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Summary

This dissertation explores the development and assessment of inhibitory control — a
crucial component of executive functions — in young children. Inhibitory control, defined as
the ability to suppress inappropriate responses (Verbruggen & Logan, 2008), is essential for
adaptable and goal-oriented behavior. The rapid and non-linear development of this cognitive
function in early childhood presents unique challenges for accurate assessment. As children
age, they often exhibit a ceiling effect in terms of response accuracy (Petersen et al., 2016),
underscoring the need to consider response latency as well. Ideally, combining response
latency with accuracy could yield a more precise measure of inhibitory control (e.g., Magnus
et al., 2019), facilitating a detailed tracking of developmental changes in inhibitory control
across a wider age spectrum. The three studies of this dissertation collectively aim to clarify
the relationship between response accuracy, response latency, and inhibitory control across
different stages of child development. Each study utilizes a computerized Pointing Stroop
Task (Berger et al., 2000) to measure inhibitory control, examining the task's validity and the
integration of dual metrics for a more comprehensive evaluation.

The first study focuses on establishing the validity of using both response accuracy
and latency as indicators of inhibitory control. Utilizing the framework of explanatory item-
response modeling (De Boeck & Wilson, 2004), the study revealed how the task
characteristics congruency and item position influence both the difficulty level and timing
aspects in young children’s responses in the computerized Pointing Stroop task. Further, this
study found that integrating response accuracy with latency, even in a basic manner, provides
additional insights. Building upon these findings, the second study investigates the nuances of
integrating response accuracy and latency, examining whether this approach can account for
age-related differences in inhibitory control. It also explores whether response latencies may

contain different information depending on the age and proficiency of the children. The study
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leverages novel and established methodological perspectives to integrate response accuracy
and latency into a single metric, showing the potential applicability of different approaches
for assessing inhibitory control development. The third study extends the investigation to a
longitudinal perspective, exploring the dynamic relationship between response accuracy,
latency, and inhibitory control over time. It assesses whether children who achieve high
accuracy at an earlier age show faster improvement in response latency, suggesting a non-
linear maturation pathway of inhibitory control. The study also examines if the predictive
value of early response latency for later fluid intelligence is dependent on the response
accuracy level.

Together, these empirical studies contribute to a more robust understanding of the
complex interaction between inhibitory control, response accuracy, and response latency,
facilitating valid evaluations of cognitive capabilities in children. Moreover, the findings may
have practical implications for designing educational strategies and clinical interventions that
address the developmental trajectory of inhibitory control. The nuanced approach advocated
in this dissertation suggests prioritizing accuracy in assessment and interventions during the
early stages of children's cognitive development, gradually shifting the focus to response

latency as children mature and secure their inhibitory control abilities.



DEVELOPMENT OF INHIBITORY CONTROL IN CHILDREN 6
Zusammenfassung

Die vorliegende Dissertation erforscht die Erfassung und Entwicklung von
Inhibitionskontrolle bei jungen Kindern — einer zentralen Komponente der Exekutiven
Funktionen. Inhibitionskontrolle, also die Fahigkeit, automatisierte aber unangemessene
Reaktionen zu unterdriicken (Verbruggen & Logan, 2008), ist wesentlich fiir adaptives und
zielgerichtetes Verhalten. Die schnelle und nichtlineare Entwicklung dieser kognitiven
Funktion im friihen Kindesalter gestaltet eine prizise Messung herausfordernd. Mit
zunehmendem Alter der Kinder zeigt sich hdufig ein Deckeneffekt hinsichtlich der
Antwortgenauigkeit (Petersen et al., 2016), was die Notwendigkeit hervorhebt, auch die
Reaktionszeit in Betracht zu ziehen. Idealerweise konnte durch die Integration von
Reaktionszeit und Antwortgenauigkeit ein Messwert berechnet werden (z.B. Magnus et al.,
2019), welcher eine detaillierte Erfassung von Entwicklungsverdnderungen der
Inhibitionskontrolle {iber ein breiteres Altersspektrum hinweg ermoglicht. Die drei Studien
dieser Dissertation zielen darauf ab, die Beziehung zwischen Antwortgenauigkeit,
Reaktionszeit und Inhibitionskontrolle in verschiedenen Stadien der kindlichen Entwicklung
zu untersuchen. Jede Studie nutzt eine computergestiitzte Inhibitionsaufgabe, den
computerized Pointing-Stroop Task (cPST; Berger et al., 2000), um die Inhibitionskontrolle
zu messen, wobei die Validitét dieses Tests und die Integration von Antwortgenauigkeit und
Reaktionszeit fiir eine umfassendere Bewertung untersucht werden.

In der ersten Studie wird untersucht, ob sowohl Antwortgenauigkeit als auch
Reaktionszeit valide Indikatoren fiir Inhibitionskontrolle in jungen Kindern darstellen. Unter
Verwendung von explanatorischen Item-Response-Modellen zeigte die Studie, wie die
Aufgabenmerkmale Kongruenz und Item-Position die Aufgabenschwierigkeit sowohl in
Bezug auf Antwortgenauigkeit als auch Reaktionszeit im cPST beeinflussen. Dariiber hinaus

zeigten sich erste Hinweise, dass bereits eine rudimentire Integration von
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Antwortgenauigkeit und Reaktionszeit zusitzliche Einsichten liefert. Aufbauend auf diesen
Erkenntnissen untersucht die zweite Studie die Feinheiten der Integration von
Antwortgenauigkeit und Reaktionszeit und priift, ob moderne Methoden der Integration
dieser beiden Metriken altersbedingte Unterschiede in der Inhibitionskontrolle
beriicksichtigen konnen. Sie erforscht auch, ob sich aus den Reaktionszeiten in
Inhibitionsaufgaben, abhéngig vom Alter und Kénnen der Kinder, unterschiedliche
Schlussfolgerungen ziehen lassen. Die Studie nutzt neue und etablierte methodische Ansitze,
um Antwortgenauigkeit und Reaktionszeit zu einer Metrik zu integrieren und zeigt die
potenzielle Anwendbarkeit verschiedener Ansétze zur Bewertung der Entwicklung der
Inhibitionskontrolle. Die dritte Studie erweitert die Untersuchung auf eine
Liangsschnittperspektive und erforscht die dynamische Beziehung zwischen
Antwortgenauigkeit, Reaktionszeit und Inhibitionskontrolle im Laufe der Entwicklung. Sie
betrachtet, ob Kinder, die in jiingerem Alter eine hohe Genauigkeit erreichen, eine schnellere
Verbesserung in der Reaktionszeit zeigen. Die Studie untersucht weiter, ob der priadiktive
Wert von Reaktionszeit fiir zukiinftige fluide Intelligenz in Abhédngigkeit zu der
Antwortgenauigkeit steht.

Zusammen tragen diese empirischen Arbeiten zu einem tieferen Verstdndnis der
komplexen Interaktion zwischen Inhibitionskontrolle, Antwortgenauigkeit und Reaktionszeit
bei und erleichtern valide Bewertungen dieser kognitiven Féhigkeiten bei Kindern. Dariiber
hinaus konnten die Ergebnisse praktische Implikationen fiir die Gestaltung von
Interventionen haben, die sich mit dem Entwicklungsverlauf der Inhibitionskontrolle
befassen. Der in dieser Dissertation vertretene Ansatz legt nahe, Antwortgenauigkeit bei der
Bewertung und Interventionen wihrend der frithen Phasen der kognitiven Entwicklung von
Kindern zu priorisieren und den Fokus allmidhlich auf die Reaktionszeit zu verlagern, sobald

Kinder ihre Inhibitionskontrolle festigen und ausbauen.
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Chapter I

Theoretical and Empirical Background
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Executive Functions

To fully understand the significance and intricacies of inhibitory control, it is essential
first to examine its broader context within the domain of executive functions. Executive
functions are effortful and essential cognitive processes responsible for regulating and
directing mental activities and behaviors. They enable individuals to pursue goal-directed
behavior, adapt to evolving environments, and perform intricate tasks, making them crucial to
human life. Despite their fundamental importance, there is some disagreement about the exact
nature of executive functions (see Miiller & Kerns, 2015).

