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A B S T R A C T   

The cognitive reflection test (CRT) measures the ability to suppress an intuitive, but incorrect, answer that easily 
comes to mind. The relationship between the CRT and different cognitive biases has been widely studied. 
However, whether cognitive reflection is related to attentional control is less well studied. The aim of this paper 
is to investigate whether the inhibitory component of the CRT, measured by the number of non-intuitive answers 
of the CRT (Inhibitory Control Score), is related to the control of visual attention in visual tasks that involve 
overriding a bias in what to attend: an anti-saccade task and a visual search task. To test this possibility, we 
analyzed whether the CRT-Inhibitory Control Score (CRT-ICS) predicted attention allocation in each task. We 
compared the relationship between the CRT-ICS to two other potential predictors of attentional control: 
numeracy and visual working memory (VWM). Participants who scored lower on the CRT-ICS made more errors 
in the “look-away” trials in the anti-saccade task. Participants who scored higher on the CRT-ICS looked more 
often towards more informative color subsets in the visual search task. However, when controlling for numeracy 
and visual working memory, CRT-ICS scores were only related to the control of visual attention in the anti- 
saccade task.   

1. Introduction 

1.1. Cognitive reflection 

Cognitive reflection is defined as the tendency to reflect on a ques
tion instead of reporting the first, potentially erroneous, response that 
comes to mind. It was initially measured by the Cognitive Reflection 
Test: the popular three item test in which people have to solve three 
problems that automatically generate intuitive responses (Frederick, 
2005) and that require, in order to be solved, the inhibition of a heuristic 
response. All the questions in the CRT evoke a response that is incorrect 
but immediate and intuitive. This ability “to resist reporting the 
response that first comes to mind” (Frederick, 2005, p.35) has been 
interpreted in the literature using dual-system theories (Epstein, 1994; 
Evans, 2009; Kahneman & Frederick, 2002; Sloman, 1996; Stanovich & 
West, 2000). Errors on the CRT are believed to occur because System 2 
(slow, effortful and reflective) fails to monitor System 1's outputs and to 
override its functioning (quick, intuitive and heuristic). As such, per
formance on the CRT is generally taken to indicate the degree to which a 
given person relies on System 1 in their thinking (Toplak et al., 2011). 

Cognitive reflection has been shown to predict rational thinking and 

reasoning ability across a wide range of heuristics and biases (Toplak 
et al., 2011; Toplak et al., 2014), decision-making skills, time and risk 
preferences (Frederick, 2005), and thinking dispositions (Mata et al., 
2013), which in turn are related to economic behavior and decision. For 
example, Noori (2016) showed that people with lower cognitive 
reflection are significantly more likely to exhibit the conjunction fallacy, 
illusion of control, overconfidence, base rate fallacy, and conservatism. 

The relationship between cognitive reflection scores and a suscep
tibility to a wide range of heuristics and biases is consistent with a 
common cause of over-reliance on System 1. While the connection be
tween cognitive reflection and heuristic thinking has been quite well- 
established, less is known about whether cognitive reflection is related 
to heuristic control of attention in perceptual tasks. Although perceptual 
processing is often described as automatic (Kahneman & Frederick, 
2002) it can be highly contingent on cognitive control, as enabled by 
attention, which plays an important role in determining what informa
tion we gather from the environment (Simons & Rensink, 2005). Two- 
systems views (stimulus-driven and goal-driven) have a long history in 
research on visual attention (e.g. Jonides, 1981; Shiffrin & Schneider, 
1977). For example, researchers have debated for decades to what 
extent top-down factors can override the influence of visual salience in 
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determining what is attended (Egeth et al., 2010; Folk et al., 1992; Luck 
et al., 2021; Theeuwes et al., 2006). To the extent that cognitive dis
positions measured by the CRT reflect a general tendency towards 
heuristic control, they may not only affect how we think, but what we 
attend to when impulses and goals conflict. Whether or not cognitive 
reflection is predictive, of heuristic control of attention is important as 
many real-world behaviors depend on the ability to exert flexible control 
over visual processing (Kramer et al., 2019). 

Attentional control is crucial in tasks that involve overriding a bias in 
what to attend, where the stimulus that should be attended is not the 
most salient stimulus, or not the stimulus that is intuitively relevant, 
such as the anti-saccade task (Hallett, 1978) where participants have to 
not look at a stimulus that appears on the screen. In the present study, 
we measured how our participants allocated their attention in two such 
tasks: an anti-saccade task and a visual search task. 

1.2. Antisaccade task 

In the anti-saccade task (Hallett, 1978) participants must overcome 
the urge to look at a salient stimulus that suddenly appears, and instead 
execute a saccade in the opposite direction (Munoz & Everling, 2004). 
Successful anti-saccade performance thus involves inhibiting the reflex 
to look at sudden onsets targets before looking in the opposite direction 
(Burnham & Anderson, 2004). This ability is poorer in the presence of 
some clinical disorders (Everling & Fischer, 1998) and cognitive load 
(Roberts et al., 1994). If differences in cognitive reflection reflect a 
broad reliance on heuristic processing, then lower CRT scores should be 
associated with more errors on anti-saccade trials, where visual heu
ristics conflict with goals. Such a relationship could reflect a common 
reliance on inhibition, as non-intuitive responses in the CRT require 
stopping the first intuition and correct responses on anti-saccade trials 
require the ability to inhibit an automatic response to look at the stim
ulus that appears. 

1.3. Visual search task 

In the visual search task, designed by Rajsic et al. (2015), partici
pants are asked to decide if a target letter is, or is not, a specific color. On 
any given trial, the proportion of letters in each of two colors can vary. 
The goal of the task is to measure whether the arbitrarily chosen color 
used in trial instructions biases attention towards letters of that color. 
Because the target letter is always present, attending the letters in either 
the “yes” color or the “no” color exclusively would provide all the in
formation necessary for an answer. The task affords two color-based 
search strategies (see Fig. 1). The first is to simply attend letters with 
the color mentioned in the question, regardless of the color proportion. 
The second is to search so as to minimize the number of letters searched 
(i.e., look at whatever color is the most rare, and infer the color by 
exclusion if the target is not in this set). 

