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a b s t r a c t

When the mind wanders, attention turns away from the external environment and cogni- 
tive processing is decoupled from perceptual information. Mind wandering is usually trea- 
ted as a dichot omy (dichotomy-hypothesis), and is often measure d using self-reports. Here,
we propose the levels of inattention hypothesis, which postulates attentional decoupling to
graded degrees at different hierarchical levels of cognitive processing. To measure graded 
levels of attentional decoupling during reading we introduce the sustained attention to
stimulus task (SAST), which is based on psychophysics of error detection. Under experi- 
mental conditions likely to induce mind wandering , we found that subjects were less likely 
to notice errors that required high-level processing for their detection as opposed to errors 
that only required low-level processing. Eye tracking revealed that before errors were over- 
looked influences of high- and low-level linguistic variables on eye fixations were reduced 
in a graded fashion, indicating episodes of mindless reading at weak and deep levels. Indi- 
vidual fixation durations predicted overlooking of lexical errors 5 s before they occurred.
Our findings support the levels of inattention hypothesis and suggest that different levels 
of mindless reading can be measured beh aviorally in the SAST. Using eye tracking to detect 
mind wandering online represe nts a promising approach for the developm ent of new tech- 
niques to study mind wandering and to ameliorate its negative consequences.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction 

Most people experience mental states in which they are 
no longer attending to the task at hand and are instead 
thinking about something else (Schooler et al., 2011;
Smallwood & Schooler, 2006 ). This ubiquitous phenome- 
non of mind wandering, which was long ignored in the cog- 
nitive sciences, has recently received considerable 
attention (Christoff, Gordon, Smallwood, Smith, & Schooler,
2009; Killingsw orth & Gilbert, 2010; Levinson, Smallwood,
. All rights reserved.

chologie, Universität
dam, Germany. Tel.:

.de (D.J. Schad),
ert@uni-potsdam.de
& Davidson, 2012; McVay & Kane, 2010; Reichle, Reineberg,
& Schooler, 2010 ) and is thought to be tightly related 
to the brain’s default mode of operation (Buckner,
Andrews-Hann a, & Schacter, 2008; Mason et al., 2007 ).
Mind wandering and task focus are typically treated as a
dichotomy (Schooler et al., 2011; Smallwood, 2010b;
Smallwood et al., 2011 ), where people are either mind wan- 
dering or focused on a given task. To investigate dichoto- 
mous aspects of mind wandering many previous studies 
have relied on subjective self-reports (Giambra, 1995;
Smallwood & Schooler, 2006 ). Our main goal with the pres- 
ent work is to propose the levels of inattention hypothesis,
which assumes that different hierarchical levels of
cognitive processin g are decoupled from external input in
a graded fashion, reflecting states of deep and weak 
attentional decoupling. To measure different levels of
decoupling during reading, we introduce a new paradigm,

http://dx.doi.org/10.1016/j.cognition.2012.07.004
mailto:Daniel.Schad@uni-potsdam.de
mailto:         Antje.Nuthmann@ed.ac.uk
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http://dx.doi.org/10.1016/j.cognition.2012.07.004
http://www.sciencedirect.com/science/journal/00100277
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the sust ain ed att enti on to stim ulu s tas k (SAST), whi ch is
bas ed on sig nal det ecti on anal yses of rea ders ’ sen sit ivit y
for error s in the tex t. Ana lyze s of a large dat ase t of eye move- 
ments duri ng mind les s rea ding sup port the lev els of ina t-
ten tion hypot hes is and sho w that eye trac kin g tech nol ogy 
can be util ize d to pred ict sta tes of mind les s rea din g onl ine.

The phenomenon of mind wanderin g involves two spe- 
cific alterations in cognitive processin g (Schooler et al.,
2011; Smallwo od & Schooler, 2006 ). First, during mind 
wandering attention is directed away from the external 
environment (i.e., attention lapses), which reduces cogni- 
tive processing of perceptual information (Kam et al.,
2011; Smallwood, Beach, Schooler, & Handy, 2008 ). This 
process of attention al (or perceptual) decoupling can lead 
to failures in the performance of external tasks (Christoff
et al., 2009; McVay, Kane, & Kwapil, 2009; Robertson,
Manly, Andrade, Baddeley, & Yiend, 1997; Smallwo od,
Riby, Heim, & Davies, 2006 ). Second, mind wandering often 
involves stimulus independen t thought (SIT) where atten- 
tion is directed towards internal information derived from 
memory (Smallwo od & Schooler, 2006; Stawarczyk,
Majerus, Maquet, & D’Argembea u, 2011 ).

The cognitive sciences have described the mind as
consisting of a multitude of different cognitive processes 
(Gazzaniga, 2009 ). As one important principle these pro- 
cesses are organized at different hierarchical levels, ranging 
from early low-leve l perceptual-motor processes towards 
increasingly abstract representat ions at higher levels 
(Cohen, 2000; Craik & Lockhart, 1972; Gazzaniga, 2009 ).
For reading, various models – including models of eye- 
movement control (Engbert, Nuthmann, Richter, & Kliegl,
2005; Reichle, Warren, & McConnell, 2009 ) and theories of
language processing (Graesser, Olde, & Klettke, 2002;
Kintsch, 1998; Malmkjaer , 2002 ) – have postulate d hierar- 
chical processing at visuomotor, lexical, syntactic, semantic,
and discourse levels. How (in)attention affects different 
lower and higher levels of stimulus processing was long dis- 
cussed in the debate about early (Broadbent, 1958 ) versus 
late (Deutsch & Deutsch, 1963; Treisman, 1960 ) attentional 
selection, and there is evidence that attentional selection 
can attenuate processing at early or late stages (Chun,
Golomb, & Turk-Browne, 2011; Lavie, 2005 ).

Mind wandering reduces external attention and can 
attenuate stimulus processin g at all levels of the cognitive 
hierarchy (for review see Smallwood, 2011 ). This was 
demonstrat ed in studies investigatin g high-level episodic 
memory encoding (Riby, Smallwood, & Gunn, 2008;
Smallwood, Baracaia, Lowe, & Obonsawin, 2003;
Smallwood, McSpadden, & Schooler, 2008; Smallwo od
et al., 2006 ), intermediate task-relevant stimulus process- 
ing (Barron, Riby, Greer, & Smallwood, 2011; O’Connell 
et al., 2009; Smallwood et al., 2008 ), early low-level multi- 
modal perceptual processing (Kam et al., 2011; Weissman,
Roberts, Visscher, & Woldorff, 2006 ), and sensory input 
processes (Smilek, Carriere, & Cheyne, 2010b ). The present 
work concerns how these diverse findings can be inte- 
grated into a coherent theoretical framework.

The cascade model of inattention (Smallwood, 2011;
Smallwood, Fishman, & Schooler, 2007 ) proposes a
mechanism to explain decoupling in a hierarchical cogni- 
tive system. According to the model, mind wandering 
reduces cognitive processing of incoming information at
a very early perceptual level and across multiple sensory 
modalities. The conseque nces of such low-level decoupling 
then ‘‘cascade downward through the cognitive system’’
(Smallwood et al., 2007, p. 233 ) and cause decoupling at
higher levels. Based on this mechanism, the model parsi- 
moniously explains why decoupling impairs performance 
in ‘‘as wide a range of tasks as perception, encoding and 
reading’’ (Smallwood, 2011, p. 68).

Stimulus-in dependent thought and stimulus-dep en- 
dent thought are usually treated as a dichotom y
(Smallwood et al., 2011 ), and this view has dominate d
previous research (e.g., Christoff, 2012; Fox et al., 2005;
Killingswor th & Gilbert, 2010; Levinson et al., 2012; McVay 
& Kane, 2012b; Reichle et al., 2010; Smallwood, 2010b ).
Here, we investigate attentional decoupling and whether 
it is of a dichotomous or a hierarchicall y graded nature.
First, the dichotomy-hyp othesis proposes that different 
levels of cognitive processing are decoupled from external 
input in an all-or-none fashion (see Fig. 1a): during task 
focus all hierarchical levels of cognitive processing are 
coupled to the external environment, but when the mind 
wanders this coupling breaks down at all levels. As a
potential mechanism , attentional decoupling may always 
attenuate early perceptual processin g stages across modal- 
ities (reflecting early attentional selection , Broadbent,
1958) and the conseque nces of this low-leve l decoupling 
may cascade into the system to impair analysis at higher 
levels (Smallwo od, 2011; Smallwood et al., 2007 ). For the 
phenomeno n of mindless reading, the dichotomy-hyp oth- 
esis predicts that impaired visual representation s of the 
text prevent a successful analysis at the lexical, syntactic,
semantic, and the discourse level.

As an extension of the dichotomous view, we propose 
the levels of inattention hypothes is (Fig. 1b): We postulate 
that cognitive processing of external input does not always 
fail at an early perceptu al level, but fails at different hierar- 
chical levels, resulting in different graded degrees of weak 
and deep attentional decoupling. During occasional epi- 
sodes of deep decoupling, cognitive processing of external 
input ceases at an early perceptu al level (early attentional 
selection), and the consequences of this low-level decou- 
pling cascade into the system to cause decoupling at higher 
levels (Smallwood, 2011; Smallwood et al., 2007 ). As a new 
contribution, we postulate states of weak decoupling,
where high-level cognitive processing is decoupled from 
the external environment (i.e., late attentional selection,
Deutsch & Deutsch, 1963 ) but low-level processin g is fully 
intact. Lastly, during states of full attentional coupling 
external informat ion is processed at all levels. Combining 
the levels of inattention hypothesis with the cascade model 
of inattention (Smallwood, 2011; Smallwood et al., 2007 )
predicts that decoupling at different levels is hierarchical 
because reduced cognitive processing at one specific level 
will cause decoupling at higher levels in the hierarchy.

Previous studies on attentional decoupling have typi- 
cally focused on dichotomous aspects of the decoupling 
process: many studies investigated decoupling in the sus- 
tained attention to response task (SART) via failures to in- 
hibit the response to rare target stimuli (Manly, Robertson,
Galloway, & Hawkins, 1999; Robertso n et al., 1997;



Fig. 1. Schematic illustration of two theoretical hypotheses about how different levels of cognitive processing are decoupled from the external environment 
during inattention. It is illustrated how high-level and low-level cognitive processing is coupled (below the black line, black arrows) or decoupled (above
the black line) from the external environment. (a) The dichotomy-hypothesis proposes that attentional decoupling occurs in an all-or-none fashion, where 
cognitive processing is either coupled (left, grey) or decoupled (right, black) from external input. (b) The levels of inattention hypothesis proposes graded 
degrees of decoupling, including fully coupled (left, lightgrey), weakly decoupled (middle, darkgrey), and deeply decoupled (right, black) processing.

