, t = 1.97, p = 
0.049 as indicated by a significant interaction between 
cue location and SOA. There was a significant three-way 
interaction between ACS signal, cue location and SOA, β 
= -0.7, t = -2.37, p = 0.018. Separate models on data cor-
responding to each ACS signal showed that SOA and cue 
location interaction was present  only for  the ACS Left 
condition (50 ms vs 33 ms: β = 09.92, t = 2.44, p = 0.015; 
100 ms vs 33 ms: β = -1.12, t = -2.8, p = 0.005), but not 
for ACS Right condition (50 ms vs 33 ms: β = 0.04, t = 
0.12, p = 0.907; 100 ms vs 33 ms: β = 0.31, t = 0.71, p = 
0.479). There was a main effect of ACS signal, β = 0.85, t 
= 4.28, p < 0.001 indicating that saccade deviation was 
more downward for ACS signal Right compared to Left.

Spatially irrelevant cues did not influence saccade 
endpoint deviation, β = 0.02, t  = 0.11, p = 0.910 (Figure 
5C). The interactions with SOA or ACS signal were not 
significant either (p > 0.5) 

Saccade  Latency.  Saccade latency on the relevant 
valid cue trials was lesser compared to the relevant in-
valid cue condition, β = 3.44, t  = 2.46, p = 0.014 (Figure 
5D). This effect was marginally greater at 50 ms SOA 
compared to 33 ms SOA, β = 3.38, t  = 1.77, p  = 0.078. 
The facilitatory effects observed at 33 ms and 50 ms SOA 
turned into inhibition at 100 ms as revealed by a signifi-
cant interaction between SOA and condition (100 ms vs 
33 ms), β = -4.56, t  = -2.17, p = 0.03. The latency on ir-
relevant invalid cue trials was faster compared to the la-
tency on relevant invalid cue trials, β = -2.3, t = -1.9, p = 
0.058. This pattern was observed at 33 ms SOA, but the 
opposite pattern was observed at 50 ms SOA (50 ms vs 
33 ms: β = -3.28, t  = -1.98, p  = 0.048). There  was  no 
main effect  of  ACS signal,  β  =  -1.23,  t  = -  1.28,  p  = 
0.199. It did not interact with any of the conditions either 
(t < 1.3). Shorter overall latencies were observed on trials 
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with 100 ms SOA compared to 33 ms SOA, β = -15.85, t 
= -10.81, p  < 0.001.  Latency on 50 ms SOA trials was 
greater compared to 33 ms SOA, β = 7.37, t  = 5.58, p < 
0.001.  

Figure 5. Results from Experiment 2 (A) Frequency of saccades 
to the cued location was significantly greater than chance at 50 
ms SOA. (B & C) The vertical deviation of the saccade end 
location was relatively more downward (more positive) for 
“down” cues compared to “up” cues at all SOAs, only when the 
cues were relevant (D) Relevant cues facilitated saccade latency 
at 33 ms and 50 ms SOA which turned into inhibition at 100 ms 
SOA. Saccades on trials with IR invalid cues were faster 
compared to relevant invalid trials at 33 ms SOA. This pattern 
was reversed at 50 ms (E) No differences in accuracy were 
found across different cue conditions. Note: The choice-rate and 
accuracy data are plotted in terms of proportion for ease of 
comprehension. The statistical analysis was performed on d’ 
values. The dashed horizontal line represents chance level (0.5) 

Accuracy.  There was no difference in accuracy be-
tween the relevant cue (M = 90 %, SD = 11) and no cue 
trials (M = 87 %, SD = 9.6), β = -0.09, z = 1.2, p = 0.232. 
The accuracy on IR cue trials (M = 89 %, SD = 10) was 

also comparable to no-cue trials, β = 0.01, z  = 0.20, p = 
0.841 (see Table 2 for condition-wise mean values and 
Figure 5E). SOA did not modulate accuracy on either of 
these types of trials (100 ms vs 33 ms: β = -0.01, t  = 
-0.14, p  = 0.887; 50 ms vs 33ms: β = 0.04, t  = 0.6, p  = 
0.55). 

The analysis on error saccades revealed that the num-
ber of error saccades at the location of the irrelevant cue 
was comparable to the other location, t (1, 17) = -0.54, p 
= 0.593. SOA did not have any influence either (100 ms 
vs 33 ms: β = 0.04, t = 0.48, p = 0.634; 50 ms vs 33ms: β 
= -0.02, t  = -0.21, p = 0.835). Separate t tests performed 
at each SOA revealed nonsignificant differences com-
pared to chance (p > 0.5).  

Cue localisation.  Participants performed significantly 
better than chance level (25 %) on control trials (M = 
43.98 %, SD = 30), t (1, 17) = 2.67, p = 0.016. Accuracy 
on the experimental trials (M =   33.58 %, SD = 17.4) was 
marginally greater than chance level performance, t  (1, 
17) = 2.09, p  = 0.052 respectively. The cue visibility in-
dex (M = 0.31, SD = 0.72), even though very small, was 
significantly different from zero, t  (1,17) = 1.83, p  = 
0.085. The visibility did not differ significantly between 
the cues at relevant (M = 0.17, SD = 0.7) and irrelevant 
locations (M = 0.38, SD = 0.73), t (1, 33.94) = 0.86, p = 
0.393. 