Even though the color asked about does not predict the color of the 
target overall, Rajsic et al. (2015) found that it produces an attentional 
bias to letters of this color. Although this inflexibility causes more 
searching than is strictly necessary, it presumably reflects the influence 
of a fast and simple search heuristic (matching bias; Rajsic, Taylor et al., 
2017). Rajsic et al. (2015) interpreted this to mean that searchers were 
biased to seek confirmation of the question, providing a negative 
response when confirmation failed. Subsequent research has shown that 
this bias is caused by a tendency to rely on a template to guide attention 
(Rajsic, Wilson et al., 2017) instead of guiding attention to the rarest 
color, and is related to the need to provide an immediate yes/no 
response (Walenchok et al., 2020). That is, the matching bias seems to 
stem from reliance on a cognitively simple strategy, where the color that 
is attended is influenced by task settings that map the instructions to 
visual and motor elements. 

Fig. 1. An illustration of the search task with sample search prompt and displays (not to scale). Note that the target letter (in this case, “p”) is always present, but can 
be either color (red/green) randomly. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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1.4. Visual working memory 

In both the visual search task and the anti-saccade task, the degree to 
which participants can exert goal-driven control over attention is likely 
to be related to visual working memory capacity (Luck & Vogel, 2013). 
Visual working memory (VWM) capacity has been found to be quite 
variable between individuals, and this variance predicts aspects of 
attentional control (Fukuda & Vogel, 2009; Unsworth et al., 2014; Vogel 
et al., 2005). Furthermore, span measures of working memory capacity 
predict anti-saccade error rate (Unsworth et al., 2004) and selecting the 
more efficient sub-set in a visual search (Sobel et al., 2007). Therefore, 
as an additional variable of interest, we measured the visual working 
memory capacity of participants using a color change detection task. 

At broader level, span measures of working memory have also been 
found to predict CRT performance (Stupple et al., 2013), as have addi
tional measures of working memory capacity (Toplak et al., 2011). Such 
measures of working memory have also been shown to be important to 
the process of analytic thinking Bacon et al. (2008) and intelligence 
Kyllonen and Christal (1990). For these reasons, measuring VWM may 
provide a means of accounting for relationships between CRT perfor
mance and attentional control not due to cognitive reflection (as out
lined in the next section). Although research suggests that visual change 
detection measures of VWM are related to intelligence like span mea
sures of WM are (Shipstead et al., 2015; Unsworth et al., 2014), it is 
nonetheless important to consider that it is composite span scores that 
have been shown to be predictive of CRT performance (Stupple et al., 
2013) rather than a single VWM capacity measure. 

1.5. CRT and numeracy test 

Empirically establishing whether cognitive reflection is related to the 
control of visual attention is complicated by recent concerns over 
whether the CRT solely measures cognitive reflection, or whether it 
measures other psychological constructs. 

Although the empirical relationship between CRT scores and judg
ment and decision biases is strong, several authors have questioned the 
nature of the CRT, and its association with those biases (Weller et al., 
2013; Welsh et al., 2013). On the one hand, cognitive reflection test 
scores may capture individual differences in general cognitive ability (i. 
e., intelligence or working memory; Blacksmith et al., 2019). It has also 
been argued that the CRT is mostly measuring participants' numeracy 
skill because of the high numerical component of its items (e.g., the 
famous bat-and-ball question about the correct price of a bat). There is 
currently an open debate on whether the CRT is merely a measure of a 
numeric ability and/or something different (at least in part). It has been 
suggested that the problem solving process during the CRT is a two-step 
process that implies blocking the intuitive response and getting the 
correct answer (Baron et al., 2015; Finucane & Gullion, 2010; Liberali 
et al., 2012; Sinayev & Peters, 2015; Szaszi et al., 2017). Whereas 
inhibitory control is crucial for the first step, numeric ability is essential 
for the second one; a disposition to engage in further reflection is 
necessary but not sufficient to lead to the correct response. The pro
pensity “to devote cognitive resources to a task coupled with the right 
mindware may not be enough to find the correct answer if a participant 
has insufficient cognitive resource to reach the correct or normatively 
sanctioned conclusion” (Stupple et al., 2013) so the processes underly
ing CRT performance may include both cognitive reflection and numeric 
ability. 

Campitelli and Gerrans, using a mathematical modeling approach 
based on a sample of 2019 participants, have showed that “a model that 
includes an inhibition parameter (i.e., the probability of inhibiting an 
intuitive response), as well as a mathematical parameter (i.e., the 
probability of using an adequate mathematical procedure), fitted the 
data better than a model that only included a mathematical parameter” 
(Campitelli & Gerrans, 2014), p. 434). This provides some evidence that 
CRT scores reflect a mixture of cognitive reflection and cognitive or 

numerical ability. For this reason, we will also consider how measures of 
numeracy (Weller et al., 2013) and VWM capacity (which we expect to 
be related to cognitive ability; (Shipstead et al., 2015) predict atten
tional control in a similar manner to CRT scores. 

Several authors have proposed a different coding scheme of CRT 
responses to produce a better measure of the inhibition component 
(Böckenholt, 2012; Erceg & Bubić, 2017; Sinayev & Peters, 2015; 
Thomson & Oppenheimer, 2016). For example Sinayev & Peters, 2015 
argue that coding the CRT responses into two categories (intuitive re
sponses and non-intuitive responses) allows the separation of cognitive 
reflection from numeric ability; correct items suggest inhibition and 
numerical ability while giving an incorrect, intuitive answer is affected 
by whether or not someone uses cognitive reflection. 

The former can be captured by counting the number of non-intuitive 
responses. Following these authors, we decided to use the Inhibitory 
Control Score in order to better measure cognitive reflection, distinct 
from numeracy. As suggested by those authors, we calculated the 
number of non-intuitive answers divided by the total number of answers 
(from here onwards, it is referred to as “CRT-ICS”). However, for 
completeness, statistical analyses run on the traditional CRT scoring 
method (right answers: the number of correct answers divided by the 
total number of answers) are also reported in Appendix A. 

