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Abstract 

Cognitive control allows us to interact with our environments in ways that help us to 

advance our goals. In this thesis, I describe cognitive control and explain why it is important 

to understand. After introducing the Eriksen flanker task, a commonly used method to assess 

cognitive control ability, I provide an overview of research investigating the dynamics of 

cognitive control with behavioural measures and electroencephalography (EEG). I explain 

how contemporary cognitive neuroscience literature tends to use hand-tracking measures of 

participants’ responses to understand how decision-making unfolds in real time by assessing 

complex manual dynamics. I then highlight an important gap in the literature, where we 

currently lack knowledge about how behavioural results observed in reach-tracking studies 

relate to electrophysiological results observed in EEG studies. The current study was 

designed to address this gap by presenting participants (N = 36) with a flanker task in which 

measurements of manual dynamics were collected in conjunction with EEG recordings. The 

behavioural results replicated past hand-tracking research, with distinct patterns of effects 

observed in participants’ initiation times (the time between stimulus presentation and the start 

of a movement) and movement times (the time between movement initiation and response 

completion). A potential neural correlate of the behavioural results was identified – 

specifically, preliminary evidence was found that the pattern of effects observed in movement 

times is reflected in frontal midline theta. As such, the current project contributes to 

addressing the identified gap in the literature, making a novel contribution to the established 

understanding of cognitive control. The current study also paves the way for future work to 

continue investigating the links between behavioural and neural dynamics, and contributes to 

the growing consensus that hand tracking is valuable in cognitive neuroscience research. 
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Introduction 

Human beings inhabit complex environments which frequently demand rapid 

behavioural responses and goal modification. To manage these demands, we rely on our 

capacity for cognitive control to maintain task-relevant thoughts and actions (Botvinick & 

Braver, 2015; Miller & Cohen, 2001). The ability to adjust cognition and behaviour flexibly 

requires top-down resources to identify goal-relevant information, and to regulate our 

responses (Diamond, 2013; Erb et al., 2016; Stillman et al., 2018). Cognitive control is 

particularly important when we encounter multiple, incompatible opportunities for action 

(Cisek & Kalaska, 2010). Often, the most salient option is not the most appropriate, 

necessitating the use of cognitive control to overcome to prepotent response and provide the 

goal-relevant response instead (for example, Nigg, 2017). This ability is dubbed inhibitory 

control (Diamond, 2013).  

Components of cognitive control, including inhibitory control, have been linked to 

work and academic outcomes, health outcomes, general success, life quality, and financial 

status (Blair & Razza, 2007; Diamond, 2013; Fuhs & McNeil, 2013; Munakata et al., 2012). 

Developmentally, children who display high levels of cognitive control score well on 

measures of understanding theory of mind (readily grasping the idea that other people are 

experiencing their own internal worlds), on empathy measures, and on measures of morality 

and conscience (Posner & Rothbart, 2007). To study cognitive control, forced-choice 

congruency tasks are used to examine performance when participants are faced with 

competing response options. The flanker task (Eriksen & Eriksen, 1974), the Simon task 

(Simon, 1969), and the Stroop task (Stroop, 1935) are all widely studied congruency tasks.  

For example, the flanker task presents participants with a stimulus array consisting of 

a centrally presented target and surrounding distractors. On congruent trials, all stimuli cue 

the same response. For instance, if the target stimulus were a left-pointing arrow (cueing a 
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left-hand response) and the distractors were also left-pointing arrows, conflict would be 

minimal because both the target and the distractors would cue the same response. Congruent 

trials are interspersed with incongruent trials, in which the distractors cue an opposing 

response to the central target. For instance, if the target stimulus were a left-pointing arrow 

(cueing a left-hand response) but the distractors were right-pointing arrows (cueing a right-

hand response), conflict would be more significant as the target and the distractors would cue 

different responses. Therefore, incongruent trials require more cognitive control, as the 

participant must overcome the conflict from opposing information.  

The existing literature provides a wealth of examples of research using 

electroencephalography (EEG) to elucidate the neural dynamics underlying cognitive control. 

EEG is a valuable method when investigating the neural dynamics of cognitive control 

because its high temporal resolution allows researchers to capture neural phenomena related 

to conflict detection and resolution, including oscillatory frequencies and event-related 

potentials (ERPs) (Donohue et al., 2012; Gevins et al., 1999; Michel & Brunet, 2019). 

Studies of cognitive control often collect EEG data and button-press measures of response 

time and accuracy. Response time and accuracy are important performance indicators that 

reveal how people cope with conflict (De Boeck & Jeon, 2019; Novikov et al, 2017; Ratcliff 

et al., 2015). However, researchers have increasingly been opting to use hand-tracking 

techniques such as mouse tracking and reach tracking to study the within-trial dynamics of 

cognitive control. Such techniques provide measurements of both the temporal and spatial 

characteristics of behavioural responses, permitting a detailed view of conflict detection and 

resolution (Erb et al., 2016; Erb et al., 2019). 

Hand-tracking studies of cognitive control have shown that the patterns of effects 

observed in response times reflect two dissociable factors observed in different temporal 

measures: initiation time (time elapsed between stimulus onset and response onset) and 
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movement time (time elapsed between response onset and response completion). While EEG 

and hand tracking have been used to study cognitive control separately (for a notable 

exception, see Tafuro et al., 2020), there remains a gap in the literature regarding how the 

neural dynamics observed in EEG signals correspond to the behavioural dynamics observed 

in hand-tracking measures. To address this gap, the current project integrates measures of 

initiation time and movement time into an EEG investigation of the flanker task.  

In what follows I outline the flanker task and its effects – notably, the congruency 

effect (CE) and the congruency sequence effect (CSE) – and discuss a model of cognitive 

control used to account for each effect. I then outline recent hand-tracking investigations of 

cognitive control, before reviewing the EEG literature. Finally, I introduce an experiment 

designed to ascertain how neural oscillations in the theta band correlate with the patterns of 

effects observed in behavioural results from the flanker task. 

 

The Flanker Task 

The original Eriksen flanker task (Eriksen & Eriksen, 1974) used a stimulus array of 

letters cueing participants to press either a left or a right lever, with a central target letter 

indicating the required response. Variations of the flanker task stemming from the original 

version continue to be a popular choice for cognitive control studies (for example, Baciero et 

al., 2021; Brunetti et al., 2019; Erb et al., 2020; Erb & Marcovitch, 2018; Nieuwenhuis et al., 

2006). A commonly used version of the flanker task displays an array of five arrows on the 

screen, with participants asked to respond with either a left-hand button press or a right-hand 

button press depending on the direction of the central arrow. Trials are dubbed congruent if 

the flanker arrows are pointing in the same direction as the central arrow (>>>>>), or 

incongruent if the flanker arrows are pointing in the opposite direction (<<><<). The flanker 
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task examines how participants’ responses to the target are affected by the types of flankers 

that are present.  

 

The Congruency Effect 

Response time and accuracy data from the flanker task generally demonstrate the 

congruency effect (CE): performance is better when the distractor stimuli are congruent with 

the target stimulus compared to when the distractor stimuli are incongruent (for example, 

Abrahamse et al., 2013; Ambrosi et al., 2016; Li & Lou, 2019; Schmidt, 2016; Weissman, 

2020). The CE can be used to examine both individual and developmental differences, with 

larger CEs associated with lesser cognitive control ability. Developmental investigations 

suggest that the CE reduces as children grow up, with responding becoming faster and more 

accurate with age, demonstrating a superior ability to cope with incongruency (for example, 

Eichele et al., 2017; Erb et al., 2018b; Tamnes et al., 2013). Specifically, participants display 

the smallest CEs between 35 and 42 years of age, suggesting that performance increases up to 

a peak and then diminishes (Erb et al., 2020a; Waszak et al., 2010). To account for observed 

differences on congruent and incongruent trials, researchers have developed neuro-

computational models of congruency tasks to explain the mechanisms that the brain might 

use to cope with conflict. In the following, I discuss the prevailing neuro-computational 

model, which proposes a dual-pathway to account for the CE. 

 

A Dual-Pathway Neuro-Computational Model  

One prominent neuro-computational model of the flanker task proposes that stimulus 

arrays are processed along two different pathways: a direct (automatic) pathway and an 

indirect (control-demanding) pathway (for example, Botvinick et al., 2001; Cohen et al., 

1990; Erb et al., 2021; Ridderinkhof et al., 1995). Cohen et al. (1990) proposed that 
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automatic and controlled processes both occur to differing extents within a trial. The response 

that is ultimately selected reflects the relative activation of each pathway (for example, 

Cohen et al., 1990; Shenhav et al., 2013). For instance, the direct pathway automatically 

creates response activations from rapid interpretations of the overall stimulus array. This 

means that the goal of the task to respond based only on the target stimulus gets overcome by 

the strong response activations resulting from the distractors. Top-down control allows 

participants to purposefully use the indirect pathway to attend to the target stimulus and 

understand how it relates to the goal-relevant response. This allows the prepotent response 

option to be inhibited and the appropriate response to be provided instead.  

The dual-pathway model is illustrated in a figure by Erb and Marcovitch (2018) 

provided below (Figure 1). As shown in the figure, an incongruent stimulus array activates 

incompatible response options, pulling the participant to respond based on the distractors 

rather than the target because the participant will automatically generate competing 

activations favouring the incorrect response. On a congruent trial, less cognitive control is 

required as the only response option generated by the direct pathway is the goal-relevant 

response. 
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Figure 1. 

Diagram of the Neuro-Computational Model of Cognitive Control as Shown in Erb and 

Marcovitch (2018). 

 

A) Demonstrates activation along the pathways prior to presentation of the flanker arrow 

array. B) Demonstrates strong activation along the direct pathway. The distractor stimuli 

cause early response activations to be biased towards the incorrect response. C) Demonstrates 

activation forced along the indirect pathway by top-down cognitive control. 

 

Three Key Components of the Dual-Process Model 

In addition to the automatic and control-demanding pathways, Shenhav et al. (2013) 

described three key components of cognitive control featured in contemporary models of 

flanker task performance: monitoring, specification, and regulation. As illustrated by Figure 

1B, the monitoring component registers the conflict generated by the concurrent activation of 

both responses during an incongruent trial. Conflict detection allows for subsequent conflict 

resolution, as cognitive resources can be channelled towards the control-demanding pathway. 

The consensus in the literature is that the anterior cingulate cortex (ACC) is active during 

cognitive control tasks when inhibitory control is required (for example, Bench et al., 1993; 

Botvinick et al., 2001; Brown & Braver, 2005; Brunetti et al., 2019; Bush et al., 1998; Carter 

et al., 1995; Casey et al., 1997; Cole & Schneider, 2007; di Pellegrino et al., 2007; Donohue 
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et al., 2012; Fellows & Farah, 2005; George et al., 1994; Kawashima et al., 1996; MacDonald 

et al., 2000; Magno et al., 2006; Pardo et al., 1990; Paus et al., 1993; Taylor et al., 1994). 

Cohen et al. (2004) hypothesised that the anterior cingulate cortex (ACC) engages in conflict 

monitoring to ascertain when cognitive control needs to be upregulated.  

The specification component registers the goal (for example, ‘respond based on the 

central target’), and to what extent cognitive control is required to achieve it. The 

specification component also serves to inhibit motor output momentarily when conflict is 

detected via a response threshold adjustment process (displayed in Figure 1). Once 

specification has been engaged, participants use regulation to support controlled response 

selection, by directing top-down attention to the goal-relevant target. The regulation 

component actively controls response behaviour across the course of a trial. Regulation 

allows for goal-driven stimulus-response translation, displayed in Figure 1 as a controlled 

response selection process.  

Thus, the process of exercising inhibitory control in an incongruent trial in the flanker 

task unfolds as follows. First, conflict is detected. Then, the specification component 

increases response thresholds and specifies the goal (for example, ‘respond based on the 

central target’). The regulation component then increases activation along the control-

demanding pathway, causing the participant to attend to the central target. Specifically, the 

ACC communicates conflict detection to the dorsolateral prefrontal cortex (dlPFC) which 

then exerts control via top-down communication with posterior structures, as shown in Figure 

1 (Botvinick et al., 2001; Botvinick et al., 2004; Cohen et al., 2004; Donohue et al., 2012; Erb 

et al., 2021; Erb & Marcovitch, 2018; Fumagilli et al., 2010; Greene et al., 2004; Gyurkovics 

& Levita, 2021; Hanslymayr et al., 2008; MacDonald et al., 2000; Marek & Dosenbach, 

2018; Sallet et al., 2011). The pre-frontal cortex (PFC) can be considered the driving force of 
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top-down, endogenous, or purposeful cognitive control (Miller & D’Esposito, 2005; Nee & 

D’Esposito, 2016; Paneri & Gregoriou, 2017; Sallet et al., 2011). 

Figure 1 highlights that competing response options can be activated but oppose one 

another because both responses cannot simultaneously be correct (see also Cisek, 2006; Cisek 

& Kalaska, 2010). Practical evidence for this is demonstrated by Cisek and Kalaska (2005) 

who showed that monkeys (Macaca mulatta) with two alternative response options available 

to them displayed neural activation in the corresponding dorsal premotor cortex (see also 

Cisek & Kalaska, 2010). When it became clear which response was required, this option 

showed increased activation, while the option to be ignored showed a downregulation of 

activation (Cisek & Kalaska, 2005; Cisek & Kalaska, 2010). 

 

Mechanisms of the Dual-Process Model 

The model introduced above features two processes that will be of particular interest 

in the current thesis: the threshold adjustment process and the controlled selection process 

(Erb et al., 2021). These processes help to explain how people can slow down behaviour to 

allow time to engage cognitive control, making it more likely that they will provide a task-

relevant response. 

 

Threshold Adjustment  

The threshold adjustment process is thought to be engaged when the dorsal anterior 

cingulate cortex (dACC) registers conflict and then temporarily halts movement output (Erb 

et al., 2016; Erb et al., 2021; Erb & Marcovitch, 2018) to allow people time to make a 

response decision – resulting in a speed-accuracy trade-off (Erb et al., 2016; Erb & 

Cavanagh, 2019; Erb & Marcovitch, 2018; Shenhav et al., 2013; Stillman et al., 2018, p. 

538). Cavanagh et al. (2011) explained that this behavioural pause is instigated by the medial 
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prefrontal cortex (mPFC) communicating with the subthalamic nucleus (STN), which is then 

able to halt the cortico-striatal system to inhibit rapid responding. McGovern et al. (2014) 

explained that the mPFC is connected to the STN via the hyper-direct pathway (Nambu et al., 

2002), facilitating communication between these two regions and allowing for slower 

response times when conflict is high (Cavanagh et al., 2011; McGovern et al., 2014). Such 

momentary pauses allow us to overcome the inclination to provide the prepotent but incorrect 

response quickly (Erb et al., 2016). 

Threshold adjustment bears similarities to the parameters within the drift-diffusion 

model (DDM) as explained by Fudenberg et al. (2020) and Nguyen et al. (2019). This model 

has often been used to explain patterns observed in decision-making paradigms. As the name 

implies, the DDM proposes that evidence in a decision-making task ‘drifts’ between response 

options (Fudenberg et al., 2020; Nguyen et al., 2019). People make a decision once evidence 

for one of the response options reaches a threshold, or at the point that a person’s perception 

of required action ‘drifts’ into one of the response options (Fudenberg et al., 2020; Nguyen et 

al., 2019). Evidence accumulates towards the threshold by virtue of past experiences, such as 

remembering what has happened on recent trials (Nguyen et al., 2019).  

Whereas the DDM focuses on how evidence accrues to a threshold associated with a 

particular response, the threshold adjustment process is proposed to involve a global form of 

inhibition which affects responding in general. It is currently unclear whether the parameters 

in the DDM correspond with those of the threshold adjustment process (for example, Erb & 

Cavanagh, 2019). Therefore, this thesis will use the term ‘threshold adjustment’ to refer to 

the process of inhibiting motor output when presented with conflict and will not take a stance 

on how this process is related to the thresholds described by the DDM. 
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Controlled Selection  

Controlled selection recruits the lateral prefrontal cortex (lPFC) to exert top-down 

control (Erb & Marcovitch, 2018). Top-down attention is directed towards the relevant 

aspects of the stimulus, upregulating the salience of those aspects and downregulating the 

obvious yet irrelevant aspects of the stimulus, arguably through a process of mutual 

inhibition (Asanowicz et al., 2021; Erb & Marcovitch, 2018; Munakata et al., 2011). By 

using top-down mechanisms to control the distribution of cognitive resources, we are better 

equipped to provide the correct response. Shenhav et al. (2013) suggested that the dACC is 

also involved in the controlled selection process because it allows us to avoid prepotent 

behaviours. For example, Shenhav (p. 228) cited Paus et al. (1993) who conducted a 

neuroimaging study to demonstrate the role of the dACC in helping us to overcome enacting 

“default” behaviours.  

 

The Congruency Sequence Effect 

In addition to the CE, performance on the flanker task is impacted by trial sequence 

effects in which behaviour on the current trial is impacted by qualities of the preceding trial 

(for example, Erb & Marcovitch, 2018). For instance, many researchers have reported that 

the congruency of the preceding trial impacts the size of the congruency effect on the current 

trial (for example, Egner, 2017). In what follows I will indicate the congruency of the current 

trial with uppercase letters (C vs. I) and the congruency of the previous trial with lowercase 

letters (c vs. i) to reference different trial sequences (Erb et al., 2016). For example, cC trials 

are congruent trials preceded by a congruent trial, whereas cI trials are incongruent trials 

preceded by a congruent trial. The congruency sequence effect (CSE) (also known as the 

Gratton effect) occurs when the CE is larger on trials preceded by a congruent trial (cC and cI 

trials) than on trials preceded by an incongruent trial (iC and iI trials) (Donohue et al., 2012 
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Duthoo et al., 2014; Erb et al., 2021; Erb & Marcovitch, 2018; Gratton et al., 1992; Tomat et 

al, 2021; Weissman, 2020; Weissman & Carp, 2013a). 

 

Figure 2.  

Diagram of the Pattern of Effects Observed in the CSE as Shown in Erb and Marcovitch 

(2018). 

 

The “All Trials” section demonstrates the Gratton effect (CSE) observed in overall response 

time. The “Response Alternation/Response Repetition” section demonstrates dissociable 

patterns of effects observed across response switch and response repeat trials.  

 

Accounts of the Congruency Sequence Effect 

The neuro-computational model introduced above builds a picture of how the brain 

might be functioning when it encounters conflict and helps us to understand how the CE and 

the CE function in practice. However, it does not explain why the CSE occurs. The two main 

competing explanations of the CSE are the conflict adaptation account and the feature 

integration account (Egner, 2007; Weissman et al., 2014). 
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Conflict Adaptation  

The conflict adaptation account of the CSE proposes that encountering conflict on an 

incongruent trial causes an increase in cognitive control, leading to better performance on a 

subsequent incongruent trial (Botvinick et al., 2001; Nieuwenhuis et al., 2006). Top-down 

attention is commandeered to focus on the target on an incongruent trial as the participant 

actively ignores the distractor arrows, allowing them to make the correct response (Donohue 

et al., 2012). In terms of the neuro-computational model, this can be understood to reflect the 

PFC driving cognitive resources towards the indirect pathway. The conflict adaptation 

account suggests that upregulation of cognitive control on a previous trial means that 

cognitive control remains heightened on the current trial – so that the participant is 

automatically better equipped to cope with incongruency on the current trial, explaining the 

superior performance on iI relative to cI trials (Erb & Marcovitch, 2018). Within the neuro-

computational model, conflict adaptation would suggest that participants readily utilise the 

indirect pathway by virtue of experience with incongruency on the preceding trial. The 

indirect pathway could even retain lingering activation from the preceding incongruent trial, 

and this activation could then be utilised to evoke better performance on the current 

incongruent trial (compared to an incongruent trial preceded by a congruent trial).  

 

Feature Integration  

The conflict adaptation account has shortcomings when it is applied to the two-

alternative forced choice flanker task. This is because the CSE is only apparent on trials in 

which the response from the previous trial is repeated (Mayr et al., 2003; Nieuwenhuis et al., 

2006; see Figure 2). The feature integration account offers an alternative explanation to 

conflict adaptation that potentially better explains the pattern of effects observed in the 

flanker task.  
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The feature integration account proposes that stimuli and their associated responses 

become automatically bound in participants’ minds as a result of pairing them together in a 

preceding trial (Erb & Marcovitch, 2018; Hommel, 2004; Weissman et al., 2014). For 

example, a right-hand button press can become bound to the stimulus “>” due to the 

association formed during stimulus-response (S-R) translation – associated stimuli become 

what is known as an event file (Erb & Marcovitch, 2018; Hommel, 2004; Hommel et al., 

2004). The event file formed on one trial can then impact the event file formed on the 

subsequent trial. For example, binding the appropriate stimulus and response together is not 

problematic on no-overlap trials. On these trials, neither the stimulus nor the required 

response is the same on the current trial as on the preceding trial (Hommel, 2004; 

Nieuwenhuis et al., 2006). This means that the event file created on the preceding trial does 

not need to be dismantled for the participant to bind the appropriate stimulus and response 

together on the current trial. No-overlap is demonstrated on response switch trials, which are 

indicated by ‘-s’ in the shorthand (Erb & Marcovitch, 2018). On a response switch trial, the 

participant is required to provide a different response from the one they gave on the 

preceding trial, and the stimulus array is necessarily different in order to cue the alternative 

response.  

On full-overlap trials, the stimulus array and consequently the required response stay 

the same as they were on the preceding trial (Erb & Aschenbrenner, 2019). Because of this, it 

is generally thought that the appropriate stimulus and response event file can be activated 

rapidly on full-overlap trials (Erb & Aschenbrenner, 2019; Hommel et al., 2004; 

Nieuwenhuis et al., 2006). S-R binding is most problematic on partial-overlap trials in which 

some aspects remain the same (for example, the same response is required) but other aspects 

change (for example, a different stimulus array) (Erb & Aschenbrenner, 2019). This is 

because when one relevant element of the previous event file becomes activated on the 
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current trial (for example, ‘respond right’) the other feature in the previous event file (for 

example, a congruent stimulus array) is automatically activated along with it, therefore 

causing a conflict due to S-R binding. The activation of the irrelevant aspect slows down 

processing of the stimulus array and the required response, and thus has an impact on 

performance output.  

