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Abstract

Cognitive control has been typically examined using single-item tasks. This has
implications for the generalizability of theories of control implementation. Previous
studies have revealed that different control demands are posed by tasks depending on
whether they present stimuli individually (i.e., single-item) or simultaneously in array
format (i.e., multi-item). In the present study we tracked within-task performance in
single-item and multi-item Stroop tasks using simultaneous pupillometry, gaze, and
behavioral response measures, aiming to explore the implications of format
differences for cognitive control. The results indicated within-task performance
decline in the multi-item version of the Stroop task, accompanied by pupil
constriction and dwell time increase, in both the incongruent and the neutral
condition. In contrast, no performance decline or dwell time increase was observed in
the course of the single-item version of the task. We interpret these findings in terms
of capacity constraints on cognitive control, with implications for cognitive control
research, and highlight the need for better understanding the cognitive demands of
multi-item tasks.

Public Significance Statement— Although cognitive control is an essential part of
our everyday functioning with control failures leading to maladaptive behaviors,
laboratory tasks used for the investigation of cognitive control are often limited to
single-item presentation posing presumably minimal control requirements on the
individuals. Having as starting point the observation that real-life situations are more
complex and often demand the parallel execution of different tasks (i.e., multi-
tasking), we evaluated and compared within-task performance in otherwise similar
tasks differing only on stimuli presentation (one-by-one or simultaneously), while at

the same time we took advantage of pupillometry and gaze measures as additional



indexes of processing demands. Altogether, our results show that cognitive control
implementation depends highly on the task, with more complex tasks leading to
performance deterioration, and suggest that the use of primarily simple, laboratory
tasks might restrict our understanding of cognitive control implementation in our
everyday life.

Keywords: cognitive control; conflict monitoring; eye-tracking; multi-tasking;

pupillometry; Stroop task



Cognitive Control Beyond Single-Item Tasks:
Insights from Pupillometry, Gaze, and Behavioral Measures

Cognitive control has been defined in terms of “optimal parameterization of task
processing” (Botvinick & Cohen, 2014, p. 1249). In more general terms, it refers to
the ability to identify conflicting tasks and adapt to them (Botvinick et al., 2004;
Shenhav et al., 2013). Refraining from an automatic behavior or highly habitual
response is considered an act of control (Botvinick et al., 2004; Muraven &
Baumeister, 2000) requiring cognitive control implementation and allocation.
Theories of cognitive control aim to elucidate how the cognitive system determines
how much control is needed to accomplish a task.

Conflict Monitoring and Expected Value of Control

To address allocation and implementation of cognitive control, Botvinick et al.
(2001) proposed the conflict monitoring hypothesis (CMH). They assumed that
control is required in conflicting situations (e.g., the incongruent condition of the
Stroop task) and posited a conflict monitoring system that is responsible for detecting
occasions of conflict and effecting on-line adjustments. More recently, Shenhav and
colleagues (2013) proposed the Expected Value of Control (EVC) theory, arguing that
during conflicting tasks a cost-benefit analysis optimizes control allocation by
increasing control while diminishing the costs of its implementation. This account is
an extension of the CMH aiming to approach control evaluation and allocation in
greater detail.

Both CMH and EVC have been primarily tested with the use of single-item
interference tasks (e.g., Stroop task, Eriksen flanker task, Simon task; for a detailed
discussion see Ziaka & Protopapas, 2022). That is, tasks in which each stimulus
appears individually on the screen, usually for a fixed period of time or until the

participant’s response, with a temporal gap between trials, namely the interstimulus



interval (MacLeod, 2005). Indeed, in their introductory article in 2013, Shenhav et al.
(2013) stated that their focus is on single-control demanding tasks as the “simplest
and most common circumstance” (p. 220).

On this background, the present work is motivated by evidence suggesting that
adopting only one paradigm for examining control issues does not warrant
generalization of conclusions to other paradigms, highlighting task specificity (Rey-
Mermet et al., 2018). In particular, we intend to explore how cognitive control
implementation can be applied beyond single-item tasks.

Single-Item and Multi-Item Stroop Task

The Stroop task is an ideal candidate to examine this question, for two main
reasons: First, much experimental evidence for the CMH and EVC has been based on
the Stroop task (Botvinick et al., 2001; Shenhav et al., 2013; Fromer et al., 2021).
Second, and in contrast to other tasks often used in the cognitive control literature1
(e.g., Eriksen flanker task or Simon task; Nee et al., 2007), the Stroop task is not
restricted by its nature to single-item presentation.

In particular, two versions of the color-word Stroop task exist: The original, or
close to the original, multi-item version, in which all stimuli are presented
simultaneously on a sheet of paper, and the more modern, single-item (i.e.,
computerized) version, in which each item appears individually on a screen.
Standardized neuropsychological assessment and clinical practice makes use of the

former for identifying inhibition, control, and attentional deficits (e.g., Bjorngrim et

1 Cognitive control as measured by interference tasks (i.e., Stroop task, flanker tasks,
and Simon task among others) is also referred to in the literature as attention control
(e.g., Draheim et al., 2021), inhibition (e.g., Rey-Mermet, 2018), or executive control
(e.g., Rey-Mermet, 2019). Here we will only use the term “cognitive control”, for
consistency, given that relevant studies often use “cognitive control” as an additional
keyword.



al., 2019; Bezdicek et al., 2015; Penner et al., 2012; Periafiez et al., 2021; Rabin et al.,
2005; Salo et al, 2001; Scarpina & Tagini, 2017; for a review see Strauss et al.,
2006), while research on the corresponding cognitive processes uses the latter
(MacLeod, 2005; Salo et al., 2001). The choice in both cases is due to convenience;
namely, easy, effortless administration in clinical practice (Rabin et al., 2005), vs.
access to error-free data and resistance to speed-accuracy trade-offs in research
(MacLeod, 2005; but cf. Draheim et al., 2021, for an opposite view regarding speed-
accuracy trade-offs in single-item tasks).

Despite a presumed near equivalence of the two versions, studies have shown
that the choice of administration and presentation is not a simple, secondary matter of
convenience (Salo et al, 2001; MacLeod, 2005; Ziaka & Protopapas, 2022) because it
has implications for the observed Stroop effect. In particular, interference estimates
are larger in the multi-item version (MacLeod, 2005; Salo et al., 2001) and, in
addition, individual differences studies result in divergent patterns of shared variance
(Ziaka et al., 2022), indicating that at least partially different underlying cognitive
mechanisms may be involved in the two versions.

It has long been proposed that the single-item version fails to retain the initial
“Stroop-like” (i.e., highly conflicting) nature of the multi-item version (Penner et al.,
2012), presumably because in the multi-item task nearby items act as distractors
increasing its difficulty (Ludwig et al., 2010). This idea is in line with findings from
the Eriksen flanker task which show that spatially adjacent distractors belonging to
the target set cause interference (Eriksen & Eriksen, 1974), something that should
also hold for the multi-item Stroop task, in which all simultaneously presented items
are targets to be named. Moreover, findings from single-item tasks have showed that

temporal separation of items modulates performance (Esterman et al., 2013; Glaser &



Glaser, 1982, 1989; for a review see Fortenbaugh, et al., 2017). These findings imply
a cost for multi-item tasks, in which temporal separation is not possible. Unavoidable
temporal and spatial adjacency can thus jointly contribute to the highly conflicting
nature of multi-item tasks.

If that is indeed the case, then two different processes must be involved in the
multi-item Stroop task. Specifically, based on Friedman and Miyake (2004)
taxonomy, the (single-item) Stroop task requires the inhibition of an automatic
response named “prepotent response inhibition”, while flanker tasks involve
“resistance to distractors interference” (see Draheim, 2021; Rey-Mermet et al., 2019,
for supporting evidence). Bearing in mind that the multi-item Stroop task involves
both, that is, an automatic task-irrelevant response as well as flankers (i.e., the
adjacent items), we suggest that its successful execution entails two different
inhibition processes, concurrently active.

Furthermore, the need to generate eye movements during the multi-item version
of the task (Salo et al., 2001) makes the visual input more complex and dynamic
(Snell et al., 2018). Eye movement studies of parafoveal processing in other multi-
item naming tasks (Henry et al., 2018; Pan et al., 2013; Kuperman et al., 2016)
suggest that in the single-item version the attentional and perceptual field is restricted
to the currently presented item, whereas for the multi-item version it is expanded in
order to process the upcoming target items. This attentional expansion introduces a
potential for interference between successive items in the multi-item version, and
hence for additional cognitive control demands, which are not present in the single-
item version. The magnitude of between-item interference may depend on the
condition, that is, incongruent or neutral.

More specifically, eye movement research suggests that in the incongruent



condition participants are parafoveally exposed to the upcoming item and need to
identify its automatic dimension (i.e., word) as irrelevant. At the same time,
processing of the current item requires simultaneous processing of two dimensions,
namely, the color dimension—integrated, controlled, and slower— and the word
dimension—task-irrelevant but automatic, which must be suppressed. This ultimately
leads to at least three simultaneous active responses, two to be identified and filtered
out, and one to be articulated. And all this while uttering the response to the
preceding item (for eye-voice span in other multi-item naming tasks see Gordon &
Hoedemaker, 2016; Huang, 2018; Pan et al., 2013; Silva et al., 2016). In sum, it
seems that reading and naming, identification of the upcoming responses, and
response selection, planning, and articulation run in parallel in the multi-item Stroop
task. Much the same should hold for the neutral condition with the exception of the
(automatic) word dimension.