Since CRT was first published (Frederick, 2005), an increasing 
number of scholars have started to use a so called “extended CRT” where 
other cognitive reflection tests are added to the original three-item CRT 
(Toplak et al., 2014; Stagnaro et al., 2019; Weiss et al., 2021). There are 
many reasons for this practice. First of all, the familiarity with the 
Frederick's test. Due to the popularity of the CRT, many participants may 
already know the right answers (Haigh, 2016). This compelled re
searchers to devise new items measuring the same construct that were 
eventually added to the original test. For example, Stieger and Reips 
(2016) suggest “to use more recent multi-item CRTs with newer items” 
in order to cope with the ceiling effect. Second, the extended CRT has a 
more normal distribution and lower floor effect than the original CRT 
(Stagnaro et al., 2019). Another reason to use an extended CRT is related 
to the numeracy confound previously-mentioned. For example, several 
authors (e.g. Pennycook & Rand, 2019; Stagnaro et al., 2019) added the 
Thomson and Oppenheimer (2016) cognitive reflection test which is 
based on verbal items which are less correlated with numeracy. 
Following this common practice, we decided to collect data from four 
different versions of the CRT, in a randomized order (Frederick, 2005; 
Primi et al., 2016; Thomson & Oppenheimer, 2016; Toplak et al., 2014); 
we removed the original Frederick's questions from the variant versions 
to prevent repetition. 

1.6. Hypothesis 

In the present paper, we tested the hypothesis that cognitive reflec
tion, as measured by CRT-ICS scores, can predict how participants 
allocate their visual attention in the anti-saccade task (Hallett, 1978) 
and in a visual search task Rajsic et al. (2015). For each task, we hy
pothesized that: 

Anti-saccade task 

HP1: People with lower CRT-ICS will make more errors in the anti- 
saccade trials than people with higher CRT-ICS. This is due to their 
inability to stop an automatic response that drives them to look at a 
target that appears. 

On the other hand, we expected that the CRT-ICS would not predict 
pro-saccade performance because in that specific task there is not an 
automatic response to block. As for numeracy we expected that since 
there are not numerical components in this kind of task, numeracy 
would not predict the number of errors on anti-saccade trials, unlike 
CRT-ICS scores. For VWM, we predicted that if the CRT-ICS scores only 
predict attentional control due to shared variance with working memory 
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(Stupple et al., 2013; Toplak et al., 2011), then VWM would predict the 
rate of anti-saccade errors as well as, or better than, CRT-ICS scores. 

Visual search task 

HP2.1: People with lower CRT-ICS will exhibit the matching bias over 
all color set sizes, with their first fixations being most likely to go to a 
letter whose color matches the rule (the one mentioned in the rule). 

HP2.2: People with higher CRT-ICS will guide attention to the color 
that provides the most information (i.e., lets them finish a search with 
fewer letters being identified). This means that when there are six letters 
with the matching color and two letters with the mismatching color, 
these participants will be less biased (i.e., more likely to attend “green” 
in Condition 6, Fig. 1). 

As for numeracy we expected that since there are not numerical 
components in this kind of task, numeracy would not be able to predict a 
change in matching bias in Condition 6. For VWM, we predicted that it 
could be related to how well participants can fixate a task relevant color 
overall, but that it would likewise not predict a change in matching bias 
in Condition 6. 

2. Methods 

2.1. Participants 

54 university students from the local University (34 female, 20 male; 
mean age = 23.6 years, SD = 4.5) participated to this study. We 
collected as many participants as our resources allowed to increase 
statistical power; during the instructions we told participants that they 
will receive 3 euros for participation and between 3 and 11,5 euros on 
the basis of their performance in one of the tasks. 

2.2. Materials 

The experiment was run on a Dell computer with a 23 inch screen. 
Responses were collected with a standard USB keyboard. Eyetracking 
data was collected using an Eye Link 1000 Plus (SR Research) Binocular 
Tower Mount which provides a data acquisition at up to 2000 Hz, 
sampling from the right eye. Computer-based tasks were programmed in 
Matlab using the Psychophysics Toolbox (Brainard & Vision, 1997; 
Kleiner et al., 2007; Pelli, 1997). CRTs and the numeracy test were 
collected using paper-and-pencil. 

2.3. Stimuli and procedure 

Each participant, after reading the instructions, completed the tasks 
on the computer with eye tracking. In addition to the anti-saccade task 
(Hallett, 1978), visual search task (Rajsic et al., 2015) and visual 
working memory task (Luck & Vogel, 1997), participants completed 
three other tasks as part of a larger research project. After this experi
ment section, they completed the four different CRTs mentioned above 
and the numeracy test in a random order, without any time limit, using 
paper-and-pencil. 

2.4. Anti-saccade task 

This task consisted of 80 trials; 40 pro-saccade trials and 40 anti- 
saccade trials, randomly intermixed. Each trial started with the in
struction “Look at” or “Look away” printed in the center of the screen for 
2 s to indicate what the appropriate response would be Fig. 2; a 
participant is asked to make a saccade in the direction away from the 
stimulus (anti-saccade condition) or a saccade in the direction of the 
stimulus (pro-saccade condition). This screen was replaced by a fixation 
cross and two small, white rectangles (0.3

◦

), 9
◦

to the left and right of 
fixation. After a randomized delay (evenly sampled from 2 s to 2.5 s), a 
1.2

◦

target rectangle at one of the two locations (randomly selected) 

flickered 3 times (50 ms. 
on, 50 ms off) as shown in Fig. 2. 
When participants' gaze moved 3

◦

left or right of fixation, this was 
considered a response. After 300 ms, the next trial began unless an error 
was made. Errors were followed by 1 s of feedback (“You looked the 
wrong way!”). On trials where participants moved their eyes before the 
target, trials ended abruptly, and error feedback was presented for 2 s 
(“Do not move your eyes before the target occurs.”). All such false-start 
trials were recycled so that every participant provided 80 trials with 
valid target responses. 

2.5. Visual search task 

This task consisted of 90 trials containing a random mixture of 15 
trials in each of six conditions, fully crossing two factors (matching set 
size [2, 4, or 6 letters] and correct response [yes, no]). Each trial began 
with a 1-second blank screen, after which the search prompt was given. 
Search prompts contained that trial's target letter and a color (e.g., “Is 
the p red?”), presented for 2 s. Target letters were randomly selected 
from the set [p, q, d, b], with the remaining three letters used as dis
tractors, and colors were randomly selected from the set [red, green], 
such that either 2, 4, or 6 letters matched the color in the prompt and the 
target letter either was (for “yes” trials) or was not (for “no” trials) the 
color from the prompt. After the prompt, participants saw a 500 ms 
screen with just a fixation mark in the center of the screen. After this, the 
search display appeared, with eight letters (seven distractors and one 
target letter, approximately 0.6

◦

X 1.1
◦

) appearing evenly distributed on 
the circumference of a 10.5

◦

radius imaginary circle centered on the 
fixation mark (Fig. 1). 