Bayesian hypothesis testing revealed anecdotal evi-
dence to accept the null hypothesis (BF01 = 1.04). 

Table 2. Descriptive statistics (Experiment 2) 

Note: Latencies are given in ms. Horizontal amplitude of endpoint deviation is given in degrees. Numbers in bracket denote +1 SD. 
Since the choice rate on relevant-valid and relevant-invalid trials is complementary, values are given only for relevant-valid trials. IR: 
irrelevant-cue.  

Choice rate 
(relevant 

valid)

End location  
(horizontal amplitude)

Saccade latency

Up cue Down cue Relevant 
valid

Relevant 
invalid

IR 
invalid

No

33 ms 0.51 (0.09) -1.1 (8.78) -0.78 (8.77) 194 (58) 200 (59) 198 (58) 204 (57)

50 ms 0.53 (0.08) -1.36 (8.75) 0.06 (8.94) 192 (61) 199 (72) 203 (75) 204 (59)

100 ms 0.49 (0.05) -2.07 (8.92) -1.62 (8.79) 188 (54) 183 (48) 185 (50) 180 (41)
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Discussion 
We conducted Experiment 2 to verify if the findings 

of Experiment 1 could be generalised across different 
types of spatial ACS. Participants made more saccades to 
the cued location at one of the shorter SOAs (50 ms). The 
vertical amplitude of the saccade endpoint deviation was 
also influenced by the relevant cues. The “up” cues lead 
to more relatively upward deviation than the “down” cues 
and vice versa. This effect was also greater at 50 ms SOA 
compared to 33 ms SOA. The interaction with SOA was 
only observed for ACS signal Left, but not for ACS sig-
nal Right. Latency on relevant valid trials was faster than 
relevant invalid trials at the shorter SOAs (33 ms and 50 
ms). The pattern reversed at 100 ms SOA. Like in Exper-
iment 1, these results provide converging evidence for 
facilitation followed by inhibition effect of the spatially 
relevant cues.  However, the evidence of inhibition of 
cued locations was seen only in saccade latency, but not 
in choice rate and saccade deviation. The possible reasons 
for weak inhibition are discussed in the general discus-
sion. Finally, the latency on IR invalid trials was faster 
than relevant invalid trials at 33 ms but the pattern was 
reversed at 50 ms SOA suggesting reduced capture by IR 
cues only at 33 ms SOA. Interestingly, the cues had no 
influence on the accuracy of saccades irrespective of their 
relevancy.  

General Discussion 
We examined the influence of subliminal cues pre-

sented at spatially-relevant or irrelevant locations on con-
strained free-choice saccades. The relevancy of the cues 
was established based on  spatial ACS. In Experiment 1, 
participants were asked to make a saccade to one of the 
target circles in the upper visual field or the lower visual 
field depending on the colour of the central circle. In Ex-
periment 2, the instruction was to choose one of the target 
circles in the left or right visual field. In both the experi-
ments, we observed that relevant subliminal cues influ-
enced saccadic responses measured through choice rate, 
saccade endpoint deviation and saccade latency. Our ob-
jective was also to examine if and to what extent spatial-
ly-irrelevant cues influence saccadic decisions. In both 
the experiments, saccade latency data showed reduced 
capture by spatially-irrelevant cues in some conditions. 
Further, subliminal cues at IR cue locations lead to more 
errors in Experiment 1. These findings show that spatial 
ACS can modulate the influence of subliminal cues on 
constrained free-choice saccades.  

Time course of subliminal cueing of con-
strained free-choice saccades 

The present results add to the growing evidence re-
garding the depths and limits of subliminal cueing of eye 
movements. We have shown that abrupt-onset subliminal 
cues can bias saccadic responses even when the saccade 
locations are chosen freely by the participants within 
some constraints. We expected the relevant subliminal 
cues to influence both the spatial (choice rate and saccade 
endpoint deviation) and temporal properties (latency) of 
the saccades. In both experiments, we observed a higher 
frequency of saccades to the (relevant) cued location at 
shorter SOAs (33 ms and 50 ms) which turned into inhi-
bition at 100 ms SOA. A similar pattern was observed in 
the latency of the saccadic decisions. Participants were 
faster making saccades on relevant valid trials compared 
to the relevant invalid cue trials at short SOAs (33 ms and 
50 ms). Inhibitory effects - defined by faster latency on 
relevant invalid cue trials compared to relevant valid tri-
als were seen at longer SOA. The facilitatory effects ob-
tained at the shorter SOAs are in confirmation with 
Huang et al. (2014)’s results who also showed that sub-
liminal cues can influence free saccadic decisions.  

