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Effects of Time-Of-Day and Task on Resource Allocation and Effort 

Abstract 

Performance on a range of cognitive tasks is known to vary across the day. The 

precise effects of time-of-day depend on individual differences, the nature of the task 

and physiological factors. Several event-related potential (ERP) studies have found 

significant time-of-day effects on ERP components, including a reduction in P3 

amplitude in the afternoon/evening compared to the morning (Higuchi, Liu, Yuasa, 

Maeda, & Motohashi, 2000; Wesensten, Badia, & Harsh, 1990) and increased P2 

amplitude in the afternoon compared to morning (Wesensten & Badia, 1992). In 

contrast, other studies have reported minimal (or no) time-of-day effects (Broughton, 

Aguirre, & Dunham, 1988). Geisler and Polich (1990) suggest ERPs are only 

indirectly affected by time-of-day, with factors which vary across the day, such as 

food intake and body temperature, having more direct effects. With the exception of 

Higuchi et al., all published ERP investigations of time-of-day have used single-task 

paradigms, which may be less sensitive to time-of-day effects than dual-task 

paradigms. In addition, no reported studies to date have investigated effects oftime

of-day on P3a. The primary aim of the current series of seven experiments was to 

determine the impact of time-of-day on ERPs during a series of dual-task experiments 

and to determine if a dual-task paradigm would be more sensitive to time-of-day 

effects than a single-task paradigm. As voluntary levels of effort invested in task 

performance have been reported to increase during periods of low arousal (Hockey, 

1997), it is possible fluctuations in effort mask effects of time-of-day on resource 

availability. Therefore, an additional aim of this series of experiments was to 



determine whether voluntary effort invested in tasks varies across the day and if so, 

the impact of this on ERP components. 

xv 

During Experiment 1, 12 participants completed a visual oddball braking task 

and a concurrent visual tracking task with varying priority, at 0900 and 1300. When 

priority was given to the oddball task the effect of time-of-day was significant, with 

amplitudes of P2 and P3b greater at 0900 than at 1300. Fourteen participants 

completed a single oddball braking task and easy and difficult dual-tasks (braking and 

tracking) during Experiment 2. P2, N2 and P3b amplitude were greater during the 

single-task than both dual-tasks and there was no evidence of P3a during any of the 

task conditions. Modification of the braking task stimuli during Experiment 3 resulted 

in significantly greater P3a amplitude during the single-task compared to the dual

tasks and lower P2 and P3b amplitude during the dual difficult task than the dual easy 

task. During Experiment 4, 16 participants completed single, dual easy and dual 

difficult tasks at 0900, 1300 and 1700. The effects of time-of-day on P3b were not 

significant during the single-task however during the dual-tasks significant time-of

day effects occurred with larger P3b amplitude at 1700 than at 1300. At 1300 P3a was 

consistent across the tasks, whereas at 0900 and 1700, P3a amplitude was greater 

during the single-task than the dual-tasks. Experiment 5 aimed to determine if effort 

modulated ERP effects. Sixteen participants completed easy and hard versions of a 

cued visual RT task, at 0900, 1300 or 1700, in which they were instructed to used 

standard or 'extra' effort. Contingent negative variation (CNV) was significantly 

greater following effort cues than standard cues; however the effects of time-of-day 

were not significant following either cue type indicating effort was consistent across 

the day. During Experiments 6 and 7, 16 participants completed the tasks used in 

Experiments 4 and 5, in caffeine and placebo conditions, to determine whether 
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previous significant findings were consistent with effects of increased arousal 

associated with caffeine. The results of Experiment 6 revealed a trend towards greater 

P3b amplitude in the caffeine condition than the placebo condition. During 

Experiment 7 the effect of caffeine on CNV was not significant suggesting levels of 

voluntary effort were consistent across both conditions. 

Overall, the results indicated time-of-day has significant effects on several 

ERP components including P2, P3a and P3b; however it appears the effects on P2 and 

P3b are only evident during tasks which are sufficiently difficult to require total 

capacity of attentional resources. Dual-tasks appear to be more sensitive to time-of

day effects than single-tasks, with dual-tasks that engage the same supply of 

attentional resources being more sensitive than those tasks which place demands on 

wider resources. Although subjective effort varied across the day, changes in arousal 

due to time-of-day and caffeine did not significantly affect levels of effort invested in 

task performance, as measured by CNV amplitude. Together, the findings suggest 

time-of-day variations in arousal affect ERP measures of resource allocation, but not 

effort, during tasks which place high demands on resources. 
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Chapter 1 : INTRODUCTION 