On response repeat trials, the participant is required to provide the same response as 

they did on a preceding trial, indicated by ‘-r’ in the shorthand (Erb et al., 2016; Erb & 

Marcovitch, 2018). The effect of S-R binding conflict during partial-overlap trials becomes 

apparent on cI-r trials, which lead to notably worse performance outcomes than other 

incongruent trials (Erb & Marcovitch, 2018; Mayr et al., 2003; Nieuwenhuis et al., 2006). 

This is because the participant is required to give the same response as on the previous trial (a 

response repeat) but to a different stimulus array – and the stimulus array, which was 

congruent and low-conflict in the previous trial, is now incongruent and high-conflict. To 

relate this to the neuro-computational model discussed earlier, the more rapidly a participant 

can bind the stimulus array to the required response to form the appropriate event file, the 

more quickly activation can be channelled along the indirect pathway, allowing the 

participant to provide the goal-relevant response.  

The feature integration account of the CSE observed in the two-alternative forced 

choice flanker task appears to be the superior explanation because it offers an account of why 

the CSE is observed in response repeat trials but not response switch trials (Erb & 

Marcovitch, 2018; as illustrated in Figure 2). The feature integration account explains that 

this is because response repeat trials feature a partial-overlap effect, in which participants are 

required to provide the same response as in the preceding trial but they are presented with a 

different stimulus array. If the conflict adaptation account were true, then we would expect to 

see conflict adaptation on iI trials even in response switch paradigms, due to a general 
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upregulation of cognitive control benefiting the participant’s performance on the subsequent 

incongruent trial. The feature integration approach posits that these benefits occur due to the 

amalgamation of stimulus and response in the participant’s mind, whereas response switch 

trials require breaking apart these event files as the stimulus array and the required response 

both change (Erb & Marcovitch, 2019, p. 833; Erb & Marcovitch, 2018). However, we see 

benefits only on iI trials in response repeat paradigms. Indeed, on response switch trials, 

response times are slower on iI-s than cI-s trials (Erb & Marcovitch, 2018; Mayr et al., 2003; 

Nieuwenhuis et al., 2006). The feature integration account does offer an explanation as to 

why the CSE is observed in response repeat but not response switch trials; however, neither 

the feature integration account nor the conflict adaptation account explain the pattern of 

response effects observed in response switch trials. Specifically, it remains unclear as to why 

response times are slower on incongruent response switch trials than congruent response 

switch trials (main effect of current congruency; C < I) and slower on response switch trials 

preceded by an incongruent trial compared to those preceded by a congruent trial (main effect 

of previous congruency; c < i) (Erb & Marcovitch, 2018).  

 

Manual Dynamics  

Recent research investigating the dynamics of cognitive control in congruency tasks 

like the flanker task has endeavoured to use hand tracking to record the spatial and temporal 

aspects of participants’ hand movements (for example, Erb et al., 2016; Erb et al., 2021; 

Scherbaum et al., 2010). This is done either via mouse tracking – monitoring the movement 

of a mouse cursor on a computer monitor (for example, Scherbaum et al., 2010) – or via 

reach tracking – using a motion sensor attached to participants’ hands to record their 

movements (for example, Erb et al., 2021). Traditionally, responses to the flanker task have 

been recorded as button presses. Button presses record the outcome of decision processes but 
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fail to elucidate how cognition interacts with behaviour across the course of the response (Erb 

et al., 2016; Erb et al., 2019). Erb et al. (2016, p. 116) considered reach tracking a more 

informative alternative to the button press, as it provides both “discrete and continuous 

measures” (see also Bundt et al., 2018). If we analyse not only a participant’s final button 

press, but instead the entire movement that brought their finger to that button, we can learn 

more about cognitive control during response execution. Davis et al. (2011) explained that 

developmental cognitive measures are significantly correlated with developmental measures 

of fine motor control, suggesting that these two aspects of psychology should be studied in 

conjunction, rather than viewed as disparate phenomena.  

The manual dynamics observed in participants’ reaching movements reveal how they 

are actively controlling their cognition during an action, perhaps changing their minds about 

which response to make as they are making it, and inhibiting the tendency to make an 

obvious but incorrect response (Erb & Marcovitch, 2019; Stillman et al., 2018). A similar 

methodology was implemented by Burle et al. (2002) in a study which permitted participants 

to make partial errors by initiating an incorrect response (exerting some force on an incorrect 

response button, but insufficient force to complete the response) before being able to correct 

themselves and shift their response to the correct button. In theory, examining manual 

dynamics would allow us to see the behavioural correlates of the processes featured in the 

neuro-computational model of flanker task performance as introduced above. For instance, 

you might see an initial reach towards the prepotent but incorrect response button before 

conflict monitoring from the ACC evokes cognitive control via top-down mechanisms from 

the PFC to increase processing along the indirect pathway, leading the participant to change 

the course of their reaching behaviour towards the correct response button. 

As demonstrated by Figure 2, we know that we can observe the Gratton effect (CSE) 

in overall response times on the flanker task. Furthermore, we have developed an 
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understanding of the differentiation between the threshold adjustment process and the 

controlled selection process. Therefore, it is interesting to consider what variables can be 

measured in manual dynamics by using reach-tracking protocols, in order to ascertain what 

behavioural processes might reflect these two dissociable cognitive processes. This is why 

reach tracking is important. It allows us to look closely at different behavioural processes and 

relate them to comparable cognitive processes. Therefore, we can move away from simply 

seeing a CSE in response times (Figure 2), and instead learn more about what specific 

behavioural process is driving it and how that behavioural process links to neural activations.  

 

Initiation Time 

Initiation time is an important behavioural process that can be accessed via reach 

tracking. It indicates how much time passes between the presentation of a stimulus array and 

the beginning of a response process (Erb, 2018; Erb & Cavanagh, 2019; Erb et al., 2021; 

Stillman et al., 2018). The initiation time measurement has been linked to the threshold 

adjustment process (Erb et al., 2018; Erb & Cavanagh, 2019), reflecting the unique 

contribution that reach tracking is able to make in terms of linking specific behavioural 

processes to cognitive processes. Movements take longer to be initiated if evidence for a 

particular response needs to meet a high threshold. The behavioural pause to allow for more 

accurate responding is reflected in the interval between stimulus presentation and movement 

initiation (the speed-accuracy trade off) (Erb et al., 2016; Erb & Cavanagh, 2019; Erb & 

Marcovitch, 2018; Shenhav et al., 2013; Stillman et al., 2018).  

Previous research has revealed a main effect of current and previous congruency in 

relation to initiation times (Erb et al., 2018b; Erb & Cavanagh, 2019). Longer initiation times 

have been recorded on incongruent trials, and on trials immediately following an incongruent 
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trial (Erb et al., 2018b; Erb & Cavanagh, 2019). The effect observed is as follows (see Figure 

3 below): cC < iC < cI < iI (Erb et al., 2018b; Erb & Cavanagh, 2019).  

Incongruent trials evoke a high response threshold and thus cause the behavioural 

pause. The same effect is also observed in the subsequent trial (Erb et al., 2016; Erb et al., 

2018; Erb et al., 2021; Erb & Cavanagh, 2019; Erb & Marcovitch, 2018). Illustrating this, 

Erb et al. (2016) implemented a Stroop task in which participants had to respond with a 

button press based on the colour of the text in which a word was written, whilst ignoring the 

colour that the word itself described (for example, the word ‘GREEN’ could be presented in 

green font on a congruent trial and blue font on an incongruent trial). Reflecting the main 

effect of current and previous congruency, they found that initiation times were longer on 

incongruent trials compared to congruent trials, and longer if the preceding trial had been 

incongruent.  

The authors suggested that initiation times are slowed when we are presented with 

conflict (or anticipate conflict, based on the incongruency of a previous trial) due to threshold 

adjustment. Erb et al. (2016) further suggested that these initiation time results reflected the 

findings of Sheth et al. (2012), who used single-unit recordings from neurons in the human 

dACC to show that the amount of conflict within a trial correlates with the level of neuronal 

activation. Sheth et al. found the most activity in the dACC on iI trials, followed by cI trial, 

iC trials, and the least activation on cC trials (cC < iC < cI < iI) (Erb et al., 2016). Erb et al. 

suggested that these single-unit recordings demonstrated the threshold adjustment process, as 

the pattern of initiation times looked identical to the pattern of single-unit activations (main 

effects of current congruency and previous congruency). 
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Reach Curvature 

Reach curvature is another important behavioural process that can be accessed via 

reach tracking (Erb et al., 2016; Erb, 2018b; Erb et al., 2021). This concept denotes how 

much a participant’s reaching motion towards the response button deviates from its course. 

Erb et al. (2016) found more reach curvature on incongruent trials compared to congruent 

trials, especially if the preceding trial had been congruent. They believed that these data 

suggested that reach curvature demonstrated the controlled selection process, in a similar 

manner to the way in which initiation time reflected the threshold adjustment process. Again, 

this crucially demonstrates the fact that reach tracking allows us to identify specific 

behavioural processes and how they link to corresponding cognitive processes.  

Erb et al. (2016) noted that reach curvature patterns reflected the results observed in 

an fMRI study from Kerns et al. (2004), which initially seemed to conflict with the results of 

Sheth et al. (2012) because they showed a different pattern of activation within the dACC. 

Kerns et al. used fMRI to show that the dACC had the most activation on cI trials, followed 

by iI trials, then iC and cC trials (cC < iC < iI < cI). Erb et al. (2016) proposed that these 

results are not actually in conflict with those of Sheth et al., because while the Sheth et al. 

results were proposed to reflect the threshold adjustment process (reflected in initiation time 

data), the Kerns et al. results were proposed to reflect the controlled selection process 

(reflected in reach curvature data). See Figure 3 below for the pattern of effects observed in 

reach curvature data.  

Further research has suggested that the main effect of current and previous 

congruency on reach curvature differs from response repeat trials to response switch trials 

(Erb & Marcovitch, 2018). For example, on response repeat trials there appears to be a 

significant interaction effect between previous and current trial congruency, whereas on 
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response switch trials there appears to be a main effect of current trial congruency only (Erb 

et al., 2018b; Erb & Cavanagh, 2019).  

The controlled selection process takes place as top-down cognitive resources are 

channelled towards the immediate goal (Erb & Marcovitch, 2018). If we imagine a 

participant making a reaching motion towards a response button, the engagement of top-

down control could cause a mid-movement change of mind. This could result in the 

participant deviating from their original course, moving their hand towards the alternative 

response button. Movement time is related to reach curvature, as it measures how much time a 

participant spends reaching towards the response button (Erb, 2018; Erb et al., 2018a). 

Movement time and reach curvature are separate measures, isolated as variables within the 

literature with different associated outcomes (for example, Erb et al., 2022; Erb & 

Marcovitch, 2018); however, the two measures correlate strongly (Erb & Marcovitch, 2018). 

This is because a longer movement time would suggest less clarity regarding which response 

to provide, in a similar manner to significant reach curvature.  
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Figure 3.  

Diagram of the Pattern of Effects Observed in Response Time, Initiation Time and Movement 

Time from Erb and Marcovitch (2018). 

 

A1) Demonstrates the pattern of effects observed in response time for all trials (suggesting 

that response time data amalgamates both initiation time and movement time data). A2) 

Demonstrates that the Gratton effect (CSE) is identified within response repeat trials. B) 

Demonstrates the pattern of effects observed in initiation times. C) Demonstrates the pattern 

of effects observed in reach curvature (comparable to movement time), suggesting that the 

difference between cI-r trials and iI-r trials in reach curvature/movement time is driving the 

CSE seen in response times.  

 

Two Components of the Gratton Effect  

Initiation time and reach curvature relate to the two dissociable cognitive components 

of the Gratton effect (CSE): the threshold adjustment process and the controlled selection 
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process (Erb & Marcovitch, 2018; Erb et al., 2016). The results of Sheth et al. (2012) and 

Kerns et al. (2004) demonstrated opposing trial sequence effects, and thus a lack of clarity as 

to what mental processes occur during conflict tasks. Erb et al. (2016) studied initiation time 

and reach curvature as two separate measures using hand tracking, clarifying that the 

seemingly opposing results found in previous work demonstrated dissociable mental 

processes. This means that the CSE revealed in response times reflects an amalgamation of 

both initiation time data and reach curvature/movement time data (Erb & Marcovitch, 2018). 

Thus, to properly understand the CSE, an appreciation of manual dynamics is pivotal. 

 

The Importance of Response Type 

Previous research has revealed that differentiating between response repeat and 

response switch trials can significantly change the results garnered via hand-tracking 

research. In the following, I review key pieces of research that have done this. The studies 

that will be discussed are important because they demonstrate the significance of considering 

response type in cognitive control research using manual dynamics, and they provide a clear 

rationale for the methodology of the current study.  

Erb et al. (2020a) tracked manual dynamics during a flanker task, by attaching a 

motion-tracking sensor to the right index fingers of participants. These researchers compared 

performance between young adults (average age 19 years) and older adults (average age 69 

years). During the experiment, participants sat in front of a Plexiglass screen that displayed 

the stimulus array and on-screen response buttons. Participants had to touch the left-hand 

button if the central arrow was pointing to the left, and the right-hand button if the central 

arrow was pointing to the right. After the stimulus array had been presented, participants had 

a maximum of 10 seconds in which to respond. Participants completed 4 blocks of 48 trials, 

or 192 flanker trials in total.  
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Participants rested their finger on a small square marker situated 27cm in front of the 

screen. Movement initiation was measured after participants lifted their finger from the 

marker, beginning when hand movement first reached 10cm/s. Participants had to leave their 

finger resting on the square marker for 1 second before a trial would begin. The task cued 

participants with a fixation cross presented on the screen 1 second prior to the beginning of a 

trial, with the fixation cross at the same point on the screen as the target arrow would be 

during the trial. This was done to reduce the confounding effect of having to search for the 

central target, as the participant should already be looking directly at it after being primed by 

the fixation cross. Thus, any behavioural effects identified could be attributed to conflict 

within the task, rather than the need to spend time locating the target (Erb et al., 2020a).  

Response times revealed main effects of current congruency, previous congruency, 

and response type. These factors also revealed a three-way interaction effect. The researchers 

investigated the interaction effect further, by analysing response times based on response 

switch and response repeat trials separately. Demonstrating the importance of response type, 

Erb et al. (2020a) found that the CSE was revealed exclusively on response repeat trials while 

response switch trials revealed only the main effects of current and previous congruency. 

Initiation times also revealed main effects of current congruency, previous congruency, and 

response type. Response repeat trials were found to evoke slower initiation times on 

congruent trials than response switch trials did.  

These main effects of current congruency, previous congruency, and response type 

were also revealed for movement time and reach curvature. Movement times showed no 

effect of response type on trials that were preceded by an incongruent trial. However, on 

trials that were preceded by a congruent trial, response repeat trials revealed slower 

movement times than response switch trials. The effect of current congruency on movement 

times was also mediated by response type. Incongruent response switch trials evoked faster 
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movement times than incongruent response repeat trials. When analysing reach curvatures, 

these researchers found a larger CSE on response repeat compared to response switch trials. 

No reach curvature difference was observed between cC-r and iC-r trials, but cI-r trials 

exhibited significantly greater reach curvature than iI-r trials.  

This study found that initiation time and movement time/reach curvature revealed 

dissociable results, adding more evidence to the assertion of Erb and Marcovitch (2018) that 

initiation time reflects the threshold adjustment process and movement time/reach curvature 

reflects the controlled selection process. Initiation times demonstrated that responding on the 

current trial was significantly affected by the congruency of the previous trial, contributing to 

the behavioural pause elicited by the evidence threshold required for responding becoming 

heightened after experiencing conflict. Meanwhile, reach curvature demonstrated a 

significant CSE, particularly on response repeat trials, suggesting that cognitive control is 

administered throughout the course of a trial based on current congruency, previous 

congruency, and response type.  

Erb and Marcovitch (2019) demonstrated the importance of response type using a 

Simon task. These researchers studied three groups of participants: 6- to 8-year-olds, 10- to 

12-year-olds, and adults. A similar set up was used, but the conflict task used in this 

experiment was a Simon task, which introduced location-based conflict as well as stimulus-

response conflict. Two grey squares presented on the screen acted as the response buttons. 

Two stimuli were used: a green heart or a green sun, with half of the participants told that the 

green heart cued a left-hand response and the other half told that the green heart cued a right-

hand response. Likewise, the green sun cued a left-hand response for half of the participants 

and a right-hand response for the other half. The experiment consisted of 4 blocks of 40 trials 

or 160 Simon trials in total, with each trial consisting of one of the shapes being presented on 

the screen below one of the response buttons.  
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Congruency was generated by the position of the shape being congruent with the 

response cued by the shape – for example, if the green sun cued a left-hand response, it 

would have been a congruent trial if the shape were positioned underneath the left-hand 

response button. Incongruency was generated by the position of the shape being incongruent 

with the response cued by the shape – for example, if the green heart cued a right-hand 

response, it would have been an incongruent trial if the shape were positioned underneath the 

left-hand response button. After the shape was presented on the screen, participants had 3 

seconds in which they could respond.  

Erb and Marcovitch (2019) found a significant effect of current congruency and 

previous congruency within response times, as well as a significant interaction effect between 

current and previous congruency. Response times also revealed a significant interaction 

effect between current congruency and response type. A three-way interaction effect between 

previous congruency, current congruency and response type was also identified within 

response time data, with a larger CSE on response repeat compared to response switch trials.  

These authors found that initiation times revealed significant main effects of current 

congruency and previous congruency, as well as an interaction effect between previous and 

current congruency. Initiation times also revealed a significant interaction effect between 

current congruency and response type, with slower initiation times observed on incongruent 

repeat trials than on incongruent switch trials.  

Reach curvatures revealed a four-way interaction effect between current congruency, 

previous congruency, response type and age group. Response repeat trials generated a larger 

CSE than response switch trials. Movement time results also revealed a significant main 

effect of current congruency, as well as a significant interaction effect between previous 

congruency and current congruency. Furthermore, movement time data demonstrated a 

significant interaction effect between current congruency and response type, with a larger 



   
 

   
 

26 

Simon effect observed within movement times on response repeat trials compared to 

response switch trials. A three-way interaction effect between current congruency, previous 

congruency and response type was revealed within movement time data, with a significantly 

larger CSE on response repeat trials compared to response switch trials.  

Past research serves to demonstrate clearly separable effects revealed by hand-

tracking research when results are analysed based on response type (repeat vs. switch) rather 

than on congruency alone. As this thesis will illustrate, many of the neural studies of 

cognitive control have neglected to distinguish between response repeat and response switch 

trials, even though response type demonstrably affects the results of hand-tracking research.  

 

Cognitive Control and Working Memory Capacity 

Cognitive control research is often used to elucidate other psychological phenomena 

that are related to cognitive control, but generally thought about separately. In the following, 

I describe a study that has related cognitive control to the phenomenon of working memory 

capacity (WMC). This study is important because it demonstrates the diversity of information 

can be garnered from using a hand-tracking protocol, illustrating how wide-reaching and 

impactful cognitive control research can be.  

Erb et al. (2021) conducted a study using reach tracking to investigate the links 

between cognitive control and working memory capacity. WMC is the ability to retain 

information in mind, so that it is available for rapid recall (Barrett et al., 2004; Diamond, 

2013; Erb et al., 2021). This relates to the ability to control attention, with evidence to 

suggest that individuals who have diffuse attention without much ability to actively focus on 

a specific item have lower WMC than those who can focus intently (Barret et al., 2004; 

Bleckley et al., 2014). Thus, WMC is inextricably related to cognitive control as cognitive 

control requires attention modulation in a manner comparable to exercising working memory 
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(Nigg, 2017). Indeed, Diamond (2013) identified WMC as a key contributing component to 

cognitive control. This suggests that people who have high levels of WMC should score 

better on measures of cognitive control than people with low levels of WMC.  

In the Erb et al. (2021) study, participants entered the experiment after taking part in a 

prior study which measured WMC. For example, participants had to remember the final 

number in a box on a screen after that number had been changed several times, and had to 

remember the location of red squares within a matrix. They then undertook a flanker task. 

The central arrow in the array was the target, and the surrounding flanker arrows were 

distractors. Participants had a motion sensor attached to their right index fingers (all 

participants were right-handed) and were instructed to reach out and touch boxes on the 

screen to indicate their responses to each trial. They had to touch the left-hand box on the 

screen if the central arrow was pointing to the left, and the right-hand box on the screen if the 

central arrow was pointing to the right.  

Trial sequence effects were apparent. On response repeat trials, Erb et al. (2021) 

identified a significant interaction between current congruency and previous congruency. 

Specifically, they noted a clear CSE with responding on cC-r trials faster than on iC-r trials, 

as well as responding on iI-r trials faster than on cI-r trials. If the preceding trial had the same 

congruency as the current trial, responding on the current trial was faster. Response switch 

trials revealed similar effects of current and previous congruency (faster responding on 

current congruent trials than current incongruent trials as predicted by the CE, and faster 

responding on trials that followed a congruent trial rather than an incongruent trial – a basic 

CSE). However, response switch trials lacked the interaction effect of current congruency 

and previous congruency.  

Reach curvatures on response repeat trials showed an interaction between previous 

and current congruency, with cI-r trials evoking more reach curvature than iI-r trials (no 
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statistically significant difference between iC-r and cC-r trials). Reach curvatures on response 

switch trials were significantly smaller on current congruent compared to current incongruent 

trials, with no interaction between current and previous congruency noted. Movement times 

on response repeat trials also showed an interaction between previous and current 

congruency, but not in the same way as response times – iC-r and cC-r trials did not evoke 

statistically significant differences in movement times, however iI-r trials evoked faster 

movement times than cI-r trials. Erb et al. (2021) also noted that participants had faster 

initiation times on trials that were congruent, and on trials that were preceded by a congruent 

trial.  

Erb et al. (2021) elucidated the relationship between manual dynamics and WMC. 

Specifically, they discovered that higher WMC scores led to a diminished CE, with faster 

responses on incongruent trials related to higher WMC scores. Reach curvature was 

modulated by both WMC scores and by response type, with the researchers finding that 

increased WMC scores led to a less stark difference in reach curvatures between response 

repeat and response switch incongruent trials.  