Diamond (2013) posits three fundamental executive functions: inhibitory control,
working memory, and cognitive flexibility. Inhibitory control pertains to the capacity to
regulate one's attention, behavior, thoughts, and emotions to override internal inclinations or
external temptations (Diamond, 2013). Working memory involves retaining information in
the mind and mentally manipulating it (Baddeley & Hitch, 1994; Smith & Jonides, 1999).
Cognitive flexibility is the ability to alter perspectives spatially or interpersonally and to
adapt to shifting demands or priorities (Davidson et al., 2006; Garon et al., 2008).

Similarly, Miyake et al. (2000) proposed a conceptualization of executive functions,
focusing on three primary functions: shifting between tasks or mental sets (Shifting),
inhibition of prepotent responses (Inhibition), and updating and monitoring of working
memory representations (Updating). Shifting relates to the ability to alternate between
multiple tasks or mental sets (Monsell, 1996). Inhibition, akin to Diamond's definition,
involves the capacity to intentionally suppress dominant, automatic, or prepotent responses
when necessary (Logan & Cowan, 1984). Updating requires monitoring and encoding
incoming information for task relevance and subsequently revising items held in working
memory by replacing outdated information with new, pertinent information (Jonides &

Smith, 1997; Morris & Jones, 1990).
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While both Diamond (2013) and Miyake et al. (2000) agree on the importance of
inhibition and working memory as critical components of executive functions, they differ in
their conceptualizations of the third component. Diamond (2013) highlights cognitive
flexibility as the third core executive function, whereas Miyake et al. (2000) emphasize
shifting between tasks or mental sets. These distinctions can be viewed as complementary
rather than opposing. Cognitive flexibility involves adjusting to changing demands or
priorities, while task shifting refers to the ability to switch between multiple tasks, operations,
or mental sets. Both perspectives recognize the necessity for individuals to adapt and adjust.
Inhibitory control is particularly integral to the workings of executive functions, operating
directly or together with other cognitive processes to manage and direct thought and action
(Bjorklund & Harnishfeger, 1990). Its value extends beyond mere cognitive regulation,
pivotal in various everyday life scenarios (e.g., Mamrot & Han¢, 2019).

I will explore inhibitory control in detail, examining its multifaceted nature,
developmental progression, and broad impact on cognitive, social, and emotional domains.

Inhibitory Control

Inhibitory control fundamentally involves regulating thoughts, emotions, and actions
by filtering out irrelevant or unwanted stimuli (e.g., Harnishfeger & Bjorklund, 1993;
Simpson & Carroll, 2019). It is vital to adaptive functioning, enabling individuals to
concentrate on pertinent information, resist distractions, and maintain goal-oriented
behaviors. This capability is critical for a range of cognitive abilities and closely linked to
multiple facets of human experience and behavior.

Distinguishing between different types of inhibition is essential for understanding its
diverse manifestations. Nigg's (2000) taxonomy outlines four distinct types of inhibition:
interference control, cognitive inhibition, behavioral inhibition, and oculomotor inhibition.

Interference control involves the suppression of competing stimuli or distractors, as seen in
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priming and flanker tasks (Gratton et al., 1992). Cognitive inhibition, studied through
attentional-orienting paradigms (Posner & Petersen, 1990), focuses on suppressing irrelevant
information in working memory. Behavioral inhibition, exemplified by negative priming
(Tipper, 1985), concerns inhibiting prepotent responses. Lastly, oculomotor inhibition,
investigated through antisaccade and visual-delayed response tasks, involves inhibiting
reflexive eye movements. These types underscore the varied nature of inhibitory processes in
cognitive functioning.

Harnishfeger (1995) differentiates exclusively between cognitive and behavioral
inhibition. Cognitive inhibition involves managing mental contents or processes, which can
be intentional and conscious or unintentional and unavailable for conscious introspection
(Harnishfeger & Bjorklund, 1993). Instances of cognitive inhibition include suppressing
thoughts, clearing incorrect inferences from memory (e.g., Hamm & Hasher, 1992), and
managing the removal of irrelevant information from working memory during memory
processing (Harnishfeger & Bjorklund, 1993). Behavioral inhibition, in contrast, involves
managing overt behavior, such as resisting temptation or inhibiting motor actions (e.g.,
Mischel et al., 1989). Although Harnishfeger (1995) distinguishes between cognitive and
behavioral inhibition, she acknowledges that the two may be related. For example, children
may use cognitive inhibition to facilitate behavioral inhibition (e.g., Mischel et al., 1989).

In discussing behavioral inhibition, it is essential to distinguish between 'hot' and
'cold' inhibitory control (e.g., Hao, 2017). Hot inhibitory control involves the affective and
motivational aspects of inhibitory capacities, while cold inhibitory control pertains to
abstract, non-emotional problem-solving (Zelazo & Miiller, 2002). In simpler terms, hot
inhibitory control concerns emotional and motivational processes, while cold inhibitory
control operates in a cognitive context without emotional engagement. For instance, the

Stroop task exemplifies cold inhibitory control, where participants must suppress the
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prepotent response of reading a word to state the ink's color (Stroop, 1935). Conversely, the
delay of gratification task represents hot inhibitory control, requiring the postponement of
immediate action for a later reward (e.g., Traverso et al., 2015).

Further distinctions have been proposed, such as inhibitory strength and endurance
(Simpson & Carroll, 2019), with strength defined as the ability to resist intense impulses and
endurance as the ability to maintain this resistance over time. Even though these distinctions
provide a more nuanced understanding of behavioral inhibitory control, the concept remains
somewhat undifferentiated in its use in the literature. It is critical to recognize the need for
age-fair and consistent assessment techniques to accurately investigate and interpret the role
of inhibitory control amidst its various correlates. Researchers must consider the
developmental progression of inhibitory control — that is, how the ability to inhibit behaviors
or cognitions evolves as children mature — since this can have profound implications on the
effectiveness of assessments and the interpretation of findings.

Assessing inhibitory control accurately in research settings involves narrowing down
the cognitive or behavioral inhibition one investigates, using age-appropriate methodologies
that adapt to children's rapidly evolving cognitive abilities. This approach underscores the
importance of using tools sensitive enough to account for developmental stages and cognitive
maturation, ensuring assessments yield informative insights into children's inhibitory control
capabilities. By employing assessment techniques that are both age-fair and consistent, we
can more effectively investigate the role of inhibitory control and its association with other
developmental domains, enhancing our understanding of its impact on children's cognitive
and behavioral outcomes.

Correlates of Inhibitory Control
Notable correlates of inhibitory control are, for example, intelligence, self-regulation,

social-emotional development, and academic success. Inhibitory control is linked to
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intelligence, both via theoretical rationale and through findings from neurological studies,
specifically concerning fluid intelligence, which includes reasoning, abstract thinking, and
problem-solving capacities (Horn & Cattell, 1967). Inhibitory control is considered an
essential component in problem-solving as it enables the suppression of irrelevant behavior
and information (Dempster, 1991). This capability enables disengagement from previously
unsuccessful solution attempts and preserves working memory resources for processing
relevant information and solving problems (Bjorklund & Harshfeger, 1990). Neurologically,
inhibitory control is strongly connected to the functionality of the prefrontal cortex, which is
considered crucial for higher-order cognitive functions, including fluid intelligence
(Dempster, 1991; Moriguchi & Hiraki, 2013).

Empirical studies have shown varied results regarding the correlation between
inhibitory control and fluid intelligence. While some evidence supports a clear positive
relationship, using the Stroop task (e.g., Yiicel et al., 2012), other studies suggest that when
updating and inhibitory control are considered simultaneously as predictors of intelligence,
the relationship remains significant for updating but not for inhibitory control (Friedman et
al., 2006; Duan et al., 2010). Disparities in these findings could be due to the diversity of
inhibitory control tasks utilized across studies or the complexity of capturing inhibitory
control, as it varies developmentally and methodologically.