Driving a vehicle is one of the more complex tasks an individual may routinely 

perform. The success of driving depends largely on the driver and his or her 

physiological, psychological and physical state. In order to drive safely, a driver must 

remain vigilant, track vehicles and other objects in the environment, monitor road 

conditions and respond appropriately to both expected and unexpected events. Drivers 

may be required to perform these tasks over long periods of time often in monotonous 

conditions. Driving well requires optimum levels of alertness, which has been found 

to vary with changes in arousal across the day. Therefore, it is not surprising that 

driving performance varies across the day (Lenne, Triggs, & Redman, 1997). When 

traffic density is controlled for, driving accident data indicates prominent time-of-day 

effects, with peak accident rates between 0300 and 0500 and a smaller peak in the 

early afternoon (Folkard, 1997; Home & Reyner, 2001 ). This smaller peak coincides 

with reported post-lunch dips in performance (Blake, 1971; Smith, 1992). 

Diurnal variations (variations across the day) in arousal affect alertness (for 

reviews see Carrier & Monk, 2000; Schmidt, Collette, Cajochen & Peigneux, 2007). 

Arousal is controlled by the circadian pacemaker and the process of sleep 

homeostasis. Variations in alertness during the day are normal and declines primarily 

occur between 1300 and 1600 and between 0400 and 0600. Decreases in alertness are 

characterized by sleepiness and 'microsleep' episodes. These fluctuations in alertness 

are associated with changes in oscillatory brain activity with an increase in alpha and 

theta rhythms and fluctuations in performance (Andreassi, 2000; Davidson, Jackson & 

Larson, 2000). The effects on driving performance of sleepiness and decreased 

arousal that occur during the early hours of the morning have been well researched 



(for review see Folkard, 1997; Home & Reyner, 2001); however, there is little 

research on the effects of variations in arousal in the daylight hours on driving 

performance. This is surprising, given the secondary peak in serious road accidents 

which occurs during the early afternoon (Home & Reyner, 2001). 

2 

The current chapter introduces topics related to driving performance, including 

attention and attentional resources, arousal and alertness, effort and task difficulty. 

The relationship between each of these concepts and driving performance will be 

introduced. 

Attention is fundamental to successful driving. Attention is commonly 

conceived as the processes of selectively concentrating on one thing while ignoring 

others. James (1890, as cited in Johnson & Proctor, 2004, p.11) defined attention as 

" ... the taking possession by the mind, in clear and vivid form, of one out 

of what seems simultaneously possible objects or trains of thought. 

Focalization, concentration, of conscio'1sness are of its essence. It implies 

withdrawal from some things in order to deal effectively with others". 

Although less vague definitions of attention have been developed, there is currently 

no universally accepted definition of attention within psychology. A range of 

sophisticated research techniques such as event-related potentials (ERPs) and 

functional magnetic resonance imaging ( fMRI) have led to more specific definitions 

than that given by James; however the broad range of current definitions indicates that 

attention is now conceived as a multidimensional concept. For example, current 

concepts of attention refer to it as the process of allocating capacity or resources to 

various inputs; as a state of alertness or arousal; as a processes of selecting relevant 

information from the environment (Treisman, 1964); as a state of consciousness 

occurring either automatically or in a controlled manner (Schneider & Shiffrin, 1977) 



and as a concept describing structural limitations in processing (Broadbent, 1958). 

Much of the current empirical research on attention has focused on the nature of the 

limitations of the attentional system (e.g., Wickens, 2002). These limitations involve 

both limits to our mental resources and the amount of information that can be 

processed at any one time. Thus a major field of attentional research involves 

investigation of the nature of attentional resources and the results of these 

investigations suggest our ability to pay attention is dependent largely on the 

availability of attentional resources (e.g., Wickens, 1980; 1984; 2002). Such theories 

assume that performance will decline if task demands exceed available capacity. 

Research in this area has investigated performance trade-offs between tasks and the 

effects of changes in task demands and participants' effort. 

3 

Resource theories of attention stem from human factors research and interest 

in the measurement of operator workload and from analogies with limitations of 

computers (e.g., Wickens, Isreal & Donchin, 1984). In contrast to structural theories, 

resource theories suggest that attentional resources exist that can be allocated to tasks 

as required by task and situation demands (Wickens, 2002). How resources are 

allocated is thought to be at least partially determined by cognitive control 

(Kahneman, 1973; Moray, 1967; Navon & Gopher, 1979; Norman & Bobrow, 1975). 