1 Based on the levels of inattention hypothesis, we suggest that z-string 
scanning (Vitu, O’Regan, Inhoff, & Topols ki, 1995 ) may be regarded as
approximating a state of deep mindless reading, where no langua ge
processing is present. Shuffled text reading (i.e., reading random word 
lists), to the contrary, may approximate weak mindless reading, where 
processing of higher-level text meaning is absent, but some processing of
individual words is intact (Schad & Engber t, 2012; Schad et al., 2010 ).
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Smallwood et al., 2004, 2006 ), and/or via dichotom ous 
measures of SIT (Kam et al., 2011; Reichle et al., 2010;
Smallwood et al., 2008 ). However, some previous studies 
suggest that the underlying phenomeno n may not be
dichotomous . A recent model (Cheyne, Solman, Carriere,
& Smilek, 2009 ) has proposed three discrete states of task 
engagement/d isengagement – occurrent task inattention 
(to dynamically changing ‘‘moment-to-m oment stimulus 
meaning’’), generic task inattention (to the ‘‘general task 
environment’’), and response disengag ement (i.e., inatten- 
tion to ‘‘motor behavior’’) – and found support for these 
states in analyses of the SART (see also Cheyne, Carriere,
Solman, & Smilek, 2011; Seli, Cheyne, & Smilek, 2012 ).
Moreover, based on principle component analyses, Small- 
wood and colleagues (Smallwo od, 2010a; Smallwood,
McSpadden, Luus, & Schooler, 2008 ) (also see McVay &
Kane, 2012a ) showed that performanc e errors were pre- 
ceded by a gradual shift in response times from slow to fast 
responses, which may lend support to a graded nature of
decoupling.

With the present work we test theoretical hypotheses 
by studying attention al decoupling during reading. Mind 
wandering has long been thought to be elusive to vigorous 
scientific investigatio n because it is difficult to induce and 
control in the laboratory. For example, mindless reading 
was considered to ‘‘be very difficult to study experime n-
tally’’ (Rayner & Fischer, 1996, p. 746 ). Previous research 
has approximat ed mindless reading via scanning of
z-strings, where each letter in a text is replaced by the let- 
ter ‘z’ and subjects are asked to move their eyes across the 
z-strings ‘as if they were reading’ (Nuthmann & Engbert,
2009; Nuthmann, Engbert, & Kliegl, 2007; Rayner &
Fischer, 1996; Vitu, O’Regan, Inhoff, & Topolski, 1995 ).
Other studies have approach ed mindless reading by study- 
ing old readers (Wotschack & Kliegl, 2011 ) or via reading 
of randomly shuffled text, where the order of words in a
text is randomly shuffled and subjects have the task to
read the meaningles s word lists (Schad & Engbert, 2012;
Schad, Nuthmann, & Engbert, 2010 ).1 To catch spontaneou s
episodes of mind wander ing during normal reading, re- 
search has focused on thought sampling methods, where 
subjects are asked to report about their inner experiences 
of mind wandering (Giambra, 1995; Reichle et al., 2010;
Schooler, Reichle, & Halpern, 2004; Smallwood & Schooler,
2006).

Both approaches have their limitatio ns. Approximating 
mindless reading via paradigm s like ‘z’-string scanning 
may not capture the phenomenon of mind wanderin g.
Studying mind wandering using the thought sampling 
method is subject to the limitations associated with sub- 
jective self-report on cognitive processes , i.e., introspection 
(Nisbett & Wilson, 1977 ), and continuously monitoring 
one’s conscious thought may change behavior. As a com- 
plementary approach , indicators for mind wandering have 
been derived from behavioral measures of attention al
decoupling. Previous behavioral approaches include fail- 
ures to inhibit the response in the sustained attention to
response task (SART: Bellgrove, Hawi, Gill, & Robertson,
2006; Christoff et al., 2009; Johnson et al., 2007; Manly 
et al., 1999; Molenberghs et al., 2009; Robertso n et al.,
1997; Seli, Cheyne, Barton, & Smilek, 2012; Smallwo od
et al., 2006; Smilek, Carriere, & Cheyne, 2010a ), and reac- 
tion times in a word-by-wor d reading paradigm (Franklin,
Smallwood, & Schooler, 2011 ). However, there is currently 
a lack of objective measure s that catch mind wandering in
natural and complex tasks like normal reading.
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1.1. Present experiment 

To fill this gap in current experimental approaches, we
introduce the sustained attention to stimulus task (SAST),
which is based on psychophy sics of error detection in a
reading experime nt. Our analyses use recordings of eye 
movements to derive measure s for attentional decoupling.
Methodolog ically, we manipulate d a corpus of normal text 
by inserting specific meaningl ess error sentences contain- 
ing different kinds of errors. We added a control condition 
where error sentences contained no error. Readers were 
asked to indicate whenever they noticed that the text 
turned meaningless. Mindless reading was operation ally 
defined as (a) overlooking an error passage (single-trial le- 
vel), and (b) low sensitivit y for errors (aggregated level). In
this new paradigm, we utilize classical psychophysica l
methods from signal detection theory (Wickens, 2002 ) to
distinguish between sensitivity for errors (i.e., the propen- 
sity for mindless reading) and a general tendency of read- 
ers to respond in a certain fashion. The approach does not 
require instructions about mind wanderin g, and may be
less intrusive and more objective than self-report mea- 
sures used in previous studies. However, we cannot ex- 
clude the possibility that instructions about errors may 
affect reading behavior as readers may pay increased 
attention to detect the errors in the text. To counteract 
such effects we (a) optimized the experimental setting to
increase the chance of observin g mindless reading in the 
eye tracker (see Methods section for details) and (b) in- 
cluded high-level errors such that text comprehens ion 
was necessary to detect the errors and relatively normal 
reading can be expected.

To avoid detecting mindlessne ss when readers were in
fact paying attention to the task several measures were ta- 
ken: first, very easy texts were selected to ensure that 
readers would have no comprehension difficulties (cf.
Smallwood et al., 2007 ). Second, readers received instruc- 
tions and examples explaining the different error types.
Table 1
Types of errors used for error sentences.

Type of
error 

Construction/description Exam

Control � no error, meaningful text (1) T
(2) O

Lexical � one word is replaced by a morphologically &
phonologically legal pseudo-word 

(1) T

� detectable via lexical, but not via pure orthographic or
phonological processing 

� does NOT resemble any real word that could fit into 
the text 

Syntactic � one word in the sentence is moved to a different 
location, causing a syntactic error 

(1) T

Semantic � statements in the sentence contradict world 
knowledge 

(2) H

Discourse � neighboring sentences are inconsistent with each 
other (e.g., direct contradictions of statements)

(2) H

class
� each single sentence is correct (no lexical, syntactic, or

semantic error)
Gibberish 

text 
� changed order of nouns or pronouns within a

sentence 
(2) O

� correct syntax 
� Smallwood et al. (2007)
Third, readers were encouraged to respond also when un- 
sure about the presence of an error.

To generate measure s for low-leve l and high-leve l
decoupling, we constructed errors at different levels of the 
text (Table 1). (i) We replaced one word in an error sentence 
by a pseudo-word, causing a lexical error. If low-level lexical 
processing is decoupled from the text, then readers cannot 
detect lexical errors. Second, (ii) we included syntactic errors
as a measure for syntactic processing. (iii) Statements that 
are incompa tible with the readers’ world knowledge were 
included to construct semantic errors. If medium-level sen- 
tence meaning is not processed , then readers cannot detect 
semantic errors. (iv) We included sentences that clearly 
contradicted their context to construct discourse errors.
These can be detected only when readers integrate the 
meanings from neighboring sentence s into a single repre- 
sentation, and thus tested for high-level discourse process- 
ing. Lastly (v), we reordered nouns and pronouns from the 
meaningful control sentence s to construct gibberish text 
for comparabili ty with previous research (Smallwo od
et al., 2007 ). Readers may automatical ly construct meaning 
from meaningless gibberish text without noticing by reor- 
dering words (Ferreira, Bailey, & Ferraro, 2002 ), and we
therefore expect gibberish text to reflect high-level con- 
struction or repair processes. All errors were constructed 
to (a) lack an overall meaning and (b) show no similarities 
to any possible meaningful sentence . For example, pseu- 
do-words were not implemented as spelling-err ors, but 
constructed to have no similarities to any existing word.
This was done to ensure that overlooking errors would indi- 
cate mind wandering and would not occur because readers 
constructed meaning from meaningles s text.

Based on dichotomous versus graded conceptions of
decoupling, we derived predictions for readers’ sensitivit y
for different error types. The levels of inattention hypothe- 
sis predicts that sensitivity should differ between error 
types: readers should be very sensitive to low-level errors 
(e.g., lexical errors) as these should be overlooked only 
ple sentence 

he wall was made from big worked stones 
n all birthdays, he congratulates his classmates and the teacher 
he wall was begrothed from big worked stones 

he wall worked was made from big stones 

e always thinks of buying new hamsters for the bathroom at school 

e welcomes the guests on behalf of the class. He congratulates his 

mates on their birthdays but never welcomes the guests 

n all classmates, he congratulates his birthdays and the teacher 
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during deep decoupling. To the contrary, readers should be
less sensitive to errors assessing high-level text processing 
(discourse errors, gibberish text) because already weak 
decoupling prevents detection of these errors. Based on
the dichotomy-hyp othesis, attentional decoupling should 
either cause no differenc es in sensitivity between error 
types, or any differences in sensitivity should be due to dif- 
ferent duration s (rather than depths) of mind wandering.

We recorded eye movements in the SAST to derive mea- 
sures for different levels of cognitive text processing during 
reading (Rayner, 1998, 2009 ). Readers usually look longer 
at phrase- and sentence-final words compare d to non-final
words, and this wrap-up effect is related to the high-leve l
process of integrating words and constructing a text mean- 
ing (Just & Carpenter, 1980; Warren, White, & Reichle,
2009). Moreove r, readers look longer at low-freq uency 
compared to high-freq uency words (Inhoff & Rayner,
1986; Just & Carpenter , 1980; Rayner, 1998; Rayner & Duf- 
fy, 1986 ) reflecting low-level lexical processing. Reichle
et al. (2010) were the first to study mind wandering during 
reading using eye tracking. They argued that lexical and lin- 
guistic influences on eye movements are reduced during 
mindless reading, indicating a decoupling of cognitive 
processing from the text (see also Rayner & Fischer, 1996;
Rayner & Raney, 1996; Schad & Engbert, 2012; Schad 
et al., 2010; Rabovsky, Alvarez, Hohlfeld, & Sommer,
2008). The levels of inattention hypothesis predicts that 
during states of weak decoupling high-level (wrap-up) pro- 
cesses should be reduced, but low-level (lexical) influences
should be intact. During deep decoupling, however, high- 
and low-level influences should be reduced.

Predicting mindless reading from eye movements : A major 
current challenge and chance for mind wandering research 
is to identify objective and reliable online-marker s that al- 
low detecting episodes of mind wandering (including their 
onset and offset) without relying on subjectiv e self-reports 
or interfering with task performance (Franklin et al., 2011 ;
Smallwood, in press ). Previous findings (Reichle et al.,
2010; Smilek et al., 2010b; Uzzaman & Joordens, 2011 )
suggest that eye movements may be ideally suited for this 
purpose because they (a) provide a good measure of mo- 
ment-to-mo ment cognitive processing and attention (Ray-
ner, 1998, 2009 ), (b) occur with high frequency in virtually 
all tasks (Liversedge, Gilchrist, & Everling, 2011 ), and (c)
are relatively easy to record and analyze.