The relationship between WMC and current congruency observed in response time 

data was not found to be mediated specifically by either initiation time or movement time, 

meaning that this effect could not be directly related to either the controlled selection process 

or the threshold adjustment process. However, Erb et al. (2021) were able to relate the reach 

curvature results specifically to the controlled selection process due to the clear interaction 

with response type. The authors suggested that participants’ ability to cope with feature 

integration effects was pivotal. This allowed participants to respond rapidly on response 

repeat trials that may have only be the same as the preceding trial in the sense that the 

required response was repeated, but the direction of the flankers might have changed (as in 

cI-r trials). Erb et al. suggested that the relationship between WMC and cognitive control 
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might be accounted for more generally by processing speed – in particular, these authors 

cited Keye et al. (2009), who found that the correlation between the size of the CE and 

measures of WMC disappeared if processing speed was controlled for.  

In sum, hand-tracking research allows us to pose answers to questions that would 

remain unclear with only button press measurements. Incorporating hand-tracking protocols 

into future cognitive control research will contribute to understanding how we make 

decisions and execute actions.  

 

Cognitive Control and Attentional Capture 

Another phenomenon that can be related to cognitive control is attentional capture. In 

the following, I describe a study that used a hand-tracking protocol to investigate the 

relationship between attentional capture and cognitive control. This is important because it 

further demonstrates just how wide-reaching the implications of cognitive control research 

are, and illustrates one of many avenues that future cognitive control research could explore 

further.  

Attentional capture relates to cognitive control, since humans are easily distracted 

from our goals (Erb et al., 2022). Erb et al. (2022) investigated the relationship between 

behavioural dynamics and attentional capture by exploring differences in performance on a 

congruency task (a singleton search task) between adults and children across four 

experimental groups. These researchers recruited three groups of children (a group of 5-year-

olds, a group of 9-year-olds, and a group of 13- to 14-year-olds) and one group of adults. 

Participants were placed in front of a screen, with the screen displaying an array of three 

diamonds and one circle on each trial. The participants were instructed to reach towards the 

screen and touch the circle (the target). The experimental manipulation was that on trials 

without a distractor all four shapes would appear on the screen in the same colour (either red 
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or green), while on distractor trials one of the diamonds would appear in a different colour 

from the other three shapes (either red or green). The result was that on distractor trials one of 

the goal-irrelevant stimuli would appear potentially more salient than the target due to its 

novel colour, eliciting an attentional capture effect.  

Stimuli were displayed within separate quadrants of the screen: top, bottom, left, and 

right. The measurements of interest within this study were reach curvature, initiation time, 

and movement time. These variables were assessed using data acquired from a motion-

tracking sensor attached to participants’ right index fingers, with which they were instructed 

to complete their responses (all participants were right-handed). The study’s main finding 

was that developmental differences in cognitive control were clearly identifiable by 

examining the differences in behavioural dynamics across the four age groups. The authors 

found that age reduced reach curvature, as well as initiation time and movement time. The 

highest amount of reach curvature, as well as the longest initiation times and movement 

times, were identified in the 5-year-old group. Distractor trials led to increased movement 

time and increased reach curvature (with no identifiable effect on initiation time) across all 

age groups. Distractor trials significantly lengthened movement time for younger age groups 

but not for adults, while reach curvature analyses elicited no interaction effect between 

distractor presence and age. 5-year-olds also showed a higher likelihood than all other age 

groups for stopping hand movement entirely during the response.  

The authors investigated how manual dynamics during a given response were 

influenced by the preceding trial. In the 5-year-old group, all three variables (initiation time, 

movement time, and reach curvature) were impacted by response repetition. This meant that 

if the target appeared in the same quadrant of the screen as it had done on the preceding trial, 

participants’ responding was improved (shorter initiation times, shorter movement times, and 

less reach curvature). The same effect was identified for the 9-year-old group, but it impacted 
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only their movement times and reach curvatures. The effect was also identified for the 13- to 

14-year-old group, but it impacted only their reach curvatures. For adults, no effect of 

response repetition was identified on any measure.  

None of these effects could have been observed without hand tracking. Erb et al. 

(2022) emphasised that their results would have looked unrecognisable if they had simply 

examined button press response times, as only the young children (5-year-olds and 9-year-

olds) displayed any effect of attentional capture within their initiation time and movement 

time data. For adults, and for the 13- to 14-year-old group, these effects were revealed solely 

by reach curvature. Therefore, important questions regarding the behavioural manifestations 

of cognitive control and the implications of this (for example, developmental differences) 

could never be answered without an appreciation of decision-making as an ongoing event. 

This necessitates the incorporation of manual dynamics into cognitive control task protocols.  

 

Electroencephalography (EEG) 

EEG is a useful tool for investigating the within- and cross-trial dynamics of cognitive 

control, due to its high temporal resolution. The high temporal resolution also means that 

EEG will be suitable to use to draw connections between neural dynamics and the 

behavioural dynamics observed in reach-tracking tasks. In the following, I outline previous 

research using EEG to study cognitive control on congruency tasks. The studies described 

here are diverse, and cover numerous different ways that EEG has been used to elucidate the 

correlation between neurological activity and cognitive control. Some studies described here 

illustrate interesting pathways that need to be explored further in future research, such as 

research into cognitive control and development. Other studies described here directly relate 

to the current project and help to elucidate the rationale behind decisions made when 
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constructing the methodology used in the current study. For example, studies that have 

investigated the neurological correlates of the CE and the CSE have been particularly crucial.  

EEG involves attaching electrodes to a participant’s scalp, enabling a continuous 

recording of electricity generated by neurons in the brain. Sometimes, EEG protocols are 

used to examine neural activity while participants are asleep or not engaged with a task (for 

example, Spiess et al., 2018). However, EEG is often used while participants are completing 

a task, to ascertain how neurological activity interacts with the task and thus with the 

psychological phenomenon of interest. The electrical signals collected during EEG studies 

are analysed as ERPs or oscillations. An ERP is a change in the electrical potential on the 

scalp as a result of neurological activity directly related to a particular event or stimulus 

(Gevins et al., 2003; Tamnes et al., 2013), such as a momentary increase in the EEG signal 

immediately following stimulus presentation. An oscillation does not capture a single 

moment of activity as an ERP does, but instead demonstrates an ongoing, dynamic waveform 

of neurological electricity (Başar, 2013; Herrmann et al., 2016).  

 

Event-Related Potentials (ERPs) 

There is a significant body of literature discussing the relationship between ERPs and 

cognitive control. ERPs are dissociated based on how they appear within the EEG data (for 

example, cortical origin, latency, positive or negative voltage, associations with different 

tasks). Certain ERPs appear regularly in the literature, including the N2, N450, P3, ERN, and 

the conflict SP.  

The N2 ERP appears 150-400ms post-stimulus and presents as a negative peak in the 

EEG signal (Brydges et al., 2014). The N2 is commonly associated with conflict detection 

and is generated by midfrontal regions of the brain (Brydges et al., 2014; Van Veen & Carter, 

2002). It seems that the N2 allows for more effective conflict detection, with Brydges et al. 
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(2014) citing Jodo and Kayama (1992) who found that larger N2 amplitudes correlated with 

participants making fewer errors on a conflict-inducing task. Brydges et al. (2014) also cited 

Cragg et al. (2009) who found that larger N2 amplitudes were identified on trials with 

conflict compared to trials without conflict, suggesting that the N2 helps participants detect 

conflict and avoid providing incorrect responses on these trials.  

The N450 ERP appears 450ms post-stimulus and presents as a negative peak in the 

EEG signal (Larson et al., 2016). The N450 is associated with the CE in congruency tasks 

(with more negative N450 amplitudes observed on incongruent trials compared to congruent 

trials), and with conflict detection and resolution (Larson et al., 2016). Due to its association 

with conflict detection, the N450 is commonly considered in conjunction with the ACC 

(Larson et al., 2016), which is proposed to support the idea of conflict monitoring as featured 

in the neuro-computational model discussed earlier.  

The P3 ERP appears 300-650ms post-stimulus and presents as a positive peak in the 

EEG signal identifiable in both frontal and parietal brain regions (Salti et al., 2012). The P3 

has been found to be associated with numerous psychological phenomena (Salti et al., 2012). 

Associations have been found with conscious perception (or cognitive processes post-

conscious perception), attention, stimulus discernment, and working memory (Brydges et al., 

2014; Huster et al., 2013; Prada et al., 2014; Salti et al., 2012; Sur & Sinha, 2009).  

The error-related negativity (ERN) ERP appears 50-100ms post-response and 

presents as a negative spike in electrical activity within the EEG signal (Tamnes et al., 2013). 

Like the N2, it is generated by midfrontal brain regions (Tamnes et al., 2013). The ERN is 

noticeable following an error (incorrect response), suggesting that it is related to evaluating 

one’s own performance (Tamnes et al., 2013). The ERN has interesting developmental 

implications, as its amplitude increases as children grow up – suggesting that people become 
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more adept at noticing their own errors as they get older (Buzzell et al., 2017; Tamnes et al., 

2013).  

The conflict slow potential (SP) ERP appears 600ms post-stimulus and presents as a 

positive peak in the centroparietal EEG signal (Larson et al., 2016). Larson et al. (2016) 

explain that the conflict SP relates to the CSE, with a lower positivity in iI trials compared to 

cI trials (with more positivity correlating with more conflict within a given trial). The conflict 

SP is closely related to behavioural modulations after conflict detection (Larson et al., 2014; 

2016).  

 

ERPs and Action Inhibition 

 Kropotov et al. (2016) used a go/no-go task to investigate the relationship between 

ERPs and cognitive control. Go/no-go tasks require action on some trials (‘go’ trials) and 

action inhibition on other trials (‘no-go’ trials) (see Yamanaka & Yamamoto, 2010). As such, 

they are another useful test of cognitive control, conceptually similar to the flanker task, 

Simon task, and Stroop task in the sense that they all require rapid stimulus appraisal, and 

then task-relevant action and/or suppression of task-irrelevant action. 

The task in the Kropotov et al. (2016) study was based on combinations of pictures of 

animals and plants presented in pairs, with a 1 second interval between the presentation of 

each image and a 3 second interval between each trial. Kropotov et al. divided their study 

into four separate experiments, with each experiment presenting different instructions for 

how to respond with either a ‘go’ or a ‘no-go’. The four different experimental designs were 

used to address different psychological concepts, including action inhibition and conflict 

detection (Kropotov et al., 2016). In the study, ‘go’ described a button press response, while 

‘no-go’ described no response. Within the four versions of the experiment, action inhibition 

and conflict detection were present to various extents.  
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In their investigation into action inhibition, Kropotov et al. (2016) identified a 

reciprocal pattern of activation, with a reduction in electrical potential 200-300ms post-‘go’ 

stimulus, and a reciprocal upregulation of electrical potential post-‘no-go’ stimulus – 

described as “P3-like fluctuations” (Kropotov et al., 2016, p. 1913). This provided evidence 

that inhibiting the prepotent but task-irrelevant response results in a neurological trace. In 

their investigation into conflict detection, these researchers used source-localisation 

techniques to identify a frontal ERP component in the ACC, in keeping with our 

understanding that the ACC plays a crucial role in conflict monitoring. Kropotov et al. also 

found an ERP component related to conflict detection distributed parietally; however, their 

main finding of interest was the N2/P3 ERP fluctuation they identified within the ACC in 

conflict conditions.  

 

ERPs and Development 

Tamnes et al. (2013) provided a review of the developmental literature into cognitive 

control in childhood and how it relates to the ERN. These authors concluded that children’s 

ability to engage in cognitive control and notice their own mistakes looks different 

neurologically as development progresses. For example, Landouceur et al. (2004) and 

Landouceur et al. (2007) used a flanker task and EEG to identify a general increase in ERN 

amplitude as children age, with older adolescents and adults demonstrating stronger ERN 

amplitudes than younger adolescents or children. Similarly, Davies et al. (2004a) and Davies 

et al. (2004b) found that increased ERN amplitude was positively correlated with the age of 

participants. The ERN has not necessarily been found to be indicative of a performance 

increase except in adult participants (Landouceur et al., 2007; Tamnes et al., 2013). This 

suggests that these neurological phenomena are not the cause of cognitive control increases, 

but a neural signature of them.  
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Tamnes et al. (2013) explained that there have been numerous studies that have 

investigated the cortical origin of the ERN, and that they have generally concluded that the 

source can be localised to the dACC. When we remember that the ACC is widely regarded as 

integral to conflict monitoring, it follows that it would also be implicated in error-monitoring, 

particularly when errors occur post-conflict.  

 

ERPs and the Flanker Task 

Larson et al. (2016) measured ERPs during a heavily modified flanker task in which 

the target and distractors were words (“down”, “up”, “right” and “left), with three distractor 

words presented 33ms prior to the singular target word. Participants had to press a letter key 

on a keyboard to indicate which word appeared on the screen as the target. The distractor 

words were presented with one at the fixation cross, one above, and one below. The target 

was always provided at the fixation point.  

These authors concluded that a CSE is observable in both the N450 ERP and the 

conflict SP ERP, noting a clearly identifiable CSE as well as a basic CE. These authors did 

not differentiate between a response repeat and a response switch trial, meaning that it is 

unclear whether the observed CSE was found exclusively on trials featuring a response 

repetition. Similarly, Feldman and Freitas (2019) identified a CSE within the N2 ERP using a 

variation of a Stroop task, which they related to conflict adaptation (N2 amplitude increased 

on iI trials, relating to superior speed and accuracy, compared to cI trials).  

 

Further Cognitive Control Research Using ERPs 

Folstein and Van Petten (2008, p. 166) suggested that the N2 should be separated into 

two sub-components, with one function of the N2 being to cope with conflict and cognitive 

control tasks (“the control-related N2”) and the other function of the N2 being to cope with 
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unexpected events (“the novelty N2”/“N2b”). Furthermore, Larson et al. (2014) elucidated 

the different functions of the ERPs related to cognitive control, identifying that the N450 and 

the N2 are related to detecting conflict, whilst the conflict SP and the N2 are related to 

responding to that conflict.  

 

Oscillations 

Neural oscillations facilitate connectivity between brain regions (Benedetto et al., 

2021). An oscillation is a waveform of “rhythmic” neurological electricity, as recorded by 

EEG (Başar, 2013, p. 291; Herrmann et al., 2016). An oscillation correlates with fluctuating 

levels of inhibition and excitation of groups of neurons, based on their electrical potential or 

depolarisation (Klimesch et al., 2007). EEG oscillations were first discovered by Berger 

(1929) to demonstrate this fluctuating neuronal activity, with the effect being that different 

waveforms can be studied to see how they correlate with different functions of cognition 

(Başar, 2013; Herrmann et al., 2016).  

 

Types of Oscillations 

Delta, theta, alpha, beta and gamma oscillations denote different waveforms shown in 

EEG output and are commonly associated with different mental activities (Herrmann et al., 

2016). In the following, I provide a general outline of the different waveforms before 

focusing on theta band oscillations and how they relate to cognitive control. 

Delta oscillations occur within the 0.5-4Hz frequency band (Abhang et al., 2016). 

Neural activity in the delta frequency is associated with sleep (Abhang et al., 2016). Despite 

its association with sleep, delta band oscillations are not only active in an unconscious state. 

There is a clear link between delta oscillations and the P3 ERP (Huster et al., 2013; Prada et 
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al., 2014). Prada et al. (2014) argued that this P3-delta activity is a neural signature of 

inhibitory control in the face of novel events that could affect goal-oriented behaviour. 

Theta oscillations occur within the 4-8Hz frequency band (Abhang et al., 2016). 

Neural activity in the theta frequency is associated with attending to internal states, and 

intense relaxation (Abhang et al., 2016). Theta band oscillations are also widely associated 

with cognitive control, as will be explored in detail in the following section (for example, 

Asanowicz et al., 2021).  

Alpha oscillations occur within the 8-12Hz frequency band (Abhang et al., 2016). 

Neural activity in the alpha frequency band is associated with a calm mental state, without 

intense focus on a task (Abhang et al., 2016). However, Sadaghiani et al. (2010) proposed 

that alpha band activity is not entirely passive. Interestingly, it is suggested that alpha activity 

may also play an important role in cognitive control by aiding the removal of task-irrelevant 

stimuli from awareness in a top-down cognitive process (Klimesch et al., 2007; Sadaghiani et 

al., 2010).  

Beta oscillations occur within the 12-35Hz frequency band (Abhang et al., 2016). 

Neural activity in the beta frequency is associated with a more active attentive state than 

alpha activity (Abhang et al., 2016). Engel and Fries (2010) suggested that beta oscillations 

play a role in maintaining the current state of cognitive or motor activity. These authors 

explained that beta power is less obvious when a person is anticipating change, and more 

obvious if a person expects to continue a current behaviour or cognitive state (Engel & Fries, 

2010).  

Gamma oscillations occur within the >35Hz frequency band (Abhang et al., 2016). 

Neural activity in the gamma frequency is associated with concentration (Abhang et al., 

2016). Carozzo et al. (2010) explained that gamma band oscillations have been linked to our 

conscious experience of the world. Cognitive processes that are fundamental to this include 
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direction of one’s own perception, endogenous attention, and short-term memory (Carozzo et 

al., 2010). Howard et al. (2003) measured gamma activity during a working memory task and 

found that gamma activity increased as a function of working memory load and reduced to 

baseline levels when the load was removed. This study was limited, as it collected data from 

only two participants both of whom had epilepsy. However, this finding is corroborated by a 

larger and more recent study from Thompson et al. (2021), who found that stimulating 

parietal gamma activity during a working memory task improved performance. Similarly, 

gamma activity seems to be related to working memory defects evident in schizophrenia 

patients (Basar-Eroglu et al., 2007; Chen et al., 2014; Senkowski & Gallinat, 2015; Singh et 

al., 2020). 

All neural oscillations are related to cognition, sometimes in overlapping ways. For 

example, the following will detail the relationship between theta band oscillations and 

cognitive control. However, alpha band oscillations are also related to top-down functions 

(Klimesch et al., 2007; Sadaghiani et al., 2010), delta-band oscillations to inhibitory control 

(Prada et al., 2014), while gamma-band oscillations seem integral to working memory 

function (Howard et al., 2003; Thompson et al., 2021). Beta oscillations, too, could be seen 

as related to cognitive control if maintenance of one’s current cognitive state requires control 

(Engel & Fries, 2010).  

Therefore, we see that different neural oscillations can relate to similar mental 

processes. For example, the inhibition of behavioural responses is of critical importance in 

mental pathologies such as schizophrenia. There is evidence to suggest that reduced capacity 

for inhibition in schizophrenia patients is related to theta activity as well as gamma activity 

(Huster et al., 2013). Dickerson et al. (2010) conducted a study on rats, in which rats were 

injected with a solution to induce symptoms of schizophrenia and compared with a control 

group. The researchers concluded that theta band synchrony between the mPFC and the 
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hippocampus was reduced in the schizophrenic rats relative to controls, suggesting that theta 

band synchrony relates to cognitive control and inhibition (Colgin, 2013; Dickerson et al., 

2010). Sigurdsson et al. (2010) found similar results in a working memory study on mice. 

They discovered that mice with a genotype suggestive of schizophrenia were disadvantaged 

on a working memory task compared to controls, potentially via a loss of synchrony between 

the mPFC and the hippocampus (see Colgin, 2013 for a review). 

 

Theta Oscillations and Cognitive Control  

There is strong evidence that theta band oscillations are closely related to cognitive 

control processes. Asanowicz et al. (2021) proposed that theta band oscillations 

fundamentally underpin conflict detection and resolution.  

Low-frequency oscillations such as theta (4-8Hz) and delta (2-4Hz) have been posited 

to facilitate communication between the medial frontal cortex (MFC) and the STN (Huster et 

al., 2013; McGovern et al., 2014). Increased theta power in the STN has been observed 

reliably during high conflict situations and has been shown to correlate with longer reaction 

times (Brittain et al., 2012; Cavanagh et al., 2011; Fumagilli et al., 2011; McGovern et al., 

2014; Zavala et al., 2013). Thus, it may be theta or delta oscillations that are driving the 

threshold adjustment process, by communicating with the STN via the hyper-direct pathway, 

slowing down reaction times and allowing for response accuracy.  

Indeed, Huster et al. (2013) concurred that theta band oscillations are noticeable 

during tests of inhibitory control, with theta oscillations originating in the frontal cortex 

inhibiting the activity of other brain areas (Herrmann et al., 2016). Huster et al. (2013) 

explained that in the go/no-go task and the stop signal task, ‘stop’ and ‘no-go’ trials evoked 

increased frontal-midline theta power between 200-600ms after the presentation of the 
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stimulus to the participant relative to ‘go’ trials. As these authors explain, this finding is 

reliably well replicated.  

Shitova et al. (2017) explained that on Stroop-like tasks midfrontal theta band power 

changes 400ms after stimulus presentation until a response is provided. Shitova et al. cited 

Hanslmayr et al. (2008) who explained that theta band changes have been shown to 

correspond with the magnitude of conflict on a trial, with theta-band power increasing as 

conflict increases. Hanslmayr et al. claimed that participants experience maximal conflict 

when the target stimulus on the current trial of a Stroop task is the same as the distractor 

element in the preceding trial (Shitova et al., 2017). Hanslmayr et al. postulated that mid-

frontal theta band activity emerges from the ACC, suggesting a relationship between the 

monitoring component of the neuro-computational model and theta band oscillations. These 

authors also demonstrated theta band phase coupling between the ACC and the lateral PFC, 

contributing yet more evidence to the neuro-computational model of congruency task 

performance introduced earlier. 

The idea of a frontoparietal control network has arisen from research into oscillations 

and cognitive control (Haciahmet et al., 2021; Marek & Dosenbach, 2018). The proposition is 

that the frontoparietal network is a mainstage for cognitive control and communicates with 

other regions of the brain facilitated by neural oscillations in the 4-14Hz frequency range 

(including theta band oscillations) (Haciahmet et al., 2021; Marek & Dosenbach, 2018). 

Colgin (2013) summarised that theta coupling is integral for communication between 

different brain areas. Theta band oscillations seem crucial for facilitating coordination 

between brain regions for optimal cognitive control (Kirk & Mackay, 2003). An example of 

this neural communication is communication between the PFC, which is considered the 

driver of top-down executive function (Sallet et al., 2011), and other brain areas that respond 

to inputs from the PFC.  
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Haciahmet et al. (2021) questioned the consensus in the literature that conflict 

increases theta power. They suggested that there are two independent components involved in 

reconciling conflict: the amplification of the target and the inhibition of the distractors. 