The total capacity of attentional resources is thought to be affected by arousal 

(Kahneman) including variations in arousal stimulated by task demands, task 

difficulty, and diurnal variations. 

Fluctuation in arousal is a natural physiological phenomenon (Monk, 1982). 

An individual's arousal level can affect performance in a number of areas. Low 

arousal associated with shift work (Colquhoun, Blake, & Edwards, l 968a, l 968b, 

1969), extended shifts (Rosa & Colligan, 1988) and sleep deprivation (Pilcher & 
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Huffcutt, 1996) has been found to impair performance on a variety of cognitive tasks. 

Increased arousal may also negatively impact on performance (Broadbent, 1963). 

Time-of-day fluctuations in arousal over the course of a day have been associated 

with fluctuations in performance (Blake, 1967a). Given that time-of-day is one of the 

factors reported to contribute to lowered arousal and loss of vigilance in drivers 

(Campagne, Pebayle, & Muzet, 2004) further understanding of the effects oftime-of

day on attention is important. Time-of-day variations in functioning occur due to 

changes in endogenous factors such as the internal clock as well as exogenous factors 

such as alternation in daylight and darkness (Carrier & Monk, 2000). Studies of 

biological rhythms show body temperature, cardiovascular function and some 

hormones exhibit circadian changes over a 24-hour period (Akerstedt & Gillberg, 

1990). Arousal and vigilance have been shown to decrease between 1300 and 1600 

and between 0100 and 0600, even after a normal nights' sleep (e.g., Gillberg & 

Akerstedt, 1998; Lauber & Kayten, 1988). This decrease in arousal is associated with 

increased accident rates during these times (Folkard, 1997). Therefore, it is important 

to understand how attention is affected by fluctuations in arousal across the day. 

According to cognitive-energetic models of attention (Hockey, 1996; Mulder, 

1986), energy invested in tasks must be considered when investigating the 

relationship between arousal and attention. Cognitive-energetic models suggest 

energy, or effort, invested in tasks is not always consistent with lowered arousal or 

sleepiness often compensated for by increases in effort invested in performance 

(Hockey, 1996). During periods of fatigue, performance has been shown to be 

maintained at non-fatigued levels via increased effort (e.g., Hockey, 1996; 

Kleinsorge, 2001). The term effort is used here to describe the motivational state of 

'trying hard' or being involved in a task. Maintenance of performance, despite 



debilitating influences such as fatigue, provides evidence for voluntary control of 

effort (Kleinsorge, 2001). Although the relationship between fatigue, effort and 

attentional performance has been investigated, there appears to be no published 

research on the relationship between variations in arousal across the day and 

modulation of effort in order to maintain performance. How this may affect resource 

allocation and resource capacity is unclear. 
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The literature addressing the effects of arousal and effort on attention is 

complex, partly due to the variety of meanings applied to each term. Capacity models 

of attention tend to focus on either the structure or volume of resource capacity. 

Models such as Kahneman's (1973) unitary capacity model suggest attentional 

resource capacity varies with arousal, such that when arousal is high, resource 

capacity will be greater than when arousal is low. According to Kahneman attentional 

resource capacity varies according to diurnal changes in arousal as well as moment

to-moment variations in arousal which may result from task parameters. 

While the effects of diurnal variations in arousal level have been found in a 

range of behavioural studies, the effects of time-of-day effects on 

psychophysiological measures of attentional resources, such as the ERP component 

P3, are generally considered weak (Polich & Kok, 1995). A number of factors may 

have contributed to the weak effects of time-of-day in previous ERP research. 

Previous ERP studies of time-of-day effects have used single-task paradigms which 

may not be optimal for investigating the effects of time-of-day on attentional 

resources. Secondly, previous ERP studies of the effects of time-of-day on attentional 

resources have not considered the role of voluntary effort invested in performance and 

the consistency of this across the day. 
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The present research addresses a number of factors which may affect attention 

while driving, including diurnal variations in arousal and voluntary modulation of 

effort. While these factors may individually affect driving performance, one of the 

aims of this research is to investigate how these factors affect allocation of attention 

and attentional resource capacity from a functional perspective, using both 

behavioural and psychophysiological measures. Conceptions of attention as a limited

capacity resource and its measurement using ERP dual-task paradigms will be 

outlined in Chapter 2 of this thesis. Chapter 2 also includes an outline of ERP 

methodology and ERP components relevant to attentional resource allocation 

research. Chapter 3 contains a review ofresearch on the effects of time-of-day and 

effort on attentional capacity (including both behavioural measures and ERP measures 

of attention). The research questions which follow from Chapter 3 will be discussed in 