At the same time, it may be difficult to predict mind 
wandering from eye movements. First, finding that mind- 
less reading predicts measures of eye movements [i.e., a
high probability P(eye|mindless)] is not the same as find-
ing that eye movements predict mindless reading [i.e., a
high probability P(mindless|eye)], and these two probabil- 
ities can be very different.2 Here, we use a Bayesian analysis 
to determine the posterior probabili ty, P(mindless|eye), that 
a reader is currently in a state of mindless reading given a
2 For example, the probability for professors to have a high-school 
degree, P(high-school|professor), likely approaches one, while the proba- 
bility for high-school graduates to become a professor, P(professor|high-
school), is much lower. Treating these probabilities as equal reflects the 
fallacy of the transposed conditional (Wagenmakers, Wetzels, Borsboom, &
van der Maas, 2011 ).
recorded eye movem ent. Second, when observing mean dif- 
ferences between mindfu l and mindless reading at the level 
of groups (averaged over participant s, trials, and/or individ- 
ual eye movemen ts) it remains unclear whether mindless- 
ness can be inferred from the eyes at the level of
individual eye movemen ts or trials. Such predicti ons might 
be difficult to derive, because eye-movem ent measure s ex- 
hibit considerabl e variance (Kliegl, Nuthman n, & Engbert,
2006; Rayner, 1998 ). Notably, reading fixations crucially de- 
pend on the words and sentences being read. However, the 
design of the present study allows investigat ing mindless 
and mindful reading on exactly the same text material,
includin g specific target words.
2. Materials and methods 

2.1. Participants and materials 

Thirty German high school students , aged between 17
and 20 years, were paid 45 € each to participate in the 
study. Informed consent was obtained from all partici- 
pants. All participants had normal or corrected to normal 
vision. Participants read 50 stories, taken from elementary 
school textbooks and slightly modified for the experiment 
(henceforth Potsdam Mindless Reading Corpus , PMC). The 
text corpus comprise d about 17,500 words distributed 
across 216 pages of text.

2.2. Apparatus 

In an attempt to create a situation where participa nts 
were likely to encounter episodes of mindless reading,
readers were seated in a comfortable, laid-back easy chair 
where they could rest their head on a headrest and their 
legs on a footstool. An arm mount was positioned for the 
recording of eye movements, holding an EyeLink 1000 
eye tracker (SR Research) in the remote setup and a 17- 
in. flat panel LCD screen. The monitor was positioned 
slightly above the eye level of the reader and then tilted 
downward, so that a reader’s line of gaze would be perpen- 
dicular to the vertical plane of the monitor. The viewing 
angle of the monitor and monitor tilt were occasionally ad- 
justed to achieve maximum comfort for each reader. View- 
ing distance was approximat ely 50 cm, at which each letter 
of text horizontally subtended approximat ely .37 degrees 
of visual angle. The eye tracker sampled left eye position 
at a rate of 500 Hz. Readers could move their head freely,
but for the most part chose to rest it on the head rest of
the chair. The EyeLink remote system tracked possible 
head movements and corrected measure d eye position 
for these movements. The stories were presented in black 
against a brown-gr ey background . A rectangular dark 
brown-grey frame was drawn around the text to create 
the impressi on of reading from a sheet of paper. Monitor 
brightness was reduced to the minimum.

2.3. Design and errors in the text 

Two experiments were conducted in succession. Each 
experiment required participants to read 25 stories.
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Sixty-two error sentence s were defined at quasi-rand om
locations in the PMC, with each story containing one or
two error sentence s. For each error sentence, several differ- 
ent versions of similar length were constructed . They con- 
tained six different kinds of linguistic errors (including an
error-free control condition) and were designed to probe 
for five different levels of mindless reading (Table 1).
Which error type was presented at a given location in the 
text was varied between readers. This was done within 
experiments 1 and 2 separately. Importantly, the design al- 
lowed us to test the effects of different levels of mindless 
reading and of mindful reading on the same text material.
Across both experime nts, errors were presented in 48 out 
of 62 target locations per participant, resulting in a rela- 
tively low average presentation rate of one error per 354 
words (equivalent to 4.5 text pages). In the remaining 14
target locations meaningful sentence s were presented as
a control condition.

2.4. Procedure 

The experime nt was advertised as ‘‘relaxed reading’’.
Upon arrival, readers were instructe d to relax on the chair 
and to find a comfortable position to sit in. Readers’ task 
was to read the stories for comprehension , and it was 
emphasized that they should read in a relaxed manner.
Participants were told that the text would sometimes be
more or less incoherent. They were informed about the 
various kinds of errors that might occur and this was illus- 
trated by example sentence s. Participants were instructe d
to press the space bar on the computer keyboard whenever 
they noticed an error in the text. At the beginning of the 
experiment, participants read three pages of text for 
practice, each containing one error. They then read the 
50 stories of Exp. 1 and Exp. 2. Between experime nts, par- 
ticipants were allowed to take a short break where they 
could stand up and stretch. Within a given experiment,
story order was randomized for each subject. Readers 
could move forwards and backwards in the text by press- 
ing arrow keys on the keyboard. We allowed readers to
move backwards in the text to ease transitions into a re- 
laxed reading mode. Presentation of each page of text 
was preceded by a fixation check to ensure calibration 
quality. Successful error detection was defined as pressing 
the space bar on the keyboard after reading an error sen- 
tence and before moving onto the next text page. After 
reading all texts, participants completed two memory 
tests, the details of which are not reported here.

2.5. Data processing and analysis 

The cognitive parsing algorithm of the SR Research Eye- 
Link software was used to determine the positions and 
durations of readers’ individual fixations. Fixations were 
then assigned to pages and lines of text, individual words,
and letters (Supplementary Information). (Generalized)
Linear mixed effects models ([G]LMMs, Baayen, Davidson,
& Bates, 2008; Kliegl, Masson, & Richter, 2010; Pinheiro &
Bates, 2000 ) were used to test differences between mind- 
less and mindful reading, and the control condition (Sup-
plementary Informati on). (G)LMMs can be viewed as a
generalizati on of linear regression and allow estimation 
of random effects (i.e., effects of factor levels that are ran- 
domly sampled from a population; here: participa nts,
words, and text pages) in addition to fixed effects [i.e., ef- 
fects that are repeatabl e across experiments and can be
either discrete (e.g., experiment number) or continuo us
(e.g., word frequency)]. For large sample sizes the t-statis-
tic effectively correspond s to the z-statistic. Therefore, for 
the LMMs (two-tailed testing), we took absolute t values
larger than 1.645 to indicate marginal significant effects 
(p < .10), values larger than 1.96 to indicate significant ef- 
fects (p < .05), and t values larger than 2.576 (p < .01) or
3.291 (p < .001) to indicate highly significant effects (cf.
Kliegl, Ping, Dambacher, Yan, & Zhou, 2011 ).

2.6. Data selection 

For analyses of eye movements, errors with an overall 
detection rate of less than 30% were excluded (12.2%). Eye 
movements from false alarm trials were discarded. To
unconfound mindless reading and skimming we excluded 
trials in which less than 50% of the words in the error sen- 
tence were fixated (4.0% of trials; Supplement ary Infor- 
mation), leaving a total of 1793 trials for analyses.
Under the assumption that readers were already on/off 
task on the words prior to the error (Reichle et al.,
2010; Smallwood et al., 2007 ), we first analyzed eye 
movements in an interval of 14 words preceding each er- 
ror sentence. Next, we generalized the analyses to differ- 
ent interval sizes using the same selection criteria. Only 
words on the same page of text as the error sentence 
and only eye movements made during the first viewing 
of each page of text were analyzed. Also, in each trial 
we only analyzed eye movements that were made prior 
to fixating any of the words from the error sentence so
that the analyses did not include data from the error sen- 
tence, nor data that was collected after subjects had read 
the error sentence. (For the measure of the ‘‘number of
reading passes’’ we made an exception to this selection 
criterion and also included fixations made after reading 
the error sentence.) For the 14-words interval, the selec- 
tion resulted in a total of 24,528 fixations on 20,498 
words and 19,313 first-pass fixations on 15,539 words.
(Firstpass fixations include all fixations on a word before 
the reader makes a regression back to this word or previ- 
ous words in the text.) To select valid word-based fixation
time measures like gaze duration (i.e., the cumulative 
duration of all first-pass fixations per word), standard cri- 
teria used in reading research were applied (e.g., remov- 
ing calibration problems, blinks, irregular fixation
behavior [lines with less than 50% fixated words], first
and last fixation per line, long and short fixations and sac- 
cades; see Supplementary Information). This procedure 
resulted in valid gaze durations for 9435 words, including 
11,106 first-pass fixations. Overall, there were slightly 
more words with invalid first-pass fixations during mind- 
less reading (40.9%) than during the control condition 
(38.9%), and mindful reading (38.7%), mainly because 
there were more lines with irregular fixation behavior 
and more calibration problems during mindless reading 
(Supplementary Information).
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3. Results 

It took readers an average of 2 h and 45 min (range:
1:40 h–4:20 h) to read all texts.
3.1. Error detection 

Readers overlooked 39% of the errors in Exp. 1, and 44%
of the errors in Exp. 2. False alarm rate, reflecting re- 
sponses in the control condition without errors, was 7%
in Exp. 1 and 3% in Exp. 2. We used signal detection the- 
ory (Wickens , 2002 ) to assess readers’ ability to detect er- 
rors (i.e., the sensitivity for errors, d0, reflecting the 
propensity for mindful reading) and response bias (c).
When studying mindless reading we inevitably observe 
highly imbalanced data. These are adequately handled 
by (generalized) linear mixed effects models [(G)LMMs],
which we used to impleme nt the signal detection analyses 
(Wright, Horry, & Skagerberg, 2009 , Supplementary Infor- 
mation). Experiments did not significantly differ in sensi- 
tivity (Exp. 1: d0 = 1.90; Exp. 2: d0 = 2.15; p > .10) and there 
was a marginal effect in response bias (Exp. 1: c = �1.55;
Exp. 2: c = �1.98, z = 1.68, p < .10) reflecting slightly fewer 
responses in Exp. 2. Sensitivity for errors decreased over 
the course of Exp. 2 [Dd0(per page of text) = �0.014,
z = �1.94, p = .052], but not across Exp. 1 (p = .50; slope- 
difference between experime nts: Dd0 = 0.017, z = 2.01,
p < .05).