Haciahmet et al. argued that these two components have different relationships with theta 

power, causing distinct neurological signatures across different brain regions. They detected a 

decrease in theta power in parietal areas in conflict situations (relative to conflict-free 

situations). This could reflect target amplification driven by parietal areas of the brain as top-

down cognitive control directs attention towards the target. Midfrontal regions of the brain 

follow a more predictable pattern, with conflict increasing theta power in line with the 

consensus in the literature (Haciahmet et al., 2021). 

 

Oscillations and the Congruency Effect 

Packard et al. (2020) investigated the relationship between the CE and neural 

oscillations in a semantic conflict task with a group of younger adults (19-33 years) and older 

adults (50-79 years). It is possible that a semantic task has more confounds than a simple 

arrow task; however, it is interesting to see the CE demonstrated in a natural setting (as we 

encounter semantic combinations regularly in general life). This study also investigated how 

conflict tasks relate to memory.  

Packard et al. (2020) used 66 lists of six words, with each list relating to a category – 

for example, ‘furniture’, ‘farm animals’, or ‘colours’. The researchers presented participants 

with a fixation cross on-screen for 2000-3000ms, then with a category name for 1500ms, then 

a fixation cross for 2000ms, and then another word for 1000ms. The second word could be 

either congruent (fitting into the category), or incongruent (not fitting into the category). 

“Furniture” (category) and “desk” (secondary word) would be congruent (Packard et al., 

2020, p. 3). “Continents” (category) and “oxygen” (secondary word) would be incongruent 
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(Packard et al., 2020, p. 3). A left-click response meant that the participant recognised 

congruence, while a right-click response meant that the participant recognised incongruence. 

EEG data were recorded during this phase of the experiment. Afterwards, participants 

engaged in a simple arithmetic task as a distraction from mentally rehearsing the words that 

they had seen in the first stage. Then, participants entered another stage during which they 

saw words presented again on the screen and had to identify if they had seen them in the first 

stage.  

A CE was found in the effect that semantic congruency had on subsequent memory. 

Words that were presented in congruent trials were recalled most readily, compared to words 

that were presented on incongruent trials. Packard et al. (2020) found that frontal theta power 

decreased on congruent trials. However, they reported that one study by Crespo-Garcia et al. 

(2012) showed an opposite effect. Crespo-Garcia et al. presented participants with either 

famous or non-famous faces preceded by a semantic cue containing information that was 

either congruent or incongruent with the subsequent face presented. Crespo-Garcia et al. 

found that theta power increased during semantic congruency trials. Packard et al. concluded 

that these results show that theta power has a clear role in cognitive processing during 

conflict tasks, but that the relationship between congruency and theta power depends on the 

task.  

 

Oscillations and the Flanker Task 

Asanowicz et al. (2021) used a flanker task and EEG to investigate the neural 

correlates of cognitive control. This paradigm involved a line of vertical arrows, which could 

have their arrowheads oriented either up or down. On a congruent trial, all arrows were 

oriented in the same direction. On an incongruent trial, the arrows were oriented in different 

directions. On both trial types, the arrow array was presented on one side of the screen, while 



   
 

   
 

44 

another distractor array of vertical lines without arrowheads was presented on the opposite 

side of the screen. A fixation cross was in between the two lines of stimuli.  

A main goal of this experiment was to test the hypothesis that the MFC acts as a 

modulator of cognitive control by facilitating interregional communication via theta band 

oscillations (Asanowicz et al., 2021). This experiment was inspired by Cohen (2011), who 

identified a relationship between the MFC and error-related processing.  

Asanowicz et al. (2021) found an increase in theta power (relating to midfrontal 

electrode FCz) on incongruent trials relative to congruent trials, peaking at 400-600ms post-

stimulus. They reported that theta synchronisation (particularly during incongruent trials) was 

strongest in the MFC, related to electrode FCz. These authors interpreted this to indicate the 

MFC having significant connectivity with other brain regions during conflict tasks, mediated 

by increased theta phase synchrony. Particularly, the authors noted connectivity between 

medial frontal and lateral frontal areas, reflective of what we would expect to see as per the 

dual-process neuro-computational model discussed earlier.  

The increase of theta synchronisation seemed indicative of cognitive control, as more 

theta phase synchronisation correlated with better performance. The authors linked theta 

power to cognitive control by explaining that the non-phase-locked theta effect was 

significantly negatively correlated with reaction times, particularly on incongruent trials. The 

authors differentiated the theta effect from the effect of the phase-locked N2 ERP by 

explaining that they could not identify a significant correlation between the N2 effect and the 

theta effect.  

This cognitive control benefit appears to be driven by the MFC with long-range theta-

phase connectivity evident, particularly on incongruent trials (Asanowicz et al., 2021). 

Participants with greater connectivity had superior outcomes on incongruent trials relative to 

participants with less theta band connectivity. These authors characterised this as a “[smaller] 
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behavioural cost of conflict” (p. 1463), relating to theta power and top-down oscillatory 

communication origination from the MFC. However, they did not mention how theta band 

activity was affected by the CSE. 

 

Oscillations and Proactive vs. Reactive Control  

Chinn et al. (2018) investigated proactive control (prior to a trial, based on knowledge 

gained across large time scales) and reactive control (within a trial, based on knowledge 

gained across relatively short time scales). These authors explained that proactive control is a 

result of congruency base rates. This means that, across an entire block of trials, there is a 

base rate probability of encountering congruent/incongruent trials. For example, a block of 

trials could be 75% congruent, 50% congruent, or 25% congruent (Chinn et al., 2018). 

Accordingly, participants expect that upcoming trials are likely to be congruent/incongruent 

based on their knowledge of the base rate which they gain by experiencing multiple trials 

(proactive control, across a long timescale).  

Chinn et al. (2018) contrasted base rates with sequence effects. Sequence effects take 

place on a shorter time scale than base rate effects, because they occur within the 

juxtaposition of two trials. This leads to a reactive control phenomenon on a short timescale – 

such as in the CSE, when an incongruent trial leads to subsequent enhanced performance if 

the next trial is also incongruent. Chinn et al. wondered if sequence effects might be the 

reason that we see base rate effects, rather than the two concepts being separate phenomena. 

They noticed that base rates and sequence effects are not independent. For example, if a 

block of trials has a high proportion of congruent trials, it is unlikely to demonstrate sequence 

effects such as the CSE. Chinn et al. explained that a block with a high congruency base rate 

is more likely to demonstrate a CE, potentially because the CE gets larger post-congruent 

trial (a sequence effect). This sequence effect would be more likely to occur if there were a 
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high congruency base rate; therefore, the sequence effect could hypothetically account for all 

base rate effects. This means that there may not be a true distinction between conflict effects 

across different timescales.  

The authors explored this with an auditory Simon task. Participants completed the 

Simon task under three possible congruency base rate conditions – 75%, 50%, and 25% – 

with current trial congruency and previous trial congruency also factored into the analysis. 

Two auditory tones were used. One tone cued a left-hand button press, while the other cued a 

right-hand button press. The tones could be transmitted into participants’ left ear or right ear, 

with conflict generated when the ear receiving the tone was contralateral to the hand required 

to respond to it.  

The main finding was that base rate effects were not simply a result of the CSE, but 

were separate effects that generated unique oscillatory signatures. The researchers found that 

midfrontal theta power increased on blocks with high congruency (when incongruent trials 

were less common). This suggested an upregulation of theta power when incongruency is 

relatively unlikely, indicating a proactive control process in which the brain prepares to be 

met with intermittent conflict (Chinn et al., 2018). Sequence effects were unable to account 

for this base rate effect, accounting only for 1.9% to 35.6% of base rate variance. From other 

studies it appears as though there is an alternative effect on theta power resulting from 

congruency cues across shorter timescales (Chinn et al., 2018). For example, van Driel et al. 

(2015) found theta effects when people were led to anticipate a trial’s congruency 

immediately prior to the onset of that trial (Chinn et al., 2018).  

van Driel et al. (2015) also used a Simon task, in which participants had to provide a 

left- or right-hand response based on the colour of a circle on screen. The circle could appear 

to either the left or right side of a fixation point. If the circle was on the side of the fixation 
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cross ipsilateral to the side of the hand required to make the response, the trial was congruent. 

If contralateral, the trial was incongruent.  

These researchers incorporated a warning signal (WS) into their experiment, in the 

form of a white fixation cross which could be presented on-screen for either a long duration 

(1400ms) or a short duration (400ms). For half the participants, a short duration WS indicated 

that the next trial was likely to be incongruent, with the short duration WS followed by 

incongruency 80% of the time and congruency 20% of the time. For the other participants, a 

long duration WS indicated that the next trial was likely to be incongruent, with the long 

duration WS followed by incongruency 80% of the time and congruency 20% of the time. 

Subjects were thus cued to anticipate the congruency of the upcoming trial across a short 

timescale (unlike the long timescales implicated by base rate probabilities as in Chinn et al., 

2018).  

van Driel et al. (2015) also implemented three follow-up experiments. In one, the WS 

was not related to time of its presentation on-screen, but was always a horizontal black bar 

presented for 900ms. The length of the bar predicted the likelihood of upcoming conflict. In 

another follow-up, van Driel et al. used the words “EASY” and “HARD” as cues as to the 

upcoming conflict. “EASY” would come prior to congruent trials 80% of the time, and 

“HARD” before incongruent trials 80% of the time. In the final follow-up trial, van Driel et 

al. again used the words “EASY” and “HARD”, but they also added a third cue word: 

“NEUTRAL”. In this final follow-up, “EASY”/“HARD” were 100% predictive of either 

congruence or incongruence, respectively, while “NEUTRAL” could be followed by either 

an incongruent or congruent trial with a likelihood of 50% each.  

These researchers predicted that cues that provided a warning for upcoming conflict 

would lead to the conflict effect being reduced. They expected to see better performance on 

incongruent trials when participants had been able to anticipate the incongruency. Instead, 
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they found that the conflict effect was evident exclusively on trials prior to which participants 

had been led to anticipate incongruency. Midfrontal theta power was increased when 

participants were cued to expect conflict on the subsequent trial. This is a proactive theta 

response, generated prior to conflict presentation; however, van Driel et al. (2015) questioned 

whether this could reasonably be dubbed proactive control, as there seemed to be no 

behavioural benefit correlated with theta upregulation.  

They found increased theta phase synchrony between medial frontal and lateral 

frontal regions on incongruent trials that were cued as incongruent or congruent trials that 

were cued as congruent – interestingly, this did not happen when trial congruency was 

unexpected. This finding was unanticipated since it would seem intuitive that more phase 

synchrony would be required as more cognitive control is required. These researchers found 

only an increase of theta power post-incongruent stimulus presentation on trials in which the 

incongruency was anticipated, possibly because of the increase in theta power already 

occurring prior to stimulus presentation (van Driel et al., 2015). The authors speculated that 

incorporating the cue into the experiments may have contributed to these unexpected results, 

explaining that anticipatory midfrontal neurological activity can interfere with conflict-

related midfrontal neurological activity.  

 

Oscillations and the Congruency Sequence Effect  

With crucial implications for the current study, Gyurkovics and Levita (2021) 

investigated midfrontal theta power, theta band interareal synchrony, and the N2 ERP in 

relation to the CE and the CSE in adolescents and adults using a confound-minimised version 

of the flanker task using arrow stimuli. To maximise conflict in the task, the researchers 

presented the distractor arrows 200ms prior to the target arrow, following Weissman et al.’s 
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(2014) suggestion that presenting the distractors prior to the target in this manner is likely to 

produce a CSE.  

Gyurkovics and Levita (2021) found a CE, with increased theta power on incongruent 

trials compared to congruent trials. The CE in midfrontal theta was larger for adults 

compared with adolescents, suggesting a developmental difference in neural markers of 

cognitive control. Potentially, adolescents are less able to differentiate between incongruent 

and congruent trials (reflected in midfrontal theta power) than adults, limiting their ability to 

respond quickly to conflict (Gyurkovics & Levita, 2021). A CSE was identified, with 

midfrontal theta power dependent on previous trial congruency. The CSE observed in frontal 

midline theta power by Gyurkovics and Levita has important implications for the current 

study. These researchers found that the CSE in theta power was driven by higher power on cI 

compared to iI trials, not by a difference between cC and iC trials: cC = iC < iI < cI. 

Gyurkovics and Levita found that the effect observed in theta power did not map on to the 

behavioural effects that they found in response time and accuracy. However, crucially, this is 

the same pattern of effects that has been observed in movement time and reach curvature 

using hand-tracking research (for example, Erb & Marcovitch, 2018). This suggests that theta 

power might be a neural correlate of movement time and reach curvature, and it may be the 

case that Gyurkovics and Levita were unable to access this phenomenon as their 

methodology did not include a consideration of manual dynamics (initiation time, movement 

time, reach curvature). 

The CSE in theta power was not modulated by age, after the authors controlled for 

average age-related reaction time. These authors found that trial sequence effects were 

evident for both adults and adolescents, with both groups demonstrating a behavioural CSE 

in accuracy and reaction time. This suggested that either most of the development of the 

cognitive control network occurs before adolescence, or that these developmental differences 
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should be looked for in other brain regions or during different activities (Gyurkovics & 

Levita, 2021).  

During incongruent trials there was increased oscillatory synchronisation between 

lateral frontal and midfrontal brain areas. This possibly demonstrated the ACC engaging in 

conflict monitoring and communicating a need for heightened cognitive control to other 

frontal regions (Gyurkovics & Levita, 2021). Gyurkovics and Levita (2021) noted that a CSE 

was not apparent in interareal phase synchrony. This opposes predictions made by proponents 

of the conflict monitoring theory, who would expect to see communication between lateral 

frontal and midfrontal areas affected by trial sequence effects (Gyurkovics & Levita, 2021). 

However, Gyurkovics and Levita did not think that this was necessarily a problem for the 

conflict monitoring account, as they suggested that their study may not have been sufficiently 

high-powered in order to detect the effect.  

This study attempted to link trial sequence effects and oscillatory effects. Indeed, 

Gyurkovics and Levita (2021) succeeded in doing so, by demonstrating that theta power was 

related to both the CE and the CSE. However, this study lacked consideration of manual 

dynamics, as these authors focused only on reaction time and accuracy.  

Gyurkovics and Levita (2021) identified the work of Yang et al. (2019) as one of the 

few contributions to the literature that has examined the neurological traces of cognitive 

control without excessive experimental confounds. Specifically, these researchers used a 

confound-minimised Stroop task (Gyurkovics & Levita, 2021; Yang et al., 2019) that had 

been designed by Weissman et al. (2014). The task had been designed to avoid contingency 

learning and stimulus repetition effects (Weissman et al., 2014; Yang et al., 2019). To avoid 

contingency learning effects, the task presented an equal number of congruent and 

incongruent trials (Weissman et al., 2014). Inspired by Jiménez and Méndez (2013) and Mayr 

et al. (2003), the task divided the four-alternative forced choice paradigm into a pair of two-
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alternative forced choices that alternated between trials (Schmidt & Weissman, 2014; 

Weissman et al., 2014; Yang et al., 2019). Yang et al. examined both ERPs and mid-frontal 

theta oscillations in relation to the CSE. These authors assumed that the CSE was due to the 

conflict adaptation effect, which we understand is not necessarily the case from the earlier 

discussion of the differentiation between conflict adaptation and feature integration accounts 

of the CSE.  

Participants were required to identify the colour of the font in which the words ‘red’, 

‘green’, ‘blue’ or ‘yellow’ were written. The potential font colours were either red, green, 

blue or yellow, but the colour of the font did not necessarily correspond with the written 

word. On a congruent trial, the word was displayed in a font of the same colour as the word 

described. On an incongruent trial, the word was displayed in a font of a different colour than 

the word described. The word was presented on screen for 1000ms, with a blank screen 

appearing afterwards for a duration of 700ms before feedback. Feedback was either a black 

tick for correct responses provided within the variable time window, or a black cross for 

incorrect responses or responses provided outside of the variable time window. Between 

trials, a fixation cross appeared on the screen for 500ms on average. 

Yang et al. (2019) incorporated a monetary incentive for performance. Some trial 

blocks, dubbed “neutral trials” (p. 3), incurred no monetary loss for incorrect responses, 

while other blocks, dubbed “punishment blocks” (p. 3), incurred a loss. Cognitive control 

tasks that are associated with payoffs should evoke more effort than tasks with no reward 

(Shenhav et al., 2013). Yang et al. (p. 3) highlighted the dissociation between “defensive 

motivation” and “approach motivation”, with defensive motivation elicited in this study via 

an attempt to avoid punishment rather than approach motivation (an attempt to garner more 

rewards). This was because no rewards were offered for correct responses. Participants 

understood that if they made no errors, they would leave the experiment with 30 Euro (in 
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Belgian currency) intact. However, every error made incurred a loss of 1.7 cents, diminishing 

the overall amount.  

EEG was used to examine midfrontal theta power at the FCz electrode. A main 

finding was the presence of stronger midfrontal theta power during punishment blocks 

compared to neutral blocks. Asanowicz et al. (2021) suggested that the MFC behaves as a 

central component of cognitive control, communicating with other brain regions in a top-

down fashion to evoke attentional resources in favour of goal achievement. The idea of 

midfrontal theta acting as a facilitator of interregional communication to channel cognitive 

resources fits with this conceptualisation of the MFC.  

Yang et al. (2019) also identified a CE with increased midfrontal theta power on 

incongruent trials relative to congruent trials. These authors noted a significant effect of 

feedback type on midfrontal theta power, identifying stronger theta power when participants 

received negative feedback (the black cross) compared to positive feedback (the black tick). 

Perhaps midfrontal theta power is closely related to the practice of noticing one’s own errors 

(Asanowicz et al., 2021; Cohen et al., 2011), like the ERN discussed by Tamnes et al. (2013).  

Yang et al. (2019) identified a CSE, which they described as a larger conflict 

adaptation effect when defensive motivation was present. This effect was identified 

neurologically with ERPs, particularly the N2. However, Yang et al. failed to identify a 

modulation in midfrontal theta power corresponding to the CSE. These authors noted that this 

result opposes the work of other researchers who succeeded in finding similar modulations 

between the N2 and midfrontal theta oscillations in relation to conflict adaptation (for 

example, Cohen & Cavanagh, 2011; Pastötter et al., 2013). Yang et al. explained that their 

study differed from others as it provided participants with feedback after each trial, which 

they suggest could have affected the presentation of midfrontal theta power in relation to 

conflict adaptation. 
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The Mind in Action 

The Cognitive, Manual, and Neural Dynamics (CMND) laboratory at the University 

of Auckland examines the relationship between behaviour and cognition – the “mind in 

action” (Erb, 2018, p. 233). The laboratory uses EEG, hand tracking and virtual reality 

protocols to study the relationship between behaviour and cognition. Areas of interest are 

task switching, attention and distraction, and inhibitory control. The laboratory is driven by 

the key idea that behavioural processes (action) are often under-utilised in psychological 

research, when in fact they can be used to elucidate the nature of cognitive processes (the 

mind).  

 

Existing Attempts to Study the Mind in Action  

The importance of the relationship between neurological and behavioural measures 

has been acknowledged by past researchers. In the following, I describe previous research 

investigating the relationship between neural and manual dynamics. This will serve to 

demonstrate that we currently know relatively little about how the dynamics observed in 

reaching behaviour relate to neural activity. 

Erb and Cavanagh (2019) re-analysed EEG data that had been collected in an earlier 

study by Gründler et al. (2009) to investigate the relationship between behavioural and neural 

dynamics in relation to cognitive control using a flanker task. Specifically, the researchers 

were interested in finding whether the patterns of effects observed in reaching behaviour in 

the flanker task would also be observed in ERPs. A major limitation of the study was that 

behavioural responses were measured with button presses, which meant that manual 

dynamics and neural dynamics could not be compared within the same group of participants 

– the results were simply compared to previous reach-tracking research (Erb et al., 2018b) to 

attempt to draw connections. The authors were unable to identify a clear neural trace relating 
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to the threshold adjustment process. They highlighted the P3 ERP, suggesting that P3 

amplitudes could potentially be an EEG signature for the controlled selection process, as P3 

amplitudes demonstrated a relationship between current and previous trial congruency on 

response repeat trials. Furthermore, slow wave amplitudes that were observed to follow the 

P3 seemed to match the controlled selection process pattern. They also found that the 

Lateralised Readiness Potential (LRP) ERP (derived from the subtraction of activation in the 

motor cortex contralateral to the response hand from activation in the ipsilateral cortex) 

related to the CSE revealed by reaction times on response repeat trials (Erb & Cavanagh, 

2019). Erb and Cavanagh explained that more research is needed in this area. Specifically, 

the ideal study would measure manual dynamics and neural dynamics simultaneously, 

something that so far has not been attempted due to logistical difficulties such as needing to 

remove noisy movement traces from the EEG data (Erb & Cavanagh, 2019). Furthermore, 

recording EEG alongside recording reach-tracking data presents a unique challenge because 

reach-tracking technology involves an electromagnetic position and orientation system that is 

sensitive to metals, meaning that it is difficult to combine with EEG. The current study will 

offer a methodology that provides a solution to this problem, making the contribution of this 

thesis particularly exciting.  

Haciahmet et al. (2021, p. 357) recently examined “brain-behaviour correlations”. 

They investigated the relationship between EEG data across different brain regions 

(midfrontal compared to parietal) and behavioural measures. However, yet again, reaction 

time and accuracy are not as telling as initiation time and movement time. Furthermore, their 

paper suffered from design flaws, as the researchers did not control for a range of potential 

confounds. Haciahmet et al. (2021) used a flanker task using letters instead of arrows. One 

subset of letters cued one response, and another subset of letters cued the opposite response. 

For example, the letter ‘A’ indicated a left-hand button press and could be flanked by either 
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congruent or incongruent distractors. The distractors could have been two ‘B’s, on either the 

left or the right of the ‘A’ (‘B’s also indicated a left-hand response). Or the distractors could 

have been ‘X’s on either the left or the right side of the ‘A’ (‘X’s indicated a right-hand 

response), or two more ‘A’s on either the left or the right side. This method did not account 

for trial sequence effects, most notably S-R binding. To reiterate, S-R binding forms 

associations between stimuli and their paired responses (Erb & Marcovitch, 2018). If a 

participant were to form S-R binding between the presentation of the ‘A’ plus right-hand 

flanker ‘X’s and a left-hand response, then it remains unclear how trial sequence effects 

might affect this event file. Would the subsequent presentation of a ‘W’ as the target letter 

(indicating a right-hand response) with right-hand flanker ‘X’s (a congruent response switch 

trial) evoke more conflict or less conflict than the former trial? The original event file would 

need to be dismantled, which might suggest slower responding on the latter trial, yet the latter 

trial should be easier than the former due to its congruency. 