Chapter 4 along with an outline of empirical methods for investigating these research 

questions. Three empirical experiments are detailed in Chapter 5. The first of these 

experiments (Experiment 1) is an initial investigation of the post-lunch dip and its 

effects on ERPs during dual visual tasks. Experiments 2 and 3 were conducted to 

clarify some of the unexpected results found in Experiment 1. In particular, the effects 

of the type of stimuli used were investigated along with investigation of the effects of 

task stimuli on ERPs under single and two dual-task conditions. Experiments 

investigating resource allocation at 0900, 1300 and 1700 during single and dual-tasks 

(Experiment 4) and effort invested in task performance at those times-of-day 

(Experiment 5) are described in Chapter 6. The aim of the experiments described in 

Chapter 7 was to determine whether the effects of pharmacological manipulation of 

arousal using caffeine would be consistent with the time-of-day effects found in 

Experiments 4 and 5. A summary of the findings of the seven experiments and a 
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discussion of their implications is contained in Chapter 7. 



Chapter 2 : ATTENTION AND ERP MEASURES OF ATTENTIONAL 
RESOURCES 

The following chapter examines the nature of attention, attentional resources, and the 

use ofERPs to investigate allocation of attentional resources. Particular focus will be 

on resource models of attention and the utility of the P3 component of the ERP 

(including P3a and P3b) as a measure of attentional resource allocation. A brief 

general overview will be given ofERPs, followed by descriptions of the ERP 
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components relevant to the empirical experiments described in Chapters 5-7. Relevant 

research will be reviewed with emphasis on research using dual-task paradigms in 

which ERPs are used to investigate visual attention resources. Manipulations of task 

difficulty and priority will be discussed in the current chapter; however the effects of 

other factors including arousal, time-of-day and effort will be reviewed in Chapter 3. 

The term 'attention' has been used to describe the perceptual and cognitive 

processing involved in the selectivity of information processing (Kinchla, 1992). 

Attentional processing occurs when information, or particular aspects of information, 

are processed more effectively and/or in preference to others. Information attended to 

is detected and discriminated more accurately, is better remembered, exerts greater 

control over motor responses, and receives a greater level of awareness than 

information that is not attended to (Kinchla, 1992). The nature of the attentional 

system has been investigated using a range of techniques including neuroimaging, 

electrophysiology, brain lesions, and mental chronometry. Despite the range of 

techniques, the precise nature of the attentional system remains unclear. Although the 

attention system is thought to be independent, it appears to interact with other systems 



and many regions of the brain. Attention appears to involve a network of anatomical 

areas, each of which performs a different function (Posner & Petersen, 1990). 
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An anterior attention system has been identified within the frontal lobe and a 

posterior system within the parietal lobe (Posner, 1995). During tasks which require 

awareness and conscious processing - such as attending to the meaning of words - the 

anterior system is activated (Posner, 1995). It is also activated during response

planning and selection. The posterior system involves the parietal lobe of the cortex, 

the lateral pulvinar of the posteriolateral thalamus and the superior colliculus (Zillmer 

& Spiers, 2001). During attention to spatial targets, the posterior system is activated, 

with the superior colliculus directing eye movements and the pulvinar of the thalamus 

aiding selection and filtering of relevant sensory information (Zillmer & Spiers). The 

right hemisphere appears to be specialized for attentional processing, in particular 

vigilance and maintaining alertness (Zillmer & Spiers). 

There appear to be limits to the mental resources used in attending to 

information. Over recent years, one of the major fields of attention research has 

viewed attention, and attentional selectivity, as the consequence of limited or 

insufficient processing resources or capacity (Wickens, 1984; 2002). The concept of 

limited capacity as a fundamental constraint on attentional processing is central to the 

study of attention by a wide range ofresearchers (e.g., Kahneman, 1973; Norman & 

Bobrow, 1975; Schneider, 1977; Treisman, 1988; Wickens, 1980; Wickens, 2002; 

Wickens, Kramer, & Donchin, 1984). According to limited capacity theories of 

attention, the brain is limited in its information processing capacity (Wickens, 1980). 

Because of this, the attentional system selectively attends to certain information. 

