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ABSTRACT

There is an ongoing controversy over whether readers can access the meaning of multiple words, simultaneously.
To date, different experimental methods have generated seemingly contradictory evidence in support of serial or
parallel processing accounts. For example, dual-task studies suggest that readers can process a maximum of one
word at a time (White, Palmer & Boynton, 2018), while ERP studies have demonstrated neural priming effects
that are more consistent with parallel activation (Wen, Snell & Grainger, 2019). To help reconcile these views, I
measured neural responses and behavioral accuracy in a dual-task sentence comprehension paradigm. Partici-
pants saw masked sentences and two-word phrases and had to judge whether or not they were grammatical.
Grammatically correct sentences (This girl is neat) produced smaller N400 responses compared to scrambled
sentences (Those girl is fled): an N400 sentence superiority effect. Critically, participants’ grammaticality judge-
ments on the same trials showed striking capacity limitations, with dual-task deficits closely matching the
predictions of a serial, all-or-none processing account. Together, these findings suggest that the N400 sentence
superiority effect is fully compatible with serial word recognition, and that readers are unable to process multiple

sentence positions simultaneously.

1. Introduction

To a novice reader, a page of text may appear as a cluttered and
meaningless visual scene. Only by applying selective spatial attention
can comprehenders extract the meanings of individual words and sen-
tences. While reader’s eye-movements through a text are serial — with
only one word fixated at a time - it is unclear whether similar processing
constraints apply within the visual word recognition system. Specif-
ically, it is unclear if word recognition also occurs serially, or if all words
surrounding fixation are processed in parallel, without competing for
attentional resources. In this study, I tested these competing accounts by
examining the attentional capacity limits of the visual word recognition
system (Duncan, 1980).

1.1. Evidence for serial procession

When viewing crowed arrays, certain visual features are thought to
be processed in parallel, with apparently unlimited capacity (Treisman,
1986; Treisman & Gelade, 1980). For example, objects with a unique
color “pop-out” from the visual field, allowing them to be detected

quickly regardless of the number of surrounding distractors (see Fig. 1).
In contrast, searching for words in cluttered arrays is remarkably inef-
ficient, with additional distractor words producing a linear increase in
search times (50-150 ms per item, Flowers & Lohr, 1985; Karlin &
Bower, 1976; Harris, Pashler, & Coburn, 2004). These dissociations have
led some researchers to conclude that “word search never suggests
parallel processing” (Duncan, 1987), and that “it is not possible to read
two messages in two parts of the [visual] field at the same time” (Wolfe,
1994).

Further evidence of capacity limits in visual word recognition comes
from dual-task paradigms (Harris et al., 2004; Reichle, Vanyukov,
Laurent, & Warren, 2008; Scharff, Palmer, & Moore, 2011; White,
Palmer, Boynton, & Yeatman, 2019). For example, in a recent study
(White, Palmer, & Boynton, 2018) two masked words were presented
briefly to the left and right of fixation as participants monitored for a
specific semantic category (e.g. occupations). Across blocks, participants
were told to attend either to a single word (single-task condition) or to
both words simultaneously (dual-task condition). Recognition accuracy
was severely impaired in the dual-task condition, and the magnitude of
this dual-task deficit was consistent with “all-or-none” processing of a
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Fig. 1. A comparison of efficient visual search for color information (left) and
inefficient search for lexical information (right).

single word on each trial. In contrast, when participants monitored the
same stimuli for changes in font color, participants showed minimal
dual-task deficits. These findings suggest that the low-level perceptual
features (e.g. color) are processing in parallel across the visual field,
while word recognition depends a limited-capacity, serial attention
mechanism (for similar findings, see White, Palmer, & Boynton, 2020).

1.2. Evidence for parallel processing

While these findings are consistent with serial lexical processing, this
position has not been universally adopted. For example, Snell and
Grainger (2019) have proposed that readers are actually parallel proc-
essers, based on studies using simultaneously presented, multi-word
arrays. In these experiments, participants make categorical judge-
ments about a centrally presented word, while surrounding ‘flanker
words’ were presented in close spatial proximity. When flankers are
congruent (e.g. from the same category), this improved the speed and
accuracy of behavioral responses (Snell, Meeter, & Grainger, 2017).
While word flanker effects of this kind have a long history (Bradshaw,
1974; Dallas & Merikle, 1976; Shaffer & LaBerge, 1979; Underwood,
1976, 1981; Underwood & Thwaites, 1982), it is unclear if these findings
provide direct evidence for simultaneous lexical processing. Specifically,
with longer stimulus durations or inadequate masking, readers could
process target and flanker words sequentially, which could also influence
categorization behavior (see White et al., 2018, 2020; Broadbent &
Gathercole, 1990 for similar arguments).