Fig. 2 depicts how sensitivity differed between error 
types (for both experime nts: p < .001). Planned contrasts 
revealed that these differences followed the predictio ns:
in Exp. 1, readers were most sensitive to (i) semantic 
errors, followed by (ii) discourse errors (difference to
semantic errors: Dd0 = �0.80, z = 5.73, p < .001), and (iii)
gibberish text (difference to discourse errors: Dd0 = �0.31,
z = 2.40, p < .05). In Exp. 2, readers were most sensitive to
Fig. 2. Sensitivities (d0) from a mixed effects signal detection analysis for 
different types of errors in Exp. 1 and 2. Conditions lexical and syntactic
were not tested in Exp. 1 to discourage strategies other than understand- 
ing the text. Discourse was not tested in Exp. 2 to focus on levels of deep 
mindless reading. Conditions are color-coded, ranging from high-level 
errors (light grey; left) testing weak mindless reading to low-level errors 
(black; right) testing deep mindless reading. Error bars are SEM from a
GLMM testing (sliding) differences in sensitivity between neighboring 
error types (Venables & Ripley, 2002 ). (�p < .05, ��p < .01, ���p < .001, —
p > .10).
(i) lexical errors, followed by (ii) syntactic errors 
(Dd0 = �0.46, z = 3.02, p < .01), (iii) semantic errors 
(Dd0 = �0.04, z = 0.26, p = .79), and (iv) gibberish text 
(Dd0 = �0.54, z = 3.63, p < .001). Thus, readers more easily 
noticed low-level errors, and were less sensitive to high-le- 
vel errors. This finding is compatible with the idea that dif- 
ferent levels of attention al decoupling led to overlooking of
different kinds of errors.
3.2. Analyses of eye-moveme nts 

We hypothesize d that overlooking an error indicates an
episode of mindless reading. Assumin g that most of the 
time readers were already off task on the words before 
the error (Reichle et al., 2010; Smallwood et al., 2007 ),
we first analyzed eye movements made in an interval of
14 words preceding each error sentence. To test the gener- 
ality of the findings, follow-up analyses considered differ- 
ent interval lengths. Unless otherwise noted, data from 
different types of errors and from the two experiments 
were pooled for analyses.

Global analyses focused on common measures of eye 
movements used in reading research (Rayner, 1998,
2009). Nine word-based measure s of fixation duration s
and saccade probabilities were computed (Supplementary 
Information). For the analyses we used (G)LMMs to
investigate how fixed effects (like mindless reading) affect 
measures of eye fixations, and determined regression coef- 
ficients, b, to estimate the size of these influences. Unless 
otherwise noted we used unstandardize d regression coeffi-
cients, where b estimates the change in the dependent 
variable given a one-unit change in the independen t
variable. Out of the nine measure s, only one measure sig- 
nificantly differed between mindless and mindful reading:
readers read words with fewer passes during mindless 
reading as compared to mindful reading (b = 0.10; t = 5.0,
p < .001). Differences in any of the other eight variables 
were not significant (Supplementary Information).

Next, we performed local analyses to test whether the 
influence of lexical and linguistic variables on gaze dura- 
tions is reduced during mindless reading as compared to
mindful reading or the control condition. As can be seen 
in Fig. 3A sentence- and clause-final words were fixated
longer than other words, replicatin g the wrap-up effect 
found in many reading studies (Just & Carpenter, 1980;
Warren et al., 2009 ). The average wrap-up effect across 
all reading conditions (mindful, mindless, and control)
was not present in the LMM (t = �1.47, p > .10; Supple- 
mentary Information) after statistically controlling for 
word length, word frequency, and random between-wor d
variance. Notably, the wrap-up effect was strongly reduced 
in the mindless reading condition (Fig. 3A), and this differ- 
ence was significant (wrap-up in mindless versus mindful 
condition: b = �18.0, t = �1.90, p < .10; control versus 
mindless: b = 23.7, t = 2.15, p < .05), and did not differ be- 
tween experiments (|ts| < 0.8, ps > .10).3
3 Pos t-hoc tests show ed that the differe nce in the wrap- up effect 
between the mindful condition and the control did not exceed the level 
of chance (t = 0.63, p > .10).
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Fig. 3. Influences of high-level and low-level linguistic variables on gaze durations in three reading conditions: mindless reading, a control condition, and 
mindful reading. Gaze durations were measured on 14 words prior to the error sentence and were residualized for random effects from the LMM; error bars 
are SEM. (A) High-level wrap-up effect: gaze durations on sentence- or phrase-final words versus non-final words. Data is from both experiments. (B) Low- 
level lexical effect: modulation of gaze durations due to word length, word frequency, and their interaction in Exp. 2. Short words are six or fewer letters 
long; word frequencies were median split.

4 Note that the coefficients for the wrap-up effect during mind less 
reading were negative for Exp. 1. The reason for this is unclear. The 
differ ence between mindful and mindless reading, however, was as
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Prior to overlooking errors in Exp. 2, the effects of lexi- 
cal variables on gaze durations were reduced. As can be
seen in Fig. 3B, readers overall looked longer at long words 
than at short words. They also looked longer at words of
low frequency than at words of high frequenc y, and the ef- 
fect of word frequency was stronger for long than for short 
words (all |ts| P 2.9, ps < .01), replicating key findings in
reading research (Kliegl et al., 2006; Rayner, 1998 ). How- 
ever, these effects were considerably reduced during epi- 
sodes of mindless reading. Word length (1/wl) had a
weaker effect on gaze durations during mindless reading 
than during mindful reading (b = 155, t = 1.93, p < .10) or
the control condition (b = �195, t = �1.93, p < .10). The 
main effect of word frequency (log10 freq) did not signifi-
cantly differ between mindless reading and mindful read- 
ing or the control condition (|ts| 6 1.4, ps > .10). The word 
frequency effect, however, was hardly modulated by word 
length during states of mindless reading (Fig. 3B, left pa- 
nel). Statistically , this modulation was much weaker than 
during mindful reading (b = �175, t = �4.6, p < .001) or
the control condition (b = 92, t = 1.95, p < .10). As is visible 
in Fig. 3B, for long words the frequency effect was strongly 
reduced during mindless reading (b = 15, t = 2.8, p < .01; for 
post hoc tests see Supplement ary Information). For short 
words, the frequency effect was not significant during 
mindful reading, but marginally significant during mind- 
less reading, and the slope-differ ence was significant. It
may be that lexical processing of short words is more auto- 
matic and does not require the kind of higher-leve l atten- 
tion measure d in our paradigm. In summary, lexical 
processing effects were reduced before errors were over- 
looked in Exp. 2, indicating episodes of deep mindless 
reading.

Next, we (a) extended our local analyses presented in
Fig. 3 to intervals ranging from 10 to 20 words prior to
the error and (b) performed more explicit tests for differ- 
ences between experime nts. When participants were in
the initial phase of the reading task in Exp. 1 we expected 
that during mindless reading cognitive processing might 
be weakly decoupled from the text. Accordingly, high-level 
influences on gaze duration s should be reduced but low- 
level influences may be intact. In contrast, after having 
spent much time in the lab reading boring texts readers 
may pay less attention to the reading task in Exp. 2, and 
cognitive processing may be deeply decoupled during 
mindless reading. Hence, text processing should fail at all 
levels of processing and both high-level as well as low- 
level influences should be decoupled.

Fig. 4 displays standardized regressio n coefficients rep- 
resenting the relative influences of high-leve l wrap-up and 
low-level lexical (word frequenc y � length interactio n)
variables on gaze durations during mindless and mindful 
reading. The results show that wrap-up effects were re- 
duced during mindless reading (Fig. 4, left panels) for all 
intervals [marginal (ts > 1.7, ps < .10) to significant
(ts < 2.1, ps > .01) reduction; 20-words: t = 1.54, p > .10] 
and this effect did not significantly differ between experi- 
ments (|ts| < 0.95, ps > .10).4 In our previous analyses 
(Fig. 3B) we had found that in Exp. 2 the word frequency ef- 
fect was reduced during mindless reading for long words 
(but not for short words). Fig. 4 (lower right panel) shows 
that this effect was highly reliable for all intervals 
(ts > 2.80, ps < .01; mindful versus mindless reading). How- 
ever, it was absent in Exp. 1 (|ts| < 0.63, ps > .10), and the dif- 
ference between experimen ts was significant for all 
intervals (ts < �1.97, ps < .05). Taken together, for Exp. 1
we observed a dissociation between reduced high-lev el
wrap-up effects and intact low-level lexical effects (Fig. 4,
upper panels), which provides support for our expectati on
that cognitive processing was weakly decoupl ed when 
mindless reading occurred in the initial part of the study.
For Exp. 2, however, the results indicate states of deep 
decoupl ing as both high-level wrap-up effects as well as
low-level lexical influences on gaze duratio ns were reduced 
during mindless reading (Fig. 4, lower panels).
expected.



Fig. 4. Effects of high- and low-level linguistic variables on gaze durations during mindless (black, solid line) and mindful (grey, dashed line) reading in Exp.
1 (upper panels) and Exp. 2 (lower panels) for different intervals (N of words) prior to the error sentence. Graphs depict standardized regression coefficients
from LMM analyses. For each interval, a separate LMM analysis was conducted and tested whether a given effect differed between mindless and mindful 
reading. For the high-level wrap-up effect (left panels), positive regression coefficients represent the standard wrap-up effect of longer fixations on final
compared to non-final words. For the low-level interaction between word frequency and length (right panels), positive coefficients indicate a stronger 
frequency effect for long words than for short words.
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A central prediction that emerges from the proposed 
levels of inattention hypothesis is that overlooking differ- 
ent kinds of errors reflects different levels of attention al
decoupling. To further test this prediction we analyzed 
eye movements for different error types. For the analyses 
we defined three broad categories of error types: (a)
high-level errors (gibberish text and discourse errors), (b)
medium-lev el errors (semantic and syntactic errors), and 
(c) low-leve l errors (lexical errors). This aggregation helped 
to reduce complexity and to improve the stability and reli- 
ability of the LMM analyses. We then generated a statisti- 
cal measure for attentional decoupling: for the high-leve l
wrap-up and the low-leve l lexical variable, we determined 
the influence of this variable on gaze durations (by com- 
puting the standardi zed regressio n coefficient in an
LMM). Next, we determined how this influence differs be- 
tween mindless and mindful reading. The resulting differ- 
ence-value (coded as an interaction between lexical/ 
linguistic influences and mindless reading) represents a di- 
rect statistical measure for attentional decoupling: Nega- 
tive differenc e-values indicate that linguistic influences
on eye movements are reduced when errors are over- 
looked. Based on the levels of inattention hypothesis we
predict that for low-level errors decoupling should be ob- 
served for low-level (lexical) and for high-level (wrap-up)
influences, whereas for high-leve l errors high-level wrap- 
up effects should be reduced, but low-leve l lexical effects 
should be relatively less affected.

For the high-level wrap-up effect (Fig. 5, left panel) the 
results suggest that decoupling was present for overlook -
ing of all error types (negative difference-valu es), and the 
effect did not significantly differ between error categories 
(for all intervals: v2s(2) < 1.6, ps > .47). This finding sug- 
gests that when any type of error is overlooked high-level 
processing is decoupled from the text. (Note that the wrap- 
up effect is overall smaller in size compared to the word 
frequency � length interaction.) For the low-level lexical 
influences (Fig. 5, right panel) the results show that the 
influence of word frequency and length was strongly re- 
duced when low-leve l errors were overlook ed, but were 
only slightly affected when high-level errors were over- 
looked. The difference between error categories was signif- 
icant for all intervals larger than 12 words (v2s(2) > 5.7,
ps < .06). These findings support our hypothesis that over- 
looking different types of errors in the SAST reflects graded 
levels of attentional decoupling: overlooking low-leve l er- 
rors indicated a state of deep decoupling as both high-level 
and low-leve l influences on eye movements were reduced.
Overlooking high-level errors, to the contrary, indicated a
state of weak decoupling as eye movement markers for 
high-level integrati on processes were reduced, but low-le- 
vel lexical processes were intact.