Through selective attention, the limited capacity mechanism is protected from 

overload (Broadbent, 1971). According to this view, the limitations of processing 



resources directly affect processing of sensory input with selected input receiving 

further processing and nonselected information receiving less (or no) further 

processing. 
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Early resource theories developed from awareness that filter theories (e.g., 

Broadbent, 1958; Treisman, 1969), which suggest sensory information is filtered 

either before perceptual input is recognized or categorized, or later after semantic 

categorization, could not apply to all tasks which require selective or divided 

attention. To address this, Moray (1967) proposed the existence of a central 

processing system which was limited in capacity and which could be shared between 

tasks. Based on Moray (1967), Kahneman (1973) developed a model of attention and 

effort. Kahneman (1973) conceptualised attentional resources as consisting of a 

single, undifferentiated supply ofresources, which sourced its energy from arousal 

and was therefore not a fixed supply. According to Kahneman, this supply of 

resources could be allocated to tasks as required; however ifthe demand for resources 

exceeded supply (as occurs during 'resource limited' tasks) performance would 

decrease. During a task which does not require full resources (known as 'data limited' 

tasks) the unused resources are available for meeting other demands, if required 

(Kahneman). If two or more tasks are completed concurrently, and the demands of the 

tasks exceed the supply ofresources, attention will increase (and hence resource 

supply will increase) or performance on one or both tasks will decline due to 

insufficient resources (Kahneman). One of the key features ofKahneman's model is 

his proposal that total capacity varies depending on levels of arousal and task 

demands. According to Kahneman, when arousal is high, total capacity will be greater 

than when arousal is low and capacity will increase to allow performance of resource 

demanding tasks. Kahneman suggests task demands and level of performance 



required determine the level ofresources required to perform a task, with little or no 

voluntary control ofresources by the person performing the task. 
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Sanders (1983) proposed a cognitive-energetic capacity model of attention 

which integrated Stemberg's (1969) stage theory with capacity models by 

investigating stress at different stages of processing. Stemberg's stage theory suggests 

information is processed in independent stages. Each stage is dependent on 

information received from previous stages. Processing within each stage is 

independent of processing of other stages and the total time for processing is the sum 

of the processing time of each stage (Sanders). Like Kahneman's (1973) model, 

Sanders' model combined both structural and energetic components. The structural 

component of Sanders' model describes the flow of information from stimulus to 

response. The energetic component differentiates between arousal, effort and 

activation, each of which is thought to be associated with activity in distinct brain 

circuits (Sanders). According to Sanders, involuntary factors contribute to arousal and 

activation while effort (in contrast to Kahneman's model) was thought to be under 

voluntary control. In addition, Sanders' model suggests arousal affects input stages of 

processing, including feature extraction and initial coding. Activation affects output 

stages related to motor adjustment and response selection. The arousal and activation 

systems were thought to be coordinated by effort which also mediated response 

selection. The effects of drugs, fatigue and other state variables were proposed to have 

specific effects on all three energetic mechanisms, rather than a general effect on 

processing (Sanders). 

The notion of a single undifferentiated supply of resources, as proposed by 

Kahneman (1973) and assumed by Sanders (1983), is problematic. Resource models 

such as Kahneman's and Sanders', which view attentional resources as stemming 
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from a single undifferentiated supply which can be allocated in various amounts to 

two or more different tasks depending on the demands of the tasks and voluntary 

allocation strategies, are referred to as unitary resource models. Such models provided 

the impetus for dual-task methodologies. During performance of multiple tasks, ifthe 

combined resource demands of the task exceed the available capacity, interference 

and mental overload will occur. Unitary resource models suggest the difficulty of the 

dual tasks is the main determinant of overall performance. Investigations of 

performance of concurrent tasks (dual-task research) suggest some tasks requiring 

controlled processing (active attention to stimuli) can be performed concurrently 

without performance decrements, indicating little interference of one task upon the 

other. Different combinations of dual-tasks also differ in their effects (Wickens, 1980; 

Wickens, 1984; Wickens, 2002). For example, Wickens et al. (1984) demonstrated 

that when stimulus or response modalities are different dual tasks are easier to 

perform together than when modalities differ. Brooks (1996) showed that a task 

embedding visuospatial and auditory-verbal components produced much less 

interference than a task embedding either two visuospatial or two auditory-verbal 

components. Such experiments demonstrated that interference could not always be 

predicted by the combined demands of dual-tasks on a single pool of resources. The 

complexity of performance decrements associated with dual-task performance has led 

to several multiple resource models of attention being proposed (e.g., Gopher, 

Brickner, & Navon, 1982; Wickens, 1984; Wickens, 2002). Multiple resource models 

have largely replaced the notion of a single undifferentiated resource (unitary resource 

models) as proposed by Kahneman (1973). Multiple resource models propose a 

number of specific resources, with some also proposing an additional central resource 

(Gopher, Brickner, & Navon, 1982; Wickens, 1984; Wickens, 2002). Multiple 
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resource models proved a useful basis for predicting which combinations of tasks can 

be performed efficiently together and which cannot. 