Snell and Grainger (2019) also cite another classic phenomenon: the
sentence superiority effect (Cattell, 1886; Juola, Ward, & McNamara,
1982) as evidence of parallel lexical processing. In these studies, words
are recognized more accurately in congruent sentence contexts (The man
can run) than in ungrammatical contexts (Run man can the) (Jordan &
Thomas, 2002; Marslen-Wilson & Tyler, 1980), and these effects occur
even when sentences are flashed simultaneously and then masked
(Asano & Yokosawa, 2011; Snell & Grainger, 2017). Most surprisingly,
in a recent event-related potential study (Wen, Snell, & Grainger, 2019),
simultaneously presented ‘intact sentences’ produced both improved
word identification and a reduction in the amplitude of the N400
response, which is thought to reflect the difficulty of lexico-semantic
retrieval (Kutas & Federmeier, 2011). Given the early time-course of
these ERP differences (300-500 ms), the authors suggested that this ef-
fect may provide an online neural marker for the “parallel processing of
word identities” (Wen et al., 2019).

To summarize, two recent studies have provided apparently con-
tradictory evidence for serial vs. parallel lexical processing, using a dual-
task paradigm (White et al., 2018) and simultaneous sentence presen-
tation (Wen et al., 2019). What might account for these discrepancies?
One possibility is that all word recognition involves a serial attentional
bottleneck, but that the sentence superiority effect is actually compat-
ible with serial recognition. As discussed above, with longer stimulus
durations (e.g. 200 ms) readers may have enough time to process mul-
tiple words sequentially before the appearance of a mask. Under this
account, the initial stages of lexical processing would occur serially, with

Cognition 225 (2022) 105153

the semantic and syntactic features of each word being stored in working
memory. Consequently, in intact contexts (The man can run) an initially
attended word (“can”) could provide syntactic constraints to prime the
recognition of subsequently attended words (“run”). If this is the case,
simultaneously presented intact sentences could produce neural and
behavioral facilitation, even within a serial processing system.

1.3. The current study

In the present study, I tested this possibility by recording behavioral
and ERP responses simultaneously in a dual-task sentence comprehen-
sion paradigm. On single-task trials, participants saw a masked, two-
word phrase (Those girl...), and were asked to judge whether or not it
was grammatical. On dual-task trials participants saw a masked 4-word
sentence (Those girl is neat), and were asked to provide two separate
grammaticality judgements, one for the first two words of the sentence,
and one for the last two words. Using ERPs, I compared brain responses
to fully grammatical (“intact”) sentences and fully ungrammatical
(“scrambled”) sentences, in an attempt to replicate the N400 sentence
superiority effect. Critically, at the same time, I compared single-task
and dual-task performance using Attention Operating Characteristics
(AOCs), to quantify the attentional capacity limits of readers during
sentence processing (Sperling & Melchner, 1978; White et al., 2018).

According to serial models, readers use spatial attention to bind
letters into a holistic lexical representation. To avoid interference, this
spotlight of attention encompasses only a single word at a time (Reichle,
Rayner, & Pollatsek, 2003), which places fundamental limits on sen-
tence processing rates. In contrast, in parallel models, readers deploy a
broad gradient of attention, and any words falling within this gradient
are processed at a fixed rate, dependent on their distance from fixation
(Engbert, Nuthmann, Richter, & Kliegl, 2005; Snell, 2018). As a conse-
quence, these two models make very different predictions regarding
how the number of simultaneously presented words will influence
identification accuracy (Reichle et al., 2008). Specifically, in a dual-task
paradigm, parallel attention models predict little to no dual-task deficit,
while serial models predict approximately a 50% reduction in
sensitivity.

To preview our results, ERP recordings showed a robust N400 sen-
tence superiority effect, consistent with the results of Wen et al. (2019).
Critically, participants’ grammaticality judgements on the same trials
showed striking capacity limitations, with dual-task deficits closely
matching the predictions of a serial, all-or-none processing model.
Considered together, these findings prompt a critical re-evaluation of
the sentence superiority effect, while also providing a difficult empirical
challenge for parallel processing models of lexical access.

2. Materials and methods
2.1. Participants

For this study I recruited 31 participants from Tufts University and
the surrounding community (13 female, mean age = 20 years). All
participants were right-handed as assessed by the Edinburgh Handed-
ness Inventory with normal or corrected-to-normal vision. They were
also all native English speakers with no exposure to other languages
before the age of five. Participants provided informed consent and were
compensated for their time. In addition, all protocols were approved by
Tufts University Social, Behavioral, and Educational Research Institu-
tional Review Board. EEG data from one participant was excluded due to
excessive artifact.