3.3. Predicting mindless reading from eye movements 

Is it possible to infer from the ongoing eye movements 
whether readers are currently paying attention to the text? 
To investiga te this question, we selected a subset of the 
data where we expected the strongest effects of mindless 
reading. Our results suggest that effects of mindless read- 
ing on eye movements are most pronounced for lexical 
processing of long words (Fig. 3B). For the analyses we



Fig. 5. Differential effects (mindless versus mindful reading) of high-level 
and low-level variables on gaze durations for different categories of
errors. The graphs show how standardized regression coefficients repre- 
senting the influences of high-level wrap-up (left panel) or low-level 
lexical (right panel; word frequency � length interaction) variables differ 
between trials where errors were overlooked (mindless reading) versus 
detected (mindful reading). Negative difference-values indicate that the 
influence of linguistic variables on gaze durations is reduced during 
mindless reading, reflecting attentional decoupling. High-level errors 
(light grey, dotted lines) are gibberish text and discourse errors, medium- 
level errors (dark grey, dashed lines) are semantic and syntactic errors,
and low-level errors (black, solid lines) are lexical errors. Regression 
coefficients are from LMMs for different intervals of words prior to the 
error sentence.
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used gaze durations on very long target words (P10 let- 
ters), which were located an average of 13.4 words prior 
to the upcoming error in the text. In addition, we focused 
our analysis on lexical errors because these should best 
capture reduced lexical processing (cf. Fig. 5). As is visible 
in Fig. 6A + B, distribut ions of gaze duration s on target 
words considerabl y differed between deep mindless as op- 
posed to mindful reading, and the direction of the effect 
was consistent with the general findings reported above.
During mindful reading we observed a standard word fre- 
quency effect, as gaze durations on low-frequency words 
were considerably prolonged and gaze duration s on high- 
frequency words were shortened. To the contrary, when 
lexical errors were overlooked during deep mindless read- 
ing target word frequency did not clearly modulate the dis- 
tribution of gaze durations.

Based on these clear-cut results, we performed a Bayes- 
ian analysis to predict mindless reading from the gaze 
durations readers made on specific target words. Based 
on the graded nature of decoupling, we estimate d the prior 
probability for mindlessne ss, P(mindless), from the overall 
rate with which errors were overlooked in Exp. 2. The pos- 
terior probability for mindless reading given a certain eye 
fixation, P(mindless|gaze), was determined via Bayesian lo- 
gistic regression (Gelman, Jakulin, Pittau, & Su, 2008 ). We
found that the posterior probabili ty for mindless reading 
was low when readers’ eyes responded to the lexical diffi-
culty of the target word: mindless reading was least likely 
when readers made long gaze durations on low frequenc y
target words [P(mindless|low freq, gaze P500 ms) = .33,
for continuous predictions see Fig. 6C + D] or when they 
made relatively short fixations on high frequenc y target 
words [P(mindless|high freq, gaze < 500 ms) = .42]. To the 
contrary, the probabili ty for mindless reading was high 
when readers’ eyes did not respond to the lexical difficulty
of the target word: failing to slow down the eyes on diffi-
cult low-frequency words predicted mindless reading 
[P(mindless|low freq, gaze < 500 ms) = .60]; likewise, fail- 
ing to speed up on easy high frequenc y words was an indi- 
cator for an absent mind [P(mindless|high freq, gaze 
P500 ms) = .63].

From the posterior probability for mindless reading 
(Fig. 6C + D) we predicted error detection in the error sen- 
tence: We predicted mindless reading when the posterior 
probability for mindless reading exceeded a critical thresh- 
old, and predicted mindful reading when the posterior 
probability fell below the critical threshold. We used dif- 
ferent prediction thresholds, correspond ing to different 
prior expectations for the occurrence of mindless reading,
to predict different levels of decoupling. Predictions were 
successful and significant for a wide range of decision 
thresholds and reached up to 68.3% correct predictio ns
for deep mindless reading (see Fig. 6E). This finding dem- 
onstrates that an individual fixation duration measure d
on a specific target word in real time can be highly infor- 
mative about whether a reader’s attention is currently fo- 
cused on the text, or whether it is wandering.

Notably, given the average total reading time of 356 ms
and the average target word-error distance of 13.4 words,
we predicted overlooking of lexical errors an average of
4.8 s before they occurred in the text. This finding suggests 
that the actual accuracy with which eye movements mea- 
sure states of mindless reading should be higher than the 
current estimate of 68.3%. Moreove r, predictions were 
based on information from individual gaze durations read- 
ers made on individual target words, and predictions may 
be further improved by combinin g informat ion from sev- 
eral words in a trial and from multiple eye movement 
measures.
4. Discussion 

In the current study, we investigated episodes of mind 
wandering during reading, where cognitive processing is
decoupled from the text as external attention is reduced.
Coupled and decoupled processing are often treated as a
dichotomy. The central aim of the present work was to
introduce the levels of inattention hypothesis, which pro- 
poses graded attentional decoupling at hierarchical levels 
of cognitive processing. To measure levels of attention al
decoupling we developed the sustained attention to stim- 
ulus task (SAST), a behavioral measure for mindless read- 
ing, which is based on readers’ sensitivity for errors in
the text. We tested predictions from the levels of inatten- 
tion hypothesis and the cascade model of inattention by
performing detailed and reliable analyses of a large corpus 
of eye-movement data during mindless reading. We found 
that eye movements were decouple d from low-level and 
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Fig. 6. Predicting states of mindless reading from gaze durations on low-frequency words (panels A and C) and on high-frequency words (panels B and D).
Mindless reading is defined as overlooking a lexical error in the upcoming error sentence. Gaze durations are on long words (P10 letters) from the 14 words 
prior to the error sentence. A and B: Distributions of gaze durations (estimated densities) during mindful (solid grey line) and mindless (dashed black line)
reading. C and D: Posterior probability for mindless reading [point estimates (posterior modes) and SEM] as a function of gaze duration, estimated via 
Bayesian logistic regression with an informed intercept-prior derived from the overall probability to detect any kind of error in Exp. 2, and Cauchy priors for 
all other parameters. A to D: Log10 word frequencies per million were split at the value zero. E: Percent correctly predicted states of mindless reading (black
dots, connected by solid line), where higher prediction thresholds, P(Mindless|Gaze), correspond to deeper predicted levels of mindless reading. Random 
predictions (N = 1000) provide a statistical baseline with 95% confidence intervals (dashed grey line and light grey ribbon).
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high-level linguistic variables in a hierarchical ly graded 
fashion before errors were overlook ed. In a Bayesian anal- 
ysis, we demonstrat ed that it is possible to use eye move- 
ments to predict overlooking of errors 5 s before they 
occur, and this suggests that eye movements provide an
unobtrusive online-indic ator for mind wanderin g. Our 
findings support the levels of inattention hypothesis and 
validate the SAST as a behavioral measure of mindless 
reading.

Attentional decoupling in the SAST : As a main result, we
found that readers overlooked errors about 40% of the 
time. What factors caused readers to overlook these 
errors? First, the percentage of overlooked errors is
compatible with the estimated amount of time people 
spend mind wandering in everyday life (Kane et al.,
2007; Killingswor th & Gilbert, 2010 ), suggesting that we
were successful in creating task conditions to investigate 
mindless reading in the eye-tracking laboratory. Second,
mind wandering is known to become more frequent with 
increasing time on task (Schnitzer & Kowler, 2006;
Smallwood et al., 2007; Smallwo od & Schooler, 2006 ) and 
we replicated this finding in our data. Third, we controlled 
for skimming as an alternative explanation , and found glo- 
bal eye movement measure s to be unaffected when errors 
were overlook ed. Indeed, during mindless reading fixa-
tions were sometimes longer (cf. Reichle et al., 2010 ) and 
sometimes shorter (cf. Franklin et al., 2011 ) compared to
mindful reading depending on whether high or low fre- 
quency target words were fixated. These findings indicate 
that errors may have been overlooked during episodes of
mindless reading because cognitive processin g is decou- 
pled from the text.

We inclu ded differe nt types of err ors in the text to
measure differe nt levels of min dless rea ding. The levels of
ina ttention hyp othesis predict s that reade rs should be very
sen sitive to low -level error s and less sensi tiv e to high-le vel
err ors . This predict ion was support ed by the exper iment al
findings. Reade rs quite often overloo ked high-level error s,
like discour se err ors and gib berish text. In these cases,
hig h-lev el text pro cessing may have cease d dur ing epi sodes 
of weak mindles s rea ding. Support ing evidence for this
int erpretation comes fro m the observa tion that low-l evel
err ors , lik e lex ica l and syntactic error s, were rar ely over-
loo ked. This finding is com pat ible wit h the int erpretati on
that low -level linguisti c processes like word rec ognit ion or
syntactic parsing may be disrupt ed when low -level error s
are overloo ked, ind ica ting episode s of deep mindl ess rea d-
ing . Collectiv ely, these res ult s are compatibl e wit h the levels
of inatten tion hyp othesis. However, the alterna tive dicho t-
omy-hypot hesis can exp lai n dif ferences in sensi tiv ity be-
tween err or types by ass uming differences in the durat ions
of mind wanderi ng epi sod es. The pre sent eye movement
analy ses help disti nguis hin g between these expla nations.

Decoupling of eye movements : To investigate more 
closely how text processing changes when errors are 
overlooked, we performed local eye movement analyses.
During mindful reading, readers slowed down to integrate 
words toward the end of phrases and sentences.
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Int erest ing ly, this wra p-up effe ct was abs ent befo re erro rs
wer e over loo ked. This finding sug gest s tha t dur ing mind less 
rea ding rea ders over loo ked err ors in the tex t becau se the y
did not inte gra te words to cons tru ct sen ten ce meani ng
and to com preh end the tex t. Mor eove r, dur ing min dfu l
rea ding fixation dur atio ns wer e modu late d by var iab les 
wor d len gth and freq uenc y, whi ch con stit ute empiri cal 
marker s for wor d rec ogni tion proc esse s. In cont rast , bef ore 
ove rlook ing of erro rs (Exp. 2) thes e eff ects wer e clea rly 
red uced (Figs . 3–5), and some time s com plet ely abs ent 
(Fig. 6). Thi s finding sug ges ts tha t err ors wer e over loo ked 
dur ing dee p mind les s rea ding beca use proc esses of wor d
rec ogni tion were inc ompl ete. Imp orta ntly , mind les s readi ng
aff ected eye mov eme nts on up to 20 wor ds pre cedin g an er- 
ror sen ten ce (Figs . 4 and 5). Thus , ove rlook ing of erro rs did 
not occ ur beca use tex t pro ces sing was loc ally redu ced when 
rea ding a sin gle sen tenc e or word. Ins tead , rea ders ’ min ds
wer e drif ting off tas k over an ext end ed per iod of tim e prio r
to enco unte ring an erro r. In sum, the pres ent finding s sug -
ges t that over loo kin g error s in the SAS T indi cat es epi sode s
of att enti ona l dec oup ling duri ng min dles s rea din g, wher e
err ors are ove rlook ed becau se tex t proc essi ng is red uced .