An important facet of stimulus presentation in this methodology was location-based 

(the distractors could have appeared on either the left- or right-hand side of the target). This 

added another dimension to S-R binding: participants had to code for stimulus identity, 

required response, and stimulus location making the protocol similar in some respects to the 

Simon task. Would target ‘A’ flanked by right-hand ‘B’s have formed a different event-file 

than target ‘A’ flanked by left-hand ‘B’s? It seems likely that it would have done, especially 

as directionality is a key component of the response, so location of the distractors would have 

been relevant.  

Donohue et al. (2012) also investigated the links between behavioural and 

neurological dynamics pertaining to the CSE in a congruency task. These researchers used an 

auditory Stroop task, with congruency dictated by sounds rather than visual stimuli. 

Participants were seated in front of a screen and instructed to focus on a fixation cross. 
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Through headphones, participants listened to a voice speaking either the word “low” or the 

word “high”, with the trial’s congruency generated by the pitch in which the word was 

spoken. A congruent trial consisted of either the word “low” uttered in a low pitch or the 

word “high” uttered in a high pitch. An incongruent trial consisted of either the word “low” 

uttered in a high pitch or the word “high” uttered in a low pitch. The participants’ goal was to 

identify the pitch, while the meaning of the spoken word was irrelevant. Three different 

response types were requested of participants: overt verbal, covert verbal, and manual. The 

overt verbal response condition required participants to verbalise the pitch of the auditory 

stimulus out loud by saying “high” or “low”. The covert verbal response condition required 

participants to mentally verbalise the pitch of the auditory stimulus by thinking “high” or 

“low”. The manual response condition required participants to indicate the pitch of the 

auditory stimulus with a button press.  

In the overt verbal condition and the manual condition (both of which required 

tangible responses, in comparison to the covert verbal condition which required a non-

tangible response) the researchers examined trial sequence effects on behavioural output. A 

CE was identified, with faster and more accurate responding than incongruent trials. A 

response effect demonstrated that the manual response was executed more quickly than the 

overt verbal response (response times were not assessed for the covert verbal response as this 

was not a tangible response).  

EEG analyses revealed neural traces of incongruency, with the researchers isolating 

two main effects: an early effect at 200-500ms post-stimulus, and a late effect at 500-800ms 

post-stimulus. The early effect was a negative peak in the EEG data localised to central 

regions – incongruency elicited a stronger negativity than congruency. The later effect 

presented as a “superior-posterior distribution” (Donohue et al., 2012, p. 6), in which 

incongruency elicited a stronger positivity than congruency. Integrating behavioural 
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outcomes with neurological outcomes, these authors explained that the manual response 

condition elicited a lesser effect of incongruency between 300-400ms post-stimulus 

compared to the two other response types. Furthermore, Donohue et al. (2012) identified a 

stronger posterior effect of incongruency in the manual response condition compared to the 

other two response types, indicating that behaviour execution leaves a neurological trace in 

EEG data.  

Trial sequence effects were also identified. The Gratton effect (CSE) was observed, 

with participants responding most quickly on incongruent trials when they followed another 

incongruent trial, and most quickly on congruent trials when they followed another congruent 

trial. These authors also considered trial type (response repeat vs. response switch), as they 

suspected that having to provide the same response repeatedly may have confounded the 

results. This meant that the apparent CSE could have been caused by habituating to the 

recurring response, rather than by a CSE. To account for this, Donohue et al. (2012) 

replicated their analyses after excluding response repeat trials. The CSE was no longer 

identifiable in the overt verbal response condition after analysis replication; however, the 

CSE remained identifiable in the manual response condition. The late effect observed in the 

EEG data was found to correlate with the CSE, with a “differential posterior positivity” 

identified on incongruent trials following a congruent trial (in contrast to incongruent trials 

following an incongruent trial) (p. 9). The authors interpreted this finding to mean that the 

later EEG effect reflected conflict monitoring.  

Donohue et al. (2012) also investigated the extent to which neurological activity on 

the preceding trial could predict behavioural outcomes on the current trial. Specifically, they 

examined the differentiation between iI and cI trials. They found that the difference between 

the later EEG effect (positive distribution effect across parietal electrodes – specifically, PZ 

and POz) correlated with the difference in reaction time. Participants who had a larger 
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difference in parietal positivity between current and previous trial exhibited the largest 

difference in reaction times when comparing cI with iI trials. In sum, Donohue et al. (2012) 

combined several aspects within their study that are of interest in the current study – 

neurological data, novel behavioural data, trial sequence effects, and response type (repeat vs. 

switch). However, they left several avenues of interest untouched, for example neural 

oscillations and manual dynamics (initiation time and movement time).   

 

The Gap in the Literature 

Existing research shows us that performance on cognitive control tasks is modulated 

by the sequence in which congruent and incongruent trials are presented to the participant. 

These differences in trial sequence presentation evoke differences in manual dynamics – 

most notably in initiation time, reach curvature, and movement time. We understand from the 

existing literature that these behavioural effects are present in cognitive control tasks, and we 

understand that there are related neurological effects too. Although past research has 

highlighted the importance of linking mental processes to ongoing actions (for example, 

Cisek & Kalaska, 2010; Cohen et al., 1990; Erb et al., 2016; Erb et al., 2020; Erb & 

Marcovitch, 2018; Erb & Marcovitch, 2019; Shenhav et al., 2013), understanding the specific 

nature of these links remains a major challenge for cognitive neuroscience.  

 Studies that focus on the neurological correlates of cognitive control tend to examine 

this aspect solely, sometimes with considerations of trial sequence effects, but without 

consideration of manual dynamics beyond reaction time and accuracy. Studies that focus on 

manual dynamics tend to examine this aspect solely, sometimes with considerations of trial 

sequence effects, but without consideration their neural correlates. There are some notable 

exceptions, as described above; however, there remains a significant gap in our 

understanding of how the behavioural and neural dynamics underlying cognitive control are 
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linked. Consequently, we do not understand how the behavioural dynamics that have been 

observed in hand-tracking research relate to the neural dynamics observed in research into 

theta oscillations. Thus, incorporating a consideration of trial sequence effects and response 

type (repeat vs. switch) into a study of the manual and neural dynamics of cognitive control 

will be unique.  

 

The Current Study 

The primary aim of the current study is to investigate how the patterns of effects 

observed in manual dynamics relate to theta power. Previous research has demonstrated that 

the CSE observed in movement times is driven by the difference between iI and cI trials, but 

not cC and iC trials: cC = iC < iI < cI. Furthermore, this effect in movement times is only 

observed on response repeat trials (Erb & Marcovitch, 2018). The current study will 

investigate how neural activity correlates with and affects observable behaviour on 

congruency tasks, particularly initiation time and movement time, and how response type 

(repeat vs. switch) interacts with the CSE. More detail as to how the current study 

specifically aims to address the identified gap in the literature is explained in the following 

section.  

 

The Importance of the Current Study 

So far, this thesis has explored previous research that has investigated the 

neurological and behavioural dynamics of cognitive control. These studies have revealed 

several important factors pertaining to the nature of cognitive control and response execution. 

For instance, we understand that the Gratton effect (Gratton et al., 1992) (CSE) observed in 

response times in two-alternative forced choice flanker tasks is dissociable into two 

components, with initiation times and movement times revealing distinct patterns of effects 



   
 

   
 

60 

(Erb & Marcovitch, 2018). Furthermore, we know that response type (repeat vs. switch) has a 

significant effect on behavioural outputs observed during cognitive control tasks (Erb et al., 

2020a; Erb & Marcovitch, 2018; Erb & Marcovitch, 2019). Response repeat trials in two-

alternative forced choice flanker tasks reveal the CSE in response times, with an interaction 

effect between current and previous congruency. However, response switch trials 

demonstrate only main effects of current and previous congruency. Previous research has also 

demonstrated that we can identify cognitive control processes neurologically, in the form of 

ERPs and oscillations. In particular, theta band oscillations are strongly related to cognitive 

control.  

However, we know that there is a gap in the literature pertaining to how neurological 

and behavioural measures of cognitive control correlate. Work by Gyurkovics and Levita 

(2021) discussed above showed a relationship between midfrontal theta power and the CSE. 

Gyurkovics and Levita identified a pattern in theta power that appeared to reflect the pattern 

that is observed in movement time data (Erb & Marcovitch, 2018). They found that 

congruent trials elicited similar theta power regardless of whether they were preceded by a 

congruent or an incongruent trial. However, they found that incongruent trials demonstrated a 

Gratton-type effect within theta power, with cI trials eliciting stronger theta power than iI 

trials. This suggests that the patterns we see in movement time, which reflect the controlled 

selection process, are possibly reflected neurologically in theta band oscillations. As such, it 

is possible that theta power is a neural correlate of the controlled selection process, as this is 

the process that is reflected in behavioural dynamics by movement time. However, 

Gyurkovics and Levita did not include any behavioural measures beyond response time and 

accuracy so this relationship between movement time and theta power could not be 

elucidated, leaving a significant need for further research.  



   
 

   
 

61 

Furthermore, Gyurkovics and Levita (2021) did not consider response type in their 

analyses as their methodology did not lend itself to this consideration. As discussed, evidence 

from behavioural research has provided strong evidence that trial sequence effects are 

dependent on response type, with different effects observed on response repeat trials 

compared to response switch trials. For example, movement time and reach curvature 

measures demonstrate a CSE in response repeat trials but not response switch trials. The 

work by Gyurkovics and Levita would imply that the effect observed in theta power is a 

general effect elicited by a conflict task; however, it may not be that simple if theta power is 

mediated by response type in the same way that behaviour is. The current study aims to go a 

step further than what we have seen so far, by combining complex measures of manual 

dynamics with EEG recordings within the same study. In doing so, the current study will 

assess whether neural data correlates with behavioural data (initiation time and movement 

time, as well as response time). The current study will also consider response type in order to 

make a unique contribution to the literature: are the same patterns observed in neural and 

behavioural data during cognitive control tasks, and are they mediated by response type in the 

same way? Specifically, it is important to investigate the effect of response type because it 

will provide a stronger demonstration of the link between movement times and frontal 

midline theta. This is because movement time data from previous studies (for example, Erb & 

Marcovitch, 2018) demonstrate a significant difference between incongruent response switch 

trials and incongruent response repeat trials, suggesting that we should expect to see this 

mirrored in theta power.  

Furthermore, research so far has not linked neural data to specific time points during 

the response process – such as stimulus onset, initiation onset, and response execution. The 

current study will look closely at how neural data relates to these specific time points, made 

possible by combining EEG with measures of manual dynamics which allow us to break 
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down the response process into these dissociable components. EEG data is specifically 

related to these time points within the response process by using stimulus-locked, initiation-

locked, and response-locked analyses.  

Another reason that the current study is important is because it offers a novel research 

methodology to address the challenges of combining EEG with the electromagnetic position 

and orientation recording system typically used in reach-tracking investigations of cognitive 

control. Specifically, the research team involved in the current study designed and built an 

innovative button box, allowing us to separate overall response times into initiation times and 

movement times. To initiate a trial, participants held down the central button on the button 

box, with initiation time measured as the time elapsed between stimulus presentation and 

movement onset at the moment that participants released the central button. After releasing 

the central button, participants began their reaching motion towards one of the two lateralised 

response buttons on the box to provide their response. Movement time was measured as the 

amount of time between releasing the central button and pressing one of the lateralised 

response buttons (see the Methods section for more details).  

Our novel button box is important because research that accesses manual dynamics 

generally requires expensive hand-tracking equipment that is difficult to combine with EEG. 

The method proposed by the current study circumvents these challenges, with a low-cost way 

of measuring behavioural dynamics that also allows for simultaneous EEG recording. Thus, 

the second major aim of the current study is to evaluate the reliability of this release-and-

press button box methodology. Specifically, the current study aims to discover whether the 

behavioural results observed in previous studies using the electromagnetic motion-tracking 

system can be replicated using this novel methodology. Demonstrating the utility of this 

approach would open up more opportunities for future researchers to use this method, and to 

continue to examine cognitive control with consideration manual dynamics.  
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The Research Questions 

 Manual dynamics reveal important information about how people reconcile conflict 

in order to deliver a task-relevant response. Furthermore, cognitive control has neurological 

correlates in identifiable brain regions (notably, the ACC and the PFC) which leave traces in 

the form of oscillations, observable using EEG. Both manual and neural dynamics are 

modulated by trial sequence effects. The current study builds on these established 

understandings, attempting to answer the following two questions: Does the novel release-

and-press button box method allow us to replicate the patterns of effects observed in 

response time, initiation time, and movement time as shown in previous research? Does 

frontal midline theta power show patterns of effects that correlate with the effects observed in 

movement time results? 

The aim is to discover a neural correlate of behavioural data, as well as to discover 

how both manual and EEG data are affected by the CSE and by response type. This is an 

exploratory study, but main expectations are that stronger theta power will be identified on 

incongruent trials compared to congruent trials, and trials with high levels of conflict will 

generate the strongest theta band oscillations (particularly cI-r trials). We also expect the 

current study to demonstrate that theta power might prove to be a neural correlate of 

movement time results and therefore the controlled selection process, as is suggested by the 

results from Gyurkovics and Levita (2021). Practical applications of this work will also be 

considered. 
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Methods 

 

Participants 

Participants (N = 36, M = 21.08 years, SD = 2.68 years, 25 female, 13 male) were 

recruited from the student body of the University of Auckland, New Zealand. They were 

reimbursed with course credit or a $25 supermarket voucher. Participants signed a consent 

form prior to the experiment and were regularly checked to ensure they were comfortable and 

willing to continue. It was made clear to participants that they could withdraw from the 

experiment at any time, without any consequences. The University of Auckland Human 

Participants Ethics Committee approved the current study on the 21/02/2020. The project was 

approved for a period of three years. For more information, see reference number 024213. 

 

Apparatus 

 

Behavioural Data  

Participants sat in front of a Samsung Sync Master HDTV monitor (Model P2270HD) 

with a screen resolution of 640x480 and a refresh rate of 60 Hz. Placed between the screen 

and the participant was a button box of 36.0cm x 23.0cm. Three 3.0cm buttons were on the 

button box. One central button was in the bottom centre of the box, one response button was 

in the top left, and another response button was in the top right. The central button was 

closest to participants. See Figure 4 for an illustration. 
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Figure 4.  

A Depiction of the Novel Press-and-Release Button Box Used in the Current Study.  

 

This demonstrates the button box. Participants were seated in front of the button box, holding 

down the central button (closest to them) to initiate a trial. The lateralised response buttons 

were positioned further away from the participant, necessitating a small reaching movement. 

The screen was positioned behind the button box, displaying the stimulus array. 

 

Psychophysiological Data  

Participants were seated inside a Faraday Cage (Belling Lee – Model L3000, Enfield, 

England, IAC Noise Lock Acoustic – Model 1375, Hampshire, United Kingdom), an 

electrically shielded booth to prevent extraneous electrical activity from interfering with the 

EEG signal. EEG recordings were collected using Net Station with 128-channel AG/AGCI 

electrode nets (Tucker, 1993) from Electrical Geodesics Inc. (Eugene, Oregon, USA). The 

electrode nets facilitated continuous EEG recording of the electrical activity from 

participants’ scalps with a 1000Hz sample rate and a 0.1-400 Hz analogue bypass, using the 

common vertex (Cz) electrode as a reference. Electrical Geodesics Inc. amplifiers with 400-
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MΩ input impedance were used. In accordance with Ferree et al. (2001), electrode 

impedances were below 40kΩ. The electrode impedance was checked prior to the 

commencement of the experiment. The experiment was also stopped at its halfway point 

(after approximately 20 minutes) in order to measure the impedance and re-wet the electrodes 

with conducting solution if above 40kΩ. 

 

Procedure 

The experiment used a modified flanker task. Five arrows were displayed on the 

screen, with the central arrow being the target and the surrounding arrows being the 

distractors. The arrows could be oriented to point either to the left or the right. On a 

congruent trial all the distractors pointed in the same direction as the target. On an 

incongruent trial the distractors could point in a different direction to the target. Participants 

were instructed to respond by pressing the left response button if the target arrow was 

oriented to the left, and the right response button if the target arrow was oriented to the right. 

Participants began a trial by holding down the central button on the button box. After 

the central button had been held down for 1000ms, a fixation cross appeared in the centre of 

the screen. Then, a randomised interval of between 800ms and 1200ms ensued before the 

stimulus array appeared. The participant provided their response to the central arrow by 

pressing down either the left or right response button and holding it down for 1000ms. Then, 

the array disappeared and the trial ended. “Too early lift” was displayed on the screen if a 

participant failed to hold down either the centre button or the response button for the required 

amount of time. When this happened, participants had to move their finger back to the centre 

button to restart the trial.  

Responding required participants to complete a small reaching movement from the 

centre button to the response button. Response initiation was recorded as the moment when a 
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participant relinquished their hold on the central button to begin the reaching movement. 

Movement time was measured as the time between initiating a response (by relinquishing the 

central button) and completing a response (by pressing down the response button). 

 

Practice  

The practice section of the experiment was presented to participants prior to the main 

experiment. This allowed participants to familiarise themselves with the procedure, and it 

also allowed experimenters to monitor the participants to ensure that they were completing 

the task as intended. For example, one participant was leaving their thumb on the centre 

button and using another finger to hit the response button, allowing for faster responding and 

mitigating the need to complete a reaching motion. Any participants noticed to be engaging 

in unintended behaviour during the practice section were corrected, to ensure the task was 

completed properly during the main experiment. The practice consisted of 1 block of 16 

trials. Participants were required to achieve at least 75% accuracy in the practice block to 

move on to the main experiment. As participants were responding during the practice, a high-

pitched tone (600Hz for 200ms) sounded when a correct response was made. A low-pitched 

tone (300Hz for 200ms) sounded when an incorrect response was made (as in previous 

research, for example Erb et al., 2020a; Erb & Marcovitch, 2019). 

 

Main Experiment  

The main experiment provided feedback only in the event of an incorrect response (a 

low tone – 300Hz for 200ms). The experiment consisted of 8 blocks of 76 trials presented in 

a randomised sequence for a total of 608 trials. Each block had an equal number of trials 

requiring a left response and a right response, and an equal number of trials that were 
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congruent and incongruent. Once a block had concluded, participants were presented with a 

10 second countdown to prepare them for the commencement of the next block.  

 

Data Processing 

 

Behavioural Data  

E-merge® 2.0 was used to collate and export behavioural data from E-Prime® 2.0. 

Response times, initiation times and movement times for each trial were extracted from the 

behavioural data. Specific information about how the behavioural data was analysed will be 

provided in the Results section.  

 

Psychophysiological Data  

One further participant was removed from the final sample of neural data due to 

excessive noise, leaving 35 participants in total. The raw EEG data were pre-processed using 

MATLAB (R2019b) and EEGLAB version 2020.0 (Delorme & Makeig, 2004). The data 

were downsampled from 1000 Hz to 250 Hz, and then highpass filtered above 0.1 Hz and 

lowpass filtered below 30 Hz separately, before spherical-spine interpolation to remove 

channels with irrecoverable signal due to excessive noise. Then, the data were re-referenced 

to the average. Before performing an independent component analysis (ICA), the data rank 

was adjusted for each participant to ensure that it matched the number of components 

generated. An Independent Component Analysis (ICA) was performed using the runica 

function in EEGLAB. The ICLabel function in EEGLAB was used to identify noise (for 

example, signal generated from blinking, eye movements, or muscle movements), which 

could then be visually inspected and removed. To enable assessment of trial sequence effects, 

the events were then relabelled to reflect the congruency and response of the preceding trial. 
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Any trials that did not contain clear response, initiation time or movement time data were 

removed.  

After the data were pre-processed, a time-frequency decomposition was performed 

using MATLAB (R2020b) and EEGLAB version 2021.1 (Delorme & Makeig, 2004) to 

examine neural activations per trial condition. To generate plots of the electrophysiological 

results, EEGLAB was used to create Event-Related Spectral Perturbation (ERSP) plots of the 

neural activations in a frequency window of 3-30Hz. These plots had statistical analyses 

applied to them within EEGLAB – specifically, the current study used a False Discovery 

Rate (FDR) correction for multiple comparisons to ascertain where the statistically significant 

neural activations could be identified within the plots. The current had several specific 

contrasts that it performed in EEGLAB. They were as follows:  

A) A contrast of the four congruent trials types (cC-r, cC-s, iC-r, iC-s) compared to 

the four incongruent trial types (iI-r, iI-s, cI-r, cI-s) to ascertain whether the CE can be 

identified within frontal midline theta power.  

B) A contrast of congruent trials preceded by a congruent trial (cC-r, cC-s) compared 

to incongruent trials preceded by an incongruent trial (iI-r, iI-s). Also, a contrast of congruent 

trials preceded by an incongruent trial (iC-r, iC-s) compared to incongruent trials preceded by 

an incongruent trial (iI-r, iI-s). This was to ascertain whether the current project could 

identify a CSE within frontal midline theta power.  

C) A contrast of incongruent response repeat trials compared to incongruent response 

switch trials, and a contrast of congruent response repeat trials compared to congruent 

response switch trials. These contrasts were performed to find out if there is a difference 

between incongruent repeat and incongruent switch trials in frontal midline theta power, but 

no difference between congruent repeat trials and congruent switch trials in frontal midline 

theta power, as is the case in the behavioural data.  
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D) A contrast of response repeat trials compared to response switch trials, to ascertain 

if the congruency effect in frontal midline theta power is larger in response repeat trials than 

it is in response switch trials, as is the case in the behavioural data.  

 

Results 

 

Behavioural Results 

IBM SPSS Statistics version 26 was used to perform statistical analyses on the 

behavioural data. A series of 2 (Current Congruency: C vs. I) x 2 (Previous Congruency: c vs. 

i) x 2 (Response Repetition Type: Repeat vs. Switch) ANOVAs were conducted to confirm 

whether the results of this study reflect the results of previous research (for example, Erb & 

Marcovitch, 2018; Erb et al., 2016; Erb et al., 2021). Average error rates were very low 

(mean accuracy = 0.999529) and were not analysed further. The first trial of each block was 

excluded from analyses, trials that featured an error were excluded, as were trials preceded by 

an error, and trials with a response that took less than 50ms or longer than 2000ms. Trials 

with response times that were outliers of this kind were assumed to be the result of a software 

error or a participant’s attention lapsing. An average of 2 trials were excluded for each 

participant. 