Moreover, the significance of inhibitory control extends beyond cognitive abilities to
encompass self-regulation and social-emotional competencies, which are particularly critical
during early childhood — a phase marked by rapid development and fine-tuning of cognitive
and behavioral patterns. For example, Hao (2017) examined inhibitory control correlations
with donating behavior in children during early to middle childhood. The study found that,
for second graders, donating behavior was predicted by their performance on the fruit Stroop

task (Archibald & Kerns, 1999). However, for sixth graders, donating behavior was predicted
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by their performance on the delay of gratification task (based on Groppe & Elsner, 2014).
Similar patterns have been observed with behavioral adjustment, where children with robust
inhibitory control demonstrated improved social skills and fewer behavioral issues (Rhoades
et al., 2009). The relational strength of these social factors varied significantly based on
differing measures of inhibitory control, such as the Peg Tapping (Diamond & Taylor, 1996)
and Day/Night (Gerstadt et al., 1994) tasks. The Peg Tapping task assesses children's ability
to inhibit a natural tendency to mimic an action. The Day/Night task measures children's
ability to inhibit a natural verbal response tendency to a card displayed. These insights
underscore the importance of considering developmental stages in the assessment of
inhibitory control and highlight how the choice of assessment methods can influence the
outcomes of such investigations.

When considering the impact of inhibitory control on academic achievement, a
coherent approach to its assessment becomes even more paramount. Ng et al. (2014) found a
substantial association between inhibitory control at age four and growth in early math skills
over subsequent years. However, in a meta-analysis, Allan et al. (2014) found that the
relationship between inhibitory control and academic skills in preschool and kindergarten
children depended on the type of inhibitory control assessed. Notably, the authors found that
cold inhibitory control tasks, which are decontextualized and lack emotional or motivational
significance, were more related to academic skills than hot inhibitory control tasks, which
have emotional or motivational significance (see Brock et al., 2009).

In light of these findings, it is clear that inhibitory control—particularly behavioral
inhibition — is a significant factor in development, necessitating further research, consistent
assessment, and careful consideration of the developmental context. It is crucial to recognize
the various types of inhibition and employ age-fair and developmentally sensitive assessment

methods to advance our understanding and develop interventions that will positively
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influence children's academic, cognitive, and social-emotional outcomes. These assessments
enable practitioners to pinpoint and support the development of inhibitory control in ways
that consider the child's current capabilities while fostering positive future trajectories. Such
conscientious application of robust research methodologies and considerations can illuminate
inhibitory control's pivotal role, not just as a singular cognitive construct but within the
broader context of human development.

Development and Assessment of Inhibitory Control
Approaches to Assessing Inhibitory Control in Children

Measuring inhibitory control, particularly response inhibition, in young children is
approached through various methods. However, many assessments in practice prioritize
response accuracy but often fail to accurately measure response latency, despite its potential
significance as an aspect of inhibitory control (e.g., Magnus et al., 2019).

The Stroop task (Stroop, 1935) is a commonly administered test among adults. In this
task, participants are shown color words printed in differently colored inks and are instructed
to name the ink color and ignore the printed word. In the conflict condition, the color of the
ink is incongruent with the word (e.g., the word "red" printed in blue ink), thus requiring
participants to suppress the prepotent response of reading the word and instead identify the
color of the ink. This test effectively measures inhibitory control as participants must inhibit
the automated response to read the word in favor of stating the ink color, demonstrating the
capacity for response inhibition.

Children's assessments are adapted to be engaging and to sustain the child's interest.
For example, the Day-Night Test (Gerstadt et al., 1994) presents a playful approach. In this
test, children are shown either a bright sun on a white card or a moon with stars on a dark
card. They are asked to say "night" when shown the sun card and "day" when presented with

the moon and stars card. However, the offline implementation of the Day-Night Test does not
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precisely measure response latency. Another child-friendly approach is the Silly Sound
Stroop task (Willoughby et al., 2011). Children are instructed to say meow when shown a
picture of a dog and bark when shown a picture of a cat, thus requiring the suppression of the
automatic response associated with the presented image. As with the Day-Night Test, the
Silly Sound Stroop task is traditionally implemented in an offline format that fails to measure
response latency accurately.

The challenge, however, lies in striking a balance between engaging tasks and the
precise measurement of response latency offered by digital implementations. Recognizing
this, recent research has started to gravitate towards digitalizing tasks, leveraging tablets as a
platform for more engaging tasks (Willoughby & Blair, 2016). Yet, some studies, such as that
by Verhagen et al. (2017), continued to exclusively focus on response accuracy despite the
opportunity for integrating response latency measurements provided by the digital platform.
Challenges in Relying Solely on Response Accuracy

The rapid cognitive development observed during early childhood emphasizes the
importance of incorporating response latency in assessments of inhibitory control. Even as
infants, children demonstrate rudimentary signs of inhibitory control, which intensify and
refine over time, particularly between the ages of three and six years (Diamond, 2006;
Roebers, 2017). As children age, their command of inhibitory control progressively enhances,
a progression that becomes visible through their performance in inhibitory tasks.

Children under five, although capable of understanding the demands of the tasks,
typically grapple with disregarding irrelevant information and refraining from improper
responses (Tamm et al., 2002). In contrast, children aged five and above often display
proficiency in such tasks, consistently achieving high response accuracies (Magnus et al.,
2019; Roebers, 2017). This consistent high performance gives rise to a ceiling effect. The

ceiling effect describes a result pattern in which the majority of the data clusters at the upper
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limit of the measurement scale, leaving little to no room for scores to increase (Vogt, 2005, p.
40). This scenario is often observed in simple inhibitory tasks where older children can easily
master the task, thus resulting in high scores for the group overall. The risk associated with
the ceiling effect is its potential to obscure individual differences among older children who
consistently exhibit high task accuracy but may have varying levels of inhibitory control.
This effect limits the discriminatory power of the task when only investigating response
accuracy, making it challenging to distinguish higher performers from their peers, thereby
undermining the sensitivity and validity of the measure.

The rapid evolution of inhibitory control during early childhood presents unique
challenges in its assessment. In a meta-analysis of 198 studies including inhibitory control
tasks, Petersen et al. (2016) found that tests designed to assess inhibitory control in children
typically yield informative response accuracy data within a relatively narrow age band. For
most tests, this is approximately three years. For instance, the Shape Stroop Task (Kochanska
et al., 1997) can accurately measure inhibitory control in children as young as 1.5 years, but
its validity wanes after the child reaches 3.5 years. On the other hand, the Simon Says Task
(Strommen, 1973) preserves its validity up to approximately age seven but only offers
valuable inhibitory control accuracy data from the age of about 4.5 years. Consequently, the
appropriateness of the tests for the specific sample under examination becomes crucial when
only response accuracy is considered.

Understanding the Complications of Response Latency

While accuracy offers an essential measurement of inhibitory control, we must also
consider the inclusion of response latency as a supplemental metric, particularly as children
mature and display high levels of accuracy. The response latency becomes especially relevant
when we observe a ceiling effect in response accuracy; once a significant portion of children

consistently achieves high accuracy, the measure may lose its power to discern individual
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differences. Hence, assessing the response latency offers another dimension of variability,
which helps further understand the child's inhibitory control capabilities (Jones et al., 2003).

However, this approach warrants a careful interpretation. The speed-accuracy tradeoff
— a well-established cognitive principle that suggests an inverse relationship between the
speed of a response and its accuracy (Heitz, 2014) — becomes particularly relevant. Fast but
erroneous responses may not necessarily serve as reliable indicators of inhibitory control. Per
this principle, rapidly executed responses may lack precision, whereas slower, more
deliberate responses often prove more accurate. In the context of inhibitory control, the
speed-accuracy tradeoff implies that a child who responds quickly but inaccurately might not
possess the same level of inhibitory control as a child who responds a bit slower but
accurately. Inhibitory control, specifically response inhibition, refers to the ability to suppress
a prepotent or dominant response (Verbruggen & Logan, 2008). In this context, it becomes
clear that a fast response in alignment with the prepotent response (i.e., a wrong response)
cannot indicate effective inhibitory control. Paap (2019) argues that accuracy might be a
more valid metric for young children, who are still developing their skills and tend to be less
accurate. Consequently, when we evaluate response latency as a measure of inhibitory
control, we need to ensure the measurement is weighed against the accuracy of the response
to capture a holistic picture of the child's inhibitory control capabilities.