While the present results suggest that overlook ing er- 
rors in the SAST indicates episodes of mindless reading,
there may be other specific factors that also contribute to
overlooking of errors. Some of these may result from an ab- 
sent mind; for example, monitoring of text comprehens ion 
(Palincsar & Brown, 1984; Smallwood et al., 2007 ) or mem- 
ory for task instructions (McVay & Kane, 2009 ) may be re- 
duced during mindless reading, and may cause readers to
overlook errors in the text. Moreover, factors unrelated to
mind wandering may lead to overlook ing of errors, and 
may inflate our estimate s for the occurrence of mind wan- 
dering. Also, decoupling of eye movements from the text 
may partially result from differences in reading ability or
strategy between subjects. It should be noted, however,
that we controlle d for such effects in the LMM analyses.
Importantly, the present eye movement results demon- 
strate that overlook ing an error was preceded by a period 
of reduced cognitive text processing, indicating an episode 
of attentional decoupling.

Hypotheses on the nature of attentional decoupling : We
derived several predictions from hypotheses of attentional 
decoupling (Fig. 1) and tested these by analyzing eye- 
movement data. Critically, the levels of inattention hypoth- 
esis predicts states of weak attention al decoupling, where 
high-level processes are decouple d from the external envi- 
ronment, but low-level processes are still intact. We found 
eye-movem ent evidence for weak decoupling in Exp. 1.
Here, wrap-up effects, as a measure for high-level integra- 
tion processes, were reduced when errors were over- 
looked, but low-level lexical processes (i.e., the frequenc y
� length interaction) remained unaffected. Deep mindless 
reading, to the contrary, was observed in Exp. 2, when 
readers had already spent much time in the lab reading 
boring texts. Here, not only high-level wrap-up, but even 
low-level lexical effects were reduced before errors were 
overlooked. As predicted by the cascade model of inatten- 
tion (Smallwood, 2011; Smallwood et al., 2007 ), the conse- 
quences of the low-level decoupling in Exp. 2 may have 
cascaded into the cognitive system to impair higher-level 
wrap-up processin g. These results demonst rate that 
graded states of weak (Exp. 1) and deep (Exp. 2) attention al
decoupling can be distingui shed. This finding is incompa t-
ible with a dichotomous view on attention al decoupling 
and provides support for the levels of inattention 
hypothesis.

A central predictio n from the levels of inattention 
hypothesis is that overlooking different types of errors re- 
flects different levels of attention al decoupling. The eye- 
movement data lend support to this predictio n. When 
low-level (lexical) errors were overlooked, eye movements 
were decoupled from low-level (lexical) variables, and – as
predicted by the cascade model of inattention (Smallwo od,
2011; Smallwood et al., 2007 ) – also high-leve l (wrap-up)
influences were reduced (Fig. 5). When high-level errors 
(discourse errors and gibberish text) were overlook ed,
however, then decoupling was present only for high-level 
integration processes (reduced wrap-up effect), but low- 
level lexical processing was barely affected. These eye 
movement results suggest that overlooking of low-leve l
errors may indicate states of deep attentional decoupling,
whereas overlooking high-leve l errors may indicate states 
of weak decoupling. These findings support the levels of
inattention hypothesis and the cascade model of inatten- 
tion, but are incompa tible with the dichotomy-hy pothesis.

As noted above, the dichotomy-hy pothesis of mind 
wandering may explain differences in sensitivity between 
error types by assuming variable durations rather than var- 
iable degrees of attentional decoupling. For example, task 
focus during the reading of a single pseudo-word is
sufficient to detect the lexical error, and the error can be de- 
tected even if attention switches quickly between mindless 
and mindful reading. Thus, overlooking low-level errors 
may reflect short-lived episodes of decoupling. To the con- 
trary, to detect high-level discourse errors, attention must 
be devoted to the text during reading of at least two adja- 
cent sentences, and overlook ing high-level errors may thus 
indicate longer episodes of decoupling. These predictions 
from the dichotomy-hyp othesis were not supported by
the present eye movement results: fixation duration s were 
decoupled from cognitive processing up to 20 words before 
encounterin g an error sentence, and this interval was sim- 
ilar (or even longer) for low-level errors (see Fig. 5). The eye 
movement findings therefore suggest that overlook ing 
low-level errors was not only associated with deeper 
decoupling, but potentially also with longer episodes of
attentional decoupling compared to high-leve l errors. Both 
of these findings are incompatible with the dichotomous 
view of attention al decoupling, and are consistent with 
the levels of inattention hypothes is.
5. Conclusions 

Cognitive science has generated theoretical models that 
describe different aspects of reading (Engbert et al., 2005;
Graesser et al., 2002; Reichle et al., 2009; Staub, 2011 )
and cognition in general (Cohen, 2000; Craik & Lockhart,
1972; Gazzaniga, 2009 ) as hierarchicall y organized pro- 
cesses, where informat ion is represented and processed 
at various lower and higher levels. A long research 
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tradition has investiga ted how attention affects processing 
at such early and late levels (Broadbent, 1958; Deutsch &
Deutsch, 1963; Driver, 2001 ), and the field seems to agree 
on a continuously graded rather than a dichotomous view 
of attentional selection (Chun et al., 2011; Mangun &
Hillyard, 1995; Treisman, 1960 ). Here, we investiga ted 
how cognitive processing at different levels becomes 
decoupled from external information when the mind wan- 
ders away from an external reading task. Our results indi- 
cate that attention al processes during reading may be of a
hierarchicall y graded nature. Low-level processes turned 
out to be quite robust against lapses in external attention 
and seemed to fail only when the mind was deeply absent 
from the current task. High-level text integration pro- 
cesses, to the contrary, seemed to be far more fragile and 
drifted off the reading task with high frequency. This result 
supports hierarchical models of reading and cognition. The 
levels of inattention hypothesis together with the cascade 
model of inattention provide a framework to understa nd
and describe graded attention al decoupling at such differ- 
ent levels. Importantly, our findings suggest that the level 
of inattention may strongly vary between experime nts,
between experimental conditions, or measures of mind 
wandering, and what level of inattention is assessed in a
specific study may strongly influence experimental results.
Therefore, to understa nd and avoid potential inconsisten- 
cies, we suggest that it may be helpful to explicitly mea- 
sure the depth or degree of decoupling in future studies.

Questions for future research : Our findings raise a new,
important and open theoretical question: What factors 
cause decoupling at a specific weak or deep level? Based 
on previous theorizin g, we speculate about possible 
causes. First, executive control processes may fail (McVay
& Kane, 2009, 2010 ) to varying degrees and controlled 
high-level processes may be reduced more readily than 
more automatic low-level processes (Shiffrin & Schneider,
1977). Second, one question is how stimulus independen t
thought (SIT) is related to the graded levels of attention al
decoupling. One possibility is that similar to attentional 
decoupling, SITs are graded in nature. Another is that SIT 
emerge only at a particularly deep level of decoupling.
Third, the adaptive gain theory of norepine phrine function 
(Aston-Jones , Rajkowski, & Cohen, 1999 ) has been pro- 
posed as a neurophysiol ogical basis for mind wandering 
(Smallwood et al., 2011, 2012 ), and different levels of inat- 
tention may result from different degrees of drowsines s
and inactivity (‘‘off’’ state of low locus coeruleus [LC] activ- 
ity) versus increased vigilance and labile attention (‘‘tonic’’
mode with high baseline LC activity). Fourth, people may 
become aware of their wandering mind (Schooler, 2002;
Schooler et al., 2011 ) more easily when their cognitive pro- 
cessing is deeply decouple d from the external environment 
(as opposed to when it is only weakly decoupled), and they 
may therefore direct their minds back on task more often.

Another important question for future research con- 
cerns the relation of behavioral measures of attention al
decoupling (like the SAST) to more subjective aspects of
mind wandering. For example, our findings may trigger re- 
search to vigorous ly test the view that SIT is a dichotomous 
(versus graded) process, and to learn about how graded 
decoupling is related to (graded or dichotom ous) aspects 
of SIT. Likewise, in self-report studies of mind wandering 
it is possible to assess whether participants are meta- 
aware about their mind wandering (Schooler, 2002;
Schooler et al., 2011 ). In fact, a recent fMRI study (Christoff
et al., 2009 ) found that deeper levels of mind wandering 
[measured as increased activity in the default network 
and in the executive system (also see Christoff, 2012 )]
may be associated with lack of meta-awar eness, and this 
suggests that our paradigm may have the potential to cap- 
ture subjective awareness of mindless reading in an objec- 
tive behavioral measure.

Predicting mindless reading from eye movements : As a no- 
vel contribution, we demonstrated that gaze durations pre- 
dicted overlooking of lexical errors 5 s before the error 
occurred in the text. Thus, recordings of individual eye 
movements can predict in real time whether a reader is
currently in a state of mindless reading at the level of an
individual trial. Such a measure may prove highly useful 
in diverse applicati ons. Objective measures are useful to
investigate mindlessne ss in populations unable to report 
about their wandering mind, like children or psychiatr ic
patient groups. They could potentially be used to identify 
and overcome mind wanderin g in educational or profes- 
sional settings. They could serve to diagnose individual dif- 
ferences in mind wandering, to objectively evaluate the 
quality of different texts, or to detect mindlessne ss in cog- 
nitive experiments or crucial real-world tasks like driving 
(D’Orazio, Leo, Guaragnella, & Distante, 2007 ) or closed- 
circuit television (CCTV) monitoring. In research on read- 
ing, detecting mindlessness online allows to apply sophis- 
ticated eye tracking techniqu es, like gaze-con tingent 
display changes (McConkie & Rayner, 1975; Rayner,
1975, 1998 ), during mindless reading to investigate in de- 
tail how text processing changes when readers’ minds are 
off task. Finally, objective measures are highly valuable 
tools for studying mind wandering – when investiga ting 
factors influencing the propensi ty to mind wandering 
(Sayette, Reichle, & Schooler, 2009; Sayette, Schooler, &
Reichle, 2010 ), the consequences of off-task thought 
(Killingswor th & Gilbert, 2010; Smallwo od, McSpadden, &
Schooler, 2007 ), the neural structures (Buckner et al.,
2008; Christoff et al., 2009; Mason et al., 2007 ) and cogni- 
tive processes (Levinson et al., 2012; McVay & Kane, 2010;
Smallwood, 2010b; Smallwood & Schooler, 2006 ) that ini- 
tiate, terminat e, and support mind wanderin g and the 
default mode.

Acknowled gements 

We thank Simon P. Liversedge, Shravan Vasishth , and 
Milena Rabovsky for valuable discussions and Frank Rösler
and Jochen Laubrock for comments on the manuscript. We
also thank Petra Schienmann, Sandra Beyermann, Linda 
Weiß, Max Geisthardt, and Eva Hasselmann for support 
during preparation of the text material, data collection,
and data preprocessing. We are thankful to Jonathan 
Smallwood, Erik Reichle and one anonymous reviewer for 
their helpful comments. This work was supported by Deut- 
sche Forschungsg emeinschaft (grants no. EN 471/2 and 
FOR 868, Research Unit ‘‘Computationa l Modeling of
Behavioral, Cognitive, and Neural Dynamics’’).