2.2. Materials
For this experiment, I generated 192 short, declarative sentences

(“Those kids had fled.”). Each sentence contained four words, 1 to 5
letters in length. Words in the first-half and the second-half of the



T. Brothers

sentence were matched in length (3.6 characters, SD = 1.1) and lexical
frequency (Log per billion = 5.6, SD = 1.2, Brysbaert & New, 2009).
Including spaces and punctuation, sentences had an average length of
18.6 characters (SD = 1.6).

In prior studies examining the sentence superiority effect (Snell &
Grainger, 2017; Wen et al., 2019) words were typically shuffled within
sentences. Here, to avoid word-position confounds, I instead adopted a
fully counterbalanced design by swapping sentence-initial or sentence-
final words across sentence pairs (see Table 1). These word-swaps
resulted in one of three types of grammatical errors: 1) number agree-
ment errors (e.g. she steal...; we moves...), 2) determiner agreement er-
rors (e.g. an song...; a award...), or 3) syntactic category errors (e.g. her
bring...; don’t hair...). Because words always appeared in the same
sentence position across conditions, participants were unable to make
grammaticality judgements based on the position of a single word (e.g. a
sentence ending in the word “...an.”).

Grammatical errors could appear in the first half of the sentence, the
second half of the sentence, or both. Therefore, four versions of each
sentence were created, containing zero, one, or two grammatical errors
(Grammatical, Left Error, Right Error, Ungrammatical). To generate
items for the single-task condition, one third of the grammatical and
ungrammatical sentences on each list were split into two-word phrases
(“those kids...”, “...had fled.”), which were presented on separate trials.

At the beginning of each session, participants were assigned to one of
12 experimental lists. This counterbalancing scheme ensured that each
item appeared equally often in the four experimental conditions
(Grammatical, Right Error, Left Error, Ungrammatical) and that items
were equally likely to appear on single-task and dual-task trials. Sen-
tences were never repeated within an experimental session.

2.3. Methods

During the experiment, participants were seated comfortably in a
sound-attenuated room, and stimuli were presented on a computer
monitor at a distance of 1.5 m. All words were presented in white
Consolas font on a black background, with three characters subtending
one degree of visual angle. On dual-task trials, a complete, four-word
sentence was presented centrally for 200 ms, followed by a random
letter mask (jxpdibfhq>> > smjosyrva). The center of this mask con-
tained a visual prompt (<<< or >>>) indicating which side of the
sentence required the first grammaticality judgement. The prompt
remained on the screen until the participants provided a response.
Participants were then prompted to provide a second grammaticality
judgement for the other half of the sentence. The order of these prompts
(left vs. right) was randomized across trials (see Fig. 2), and no feedback
was provided.

On single-task trials, only two words appeared on the screen (left or
right), with all other characters replaced by slashes (“asong /// /////.”).
Single-response items also appeared for 200 ms, followed by a random
letter mask, and participants judged whether or not this two-word
phrase contained a grammatical error. After a response was recorded,
the letter mask disappeared, and the next trial began after a jittered
inter-stimulus interval (1600-2400 ms). All stimuli were presented in
lowercase, fixed width font, which ensured that words in the single-task
and dual-task trials appeared in the same spatial positions.

At the beginning of the experimental session, participants were told
that they would read a series of sentences and two-word phrases and

Table 1

Example sentences and counterbalancing scheme.
Sentence Type Item 1 Item 2
Grammatical (good/good) Those kids had fled. This girl is neat.
Right Error (good/bad) Those kids had neat. This girl is fled.
Left Error (bad/good) This kids had fled. Those girl is neat.
Ungrammatical (bad/bad) This kids had neat. Those girl is fled.
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judge whether or not they contained grammatical errors. Participants
were given several examples of each error type, followed by a series of
practice trials. Participants were told that, on dual-task trials, the pres-
ence of a grammatical error on one side of the sentence was not diag-
nostic of the presence (or absence) of a grammatical error on the other
side. Participants were told to stress accuracy rather than speed, and all
responses were untimed.

Throughout the experiment, participants were told to fix their eyes in
the center of the screen between two vertical lines, which remained in
place throughout the experiment (see Fig. 2). Eye movements were
monitored throughout the experiment using electo-oculograms attached
to the outer canthus of each eye. In order to minimize differences in
arousal or pre-stimulus attentional allocation across conditions, single-
task and dual-task trials were presented in a randomized order, in the
same block. After an initial practice session, participants saw 256 trials,
half in the single-task condition and half in the dual-task condition. The
entire experiment lasted approximately 30 min, with a short break
provided at the halfway point.