This display remained on screen until the participant responded by 
pressing either the “z” key for “yes” or the “m” key for “no”. Immediately 
following responses, the word “correct” or “incorrect” appeared in the 
center of the screen for 1 s. 

We analyzed the first fixation because it provides a measure of initial 
attentional allocation without needing to consider how participants 
integrate information during search (Rajsic et al., 2015). 

2.6. Visual working memory 

To measure VWM capacity, we used a color change detection task 
(Luck & Vogel, 1997). This task consisted of 160 trials, fully crossing two 
factors (number of colors [2, or 6], and change [absent, present]. Each 
trial began with a one-second fixation mark on a blank screen. The 
memory sample display then appeared for 100 ms, consisting of either 2 
or 6 colored squares, randomly placed in an imaginary square grid 

Fig. 2. An illustration of an anti-saccade trial. Note that the target flickered 
on onset. 
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spanning 9.7
◦

, centered on fixation (Fig. 3). 
Squares were 1.2

◦

in height and width, separated by at least 2.4
◦

(center to center). This display was replaced by a blank screen with a 
fixation mark for 900 ms. After this, a memory test display appeared 
until a response was entered. On change absent trials, the test display 
was identical to the sample display. On change trials, one square's color 
was replaced with an unused color. Colors were selected from a set of 
nine highly discriminable colors (red, green, blue, magenta, yellow, 
orange, gray, white, and black). Participants reported changes with the 
“A” key, and no change with the “L” key. A break was provided every 60 
trials. 

Memory capacity was calculated as k using the whole display 
equation (Rouder et al., 2011) with hit rate and false alarm rate at set 
size six only. This equation corrects for the possibility of guessing using 
false alarm data, and is computed as: 

k = N
(

h − f
1 − f

)

where N is six (the number of colors to remember), and h and f are the 
measured hit-rates and false-alarm rates, respectively, for individual 
participants. Data from set size two were used simply to verify that 
participants used the correct response mapping, and to reverse responses 
when false alarm rate exceeded hit rate. 

2.7. Cognitive reflection task 

We collected data from four different versions of the CRT (Frederick, 
2005; Primi et al., 2016; Thomson & Oppenheimer, 2016; Toplak et al., 
2011) where the original three-items CRT were used only once. 

The CRT-ICS score was measured as the number of non-intuitive 
answers divided by the total number of questions. In Appendix A we 
report the results for the CRT classic score coding (the number of correct 
answers divided by the total number of answers). 

All the answers were collected using paper-and-pencil and they were 
presented in a random order. 

2.8. Numeracy 

As a test of mathematical and probabilistic reasoning we used the 
numeracy scale developed by Weller et al., 2013. This scale consisted of 
eight items, five from the original Lipkus et al. scale, one of the Peters 
et al. items and two from the CRT scale by Frederick. Because Frederick's 
questions are already included in the CRT test, we decided to remove 
them from the numeracy set and we used the 6-items numeracy test. 

3. Results 

3.1. Task analysis 

A preliminary analysis between the two kinds of CRT codings (pro
portion of non-intuitive answers, CRT-ICS, and the number of right an
swers, Classic CRT, over the total number of answers; Fig. 4) shows that 
in Thomson and Oppenheimer test most of the time when a non-intuitive 
answers was given this is also correct. There is therefore an overlap 
between the CRT-ICS and the Classic CRT score coding. 

Since the aim of this paper is to understand the role of the inhibitory 
component of the CRT-ICS on visual attention, we first analyzed if we 
should use the Inhibitory Control Score of the 14-item CRT composite 
(14-item CRT-ICS) or if we should separate the four questions of the test 
by Thomson and Oppenheimer (2016; CRT-ICS 2) because in the liter
ature it appears to be a purer variable and to rely less on numeracy than 
the original CRT. For this reason we analyze the internal consistency of 
these measures and the correlations among them. 

In order to understand the internal consistency of these measures we 
used a special case of Cronbach's α computed for dichotomous scores 
(intuitive/non-intuitive answer), the Kuder-Richardson formula 20 (KR- 
20). 

As we can see from the Table 1 there are high and significant cor
relations among the two CRT tests, and the composite 14-item CRT-ICS. 

17% of the participants received a score of four in the 4-item of the 
CRT-ICS 2 and a mean of 0.6 (SD = 0.27, KR-20 = 0.61). The 14-item 
CRT-ICS scale had a more normal distribution, with only with only 
0.1% scoring a full fourteen, a mean of 0.67 (SD = 0.19, KR-20 = 0.67). 
For the considerations mentioned above, we decided to include the CRT- 
ICS 2 along with the other CRT items to obtain the 14-item CRT-ICS 
composite. 

As we can see from Table 2, the mean of the 6-item numeracy is 0.68 
(SD = 0.25) with a significant Spearman correlation with the CRT-ICS =
0.64 (the correlation with the classic CRT score coding = 0.70); 
numeracy has a lower correlation with the CRT-ICS compared to the 
Classic CRT. 

The average k in the visual working memory task (VWM) is 2.75 with 
a SD = 1.15 and a correlation with the 14-item CRT-ICS = 0.33. 

3.2. Dependent variables: control of visual attention 

As we can see from the Fig. 5 in the anti-saccade task (panel A), we 
found that participants made more errors on anti-saccade (M = 9.95%, 
SD = 7.2%) than pro-saccade (M = 4.2%, SD = 3.1%) trials, t(53) =
6.09, p < .001, confirming that anti-saccade trials led to impulsive re
sponses. We also noticed that participants made a considerable number 
of saccades before the target appeared (which prematurely ended the 
trial). These false start trials were no more frequent in anti-saccade (M =

Fig. 3. An illustration of the memory task, showing a “change” trial.  
Fig. 4. Proportion of non-intuitive answers (CRT-ICS) and the number of right 
answers (Classic CRT score coding) over the total number of answers. 
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12.9%, SD = 10.9%) than pro-saccade (M = 12.9%, SD = 9.1%) trials, t 
(53) = 0.07, p = .95. 