192 D.J. Schad et al. / Cognition 125 (2012) 179–194
Appendix A. Supplementar y data 

Supplement ary data associated with this article can be
found, in the online version, at http://dx .doi.org/10.1016/ 
j.cognition.20 12.07.004 .
References

Aston-Jones, G., Rajkowski, J., & Cohen, J. (1999). Role of locus coeruleus in
attention and behavioral flexibility. Biological Psychiatry, 46(9),
1309–1320.

Baayen, R. H., Davidson, D. J., & Bates, D. M. (2008). Mixed-effects 
modeling with crossed random effects for subjects and items. Journal
of Memory and Language, 59(4), 390–412.

Barron, E., Riby, L. M., Greer, J., & Smallwood, J. (2011). Absorbed in
thought: The effect of mind wandering on the processing of relevant 
and irrelevant events. Psychological Science, 22(5), 596–601.

Bellgrove, M. A., Hawi, Z., Gill, M., & Robertson, I. H. (2006). The cognitive 
genetics of attention deficit hyperactivity disorder (ADHD): Sustained 
attention as a candidate phenotype. Cortex, 42(6), 838–845.

Broadbent, D. E. (1958). Perception and communication . Oxford: Oxford 
University Press.

Buckner, R. L., Andrews-Hanna, J. R., & Schacter, D. L. (2008). The brain’s 
default network: Anatomy, function, and relevance to disease. Annals
of the New York Academy of Sciences, 1124 , 1–38.

Cheyne, J. A., Carriere, J. S., Solman, G. J., & Smilek, D. (2011). Challenge 
and error: Critical events and attention-related errors. Cognition,
121(3), 437–446.

Cheyne, J. A., Solman, G. J. F., Carriere, J. S. A., & Smilek, D. (2009). Anatomy
of an error: A bidirectional state model of task engagement/
disengagement and attention-related errors. Cognition, 111(1), 98–113.

Christoff, K. (2012). Undirected thought: Neural determinants and 
correlates. Brain Research, 1428 , 51–59.

Christoff, K., Gordon, A. M., Smallwood, J., Smith, R., & Schooler, J. W.
(2009). Experience sampling during fMRI reveals default network and 
executive system contributions to mind wandering. Proceedings of the 
National Academy of Sciences of the United States of America, 106 (21),
8719–8724.

Chun, M. M., Golomb, J. D., & Turk-Browne, N. B. (2011). A taxonomy of
external and internal attention. Annual Review of Psychology, 62,
73–101.

Cohen, G. (2000). Hierarchical models in cognition: Do they have 
psychological reality? European Journal of Cognitive Psychology,
12(1), 1–36.

Craik, F. I. M., & Lockhart, R. S. (1972). Levels of processing: A framework 
for memory research. Journal of Verbal Learning and Verbal Behavior,
11(6), 671–684.

D’Orazio, T., Leo, M., Guaragnella, C., & Distante, A. (2007). A visual 
approach for driver inattention detection. Pattern Recognition, 40(8),
2341–2355.

Deutsch, J. A., & Deutsch, D. (1963). Attention – Some theoretical 
considerations. Psychological Review, 70(1), 80–90.

Driver, J. (2001). A selective review of selective attention research 
from the past century. British Journal of Psychology, 92(Part 1),
53–78.

Engbert, R., Nuthmann, A., Richter, E. M., & Kliegl, R. (2005). SWIFT: A
dynamical model of saccade generation during reading. Psychological
Review, 112 (4), 777–813.

Ferreira, F., Bailey, K. G. D., & Ferraro, V. (2002). Good-enough 
representations in language comprehension. Current Directions in
Psychological Science, 11(1), 11–15.

Fox, M. D., Snyder, A. Z., Vincent, J. L., Corbetta, M., Van Essen, D. C., &
Raichle, M. E. (2005). The human brain is intrinsically organized into 
dynamic, anticorrelated functional networks. Proceedings of the 
National Academy of Sciences of the United States of America, 102 (27),
9673–9678.

Franklin, M. S., Smallwood, J., & Schooler, J. W. (2011). Catching the mind 
in flight: Using behavioral indices to detect mindless reading in real 
time. Psychonomic Bulletin & Review, 18(5), 992–997.

Gazzaniga, M. S. (Ed.). (2009). The cognitive neurosciences (4th ed.. MIT 
Press.

Gelman, A., Jakulin, A., Pittau, M. G., & Su, Y.-S. (2008). A weakly 
informative default prior distribution for logistic and other regression 
models. The Annals of Applied Statistics, 2(4), 1360–1383.

Giambra, L. M. (1995). A laboratory method for investigating influences
on switching attention to task-unrelated imagery and thought.
Consciousness and Cognition, 4(1), 1–21.
Graesser, A. C., Olde, B., & Klettke, B. (2002). How does the mind construct 
and represent stories? In M. C. Green, J. J. Strange, & T. C. Brock (Eds.),
Narrative impact: Social and cognitive foundations (pp. 229–262).
Mahwah, NJ: Erlbaum.

Inhoff, A. W., & Rayner, K. (1986). Parafoveal word-processing during eye 
fixations in reading – Effects of word-frequency. Perception &
Psychophysics, 40(6), 431–439.

Johnson, K. A., Kelly, S. P., Bellgrove, M. A., Barry, E., Cox, M., Gill, M., et al.
(2007). Response variability in attention deficit hyperactivity 
disorder: Evidence for neuropsychological heterogeneity. Neuro-
psychologia, 45(4), 630–638.

Just, M. A., & Carpenter, P. A. (1980). A theory of reading – From eye 
fixations to comprehension. Psychological Review, 87(4), 329–354.

Kam, J. W., Dao, E., Farley, J., Fitzpatrick, K., Smallwood, J., Schooler, J. W.,
et al. (2011). Slow fluctuations in attentional control of sensory 
cortex. Journal of Cognitive Neuroscience, 23(2), 460–470.

Kane, M. J., Brown, L. H., McVay, J. C., Silvia, P. J., Myin-Germeys, I., &
Kwapil, T. R. (2007). For whom the mind wanders, and when – An
experience-sampling study of working memory and executive control 
in daily life. Psychological Science, 18(7), 614–621.

Killingsworth, M. A., & Gilbert, D. T. (2010). A wandering mind is an
unhappy mind. Science, 330 (6006), 932.

Kintsch, W. (1998). Comprehension: A paradigm for cognition . New York:
Cambridge University Press.

Kliegl, R., Masson, M. E. J., & Richter, E. M. (2010). A linear mixed model 
analysis of masked repetition priming. Visual Cognition, 18(5),
655–681.

Kliegl, R., Nuthmann, A., & Engbert, R. (2006). Tracking the mind during reading:
The influence of past, present, and future words on fixation durations.
Journal of Experimental Psychology-General, 135(1), 12–35.

Kliegl, R., Ping, W., Dambacher, M., Yan, M., & Zhou, X. (2011).
Experimental effects and individual differences in linear mixed 
models: Estimating the relation of spatial, object, and attraction 
effects in visual attention. Frontiers in Psychology, 2, 12.

Lavie, N. (2005). Distracted and confused? Selective attention under load.
Trends in Cognitive Sciences, 9(2), 75–82.

Levinson, D. B., Smallwood, J., & Davidson, R. J. (2012). The persistence 
of thought: Evidence for a role of working memory in the 
maintenance of task-unrelated thinking. Psychological Science,
23(4), 375–380.

Liversedge, S. P., Gilchrist, I. D., & Everling, S. (Eds.). (2011). Oxford
handbook of eye movements . Oxford, UK: Oxford University Press.

Malmkjaer, K. (Ed.). (2002). The linguistics encyclopedia (2nd ed.. London:
Routledge.

Mangun, G. R., & Hillyard, S. A. (1995). Mechanisms and models of
selective attention. In M. D. Rugg & M. G. H. Coles (Eds.),
Electrophysiology of mind: Event-related brain potentials and cognition 
(pp. 40–85). New York, NY: Oxford University Press.

Manly, T., Robertson, I. H., Galloway, M., & Hawkins, K. (1999). The absent 
mind: Further investigations of sustained attention to response.
Neuropsychologia, 37(6), 661–670.

Mason, M. F., Norton, M. I., Van Horn, J. D., Wegner, D. M., Grafton, S. T., &
Macrae, C. N. (2007). Wandering minds: The default network and 
stimulus-independent thought. Science, 315 (5810), 393–395.

McConkie, G. W., & Rayner, K. (1975). Span of effective stimulus during a
fixation in reading. Perception & Psychophysics, 17(6), 578–586.

McVay, J. C., & Kane, M. J. (2009). Conducting the train of thought:
Working memory capacity, goal neglect, and mind wandering in an
executive-control task. Journal of Experimental Psychology-Learning 
Memory and Cognition, 35(1), 196–204.

McVay, J. C., & Kane, M. J. (2010). Does mind wandering reflect
executive function or executive failure? Comment on Smallwood 
and Schooler (2006) and Watkins (2008). Psychological Bulletin,
136(2), 188–197.

McVay, J. C., & Kane, M. J. (2012a). Drifting from slow to ‘‘d’oh!’’: Working 
memory capacity and mind wandering predict extreme reaction 
times and executive control errors. Journal of Experimental Psychology- 
Learning Memory and Cognition, 38(3), 525–549.

McVay, J. C., & Kane, M. J. (2012b). Why does working memory capacity 
predict variation in reading comprehension? On the influence of mind 
wandering and executive attention. Journal of Experimental 
Psychology-General, 141 (2), 302–320.

McVay, J. C., Kane, M. J., & Kwapil, T. R. (2009). Tracking the train of
thought from the laboratory into everyday life: An experience- 
sampling study of mind wandering across controlled and ecological 
contexts. Psychonomic Bulletin & Review, 16(5), 857–863.

Molenberghs, P., Gillebert, C. R., Schoofs, H., Dupont, P., Peeters, R., &
Vandenberghe, R. (2009). Lesion neuroanatomy of the Sustained 
Attention to Response task. Neuropsychologia, 47(13), 2866–2875.

http://dx.doi.org/10.1016/j.cognition.2012.07.004
http://dx.doi.org/10.1016/j.cognition.2012.07.004


D.J. Schad et al. / Cognition 125 (2012) 179–194 193
Nisbett, R. E., & Wilson, T. D. (1977). Telling more than we can know –
Verbal reports on mental processes. Psychological Review, 84(3),
231–259.

Nuthmann, A., & Engbert, R. (2009). Mindless reading revisited: An
analysis based on the SWIFT model of eye-movement control. Vision
Research, 49(3), 322–336.

Nuthmann, A., Engbert, R., & Kliegl, R. (2007). The IOVP effect in mindless 
reading: Experiment and modeling. Vision Research, 47(7), 990–1002.

O’Connell, R. G., Dockree, P. M., Robertson, I. H., Bellgrove, M. A., Foxe, J. J.,
& Kelly, S. P. (2009). Uncovering the neural signature of lapsing 
attention: Electrophysiological signals predict errors up to 20 s before 
they occur. Journal of Neuroscience, 29(26), 8604–8611.