If in fact concurrent tasks and subtasks run in parallel in both conditions of the
multi-item Stroop task, this would mean that time sharing among them is required,
potentially resulting in additional task interference (Wickens, 2002) and crosstalk
(Fischer & Plessow, 2015). Seen in this perspective, the multi-item Stroop task does
not consist in a single control-demanding task, as commonly understood. Instead, it
can be conceptualized as a “multi-task”, meaning that—although it is presented as a
single task—its successful execution entails simultaneous and parallel activation of
more than one task sets, thereby satisfying the conditions for multi-tasking (i.e.,
execution of concurrent tasks demanding the simultaneous maintenance of two or
more task sets; Koch et al., 2018; Meyer & Kieras, 1997; Monsell, 1996; for a similar

view related to pupillary responses see Mathot, 2018). Consequently, performance



costs and control deterioration could be expected, as typically observed in the multi-
tasking literature (Fischer & Plessow, 2015).

Ziaka and Protopapas (2022) adopted within-task performance evaluation as a
methodology for comparing single-item and multi-item Stroop tasks, and showed
performance decrements in the multi-item version only, justifying the
conceptualization of the multi-item Stroop task as a multi-task. They interpreted these
findings as suggestive of capacity constraints in control implementation and allocation
under conditions requiring parallel execution of multiple cognitive tasks. However,
certain alternative interpretations cannot be ruled out, such as for example the impact
of incentive components on control allocation. To address these possibilities, within-
task performance evaluation must take advantage of different methodologies.
Pupillometry and Gaze Measures

In the EVC theory control implementation is accompanied by a cost because it
requires mental effort, which participants seek to minimize due to its aversive nature.
Consequently, control implementation must be intense enough, to maximize rewards,
but not too intense, so that the cost of control implementation does not rise
excessively. If a discrepancy between costs and benefits occurs, it is detected, and
control implementation is adjusted accordingly and dynamically (Shenhav et al.
2013). Therefore, an alternative to the capacity constraint interpretation for within-
task performance decrements in the multi-item Stroop task might be that participants
“decided” to withdraw from the task through cost-benefit analysis because cost was
too high and payoffs too low. Put simply, according to this view it was no longer
worth investing control in this task; thus, disengagement emerged and performance
decrements ensued.

Behavioral response measures such as response times do not allow us to
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distinguish whether within-task performance variations in the Stroop task should be
attributed to capacity constraints of the control system or to withdrawal from the task
via a cost-benefit analysis. To disentangle the alternative interpretations, in the
present work we turn to a combination of pupillometry, eye movements, and
behavioral response measures. Pupillary responses can reveal the presence of conflict
(Hershman & Henik, 2019), while eye movements can help distinguish among
predictions involving the underlying cognitive processes of control implementation
and allocation (Olk, 2013; Valki et al., 2019).

Pupil size

Pupillary responses have long been linked to “within-task processing requirements”
(Hess & Polt, 1964, p. 1190) and “second-to-second variations in the load that the
mental activity imposes” (Kahneman et al., 1967, p. 218). In the domain of cognitive
control, pupil size variations have been studied in reference to updating, switching,
and inhibition (for a review see van der Wel & van Steenbergen, 2018), with pupil-
size changes, that is, constriction and dilation, being considered as markers of effort
and processing load (Laeng et al., 2012; van der Wel & van Steenbergen, 2018).

A typical manipulation for investigating processing and cognitive load in simple
demanding tasks via pupillometry involves conditions which vary in difficulty,
linking pupil size variations to task demands (Tapper et al., 2021). In the context of
the single-item Stroop task, pupil size changes in the incongruent condition are
compared to simpler, non-conflicting conditions. As in other single-item conflicting
tasks, it is a consistent finding in the single-item Stroop task that the pupil dilates as
task demands increase, that is, in the more demanding incongruent condition,
compared to non-conflicting conditions (e.g., Brown et al., 2014; Hasshim & Parris,

2015; Hershman et al., 2020; Laeng et al., 2011; but cf. Fromer et al., 2021, for an
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opposite effect). However, studies using other tasks have revealed that under
conditions of disproportionate processing load pupil size reaches a plateau and even
constricts (Granholm et al., 1996, 1997; Johnson et al., 2014; Peavler, 1974; Poock,
1973; Zekveld & Kramer, 2014). Thus, while pupil dilation reflects load, pupil
constriction reflects overload.

It is particularly relevant for our argument that similar changes in pupil size have
been observed under multi-tasking. Specifically, under dual-task conditions, the pupil
initially dilates and then constricts, in parallel with behavioral results, that is,
performance improvement followed by deterioration (Kahneman et al., 1967; Shiga
& Ohkubo, 1978). Nowadays it is considered a stable finding that the pupil constricts
in dual-task conditions (compared to a single-task baseline), while performance drops
(Hauser et al., 2019; Karatekin, 2004; Recarte & Nunes, 2000; Recarte et al., 2008;
Tapper et al., 2021). Two alternative interpretations have been proposed to explain
these results: The first one posits that pupil constriction indicates capacity constraints
due to cognitive overload (Kahneman, 1973; Tapper et al., 2021; Zekveld & Kramer,
2014; Zekveld et al., 2011). For the second interpretation, motivation plays a crucial
role, leading participants to disengage from the task (which is no longer “worth it”),
and as a result the pupil constricts (Granholm et al., 1996; Winn et al., 2018).

Although no consensus has been reached yet regarding the origin of pupil
constriction under dual-task conditions, what is of primary importance here is that, if
the multi-item Stroop task is indeed a multi-task, as we propose, then the pupil should
shrink within the task, following the pattern of results observed in dual task
conditions. Indeed this would be expected to occur in both conditions, that is,
incongruent and neutral. In contrast, for the single-item task, in which task demands

are moderate, the pupil should dilate in the incongruent condition, in accordance with
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previous evidence from single tasks.
Dwell Time

Because pupil constriction can be attributed either to capacity constraints or to
disengagement, in the present study we additionally take into account gaze measures.
Fixations, that is, time spent looking at a specific area, are thought to reflect the time
needed to attentively process an event or item (Eckstein et al., 2017). Dwell time is
the sum of all fixation durations within an area, reflecting both initial and later
processing (Rayner, 2005). Dwell times can thus index the complexity of the task and
the amount of attentional resources needed to accomplish it (Busjahn et al., 2014),
and are used as an implicit measure of task-dependent interest, engagement, and
decision making (Kellar et al., 2004; Kellough et al., 2008; Liu & Belkin, 2010; Liu
et al., 2012; Liversedge et al., 1998; Saastamoinen & Jarvelin, 2018; van der Laan,
2015; White & Kelly, 2006; Yagle et al. 2017).

Several studies have used pupillometry to study the emergence and management
of conflict in the Stroop task. In comparison, only a few studies have adopted gaze
measures. Olk (2013) found that dwell times were longer for the incongruent than for
the congruent condition of a modified numerical Stroop task. This finding was
interpreted as attention allocation on the incongruent items due to the presence of
conflict and the time needed to resolve it in order to identify the correct response.
Vakil et al. (2019) obtained similar results using a different version of the single-item
color-word Stroop task. Both of these studies measured dwell times in single-item
variants of the Stroop task, thus their relevance for the multi-item version is limited.

We are aware of only one study recording eye movements in the multi-item
Stroop task. Specifically, Wu et al. (2018) used a three-card variant of the Stroop

Color Word Test (SCWT; Golden, 1978; Golden & Freshwater, 2002) to compare



13

Chinese children with and without developmental dyslexia. They found shortest
average fixation durations for word reading of color-neutral words (i.e., color words
printed in black ink; Card A), intermediate for color naming of neutral stimuli (e.g.,
blue circle; Card B), and longest for color naming of incongruent stimuli (e.g., the
word red printed in blue; Card C). Card and group did not interact. These results
indicate that word reading of color words demands less attentional resources and
engagement when compared to color naming of either neutral or incongruent stimuli,
with the highest level of attentional demands in the incongruent condition. Wu et al.
calculated average fixation duration for entire cards, leaving open the question of
within-task variations in dwell time.

Altogether, the literature suggests dwell time as a measure of attentional
engagement. Thus, we hypothesized that, if participants decide to disengage from the
multi-item task through a cost-benefit analysis, this should be mirrored in all three
dependent measures (i.c., behavioral, pupil size, and dwell time) indicating an overall
withdrawal. In contrast, if performance and pupil decrease is accompanied by dwell
time increase, suggesting amplification of attentional maintenance under an overload
state, then the most plausible explanation would be capacity constraints on control
due to the multi-tasking demands of the multi-item Stroop task.

The Present Study

The aim of the present study was to examine performance variations within the
course of a Stroop task as a function of the format in which the task is presented, that
is, single-item or multi-item. To achieve this, behavioral measures were combined
with recordings of pupillary responses and eye movements, aiming to distinguish

between different alternative interpretations.
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Hypothesis 1: The multi-item Stroop task is a single control-demanding task

If the multi-item Stroop task is a single control-demanding task, as suggested by
administration and presentation and, thus, equivalent in terms of processing
requirements to the single-item version of the task, then control adaptations are
expected during the incongruent condition because control is dynamically adjusted,
taking payofts and cost of control implementation into account. No performance
changes should be observed in the course of the neutral condition, in which control
demands are minimal or even absent, depending on stimulus selection and/or
readability of the material (e.g., colored letter strings such as ‘XXX’ or semantically
unrelated colored words such as ‘CAT’; Augustinova et al., 2018; Kalanthroff et al.
2013; Levin & Tzelgov, 2014; see also Botvinick et al. 2001, Figure 1).

Consequently, performance and dwell time should remain stable during the task
in both conditions (i.e., incongruent and neutral), while the pupil should dilate
primarily in the incongruent condition. Crucially, the pattern of within-task variation
should be similar between the multi-item and single-item version of the task.
Hypothesis 2: The multi-item Stroop task is a multi-task

A conceptualization of the multi-item Stroop task as a multi-task implies that
multiple control demanding tasks run in parallel. In this case, three alternative
predictions can be made for the incongruent condition.