In the visual search task (panel B), as in previous studies the average 
correct search time was fastest for “yes” responses (red line), F(1, 53) =
126.70, p < .001, η2

p = 0.71. Search was also slower with more question- 
matching colored letters, F(2, 106) = 68.01, p < .001, η2

p = 0.56, with 
significant linear, F(1, 53) = 95.60, p < .001, η2

p = 0.64, and quadratic, 
F(1, 53) = 29.34, p < .001, η2

p = 0.36, trends. These factors also 
interacted, F(2, 106) = 4.66, p = .011, η2

p = 0.08. The quadratic trend 
shows that participants did not exclusively attend to the “yes” colored 
letters, but were nonetheless biased to attend them given that searches 
were faster when targets appeared in the small, matching subset than 
when they appeared in the small, mismatching subset, t(53) = 12.57, p 
< .001. At all set sizes, search time for “yes” responses was faster than 
search time for “no” responses, ts > 4.86, ps < .001. These results 
generally replicate previous findings that participants' attention is 
biased by the particular color they are asked about, although this is 
indeed a bias and not rigid strategy. 

3.3. Anti-saccade task and cognitive reflection 

We used generalized linear mixed models (Bates et al., 2014), which 
incorporated both fixed-effects parameters and random effects (sub
jects), to evaluate the hypotheses mentioned. They allowed us to take 
advantage of trial-level data across all participants without collapsing all 
the data into sample averages. 

To measure anti-saccade errors, we coded each trial's response for 
each participant as a 0 for correct and a 1 for incorrect saccades, 
excluding trials where eyes moved before the target onset. 

We computed a generalized linear mixed model on both, pro-saccade 
trials (“look towards” trials) and anti-saccade trials (“look away trials”), 
to test our hypothesis. 

As we can see from Table 3, the CRT-ICS did not predict the per
formance in the pro-saccade trials in model 1, without numeracy and 
visual working memory, nor in the model 4, with numeracy and visual 
working memory (SD in brackets). Neither numeracy (6-item 
Numeracy) nor visual working memory (VWM) has a predictive power 
in the models where they are single predictors either (model 2 and 
model 3). 

In the anti-saccade trials, as we can see from the Table 4, CRT-ICS 
predicts how often participants made errors only in model (1), that is 
without numeracy and working memory. 

The first model presents a lower AIC than all other models, and the 
negative beta shows that participants with lower CRT-ICS were more 
likely to make anti-saccade errors confirming hypothesis 1. 
(
βM1,CRT− ICS = − 0.998, z = − 1,919, p = .054

)

Adding numeracy and visual working memory to the model makes 
CRT-ICS not reach significance for a two-tailed test, but it still meets 
significance for a one tailed 
(
βM4,CRT− ICS = − 1.131, z = − 1,662, p = .096

)
.

However, it is important to note that these two variables, in separate 
models (model 2 for numeracy and model 3 for visual working memory) 
do not predict anti-saccade errors. We calculated the variance inflation 

Table 1 
Intercorrelation (Spearman) among CRT-ICS 2 and 10-item CRT-ICS.   

CRT-ICS 2 10-item CRT-ICS 14-item CRT-ICS 

10-item CRT-ICS  0.55***   
14-item CRT-ICS  0.81***  0.94***  
Mean  0.6  0.7  0.67 
SD  0.27  0.19  0.19 
Reliability (KR-20)  0.61  0.51  0.67 

* p < .1; ** p < .05; *** p < .01. 

Table 2 
Intercorrelation among Visual Working Memory, Numeracy, 14-item CRT-ICS 
(CRT-ICS) and 14-item Classic CRT (CRT).   

VWM 6 item numeracy CRT-ICS CRT 

6 item numeracy  0.26    
CRT-ICS  0.33*  0.64***   
CRT  0.33*  0.70***  0.9***  
Mean  2.76**  0.68  0.53  0.71 
SD  1.16  0.25  0.24  0.21  

* p < .1. 
** p < .05. 
*** p < .01. 

Fig. 5. Average performance in the anti-saccade task (panel A) and in the visual search task (panel B). In the panel B the red line represents the search time for “yes” 
responses and the green line represents the search time for “no” responses. (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 

Table 3 
Errors in the “look towards” trials in the anti-saccade task.   

Dependent variable 

Errors in the “look towards” trials 

(1) (2) (3) (4) 

CRT-ICS − 0.227*,**   − 0.210 
(0.506)   (0.677) 

6-Item Numeracy  − 0.141  − 0.033  
(0.419)  (0.551) 

VWM   − 0.005 0.006   
(0.090) (0.093) 

Constant − 2.963*** − 3.029*** − 3.110*** − 2.971*** 
(0.372) (0.301) (0.288) (0.419) 

Observations 2160 2160 2160 2160 
Log Likelihood − 377.153 − 377.197 − 377.252 − 377.149 
Akaike Inf. Crit. 760.306 760.394 760.503 764.298  

* p < .1. 
** p < .05. 
*** p < .01. 
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factor (VIF) in order to test the multicollinearity and to remove any 
variable with a high VIF value from the model (values above 5 are 
commonly considered an index of excessive correlation among explan
atory variables). These values showed that for the three predictors (CRT- 
ICS, 6-item Numeracy, and VWM) there were no indices higher than 5 
(CRT-ICS = 2.4; 6-item Numeracy = 2.4 and VWM = 1.1). 

If we compare the pro and anti-saccade trials using a median-split on 
CRT-ICS scores (Fig. 6) we can see that, in the pro-saccade trials, there is 
no difference between low and high CRT-ICS participants. Instead, there 
is a difference between these two groups in the anti-saccade trials, where 
it is more likely that people with lower CRT-ICS make errors. 

As noted in Section 3.1, we found a surprising occurrence of false- 
starts. We considered these saccadic false starts as a form of impul
sivity, and so we decided to analyze if CRT-ICS predicts false starts in the 
anti-saccade task. To the extent that participants make impulsive eye 
movements before the target onsets, these too should be more frequent 
in participants with lower CRT-ICS scores. In order to test this hypoth
esis we used as dependent variable whether the participant made a false 
start (1) or not (0) on each trial. 