Throughout the experiment, EEG signals were recorded continuously
from the scalp using 32 active electrodes in a modified 10-20 montage
(Biosemi Active-Two). Signals were digitized at 512 Hz with a passband
of DC - 102 Hz. The EEG was referenced offline to the average of the
right and left mastoids. A 0.1 to 30 Hz bandpass filter was then applied,
and EEG responses were segmented into epochs (—200 ms to 1000 ms),
time-locked to the onset of each sentence. EEG activity due to blinks was
removed using independent components analysis, and any epochs con-
taining residual artifact or voltage deflections greater than +75 pV were
rejected prior to analysis (3.3% of trials). There were no significant
differences in artifact rejection rates across conditions (F < 1).

2.4. Analyses

2.4.1. Attention operating characteristics (AOC)

Using AOC functions, I compared participants’ performance in sin-
gle- and dual-task conditions to the predictions of different models of
attentional allocation (Sperling & Melchner, 1978; White et al., 2018).
In these analyses, accuracy values in the two single-response conditions
(left and right) are plotted along each axis, and accuracy in the dual-task
condition is plotted as a single point in two-dimensional space (see
Fig. 3). Different models of attentional make different predictions
regarding the shape this AOC function:

1) According to an unlimited capacity, parallel-processing account,
readers can extract information from multiple word positions in
parallel, with no competition for attentional resources. Because the
same amount of information is extracted from each sentence position
on both single-response and dual-task trials, this model predicts no
dual-task deficits. Therefore, in Fig. 3, dual-task performance should
fall on the “independence point” at the intersection of the two dotted
lines.

2) According to a fixed capacity, serial processing account, readers can

process a maximum of one word at a time, with attention shifts only

occurring after this word has been successfully identified. For briefly
presented, masked stimuli (e.g. 200 ms), participants will only have
time to process a maximum of two words. Therefore, when asked to
make a grammaticality judgement for an unattended location, par-

ticipants will simply guess, resulting in chance-level accuracy (50%).

Because the dual-task condition will contain a mixture of attend-left

and attend-right trials, dual-task performance will fall somewhere

along the black diagonal line (see Fig. 3).

Finally, a fixed capacity, parallel processing model predicts dual-task

performance between these two extremes. According to this model,

readers’ attentional capacities are limited, but attention can be
divided among all four word-positions within a single trial (due to
parallel processing or rapid attentional switching; Shaw, 1978). As
readers allocate different attentional strengths to the left and right

3
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Fig. 2. A) On the dual-task trials, participants provided two grammaticality judgements, one for the first two words of the sentence (“this girl...”) and one for the
final two words (“...is fled.”). Response order (left/right) was randomized across trials. B) On the single-task trials, only the first or last two words of the sentence

were presented, and participants provided a single grammaticality judgement.

Model Predictions

Fixed capacity,  Fixed capacity, Unlimited capacity,
serial parallel parallel
90% Observed Data

o}
o
X

o/ |
0% Dual-task

Left-side Accuracy
\l
2

50%
50%

T T H t ]
60% 70% 80% 90%

Right-side Accuracy

Fig. 3. Mean Attention Operating Characteristics (AOC) in the grammaticality
judgement task. Solid points on the x- and y-axes reflect behavioral accuracy on
single-task trials (percent correct), and the open point reflects accuracy on dual-
task trials. The upper panel shows predictions for three classes of visual
attention models. The observed data (lower panel) was consistent with a fixed
capacity, serial processing model. Error-bars show 95% confidence intervals.

sentence positions, the predictions of the fixed capacity parallel model
trace a curve through the center of the AOC plot (White et al., 2018).
These model predictions were calculated using the equations
described in Bonnel and Haftser (1998).

2.4.2. Event-related potentials

Event-related potentials were analyzed using cluster-mass permuta-
tion tests, examining ERP differences from 100 ms to 1000 ms across 29
electrode scalp sites (Groppe, Urbach, & Kutas, 2011). I used a cluster-
forming threshold of p < .05, and condition labels were randomly
shuffled across 10,000 permutations to construct null distributions.
Finally, I also performed a set of planned contrasts in a spatio-temporal
region of interest (300-500 ms; Fz, AF3/4, F3/4, FC1/2), where N400

sentence superiority effects were reported previously. These pairwise
contrasts allowed me to test for graded grammaticality effects on the
N400 (Grammatical < Single-error < Ungrammatical). However, it
should be noted that any graded effect would not be necessarily diag-
nostic of either parallel or serial processing (see Discussion section).