Therefore, while response latency indeed provides valuable information, particularly
in circumstances where response accuracy reaches a ceiling, it also brings its own set of
challenges. A comprehensive understanding of inhibitory control should consider both
accuracy and response latency, acknowledging the interaction between speed and accuracy as
per the speed-accuracy tradeoff. The decision to include response latency as a measurement
should be made with the complexity of the task and the proficiency level of the children

being tested in mind.
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Utilizing Different Study Designs to Understand Inhibitory Control

Until now, it appears optimal to prioritize response accuracy as long as it provides
adequate discriminatory value, and to consider integrating response latency only when a
ceiling effect is observed within the sample. However, diversity in sample characteristics,
such as variation in age, developmental stages, and individual abilities, introduces another
layer of complexity to the assessment of inhibitory control. In such cases, a more nuanced
approach may be required. Understanding and assessing inhibitory control, a complex
cognitive ability, poses methodological challenges. Both longitudinal and cross-sectional
studies offer valuable insights into children's development and manifestation of inhibitory
control. Longitudinal studies examine changes over time, providing stronger evidence for
causal relationships and temporal precedence (Duckworth et al., 2010; Farrington, 1991),
while cross-sectional studies are relatively more straightforward to conduct and useful for
estimating prevalence and examining relationships at a single point in time (Farrington,
1991). In both longitudinal and cross-sectional designs, the children’s abilities can vary at
any given time, influenced by individual skills or external factors like socioeconomic status
(Katamata et al., 2020; Lipina et al., 2013). In longitudinal studies, the progression of
children's development over time leads to significant diversity in their abilities. Such
diversity in a sample can lead to scenarios where some children reach a ceiling in response
accuracy, making response latency a relevant metric. In contrast, other children may still
struggle with accuracy, rendering a focus on response latency premature. This variation in
abilities across the sample presents methodological challenges. Yet, it remains crucial for
investigating diverse populations, ensuring the generalizability of research findings, and
comprehending the developmental trajectory of inhibitory control.

Given the complexity of inhibitory control and the importance of including diverse

samples, developing, and utilizing measurement tools that can effectively assess this ability
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across various populations is essential. By using reliable and valid measures of inhibitory
control, researchers can better understand the mechanisms underlying this complex cognitive
ability and inform interventions and educational practices to promote its development in
children.
The Combined Approach: Integrating Accuracy and Latency in Measurement

We encounter a few challenges in understanding the complexity of inhibitory control
in children. First, older children often reach ceiling effects in inhibitory tasks (Roebers,
2017), rendering response accuracy an insufficient measure due to the limited range of
scores. The consideration of response latency as an alternative might help mitigate this issue.
However, response latency is influenced by the speed-accuracy tradeoff (Heitz, 2014), where
faster responses may not always correspond to improved inhibitory control, particularly in
young children for whom accuracy may be a more valid measure of inhibitory control (Paap,
2019). Thus, the challenge lies in effectively integrating both response accuracy and latency
to assess inhibitory control across different developmental stages accurately. Recognizing
this necessity, researchers have begun to explore and develop approaches to integrate these
two metrics, thereby providing a more holistic and accurate measure of inhibitory control.
These approaches may improve the comprehension and assessment of inhibitory control in
children.
Composite Measures: Formula-Based Approaches to Efficiency

A potential strategy involves employing established formula-based methods to
generate composite indices of performance efficiency, effectively integrating the two distinct
variables into a cohesive and interpretable score (Liesefeld & Janczyk, 2019;
Vandierendonck, 2017). Building on this notion, several researchers have formulated
composite measures, each featuring a distinct methodology for encapsulating performance

efficiency in a single score. Two of these formula-based approaches are worth highlighting.
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The Inverse Efficiency Score (IES; Formula 1), proposed by Townsend and Ashby
(1983), integrates response latency and accuracy by dividing the average response latency

(RL) by the mean accuracy (1 — PE; with PE standing for the proportion of errors):

RL
IES = 1-PE (1)

By focusing on the inverse relationship between response accuracy and latency, the
IES provides a composite score for a balanced consideration of speed and accuracy.

As a more sophisticated measure, the Bin-Score (Formula 2), described by Hughes et
al. (2014), uses a set of steps to combine response latency and accuracy into one overall
performance score. The initial step of this process is the calculation of the average response
latency, denoted as RLc, over all participants and trials within a control condition. Once RLc
has been computed, response latencies from correct trials within the experimental condition
are adjusted by subtracting RLc, resulting in a collection of adjusted response latencies. This
collection is then sorted from smallest to largest and divided into ten deciles or bins.

Each of these bins is then assigned a weight based on its sequential position within the
decile range, with bin 1 receiving the lowest weight and bin 10 the highest. Furthermore, a
unique 'bad' bin accounts for error trials. The weight or penalty associated with this 'bad' bin
is substantially larger than any of the other bins, set at 20. The individual scores for each
participant are subsequently calculated by multiplying the number (n) of correct adjusted
response latencies in each bin (n;) by their respective weights (i) and adding the weighted
count of error trials from the 'bad' bin (e). Mathematically, this scoring is represented by the

formula:

10
(Zni* i>+ne*20 (2)

i=1
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The derived score represents the magnitude of the difference in performance between
the experimental and control conditions. It integrates both the accuracy and latency of
responses, offering a nuanced performance measure. Lower Bin-Scores are indicative of
superior performance, as they represent a higher number of accurate responses and fewer
errors in lower latency bins.

The application of these formulae brings several strengths. Foremost among these is
their relative simplicity, which facilitates straightforward calculation. Additionally, they
produce integrated scores that are comparable across different studies, enhancing the
robustness and generalizability of research findings. However, these formula-based
approaches also have their limitations. Notably, in developmental psychology, these formulae
rest on the assumption that response accuracy and latency information can be interpreted
equivalently across all participants. This assumption might not hold true given the significant
variation in response latencies and error rates across different ages, developmental stages, and
skill levels. Furthermore, while these formulae offer a concise performance summary, they
might mask some of the nuanced information contained within separate measures of speed
and accuracy. For instance, a participant may exhibit slow but highly accurate responses, or
vice versa, and these differences may be critical to understanding the intricacies of inhibitory
control.

Therefore, while using formula-based approaches offers practical solutions to the
challenges of integrating response accuracy and latencyi, it is crucial to interpret these
composite measures with an understanding of their assumptions and potential limitations. The
appropriateness of their use may depend on the study sample's specifics and the investigated
sample's cognitive ability. Given these constraints, a more sophisticated and nuanced analysis
of these metrics is required. With the development of novel methodologies, such as model-

based approaches, we now have the tools to meet this demand.
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Unveiling Cognitive Dynamics: The Model-Based Approach

As the name suggests, model-based strategies apply statistical models to explore the
multifaceted nature of cognitive processes like inhibitory control. An example of a model-
based approach to investigate inhibitory control was proposed by Magnus et al. (2019). They
integrated response accuracy and latency into a structural equation model using item response
accuracies and latencies as indicators of inhibitory control. The researchers proposed a
bifactor model comprising an Inhibitory Control factor based on item response accuracies and
latencies, and an orthogonal Response Time factor only based on item response latencies.
This Response Time factor aimed to capture general response speed unrelated to inhibitory
control. By setting the factors as orthogonal in their model, the authors could distinguish
between the variance in response latency indicative of inhibitory control ability and the
variance representing general processing speed. The results indicated that inhibitory control
scores based on the bifactor model were more precise than those generated from the
unidimensional model. Further advancements in this model-based approach were presented
by Camerota et al. (2020). They expanded the previous method by incorporating response
latencies from a base condition (not requiring inhibition) as indicators for the Response Time
factor. This extension allowed for additional control of general processing speed, independent
of inhibitory processes.