If the increased control demands remain within manageable bounds, there are two
possibilities: First, within-task variation in all measures (i.e., performance, pupil, and
dwell time) during the multi-item Stroop task should resemble the corresponding
variation of its single-item counterpart; that is, performance and dwell times should
remain stable and pupil should dilate primarily in the incongruent condition of the

task because control is gradually and adaptively adjusted.
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As a second possibility within the purview of CMH/EVC, if the multi-tasking
nature of the task leads cost-benefit analysis to indicate that the cost of control
implementation is too high and pay-offs too low, then disengagement should follow,
indicated by performance drop, pupil constriction, and dwell time decrease.

The third alternative prediction would hold if capacity constraints apply (Shenhav
et al., 2013; Ziaka & Protopapas, 2022) that are overwhelmed by the control demands
of multi-tasks. In this case cognitive overload ensues, while engagement is
maintained, leading to performance deterioration, pupil constriction, and dwell time
increase.

This latter scenario is primarily relevant for the more complex incongruent
condition, but it is not limited to that. Indeed, if the so-called “neutral” condition also
requires exertion of intensive control, then a pattern similar to the incongruent
condition should be evident, namely, decreasing performance as the task progresses.
However, this performance decrement should be modest and more gradual, due to the
absence of the irrelevant word response, which raises the level of task complexity in
the incongruent condition.

To ensure that within-task variations in the multi-item Stroop task are not
restricted to (or even due to) specific task features, different multi-item variants are
included in the present study. Two components that are highlighted in the literature
are taken into account, namely between-item spacing and naming direction.
Specifically, reduced between-item spacing is known to impede target recognition
(e.g., Eriksen & Eriksen, 1974; Moll & Jones., 2013; Perea & Gomez, 2012; Rayner
et al., 1998; Rayner et al., 2013; Sheridan et al., 2013). With respect to naming
direction, parafoveal processing for linguistic material is known to occur to a larger

extent in the default reading direction of the language (e.g., Snell & Grainger, 2018;
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Snell, Mathét et al., 2018; Snell et al., 2021). The perceptual span of parafoveal
processing is shorter in the vertical direction, if the default reading direction is left-to-
right (e.g, Ojanpéi et al., 2002; Seo & Lee, 2002; Snell et al., 2018), and it can be
extended toward the opposite direction for non-linguistic material (i.e., left-oriented
for readers of a left-to-right orthography; e.g., Harms & Bundesen, 1983). The
perceptual span is particularly important for multi-item tasks under the multi-task
conceptualization because it governs the amount of interference by nearby items. For
these reasons, in the present study we use multi-item Stroop tasks differing in
between-item spacing (i.e., dense vs. sparse) and naming direction (top-to-bottom vs.
left-to-right), aiming to test the robustness of the findings.
Method

Participants

Participants were 42 undergraduate students from Panteion University and the
University of Athens (aged 19-22; M =19.52, SD = 0.91; 37 females) who received
class credit for their participation. All were Greek native speakers with normal or
corrected-to-normal vision and normal color perception. Written informed consent
was obtained from all participants.
Time of data collection and sample-size justification

Data collection was performed between April and May 2018, sampling young
adults from the same population as Ziaka & Protopapas (2022) and aiming for a
similar sample size.

With respect to response time, we conducted a post-hoc power analysis of

Experiment 2 of Ziaka and Protopapas, which shared many similarities with the
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current study,2 using library simr v.1.0.6 (Green & MacLeod, 2016). The power to
detect a linear trend of response time by column of the multi-item task (the main
effect of interest) in the incongruent condition exceeded .95 for 12 participants. The
power to detect an interaction of this linear trend with condition was about .60 for 40
participants (full analyses available on OSF).

For the eye-tracking measures, that is, pupil size and dwell time, no previous
studies have examined their within-task variation in comparable tasks. Our sample
size is at least as large as previous studies of Stroop (and Stroop-like) tasks
examining pupil size (e.g., between 22 and 27 participants in Hershman et al. 2019;
26 in Hershman et al., 2020; 33 in Hasshim & Parris, 2015; 40 in Laeng et al., 2011)
and dwell time (e.g., 15 in Olk, 2013).

Materials
Experimental Trials: Incongruent and Neutral Conditions

For the incongruent condition, Greek color words were displayed in a non-
matching color. We chose the words for red (kéxkivo /kocino/), green (npdoivo
/prasino/), and yellow (kitpwvo /citrino/), because they have the same number of
letters and syllables, comparable written frequency (33, 34, and 9 per million,
respectively, from the IPLR; Protopapas et al., 2012), and begin with voiceless stops,
which facilitates response time triggering. The color of the ink was either red (RGB:
255, 0, 0), green (RGB: 0, 168, 0), or yellow (RGB: 255, 255, 0) with the
corresponding colors being familiar, easily distinguishable, and frequently used in
behavioral and pupillometry Stroop studies (e.g., Hasshim & Parris, 2015; Hershman

et al., 2020; Laeng et al., 2011). The color words for red, green and yellow appeared

2 The multi-item tasks of Ziaka & Protopapas (2022) were split into only 3 columns of
20 items, whereas here the same total number of items (60) is split into 12 blocks of 5.
We analyzed Experiment 2 instead of Experiment 1 to minimize concerns related to
regression to the mean (winner’s curse).
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in a non-matching color.
Stimuli for the neutral condition were strings made up of seven repetitions of the
letter X (no spaces; i.e., XXXXXXX) in red, green, and yellow color.

Scanning Baseline: Letter-Scanning Conditions

Scanning conditions were inserted before each experimental condition to serve as a
reference baseline accounting for position artifacts, that is, apparent pupil-size
changes due to position (Gagl et al., 2011; Mathot, 2018). Scanning conditions in the
multi-item tasks matched the corresponding experimental conditions in stimulus
position and extent, but instead of color words (or strings of Xs) presented in color,
they presented strings of letters displayed in black color. Each string was composed
of seven repetitions of the same Greek letters (among the set X, A, and B, or X, A,
and I15). Different letters were used for different strings, rather than repetitions of the
same symbol or letter for all stimuli as previously implemented (Gagl et al., 2011),
aiming to facilitate keeping track of position and thereby minimize skipping and the
ensuing data loss.

For the single-item Stroop task a neutral stimulus (i.e., seven repetitions of the #
symbol) appeared at the center of the screen prior to each experimental trial to serve
as the reference baseline. This is termed “scanning” in the analyses, for consistency
in treatment, although there was no actual visual scanning in the single-item task (as
all individual stimuli appeared at the center of the screen).

Tasks
Familiarization

Before each condition (i.e., neutral and incongruent) of a task, exemplar cards

3 In the DTB condition, which replicated stimulus presentation in Ziaka and Protopapas (2022), the
letters X, A, and B were used so as to replicate one of the neutral conditions used in that study. In the
other multi-item conditions, B was replaced by IT because its higher visual complexity might make it
more salient compared to X and A.
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with the sequence of screens for the entire trial were shown to the participants (i.e.,
drift check, # screen or letter-scanning condition, and experimental trials) along with
an explanation of the procedure and verification of expected responses in the
experimental trials. There were no practice trials.

Screenshots and videos exemplifying each task are available on OSF
(https://osf.io/fxgkd/).
Single-Item Stroop Task

The single-item task consisted of 60 trials. For each trial, a single stimulus
(neutral or incongruent) was displayed at the center of the screen in bold 20-pt
Courier New font on a gray background.
Multi-item Stroop tasks

Dense Top-to-Bottom (DTB). Each condition was presented in a single-screen
array of three columns of 20 stimuli, for a total of 60 stimuli per condition, displayed
in bold 20-pt Arial bold font on gray background. For the incongruent condition there
were 20 repetitions of each word and 20 repetitions of each color, counterbalanced in
their combinations and equally distributed over columns. Colors and color words
were randomly ordered with the constraint that adjacent items within columns were
not the same. The vertical spacing (edge to edge) between items was 4.5 mm
(approximately 0.28 degrees of visual angle). The Arial font was used in this task in
order to match the corresponding condition of Ziaka and Protopapas (2022) as closely
as possible.

Sparse Top-to-Bottom (STB). The structure of this task was similar to that of
the Dense top-to-bottom (DTB), differing in font and stimulus placement.
Specifically, stimuli were displayed in bold 20-pt Courier bold font arranged in a

matrix of 6 columns of 10 items each, for a total of 60 stimuli per condition. The
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vertical spacing (edge to edge) between items was 19.2 mm (approximately 1.22
degrees of visual angle). The monospaced Courier font was used in this and the
following task so that between-item spacing could be fixed to allow direct
comparisons between top-to-bottom and left-to-right naming directions.

Sparse Left-to-Right (SLR). This variant was identical to the Sparse top-to-
bottom (STB) task with the only difference that stimuli were arranged in 6 rows of 10
items each, requiring left-to-right naming. The horizontal spacing (edge to edge)
between items was 19.2 mm (approximately 1.22 degrees of visual angle), matching
the vertical edge-to-edge spacing of STB.

Task Order and Administration of Conditions

Task order within a session was random. For each task, the neutral condition was
administered first, followed by the incongruent condition. (Thus, presentation of
conditions in the single-item task was blocked.) Maintenance of a fixed order of
conditions is compatible with most of the commonly used Stroop tests in which the
non-conflicting (i.e., neutral) condition is administered first (e.g., Victoria version,
Golden version; Golden, 1978; Golden & Freshwater, 2002; Strauss et al., 2006).
Procedure

General Procedure

Participants were tested individually in a windowless room with artificial light.
Eye movements were recorded using an EyeLink 1000 Plus eye tracker (SR
Research, Toronto, ON, Canada) using a 35 mm lens. The sampling rate was 1000
Hz. Stimuli were displayed on a 27" LED computer screen (2560 x 1440 pixels with
a refresh rate of 144 Hz) at a viewing distance of approximately 90 cm. The
experiment was implemented in Experiment Builder 2.2.1 (SR Research, 2016). The

EB scripts implementing the tasks are available on OSF (https://osf.io/fxgkd/).