As can be seen in Table 5 CRT-ICS (model 1) and numeracy (model 2) 
predicted false starts in the model with these two variables as single 
variables. In the first and second model: 
(
βM1,CRT − ICS = − 1.12, z = − 2.05,p = .03

)

(
βM2,NUMERACY = − 1.11, z = − 2.50,p = .01

)

The negative beta value shows that participants with lower CRT-ICS 

or lower numeracy were more likely to make false starts. However, vi
sual working memory capacity did not predict false starts in the anti- 
saccade task. 

In the fourth model, the three variables have no predictive power. 
We found a VIF index of 2.52 for CRT-ICS, 2.50 for the numeracy test 
and 1.07 for visual working memory, which allows us to exclude 
collinearity problems between the variables. From these results, false 
starts appeared to be related to variance shared by CRT-ICS and 
numeracy score. 

3.4. Visual search task and cognitive reflection 

In order to test whether CRT-ICS scores predicted visual matching 
bias, we used as a dependent variable a binary measure of whether the 
first fixation of each correct trial was on a matching color (1) or if it was 
on a mismatching color (0). To first test whether cognitive reflection 
could be related to attentional control in this task, we considered a 
model (model 1) with the CRT-ICS as independent variable. Matching 
set size was entered as a dummy variable, with set size four as the 
intercept. This meant that the model was set up to predict increases or 
decreases in the probability of fixating on a matching color when the 
number of matching colors decreased to two (Condition 2), and when it 
increased to six (Condition 6). Then, to test whether numeracy or VWM 
could alternatively account for a relationship between the CRT-ICS 
scores and attentional control, we ran additional models (2) and (3) 
where numeracy and VWM, respectively, replaced CRT-ICS scores. 
Finally, to test which predictor (CRT-ICS, numeracy, or VWM) best 
accounted for differences in matching bias, we ran model (4), where 
each predictor variable was included as an interaction term with the 
matching set size dummy variable (Condition 2 and Condition 6). The 
results of individual differences in on matching bias are shown in 
Table 6. 

As expected, the interaction between CRT-ICS and matching set size 
six (“Condition 6” in Model 1, Table 6) is significant 

(βM 2,Condition6*CRT − ICS = − 0.811,z = − 2.18,p = .03).

The beta coefficient of this interaction was negative, meaning that 
people with higher CRT-ICS reduced their attention to matching colors 
more often when matching colored letters provided less information, 
compared to people with lower CRT-ICS. This is consistent with our 
hypothesis that CRT-ICS scores predict better attentional flexibility in 
this task: those who scored higher in the CRT-ICS attended the color that 
reduced search load more often, from their first eye movement. The 
interaction between matching set size two (“Condition 2” in the table) 
and the CRT-ICS was not significant. 

To test whether numeracy and VWM could predict matching bias like 

Table 4 
Errors in the “look away” trials in the anti-saccade task.   

Dependent variable 

Errors in the “look away” trials 

(1) (2) (3) (4) 

CRT-ICS − 0.998*   − 1.131* 
(0.520)   (0.681) 

6-Item Numeracy  − 0.381**  0.262  
(0.438)  (0.555) 

VWM   − 0.085 − 0.049   
(0.091) (0.092) 

Constant − 1.637*** − 2.089*** − 2.092*** − 1.574*** 
(0.378) (0.314) (0.292) (0.422) 

Observations 2160 2160 2160 2160 
Log Likelihood − 685.839 − 687.256 − 687.198 − 685.599 
Akaike Inf. Crit. 1377.677 1380.512 1380.396 1381.198  

* p < .1. 
** p < .05. 
*** p < .01. 

Fig. 6. Probability of making an error in pro-saccade and anti-saccade trials 
depending on median-split of CRT-ICS (95% confidence interval bars).Partici
pants with the median value of CRT-ICS were considered “low” CRT-ICS. 

Table 5 
False Start in the anti-saccade task.   

Dependent variable 

False start 

(1) (2) (3) (4) 

CRT-ICS − 1.117**   − 0.479 
(0.543)   (0.711) 

6-Item Numeracy  − 1.110**  − 0.891  
(0.443)  (0.576) 

VWM   − 0.008* 0.046   
(0.098) (0.095) 

Constant − 1.285*** − 1.330*** − 2.057*** − 1.274*** 
(0.400) (0.316) (0.316) (0.440) 

Observations 5049 5049 5049 5049 
Log Likelihood − 1959.863 − 1958.865 − 1961.904 − 1958.576 
Akaike Inf. Crit. 3925.726 3923.729 3929.808 3927.152  

* p < .1. 
** p < .05. 
*** p < .01. 
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the CRT-ICS did, we ran two additional models (Model 2 and Model 3), 
where numeracy scores and VWM scores, respectively, replaced CRT-ICS 
in the model. In these models, numeracy predicted a reduction in 
matching bias in Condition 6 
(
βM2,Condition6*NUMERACY = − 0.904, z = − 2.89,p = .003

)

similarly to CRT-ICS scores. VWM, on the other hand, was not related 
to matching bias in its model. These results suggest that it may be 
numeracy, and its associated ability to improve CRT scores, that is 
related to attentional flexibility in this search task. When all predictors 
were entered into the same model, only numeracy scores predicted a 
reduction in matching bias in Condition 6 
(
βM4,Condition6*NUMERACY = 0.781, z = 1.94,p = .052

)
.

So although our hypothesis was supported, it is important to consider 
that differences in numeracy, rather than cognitive reflection, predict 
attentional flexibility. 

To illustrate the relationship between CRT-ICS scores and the ten
dency to look at matching stimuli, we computed a matching bias index 
(Rajsic, Wilson et al., 2017), which measures how much a participant 
was biased to look at the matching color (controlling for the chance). It 
is described by the following equation: 

bias(p(match) , chance) =

p(match) − chance
1 − chance

, p(match) ≥ chance

p(match) − chance
chance

, p(match). < chance 

When the measured probability of inspecting the template-matching 
color is greater than or equal to chance (0.25, 0.5, and 0.75 for the 
matching subset sizes 2, 4, and 6, respectively), the extent of the 
matching bias is given by p(match) minus chance divided by 1 - chance, 
which expresses the degree to which fixations go to matching-color 
letters above what would be expected by random eye movements. 

When the measured probability of inspecting the template-matching 
color is lower than the chance, the matching bias is given by p(match) 
minus chance divided by chance. 