Such model-based approaches offer the option of exploring cognitive dynamics. They
hold the potential to inform our understanding of inhibitory control, revealing the intricate
interplay between accuracy and latency. Despite being relatively new, these methods can
enable a more refined assessment of cognitive performance, contributing to the continuous
evolution of research in developmental psychology and beyond. However, as with any
methodology, the successful application of model-based approaches relies on carefully

interpreting the models and considering their assumptions and potential limitations. For
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example, the restriction remains in their limited ability to account for the variability and
individual differences within samples, particularly those with a broad age range or ability
spectrum. Therefore, while model-based approaches provide valuable insights, they may not
be suitable for capturing the full complexity of inhibitory control in diverse populations. The
non-linear development of inhibitory control emphasizes this limitation.
Developmental Complexity: The Non-linear Maturation of Inhibitory Control

The development of inhibitory control is a complex and non-linear process
characterized by both quantitative and qualitative changes over time (Carlson & Moses,
2001; Roebers, 2017). One of the distinctive features of this development is that the
relationship between response latency and inhibitory control abilities appears to be contingent
on the level of response accuracy. This interaction has been demonstrated in a study by
Camerota et al. (2020). The authors could show that longer response latencies were
associated with better executive function abilities for children who exhibit lower response
accuracy. Conversely, shorter response latencies indicate higher executive function abilities
in children who demonstrate high response accuracy. This pattern reflects the critical role of
developmental changes in the relationship between response latencies and accuracy,
especially in inhibitory control tasks. Neurological research further substantiates this non-
linear development in inhibitory control. Younger children show a more generalized neural
activation pattern during inhibitory control tasks (Tamm et al., 2002). As children mature,
their brain activation becomes more focused, particularly in the left inferior frontal gyrus, a
region associated with inhibitory control (Swick et al., 2008). This development underscores
a qualitative shift in children's strategies as they become more proficient in inhibitory control
tasks.

Considering this intricate relationship between response latency, accuracy, and

inhibitory control development, it may be crucial to prioritize accuracy as a key measure in
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assessing younger children's inhibitory control abilities (Paap, 2019). In children with lower
accuracy, shorter response latencies can hardly be seen as an indicator of inhibitory control.
They could be interpreted as the inability to suppress the prepotent response long enough to
provide the desired answer. Conversely, shorter latencies may suggest more efficient
inhibitory control in children with higher accuracy. This nonlinearity of inhibitory control
development regarding response latency implies a change in how children manage inhibitory
tasks as they age. Slower response latencies may signal a beneficial strategy in younger
children or those with lower accuracy, as they take the necessary time to inhibit automatic
responses. An analytical approach that universally favors quick response latencies could be
inadequate in fully capturing these dynamics.

Two established frameworks support this notion: The Dual Processing Theory
(Schneider & Fisk, 1983) and the Horse Race Model (Logan & Cowan, 1984). The Dual
Processing Theory (Schneider & Fisk, 1983) differentiates between controlled and automated
processing. Longer response latencies, in a context requiring a high degree of control, can
indicate an effective, albeit slower, solution process. Conversely, when a task can be
completed automatically, shorter response latencies signify an efficient solution process.
However, the dynamics between response latency and accuracy in inhibitory control tasks are
unique. They are specifically designed to challenge automatic responses and demand
conscious regulation, which can result in longer response latencies even when the solution
process is effective. While these tasks cannot be automated in the same manner as other
cognitive tasks, it can be argued that if children have acquired a more specialized ability for
controlling their responses, the potential benefit derived from taking additional time to
respond may be reduced. In the context of inhibitory control tasks, the Dual Processing
Theory implies a distinction between effective and efficient processing. Longer response

latencies in situations requiring a high degree of effort can indicate an effective, albeit slower,
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solution process. Conversely, shorter response latencies in situations that can be completed
more with less effort signify an efficient solution process.

The Horse Race Model is a theoretical framework proposed by Logan and Cowan
(1984). It aims to explain inhibitory control processes in response inhibition tasks. It posits
the existence of two competing processes: the response time process and the stop-signal
process. The response time process is responsible for executing the response. It involves the
cognitive and motor processes that allow an individual to select and execute a response based
on the presented stimulus quickly and accurately. On the other hand, the stop-signal process
is responsible for inhibiting the response. It involves the cognitive processes that enable an
individual to suppress or override the prepotent response tendency. This specificity is unique
to the stop-signal paradigm. In this paradigm, participants are typically required to respond
quickly to a go signal (e.g., pressing a button) but occasionally receive a stop signal (e.g., an
auditory cue) that indicates they should withhold their response (Verbruggen & Logan,
2008). In these cases, two explicit signals are present: The reaction signal and the stop signal.

While this specificity differs from tasks like the Stroop Task, the Horse Race Model
can be applied to gain insights into inhibitory control in younger children. When participants
are required to inhibit their automated responses and to not respond with a prepotent
response, there are also two processes at work: The process of answering the item as quickly
as possible, which in some cases may be explicitly instructed, and the process of adhering to
the rule contradicting the automated response. By applying the principles of the Horse Race
Model to a Stroop Task, we can examine the relationship between response latencies and
accuracy as indicators of inhibitory control. It suggests a potential difficulty in activating the
inhibitory process promptly or effectively enough to halt the instinctual response. In this
scenario, the response time process "wins" the race by finishing first, resulting in premature

response execution. The fast response latencies observed in these cases may indicate a failure
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to inhibit the prepotent response fast and long enough to select the correct response rather
than reflecting efficient inhibitory control. Only fast response latencies combined with
maintained accuracy indicate successful inhibitory control, implying that children can
successfully activate their inhibitory control promptly and sustain it long enough to suppress
the prepotent response, thereby choosing the correct one. By applying the principles of the
Horse Race Model, we can better interpret the interplay between response latencies and
accuracy in response inhibition tasks. Overall, short response latencies in children with low
accuracy might not indicate efficient inhibitory control but instead suggest a difficulty in
suppressing instinctual responses quickly and long enough to answer correctly. Conversely,
faster responses may be a testament to efficient inhibitory control for children with high
accuracy.

To fully understand the complexity of inhibitory control development and its
relationship with response accuracy and latencyi, it is essential to employ a valid instrument to
capture these nuances. Additionally, a diverse sample in terms of age and skill is necessary to
ensure the generalizability of findings. A longitudinal design would allow for both cross-
sectional and longitudinal evaluations, shedding light on the changes and stability of

inhibitory control over time.
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CROCODILE Project

In this section, I will provide an overview of the CROCODILE project. This project
provides the context for the research work carried out and presented in this dissertation.
Summary of the CROCODILE Project

The CROCODILE project, short for CROss-national InterdisCiplinary Study On
Child Development In Linguistically-diverse Environments, began in 2019 as a longitudinal
study conducted over four years. Over this time, it investigated the linguistic, socio-
emotional, metacognitive, and cognitive development of single and dual language learners
aged 3 to 6 across Switzerland and Germany. This project was the result of an
interdisciplinary collaboration between four universities: the University of Basel, the
University of Bern, and the University of Neuchatel in Switzerland, as well as the University
of Wiirzburg in Germany.

Throughout the course of the study, we aimed to assess each participating child three
times, with time intervals ranging between 6 to 12 months. This repeated assessment
approach allowed us to effectively track the development of various skills in the children over
the span of up to two years. The CROCODILE project aimed to include children with diverse
language backgrounds. Participants were required to have one of the following language
combinations: single language learners of (Swiss) German or French or dual language
learners with the societal language of (Swiss) German or French and the heritage language of
Italian or Turkish.

Study Design

The CROCODILE project featured three measurement points, which formed the
longitudinal study. In addition to the three main measurement points, two piloting phases
were conducted to ensure the effectiveness and suitability of the tests used in the project. The

first piloting phase occurred before the start of the longitudinal study. This preliminary
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assessment served to verify that the chosen tests effectively captured the intended
developmental aspects in the children while also providing the opportunity to make any
necessary adaptations. The second piloting phase took place between the first and second
measurement points. This phase was dedicated to assessing the performance of newly
introduced tests.