21

A forehead rest stabilized head position. Before each experimental session pupil
and corneal reflection thresholds were adjusted. Because the Eyelink 1000 Plus eye
tracker records pupil size as the number of thresholded pixels, no further adjustment
of thresholds were made during the experimental session. The participants’ eye
position was calibrated using 13 black dots (custom target) covering the entire
horizontal and vertical extent of the screen. Calibration targets were presented
individually in random order and subjects were asked to fixate the center of each dot.
For increased accuracy, acceptance of each target fixation was done manually by the
experimenter. Calibration was immediately followed by a validation routine to
determine the stability and accuracy of calibration. Validation was considered
acceptable if the worst point error was less than 1.5 degree and the average error was
less than 1.0 degree. The initial calibration and validation procedures were binocular
in order to define the eye with the least maximum and average error. The selected eye
was “locked” after that and was kept constant during the experiment. After the initial
calibration and validation and before each experimental condition and task,
monocular calibration and validation procedure followed the same procedure as
before. Calibration accuracy was checked before each trial using a drift-check point
(same as the calibration point) at the center of the screen.

Throughout the entire experimental session the background color (RGB 204,
204, 255) was kept constant during every step (i.e., instructions, calibration,
validation, experimental tasks, and “thank you” screen).

Single-item Task

A trial started with a neutral stimulus (i.e., seven repetitions of # in black bold

font) appearing for 1500 ms at the center of the screen, constituting the reference

“scanning” baseline. This was immediately followed by the experimental stimulus
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appearing at the same location for 2000 ms. There was no blank screen between
scanning and experimental stimulus. Stimuli were presented in random order
(different randomization for each participant). Participants were asked to name the
color of the ink as fast as possible and try to avoid errors.

Multi-item Tasks

For the multi-item Stroop tasks each trial started with a neutral stimulus (i.e.,
seven repetitions of # symbols in black bold font) appearing at the center of the
screen for 1500 ms. The same string of #s appeared again at the position of the first
item to be named for 1500 ms. The exact screen coordinates (horizontal, vertical) in
pixels from top left, were (1050, 360) for DTB, (800, 263) for STB, and (487, 470)
for SLR.

A letter-scanning trial preceded each experimental trial (i.e., each condition). In
the letter-scanning trials, participants were required to simply scan the card in the
order required by the current task (i.e., top-to-bottom or left-to-right) without any
additional processing. When participants fixated the final fixation dot at the bottom
right of the screen, the experimenter initiated presentation of the corresponding
experimental trial.

In the experimental trial, the same procedure with the fixation stimuli was
followed (i.e., ####### at central location followed by ####### at the location of the
first stimulus). When the experimental card appeared participants were required to
name the color of the ink, as instructed during the preceding familiarization phase.
When all responses had been produced and participants fixated the bottom right
fixation dot, the experimenter terminated the trial. The exact same procedure was
followed for both conditions (neutral and incongruent) in all multi-item tasks (DTB,

STB, and SLR).
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Data processing

Preprocessing

Behavioral Measures.

Single-Item Task. Accuracy and naming times were processed offline with
CheckFiles (Protopapas, 2007) to mark response times, that is, onset latency of the
vocal response. For the measure of accuracy, mispronunciations, substitutions, and
self-corrections were considered errors. Response times were inverted and multiplied
by 1000 to produce a rate measure of “items per second”, which is approximately
normally distributed. Graphical and statistical analyses of normality for both the
original and transformed times are listed in the online Supplemental Material B (pp.
7-12). In addition, all behavioral analyses reported below have also been conducted
using the raw (untransformed) response times; these are also listed in the online
Supplementary Material A (section 5) to facilitate comparisons with the Stroop task
literature.

For each participant and condition, a mean response rate was calculated for each
set of five consecutive trials4, resulting in a sequence of 12 trial “blocks” to be

compared to the five-item blocks of the multi-item versions.

Multi-Item Tasks. The recorded responses were manually processed offline

using Praat (Boersma & Weenink, 2012) to determine the accuracy and total naming

4 Response times to both correct and incorrect responses were retained for analysis,
aiming to maximize comparability between the single-item and multi-item versions
(Egner & Hisrh, 2005; MacLeod, 2005). That is, we took into account that the multi-
item Stroop task contains unavoidable errors that cannot be individually removed and
that errors may affect all dependent measures, that is, response time (e..g., Rabbitt,
1966; Kleiter & Schwarzenbacher, 1989), pupil size (e.g., Braem et al., 2015; Maier et
al., 2019), and eye-movements (e.g., Inhoff et al., 2016). Because results for the
multi-item tasks would necessarily contain erroneous responses, we decided to retain
those for the single-item task as well.
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duration for each set of five consecutive items, resulting in measures for 12 5-item
blockss in each condition and task. There were thus four blocks per column in the
DTB task, two per column in the STB task, and two per row in the SLR task.
Naming times for each block were inverted and multiplied by five (i.e., the
number of items) to produce a rate scale comparable to the single-item version (i.e.,

items per second).

Pupil Size and Dwell Time Measures. A separate interest area was defined for
each items. For each task and condition, Data Viewer 4.2.1 (SR Research, 2021) was
used to generate sample reports for pupil data and interest area reports for gaze data.
The interest area report contained dwell time as the sum of durations across all

fixations within each interest area.

Pupil data were preprocessed with the gazeR package (Geller at al., 2020) in R
4.1.1 (R Core Team, 2021), including de-blinking (removal of data 100 ms before
and after blinks), cubic-spline interpolation of missing data (due to blink removal),

and smoothing with an 11-ms Hanning window (Mathét, 2013; Mathot et al., 2018).

5 The division into 5-item blocks was dictated by constraints on material construction.
Specifically, we aimed to replicate Ziaka and Protopapas (2022) in the DTB task,
while also fitting sparser arrays of the same number of stimuli within the usable
portion of the screen (avoiding edges, to minimize data loss) in the other tasks. Taking
into account findings showing that disruption of temporal overlap in simultaneous
processing is beneficial for performance (e.g., Fischer & Plessow, 2015) and the
effect of return sweeps on eye-movements (e.g., Slattery and Parker, 2019), the
division of items into blocks of five aimed to ensure comparable data between tasks,
minimally affected by breaks between transition blocks and/or return sweeps.

6 To minimize data loss, the height of the interest areas was made as large as possible
depending on stimulus density in each task. For the single-item task, interest areas
were defined by adding 30 pixels to the top and bottom of the items. For the DTB
multi-item task, non-edge interest arecas were 38 pixels high, whereas the top and
bottom interest areas in each column were 97 pixels high, to account for drift
associated with column transitions. Finally, interest areas were 80 pixels high for the
STB task and 96 pixels for SLR.
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To facilitate interpretation, raw pupil size data were converted from arbitrary units to
millimeters based on recording an artificial pupil (following instructions from SR
Research) and calculating the mean of 60 items.

Finally, sets of five consecutive interest areas (i.e., items) for dwell time and
pupil size data were grouped into blocks by averaging, resulting in a total of 12
block-level values for each measure (dwell time and pupil size) for each condition
and task. Note that, because items in the single-item task appeared centrally for a
fixed amount of time and did not require eye movements, dwell times for the single-
item task exhibit substantial negative skewness (Figure S.3 in Supplemental Material
B). Accordingly, within-task differences in dwell time in the single-item tasks
indicate fixations away from the centrally presented items. Supplemental analysis on
cubic root-transformed dwell times for the single-item task showed the same pattern
of results as the untransformed data (see online Supplemental Material A; section 6).

Statistical analysis

To examine the effect of condition and block on response rate and dwell time we
tested the two-way interaction of condition and block using function Imer of the Ime4
package v. 1.1-27 (Bates et al., 2015). Random effects for participants included
intercepts and slopes for condition. In models for this as well as all other dependent
variables, condition was deviation-coded using function contr.sum, while block was
treatment-coded, so that the effects of block would be evaluated at the average of the
two conditions, while the effects of condition would be evaluated at the first block.
Interactions would then concern differences from the first block. In R notation the

model formula was specified as

~ condition * block + (1 + condition | subject)

For pupil size, an additional independent variable was included to account for
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position artifacts, namely “scanning”, with two levels: baseline and experimental.
Level “baseline” comprised letter-scanning trials preceding the experimental trials,
while level “experimental” comprised the experimental neutral and incongruent trials.
This variable was treatment-coded so that its effects would correspond to the
difference between baseline and experimental. In this way interactions with this
variable allow us to test the effects (or interactions) of other variables controlling for
position artifacts. A “scanning” variable (similarly coded, based on the string of #s
preceding each experimental stimulus) was also used to analyze pupil size data from
the single-item task, even though no position artifacts are possible, for consistency in
analysis. Random effects for participant in models for pupil size for every task
included random intercepts as well as random slopes for scanning, condition, and
their interaction.

For error rate, the two-way interaction between condition and block for each task
was tested with Bayesian generalized mixed-effects models for binomial distributions
instead of generalized mixed-effects models because the latter failed to converge due
to complete separation. For these models we used function bglmer of the blme
package v. 1.0-5 (Chung et al., 2013) with default priors on the fixed effects and
appropriate choice of optimizers.

Because we were interested to ascertain whether within-task variations in our
dependent measures followed a specific pattern, that is, whether the levels of block
corresponded to increasing or decreasing values of the dependent variables (or to a U-
shape pattern) and whether such polynomial effects differed across levels of
condition, we performed additional trend analyses for each task by using polynomial
coding for the block variable in models otherwise identical to those described above.

Finally, we directly compared tasks differing along a single dimension of interest
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(i.e., Dense vs. Sparse top-to-bottom; and Sparse top-to-bottom vs. left-to-right) to
examine whether between-item spacing and naming direction affected the slopes of
the trends by blocks.

For all analyses, simpler models were used if full random structure resulted in
nonconvergence.
Transparency and openness

All materials, raw data, and analysis scripts, including graphical and statistical
analysis of normality, complete model output as well as analysis-of-variance tables
for linear and generalized linear mixed-effects models for the different dependent
measures and tasks are available on OSF (https://osf.io/fxgkd/) and in the online
Supplemental Material A and B.