3. Results
3.1. Behavioral results

Across all trials, participants were more accurate when making
judgements in the right visual field compared to the left (right = 68.8%;
left: 74.5%, z = 3.21, p = .001), consistent with the well-known left
hemisphere advantage for language processing (Bradshaw & Nettleton,
1981; White, 1969), see Table 2. More importantly, participants’ accu-
racy was much higher on single-task trials (78.2%, SD = 6.5%) than
dual-task trials (65.0%, SD = 7.3%). This effect was highly significant

Table 2
Mean accuracy and signal detection measures across conditions (with standard
deviations).

Single-Task Condition Dual-Task Condition

Left side Right side Left side Right side
Proportion Correct .74 (.10) .82 (.09) .63 (.07) .67 (.09)
Sensitivity (d) 1.46 (0.70) 2.06 (0.64) 0.73 (0.41) 1.04 (0.58)
Bias (¢) 0.25 (0.33) 0.40 (0.30) 0.17 (0.21) 0.45 (0.32)

and a dual-task deficit was observed in all 31 participants (diffaec =
13.2% £ 0.9%, z = 14.38, p < .0001).!

In the dual-task condition, there was no significant difference in
accuracy for participants’ first and second grammaticality judgements

1 Across all analyses, a similar pattern of results was observed when exam-
ining reader’s sensitivity to grammatical errors using signal detection theory
(d*). In terms of response bias (c), participants showed a slight bias to respond
“correct”, which was equivalent in the single-task and dual-task conditions
(single: ¢ = 0.32; dual: ¢ = 0.31, t(30) = 0.32, p = .75), but larger when judging
words in the right visual field (right: ¢ = 0.42, left: ¢ = 0.21, t(30) = 6.24, p <
.001).
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(first: 64.9%, second: 65.2%, z = 0.25, p = .81). This suggests that
performance costs on dual-task trials are unlikely to reflect differences in
response timing or working memory demands across conditions.”

As seen in Fig. 3, performance in the grammaticality judgement task
aligned closely with the predictions of a fixed capacity, serial processing
model. When AOC plots were fit to individual participant data, dual-task
performance had a mean distance of 19.8% =+ 3.0% from the “inde-
pendence point” predicted by an unlimited capacity parallel model, t
(30) =12.73, p < .0001. Accuracy on dual-task trials also did not match
the predictions of the fixed capacity parallel model, with a mean distance
of 6.6% + 2.4%, t(30) = 5.32, p < .0001. The average distance from the
nearest point on the fixed capacity, serial processing line was 1.5% =+
2.2%, which did not differ significantly from zero, t(30) = 1.37,p = .18.
Dual-task performance was near the mid-point of this serial processing
line, suggesting that participants were equally likely to attend to the left
or the right side of the sentence on each trial.®

3.2. Compatibility effects

In detection and categorization tasks, participants often show higher
accuracies when “compatible” stimuli are presented at nearby spatial
locations — matching the target either perceptually or in terms of
response requirements (Eriksen & Eriksen, 1974; Simon, 1990). These
compatibility effects are often thought to reflect parallel processing of
multiple spatial locations or, alternately, errors in attentional selection
or filtering (Yantis & Johnston, 1990).

In this analysis, I compared readers’ behavioral accuracy on
“compatible” trials, where the same response was required for both
sentence positions (Grammatical, Ungrammatical), and “incompatible”
trials, where different responses were required (Left Error, Right Error).
On dual-task trials, response compatibility had no significant effect on
accuracy (compatible: 65.4%, SD = 6.4%; incompatible: 64.7% SD =
7.1%, z = 0.46, p = .64), and a Bayesian t-test provided moderate sup-
port for the null hypothesis (JZS: BFy; = 4.5, scaling factor = 0.707).
This absence of cross-talk suggests that participants were unable to
extract syntactic information from both sides of the display, prior to the
onset of the mask. Again, this is consistent with the predictions of a serial
processing account.

3.3. ERP results

To examine the influence of grammatical errors on online neural
responses, I analyzed ERPs in the dual-task condition, time-locked to
sentence onset. ERPs on dual-task trials showed a series of evoked visual
components (P1, N1, P2) followed by a negative peak (N400) that was
broadly distributed across the scalp (see Fig. 4). Beginning approxi-
mately 300 ms after sentence onset, more negative ERP amplitudes were
observed for Grammatical versus Ungrammatical sentences, consistent
with the N400 sentence superiority effect observed by Wen and col-
leagues. This negativity was most pronounced over frontal and central
electrode sites, and these ERP differences were relatively sustained from
300 ms until the end of the ERP epoch. A cluster-mass permutation test,

2 To further assess the role of working memory demands, a new group of
participants (N = 12) performed the same grammaticality judgement task, but
stimulus presentation times were increased from 200 ms to 2000 ms, prior to
the onset of the mask. When this early visual processing bottleneck was
removed, performance was nearly at ceiling across both tasks (single task: 96%,
dual task, 95%). This suggests that differences in working memory demands
(one vs. two judgements) cannot explain the large dual-task deficits observed in
the main experiment.