Each study session was tailored to the children's language setting. Single language
learners were assessed in their respective language, while for dual language learners, parents
were asked to identify their child's more proficient language. This language was then used as
the test language, with the other language being the non-test language. All instructions were
given in the test language, except for assessments specifically designed to measure both
languages, such as vocabulary tests. In these instances, the children were required to undergo
the assessment twice: initially in their designated test language and subsequently in their non-
test language. The instructions for each assessment iteration were presented in the
corresponding language of that particular evaluation round. If a research assistant noticed that
a child was more proficient in the non-test language during the assessment, the experiment's
language would be switched accordingly.

The duration of the assessments varied across the different stages of the project. The
first piloting phase consisted of two 90-minute sessions, while the second piloting phase took
one 90-minute session. The first timepoint of the longitudinal study consisted of two 90-
minute sessions, whereas the second and third waves each comprised a single 120-minute
session. During the study, most assessments were computerized and guided by a virtual
crocodile character named Sammy (Figure 1: Panel A, C). Dual language learners were also
introduced to Lilly (Figure 1; Panel B, D), another crocodile who spoke the non-test
language. The children accompanied these characters on a virtual treasure hunt or helped

them find their way home in the various tests, serving as a consistent and engaging cover
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story. In non-computerized tests, the research assistant used a hand puppet version of Sammy
to maintain continuity. At the end of each measurement point, the children received a small
gift as a token of appreciation for their participation in the study.
Inhibitory Control Assessment

The computerized Pointing Stroop Task (cPST) was a core component of the test
battery used in the CROCODILE project. Based on the work of Berger et al. (2000), a
modified version was implemented to suit the characteristics and needs of the diverse sample
of young children in this study. The cPST was administered at every timepoint, providing a
consistent measure of inhibitory control throughout the study.
The cPST engaged the children in a story where they, along with the character Sammy,
encountered a dolphin trying to learn the sounds made by a dog and a cat (Figure 2, Panel A).
The task was divided into two blocks, each consisting of eight trials in the longitudinal
studies and four trials in the piloting study. It took about five minutes to complete, including
the story, instructions, practice trials, and the test itself. In both blocks, children were shown
images of a cat and a dog on the screen, with their left and right positions being randomized
(Figure 2, Panel B). Simultaneously, they heard either a bark or a meow sound. In the first
block, the congruent block, the children were asked to press the image matching the animal
sound they heard. This instruction meant pressing the image of the cat when they heard a
meow and the image of the dog when they heard a bark. This block required a straightforward
association of sound to image. The second block, the incongruent block, challenged the
children’s inhibition. In this block, children were instructed to press the image contradicting
the animal sound, meaning they had to press the image of the dog when hearing a meow and
the image of the cat when hearing a bark. This block required inhibitory control, as the
children had to suppress their instinct to associate the sound with the corresponding image

and instead do the opposite.



DEVELOPMENT OF INHIBITORY CONTROL IN CHILDREN 41
Figure 1

Digital Versions and Puppets of the Characters “Sammy” and “Lilly”

B

Note. Digital (Panel A, B) and Puppet (C, D) Versions of Sammy (A, C) and Lilly (B, D).
They were used as (virtual) characters to guide the children through the experiment and

ensure continuity within and between measurement points.

Before starting each block, children had to correctly solve two practice trials to
familiarize themselves with the task. If they made a mistake, the practice trial was repeated
until they could perform it correctly. The task was designed to be engaging, fun, and
challenging, yet appropriate for the age group, and aimed at measuring inhibitory control
accurately. To ensure that the task was fitting for our diverse sample of young children in
terms of age, language, and cultural background, instructions were presented in the language
the child was most proficient in. This approach ensured that all children, regardless of their
language and cultural background, had an equal opportunity to understand and engage in the
task, eliminating any language-related biases. Additionally, the necessity of completing both

practice trials correctly further guaranteed that children understood the instructions. These
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methodological considerations were crucial for investigating whether inhibitory control can
be accurately measured across a broad age and skill range through appropriate assessment
methods, a central research question of this dissertation.
Overall Sample

The sample size varied across different measurement points of the CROCODILE
project. A detailed representation of the sample distribution for children completing the
computerized Pointing Stroop Task is provided in Table 1. In sum, the study encompassed
526 unique children who participated in the computerized Pointing Stroop Task. This diverse
and longitudinal sample ensured a robust examination of inhibitory control across different

developmental stages.

Figure 2
Screenshots from the Story and Instruction and the Trials of the computerized Pointing

Stroop Task

A B

L 2

Note. Panel A: One of the images presented to the children during the story and explanation

of the task. Panel B: The clickable images of the cat and the dog during the (practice) trials.
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Table 1

Sample Distribution Across Measurement Points

Measurement Point n total n bilinguals n monolinguals
Piloting 01 135 43 92
Longitudinal 01 322 125 197
Longitudinal 02 355 130 225
Longitudinal 03 281 94 187

Note. Number of participants that took part in the study and completed the computerized

Pointing Stroop Task across the measurement points.

Overview, Motivation, and Aim of the Present Work

This dissertation explores the challenges related to the rapid and non-linear
development of inhibitory control in children. As recent scientific trends incorporate response
accuracy and latency in evaluating inhibitory control (e.g., Camerota et al., 2019; Camerota et
al., 2020; Magnus et al., 2019; Zelazo et al., 2013), this dissertation seeks to contribute
significantly to this emerging paradigm. My objective is to enhance the precision and validity
of measurement methodologies, thereby gaining deeper insights into the maturation of
inhibitory control in children and identifying more reliable assessment methods to understand
its intricate development. With that foundation, I aim to investigate inhibitory control in
young children by considering response accuracy and response latency in tandem, to gain
new insights into its development.

My starting point is to confirm the validity of the research instrument employed.
Chapter 3 presents the first study, where I evaluate the validity of response accuracy and
latency in a basic inhibitory control test — the computerized Pointing Stroop Task (cPST;

Berger et al., 2000). Moreover, this investigation explores the association between
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performance efficiency, a combination of speed and accuracy, and fluid intelligence. Chapter
4 presents the second empirical study, addressing the challenges in assessing inhibitory
control due to its rapid (Kochanska et al., 1996) and non-linear development (Camerota et al.,
2020). I use the cPST validated in study 1 to analyze the relationship between response
accuracy, response latency, and inhibitory control, using a cross-sectional approach while
making distinctions between younger and older children. The intent is to understand how
inhibitory control manifests differently across varying developmental stages and skill levels.
This chapter further evaluates the possibility of combining response accuracy and latency into
a singular metric. As the final step Chapter 5 explores the longitudinal development of the
relationship between response latency, accuracy, and inhibitory control. This perspective
helps to understand the dynamic relationship among these variables across time and
developmental stages. This chapter investigates whether response latency can be a credible
marker of inhibitory control and probes the extent to which this association hinges upon
accuracy levels.

These empirical chapters provide a thorough investigation, untangling the intricate
connections between inhibitory control, response accuracy, and response latency,
contributing to a robust understanding of these crucial components of cognitive development
and potentially facilitating future valid evaluations of children's cognitive capabilities.
Finally, the potential impact of this work extends beyond academia, having implications for
educational practices and psychological interventions. The findings can help develop
pedagogical strategies and psychological interventions that duly consider the intricacies of
inhibitory control development in children.