Results

Two participants were excluded from all tasks due to poor calibration. Three
additional participants were excluded from the DTB task only, due to software failure

or poor calibration.

Results for all measures and tasks are depicted in Figure 1 for behavioral
measures and Figure 2 for eye-tracking measures. Within-participant confidence
intervals were calculated with function summarySE of the Rmisc package (Hope,
2013). The middle column in Figure 2 displays the difference in absolute pupil size
between the experimental and corresponding scanning conditions, that is, relative
pupil size adjusted for position artifacts. This is only an illustration to facilitate
interpretation of the statistical analyses; the adjusted sizes were not directly modeled.
Instead, the analyses employed interactions with the “scanning” variable to control
for position artifacts while properly modeling variance across conditions.

Table 1 presents analysis-of-variance tables for linear and generalized linear
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mixed-effects models for each dependent measure and task. A significant main effect
of scanning was evident in every task, consistent with pupil dilation in the
experimental conditions relative to baseline, as expected. This effect appears
considerably larger in the multi-item tasks than in the single-item task (see Figure 2).
Tables 2 and 3 present the results for the corresponding polynomial effects for
behavioral and eye-tracking measures, respectively.

Single-item task

As shown in Table 1, for response rate and errors only the main effect of
condition reached significance, with the incongruent condition being overall slower
and more error prone than the neutral condition. This is Stroop interference, as
expected. There was no difference by block and no significant linear or quadratic
term for the two behavioral measures (Table 2), suggesting that performance as
reflected in response rate and errors was overall stable within this task.

A different pattern of results emerged for pupil size (see Table 1). Specifically,
the significant interaction of condition with scanning indicates a Stroop effect (i.e.,
dilated pupil for the incongruent relative to the neutral condition; see Figure 2, middle
panel in top row). The significant interaction of block with scanning indicates that
pupil size (controlling for position artifacts) did not remain the same as in the first
block. The effect of block was also evident in the subsequent trend analysis (Table 3),
which showed a significant—although weak—Iinear trend, consistent with decreasing
pupil size during the course of the task. There was no significant three-way
interaction in either analysis, indicating that the Stroop effect on pupil size remained
constant throughout the task.

For dwell time block and condition interacted significantly (Table 1), indicating

that the size of the Stroop effect increased during the course of the task (Figure 2, top
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right). The significant linear and quadratic terms for block (Table 3) are consistent
with a decelerating decrease in dwell-time, and the interaction of the linear term with
condition indicates that the decrease was greater for the neutral than the incongruent
condition.

Dense Multi-Item Top-to-Bottom Task

For response rate in the DTB task, the main effects of condition and block were
significant (Table 1), consistent with a Stroop effect and a timecourse effect,
respectively. Trend analysis (Table 2) produced significant linear, quadratic, and
cubic effects for block, consistent with a decelerating decrease in response rate during
the course of the task (indeed, an apparent asymptote; see second row on the left in
Figure 1). Their interaction was not significant, consistent with no difference between
the time course of response rate between the two conditions: Response rates in both
the neutral and the incongruent condition decreased rapidly during the first column
and remained approximately stable thereafter.

For errors, neither the main effects of block and condition nor their interaction
reached significance (Table 1). No consistent polynomial trend emerged either (Table
2).

For pupil size, the interaction of block with scanning was significant (Table 1),
consistent with a difference from the first block (controlling for position artifacts).
The nonsignificant interaction of block with condition (and nonsignificant triple
interaction with scanning) indicated that the effect of block on pupil size was similar
in both conditions. Trend analysis confirmed a linear trend consistent with decreasing
pupil size during the course of the task, not interacting with condition (Table 3 and
Figure 2, second row left and middle).

The results for dwell time were similar, that is, significant main effects of block



and condition in the absence of a significant interaction between them (Table 1),
indicating that dwell time was similarly affected for both experimental conditions.
More importantly, however, and in stark contrast to the single-item task, trend
analysis showed a substantial linear increase in dwell time within the course of the
task, not decelerating and not interacting with condition (Table 3 and Figure 2,
second row right). The significant cubic effect is consistent with fluctuations in
association with column changes (continuous vertical grey lines in the graph).

Sparse Multi-Item Top-to-Bottom task

For response rate in the STB task the interaction of block and condition was
significant (Table 1), indicating that the substantial Stroop effect (significant main
effect of condition) was not entirely stable across blocks. Trend analysis revealed
significant linear and quadratic terms (Table 2), not interacting with condition,
consistent with a decelerating decrease in response rate across conditions (Figure 1,
third row left).

Turning to errors, neither the main effects of block and condition nor their
interaction reached significance (Table 1). However, trend analysis indicated an
overall linear increase within the task, which was steeper in the incongruent
condition, evidenced by the significant interaction of condition with the linear trend
of block (Table 2). Taken together, the findings for response rate and errors suggest
that during the course of the STB task participants slowed down as their error rate
increased (Figure 1, third row).

For pupil size, both condition and block interacted significantly with scanning,
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consistent with a Stroop effect and a timecourse effect, respectively (Table 1). Trend

analysis confirmed a linear decrease in pupil size across conditions (Table 3 and

Figure 2, third row left and middle).
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For dwell time, there were again significant main effects of condition and block,
and no interaction, suggesting a stable Stroop effect throughout the course of the task.
Trend analysis confirmed a linear increase of dwell time during the task across
conditions (Table 3 and Figure 2, third row right).

Sparse Multi-Item Left-to-Right Task

For response rate in the SLR task, the main effects of block and condition, as
well as their interaction, were significant (Table 1), indicating a Stroop effect and a
timecourse effect that was modulated by condition (as depicted in Figure 1, bottom
left). Trend analysis confirmed a decelerating decrease in response rate across
conditions during the task (significant linear and quadratic terms of block not
interacting with conditions; Table 2).

The same pattern of results was found for errors, namely significant main effects
and interaction of block and condition (Table 1). This amounted to a significant linear
increase in error proportion that was greater for the incongruent condition, evidenced
by the significant interaction of condition with the linear trend of block (Table 2 and
Figure 1, bottom right). In sum, as for the STB task, the findings for the behavioral
measures indicate a clear drop in performance during the task, namely a decrease in
response rate accompanied by an in increase in errors.

For pupil size, there were significant interactions of condition and block with
scanning, and no triple interaction, following the pattern observed in the STB multi-
item task (Table 1). Trend analysis also confirmed a linear decrease of pupil size
within the task, as in the previous tasks, except this time there was also a smaller
significant cubic trend (Table 3), possibly due to an transient increase in the
beginning of the task (Figure 2, bottom middle).

Finally, for dwell time, the SLR followed the same pattern as the other multi-
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item tasks, that is, significant main effects of block and condition in the absence of a
significant interaction, consistent with a stable Stroop effect and an even timecourse
effect across conditions (Table 1). Trend analysis confirmed a linear increase, with a
steeper slope in the incongruent condition, evidenced by the significant interaction of

condition with the linear trend of block (Table 3 and Figure 2, bottom right).



Figure 1
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Results of behavioral measures. Response rate (items per second) and accuracy

(error proportion) in each block, condition, and task. Error bars show within-

participant 95% confidence intervals.
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Results of eye-tracking measures. Raw pupil size (mm), adjusted pupil size (mm), and dwell

time (ms) in each block, condition, and task. Adjusted pupil size is calculated as the difference

between each experimental condition and the corresponding scanning baseline. Evror bars

show within-participant 95% confidence intervals.
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Table 1

ANOVA results for linear and generalized linear mixed-effects models for each dependent measure and task.
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Response Rate Errors Pupil Size Dwell Time

Task  Fixed effect F p x F p F P
SNI condition 59.45 <.001 4.09 042 0.68 413 0.26 .606
block 0.42 945 8.80 .640 203.21 <.001 10.84 <.001
scanning — — — - 13.86 <.001 - -
block x condition 1.30 217 2.47 .996 426 <.001 2.22 011
condition X scanning — — — — 6.41 011 - -
block x scanning — — - — 0.78 .658 — —
condition x block % scanning - — - — 0.45 929 - —
DTB  condition 98.10 <.001 3.59 .058 0.06 793 58.06 <.001
block 17.54 <.001 13.72 248 12046 <.001 6.91 <.001
scanning - — - — 56.41 <.001 - -
block x condition 1.76 .056 15.64 155 0.77 .664 0.74 .691
condition x scanning — — - — 2.53 120 — —
block x scanning — — - — 9.82 <.001 — —
condition x block x scanning — — - — 0.81 .628 - —
STB condition 114.31 <.001 3.02 .082 2.70 .108 57.32 <.001




block 21.00 <.001 17.42 .095 98.46 <.001 7.12 <.001
scanning — — - - 93.79 <.001 - -
block x condition 2.38 .006 18.25 075 0.41 .948 0.60 822
condition x scanning — — - — 6.61 014 — —
block x scanning — — - - 8.69 <.001 - -
condition x block x scanning — — - — 1.15 314 — —
SLR  condition 161.88 <.001 5.09 .024 0.23 .633 214.56 <.001
block 25.97 <.001 20.45 .039 142.32 <.001 11.36 <.001
scanning - — - — 150.60 <.001 - -
block x condition 2.83 .001 20.64 037 0.36 968 1.39 .170
condition x scanning — — - — 8.29 .006 — —
block x scanning — — - — 8.73 <.001 — —
condition x block x scanning — — - — 0.56 857 - —

Note. Statistically significant effects indicated in boldface. SNI: Single-item Stroop task; DTB: Dense top-to-bottom multi-item Stroop task;

STB: Sparse top-to-bottom multi-item Stroop task; SLR: Sparse left-to-right multi-item Stroop task.
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Polynomial effects of block and their interaction with condition for each behavioral measure in each task