3 Following White et al. (2018) we performed a response contingency anal-
ysis, examining whether the accuracy of a participants responses for one side of
the sentence depended on their accuracy for the opposite side, within trials.
Across participants, this correlation was small and non-significant (mean r =
0.01, SD = 0.08).
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comparing ERP responses to Ungrammatical and Gramamtical senten-
ces, revealed a significant negative-going cluster over central and frontal
electrode sites (314 ms-865 ms, p = .008 peak-electrode: AF3).

In addition, dual-task trials with a single grammatical error (Left
Error, Right Error) elicited an intermediate N400 response (see Fig. 5)
that did not differ as a function of error position (t < 1). To verify this
graded N400 difference, I compared ERP responses in a frontal-central
cluster of electrode sites from 300 to 500 ms (Grammatical: —0.99 pV;
Single-error: —1.62 pV; Ungrammatical: —2.05 pV). A repeated-
measures ANOVA within this ROI revealed a robust effect of Condition
(F(2,58) =10.22, p < .001). Pair-wise comparisons revealed significant
differences for Grammatical vs. Ungrammatical (t(29) = —3.96, p <
.001) and Grammatical vs. Single-error sentences (t(29) = —2.98, p =
.006). The difference between Single-error and Ungrammatical senten-
ces also approached significant (t(29) = —1.92,p = .06).”

Finally, similar to the behavioral results reported above, there were
no “response compatibility” effects on the amplitude of the N400
(compatible: —1.52 pV, incompatible: —1.62 pV, t(29) = —0.59, p = .56,
JZS: BFy; = 4.4). This suggests that the N400 is sensitive to syntactic
constraints (Ungrammatical > Grammatical), but not to conflicting
response requirements.

4. Discussion

In this experiment, I used a dual-task paradigm to explore attentional
capacity limits in multi-word, sentence comprehension. Participants saw
masked sentences and two-word phrases and judged whether they
contained grammatical errors (This girl... vs. Those girl...). By comparing
reader’s sensitivity to grammatical violations under single-task and
dual-task conditions, I tested whether sentence processing is subject to a
serial attentional bottleneck, or if it occurs across multiple word posi-
tions in parallel. I also recorded ERP responses simultaneously to
determine whether briefly presented sentences would elicit an N400
sentence superiority effect (Ungrammatical > Grammatical). In combi-
nation with the results of our behavioral analyses, this allowed us to
infer whether any observed N400 differences were more consistent with
serial or parallel lexical processing.

4.1. Behavioral evidence

Our behavioral findings were quite clear. Grammaticality judge-
ments were less accurate for four-word sentences (dual-task) than two-
word phrases (single-task). On dual-task trials, the sensitivity of gram-
maticality judgements was reduced by 49% (£ 7%), which closely
matched the 50% reduction predicted by fixed capacity, serial processing
accounts. These deficits were incompatible with the 0% reduction pre-
dicted by unlimited capacity, parallel processing accounts, as well as the
intermediate deficit predicted by fixed capacity, parallel processing
models.

These findings are consistent with previous dual-task studies, which
showed that readers also engage in serial processing when categorizing
unconnected word pairs (nose — train; White et al., 2018). This indicates
that the same attentional bottleneck applies in both single-word recog-
nition and sentence comprehension. Taken together, these studies sug-
gest that readers require approximately 100 ms of visual input to decode
a single high-frequency word (White et al., 2018), and 200 ms to decode
a short two-word phrase. They also support the idea that, with brief

4 Based on the suggestions of a reviewer, we re-analyzed ERP data on Un-
grammatical dual-task trials as a function of participant’s behavioral responses
(correct/incorrect). At frontal electrode sites (300-500 ms) we observed no
significant differences due to participants’ responses (correct: —1.8 pV, incor-
rect: —2.2 pV, t(29) = 0.68, p = .50). This suggests that the N400 sentence
superiority effect was driven by the grammaticality of each sentence, rather
than the participant’s behavioral responses.
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“this girl is neat.”
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“those girl is fled.”
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Fig. 4. Grand-average ERPs on dual-task trials, time-locked to the onset of the four-word sentence. The topographic plots (right) show the distribution of the
Ungrammatical vs. Grammatical ERP effect in an early (300-500 ms) and late (700-900 ms) time-window.