Theoretical Motivation
The complexity of cognitive development, particularly inhibitory control, requires

nuanced assessment methods to enable researchers to track the development across a broad
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age range. Be it longitudinally or cross-sectionally. Inhibitory control not only occupies a
pivotal role in the cognitive development of children but also intertwines with broader
cognitive capacities, such as fluid intelligence (Dempster, 1991; Roca et al., 2010),
highlighting its importance in the overall cognitive maturation process. This connection
underlines the importance of assessing inhibitory control precisely and validly. Traditional
approaches to assess inhibitory control are hampered by the rapid developmental pace of
children (Kochanska et al., 1996), often leading to a ceiling effect in response accuracy
measurements (Roebers, 2017). Recent research has underscored the necessity of
incorporating both response accuracy and latency in evaluating inhibitory control (Camerota
et al., 2019; Magnus et al., 2019). However, this poses challenges, especially considering the
non-linear and complex development of response latency across different childhood stages
(Camerota et al., 2020). This dissertation, therefore, explores the premise that a nuanced
integration of response accuracy and latency while acknowledging their dynamic relationship
can offer a refined and comprehensive assessment of inhibitory control.
Aim of the Present Research

The overarching goal of this dissertation is to shed light on the developmental
complexities of inhibitory control in children and provide methods and starting points to
measure inhibitory control more precisely and accurately. My objective is to explore if and
how integrating response accuracy and latency can advance this aspect. In pursuing this aim,
the dissertation seeks to further examine how these two dimensions of inhibitory control
evolve from early childhood through critical developmental stages. Additionally, I explored
various analytical approaches to response accuracy and latency in inhibitory control tasks,
aiming to identify which derived scores demonstrate a stronger correlation between inhibitory
control and fluid intelligence. This approach not only facilitated the examination of various

assessment methods' validity but also offered initial insights into uncertainties regarding the
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relationship between inhibitory control and other cognitive or behavioral aspects of human
experience.

Specifically, this dissertation sets out to achieve the following goals: First, I want to
lay a foundation for the following investigations by validating the test used in later studies to
assess inhibitory control — namely, the computerized Pointing Stroop Task (Berger et al.,
2000). Corroborating the validity of that measure both in terms of response accuracy and
latency enables us to investigate the following research questions and hypotheses with higher
confidence. Second, this dissertation will investigate how the integration of these two metrics
can enhance the picture of inhibitory control beyond looking at the metrics in isolation. Third,
this work will explore how developmental stages, both in terms of age and proficiency,
influence the relationship between response accuracy and latency and what information they
provide for the assessment of inhibitory control. Fourth, this study aims to explore different
assessment approaches to not only validate the integration of these two metrics but also to
provide actual, tangible, practical knowledge both for future research as well as providing
starting points for practitioners. Fifth, I am to investigate how the knowledge gained in the
process of this dissertation enables a nuanced look and investigation of the development of
inhibitory control in young children. Lastly, the study will examine how the assessment
methods can influence the investigation of the relationship between inhibitory control and
related cognitive concepts, for example, fluid intelligence.

By addressing these goals, the dissertation aims to contribute to the theoretical and
empirical advancement of cognitive assessment methods, particularly for young children. It
seeks to offer a framework for interpreting inhibitory control metrics, providing critical
insight into the developmental transitions from accuracy-dependent to latency-dependent
inhibitory control. The results may enable future research to investigate associations of

inhibitory control more nuancedly.
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Empirical Investigations in this Dissertation

The following section, I will provide a short exploration of the empirical
investigations conducted in this dissertation, each contributing uniquely to the stated research
goals.

Study 1: Laying the Groundwork

Selecting an appropriate instrument is essential to assess the development of
inhibitory control in young children. Neither response accuracy alone (Roebers, 2017) nor
response latency alone (Paap, 2019) comprehensively measures inhibitory control ability
across a broad age range. Thus, an ideal task should simultaneously assess response accuracy
and precisely measure response latency. Traditional tasks designed for young children, often
conducted offline, have limitations in accurately capturing response latency (for a review, see
Montgomery & Koeltzow, 2010). In contrast, the computerized Pointing Stroop Task (cPST;
Berger et al., 2000) stands out as a suitable instrument for this purpose.

The cPST leverages the congruency effect to operationalize inhibitory control. The
task consists of two blocks: the first requires no inhibition, aligning responses with prepotent
tendencies, while the second block comprises items that necessitate inhibiting these prepotent
responses. This distinction is pivotal, as it marks the primary difference between the items in
the two blocks. A valid measurement of inhibitory control using the cPST would be indicated
by performance disparities predominantly influenced by the requirement of inhibition in the
incongruent block as opposed to the congruent block. Additionally, position effects within the
task (e.g., MacLeod & Dunbar, 1988) may also contribute to performance variations,
warranting consideration in the task's analysis.

To investigate the validity of the cPST, we applied explanatory item response models
(Hartig et al., 2012) to the data collected from the children in the first piloting study. Initially,

empirical item difficulties and time intensities were estimated through a one-parameter
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logistic model for response accuracy and a linear mixed model for response latency.
Subsequently, estimated item difficulties and time intensities were calculated by modeling the
performance metric as a function of the item's congruency (whether it was congruent or
incongruent) and its presentation position within the test block. Finally, correlations between
empirical and estimated item difficulties and time intensities were examined to assess the
amount to which participant’s performance in the cPST was influenced by item position and,
crucially, congruency. Secondly, we explored the integration of response accuracy and
latency to determine whether combining these metrics provides additional insights beyond
their isolated analysis. The focus was on understanding their relationship with intelligence.
We conducted a moderated linear regression model (Aiken & West, 1991) using mean
response accuracy, mean response latency, and their interaction as predictors. The dependent
variable in this model was the children’s fluid intelligence scores. This approach allowed us
to examine how the interaction between response accuracy and latency could explain
variations in fluid intelligence.

These investigations have the potential to validate the cPST as an effective tool for
assessing inhibitory control. Moreover, they can offer initial insights into the benefits of
integrating response accuracy and latency. This study lays the groundwork for further
exploration into a holistic understanding of cognitive development.

Study 2: Cross-sectional Investigations and Consideration of Developmental Stages

With an instrument that validly and precisely measures inhibitory control through
both response accuracy and latency, and initial evidence supporting the integration of these
metrics for enhanced insights, the next challenge is to determine the most effective
integration method. Established research indicates that inhibitory control undergoes rapid
improvement, often leading to ceiling effects in response accuracy (Kochanska et al., 1996;

Roebers, 2017). Moreover, recent studies suggest that while response accuracy offers a
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consistent interpretation across all ages (higher accuracy indicates better inhibitory control),
response latency reveals more nuanced information. Specifically, for younger children,
longer response latencies may signify stronger inhibitory control (Camerota et al., 2020).
This observation aligns with the fundamental concept of behavioral inhibition, which
involves suppressing a rapid, prepotent response in favor of a more deliberate and ultimately
correct response (Verbruggen & Logan, 2008).

In a cross-sectional study, we compared a two-factor model that integrated response
accuracy and latency against a unidimensional model, focusing solely on accuracy as outlined
by Magnus et al. (2019). The participants included children assessed with the cPST at the
first study timepoint. We aimed to determine whether incorporating response latency could
enhance the precision of inhibitory control measurement. Additionally, we investigated
whether response latency offered different insights for younger versus older children within
the same model structure. Another key aspect of our analysis was to explore how children’s
proficiency, as indicated by their response accuracy, influenced the relationship between
response latency and inhibitory control ability. The hypothesis that longer response latencies
could be beneficial for children who make more errors would gain support if we found that
increased latencies led to fewer mistakes. In such cases, extended response latencies might
not indicate weaker inhibitory control. Finally, to place our findings within a broader
cognitive development context, we analyzed the correlation between inhibitory control
metrics — integrating response accuracy and latency — with fluid intelligence. Based on the
premise of a non-linear relationship between response latency and inhibitory control ability
across various ages and proficiency levels, I expect metrics to consider this phenomenon to
model inhibitory control more validly.

The second study has the potential to uncover intricate patterns in the development of

inhibitory control, investigating whether younger children might profit from a more
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deliberate and controlled approach to processing, underscoring the developmental
significance of taking time for accurate responses. Conversely, older children may
demonstrate more adept handling of the interplay between speed and accuracy, indicative of a
more refined and efficient inhibitory control mechanism. This differentiation between age
groups can highlight the maturation of cognitive processes and has the potential to provide
valuable insights into the developmental trajectory of inhibitory control.