Response Rate Errors
block block x condition block block x condition
Task  Effect B y » B - » B y » B y »
SNI Linear <.01 -0.12 901 <.01 -0.08 933 —0.23 —0.17 .862 -0.71  -0.53 591
Quadratic <.01 -041 .675 <.01 -0.41 677 0.29 0.22 821 -1.04 —0.81 416
Cubic <.01 -0.29 767 02 -1.42 153 0.03 0.02 981 0.07 0.05 957
DTB  Linear -0.26 -9.81 <.001 -0.02 -1.04 294 1.26 1.91 .055 0.62 0.95 342
Quadratic 0.22 815 <.001 -0.05 -1.93 .052 —0.49 —0.69 488 0.18 0.26 791
Cubic -0.07 -2.69 007 0.05 1.92 .054 1.00 1.43 152 0.05 0.08 931
STB  Linear -0.28 -10.93 <.001 -0.04 -1.63 102 2.39 3.05 .002 1.61 2.06 039
Quadratic 0.22 845 <.001 -0.02 -0.75 448 —0.90 -1.31 .188 -0.50 -0.73 459
Cubic -0.02 -1.02 305 0.02 -1.06 .288 0.73 1.09 272 0.38 0.57 .566
SLR  Linear -0.37 -14.57 <.001 0.01 0.46 .638 2.22 3.00 002 1.81 245 014
Quadratic 0.15 594 <.001 -0.02 -0.99 320 —0.74 -1.01 312 0.02 0.03 .969
Cubic 0.03 1.30 192 <.01 0.03 975 —0.28 —0.42 672 0.16 0.24 .807

Note. Statistically significant effects indicated in boldface. SNI: Single-item Stroop task; DTB: Dense top-to-bottom multi-item Stroop task; STB:

Sparse top-to-bottom multi-item Stroop task; SLR: Sparse left-to-right multi-item Stroop task.
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Table 3

Polynomial effects of block and their interaction with condition for each eye tracking measure in each task

Pupil Size Dwell Time
block X scan block X condition x scan block block x condition
Task  Effects B ; P B - P B ; P B ; P
SNI Linear -0.03 -2.26 .023 0.01 1.08 279 -303.74 -10.52 <.001 -124.01 -4.29 <.001
Quadratic <.01 -0.03 974 -0.01 -0.86 .388 72.47 2.51 012 -5.17 —0.17 .857
Cubic 0.02 1.23 215 <.01 0.50 612 -10.51 -0.36 715 42.27 1.46 143
DTB  Linear -0.14 597 <.001 0.03 1.44 147 144.28 6.58 <.001 —29.10 -1.32 184
Quadratic 0.02 0.92 353 -0.01 -0.53 .596 -9.40 042 .667 15.38 0.70 482
Cubic -0.01 -0.53 592 -0.01 -0.60 .543 64.92 2.96 .003 —-19.78 —0.90 366
STB  Linear -0.12 -7.11 <.001 0.02 1.45 .146 105.86 6.54 <.001 3.01 0.18 .852
Quadratic 0.01 0.58 557 -0.02 -1.62 .104 -13.94 -0.86 388 4.26 0.26 792
Cubic <.01 -0.24 .809 -0.03 -1.74 .081 3.64 0.22 821 12.05 0.74 456
SLR  Linear -0.11 -6.76 <.001 -0.01 -0.71 474 160.57 934 <.001 —41.17  -2.39 .016
Quadratic 0.02 1.34 180 -0.01 -0.98 326 -30.63 -1.78 074 20.45 1.19 234
Cubic 0.04 2.57 .010 0.01 1.10 270 —64.68 -3.76 <.001 —0.21 —0.01 .989

Note. For pupil size the polynomial effects of block refer to the interaction with scanning, to account for position artifacts (see text for variables
and contrast coding). Statistically significant effects indicated in boldface. SNI: Single-item Stroop task; DTB: Dense top-to-bottom multi-item

Stroop task; STB: Sparse top-to-bottom multi-item Stroop task; SLR: Sparse left-to-right multi-item Stroop task.
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Summary of Results

To sum up and as shown in Table 4, for the single-item task response rate and
errors were stable throughout the task, while pupil size and dwell time decreased. In
contrast, for all multi-item tasks, response rate decreased, pupil size decreased, and
dwell time increased; the pattern for errors was not consistent as it was stable in the
dense task and increased in the two sparse tasks depending, however, on condition.

Table 4

Summary of linear trends of block for each task and measure

Response Rate Errors Pupil Size Dwell Time

Task Increase Decrease Increase Decrease Increase Decrease Increase Decrease

SNI v v
DTB v v v
STB v v v v
SLR v v v v

Note. SNI: Single-item Stroop task; DTB: Dense top-to-bottom multi-item Stroop
task; STB: Sparse top-to-bottom multi-item Stroop task; SLR: Sparse left-to-right

multi-item Stroop task.
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Between-task Comparisons

Table 5 lists the results of comparing the polynomial trends of block between
pairs of multi-item tasks, by testing the interaction of task with block. For the effects
on pupil size, the three-way-interaction between task, block, and scanning is
presented instead, to account for position artifacts. Condition (neutral vs.
incongruent) was deviation-coded in the models, thus the results in Table 5 apply to
the mean of the two conditions. Random effects for participant in models for pupil
size for each comparison included random intercepts as well as random slopes for
scanning, condition, task, and their interaction. For models that did not converge, a
simpler random effects structure without the interaction was used (see online
supplementary material). The selected pairs of tasks highlight the effect of item
density (DTB vs. STB) and naming direction (STB vs. SLR).

Dense Versus Sparse Top-to-Bottom

There were no significant interactions of task with linear, quadratic, or cubic terms of
block for response rate, suggesting that within-task performance was declining
equally in both tasks. No significant interactions were observed for error proportions
and pupil size. For dwell time, there was no significant interaction of task with the
linear or quadratic trend of block, but the interaction with the cubic term was
significant, indicating more fluctuations in the task with sparser items.

Sparse Top-to-Bottom versus Left-to-Right

The significant interaction of task with the linear trend of block for response rate
indicates that the slope for the left-to-right task (SLR) was steeper, that is, faster
decline in performance, than in the top-to-bottom task (STB). There was no

difference between tasks in the trends for error proportions or pupil size. For dwell



time, a significant interaction of task with the linear and cubic trend of block was

observed, indicating a steeper and less even increase for the left-to-right task.
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Table 5

Interactions between task and polynomial effects of block for each dependent measure

42

Response Rate Errors Pupil Size Dwell Time
Task pair Effect B ; P B - P B y P B y D
DTB vs STB Linear -0.02 055 577 136  1.27 201 0.02 059 .551 -38.38 143 151
Quadratic <.01 0.02 .976 -0.56 -0.55 .579 <.01 -0.25 .799 —-4.66 -0.17 .861
Cubic 0.04 1.22 222 0.11  1.12  .902 <.01 0.13 .891 -61.29 -2.29 .022
STB vs SLR Linear -0.08 -2.40 .016 035 030 .759 <.01 024 .803 54.70 230 .021
Quadratic -0.06 -1.87 .06l -0.21 -0.19 .844 0.01 050 .614 -16.68 —0.70  .482
Cubic 0.06 1.64 .100 -0.86 -0.89 372 0.04 1.88 .059 —68.33 -2.87 .004

Note. Statistically significant effects indicated in boldface. For pupil size, the three-way-interaction between task (reference level listed first),

block (polynomial contrast), and scanning (reference level was scanning) is presented; for the other dependent measures, results refer to the two-

way interaction between task and block. DTB: Dense top-to-bottom multi-item Stroop task; STB: Sparse top-to-bottom multi-item Stroop task;

SLR: Sparse left-to-right multi-item Stroop task.
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Discussion

The starting point of the present study was the observation that the empirical
foundation of popular cognitive control theories is largely based on single-item tasks,
which may pose too low demands to challenge the capacity of the system and expose
its limits. Consequently, we considered predictions derived from the conflict
monitoring hypothesis and the expected value of control theory (CMH/EVC) for
different versions of the Stroop task, that is, a single-item task and multi-item variants
of the task, focusing on within-task evaluation of behavioral and eye-tracking

measurcs.

Our results showed clear performance decrements within all multi-item variants,
contrasting with stable performance in the single-item task. Notably, this was the case
in both the incongruent and the neutral condition, irrespective of between-items
distance and naming direction. These findings indicate that there are considerable
differences between task formats in control demands and are consistent with
conceptualization of the multi-item task as a “multi-task”.

This is not the first time such results have been observed. Similar findings have
been reported by Klein et al. (1997), who examined the effect of test duration on
Stroop task performance, and Amtmann et al. (2007) in row-by-row analysis of multi-
item naming tasks. The same pattern was also obtained by Ziaka and Protopapas
(2022) applying within-task performance evaluation in Stroop tasks in three different
experiments and in two developmental stages, that is, in adults and Grade 4-5
children. Ziaka and Protopapas proposed capacity constraints on control as a plausible
explanation, arguing against attributing the findings to withdrawal from the task (i.e.,
disengagement due to high control demands). However, the available measures did

not permit them to conclusively rule out alternative interpretations.
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Aiming to shed further light on the issue, in the present study we augmented
accuracy and response rate with pupillometry and gaze measures. Our results
confirmed the expected patterns of performance for the single-item Stroop task. In
contrast, performance in the multi-item Stroop tasks did not follow the same pattern.
Specifically, within-task performance decreased, accompanied by pupil constriction
and—crucially—dwell-time increase. We interpret these results as indicative of
capacity constraints on control rather than disengagement from the task, consistent
with the third alternative hypothesis.

The single-item Stroop task

It may seem puzzling that gradual pupil constriction was also observed in the
course of the single-item task. However, apart from the quantitative difference (much
less constriction in the single-item task), we submit that the origin of constriction is
different between the two Stroop task versions. Specifically, in the single-item task
performance was quite stable throughout, consistent with participants efficiently
managing the task requirements. In contrast, in all multi-item tasks pupil constriction
was accompanied by substantial performance deterioration. This pattern is similar to
findings of studies examining pupil size and performance under dual-task conditions
(Hauser et al., 2019; Kahneman et al.,1967; Karatekin, 2004; Recarte & Nunes, 2000;
Recarte et al., 2008; Tapper et al., 2021).