 

Response Time 

Response times revealed a main effect of current congruency, F(1, 35) = 192.87, p < 

.001, ηp
2  = 0.85, with faster response times on congruent trials (M = 700ms, SE = 20.99) than 

incongruent trials (M = 748ms, SE = 20.54). Response times also revealed a significant three-

way interaction, F(1, 35) = 11.81, p = .002, ηp
2 = 0.25. To account for this interaction, the 
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effects of current congruency and previous congruency were evaluated on response repeat 

trials and response switch trials separately.  

Response repeat trials revealed a main effect of current congruency, F(1, 35) = 

152.24, p < .001, ηp
2 = 0.81, as well as a significant interaction between current and previous 

congruency, F(1, 35) = 20.24, p < .001, ηp
2 = 0.37. Follow-up analyses revealed a significant 

effect of previous congruency on congruent trials (p = .044), with slower response times on 

iC-r trials (M = 702, SD = 131) than on cC-r trials (M = 693, SD = 121). A significant effect 

of previous congruency was identified on incongruent trials (p < .001), with slower response 

times on cI-r trials (M = 761ms, SD = 122) than iI-r trials (M = 738ms, SD = 122).  

Response switch trials revealed a main effect of current congruency, F(1, 35) = 

104.51, p < .001, ηp
2 = 0.75, with faster response times on congruent trials (M = 702ms, SE = 

21.31) than incongruent trials (M = 746ms, SE = 21.14). Response switch trials also revealed 

a main effect of previous congruency, F(1, 35) = 11.99, p = .001, ηp
2 = 0.26, with faster 

response times on trials preceded by a congruent trial (M = 720ms, SE = 20.93) than on trials 

preceded by an incongruent trial (M = 729ms, SE = 21.38). 

 

Initiation Time 

Initiation times revealed a main effect of current congruency, F(1, 35) = 63.96 , p < 

.001, ηp
2  = 0.65, with faster response times on congruent trials (M = 378ms, SD = 9.63) than 

incongruent trials (M = 399ms, SE = 11.01). Initiation times also revealed a main effect of 

previous congruency, F(1, 35) = 20.05, p < .001, ηp
2  = 0.36, with faster initiation times on 

trials preceded by a congruent trial (M = 387ms, SE = 10.06), than on trials preceded by an 

incongruent trial (M = 390ms, SE = 10.49). No significant interaction between current 

congruency and response type was observed.  
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Movement Time 

Movement times revealed a main effect of current congruency, F(1, 35) = 83.93, p < 

.001, ηp
2  = 0.71, with faster movement times on congruent trials (M = 322ms, SE = 16.51) 

than incongruent trials (M = 349ms, SE = 16.38).  

A three-way interaction effect between previous congruency, current congruency and 

response type was also apparent, F(1, 35) = 13.03, p < .001, ηp
2  = 0.27. To account for this 

interaction, we investigated the effects of previous and current congruency on response repeat 

and response switch trials separately. Response switch trials revealed a main effect of current 

congruency, F(1, 35) = 41.74, p < .001, ηp
2  = 0.54, but no effect of previous congruency (p = 

.056) and no interaction effect between current and previous congruency (p = .533). 

Response repeat trials revealed main effects of current and previous congruency as well as a 

significant interaction between current and previous congruency, F(1, 35) = 19.44, p < .001, 

ηp
2  = 0.36. Follow-up analyses showed no significant difference between cC-r and iC-r trials. 

cI-r trials revealed significantly slower movement times (M = 362ms, SD = 92) than iI-r trials 

(M = 338ms, SD = 98), F(1, 35) = 23.95, p < .001, ηp
2  = 0.41. 
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Figure 5. 

A Line Graph Demonstrating the Behavioural Results of the Current Study. 

 

A) Response time results. Response repeat trials demonstrated the Gratton effect (Gratton et 

al., 1992) (CSE). cI-r trials appeared to be causing this effect with the longest response times. 

B) Initiation time results. Results looked similar on response switch and response repeat 

trials. C) Movement time results. Response repeat trials demonstrated the Gratton effect 

(Gratton et al., 1992) (CSE). Movement times were particularly long on cI-r trials, likely due 

to the partial-overlap effect (Erb & Aschenbrenner, 2019). 
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Electrophysiological Results 

Plotting the neural results as ERSPs demonstrated how trial sequence effects affect 

the pattern of results observed in EEG data, with statistical significance. Because preliminary 

analyses demonstrated that only stimulus-locked data were generating statistically significant 

results (compared to initiation-locked and response-locked data), and that these results were 

only identified when plotting the FCz electrode, only plots of stimulus-locked data at the FCz 

electrode were created for the purposes of this results section. Stimulus-locked data describes 

EEG epochs averaged in relation to the appearance of the stimulus, while initiation-locked 

and response-locked data describe EEG epochs averaged in relation to the beginning of the 

initiation or response, respectively (Takeda et al., 2008). The FCz electrode was also 

identified as important by Gyurkovics and Levita (2021), whose work this thesis hoped to 

build on as explained earlier. In the following, I describe the neural results identified from the 

ERSP plots described in the methods section.  

A) The congruency effect was reflected within the neural data (Figure 6). By plotting 

all congruent trials compared to all incongruent trials, it became evident that there was a 

statistically significant difference in neural activations pertaining to the congruency effect. 

These results demonstrated that, as expected, there were higher levels of neural activations in 

the theta band on incongruent trials compared to congruent trials.  
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Figure 6.  

The Congruency Effect Displayed as ERSPs at the FCz Electrode. 

 

This demonstrates a comparison between congruent trials in the left-most window (cC-r, cC-

s, iC-r, iC-s) and incongruent trials in the middle window (cI-r, cI-s, iI-r, iI-s). An FDR 

correction for multiple comparisons is displayed in the right-most window, to demonstrate 

where statistically significant activations are found.  

 

B) The congruency effect was also identified separately for trials preceded by a 

congruent trial (Figure 7), compared to trials preceded by an incongruent trial (Figure 8). 

Incongruent trials preceded by a congruent trial resulted in significantly more activation in 

the theta band compared to congruent trials preceded by a congruent trial, demonstrating an 

interaction effect between previous and current congruency or a statistically significant CSE 

within theta power (Figure 7). Similarly, congruent trials preceded by an incongruent trial 

resulted in significantly more activation in the theta band compared to incongruent trials 

preceded by an incongruent trial, which again demonstrated an interaction effect between 

previous and current congruency or a statistically significant CSE within theta power (Figure 

8).  
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Figure 7.  

The Congruency Effect for Trials Preceded by a Congruent Trial Displayed as ERSPs at the 

FCz Electrode. 

 

This demonstrates a comparison between congruent trials preceded by a congruent trial in the 

left-most window (cC-r, cC-s) compared to incongruent trials preceded by a congruent trial in 

the middle window (cI-r, cI-s). An FDR correction for multiple comparisons is displayed in 

the right-most window, to demonstrate where statistically significant activations are found.  
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Figure 8.  

The Congruency Effect for Trials Preceded by an Incongruent Trial Displayed as ERSPs at 

the FCz Electrode. 

 

This demonstrates a comparison between congruent trials preceded by an incongruent trial in 

the left-most window (iC-r, iC-s) compared to incongruent trials preceded by an incongruent 

trial in the middle window (iI-r, iI-s). An FDR correction for multiple comparisons is 

displayed in the right-most window, to demonstrate where statistically significant activations 

are found.  

 

C) Furthermore, using ERSPs allowed identification of a difference between 

incongruent repeat trials and incongruent switch trials (Figure 9), but no difference between 

congruent repeat trials and congruent switch trials (Figure 10). This is a crucial finding 

because it reflects the pattern demonstrated by movement times found in the behavioural 

results, and this will be expanded upon in detail in the discussion section.  
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Figure 9.  

A Comparison of Incongruent Response Repeat Trials and Incongruent Response Switch 

Trials Displayed as ERSPs at the FCz Electrode. 

 

This demonstrates a comparison between incongruent repeat trials in the left-most window 

(cI-r, iI-r) compared to incongruent switch trials in the middle window (cI-s, iI-s). An FDR 

correction for multiple comparisons is displayed in the right-most window, to demonstrate 

where statistically significant activations are found.  
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Figure 10.  

A Comparison of Congruent Response Repeat Trials and Congruent Response Switch Trials 

Displayed as ERSPs at the FCz Electrode. 

 

This demonstrates a comparison between congruent repeat trials in the left-most window (cC-

r, iC-r) compared to congruent switch trials in the middle window (cC-s, iC-s). An FDR 

correction for multiple comparisons is displayed in the right-most window, to demonstrate a 

lack of statistically significant activations in the theta band.  

 

D) Finally, ERSPs were used to compare the congruency effect on response repeat 

trials to the congruency effect on response switch trials (Figure 11). As expected, significant 

results were identified, suggesting that the congruency effect is most evident on response 

repeat trials.  
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Figure 11.  

A Comparison of Response Repeat Trials and Response Switch Trials Displayed as ERSPs at 

the FCz Electrode. 

 

This demonstrates a comparison between response repeat trials in the left-most window (cC-

r, cI-r, iC-r, iI-r) compared to response switch trials in the middle window (cC-s, cI-s, iC-s, 

iI-s). An FDR correction is displayed in the right-most window, to demonstrate where the 

statistically significant activations are found.  

 

Discussion 

 

The current study used a novel research method to compare behavioural patterns of 

effects observed during the flanker task to neurological patterns of effects observed. Broadly 

speaking, the results demonstrated that the current study succeeded in replicating behavioural 

results observed in previous research. Furthermore, the results demonstrated interesting 

patterns of effects in the neurological data that correlated with the behavioural results in 

interesting ways. In the following, I will elaborate on the behavioural and 

electrophysiological results observed, as well as explain how these results have allowed the 

current study to address the gap in the literature. From there, historical and philosophical 
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perspectives of cognitive control are considered, to situate the current study within the wider 

field of cognitive neuroscience and psychology in general, and to further illustrate the 

importance of this project. I will then consider avenues for future research using the flanker 

task, including practical and clinical applications.  

 

Consideration of Behavioural Results 

A major aim of the current study was to find out whether the novel press-and-release 

button box methodology could replicate results from previous reach-tracking research 

investigating the flanker task (for example, Erb & Marcovitch, 2018). We measured how 

quickly participants released the central button (initiation time) and how long it took for 

participants to press one of the lateralised response buttons after releasing the central button 

(movement time). This was important to find out because success would mean that future 

researchers who want to use EEG alongside measures of manual dynamics would have a 

simple and inexpensive way of doing so.  

Analysis of the data found the results of the current study to be in keeping with 

previous studies that used electromagnetic reach-tracking systems (for example, Erb & 

Marcovitch, 2018; Gratton et al., 1992; Mayr et al., 2003; Nieuwenhuis, 2006). Response 

times revealed the same patterns as shown in previous studies, showing a main effect of 

current congruency and previous congruency in response switch trials (cC-s < iC-s < cI-s < 

iI-s) and a CSE in response repeat trials (cC-r < iC-r < iI-r < cI-r). These patterns were found 

to demonstrate a combination of dissociable patterns of effects shown in initiation times and 

movement times.  

Initiation times revealed main effects of previous congruency and current congruency, 

with participants tending to initiate movement more quickly on congruent trials compared to 

incongruent trials (cC < iC < cI < iI). These results support the argument made by Erb and 
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Marcovitch (2018) that initiation time results reflect the threshold adjustment process, during 

which people pause behavioural output when faced with conflict, resulting in behaviour being 

slower to initiate.  

Movement time results displayed a significantly different pattern of effects. Response 

switch trials revealed a main effect of congruency alone (Cs < Is), while response repeat trials 

demonstrated an interaction effect. Previous congruency and current congruency were shown 

to interact on response repeat trials, with no difference in movement times between cC-r and 

iC-r trials, but significantly longer movement times on cI-r compared to iI-r trials. As such, 

the current study provided further evidence for the idea that movement time reflects the 

controlled selection process, in which people actively apply cognitive control during the 

execution of a decision. This reflects feature integration and S-R binding, in which the 

stimulus and associated response become bound together in a participant’s mind – enabling 

rapid responding when the stimulus and response stay the same. On cI-r trials the participant 

is faced with partially overlapping stimulus and response features between the previous trial 

and the current trial (Erb & Marcovitch, 2018; Nieuwenhuis et al., 2006). The ensuing 

disruption to the S-R binding process accounts for the significantly longer movement times 

on cI-r trials.  

 

Consideration of Electrophysiological Results 

In keeping with the general expectations set prior to commencing the current study, 

interesting patterns of effects were identified in theta power. The patterns of effects identified 

corresponded with the effects observed in behavioural data and suggested that the current 

project was successful in identifying a strong candidate for a neural correlate of the 

controlled selection process in theta band oscillations. As per the original prediction of the 
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current project, it appeared that the pattern of effects observed in theta power could reflect 

the pattern observed in movement time data.  

The current study made an exciting breakthrough in terms of addressing the second 

major aim of this project. Specifically, the current study aimed to discover whether the 

pattern of effects observed in movement time results as shown in previous research could 

have a neural correlate in frontal midline theta power. This was motivated by the recent study 

from Gyurkovics and Levita (2021), who showed that frontal midline theta power in the 

flanker task shows the general pattern of effects observed in movement times (cC = iC < iI < 

cI). Despite these interesting results, no work had been found that investigated the 

relationship between movement times and neural oscillations directly. Furthermore, the task 

described by Gyurkovics and Levita (2021) had not been designed to consider response type. 

Thus, the current study performed a series of ERSP contrasts to examine the effects of 

current congruency, response type, and potential interactions between them. From the ERSP 

contrasts displayed in the Results section, there was a clear suggestion that theta power could 

reflect the behavioural data observed in movement time data. This indicated that theta power 

is a viable candidate as a neural correlate for the controlled selection process.  

These contrasts demonstrated that frontal midline theta power (measured at electrode 

FCz) showed a significant difference between incongruent response repeat trials and 

incongruent response switch trials, with incongruent response switch trials demonstrating 

significantly higher theta power on I-r trials compared to I-s trials (Figure 9), reflecting what 

the current study observed in movement time data (Figure 5). In contrast, frontal midline 

theta power on congruent trials was not affected by response repetition type (C-s = C-r) 

(Figure 10). Again, this reflects the pattern of results observed in movement time data (Figure 

5). This is crucial, because it provides a statistically significant reason to believe that theta 

power could be a neural correlate of movement time data and therefore the controlled 
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selection process. The significant difference observed between incongruent response repeat 

trials and incongruent response switch trials was shown between approximately 7-11Hz 

which is in the upper end of the theta band even into the alpha band, with this aspect of the 

results being somewhat unexpected.  

 

How the Current Study Has Addressed the Gap in the Literature 

To reiterate, the identified gap in the literature was that we currently do not 

understand how behavioural and neurological measures correlate with one another in terms of 

performance on congruency tasks. More specifically, the existing literature has elucidated 

separable patterns of effects observed in hand-tracking research (initiation time, movement 

time/reach curvature, and response time) as well as demonstrated that neural oscillations 

(particularly those in the theta band) interact with performance on congruency tasks. 

Furthermore, the existing literature has provided reason to believe that the pattern of effects 

observed in theta band oscillations might be a neural correlate of the pattern of effects 

observed in movement time data, which would mean that theta band oscillations underpin the 

controlled selection process. However, methodologies used prior to the current study were 

insufficient to provide a clear answer about specifically what aspect of decision-making 

behaviour neural oscillations correlate with.  

The current study has changed that. This project made a novel contribution to the 

existing literature, by using a methodology that combined both collection of data pertaining 

to manual dynamics (specifically, response time, initiation time, and movement time) as well 

as collection of EEG data to allow assessment of neural oscillations that occur alongside the 

decision-making behaviours. The behavioural results discovered were robust and provided 

statistically significant evidence in support of the idea that initiation time and movement time 

are dissociable processes that reflect separable cognitive factors: the threshold adjustment 
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process and the controlled selection process, respectively. Furthermore, the results garnered 

from initiation time and movement time appear to amalgamate to form the overall pattern of 

effects observed in response time, where we see the well-established Gratton effect (CSE). 

The electrophysiological results were also interesting. By using ERSP plots, the 

current study has unveiled the fact that similar patterns in terms of the CE and the CSE are 

observed in both behavioural and neurological data – specifically in frontal midline theta, as 

anticipated, suggesting that theta band oscillations are a neural correlate of the behavioural 

processes observed in hand-tracking research. Specifically, we see the CE in both 

behavioural and neural measures, with significantly impinged performance on incongruent 

trials compared to congruent trials, and a corresponding increase in power in the theta band 

on incongruent trials compared to congruent trials. Most importantly of all is that the neural 

data shown in theta band activations (and, interestingly, alpha band oscillations) appear to 

reflect the pattern observed in movement times with statistical significance, as per the ERSP 

plots displayed in Figure 9 and Figure 10. This provides a strong rationale in support of the 

current study’s expectation that theta band oscillations might be a neural correlate of 

movement time data, and therefore the controlled selection process.  

Finally, the current study demonstrated that the novel press-and-release button box 

methodology was able to successfully replicate the behavioural results found in past research. 

The button box method was also successfully used alongside EEG to elucidate oscillatory 

patterns that emerge during the flanker task. This is significant because it means that the 

current study has demonstrated that a low-cost button box method can be used in place of 

electromagnetic reach-tracking technology to access the same behavioural results, and that 

this method can successfully be used in conjunction with EEG. This opens exciting 

opportunities for future research into cognitive control using the button box method to assess 

manual dynamics.  
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To build a picture of why it has been so important to fill this identified gap in the 

literature, the following sections will focus on historical and philosophical approaches to 

understanding cognitive control and decision-making behaviour. This will lead into 

consideration of other avenues that could be taken in future studies, to demonstrate that the 

current project has not simply filled a small niche but has in fact contributed to cognitive 

neuroscience research with widespread and meaningful implications.   

 

Perception, Cognition, and Action 

An influential view held by cognitive psychologists has been that cognition occurs 

along a serial processing linear chain. First, we perceive our environment. Second, we 

become cognizant of what behaviour we want to enact (decision-making). Finally, we 

execute the behaviour (action). Wispinski et al. (2018) explained that good-based theories of 

decision-making are founded on the idea that decisions are made based on weighing up 

respective values of different options, and that action is executed post-decision. However, 

this serial processing view has been critiqued as being an outdated approach (Cisek & 

Kalaska, 2010). It suggests that human cognition operates like a computer programme: input, 

before computation (decision-making), before output (Erb, 2018). In fact, decision-making is 

unlikely to be a singular occurrence that takes place at one moment in time, but seems to be 

an ongoing process.  

One early piece of evidence in favour of critiques of the serial processing view was 

the discovery of the dorsal and ventral streams (Cisek & Kalaska, 2010; Ungerleider & 

Mishkin, 1982). The striatal dorsal stream, which follows a trajectory into the posterior 

parietal cortex, enables us to understand object locations (Mishkin et al., 1983; Ungerleider & 

Mishkin, 1982; van Polanen & Davare, 2015). The ventral stream flows into the 

inferotemporal cortex and allows us to engage in object identification (Mishkin et al., 1983; 
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Ungerleider & Mishkin, 1982; van Polanen & Davare, 2015). The two streams have been 

simplified as the “what” (ventral) and “where” (dorsal) pathways (van Polanen & Davare, 

2015, p. 186). In neurotypical individuals, these streams work together seamlessly.  

The dissociation of the two pathways is apparent when we look at neurologically 

atypical individuals. Goodale and Milner (1992) described patients who could understand 

where things are but not what they are (from damage to the inferotemporal cortex/ventral 

stream), and people who could understand what things are but not where they are (from 

damage to the parietal cortex/dorsal stream). In the former, patients retained the ability to 

interact with their environments without robust perception. In the latter, patients retained 

perception, but failed to execute appropriate behaviours. This disparity between perception 

and action shows us that the serial processing chain can be broken. This also demonstrates 

that for neurotypical individuals perception and action are not experienced as dissociable (for 

example, it simply feels natural to act upon our perceptions), which might explain why the 

serial processing view of cognition was initially popular.  

Cisek and Kalaska (2010) outlined an ecological approach to provide a more realistic 

account of the “mind in action” (Erb, 2018, p. 233). They reviewed empirical and theoretical 

work indicating that perception, cognition and action are not distinct units in a serial 

computation, but in fact are interactive. Perception does not terminate before cognition 

begins, with cognition terminating before the onset of action, but the three aspects continually 

influence each other. Our actions could reflect the ongoing process of shifting perceptions. In 

keeping with this view, Wispinski et al. (2018) noted that the alternative to the good-based 

theory of decision-making is an action-based theory, which purports that decision-making 

takes place during action execution. Piaget (1954) argued that an integral facet of developing 

an understanding of reality is the ability to engage in sensorimotor interactions with one’s 

environment as a child (Cisek & Kalaska, 2010). Hommel (2015) described the Theory of 
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Event Coding (TEC), which suggested that human beings are intrinsically linked to their 

interactions with the world. Interacting with our environment as “active agents” allows us to 

develop goals, and to engage in behaviours tailored to achieve them (Hommel et al., 2001; 

Hommel, 2015, p. 1). Goal-directed behaviours are reliant on our ability to predict what 

outcome our behaviours will lead to, based on what we learn from active exploration of our 

environments (Elsner & Hommel, 2001; Hommel, 2015). Thus, without actions we may not 

be able to form perceptions at all. This means that the place of ‘action’ at the end of the chain 

in the traditional serial processing view of decision-making is unjustified.  