As we can see from the Fig. 7, all participants' matching bias reduced 
as the matching set-size increased. This is consistent with previous 
research (Rajsic, Wilson et al., 2017) and shows that matching bias is not 
the sole influence on attention in this task. However, dividing partici
pants using a median split of CRT-ICS scores shows that participants 
with higher CRT-ICS scores show a larger difference in matching bias 
between set size 4 and set size 6, when it becomes more efficient to fixate 
a mismatching letter to decide what color the target is. In other words, 
high CRT-ICS participants seem to better able to use an attentional 
strategy that allows them to minimize the number of stimuli processed. 
Much the same is evident when participants are split by numeracy. 

4. Discussion 

Cognitive reflection is believed to result from individual differences 
in the control of System 2 processes over System 1 processes. The CRT 
was designed to exploit heuristics that lead to an erroneous but intuitive 
response, and scores on this task predict a wide range of heuristics and 
biases indicative of System 1 processes (Jackson et al., 2016). In the 
present study, we sought to test whether four combined cognitive 
reflection tests predict the allocation of attention in two visual tasks. To 
do this, we measured CRT scores for participants who completed an anti- 
saccade task, measuring the ability to resist attending to a salient input 
(Hallett, 1978; Munoz & Everling, 2004) and a visual search task, 
measuring the ability to flexibly change attentional settings on each trial 
(Rajsic et al., 2015). Both tasks pit heuristic actions (look at the target; 
attend the color mentioned in the question) against more controlled 
responses (look away from the target; look at the color that provides the 
most information). We found that CRT-ICS scores did predict flexible 
attentional control in these two tasks. This was true both when consid
ering the likelihood of generating a non-intuitive response (CRT-ICS) 
and also when considering the likelihood of generating the correct 
response (CRT-classic coding; see Appendix A). However, we also found 
that numeracy predicted control over matching bias in the search task 
better than CRT-ICS scores did, and that including numeracy as a pre
dictor of anti-saccade errors rendered CRT-ICS scores' predictiveness 
non-significant. This suggests that the shared variability between CRT- 
ICS and numeracy is likely what is important in our measures of atten
tional control. 

In the anti-saccade task, we found that CRT-ICS scores were specif
ically predictive of more anti-saccade errors (Unsworth et al., 2004). The 
lack of a difference for pro-saccades suggests that it was specifically 

Table 6 
Matching bias in the visual search task.   

Dependent variable 

Matching bias 

(1) (2) (3) (4) 

Condition 6 1.278*** 1.310*** 0.989*** 1.501*** 
(0.276) (0.225) (0.208) (0.309) 

Condition 2 − 0.730*** − 0.433** − 0.679*** − 0.773*** 
(0.254) (0.206) (0.194) (0.286) 

CRT-ICS 0.370   − 0.202 
(0.283)   (0.365) 

Condition 6: CRT-ICS − 0.811**   − 0.127 
(0.371)   (0.488) 

Condition 2: CRT-ICS 0.335   0.605 
(0.345)   (0.455) 

6-Item Numeracy  0.573**  0.624**  
(0.235)  (0.300) 

Condition 6: 6-item 
Numeracy  

− 0.904***  − 0.782*  
(0.312)  (0.403) 

Condition 2: 6-item 
Numeracy  

− 0.090  − 0.455  
(0.288)  (0.373) 

VWM   0.080 0.065   
(0.049) (0.050) 

Condition 6: VWM   − 0.097 − 0.062   
(0.065) (0.067) 

Condition 2: VWM   0.063 0.053   
(0.060) (0.062) 

Constant 0.126 0.003 0.150 − 0.083 
(0.209) (0.168) (0.156) (0.229) 

Observations 4742 4742 4742 4742 
Log Likelihood − 3042.283 − 3041.708 − 3042.764 − 3036.435 
Akaike Inf. Crit. 6098.566 6097.416 6099.529 6098.870  

* p < .1. 
** p < .05. 
*** p < .01. 

Fig. 7. Matching bias index and CRT-ICS, using a median split (95% confidence 
interval bars).Participants with the median value of CRT-ICS were considered 
“low” CRT-ICS. 
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when participants needed to shift attention away from a salient onset 
that differences in CRT-ICS scores were related to task accuracy. Unex
pectedly, we also found that participants made impulsive saccades (false 
starts) before target onset in both conditions. Although CRT-ICS scores 
predicted these too, in this case numeracy scores were also predictive of 
errors. This is unintuitive, as the need to wait for a task signal before 
executing a saccade does not involve numerical processing. It seems 
more likely that, in this case, differences in broader cognitive capacity 
that contribute to both CRT-ICS scores and numeracy account for this 
relationship. In light of previous connections between CRT scores and 
impulsivity (Graffeo et al., 2015), it may be better to consider false-starts 
as impatience, or temporal impulsivity. Frederick (2005) reported that 
higher CRT scores were related to differences in temporal discounting, 
and it may be that this relationship is due to underlying connections 
between numeracy and temporal preferences (Welsh et al., 2013; Doh
men et al., 2010). 

In the visual search task, we tested whether CRT-ICS scores were 
predictive of control over visual matching bias (Rajsic et al., 2015; 
Rajsic, Taylor et al., 2017). When attending the matching color was 
useful (condition 2) or harmless (condition 4), both high and low-CRT- 
ICS participants showed matching bias (Fig. 7). However, when 
attending the matching color is less helpful (condition 6), higher CRT- 
ICS scores were associated with a larger drop in the probability of 
fixating on a matching colored letter. Although this was consistent with 
our hypothesis that greater cognitive reflection makes it easier to 
overcome matching bias when it is less helpful, we also found that 
numeracy scores predicted the same reduction in matching bias as CRT- 
ICS scores. Given that this task does not involve overt numerical com
ponents, it is not immediately clear why this would be the case. How
ever, one reason may be because it is the different color proportions in 
the search display that provide the cue to whether the color mentioned 
in the question, or the color not mentioned, is the most informative 
about the correct response. Appreciating the different strategies these 
stimulus differences imply may rely on numerical intuitions, which also 
support probabilistic or proportional reasoning. For example, although 
visual aids (i.e., graphs) improve understanding of risk overall, those 
with higher numeracy show better understanding of risk when using 
visual aids than those with lower numeracy (Petrova et al., 2017). On 
the other hand, VWM did not predict differences in matching bias 
despite previous findings supporting this prediction (Fukuda & Vogel, 