The pattern of facilitation at short SOA followed by 
inhibition at long SOA is a classic finding in studies with 
peripheral cues in a Posner cueing paradigm (Posner, 
1980). The “negative” effect typically observed in pe-
ripheral cueing at long SOA (> 100 ms) is known as the 
inhibition-of-return which arises due to the reluctance of 
the oculomotor system to revisit recently attended loca-
tions (Klein, 2000). However, IOR is commonly ob-
served in response time measures in Posner cueing tasks. 
In such tasks, participants are slower responding to tar-
gets when they are presented at the cued locations as op-
posed to the uncued locations at long SOAs. For the first 
time, we have shown an inhibitory effect of subliminal 
cues on both frequency and latency of constrained free 
choice saccades.  

The existence of such inhibitory effects even when 
people freely make decisions about where to look is in 
line with the underlying explanation of IOR as a foraging 
mechanism of the visual system which helps individuals 
seek out new information. We acknowledge that the inhi-
bition was not strong (and statistically significant) in all 
measures. This can probably be attributed to our relative-
ly “short” long SOA. It is likely that we have captured 
only the beginning of the inhibitory effects and that 
strong inhibition will be observed at longer (> 150 ms) 

"  13
 



Journal of Eye Movement Research Prasad, S. G. & Mishra, R. K. (2020) 
13(4):2 Subliminal cueing of constrained free-choice saccades

SOAs. The other possibility is that the inhibitory effects 
were weakened by the blocking of SOA. In a peripheral 
cueing study with double targets, Wang et al. (2012) ob-
served IOR at 50 ms only when the 50 ms SOA trials 
were intermixed with 600 ms SOA trials (Experiment 2), 
but not when 50 ms SOA trials were presented alone (Ex-
periment 1). The authors suggest that the temporal uncer-
tainty in the appearance of the targets could have lead 
participants to disengage attention faster from cued loca-
tions resulting in observable IOR in the mixed condition. 
In contrast, the incentive to disengage from the cued loca-
tion was lower in Experiment 1 as the participants could 
reliably (temporally) predict the appearance of the target 
using the cue. We might have similarly observed stronger 
inhibitory effects if we had intermixed the SOA condi-
tions. Thus, while blocking SOA might be preferable in 
motor priming studies, it may not be so while investigat-
ing attentional mechanisms, especially using eye move-
ments. Future studies should note this and choose the 
appropriate design.  

Our results show that subliminally presented stimuli 
in the visual field can also generate activity in the oculo-
motor priority map and guide oculomotor selection. We 
found converging evidence for this across different eye 
movement measures: choice rate, saccade latency and 
saccade endpoint deviation. This is in line with previous 
studies that have suggested that a saliency map can be 
constructed without full awareness of the corresponding 
objects (Hsieh, Kolas, & Kanwisher, 2011). Pop-out 
without awareness demonstrated by Hseih et al. (2011) is 
one such example where participants were presented with 
a display containing a feature singleton among homoge-
nous distractors. The entire display was masked from 
awareness, but participants performed better on an orien-
tation discrimination task at the location of the feature 
singleton than at other locations. This suggests that the 
location of the feature-singleton pops out and grabs atten-
tion without participants’ awareness. This was possible 
because the feature-singleton altered the saliency map 
even though it was suppressed from awareness. These 
results contribute to our growing understanding of the 
factors that guide overt visual selection. 

The role of spatial ACS in subliminal cueing 
of free-choice saccades 

To our knowledge, this study is the first to examine 
the role of spatial ACS on subliminal cueing of free sac-
cades. We had hypothesised that if spatial ACS can mod-
ulate the influence of irrelevant cues, saccade latencies on 

trials with irrelevant invalid cues should be faster than 
relevant  invalid cue condition at short SOA. In contrast, 
if the spatial ACS fails to filter out the irrelevant cues, 
then the performance on IR invalid cue trials should be 
comparable to or worse than the relevant invalid cue con-
dition. In Experiment 1, participants were faster in the 
presence of IR invalid cues at shorter SOAs and slower at 
long SOAs. Thus, cues at irrelevant locations did not cap-
ture attention as much as a relevant invalid cue. This sug-
gests that the spatial ACS modulated the responses on IR 
cue trials. We observed this effect in Experiment 2 as 
well but only at 33 ms SOA. The accuracy data from Ex-
periment 1 appears as an anomaly to the preceding argu-
ment. Participants made more errors on trials with IR 
cues compared to no cues suggesting that the IR cues 
captured attention causing more errors. An analysis of 
error saccades did not suggest that participants were more 
likely to make an error saccade to the IR cue location. 
Further, the effect of cue-relevancy on accuracy was seen 
only in Experiment 1. This indicates that the errors were 
more likely a result of the failure of the ACS in Experi-
ment 1 rather than the irrelevant cues triggering eye 
movements. Thus, on trials where participants successful-
ly managed to saccade to the correct locations, they were 
able to inhibit the IR cues. 