Palincsar, A. S., & Brown, A. L. (1984). Reciprocal teaching of
comprehension-fostering and comprehension-monitoring activities.
Cognition & Instruction, 1, 117–175.

Pinheiro, J., & Bates, D. (2000). Mixed-Effects Models in S and S-PLUS . New 
York: Springer.

Rabovsky, M., Alvarez, C. J., Hohlfeld, A., & Sommer, W. (2008). Is lexical 
access autonomous? Evidence from combining overlapping tasks 
with recording event-related brain potentials. Brain Research, 1222 ,
156–165.

Rayner, K. (1975). Perceptual span and peripheral cues in reading.
Cognitive Psychology, 7(1), 65–81.

Rayner, K. (1998). Eye movements in reading and information processing:
20 years of research. Psychological Bulletin, 124 (3), 372–422.

Rayner, K. (2009). Eye movements and attention in reading, scene 
perception, and visual search. Quarterly Journal of Experimental 
Psychology, 62(8), 1457–1506.

Rayner, K., & Duffy, S. A. (1986). Lexical complexity and fixation times in
reading – Effects of word-frequency, verb complexity, and lexical 
ambiguity. Memory & Cognition, 14(3), 191–201.

Rayner, K., & Fischer, M. H. (1996). Mindless reading revisited: Eye 
movements during reading and scanning are different. Perception &
Psychophysics, 58(5), 734–747.

Rayner, K., & Raney, G. E. (1996). Eye movement control in reading and 
visual search: Effects of word frequency. Psychonomic Bulletin &
Review, 3(2), 245–248.

Reichle, E. D., Reineberg, A. E., & Schooler, J. W. (2010). Eye movements 
during mindless reading. Psychological Science, 21(9), 1300–1310.

Reichle, E. D., Warren, T., & McConnell, K. (2009). Using E-Z Reader to
model the effects of higher level language processing on eye 
movements during reading. Psychonomic Bulletin & Review, 16(1),
1–21.

Riby, L. M., Smallwood, J., & Gunn, V. P. (2008). Mind wandering and 
retrieval from episodic memory: A pilot event-related potential study.
Psychological Reports, 102 (3), 805–818.

Robertson, I. H., Manly, T., Andrade, J., Baddeley, B. T., & Yiend, J. (1997).
‘Oops!’: Performance correlates of everyday attentional failures in
traumatic brain injured and normal subjects. Neuropsychologia, 35(6),
747–758.

Sayette, M. A., Reichle, E. D., & Schooler, J. W. (2009). Lost in the sauce:
The effects of alcohol on mind wandering. Psychological Science, 20(6),
747–752.

Sayette, M. A., Schooler, J. W., & Reichle, E. D. (2010). Out for a smoke: The 
impact of cigarette craving on zoning out during reading.
Psychological Science, 21(1), 26–30.

Schad, D. J., & Engbert, R. (2012). The zoom lens of attention: Simulating 
shuffled versus normal text reading using the SWIFT model. Visual
Cognition 20(4–5, Special Issue on Computational Approaches to
Reading and Scene Perception), 391.

Schad, D. J., Nuthmann, A., & Engbert, R. (2010). Eye movements 
during reading of randomly shuffled text. Vision Research, 50(23),
2600–2616.

Schnitzer, B. S., & Kowler, E. (2006). Eye movements during multiple 
readings of the same text. Vision Research, 46(10), 1611–1632.

Schooler, J. W. (2002). Re-representing consciousness: Dissociations 
between experience and meta-consciousness. Trends in Cognitive 
Sciences, 6(8), 339–344.

Schooler, J. W., Reichle, E. D., & Halpern, D. V. (2004). Zoning out while 
reading: Evidence for dissociations between experience and 
metaconsciousness. In D. T. Levin (Ed.), Thinking and seeing: Visual 
metacognition in adults and children (pp. 203–226). Cambridge, MA:
MIT Press.

Schooler, J. W., Smallwood, J., Christoff, K., Handy, T. C., Reichle, E. D., &
Sayette, M. A. (2011). Meta-awareness, perceptual decoupling and the 
wandering mind. Trends in Cognitive Sciences, 15(7), 319–326.

Seli, P., Cheyne, J. A., Barton, K. R., & Smilek, D. (2012). Consistency of
sustained attention across modalities: Comparing visual and auditory 
versions of the SART. Canadian Journal of Experimental Psychology/ 
Revue canadienne de psychologie experimentale, 66(1), 44–50.

Seli, P., Cheyne, J. A., & Smilek, D. (2012). Attention failures versus 
misplaced diligence: Separating attention lapses from speed-accuracy 
trade-offs. Consciousness and Cognition, 21(1), 277–291.

Shiffrin, R. M., & Schneider, W. (1977). Controlled and automatic 
human information-processing. 2. Perceptual learning, automatic 
attending, and a general theory. Psychological Review, 84(2),
127–190.

Smallwood, J. (2010a). The footprints of a wandering mind: Further 
examination of the time course of an attentional lapse. Cognitive
Neuroscience, 2(2), 91–97.

Smallwood, J. (2010b). Why the global availability of mind wandering 
necessitates resource competition: Reply to McVay and Kane (2010).
Psychological Bulletin, 136 (2), 202–207.

Smallwood, J. (2011). Mind-wandering while reading: Attentional 
decoupling, mindless reading and the cascade model of inattention.
Language and Linguistics Compass, 5(2), 63–77.

Smallwood, J. (in press). Distinguishing how from why the mind wanders 
- A process-occurrence framework for self-generated mental activity.
Psychological Bulletin.

Smallwood, J., Baracaia, S. F., Lowe, M., & Obonsawin, M. (2003). Task 
unrelated thought whilst encoding information. Consciousness and 
Cognition, 12(3), 452–484.

Smallwood, J., Beach, E., Schooler, J. W., & Handy, T. C. (2008). Going 
AWOL in the brain: Mind wandering reduces cortical analysis of
external events. Journal of Cognitive Neuroscience, 20(3), 458–469.

Smallwood, J., Brown, K. S., Baird, B., Mrazek, M. D., Franklin, M. S., &
Schooler, J. W. (2012). Insulation for daydreams: A role for tonic 
norepinephrine in the facilitation of internally guided thought. Plos
One, 7(4), e33706.

Smallwood, J., Brown, K. S., Tipper, C., Giesbrecht, B., Franklin, M. S.,
Mrazek, M. D., et al. (2011). Pupillometric evidence for the decoupling 
of attention from perceptual input during offline thought. Plos One,
6(3).

Smallwood, J., Davies, J. B., Heim, D., Finnigan, F., Sudberry, M., O’Connor,
R., et al. (2004). Subjective experience and the attentional lapse: Task 
engagement and disengagement during sustained attention.
Consciousness and Cognition, 13(4), 657–690.

Smallwood, J., Fishman, D. J., & Schooler, J. W. (2007). Counting the cost of
an absent mind: Mind wandering as an underrecognized influence on
educational performance. Psychonomic Bulletin & Review, 14(2),
230–236.

Smallwood, J., McSpadden, M., Luus, B., & Schooler, J. (2008). Segmenting 
the stream of consciousness: The psychological correlates of temporal 
structures in the time series data of a continuous performance task.
Brain and Cognition, 66(1), 50–56.

Smallwood, J., McSpadden, M., & Schooler, J. W. (2007). The lights are on
but no one’s home: Meta-awareness and the decoupling of attention 
when the mind wanders. Psychonomic Bulletin & Review, 14(3),
527–533.

Smallwood, J., McSpadden, M., & Schooler, J. W. (2008). When attention 
matters: The curious incident of the wandering mind. Memory &
Cognition, 36(6), 1144–1150.

Smallwood, J., Riby, L., Heim, D., & Davies, J. B. (2006). Encoding during the 
attentional lapse: Accuracy of encoding during the semantic 
sustained attention to response task. Consciousness and Cognition,
15(1), 218–231.

Smallwood, J., & Schooler, J. W. (2006). The restless mind. Psychological
Bulletin, 132 (6), 946–958.

Smilek, D., Carriere, J. S. A., & Cheyne, J. A. (2010a). Failures of sustained 
attention in life, lab, and brain: Ecological validity of the SART.
Neuropsychologia, 48(9), 2564–2570.

Smilek, D., Carriere, J. S. A., & Cheyne, J. A. (2010b). Out of mind, out of
sight: Eye blinking as indicator and embodiment of mind wandering.
Psychological Science, 21(6), 786–789.

Staub, A. (2011). Word recognition and syntactic attachment in reading:
Evidence for a staged architecture. Journal of Experimental Psychology:
General, 140 (3), 407–433.

Stawarczyk, D., Majerus, S., Maquet, P., & D’Argembeau, A. (2011). Neural 
correlates of ongoing conscious experience: Both task-unrelatedness 
and stimulus-independence are related to default network activity.
Plos One, 6(2), e16997.

Treisman, A. M. (1960). Contextual cues in selective listening. Quarterly
Journal of Experimental Psychology, 12(4), 242–248.

Uzzaman, S., & Joordens, S. (2011). The eyes know what you are thinking:
Eye movements as an objective measure of mind wandering.
Consciousness and Cognition, 20(4), 1882–1886.



194 D.J. Schad et al. / Cognition 125 (2012) 179–194
Venables, W. N., & Ripley, B. D. (2002). Modern applied statistics with S (4th
ed.). New York: Springer.

Vitu, F., O’Regan, J. K., Inhoff, A. W., & Topolski, R. (1995). Mindless reading –
Eye-movement characteristics are similar in scanning letter strings and
reading texts. Perception & Psychophysics, 57(3), 352–364.

Wagenmakers, E. J., Wetzels, R., Borsboom, D., & van der Maas, H. L.
(2011). Why psychologists must change the way they analyze their 
data: The case of psi: Comment on Bem (2011). Journal of Personality 
and Social Psychology, 100 (3), 426–432.

Warren, T., White, S. J., & Reichle, E. D. (2009). Investigating the causes of
wrap-up effects: Evidence from eye movements and E-Z Reader.
Cognition, 111(1), 132–137.
Weissman, D. H., Roberts, K. C., Visscher, K. M., & Woldorff, M. G. (2006).
The neural bases of momentary lapses in attention. Nature
Neuroscience, 9(7), 971–978.

Wickens, T. D. (2002). Elementary signal detection theory . New York:
Oxford University Press.

Wotschack, C., & Kliegl, R. (2011). Reading strategy modulates parafoveal- 
on-foveal effects in sentence reading. The Quarterly Journal of
Experimental Psychology .

Wright, D. B., Horry, R., & Skagerberg, E. M. (2009). Functions for 
traditional and multilevel approaches to signal detection theory.
Behavior Research Methods, 41(2), 257–267.


	Your mind wanders weakly, your mind wanders deeply: Objective measures reveal mindless reading at different levels
	1 Introduction
	1.1 Present experiment

	2 Materials and methods
	2.1 Participants and materials
	2.2 Apparatus
	2.3 Design and errors in the text
	2.4 Procedure
	2.5 Data processing and analysis
	2.6 Data selection

	3 Results
	3.1 Error detection
	3.2 Analyses of eye-movements
	3.3 Predicting mindless reading from eye movements

	4 Discussion
	5 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	References