Cisek and Kalaska (2010) offered the affordance competition hypothesis as an 

alternative to the serial processing view (see also Cisek, 2007), which proposed that the 

purpose of cognition is to allow animals to interact with their environments referred to as 

naturalistic decision-making by Klein & Klinger, 1991), not to allow animals to complete 

computer-like processing algorithms (Cisek & Kalaska, 2010; Erb, 2018). Cisek and Kalaska 

(p. 277) explained that the two most important decisions that an animal will come up against 

are “what to do” (“action selection”) and “how to do it” (“action specification”). Action 

selection and specification purportedly occur at the same time, recruiting the respective 

ventral and dorsal streams which initiate from the occipital cortex (Cisek, 2007; Cisek & 

Kalaska, 2010). The ventral stream identifies objects, priming us to predict certain 

behaviours. These predictions are communicated to the dorsal stream, which decides how to 

execute the behaviour. The dorsal stream processes numerous potential actions at once and 

needs the simultaneous input of the ventral stream in order to produce tangible behavioural 

outputs (Cisek & Kalaska, 2010). Therefore, the dorsal and ventral streams are continually 

involved in feedforward and feedback loops, as our interpretation of the world allows us to 

interact with it, and our interactions with the world likewise allow us to interpret it (Cisek & 

Kalaska, 2010). 
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The current study advances the idea of the controlled selection process. This supports 

the notion that cognition takes place during action execution, causing long movement times 

in high-conflict situations. The controlled selection process would not be apparent if the 

relationship between perception, cognition, and action were as simple as serial processing 

models had proposed. Instead, we can see that complex cognitive processes take place during 

action, not prior to it.  

The more this is considered, the murkier the boundary between mental events and 

behaviour becomes. The argument put forth here has been that action and cognition occur 

simultaneously. But how far does this go? Does action initiation take place at the exact same 

moment as the decision to act? Or does the decision to act have to mentally precede action 

initiation, but then continue to unfold throughout the action? While it seems reasonable with 

our understanding of the controlled selection process to conclude that decision-making does 

not terminate prior to action, does it need to begin prior to action? For example, as in Cisek 

and Kalaska (2005), monkeys (Macaca mulatta) possessed neural activations of two response 

options, with one option demonstrating strengthened neural activation once the required 

response became evident, with this all taking place prior to response execution (see also 

Cisek & Kalaska, 2010). The specificities of the relationship between action and perception 

are still unclear, necessitating future research.  

 

Ridderinkhof’s Perception-Action Coordination 

Ridderinkhof (2014) provided more evidence in support of the idea that perception 

and action are fundamentally entangled in his theory of perception-action coordination 

(PAC). Ridderinkhof argued that the reason that we perceive at all is to allow us to act in 

goal-relevant ways, but actions also continuously alter our perceptions. In this sense, there is 

some logic in the traditional view of perception → cognition →  action, but this chain of 
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events also appears to be malleable, even entirely reversible. Indeed, Ridderinkhof concurred 

with other theorists (for example, Cisek & Kalaska, 2010) in the assertion that we can 

maintain more than one PAC at once. For instance, we can maintain activations along both 

the direct and indirect pathways at the same time (as per the neuro-computational model). 

This means that we can engage in changes of mind (as demonstrated by reach curvature) 

when they become necessary as our actions evoke shifts in perception.  

To illustrate these ideas, Ridderinkhof (2014) offered the example of scratching an 

itch. An itchy sensation is perceived on the body, the goal (either consciously or 

unconsciously) becomes to scratch the itch, and the eventual action is the scratch. However, 

the act of scratching can also guide perception. For example, the individual may not be able 

to perceive the locus of the itch until they have begun to attempt to scratch it. 

This relates to the importance of “learning from experience” (Ridderinkhof, 2014, p. 

5), which suggests that perception → cognition → action is not simply a short-term 

phenomenon, but in fact ongoing across the course of an individual’s life. Previous 

experiences of executing actions teach us what those actions tend to lead to, and how those 

actions can advance our goals in the present moment. Ridderinkhof (2014) explained that this 

is the process of making predictions about what result actions will have. Thus, our actions in 

the past guide our predictive perceptions of how actions will affect the future, further 

demonstrating that perception → cognition → action could never be seen as a simple linear 

chain.  

If we return to the simplistic example of scratching an itch, we can imagine that an 

individual may have had numerous experiences of scratching itches throughout the course of 

their lifetime. Then, in the present moment, they perceive another itching sensation. Their 

experience has taught them that their estimation of the locus of the itch is usually slightly 

wrong, therefore their predictive perception is that they need to execute the scratch in a 
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certain position to optimise somatosensory relief. Upon executing the action, they find that 

their estimation was still incorrect and update their perception of the itch’s locus accordingly, 

continuously adjusting perception as a result of action and action as a result of perception 

until eventually the itch has been scratched and predictive models have been updated for 

future use. Further to this, Ridderinkhof (2014) cited a classic example from James (1890) 

about how one would be surprised when attempting to pick up a box that appears to be light 

but has in fact been secretly filled with sand to make it much heavier than it appears. Upon 

attempting to lift the box (action), the individual would discover that their initial perception 

of the box’s weight was incorrect, and that they need to update their perception as a result of 

the action. As actions aid perceptions, we can see that they work in parallel, rather than being 

disconnected from one another. At the very least, the serial processing view of perception → 

cognition → action would need to account for the potential circularity of this chain. For 

example, in the box of sand example, the chain would proceed more like perception (“box 

looks light”) → cognition (“I want to pick the box up and it should not be difficult”) → 

action (exerting little effort when attempting to lift the box) → perception (“box is heavier 

than I thought”) → cognition (“I still want to lift it, but it may be more difficult than I 

expected”) → action (exerting more effort when attempting to lift the box).  

It is even suggested that cognition can be effectively the same as perception, insofar 

as our actions can be affected by our thoughts without the need for any tangible stimuli. For 

example, Ridderinkhof (2014) suggested that simply expecting to fall over can be enough to 

instigate actually falling over. Of course, this depends on our definition of ‘perception’. If we 

presume that perception depends on physical stimuli which need to be present for one to 

perceive them, then this example does make sense. However, this definition of perception 

could be extended to include imagined stimuli, in the sense of perceiving one’s own thoughts. 

If we accept the example in the sense that Ridderinkhof probably intended it, suggesting that 
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a lack of physical stimuli to perceive does not necessarily inhibit the progression of cognition 

and action as though those stimuli were present, then it seems that perception can be 

bypassed and cognition and action can occur independently.  

However, it does appear that perception can take place entirely in the mind when we 

engage in the act of imagining how our actions will affect our external environment, and how 

those consequences compare with our desired outcomes (Ridderinkhof, 2014). This means 

that one does not necessarily have to act in order to understand how an action would produce 

an outcome, one needs only to imagine that outcome (Ridderinkhof, 2014). For example, a 

participant in the current study might imagine part-way through a trial that continuing along 

their current trajectory would result in an incorrect response being provided and thus update 

their activity based on the imagined outcome of an imagined button press – and this would all 

take place in just milliseconds. This idea of an imagined outcome relates to the explanation of 

the conflict adaptation account that suggests that people experience an expectation effect, 

inciting the performance benefit observed on incongruent trials when they follow other 

incongruent trials (Gratton et al., 1992; Weissman et al., 2014).  

This raises the question of whether the conflict adaptation effect could be understood 

in terms of Ridderinkhof’s (2014) account of predictive perception. If this were the case, then 

it would be interesting to consider how predictive perception would function in different 

situations; for example, if a flanker task were structured to occasionally present sequences of 

numerous incongruent trials consecutively. In a situation like this, would a participant begin 

to expect that a congruent trial would surely arrive soon, considering the balance of 

probabilities, despite the CSE? 

Ridderinkhof (2014) offered a critique of laboratory-based cognitive control tasks like 

the one used in the current study. According to Ridderinkhof, these types of paradigms allow 

for S-R binding but not true action adjustments according to the consequences of the action 
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like we see in the real world. Ridderinkhof suggested that these types of tasks are too sterile, 

too disparate to how cognitive control and PAC occur in real-life situations. Notably, the 

current study has made some improvements to this by allowing participants to engage in 

online monitoring and behavioural adjustment throughout the course of a response. 

This is a valid critique – to what extent does the current study portray how cognitive 

control occurs, both behaviourally and neurologically, in everyday situations? Given the fact 

that we are very rarely given two-alternative forced choices in our daily lives, with a need to 

provide a rapid response, it could be argued that the current study has very little real-world 

validity. However, the processes targeted in the current study (for example, allowing for 

online adjustments so that participants can correct themselves when the incorrect response 

becomes activated) do appear to reflect the real-world concepts that Ridderinkhof (2014) 

illustrated. Thus, the current study seems theoretically useful, but it would be valuable to see 

future research that applies these concepts in more naturalistic scenarios.  

Ridderinkhof (2014) offered a further critique of dual-process models, such as the 

neuro-computational model. Ridderinkhof suggested that commonly used dual-process 

models (including his own; Ridderinkhof et al., 1995) are excessively simplistic, in that they 

attempt to give a computational account of what happens during mental processing but fail to 

identify what is driving the computing. The neuro-computational model discussed within this 

thesis seems to have made something of an attempt to avoid doing this. For example, it 

specifically outlines the roles of the PFC and the ACC and how they contribute to mental 

processing. These assertions are even backed up by neurological research – for example, 

Gyurkovics & Levita (2021) identified oscillatory synchronisation that apparently reflected 

the ACC engaging in conflict monitoring.  

However, Ridderinkhof (2014) asserted that it remains unlikely for the brain to be 

organised into a true dual-system – for example, with a direct and indirect pathway. Indeed, 
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the neuro-computational model does not explain exactly what these pathways are. Perhaps 

dual-process systems are best understood as a theoretical framework, enabling ease of 

understanding what the brain is doing on a conceptual level, rather than a strict computational 

model that is neurologically accurate (Ridderinkhof, 2014). Specifically, Ridderinkhof 

highlighted the lack of necessity in separating two systems at all. If we assume cognitive 

control to be a top-down mental process that exerts control over bottom-up/lower-level neural 

processes, then we should not need automaticity vs. control to be separated completely. It is 

more likely that controlled and automatic processes work together, continually influencing 

one another, and can be conceptually isolated without being divided into entirely separable 

systems (Ridderinkhof, 2014).  

Further to this, Ridderinkhof (2014) highlighted how many actions are reflexive and 

instigated entirely by the automatic system, with no intervention from the controlled system 

ever being able to stop them. For example, flinching away from a threatening stimulus. This 

calls into question the tendency of neurocognitive literature to place emphasis on the top-

down system as the most important instigator of action – perhaps we need to remember that 

automatic processes drive a great deal of our behaviours and are pivotal to our survival. For 

example, Kahneman (2011) explained that most of the time we are ‘thinking fast’ and 

completing mental processes without the need for conscious perception of those processes. In 

fact, perhaps some actions occur regardless of perception. For example, Ridderinkhof 

explained that Darwin (1872) was unable to stop himself from flinching away from a snake 

striking at him, even though there was in fact a piece of glass in between him and the snake 

meaning that he was perfectly safe. In this example, Darwin’s perception of the glass was 

intact, and he had no cognitive impairment making him unable to comprehend that the glass 

would protect him. The reflexive recoil prevailed regardless.  
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In the same way that perception can be bypassed, and action can eventuate simply 

from cognition, cognition can also be bypassed and action can eventuate simply from 

perception. This can happen even if that perception is warped – “stimuli can elicit responses 

quite independently of consciousness” (Ridderinkhof, 2014, p. 11). Similarly, some actions 

appear to be independent of perception of negative consequences and independent of 

cognizance of those negative consequences. Ridderinkhof (2014) alluded to impulsive 

behaviours such as drinking or eating to excess. We can perceive the consequences, 

understand consciously how the action will lead to the consequences, yet execute the action 

regardless. Or at least, we execute the action anyway because of other perceived factors that 

we deem more important in the moment.  

Likewise, some actions could occur pre-perception as humans regularly respond to 

stimuli that they are not consciously aware of perceiving (Ridderinkhof, 2014). This relates to 

the idea of ‘thinking fast’ based on automatic processes as posited by Kahneman (2011). This 

could become a separate discussion about what perception is, and whether we can justifiably 

create models based on perception if its definition is unclear. For example, we generally 

assume that perception takes place within conscious awareness – one perceives a stimulus 

and consciously understands what that stimulus is. This is the only definition of perception 

that would make sense in the traditional view of perception → cognition → action. If in fact 

perception can be unconscious (Ridderinkhof, 2014), this provides further reason to 

disbelieve the serial processing model, but also reason to doubt any discussion of perception 

at all as it is so unclear whether the form of perception being discussed is conscious or 

unconscious. Further, would conscious perception even be the same process as unconscious 

perception, or are they so neurologically disparate as to require entirely separate names? As 

alluded to earlier, it is also worth questioning whether the perception of one’s own thoughts 

could be seen as disparate to the perception of one’s physical surroundings. Because 
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everyday semantics are closely intertwined with psychological phenomena (for example, the 

word ‘perception’ is commonly used in colloquial language), the specific meanings of words 

used to refer to complex mental processes can become lost as we take it for granted that it is 

obvious what the words mean. For example, Williams (1983) as cited by Durrant (2006) 

explains that words are complex and can be understood to have many different meanings.  

Emphasising how important research into perception, cognition and action is, 

Ridderinkhof (2014, p. 24) made a bold claim that some of this high-level processing of goal-

relevant behaviours is “unique to humans”. If we are in fact discussing something that is a 

driving force behind the differentiation between human beings and the rest of the animal 

kingdom, then the monumental importance of this thesis could not be overstated. However, 

Ridderinkhof’s (p. 24) reasoning behind this was that “intentional PAC” that human beings 

engage in requires “verbal reflection”. For example, using language to guide one’s internal 

monologue as action options are evaluated. Ridderinkhof used the necessity of verbal 

reflection to differentiate human PAC from animal PAC, which he suggested is entirely 

intuitive rather than intentional. This seems to be a huge claim, based on valiant logic but 

little evidence. Why should intention require language? Are non-verbal humans unable to act 

intentionally? Ridderinkhof conceded that pre-verbal children can act with intention, so why 

would this not extend to other non-verbal humans and animals? 

The discussion surrounding perception → cognition → action is loaded with caveats 

and confusion, not least because what we mean by terms such as ‘perception’, ‘cognition’ 

and even ‘action’ can differ, making the conversation even more convoluted. Furthermore, 

Ridderinkhof (2014) identified that there is a clear gap between how we think about these 

things conceptually, how we study them in laboratories, and how they occur in naturalistic 

environments. Indeed, it appears that the type of cognitive control required in everyday 

environments is different to what is required in laboratory settings, as everyday environments 
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provide so much more stimulation and contextual information to contend with (Nguyen et al., 

2019). The ability to cope with this and still execute goal-relevant actions has been dubbed 

naturalistic decision making (Klein & Klinger, 1991), although there is contention 

surrounding the efficacy with which people are able to make decisions in real-world 

scenarios compared to their inclination to follow heuristics and biases that are not conducive 

to optimal decision making (Kahneman & Klein, 2009). Thus, in the following I discuss 

practical applications of this type of research as there is a clear disconnect with the type of 

methodology used in the current study and real-world applications of understanding cognitive 

control.  

 

Damasio’s View of the Neuroscience of Decision-Making 

If discovering the neural underpinnings of consciousness is the desired route of 

further research into perception and cognition, then an understanding of the physiology of 

these processes is fundamental. This exploration has been ongoing for quite some time, for 

example in The Neurobiology of Decision Making (Damasio et al., 1996), contributed to by 

numerous contemporary theorists.  

Fuster (1996) proffered an exploration of the PFC as integral to motor planning and 

execution. Fuster’s conceptualisation of the actions of the PFC seems to have been a 

precursor to modern understandings of trial sequence effects. The PFC was described as 

relating to both “short-term memory and preparatory set” (Fuster, 1996, p. 47), suggesting 

that the brain retains an understanding of what it has just experienced and uses this 

knowledge to engage in anticipatory activity regarding upcoming demands for behaviour. 

This reflects our understanding of trial sequence effects – we must retain knowledge of the 

previous trial in short-term memory in order to guide us in our expectations of the demands 
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of the upcoming trial. Fuster equates our ability to exist as active agents in the world to our 

possession of a frontal lobe that allows us to engage in purposeful behaviour.  

This harks back to Ridderinkhof’s (2014, p. 24) idea of “intentional PAC”. If what 

drives intention and purposeful behaviour is the frontal lobe, then it does not follow that 

human beings should be the only species equipped for intentional PAC, as we are not the 

only species with a frontal lobe. If intention is unique to humans (Ridderinkhof, 2014), then 

is it driven by the frontal lobe, and if so what aspect of the frontal lobe that drives intention is 

unique to humans? It is easy to suggest that the PFC is the driver of purposeful action, but 

less easy to identify how this occurs in practice, and if/how it is unique from the neurology of 

other animals. 

Fuster (1996) took this consideration of purposeful action even further, by discussing 

the dichotomy between free will and determinism and how it relates to cognitive 

neuroscience. The debate about whether humans possess free will or have our actions 

determined for us without any opportunity to purposefully intervene is well-established in the 

field of cognition and consciousness. Proponents of free will suggest that human beings are 

able to make active decisions, directing their actions consciously and purposefully towards a 

goal of one’s own choosing (Montague, 2008). For example, if one decides to engage in 

regular exercise then it might be said that the individual has a strong will and has actively 

decided to execute behaviours that will be beneficial to their health. On the other hand, 

proponents of determinism suggest that we only have the illusion of free will and of making 

our own choices. These theorists suggest that our decisions are predetermined for us by virtue 

of past events and no act of will could ever change the behaviours that we inevitably will 

make (Hoefer, 2016). If this is true, then the dedicated exerciser cannot be said to have a 

strong will, but would instead be acting out pre-determined choices that they could never 
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change. Likewise, the less healthy individual who never exercises cannot be held at fault for 

their poor health, as their decisions would also be predetermined and unchangeable.  

If the frontal lobe drives purposeful behaviour, then the argument follows that the 

frontal lobe is the executor of an action decision. This is often following conflict between 

opposing action options, as in the current study. The conflict between opposing action 

options is also clearly demonstrated in the neural activations of the monkeys (Macaca 

mulatta) in Cisek and Kalaska (2005). Thus, the question arose to Fuster (1996) - are we 

conscious of the opposing action options, or are we only aware of the action that we 

eventually opt for? According to Fuster, if we are conscious of the opposing action options, 

then a compelling argument is made for free will. If this is the case, then it can be said that 

we are able to purposefully act as the arbiter of our decision-execution, by considering the 

action options and consciously choosing between them. However, if we are unconscious of 

the action options then it could be said that we are not actively involved in our own decision-

making, leading to a compelling argument for determinism that would suggest we are ruled 

by forces beyond our conscious control. Indeed, Kahneman (2011) posited that we are 

‘thinking fast’ most of the time, implying that in general we are not consciously aware of our 

own decisions at all.  

This argument certainly has its pitfalls. For example, it is conceivable that we could 

be cognizant of multiple action options and have the illusion of choosing between them, and 

yet still be at the mercy of determinism making it impossible for us to choose anything other 

than what we eventually opt for. However, it is interesting to see how discussions 

surrounding perception → cognition → action tie into broader discussions within the field of 

cognition and consciousness. Furthermore, it is important to note just how difficult it would 

be to ever come to a solid conclusion about many questions that are raised from thinking 
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about the implications of a seemingly simple two-alternative forced choice task as used in the 

current study. 

Berthoz (1996, p. 84-85) proffered a dual-process theory in which the brain acts as a 

“controller” and a “simulator”. This suggests that the brain can simulate different potential 

actions before executing a decision (Berthoz, 1993; Berthoz, 1996). This relates to the idea of 

multiple action options as experienced in the flanker task, and as demonstrated neurologically 

by Cisek and Kalaska (2005, 2010). This idea would advance the argument for free will made 

by Fuster (1996), by suggesting that we are indeed able to comprehend numerous action 

options simultaneously and then actively control which option we want to execute.  

In fact, Berthoz (1996) suggested that how we perceive the world is in itself a 

decision/action. This implies that external reality is something of a construction, based off 

our individual perceptions that are subject to change. This further diversifies our 

understanding of perception, which was already becoming unclear with the consideration of 

Ridderinkhof’s (2014) assertion that perceptions can be both conscious and unconscious. If 

perceptions themselves can be viewed as actions, then this serves as further evidence that the 

serial processing chain of perception → cognition → action is incomplete.  

Indeed, there is good reason to believe that perceptions should be considered actions. 

We must remember that perception does not appear to be conveyed upon us, but instead 

appears to be something that each person individually constructs. We know this because even 

basic things can be perceived vastly differently by different people. For example, in the ‘box 

of sand’ example that was discussed earlier, the individual in question might have initially 

perceived the box to be light, but their companion standing looking at the box from a slightly 

different angle might have perceived the box to be heavy from the beginning. This is a well-

known psychological phenomenon that edges into the territory of philosophy and what we 

can confidently know to be real (perhaps nothing at all). For example, Russell (1912) 
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explained that we can never access the true appearance of even something as simple as a 

table. Russell described that the way a table looks depends largely on the angle from which a 

person is looking at it, and how two people will never see the same table in the same way. 

This means that we are only ever assuming that we are aware of the reality of the world 

around us, because in fact each of our ‘realities’ is a perception, and a perception is a 

personal construction. To ‘construct’ would generally be viewed as an action. If perception is 

a construction, or a mental action, then the serial processing view of perception → cognition 

→ action seems further unjustified.  

In terms of the flanker task, we could imagine that a participant is continuously 

constructing their perception of the stimulus array, and continuously updating their 

understanding of the required response, throughout the physical action of the response 

process. In this sense, while the reaching motion towards the response button is a physical 

action, and the mental construction of their perception of the stimulus array (for example, “I 

expected the stimulus array to be congruent because the last one was, but I can see now that 

in fact it is incongruent, and yet the response required of me remains the same”) is a mental 

action, they could both be perceived as actions. It is important to remember that knowledge 

of the world around us is not endowed upon us automatically but is something that we create. 

This phenomenon can be seen in optical illusions, too – for example, we can force our brains 

to perceive an ambiguous image in entirely different ways simply by thinking about the 

image differently. The image (and the world in general) is not what it is, but it is what we 

make it.  

This also explains what could be happening on the occasions that participants give 

incorrect responses on cognitive control tasks – they have created a perception of the 

stimulus array, perhaps based on a repetition expectancy effect, that evokes a response that is 

different from the response intended. On a flanker task, there is a right and a wrong answer 
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(for example, pressing the left response button when the central arrow is pointing to the right 

would be wrong). Interestingly, unlike in Russell’s (1912) account of the table appearing 

differently to everyone who views it, you would not find participants in the flanker task 

perceiving the arrows in meaningfully different ways – for example, a right-pointing arrow 

would be a right-pointing arrow to anyone who looked at it. This perhaps suggests that there 

are boundaries to the idea that perception is a construction, in the sense that some things will 

be perceived in the same way by everyone who views them. Although, even this does not 

necessarily mean much in terms of accessing objective reality (for example, the arrow could 

be thought of as just pixels on a screen, and not really an arrow at all). However, in real life 

there are often not any ‘rights’ and ‘wrongs’ – two people could perceive the same situation 

entirely differently, behave within the situation entirely differently, and yet neither one of 

them could be objectively right or objectively wrong. This ties in with Ridderinkhof’s (2014) 

critique of cognitive control tasks being too unlike natural situations to tell us much about 

human beings operate in day-to-day scenarios.   