This type of research has the potential to contribute to 
our understanding of the role of top-down attention on 
subliminal visual processing. They also help move for-
ward the debate regarding the relationship between atten-
tion and consciousness. Showing that top-down attention 
can be directed at stimuli below the threshold of aware-
ness suggests that attention does not necessarily require 
consciousness. Such dissociations can also inform us of 
the functional role of consciousness. While conducting 
such investigations, it is important to examine various 
domains of attention. As discussed in the introduction, 
several studies have shown that feature-based top-down 
attention can modulate the extent of subliminal process-
ing (Bahrami et al., 2007; Kanai, Tsuchiya, & Verstraten, 
2006; Wyart and Tallon-Baudry, 2008). In our study, we 
find some evidence to suggest that location-based top-
down attention was able to reduce the influence of irrele-
vant subliminal cues. But, we acknowledge that the re-
sults with respect to the influence of irrelevant cues are 
not entirely conclusive. Since this is the first study to 
examine the influence of spatial ACS on subliminal cue-
ing, we hope that these results will provide an impetus 
into more research on this topic which is necessary to 
evaluate the strength of these findings and arrive at robust 
conclusions. 

"  14
 



Journal of Eye Movement Research Prasad, S. G. & Mishra, R. K. (2020) 
13(4):2 Subliminal cueing of constrained free-choice saccades

It is possible to question if we would have observed 
stronger effects of spatial ACS if the trials had been 
blocked for each ACS. Previous studies examining the 
role of spatial ACS on attention capture with visible cues 
have administered trials with only one type of ACS to a 
participant (Ruthruff & Gaspelin, 2018; Ishigami et al., 
2009) We did not have such blocking because many re-
searchers have pointed out that top-down contingent cap-
ture effects seen in earlier studies could be explained 
through inter-trial priming effects arising due to blocking 
(eg., Belopolsky, Schreij & Theeuwes, 2010; Theeuwes, 
2013, 2018). Thus, any top-down effects we might have 
observed could have been attributed to bottom-up inter-
trial priming due to repeated occurrence of targets in par-
ticular locations. To account for this criticism, we only 
administered mixed sessions.  

Limitations 
It is important to alert the readers to the fact that our 

no-cue condition is not the most appropriate baseline for 
measuring the influence of irrelevant cues. The abrupt-
onset of a cue (irrespective of its location) also serves as 
an alerting signal to the visual system. This alerting 
mechanism is absent in the no-cue condition. For this 
reason, we did not compare the saccade latency on criti-
cal trials with no cue condition, which would have been a 
more appropriate comparison. This can be corrected by, 
for example, using an auditory tone on all the trials si-
multaneous to the presentation of the cue or no-cue (as 
used by Ishigami et al., 2009).  

Further, our use of the term "subliminal" might be 
called into question as the participants performed better 
than chance level in the cue localisation task possibly 
indicating that they were at least partially aware of the 
subliminal cues. It should be, however, noted that 
Bayesian analysis of Experiment 2 cue localisation indi-
cated that there was anecdotal evidence to accept the null 
hypothesis. Nevertheless, the overall pattern of results in 
both Experiments was intriguing because we used 16 ms 
cues which are commonly used in subliminal cueing stud-
ies (Mulckhuyse & Theeuwes, 2010a; Van der Stigchel et 
al., 2009; Weichselbaum et al., 2014). One possible rea-
son why the cues could be localised better than chance is 
that the participants only had to detect the location of the 
cues. It is commonly observed in such studies that partic-
ipants see “something” on the screen but can’t discrimi-
nate the exact identity of the cue. Thus, d’ is more likely 
to be at chance level when the cue visibility test involves 
some form of discrimination based on their identity rather 
than just detecting their presence. Since our cue visibility 

test was easy, participants might have been able to detect 
the cues with better than chance accuracy.  

It is to be noted that several previous studies on sub-
liminal cueing have similarly found above-chance per-
formance on the cue visibility test (eg., Schoeberl et al., 
2015; Weichselbaum et al., 2014). The cues are neverthe-
less argued to be subliminal in such cases sometimes for 
several reasons. First, participants in these studies often 
subjectively report to not have seen the cues. Second, the 
visibility index obtained on objective tests is considered 
to be an overestimation of the true awareness of the cues 
in the main experiment session. This is because the par-
ticipants are explicitly informed about the nature of the 
cue and asked to pay attention to it in the visibility tests. 
However, they have no such explicit knowledge of the 
subliminal cues during the main experiment session. In 
line with this, some studies have found that the perfor-
mance on the cue awareness test is independent of the 
cue’s influence on responses (Francken, van Gaal, & de 
Lange, 2011). Third, it is impossible to rule out cueing 
effects in the visibility test itself. That is, the presence of 
the cues could have triggered responses associated with 
that location - similar to the cueing effects observed in 
the main experiment. Support for this “blindsight” like 
phenomenon comes from a recent study by Koivisto and 
Neuvonen (2020) where participants performed a dis-
crimination task and gave a subjective rating within a 
single response. The authors observed above-chance per-
formance on the discrimination task even when partici-
pants reported to have seen “nothing” on the screen.  