N400

/ -3

-2
-1'I
0

N400 Amplitudes (pV)
300 — 500ms

-3uV

200ms

—— Ungrammatical (bad-bad)
=== One-error (good-bad)
— Grammatical (good-good)

Fig. 5. Grand-average ERPs in the dual-task condition, in a cluster of frontal
electrode sites (Fz, AF3/4, F3/4, FC1/2). The bar graph (right) shows mean
N400 amplitudes in each condition with +1 SEM error bars, calculated
within-subjects.

stimulus presentations, readers are unable to extract any meaningful
information from unattended word positions (Ellis & Marshall, 1978;
Inhoff & Topolski, 1992; Pollatsek, Raney, Lagasse, & Rayner, 1993;
Williams & Parkin, 1980).5

4.2. Theoretical implications

The current findings also provide an important empirical benchmark
for computational models of reading (Rayner, 2009). In serial attention

5 It is also worth noting a potential limitation of the current paradigm. In the
current study, single-task trials were constructed by replacing task-irrelevant
letters with slashes (This girl // ////). One benefit of this approach was that
it allowed us to randomly intermix attend left, attend right, and dual-task trials
within the same block, in order to minimize pre-stimulus differences in atten-
tion or arousal. However, with this approach, participants also saw slightly
different visual stimuli in the single-task and dual-task conditions, which may
have had introduced unintended perceptual effects. In future studies, it will be
important to replicate this pattern of dual-task deficits, using a constant visual
stimulus and different attentional pre-cues across trials (e.g. see White et al.,
2018).

models, like E-Z Reader (Reichle et al., 2003) comprehension occurs
through a series of sequential attention shifts, and readers must com-
plete an early stage of lexical access (the “familiarity check”) before they
can begin processing the next word of the sentence. These capacity
limitations are consistent with the current pattern of behavioral results.
On single-task trials (“a song /// /////.”), I assume that participants
immediately shifted their attention to task relevant portions of the
sentence and attempted to process these words, sequentially, before the
appearance of the mask. On dual-task trials (“a song had ended.”) par-
ticipants selected only one half of the sentence for processing. Due to the
brief stimulus presentation, they were unable to extract any additional
information from the opposite side, resulting in a robust dual-task
deficit.

In contrast, the current findings present a serious challenge to par-
allel processing frameworks, like SWIFT (Engbert et al., 2005) and OB-1
Reader (Snell, Leipsig, Grainger & Meeter, 2018). In these computa-
tional models, readers deploy a broad gradient of attention, centered at
the point of fixation. While these models allow some flexibility in the
width of this gradient (e.g. across participants or sentences), these
models are fundamentally parallel because lexical processing rates
remain unchanged, regardless of the number of words falling within this
attentional window. Because of this unlimited-capacity parallel processing
architecture, SWIFT and OB-1 Reader predict no dual-task deficits in the
current paradigm, which is clearly at odds with our behavioral findings.

Could these parallel models be modified in order to accommodate
dual-task deficits? One possibility would be to incorporate a dynamic
attentional gradient that allows readers to concentrate attentional re-
sources only on task-relevant subsets of the visual field. In the current
task, this would lead to higher accuracy on single-task trials and a slight
improvement in model fit. Unfortunately, this fixed-capacity, parallel
model would still underestimate the dual-task deficits observed in the
current paradigm (see Fig. 3). Clearly, additional modelling work will be
needed to determine if other factors, like intra-word competition, would
be sufficient to reproduce a robust dual-task deficit, without completely
abandoning a parallel processing architecture.

Finally, our AOC results also suggest that English readers do not al-
ways engage in a strict left-to-right processing strategy. Unlike in natural
reading, sentences in this paradigm were presented briefly at fixation,
and readers appeared to attend to either the left or the right with
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approximately equal frequency across trials. While this reading pattern
likely reflects a strategic adaption to the current task, the relaxation of a
left-to-right processing strategy may help explain the presence of “right-
context” effects in the sentence-superiority paradigm (Snell & Grainger,
2017). Specifically, if readers in this task attend to words sequentially,
but out of order, this would explain why the first word of a sentence can
also benefit from congruent syntactic constraints.

4.3. ERP evidence

In this experiment, I also recorded ERPs to measure evoked neural
responses during simultaneous sentence presentation. On dual-task tri-
als, participants showed more negative ERP responses for Ungrammat-
ical versus Grammatical sentences, particularly at frontal and central
electrode sites. Notably, this negativity was very similar to sentence
superiority effect reported by Wen et al. (2019), despite clear differences
in task requirements (grammaticality judgements vs. cued recall). One
could speculate that, rather than a task-specific adaptation, this nega-
tivity represents a more general brain response to the processing of
grammatical versus ungrammatical strings. However, additional ex-
periments are necessary to confirm this hypothesis.