Moreover, a clear decrease in dwell time was observed during the course of the
single-item task, indeed greater in the neutral condition. This indicates a diminishing
need to intensely attend to the items for successful performance. In contrast, in the
multi-item task dwell time increased throughout the task, suggesting a need to
intensify processing. Overall, the differential patterns of results between the single-

item and multi-item version lend themselves to qualitatively different interpretations,
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namely practice effects for the single-item version versus capacity constraints for the
multi-item version. Hershman and Henik (2019) have recently commented that “pupil
changes could indicate conflict even in the absence of behavioral indications for the
conflict” (p. 1899). By analogy, we submit that pupil changes could also indicate
practice effects even in the absence of behavioral indications for these practice
effects.

This argument is in line with CMH/EVC, which assume dynamical adaptations of
control within the task depending on efficacy (Fromer et al., 2021). Here efficacy is
understood as “the likelihood that a goal will be reached with a given investment of
control”, leading to “changes in behavioral and neural signatures of control
allocation” (Fromer et al., 2021, p. 2). Pupil size is an index of dynamic brain activity
(Kahneman, 1973; Beatty, 1982; Beatty & Lucero-Wagoner, 2000); and the
experience of efficacy due to stable performance within the single-item task was
reflected in pupil size as (slight) gradual constriction. Indeed, similar results were
obtained by Fromer et al. as they investigated the role of efficacy and reward in
control implementation in a modified Stroop task: They also found that the pupil
constricted, rather than dilate, when efficacy was perceived as high.

All things considered, the pattern observed in the single-item task is consistent
with previous findings examining control implementation and allocation in single-
item tasks. This was not the case for the multi-item tasks. Hence, our findings suggest
that the use of multi-item tasks can help expand the scope of the study of control
implementation beyond the limited demands of single-item laboratory tasks, which
may differ substantially from the demands of multi-item tasks and, possibly, from the
demands of more ecologically realistic tasks of everyday life (see also Draheim et al.,

2021; Martin et al., 2020; Schuch et al., 2019).
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In a related approach, Martin et al. (2020) set out to investigate the extent to
which well-known measures of control could predict real-word (i.e., multi-tasking)
job performance. They found that the single-item Stroop task and the flanker task
failed to significantly predict multi-tasking performance, concluding that “the degree
to which attention control provides unique prediction ... depends on the way in which
attention control is measured” (p. 332). By this they referred to the need for accuracy-
based measures of attentional control, rather than the reaction time difference scores
commonly employed in the field (see Draheim et al., 2021, for a detailed discussion
of this topic). We believe that our findings point to an additional reason contributing
to the null effects of Martin et al., that is, the use of single-item tasks for predicting
complex everyday behaviors that are inherently more akin to multi-tasking.

The impact of capacity constraints on multi-item processing

EVC theorists acknowledge capacity constraints on control (Shenhav et al.,
2013). Performance decrements in the model have been operationalized in terms of
incentives, that is, overt disengagement due to task difficulty (Agrawal et al., 2022).
Here we propose that performance decrements may also be operationalized in terms
of strategic (moment-to-moment) control adaptation leading participants under
cognitive overload to actively adapt to the task, rather than withdraw from it.

More specifically, we take our findings to show that in the multi-item Stroop task
the need for control implementation goes well beyond the “normal” requirements of a
single task, because of parallel execution of diverse subtasks necessitated by the
simultaneous presence of multiple items to be named and the consequent within- and
between-items interference.

The excessive control demands of the multi-item tasks has led to a pattern of

findings—consistently observed across tasks—over the four dependent variables that
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suggests capacity limitations and control constraints. The effect of these limitations is
quite substantial, consistent with the idea that if capacity limits are reached in the
course of carrying out a task, cognitive overload results in within-task performance
deterioration. This view is in line with findings from the multi-tasking literature
showing that simultaneous processing implemented through short stimulus-onset-
asynchronies (SOAs) has a detrimental effect on performance, and that greater
performance decrements are associated with increased temporal overlap (Fischer &
Plessow, 2015).

However, it is important that performance merely decreases; it does not collapse.
This suggests that an overwhelmed control system can resort to mitigation strategies,
declining in efficiency but retaining control. What is the cognitive mechanism that
allows the task to be carried out, mostly successfully, despite excessive demands on
cognitive control? Ziaka and Protopapas (2022) speculated that within-task
performance decrements might be a consequence of shifting from parallel to serial
processing once the limits of the available resources are reached.

Specifically, Ziaka and Protopapas (2022) argued that in tasks involving
simultaneous presentation of multiple items, parallel processing is an emergent
default behavior, in part thanks to parafoveal processing of upcoming items
concurrent with processing of the foveated item, and in part because an upcoming
item can be processed while the response to a preceding item is uttered. At the
beginning of the task participants apply their default parallel strategy, entrenched as a
result of years of reading experience; simultaneous processing of the current and
nearby items allows one to proceed faster without sacrificing performance. However,
as the task proceeds and overload emerges, conflict monitoring indicates the need to

adapt control. This leads the goal of current-item processing to be prioritized over the
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processing of upcoming items in order to maintain successful performance, known as
task shielding in the multi-tasking literature (Berger et al., 2019; Fischer & Hommel,
2012; Fischer & Plessow, 2015). In other words, serial processing (i.e., item-by-item
processing; Fischer & Plessow, 2015) replaces the default parallel procedure.
Attention is restricted to the currently processed item by adopting “lockout
scheduling” (Meyer & Kieras, 1997, p. 20), meaning that subsequent items are
excluded from processing until response planning of the current item has been
completed (Roelofs, 2007).

We submit that lockout scheduling can be applied to the interpretation of the
findings of the present study. Specifically, our results indicate that at the very
beginning of the task participants were in general faster in the multi-item tasks,
compared to the single-item (Figure 1, right), indicating a “serial advantage”. The
serial advantage has been previously attributed to parallel processing of successive
items, such that one item is processed while the previous one is named and the next
one is viewed (Altani et al., 2020; Protopapas et al., 2013, 2018). As the task
progressed, performance started to drop and the serial advantage was abolished,
especially in the case of the incongruent condition (see online Supplemental Material
A, section 4.3). Importantly, pupil also began to constrict, indicating the emergence of
an overload state. At the same time, dwell time showed an increase, meaning that
participants spend more time looking at each item for response selection and
suggesting that items captured more attentional resources. In other words, processing
of the next item was postponed until the current response was free from between-
items interference (i.e., “lockout scheduling”; Roelofs, 2007). Notably, the temporal
separation of item processing that leads to decreased response rate in multi-item tasks

is not posed by experimental manipulation, as it is in single-item or dual tasks (e.g.,
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Esterman et al., 2013; Fischer et al., 2007; Glasser & Glasser, 1982, 1989; McCann &
Johnston, 1992), but by participants’ self-regulation, suggesting moment-to-moment
adaptation.

This interpretation is in line with the proposal of Roelofs (2007), who examined
eye movements in a picture-word Stroop task under dual task conditions and showed
that the time participants “decided” to shift their gaze to the secondary task was
strategically adjusted based on task requirements. In particular, gaze shift was delayed
if the primary and the secondary task required the same response mapping (here, oral
responding), ultimately resulting in a shift from parallel to serial processing. Taking
into account that oral responses are required for all items of our multi-item tasks,
implementation of a serial strategy seems justifiable—if not inevitable. Taking this
one step further, in our experiment dwell time increase was accompanied by pupil size
decrease, extending Roelofs’ proposal by suggesting that it is not (only) a strategic
decision, but (also) an emergent necessity due to the overload state in which
participants find themselves.

Our interpretation receives further support from studies investigating attentional
breadth as an index of shifts of covert attention (Brocher et al., 2018). More
specifically, attentional breadth is based on the focus of attention, which is narrowed
when the focal point of attention is centered, and broadens when attention is
peripherally expanded (Mathot, 2020). Importantly, shifts of attentional breadth can
be reflected on pupil size, with narrowing of attention causing constriction and
expansion leading to dilation (Brocher et al., 2018; Daniels et al., 2012; Mathot,
2020). Moreover, attentional breadth is related to exploration and exploitation, with
exploration causing pupil dilation, as attention is less focused, while exploitation is

associated with smaller pupil size because of the narrowing of attention. Interestingly,
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exploitation and, hence, pupil constriction, is considered to emerge when the focus is
on a single task, whereas exploration emerges when the focus of attention is expanded
(e.g., in task switching), causing behavior to be prone to distraction and resulting in
larger pupils (Mathot, 2018).

Taking into account that parafoveal processing and perceptual span are all about
expansion of attention (i.c., a case of attentional breadth in reading and naming tasks),
studies investigating attentional breadth are highly relevant in the context of the
present study. More specifically, they are consistent with our interpretation of a shift
from a more parallel to a more serial processing via “lockout scheduling” on the
assumption that attention is dynamically adjusted (i.e., narrowed), causing the pupil to
shrink. This adjustment of attention has the effect of decelerating participants, due to
more centered processing, while at the same time making them less prone to
interference from nearby items (i.e., distraction). In other words, we submit that pupil
constriction reflects an overload state because of the narrowing of attention; capacity
constraints lead to a centered focused attention by blocking parallel processing,
resulting in the well-documented pupil constriction under dual-task or excessive load
conditions (e.g., Hauser et al., 2019; Karatekin, 2004; Recarte & Nunes, 2000;
Recarte et al., 2008; Tapper et al., 2021).