Given this, when can we truly say that participants are 
not conscious of certain stimuli? One of the major prob-
lems plaguing research on subliminal processing is the 
diversity of methods to induce and measure awareness 
(Rothkirch & Hesselmann, 2017). While some people use 
objective visibility tests like the one we used, others rely 
on trial-wise subjective reports. In a paper comparing 
various subjective awareness measures, Sandberg, Tim-
mermans, Overgaard, and Cleeremans (2010) concluded 
that a graded perceptual awareness scale (PAS; Ramsøy 
& Overgaard, 2004) provided the strongest correlation 
between awareness and performance. As a consequence, 
graded subjective ratings, particularly PAS has been a 
popular method to elicit subjective reports of awareness 
and provide a better alternative to forced-choice discrim-
ination tasks.   

In sum, we acknowledge that we can not be confident 
that similar cueing effects on eye movements will be seen 
for cues that are completely invisible. However, like in 
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many previous studies mentioned above, none of the par-
ticipants verbally reported having “seen” the cues during 
the main experiment when questioned during a post-ex-
periment briefing session. But, since we did not use a 
subjective awareness scale on a trial-to-trial basis, we 
can’t entirely rely on the verbal reports of the partici-
pants. Further studies with stricter control on the cue vis-
ibility are necessary to determine if the findings from our 
study can be generalised to subliminal cueing.  

In conclusion, we have demonstrated that 1) sublimi-
nal cues can affect saccadic decisions even when these 
decisions are voluntary 2) Spatial ACS can modulate the 
influence of irrelevant cues under certain conditions. We 
observed this across two studies with different types of 
spatial relevancy. This study is a small contribution to-
wards examining if, when and how attentional control can 
be exerted on capture by subliminal cues during free-
choice eye movement behaviour. Such studies have the 
potential to contribute to our understanding of subliminal 
cueing as well as general theories of attention and eye 
movements. 
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Appendix 

Results from mixed effects analysis in Experiment 1 - 2. In all the analyses, fixed effects were analysed using sum-
coding. In the analysis of frequency of saccades and accuracy data, d’ was calculated. For more details on the analysis, 
please see the “analysis" section of Experiment 1 & 2 in the main text. Below, we mention the fixed-effects variables 
included in the analysis and the levels of coding. 

Variables Coding

IR_No No cue: -1, IR cue: +1

R_No No cue: -1, R cue: +1

RIV_RV Relevant valid: -1, Relevant invalid: +1

RIV_IR Relevant valid: -1, Irrelevant: +1

SOA100_50 50 ms: -1, 100 ms: +1

SOA100_33 33 ms: -1, 100 ms: +1

cueside (Experiment 1) left: -1, right: +1

cueside (Experiment 2) up: -1, down: +1

ACS signal (Experiment 1) up: -1, down: +1

ACS signal (Experiment 2) left: -1, right: +1
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The formula used for each model and its output is give below. Note: #p < 0.1;*p<0.05; **p<0.01; ***p<0.001 

Experiment 1 - Frequency of saccades 

d ~ ACSsignal_coded * soa50_33_coded + ACSsignal_coded * soa100_33_coded + (1 | 
SubID) + (1 | serial) 

========================================================== 
                                  Dependent variable:      
                             ----------------------------- 
                                           d               
---------------------------------------------------------- 
soa100_33_coded                         -0.189             
                                      t = -2.372*          
                                                           
ACSsignal_coded                          0.0004             
                                       t = 0.008           
                                                           
soa50_33_coded                           0.040             
                                       t = 0.501           
                                                           
soa100_33_coded:ACSsignal_coded         -0.119             
                                      t = -1.502           
                                                          
ACSsignal_coded:soa50_33_coded          -0.016             
                                      t = -0.202           
                                                           
Constant                                 0.079             
                                       t = 1.357           
                                                           
---------------------------------------------------------- 
Observations                              126              
Log Likelihood                         -129.077            
Akaike Inf. Crit.                       274.155            
Bayesian Inf. Crit.                     296.845            
========================================================== 

Experiment 1 - Saccade end location 

xdev ~ ACSsignal_coded * cueside_coded * soa100_33_coded + ACSsignal_coded * 
cueside_coded *  soa50_33_coded + (1 | SubID) + (1 | serial) 

=========================================================================== 
                                                  Dependent variable:       
                                             ------------------------------ 
                                                          xdev              
                                               Relevant cues  Irrelevant cues       
--------------------------------------------------------------------------- 
ACSsignal_coded                                   0.542          0.439      
                                              t = 3.371***    t = 2.810**   
                                                                            

"  21
 



Journal of Eye Movement Research Prasad, S. G. & Mishra, R. K. (2020) 
13(4):2 Subliminal cueing of constrained free-choice saccades

cueside_coded                                     0.231          0.013      
                                                t = 1.434      t = 0.084    
                                                                            
soa100_33_coded                                   0.114          0.006      
                                                t = 0.476      t = 0.028    
                                                                            
soa50_33_coded                                   -0.492          -0.262     
                                               t = -2.216*     t = -1.206   
                                                                            