While the ERP sentence superiority effect has been interpreted as a
modulation of the N400 response, these effects also differed qualita-
tively from N400 modulations in typical word-by-word comprehension
tasks. For example, while the N400 effects of semantic and syntactic
congruity are often observed within 200 ms of word onset (Brothers,
Swaab, & Traxler, 2017; Federmeier, Segal, Lombrozo, & Kutas, 2000)
in the present study there were no significant ERP differences in the 200
ms to 300 ms time range (F < 1). This timing delay is consistent with
previous ERP studies that have compared N400 effects under conditions
of simultaneous and sequential word presentation (Anderson & Hol-
comb, 1995; Luka & Van Petten, 2014). In these studies, semantic
priming effects were delayed by approximately 100 ms when words
pairs were presented simultaneously (300 ms) rather than
word-by-word (200 ms). These timing differences suggest that the early
stages of lexical access are resource limited, and that the activation of
word meanings is delayed when readers are required to shift their
attention.

In the current study, even though the visual input was masked 200
ms after sentence onset, participants showed relatively sustained ERP
differences, up to 900 ms after sentence onset. This result is reminiscent
of an eye-tracking study by Rayner, Liversedge, White, and Vergilino-
Perez (2003) who investigated sentence comprehension using a “dis-
appearing text” paradigm. In this study, words disappeared 60 ms after
they were first fixated, but readers continued to fixate this blank space
for approximately 300 ms before moving on to subsequent regions of the
text. More importantly, the duration of these fixations was still influ-
enced by the frequency of the previously fixated word. This suggests
that, within 60 ms, readers were able to extract sufficient visual infor-
mation for word identification, but that lexical and syntactic processing
continued, even in the absence of visual inputs (Rayner, Inhoff, Morri-
son, Slowiaczek, & Bertera, 1981). In future studies, it will be important
to determine which sub-stages of word processing show the strongest
capacity limitations (e.g. orthographic processing, lexical identification,
semantic/syntactic analysis).

Although participants showed clear N400 sentence superiority ef-
fects, participants’ behavioral results prompted a critical re-evaluation
of these ERP differences. Unlike previous authors (Wen et al., 2019), I
do not believe the sentence superiority effect provides evidence of
simultaneous lexical processing across the visual field. Instead, these
findings are fully consistent with serial lexical identification, with
initially recognized words providing syntactic or semantic constraints
that facilitate the identification of subsequently attended words. If this
hypothesis is correct, it makes some clear predictions for future research.
Specifically: 1) the onset of the N400 sentence superiority effect should
be significantly delayed when comparing simultaneous vs. sequential
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(word-by-word) presentation, and 2) the sentence superiority effect
should be abolished at very short masking durations (<75 ms), when
readers are unable to identify more than a single word.

In addition, our results also extended prior ERP findings by demon-
strating a graded N400 sentence superiority effect, that tracked the total
number of syntactic errors in a sentence (Ungrammatical > Single-error
> Grammatical). Again, it is possible to explain this pattern of ERP re-
sults by appealing to a serial processing account. If participants were
able to attend to only one-half of the sentence on dual-task trials, par-
ticipants would always encounter a syntactic error in fully ungram-
matical sentences, but would encounter an error only 50% of the time on
single-error trials (Left Error, Right Error). By averaging trials with
attended and unattended syntactic errors, this single-error condition
would result in an intermediate N400 response.

5. Conclusion

Selective visual attention is an important component of skilled
reading (Casco, Tressoldi, & Dellantonio, 1998; Franceschini, Gori,
Ruffino, Pedrolli, & Facoetti, 2012) that also plays a critical role in
developmental reading disorders like dyslexia (Valdois, Bosse, & Tain-
turier, 2004; Vidyasagar & Pammer, 2010). To investigate the role of
selective attention during rapid sentence presentation, I investigated
readers’ attentional capacity limits using behavioral and ERP methods.
Consistent with prior ERP findings, I observed clear N400 differences for
grammatical and ungrammatical sentences, suggesting that readers use
sentence-level constraints to guide word recognition. Critically, behav-
ioral responses on the same trials showed striking capacity limitations,
with the magnitude of dual-task deficits supporting a serial “all or none”
processing account. Therefore — while it is clear that some simple visual
features are processed in parallel across the visual field (e.g. brightness,
orientation, color) - the extraction of meaning from abstract symbols
appears to require a capacity-limited, serial attention mechanism. These
results also provide a cautionary tale for researchers investigating serial
and parallel accounts of visual word recognition. Although multi-word
arrays can produce a variety of priming effects when presented in par-
allel (Snell & Grainger, 2019), this does not imply that these words are
actually processed in parallel by the reader. In order to resolve serial
versus parallel processing debates, researchers will need to provide ev-
idence from paradigms that can more accurately distinguish these
accounts.
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