This interpretation is also supported by the correlations between behavioral and
eye-tracking measures in our study. Specifically, for the multi-item tasks, response
rate correlated positively with pupil size but negatively with dwell time (while pupil
size and dwell time were negatively correlated; see Tables S.10-S.13 in Supplemental
Material B). Thus, it appears that pupil size decreased as participants were slowed

down and the time looking at each item accordingly increased.
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Finally, the comparison between the two sparse tasks, which showed that naming
direction modulates the timecourse effect enhances our interpretation. Specifically,
the task comparison indicated a steeper decrease of response rate and a steeper
increase in dwell time for the left-to-right task, compared to top-to-bottom. This
suggests that participants locked out nearby-items processing more intensively in the
left-to-right task. This finding can be related to evidence for the effect of naming
direction on parafoveal processing and the perceptual span. Specifically, previous
studies have shown that parafoveal processing is larger in the default reading direction
than in a vertical direction (Snell et al., 2018). As for the perceptual span, it can
exceed 10—15 character spaces to the right of the fixation in alphabetical
orthographies (Rayner, 1998), whereas it is limited to 4-5 character spaces in the
vertical direction (Ojanpéi et al., 2002). Taken together, we interpret these findings as
suggesting that nearby-items interference is stronger in the left-to-right task, forcing
participants to adopt a stricter serial strategy, compared to the top-to-bottom task.
Implications for clinical settings

Although it is known that Stroop interference appears inflated in the multi-item
version of the task when compared to its single-item counterpart (MacLeod, 2005;
Salo et al., 2001), the multi-item Stroop task is used in standardized
neuropsychological assessment and clinical practice for identifying inhibition, control
and attentional deficits (e.g., Bjorngrim et al., 2019; Bezdicek et al., 2015; Penner et
al., 2012; Periafiez et al., 2021; Rabin et al., 2005; Salo et al., 2001; Scarpina &
Tagini, 2017). The observed difference in interference between the two Stroop
versions has been partly attributed to the neutral condition, which seems faster in the
multi-item Stroop task than in the single-item task (Salo et al., 2001), presumably due

to simultaneous presentation of items speeding up responses (MacLeod, 2005). In
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contrast, the incongruent condition seems to produce either the same or similar
response times across versions. Thus, interference, which results from a subtraction of
the two, appears larger in the multi-item version (Salo et al., 2001).

Focusing in finer detail on the time course of each condition, our results show
that in the beginning of the task both conditions of the multi-item task produce faster
responses than the corresponding conditions of the single-item task (see Supplemental
Material A, section 4.3). Further into the task, however, this advantage vanishes,
especially in the incongruent condition (see Figure 1 left). Previous studies seem to
have missed this pattern and its impact on interference estimation because response
times were averaged throughout the entire task, as per common practice. It is the
continuous tracking of within-task performance that has allowed us to identify the
origin of the differences. This finding seems particularly important in light of the
popularity of the multi-item Stroop task in clinical practice and neuropsychological
assessment (e.g., Rabin et al., 2005).

Finally, our results point to a significant role of naming direction. In particular,
the steeper performance decrements observed in the left-to-right task (Table 5)
suggest that naming in a left-to-right direction may be more challenging than naming
top-to-bottom. This finding stands in contrast to the only past study on this issue we
have been able to identify, namely McCown and Arnoult (1981), who found no
significant effect of naming direction (i.e., vertical or horizontal) on response times
for the whole task in four different variants of the multi-item Stroop task. They
concluded that different Stroop forms can be used without distorting their conflicting
nature. If replicated, our finding will be of relevance for clinical practice, bearing in
mind that naming direction in popular standardized Stroop tasks varies greatly, with

some of them using left-to-right naming (e.g., Victoria version) and others top-to-
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bottom (e.g., Golden version; for a review see Strauss et al., 2006), all striving to
identify the same types of deficits.
Alternative interpretations

Any discussion of sequential effects on Stroop task performance should
acknowledge the presence of “negative priming” items and their possible impact on
performance. Negative priming refers to the increase of response time in the
incongruent condition when the incorrect word-response of the preceding item
corresponds to the correct color-response of the currently named item (e.g., the word
“red” printed in green followed by an item printed in red color; Dalrymple-Alford &
Budayr, 1966; Neill, 1977). Negative priming items were indeed present in all of the
multi-item tasks used in the present study, with varying proportions among five-item
blocks (see online task material). However, the consistent results of our dependent
measures suggests that this effect cannot have been the primary source of the findings.
More importantly, the fact that negative priming is by definition absent in the neutral
condition of the task, which however showed a similar pattern of results, excludes
negative priming as a valid interpretation for the overall pattern of our findings.

A potential alternative approach to our interpretation of within-task differences in
the multi-item version might focus on speed-accuracy tradeoffs, defined as the switch
between the tendency to respond slowly and more accurately and the tendency to
respond faster and be less accurate (Zimmerman, 2011). However, there was no
systematic decrease in error rate associated with increased naming time, therefore our
findings cannot be attributed to a speed-accuracy tradeoff. The dissociation is further
highlighted by the observation that color naming times showed a decrease in both

conditions even when error rate was not significantly affected (e.g., Dense multi-item
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task) or when error rate showed a steeper increase (e.g., incongruent conditions of
sparse tasks when compared to the corresponding neutral conditions; Table 2).

Finally, post-error slowing does not appear to be a plausible alternative
interpretation either. Post-error slowing refers to the tendency of participants to slow
down and be more conservative after errors (Carter & van Veen, 2007). In the present
context, post-error slowing could account for an increase in color naming times
between blocks if increased naming times were systematically accompanied by
increased numbers of errors across conditions and multi-item tasks. However, our
results showed that errors varied widely among conditions and tasks, in contrast to the
robust increase of color-naming time.

Limitations and future directions

In the present study, participants were instructed to name the color “as fast as
possible and try to avoid errors”. The instruction thus put emphasis on speed, as
usually done in the context of the Stroop task and other interference tasks (MacLeod,
1991, 2005; Draheim et al., 2021). However, previous studies have shown the
modulating role of instructions (Fischer & Hommel, 2012; Lehle & Hiibner 2009;
Lehle et al., 2009). Hence, by emphasizing speed we may have indirectly promoted
parallel processing for speeding up responses and, consequently, nearby-items
interference. Future studies can shed more light on possible effects of instructions on
within-task performance.

Furthermore, we examined within-task variations in only one of the tasks used in
the cognitive control literature (i.e., the Stroop task). However, as discussed in the
introduction, in the multi-item Stroop task two different inhibition processes are
active, that is, prepotent response inhibition and resistance to distractor inhibition

(Friedman & Miyake, 2004). It remains unclear if the same pattern of results would be
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obtained in tasks where only one type of inhibition is required, as for example in a
modified multi-item Eriksen flanker task composed by visual symbols. Further
experiments using different tasks and materials are needed before final conclusions
about the robustness of our findings and the task specificity of the relevant cognitive
theories can be confidently reached.

Finally, all participants of our study were young adults (M = 19.52). Age may
modulate the effect of within- and between-items interference in the multi-item
Stroop task. The difference between adults and children reported by Ziaka and
Protopapas (2022) strengthens this possibility. Future research including eye-tracking
measures is needed to examine potential differences in capacity limits between
different developmental changes and populations and their impact on interference.
Such studies are also important for the purpose of guiding clinical assessment.

It should be clarified that none of our findings are meant to be taken as invalidating
or contradicting the CMH/EVC framework. Indeed EVC theory is sufficiently flexible
in the conceptualization of costs and benefits that it may be difficult to pin down
specific predictions. Although performance enhancement due to control adaptation
would normally be predicted by the CMH in the course of a control-requiring task
(Botvinick et al., 2001), the EVC can also accommodate performance decrements as a
function of incentives, that is, disengagement (Shenhav et al., 2013). Instead, we take
our findings to indicate that in multi-item tasks (and situations posing complex multi-
tasking demands more generally) capacity constraints may be seen as an alternative
explanation for the occurrence of performance decrements; and we proposed a way in
which control adaptation under capacity constraints can be operationalized in terms of

attentional shifts.
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Other recent work has also led to a call for reconsideration of performance
decrements during demanding tasks beyond incentives. Specifically, Agrawal et al.
(2022) proposed that voluntary rests, conceptualized as opportunities for offline
computations, can lead to performance decrements. Because rests subserve learning,
they can be rewarding for future behavior despite current negative effects on
performance and can be seen as indexes of covert engagement—not disengagement—
related to exploitation, consistent with our interpretation of pupil constriction as an
index of exploitation. Future studies can directly address whether participants in our
study may have pursued rests for the purpose of learning during the multi-item tasks
or whether, as we propose, it was capacity constraints and the concomitant attentional
shifts that caused performance to drop and pupil size to shrink. In our view, the
continuous nature of multi-item tasks makes rests unlikely. Moreover, performance in
our multi-item tasks indicated consistent deterioration, in contrast to the purported
rewarding nature of rests due to learning effects. Further research examining silent
intervals between articulations and comparing multi-item tasks with item lists of
varying length can help illuminate the underlying source of performance decrements.

Finally, it should be noted that the proposed shift from more parallel to more serial
processing via attentional lockout scheduling is a post-hoc interpretation. Future
research can examine within-task changes in spatial eye-voice span (i.e., the number
of items between the currently fixated item and the currently named item) and
temporal eye-voice span (i.e., the elapsed time between first fixation on an item and
articulation onset of that item). The effects of shifting to a more serial processing
mode should be evident as a decrease of spatial eye-voice span in conjunction with an

increase in temporal eye-voice span during the course of the task.
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Conclusion

The present study showed that different variants of the same task may involve
qualitatively distinct control requirements and mechanisms leading to successful
performance. The combination of pupillometry, eye tracking, and behavioral response
measures allows us to preclude withdrawal from the task as a plausible explanation
for the observed patterns during the course of carrying out the tasks. Instead, we
propose that capacity constraints under concurrent control-demanding tasks result in a
shift from a more parallel to a more serial processing. It remains to be seen
whether—and how—our proposal can be incorporated into current theories of

cognitive control.
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