ACSsignal_coded:cueside_coded                     -0.039          0.274      
                                               t = -0.245      t = 1.759    
                                                                            
ACSsignal_coded:soa100_33_coded                   -0.135          -0.235     
                                               t = -0.562      t = -1.021   
                                                                            
cueside_coded:soa100_33_coded                     -0.492          -0.049     
                                               t = -2.054*     t = -0.212   
                                                                            
ACSsignal_coded:soa50_33_coded                    -0.192          -0.011     
                                               t = -0.863      t = -0.049   
                                                                            
cueside_coded:soa50_33_coded                      0.186          0.044      
                                                t = 0.835      t = 0.204    
                                                                            
ACSsignal_coded:cueside_coded:soa100_33_coded    0.157          -0.235     
                                                t = 0.653      t = -1.022   
                                                                            
ACSsignal_coded:cueside_coded:soa50_33_coded      0.071          -0.077     
                                                t = 0.321      t = -0.355   
                                                                            
Constant                                          0.075          -0.078     
                                                t = 0.116      t = -0.123   
                                                                            
--------------------------------------------------------------------------- 
Observations                                      2,055          1,979      
Log Likelihood                                 -6,895.557      -6,652.103   
Akaike Inf. Crit.                              13,821.110      13,334.210   
Bayesian Inf. Crit.                            13,905.530      13,418.060   
=========================================================================== 

Experiment 1 - Saccade latency 

Latency ~ ACSsignal_coded * conditionRIV_RV_coded * soa100_33_coded + 
ACSsignal_coded * conditionRIV_RV_coded *  soa50_33_coded + ACSsignal_coded * 
conditionRIV_IR_coded * soa100_33_coded +  ACSsignal_coded * 
conditionRIV_IR_coded * soa50_33_coded + (1 | SubID) + (1 | serial) 

================================================================================ 
                                                        Dependent variable:      
                                                   ----------------------------- 
                                                              Latency            
-------------------------------------------------------------------------------- 
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ACSsignal_coded                                                1.589             
                                                            t = 1.969*           
                                                                                 
conditionRIV_RV_coded                                          1.167             
                                                             t = 0.981           
                                                                                 
soa100_33_coded                                               -12.409            
                                                          t = -10.274***         
                                                                                 
soa50_33_coded                                                 1.755             
                                                             t = 1.575           
                                                                                 
conditionRIV_IR_coded                                         -1.165             
                                                            t = -1.139           
                                                                                 
ACSsignal_coded:conditionRIV_RV_coded                         -1.526             
                                                            t = -1.282           
                                                                                 
ACSsignal_coded:soa100_33_coded                                0.278             
                                                             t = 0.231           
                                                                                 
conditionRIV_RV_coded:soa100_33_coded                          3.839             
                                                            t = 2.140*           
                                                                                 
ACSsignal_coded:soa50_33_coded                                -0.845             
                                                            t = -0.760           
                                                                                 
conditionRIV_RV_coded:soa50_33_coded                          -3.211             
                                                            t = -1.968*          
                                                                                 
ACSsignal_coded:conditionRIV_IR_coded                         -0.025             
                                                            t = -0.025           
                                                                                 
soa100_33_coded:conditionRIV_IR_coded                         -6.731             
                                                           t = -4.427***         
                                                                                 
soa50_33_coded:conditionRIV_IR_coded                           0.728             
                                                             t = 0.515           
                                                                                 
ACSsignal_coded:conditionRIV_RV_coded:soa100_33_coded         -0.204             
                                                            t = -0.114           
                                                                                 
ACSsignal_coded:conditionRIV_RV_coded:soa50_33_coded           1.642             
                                                             t = 1.007           
                                                                                 
ACSsignal_coded:soa100_33_coded:conditionRIV_IR_coded         -0.649             
                                                            t = -0.427           
                                                                                 
ACSsignal_coded:soa50_33_coded:conditionRIV_IR_coded          -0.226             
                                                            t = -0.160           
                                                                                 
Constant                                                      194.333            
                                                           t = 32.552***         
                                                                                 
-------------------------------------------------------------------------------- 
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Observations                                                   4,034             
Log Likelihood                                              -21,362.190          
Akaike Inf. Crit.                                           42,766.380           
Bayesian Inf. Crit.                                         42,898.730           
================================================================================ 

Experiment 1 - Accuracy 

d ~ soa100_33_coded * relevancyR_No_coded + soa100_33_coded *   
    relevancyIR_No_coded + soa50_33_coded * relevancyR_No_coded +   
    soa50_33_coded * relevancyIR_No_coded + (1 | SubID) 