This thesis has largely discussed the extraordinary ability of human beings to exercise 

cognitive control, even on timescales of a matter of milliseconds. In particular, the emphasis 

has been on how cognitive control enables us to behave in adaptive ways, facilitating positive 

life outcomes (for example, providing the correct response on the flanker task). However, 

Sutherland (1996) explains that human beings often engage in irrational thought-processes 

and make a multitude of non-adaptive decisions. This serves as a reminder that, despite our 

impressive cognitive capacities, we do not always exercise these abilities. Sutherland (1996) 

explains that irrational decision-making can be trivial (for example, choosing to eat a biscuit 

when you could have eaten an apple), but it can also affect significant life decisions (such as 

large, consequential purchases). If we do indeed have free will, then it follows that we 

regularly fail to exercise it intelligently. This further motivates future research into ways that 
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we can use our understanding of cognitive control to facilitate behaviour optimisation and 

enable people to live happier, healthier lives.  

 

Limitations 

Although the current study has made a significant contribution to the cognitive 

neuroscience literature, there are certain limitations that are important to consider. These 

limitations will provide a motivation for the proposed future research directions described in 

the subsequent section.  

Firstly, it is important to note that the current study examined movement times as a 

proxy for reach curvatures. Although the results were consistent with previous research, they 

are not identical measures – but they do strongly correlate (Erb & Marcovitch, 2018). It is 

interesting to consider what the current study would have revealed if a true measure of reach 

curvature had been included. It seems reasonable to hypothesise that we would see the same 

patterns as demonstrated by movement time, but to an even greater extent. 

Another limitation of the current study is that we did not expect to find significant 

neural activations of interest in the higher end of the theta band and into the alpha band (7-

11Hz). Although the current study has not been able to find an explanation for this, it remains 

a possibility that oscillatory dynamics in the alpha band could be of interest in terms of a 

neural correlate of the controlled selection process. It would be valuable to replicate the 

current study in the future, or something similar, to see how the results compare and whether 

alpha band oscillations are again shown to be of interest.   

Furthermore, the current study was under significant time limitations which affected 

the ability to be able to be more creative in the investigation of the results. Due to Covid-19 

restrictions imposed throughout the duration of this project, the creation of a more tailored 

pipeline to examine the neural results was not achievable. To extend the results of this study 
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and potentially make the findings even more robust, it would be apt to think about alternative 

ways to examine the neural data in future studies. With a tailored pipeline written for 

MATLAB, designed to extract theta peak power per trial per condition, we could come to an 

ever stronger conclusion about whether theta power appears to be a neural correlate of 

movement time. With extractions of theta peak power, an excellent next step for future 

research in this area would be to run ANOVAs on the neural results in a manner similar to 

what was done by Gyurkovics and Levita (2021).   

Lastly, the crucial limitation of these types of studies, as identified by Ridderinkhof 

(2014) is that they are not necessarily particularly relevant to real-life scenarios. The current 

study certainly made progress in this area, by allowing participants the chance to engage in 

online monitoring and behavioural adjustments during response delivery. However, how 

these aspects of cognitive control relate to everyday factors that have meaningful effects on 

people’s lives (such as physical and mental health) has not been elucidated by the current 

study. An impactful opportunity for future research therefore arises, as it would be 

fascinating to translate these laboratory findings into practical and clinical applications.  

 

Future Directions 

 

Practical Applications 

It seems that the implications of this flanker task research could be far-reaching, 

particularly in terms of self-control and optimal decision-making. The ability to adjust 

decision-making even after commencing a response suggests that it would be beneficial to 

hone the ability to switch between response options to advance health-related behaviour 

(Hagger et al., 2019). Hagger et al. (2019) described healthy behaviour as avoiding impulse 

drinking, eating healthily, and exercising. Self-control lapses are related to impulsivity (see 
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Hagger et al., 2019). Ridderinkhof (2014) related impulsivity to PAC, suggesting that 

individuals who are prone to acting on impulse are unable to evaluate their actions based on 

their sensorimotor consequences. Instead, impulsive individuals act entirely based on 

ideological motivation (Ridderinkhof, 2014). This suggests that people can act in ways that 

do not serve to advance their overall goals on a whim – for example, reaching for a packet of 

sweets while knowing that one is attempting to lose weight. The person in this scenario 

should theoretically be able to change their mind even after they have begun reaching for the 

sweets – all is not lost simply because the action has been initiated. This seems to suggest a 

total lack of Ridderinkhof’s PAC, as the person does not cease to perceive their goal or cease 

to understand what actions would be consistent with that goal, but they still execute actions 

that are not goal relevant. This appears to be the case because making decisions while under 

significant cognitive load impinges rational thinking about what actions are goal relevant 

(Kahneman, 2011).  

An avenue for future research would be to investigate what could enable constructive 

decision-making post-action initiation. People are unlikely to have sufficient cognitive 

resources left to focus on self-control if they are already under cognitive load, as self-control 

is cognitively demanding (Baumeister et al., 2019; Hagger et al., 2019; Kahneman, 2011). 

This suggests that people should not undertake lifestyle changes requiring significant self-

control when they are already under stress in other areas of their life.  

Perhaps there are other answers. Maybe simply drawing people’s attention to the fact 

that they can change their minds after initiating a decision would be enough to get them to 

implement cognitive flexibility in a real-world context. However, self-control is widely 

considered to be a psychological trait, implying relative stability across time (Hagger et al., 

2019). We could surmise that people who score highly on trait self-control might be more 

likely to change their mind post-action initiation, while those who are low on trait self-control 
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might be more likely to engage in goal-relevant behaviours if the irrelevant behaviour is 

never initiated. Interventions could be implemented in future research to attempt to make 

both groups more likely to engage in goal-relevant changes of mind. For example, coaching 

participants in the simple possibility of being able to do so, or perhaps lifestyle changes to 

reduce feelings of depletion as cognitive depletion correlates with low levels of self-control 

(Baumeister et al., 2019).  

It is important to remember that the benefits of lifestyle changes are subjective, at 

least to an extent. This section offered the simplistic example of reaching towards a bag of 

sweets to suggest an unhealthy behaviour. It is true that if the individual in question were 

trying to lose weight, then reaching for the bag of sweets would not be a goal-relevant action, 

and therefore could justifiably be deemed an ‘unhealthy’ behaviour. However, this is not 

necessarily the case for everyone. For example, if the individual in question were recovering 

from anorexia, then the act of reaching for the bag of sweets could be seen as a healthy 

behaviour and certainly goal relevant. In fact, even in the case of the person who is 

attempting to lose weight, then the behaviour could be deemed healthy – if one attempts to 

deprive themselves of all foods that one enjoys, then long-term weight loss goals are likely to 

be unsuccessful (Mann, 2018; Stice et al., 2013). This would mean that even when the 

healthy – or goal relevant – behaviour seems obvious, it is never obvious in real-world 

scenarios. This harks back to the earlier critique of laboratory attempts to access cognitive 

control, which were deemed by Ridderinkhof (2014) to be too unlike everyday situations. 

Furthermore, the lack of clarity around what constitutes a healthful behaviour raises 

questions about the ethics of conducting these real-world investigations into everyday 

cognitive control. Who is to decide what would constitute a positive lifestyle change? It 

seems somewhat reasonable to suggest that getting people to engage in behaviours that 

contribute to improved health markers (for example, blood pressure and cholesterol) would 
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be a positive way to proceed with cognitive control research. However, this would be to 

assume that everyone in the world places a high amount of value on physical health. This is 

not necessarily the case. At least, the value of physical health is weighed up alongside the 

value of other things in people’s lives (for example, mental health), meaning that for some 

people the scales could tip away from valuing health markers as they become more inclined 

to highly value other lifestyle factors (Seedhouse, 1998; 2005). This would mean that an 

extremely positive lifestyle change for one person could be a neutral or even negative 

lifestyle change for somebody else. Pursuing research into how we could use cognitive 

control studies in order to improve people’s quality of life would suggest that one could 

specifically define what a quality life is (Seedhouse, 1998; 2005). This kind of debate raises 

contention around the kind of studies that could be done to investigate cognitive control in 

everyday scenarios, and what could be done to improve how people apply cognitive control. 

However, this remains an avenue for future research that is certainly worth considering. For 

example, lifestyle changes could be implemented on an individual basis, with different 

people having different goal-relevant behaviours depending on their personal values.  

 

Clinical Applications 

Cognitive control studies also have the potential to be applied clinically. It has been 

established throughout this thesis that cognitive control is closely tied to attention 

(Asanowicz et al., 2021; Donohue et al., 2012; Erb et al., 2022; Erb & Marcovitch, 2018; 

Gratton et al., 1992; Nigg, 2017). As such, it is interesting to consider how individuals 

diagnosed with attention-deficit/hyperactivity disorder (ADHD) might compare to 

neurotypical controls in terms of performance on congruency tasks like the flanker task, and 

what this might mean about their capacity for cognitive control. If we remember that 

cognitive control is closely tied to attentional processes, it seems reasonable to assume that 
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individuals diagnosed with ADHD might display diminished cognitive control capacity 

compared to neurotypical controls.  

As was established at the beginning of this thesis, cognitive control has been linked to 

work and academic outcomes, health outcomes, general success, life quality and financial 

status (Blair & Razza, 2007; Diamond, 2013; Erb & Marcovitch, 2018; Fuhs & McNeil, 

2013; Munakata et al., 2012). Therefore, if certain groups of people, such as those diagnosed 

with ADHD, have a reduced capacity for cognitive control then this could have significant 

ramifications for their life outcomes. This was explained by Erb and Marcovitch (2018), who 

cited meta-analyses that have investigated the relationship between ADHD and cognitive 

control (Mullane et al., 2009; Schwartz & Verhaeghen, 2008). Schwartz and Verhaeghen 

(2008) failed to find a significant difference between individuals with ADHD and controls in 

their meta-analysis focusing on results from the Stroop task. They concluded that participants 

with ADHD were equally able to exercise response inhibition as participants without ADHD. 

These authors qualified their results by explaining that Homack and Riccio (2004) conducted 

another meta-analysis into ADHD and the Stroop task that showed somewhat different 

results. Homack and Riccio found that there was evidence to suggest that ADHD impinged 

inhibitory control in childhood; however, these results were not consistent enough to be able 

to draw strong conclusions. Schwartz and Verhaeghen explain that the lack of significant 

results calls into question classic theories about the relationship between ADHD and 

inhibitory control, such as those of Barkley (1997) and Pennington and Ozonoff (1996). 

Barkley drew strong links between ADHD and behavioural inhibition, suggesting a 

significant difference in self-control abilities between individuals with ADHD and those 

without. Similarly, Pennington and Ozonoff suggested that executive functioning is seriously 

impaired in people with ADHD compared to controls. The results of Schwartz and 
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Verhaeghen indicated that this relationship between ADHD and cognitive control may not be 

as clear as it had seemed.  

However, Mullane et al. (2009) investigated the relationship between childhood 

ADHD and the flanker and Simon tasks and found quite different results. The meta-analysis 

conducted by these authors demonstrated that participants with ADHD had significantly 

longer reaction times compared to neurotypical controls. These authors cited Swanson (2004) 

to explain that the relationship between childhood ADHD and reaction time has been well-

established in the literature. Specifically, Mullane et al. explained that children’s reaction 

times in the flanker and Simon tasks demonstrated a significantly larger CE compared to 

controls. Similarly, children with ADHD were found to display a large CE in accuracy 

compared to children without ADHD. Mullane et al. used these results to make the 

conclusion that executive attention is impaired in children with ADHD relative to controls.  

It is important to ask why this meta-analysis drew significant conclusions, while the 

previous meta-analyses discussed failed in finding much noteworthy evidence of an ADHD-

mediated effect on cognitive control. One possibility is that Schwartz and Verhaeghen (2008) 

included results from adults in their meta-analysis, and the significant results appeared to be 

arising from studies conducted with children. It is possible that differences in executive 

attention caused by ADHD are resolved by adulthood, enabling most adults with ADHD to 

perform like neurotypical controls on congruency tasks. If this is the case, then it would 

become important to ask whether these differences in childhood have any long-term 

ramifications. For example, lower levels of executive attention and inhibitory control in 

childhood might mean that children with ADHD are less likely to engage in activities that 

require long periods of focus (such as reading, or achieving good results at school), which 

could have long-term impacts on their life outcomes. A child that does not perform well at 

school might form a sense of self that suggests that they are academically inept, and thus 
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might miss out on opportunities in later life due to the idea of who they are that they formed 

in childhood. As another example, children who do not read during childhood might find 

themselves less likely to read as adults, and thus miss out on the benefits of reading such as a 

larger vocabulary. The simple fact that ADHD-mediated differences in executive attention 

might be resolved by adulthood would not necessarily mean that all effects of childhood 

differences are also resolved by adulthood.  

With this in mind, we can ask whether the general differences in life-outcomes for 

individuals with ADHD compared to neurotypical controls could be mediated by differences 

in cognitive control capacity in childhood. For example, Caye et al. (2016) offered evidence 

to suggest that individuals with ADHD are likely to experience a range of maladaptive life 

outcomes at a higher rate than neurotypical individuals. These outcomes include higher rates 

of unemployment, lower academic achievement, and lower income for people with ADHD 

compared to controls. More substance abuse, more difficulty with emotion regulation, and 

more difficult family relationships are also observed. Poor health outcomes are observed too, 

with higher rates of automobile accidents and higher rates of obesity found in individuals 

with ADHD compared to controls. These differences can amalgamate into lower perceived 

well-being, and even a greater risk of imminent mortality in people with ADHD (Caye et al., 

2016). These sound rather extreme, and of course many people with ADHD can live good 

lives, but these documented trends are important to pay attention to. These trends were 

corroborated by Rietveld and Patel (2019), who found that individuals with ADHD had less 

success in the United States job market compared to neurotypical controls, and made the 

argument that this difference is mediated by differences in educational success. This would 

serve to support the hypothesis posed earlier that lower levels of executive attention in youth 

could have detrimental effects on education in childhood, which could then have long-term 

ramifications into adulthood. However, it is important to remember that ADHD diagnoses are 
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generally based on subjective assessments of symptomology, rather than objective markers of 

disorder (Gualtieri & Johnson, 2005), and as such conclusions drawn from this section need 

to be questioned somewhat. For example, if we cannot be definitive about which individuals 

genuinely suffer from ADHD, it makes it impossible to ascertain whether there is a link 

between ADHD and cognitive control capacity.  

The current study offered a novel way of combining EEG recording with congruency 

task research with a practical and low-cost methodology, which could provide a fascinating 

way to expand upon past research that relates performance on congruency tasks to ADHD. 

Future research into ADHD using congruency tasks could easily contain an EEG component 

to add a new dimension to the behavioural results that have been found in the previous 

clinical research discussed above. This could potentially be very impactful, because previous 

authors have discussed the difficulty in obtaining an objective diagnosis of ADHD, with 

diagnoses often being subjective in accordance with the biases of the person doing the 

diagnosing (Gualtieri & Johnson, 2005). If clear neural differences were found between 

participants with ADHD and controls when engaged in the flanker task, this could be 

meaningful in terms of offering a more objective measure of ADHD and how it relates to 

ongoing brain activity in relation to behaviour. Naturally, this could even be extended to 

other clinical disorders, to see how neural activations during behavioural output differ 

between people with specified conditions and control participants. For example, Obsessive 

Compulsive Disorder (OCD) relates to a difficulty with behavioural inhibition (for example, 

Klaus & Reinhard, 2014) as well as a tendency to engage in thought suppression (for 

example, Purdon, 2004), which seems as though it could be related to behavioural inhibition 

if thoughts are regarded as a type of behaviour. As such, OCD would be another interesting 

candidate for a clinical disorder that could be meaningfully investigated using the novel 

methodology proposed by the current study. Therefore, the press-and-release button box 
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method demonstrated by the current study could provide a foundation for novel and exciting 

work into clinical conditions, objective measures of those conditions, and how clinical 

conditions operate during execution of specific behaviours.  

In sum, ADHD seems to correlate with poorer life outcomes compared to 

neurotypical controls. There is evidence to suggest that there are childhood differences in 

cognitive control for children with ADHD compared to children without ADHD, which 

manifests in performance differences on congruency tasks (Homack & Riccio, 2004; Mullane 

et al., 2009). These differences seem to have largely disappeared by adulthood (Schwartz & 

Verhaeghen, 2008), but it remains possible that poor cognitive control during childhood 

could mediate the relationship between ADHD and maladaptive life outcomes. More research 

is needed to identify whether this is the case, and to investigate possible treatment strategies 

that might ease the negative effects of this relationship. Furthermore, Erb and Marcovitch 

(2018) explained that it is currently unclear to what extent the childhood differences in 

cognitive control between people with and without ADHD relate to response type, the 

threshold adjustment process, and/or the controlled selection process.   

 

Consciousness 

Another avenue for future research would be to investigate the direction of the 

correlation between brain activations and cognitive control. Are neurological phenomena (for 

example, ERPs and oscillations) the driving force behind cognitive control? Or are they 

neural traces of cognitive control, which itself is caused by other processes? These questions 

apply generally throughout the fields of cognitive control and cognitive neuroscience, as it is 

not always apparent whether the phenomena that neuroscientists observe are a result or a 

cause of the psychological processes that they correlate with (Chalmers, 1996; McKitrick, 

2006; Rosenberg, 1996; Rosenberg, 2004).  
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Considering whether neurological observations are a result or a cause of their 

manifestations is relevant in terms of clinical applications, such as treatment protocols for 

mental illnesses. It is widely accepted that diagnosable mental illnesses are observable 

neurologically, with many neuroimaging studies demonstrating vastly different brain states 

when comparing neurotypical individuals with individuals suffering from mental illnesses 

(Müller et al., 2017; Rasmussen & Goodman, 2021; Northoff, 2013). However, it is not 

necessarily apparent whether these pathological brain states cause mental illness or are an 

observable result of mental illness. It is perhaps appealing to imagine that physiology causes 

pathology, in the same way that the pain of a broken arm is caused by the break itself. This 

may not be the case for mental pathologies, or at least not the full story. As deep brain 

stimulation has shown clinical benefits in the treatment of mental illnesses (Martinez-

Ramirez et al., 2018; Rasmussen & Goodman, 2021; Weaver et al., 2012), it seems as though 

neurology could play a causal role in mental illness. Indeed, it is generally assumed that 

mental illnesses arise from a combination of biological and environmental factors (for 

example, Haertl, 2007; Northoff, 2013). If we extend that further, then maybe it is legitimate 

to assume that neurology gives rise to consciousness. However, these remain complex 

questions.  

As the current study used a neuroimaging protocol, it is important to mention that 

neurological findings do not necessarily imply a neurological cause of the observed 

behavioural phenomena, and could instead be a neurological trace. However, within the 

context of the current study, if oscillations facilitate neural communication, then it would 

seem intuitive to view them as a causal factor that elicits phenomena within cognitive control, 

rather than a neural trace that occurs afterwards. For example, it appears that conflict 

monitoring is caused by neurological communication between the ACC and PFC. This seems 

to suggest that the psychological phenomenon of conflict monitoring has a neural cause, 
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rather than neurological activity simply acting as a neural trace. However, even this is not 

necessarily true and could also be challenged.  

This line of questioning is intrinsic to perhaps the most significant conundrum in 

neuroscience: the hard problem of consciousness (Chalmers, 1995). Chalmers’ (1995, p. 200) 

“hard problem” pertains to the idea that we do not understand why we are conscious. Why is 

it that we have the universally understood but near impossible to describe sensation of being 

an observer of the world, a purposeful agent who experiences existence? A practical 

approach to answering the hard problem is to propose that the physiology of the brain is a 

precursor to consciousness; we simply don’t understand the mechanisms yet. However, 

proponents of panpsychism (for example, Chalmers, 1996; Koch, 2018; Tononi et al., 2016) 

would argue that consciousness is a fundamental force of the universe, separate from the 

physiology of the brain – with neurological phenomena being a reaction to consciousness, 

rather than a cause of it. It is important to remember these questions as we study cognition. 

Failing to do so would mean that we could inaccurately ascribe causality, which would entail 

taking neurological aspects of cognition for granted when in fact they are complex and not 

necessarily well understood. 

Without consciousness, we would have zero cognitive control or goal-directed 

behaviours, as the “qualia” (Kanai & Tsuchiya, 2012) that give us a sense of the world 

around us would not exist so there would be no stimuli to respond to. We would have no 

goals, no understanding of tasks, and no understanding of conflict within those tasks. The 

findings of cognitive control research could potentially be foundational to further discussions 

of the origins of consciousness, as these findings relate to the neural underpinnings of 

perception and cognition.  
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Conclusion 

Considering cognitive control in cognitive neuroscience research is a valuable 

endeavour. This thesis hopes to have exemplified this by explaining the significant impacts 

that cognitive control ability has on the progression of people’s lives. Furthermore, this thesis 

has covered varied historical and philosophical arguments as they relate to cognitive control, 

as well as outlined diverse prospects for future research. In doing so, I have offered a 

rationale for continuing to research cognitive control as the implications both theoretically 

and practically are widespread and impactful.  

The current study has contributed to our understanding of cognitive control, despite 

leaving open the potential for future research. The current study provided more evidence in 

favour of the established understanding that behavioural measures of cognitive control are 

dissociable into separate patterns of effects seen in initiation time and movement time, and 

that these two dissociable factors amalgamate to produce the pattern of effects seen in overall 

response time. Furthermore, the current study provided an interesting reason to believe that 

neural oscillations in the theta band are a reasonable candidate for a neural correlate of the 

pattern of effects that we see in movement time results, and therefore the controlled selection 

process. Further investigations are required to make these findings more statistically robust; 

however, the results here provide a solid foundation to build on. Other potential avenues for 

cognitive control research – such as investigations into self-control, ADHD, and OCD – also 

provide exciting opportunities for future studies.  
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