2009; Sobel et al., 2007; Unsworth et al., 2014). 
From these results, we conclude that a relationship between cogni

tive reflection and attention is difficult to evidence. Whereas CRT-ICS 
scores were uniquely able to predict avoidance of incorrect saccades 
in the anti-saccade task, numeracy attenuated the relationship between 
CRT-ICS scores when included in the model. Moreover, the relationship 
between CRT-ICS scores and matching bias in visual search was equally 
well explained by numeracy. Finally, we observed a tendency to make 
an eye movement before pro and anti-saccade trials that was related to 
both cognitive reflection scores and numeracy. While it is possible to 
account for how numerical competency might relate to the matching 
bias, by helping to making the utility of visual proportions as a cue for 
attention more salient, it is not as easy to explain why numeracy would 
predict anti-saccade error rates. As such, it could be that more general 
differences in cognitive abilities between our participants are related to 
both their CRT scores and their numeracy and that these relationships 
reflect a broader willingness or ability to adopt more cognitively 
demanding, but performance-enhancing, states of control. 

In light of the complexities of directly measuring underlying differ
ences in cognitive re-flection, further research is needed in order to 
understand if there is a link between cognitive reflection and attentional 
control (and indeed if cognitive reflection is a unique construct; Attali & 
Bar Hillel, 2020; Erceg, Galić, and Ružojčić, 2020). In particular, it is 
possible that other variables (such as intelligence, working memory or 
other constructs we did not measure) may explain apparent relation
ships between cognitive reflection and attention. When considering 
attentional control, there are many visual tasks that involve some sup
pression of attention to salient, habitual, or intuitive stimuli (e.g., 
Anderson et al., 2011; Eriksen & Eriksen, 1974; Navon, 1977; Stroop, 
1935; Theeuwes, 1992), and much work remains to understand to what 
degree such structurally common tasks rely on shared or distinct indi
vidual differences in cognitive abilities and dispositions (e.g. Draheim 
et al., 2020; Rey-Mermet et al., 2018). 

Author's note 

We would like to include a thank you to both of our (anonymous) 
reviewers for their suggestions and for their helpful discussions of the 
nature of cognitive reflection as a construct.  

Appendix A. CRT classic coding  

Table 7 
Errors in the “look towards” trials in the anti-saccade task.   

Dependent variable 

Errors in the “look towards” trials 

(1) (2) (3) (4) 

Classic CRT − 0.403*,**   − 0.616 
(0.437)   (0.629) 

6-Item Numeracy  − 0.141  0.261  
(0.419)  (0.594) 

VWM   − 0.005 0.017   
(0.090) (0.092) 

Constant − 2.915*** − 3.029*** − 3.110*** − 3.033*** 
(0.246) (0.301) (0.288) (0.377) 

Observations 2160 2160 2160 2160 
Log Likelihood − 376.833 − 377.197 − 377.252 − 376.720 
Akaike Inf. Crit. 759.666 760.394 760.503 763.439  
* p < .1. 
** p < .05. 
*** p < .01.  
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Table 8 
Errors in the “look away” trials in the anti-saccade task.   

Dependent variable 

Errors in the “look away” trials 

(1) (2) (3) (4) 

Classic CRT − 0.951**   − 1.246* 
(0.453)   (0.636) 

6-Item Numeracy  − 0.381  0.473  
(0.438)  (0.588) 

VWM   − 0.085 − 0.043   
(0.091) (0.091) 

Constant − 1.845*** − 2.089*** − 2.092*** − 1.882*** 
(0.255) (0.314) (0.292) (0.368) 

Observations 2160 2160 2160 2160 
Log Likelihood − 685.506 − 687.256 − 687.198 − 685.084 
Akaike Inf. Crit. 1377.012 1380.512 1380.396 1380.169  
* p < .1. 
** p < .05. 
*** p < .01.  

Table 9 
False start in the anti-saccade task.   

Dependent variable 

False start 

(1) (2) (3) (4) 

Classic CRT − 1.247***   − 0.913 
(0.458)   (0.647) 

6-Item Numeracy  − 1.110**  − 0.545*  
(0.443)  (0.605) 

VWM   − 0.008 0.057   
(0.098) (0.094) 

Constant − 1.421*** − 1.330*** − 2.057*** − 1.398*** 
(0.262) (0.316) (0.316) (0.381) 

Observations 5049 5049 5049 5049 
Log Likelihood − 1958.417 − 1958.865 − 1961.904 − 1957.832 
Akaike Inf. Crit. 3922.834 3923.729 3929.808 3925.664  
* p < .1. 
** p < .05. 
*** p < .01.  

Table 10 
Matching bias in the visual search task.   

Dependent variable 

Matching bias 

(1) (2) (3) (4) 

Condition 6 1.148*** 1.310*** 0.989*** 1.469*** 
(0.188) (0.225) (0.208) (0.275) 

Condition 2 − 0.672*** − 0.433** − 0.679*** − 0.606** 
(0.173) (0.206) (0.194) (0.254) 

Classic CRT 0.387   − 0.132 
(0.246)   (0.341) 

Condition 6: classic CRT − 0.848***   − 0.304 
(0.324)   (0.456) 

Condition 2: classic CRT 0.343   0.731* 
(0.300)   (0.425) 

6-Item Numeracy  0.573**  0.606*  
(0.235)  (0.321) 

Condition 6: 6-item Numeracy  − 0.904***  − 0.652  
(0.312)  (0.431) 

Condition 2: 6-item Numeracy  − 0.090  − 0.619  
(0.288)  (0.401) 

VWM   0.080 0.064   
(0.049) (0.050) 

Condition 6: VWM   − 0.097 − 0.057   
(0.065) (0.067) 

Condition 2: VWM   0.063 0.049   
(0.060) (0.062) 

(continued on next page) 
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Table 10 (continued )  

Dependent variable 

Matching bias 

(1) (2) (3) (4) 

Constant 0.185 0.003 0.150 − 0.140 
(0.141) (0.168) (0.156) (0.203) 

Observations 4742 4742 4742 4742 
Log Likelihood − 3039.823 − 3041.708 − 3042.764 − 3034.922 
Akaike Inf. Crit. 6093.645 6097.416 6099.529 6095.844  
* p < .1. 
** p < .05. 
*** p < .01. 
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