================================================================== 
                                          Dependent variable:      
                                     ----------------------------- 
                                                   d               
------------------------------------------------------------------ 
soa100_33_coded                                  0.218             
                                             t = 3.895***          
                                                                   
relevancyR_No_coded                              0.139             
                                              t = 2.481*           
                                                                   
relevancyIR_No_coded                            -0.126             
                                              t = -2.257*          
                                                                   
soa50_33_coded                                  -0.030             
                                              t = -0.530           
                                                                   
soa100_33_coded:relevancyR_No_coded             -0.024             
                                              t = -0.299           
                                                                   
soa100_33_coded:relevancyIR_No_coded             0.061             
                                               t = 0.771           
                                                                   
relevancyR_No_coded:soa50_33_coded               0.064             
                                               t = 0.813           
                                                                   
relevancyIR_No_coded:soa50_33_coded             -0.067             
                                              t = -0.851           
                                                                   
Constant                                         2.365             
                                             t = 25.512***         
                                                                   
------------------------------------------------------------------ 
Observations                                      189              
Log Likelihood                                 -183.175            
Akaike Inf. Crit.                               388.350            
Bayesian Inf. Crit.                             424.009            
================================================================== 
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Experiment 1 - Error saccades on IR cue trials 

d ~ soa50_33_coded + soa100_33_coded + (1 | SubID) 

================================================= 
                         Dependent variable:      
                    ----------------------------- 
                                  d               
------------------------------------------------- 
soa50_33_coded                 -0.077             
                             t = -0.773           
                                                  
soa100_33_coded                -0.012             
                             t = -0.121           
                                                  
Constant                        0.019             
                              t = 0.271           
                                                  
------------------------------------------------- 
Observations                     60               
Log Likelihood                 -52.297            
Akaike Inf. Crit.              114.595            
Bayesian Inf. Crit.            125.066            
================================================= 

Experiment 2 - Frequency of saccades 

d ~ ACSsignal_coded * soa50_33_coded + ACSsignal_coded * soa100_33_coded + (1 | 
SubID) + (1 | serial) 

========================================================== 
                                  Dependent variable:      
                             ----------------------------- 
                                           d               
---------------------------------------------------------- 
soa100_33_coded                         -0.112             
                                      t = -1.395           
                                                           
ACSsignal_coded                          - 0.037             
                                       t = -m0.668           
                                                           
soa50_33_coded                           0.125             
                                       t = 1.599           
                                                           
soa100_33_coded:ACSsignal_coded         0.115             
                                      t = 1.443           
                                                           
ACSsignal_coded:soa50_33_coded          - 0.018             
                                       t = - 0.229           
                                                           
Constant                                 0.042             
                                       t = 0.764           
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---------------------------------------------------------- 
Observations                              103              
Log Likelihood                          -94.814            
Akaike Inf. Crit.                       205.629            
Bayesian Inf. Crit.                     226.706            
========================================================== 

Experiment 2 - Saccade end location 

ydev ~ ACSsignal * cueside_coded * soa100_33_coded + ACSsignal * cueside_coded *   
    soa50_33_coded + (1 | SubID) + (1 | serial) 

=========================================================================== 
                                                  Dependent variable:       
                                             ------------------------------ 
                                                          ydev              
                                              Relevant cues   Irrelevant cues      
--------------------------------------------------------------------------- 
ACSsignal_coded                                  0.849          0.615      
                                              t = 4.282***    t = 3.023**   
                                                                            
cueside_coded                                   0.405          0.023      
                                               t = 2.049*      t = 0.113    
                                                                            
soa100_33_coded                                  -0.125          0.262      
                                               t = -0.412      t = 0.834    
                                                                            
soa50_33_coded                                   0.403          0.552      
                                                t = 1.470      t = 1.969*   
                                                                            
ACSsignal_coded:cueside_coded                   -0.033          0.022      
                                               t = -0.167      t = 0.106    
                                                                            
ACSsignal_coded:soa100_33_coded                   0.412          0.240      
                                                t = 1.388      t = 0.779    
                                                                            
cueside_coded:soa100_33_coded                    -0.371          -0.157     
                                               t = -1.249      t = -0.509   
                                                                            
ACSsignal_coded:soa50_33_coded                   -0.466          -0.468     
                                               t = -1.719      t = -1.688   
                                                                            
cueside_coded:soa50_33_coded                     0.535          0.147      
                                               t = 1.974*      t = 0.530    
                                                                            
ACSsignal_coded:cueside_coded:soa100_33_coded    -0.704          -0.015     
                                               t = -2.370*     t = -0.047   
                                                                            
ACSsignal_coded:cueside_coded:soa50_33_coded      0.428          0.005      
                                                t = 1.580      t = 0.017    
                                                                            
Constant                                         -0.437          -0.382     
                                               t = -0.370      t = -0.315   
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--------------------------------------------------------------------------- 
Observations                                      1,520          1,480      
Log Likelihood                                 -5,258.941      -5,134.414   
Akaike Inf. Crit.                              10,547.880      10,298.830   
Bayesian Inf. Crit.                            10,627.780      10,378.330   
=========================================================================== 