Study 3: Longitudinal Investigations

The design and cross-sectional analyses conducted in studies 1 and 2 provide essential
frameworks for investigating the development of inhibitory control in young children. These
studies investigate the hypothesis that a nuanced integration of response accuracy and
response latency offers a more detailed depiction of inhibitory control abilities than either
measure alone. The next logical step is to extend this assessment into a longitudinal
framework, which is the focus of Study 3. I built upon the insights gained by analyzing the
relationship between response accuracy, response latency, and inhibitory control in a cross-
sectional context. By employing a longitudinal design, I aimed to investigate the trajectories
of these relationships over time. The central question I sought to answer is: How do response
latency and accuracy develop in concert across multiple time points, and how do these
developmental patterns relate to inhibitory control and fluid intelligence?

Methodologically, Study 3 utilized the longitudinal data from children who
participated at multiple time points. To capture the evolution of inhibitory control
capabilities, we analyzed the growth curves of response latency over the three timepoints
using linear mixed-effects models (Baayen et al., 2008), which can handle the intricate
interplay of age, growth rates, and individual differences among children. One particular aim

was to examine whether early proficiency in inhibitory control, as marked by a high response
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accuracy, predicts subsequent development of inhibitory control regarding response latency
and fluid intelligence.

From an applied perspective, the findings from Study 3 can contribute to interventions
tailored to the developmental needs and potential of individual children. This level of
personalized insight can result in more targeted interventions, enabling practitioners to focus
on fostering particular aspects of cognitive growth at optimal times. In summary, study 3
aims to trace the development of inhibitory control over time, offering a dynamic perspective
on cognitive maturation. By understanding the longitudinal relationships between response
latency, accuracy, and broader cognitive development, I expect to gain novel insights into the
mechanisms governing cognitive control and their significance in the broader landscape of
child development.

Expected Contributions

This dissertation encapsulates a multi-faceted exploration into the intricate
development of inhibitory control, providing both the scientific community and practitioners
with valuable insights and indicating potential applications. At its core, the dissertation drives
forward a nuanced understanding of cognitive maturation in children.

Contributions to the Research Field

Firstly, this dissertation aims to provide an evidence-based methodology. The
integration of response accuracy and latency in assessing inhibitory control offers a verified
methodological advancement. By presenting thorough empirical analyses that validate the use
of both metrics, the dissertation equips researchers with a robust framework to dissect
cognitive inhibitory processes with greater precision. Second, insights gained from this
dissertation have the potential to provide insights into the developmental trajectories,
especially the non-linear progression of inhibitory control development in children. This

longitudinal evidence may enhance the existing body of literature, detailing how cognitive
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abilities unfold over time and augmenting existing developmental theories. Lastly, the rich
empirical evidence laid out across the chapters can serve as a blueprint for future studies
examining inhibitory control or other cognitive faculties. It provides a methodological
template to assess cognitive processes comprehensively, which could be adapted and applied
to various cognitive domains.
Practical Applications

Firstly, the validated approach to measure inhibitory control may equip practitioners
with reliable tools to evaluate cognitive development in children. This aspect is particularly
valuable in educational settings for identifying children who may benefit from targeted
cognitive training programs. Further, the nuanced understanding of how inhibitory control
matures over time advances the scope for designing interventions. The findings can inform
strategies that prioritize accuracy before response latency in cognitive training, thereby
optimizing the developmental support provided to children. Lastly, the dissertation
establishes a link between early inhibitory control performance and later cognitive
development, highlighting the potential for early assessment to predict subsequent cognitive
abilities. Practitioners can leverage this insight to identify and support children at risk of
cognitive developmental delays.

In summary, while the main takeaways are in the field of research, the dissertation
goes beyond the pure empirical realm. It delivers first suggestions for practical, evidence-
backed applications that can enhance cognitive assessments and support the development of

children.
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Abstract
Inhibitory control is a core executive function that develops during childhood and is
measured with tasks that require the inhibition of a dominant response. The current study
examined the diagnostic value of using response accuracy and latency in a simple inhibitory
control test, the computerized Pointing Stroop Task (cPST), for kindergarten children. The
cPST was completed by 135 children, ages 3 through 6 years with diverse national and
cultural backgrounds. In explanatory response models, item difficulties and time intensities
could be predicted very reliably by congruency and item position, with incongruent responses
causing more errors and longer response latency. Moreover, the prediction of fluid
intelligence (a close correlate of inhibitory control) from children’s performance in the cPST
was enhanced by using response accuracy and response latency, which had a multiplicative
effect, indicating that efficient (accurate and fast) inhibitory control is related to fluid
intelligence. These results suggest that measuring the efficiency of inhibitory control in
young children is a more appropriate assessment than using either response accuracy or
response latency.

Keywords: inhibitory control, executive function, response time, accuracy, assessment
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Using Accuracy and Response Times to Assess Inhibitory Control in
Kindergarten Children: An Analysis with Explanatory Item Response Models
Inhibitory control, especially the ability to suppress inappropriate reactions and
responses (Verbruggen & Logan, 2008), is crucial to human action and cognition (Diamond,
2013). The development of inhibitory control, its antecedents, and consequences are also a
major topic in developmental research (Bialystock, 2017; Campbell et al., 2020; Paap, 2019,
Roebers, 2017). Despite the importance of the concept, measuring inhibitory control during
childhood is a challenge. Over the course of early childhood, inhibitory control manifests
itself differently depending on the age of the children (Roebers, 2017). Response accuracy in
simple inhibition tasks is widely seen as the defining measure of inhibitory control in very
young children (e.g. Paap, 2019). However, this measure no longer suffices on its own to
assess inhibitory control in children older than five years (Roebers, 2017). Still, many
inhibitory control tests for young children are conducted offline and manually and therefore
lack an objective measurement of response latency (e.g., Escobar et al., 2018). Considering
response time and response accuracy to measure the efficiency of inhibitory control might be
the key to assess inhibitory control in the age range from 3 to 6, the age in which children
rapidly improve their inhibitory control ability (Carlson & Moses, 2001; Kochanska et al.,
1996). In the following sections, we discuss inhibitory control as one of three executive
functions (Diamond, 2013) and its development, especially in the kindergarten age. One
important aspect for the present study is the relationship between inhibitory control and fluid
intelligence. We also discuss the strengths and weaknesses of commonly used test
instruments for assessing inhibitory control in 3- to 6-year-olds and will elaborate on the
advantages of using response accuracy and latency measures when assessing the efficiency of
inhibitory control. We then present a modified version of an established inhibitory control

task, the computerized Pointing-Stroop task (cPST; Berger et al., 2000) that can be used to
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economically measure efficient inhibitory control in 3- to 6-year-olds. The core of the present
study is the evaluation of the validity of this diagnostic approach by using explanatory item-
response modeling (De Boeck & Wilson, 2004) for response accuracy and response latency.
We further examine the construct validity of the cPST in terms of response accuracy and
response latency, particularly its sensitivity for developmental changes and the relationship
between the children’s performance in the cPST and their performance in a non-verbal fluid
intelligence test.

Inhibitory Control

Inhibitory control is a central cognitive ability that belongs to the executive functions,
alongside working memory and cognitive flexibility (Diamond, 2013) or alongside updating
and shifting (Miyake & Friedman, 2012), depending on the theoretical perspective. Among the
executive functions, inhibitory control may be regarded as a core factor, together with working
memory, although the exact cognitive-functional and developmental relationship between the
two types of executive functions is a point of contention (for different conceptions, see Miyake
& Friedman, 2012; Munkata et al., 2011; Roberts & Pennington, 1996; for an overview, see
Miiller & Kerns, 2015).

Inhibitory control is an effortful cognitive activity that can take different forms.
According to Nigg’s (2000) taxonomy, one may distinguish between interference control
(inhibition of irrelevant stimulus information), cognitive inhibition (inhibition of irrelevant
information in working memory), behavioral inhibition (inhibition of prepotent responses) and
oculomotor inhibition (inhibition of reflexive eye movements). Among these types of inhibitory
control, behavioral inhibition (also called respon