Experiment 2 - Saccade latency 

Latency ~ ACSsignal_coded * conditionRIV_RV_coded * soa100_33_coded +     
ACSsignal_coded * conditionRIV_RV_coded *  soa50_33_coded + ACSsignal_coded * 
conditionRIV_IR_coded * soa100_33_coded +   ACSsignal_coded * 
conditionRIV_IR_coded * soa50_33_coded + (1 | SubID) + (1 | serial) 

================================================================================ 
                                                        Dependent variable:      
                                                   ----------------------------- 
                                                              Latency            
-------------------------------------------------------------------------------- 
ACSsignal_coded                                               -1.228             
                                                            t = -1.284           
                                                                                 
conditionRIV_RV_coded                                          3.440             
                                                            t = 2.457*           
                                                                                 
soa100_33_coded                                               -15.854            
                                                          t = -10.808***         
                                                                                 
soa50_33_coded                                                 7.372             
                                                           t = 5.576***          
                                                                                 
conditionRIV_IR_coded                                         -2.302             
                                                            t = -1.900           
                                                                                 
ACSsignal_coded:conditionRIV_RV_coded                          1.135             
                                                             t = 0.810           
                                                                                 
ACSsignal_coded:soa100_33_coded                               -1.484             
                                                            t = -1.033           
                                                                                 
conditionRIV_RV_coded:soa100_33_coded                         -4.562             
                                                            t = -2.169*          
                                                                                 
ACSsignal_coded:soa50_33_coded                                 0.299             
                                                             t = 0.228           
                                                                                 
conditionRIV_RV_coded:soa50_33_coded                           3.378             
                                                             t = 1.765           
                                                                                
ACSsignal_coded:conditionRIV_IR_coded                         -1.147             
                                                            t = -0.946           
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soa100_33_coded:conditionRIV_IR_coded                          1.438             
                                                             t = 0.787           
                                                                                 
soa50_33_coded:conditionRIV_IR_coded                          -3.277             
                                                            t = -1.975*          
                                                                                 
ACSsignal_coded:conditionRIV_RV_coded:soa100_33_coded          2.479             
                                                             t = 1.177           
                                                                                 
ACSsignal_coded:conditionRIV_RV_coded:soa50_33_coded          -1.628             
                                                            t = -0.850           
                                                                                 
ACSsignal_coded:soa100_33_coded:conditionRIV_IR_coded          0.921             
                                                             t = 0.504           
                                                                                 
ACSsignal_coded:soa50_33_coded:conditionRIV_IR_coded          -1.009             
                                                            t = -0.608           
                                                                                 
Constant                                                      185.117            
                                                           t = 20.509***         
                                                                                 
-------------------------------------------------------------------------------- 
Observations                                                   2,993             
Log Likelihood                                              -15,884.550          
Akaike Inf. Crit.                                           31,811.110           
Bayesian Inf. Crit.                                         31,937.190           
================================================================================ 

Experiment 2 - Accuracy 

d ~ soa100_33_coded * relevancyR_No_coded + soa100_33_coded *   
    relevancyIR_No_coded + soa50_33_coded * relevancyR_No_coded +   
    soa50_33_coded * relevancyIR_No_coded + (1 | SubID) 

================================================================== 
                                          Dependent variable:      
                                     ----------------------------- 
                                                   d               
------------------------------------------------------------------ 
soa100_33_coded                                 -0.011             
                                              t = -0.142           
                                                                   
relevancyR_No_coded                              0.091             
                                               t = 1.199           
                                                                   
relevancyIR_No_coded                             0.015             
                                               t = 0.201           
                                                                   
soa50_33_coded                                   0.046             
                                               t = 0.599           
                                                                   
soa100_33_coded:relevancyR_No_coded              0.064             

"  28
 



Journal of Eye Movement Research Prasad, S. G. & Mishra, R. K. (2020) 
13(4):2 Subliminal cueing of constrained free-choice saccades

                                               t = 0.594           
                                                                   
soa100_33_coded:relevancyIR_No_coded             0.047             
                                               t = 0.435           
                                                                   
relevancyR_No_coded:soa50_33_coded              -0.016             
                                              t = -0.147           
                                                                   
relevancyIR_No_coded:soa50_33_coded             -0.074             
                                              t = -0.686           
                                                                   
Constant                                         2.304             
                                             t = 13.426***         
                                                                   
------------------------------------------------------------------ 
Observations                                      162              
Log Likelihood                                 -198.421            
Akaike Inf. Crit.                               418.842            
Bayesian Inf. Crit.                             452.805            
================================================================== 

Experiment 2 - Error saccades on IR cue trials 

d ~ soa50_33_coded + soa100_33_coded + (1 | SubID) 

================================================= 
                         Dependent variable:      
                    ----------------------------- 
                                  d               
------------------------------------------------- 
soa50_33_coded                  0.044             
                              t = 0.480           
                                                  
soa100_33_coded                -0.022             
                             t = -0.210           
                                                  
Constant                       -0.051             
                             t = -0.731           
                                                  
------------------------------------------------- 
Observations                     41               
Log Likelihood                 -27.257            
Akaike Inf. Crit.              64.514             
Bayesian Inf. Crit.            73.082             
=================================================
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