Wickens' (2002) multiple resource theory is currently one of the most 

comprehensive theoretical explanation for the effects of performing two or more tasks 

concurrently. Wickens' model was first proposed in 1980 (Wickens, 1980) and since 

then has been updated and elaborated upon (Wickens, 1984; Wickens, 2002). From a 

practical perspective, Wickens' multiple resource model makes predictions about the 

ability of humans to perform multiple tasks based on the task environment and 

characteristics and has been applied to a range of real-life situations (e.g., aviation 

Wickens, Helleberg, & Xu, 2002, driving a car Horrey & Wickens, 2004; Horrey, 

Wickens, & Consalus, 2006). From a theoretical perspective, Wickens' multiple 

resource model is important, due to its ability to predict levels of interference between 

concurrent tasks and its ability to account for dual-task performance variability that 

information processing models such as the bottleneck (Broadbent, 1958) and filter 

(Welford, 1967) theories have not been able to account for. Wickens' current model 

(2002) suggests several factors require important consideration in the design of dual

task experiments. These include a) task difficulty and the demands placed on 

resources by the task, b) task structure and the particular resources required (e.g., 

visual or auditory), and c) resource allocation policy, whereby more or less attention 

is allocated to a particular task (Wickens, 2002). Multiple resource theory proposes 

that tasks are characterised by processing stage (perceptual, central processing, 

responding), processing code (spatial, verbal), perceptual modality (visual, auditory), 

and visual channel (focal, ambient) (Wickens, 2002). Interference between tasks will 

increase as the extent to which competition for resources along each of these 

dimensions increases (Wickens, 2002). For example, little or no interference will 
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occur during simultaneous performance of a task which requires encoding and one 

which requires predominately response resources. However, dual-tasks involving 

similar types of processing (e.g., two tasks with heavy encoding loads) will result in 

interference effects (Wickens, 1984; 2002). Similarly, during the performance of two 

verbal tasks, interference will be greater than during the simultaneous performance of 

visual and auditory tasks (Wickens, 2002). This is particularly relevant to driving, 

where multiple demands are placed on visual attention (e.g., monitoring the road in 

front and behind the vehicle at the same time as monitoring gauges within the 

vehicle). If visual attention can only be allocated to one of the two tasks at any 

particular time, task performance will be affected on one or both tasks. 

Unlike Wickens' (2002) multiple resource model, Duncan (2006) suggests 

performance decrements during dual tasks result from biased competition for 

resources. Duncan uses the term 'biased competition' to refer to subjective attention 

to relevant information at the expense of attention to other information. According to 

Duncan's model, competition is biased to favour inputs that match task context. 

Visual biased competition occurs during 'partial report' tasks, where the participant is 

shown a display of targets (e.g., white letters) which are to be attended to (and 

reported on) and nontargets (e.g., black letters) which are to be ignored (Duncan). 

Increasing the number of targets reduces the probability of identifying each one 

(attentional competition). Bias due to task context is demonstrated when 

accompanying targets are changed to nontargets (Duncan). According to Duncan, the 

competition and bias elements of the theory can be investigated by manipulation of 

the inputs which must be simultaneously detected or identified (competition) and by 

determining how well irrelevant or nontargets can be ignored (bias). Competition is 

biased towards task relevant stimuli and is integrated between systems which code 



different properties of stimuli (Duncan). This results in a flexible, object based 

attentional system. Biased competition occurs within and between modalities and 

although competition is often specific to a modality, more global levels of 

interference may also occur (Duncan). 

Visual perception is influenced by attentional factors which operate at many 

sites in the brain from the early visual cortex through to higher-level areas in the 

frontal and parietal cortex (Driver, Eimer, Macaluso, Velzen, 2003). Visual inputs 

evoke different responses in the brain depending on endogenous top-down 

mechanisms (e.g., task-related goals), as well as sensory driven (bottom-up) 

mechanisms (e.g., competing stimuli in the visual field). Both bottom-up and top

down competition can modulate early visual processing (Driver, 2003). 
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Although task performance is generally assessed via RT and accuracy data, 

ERPs can be useful in understanding the nature ofresource allocation and capacity 

during performance of both single- and dual-tasks. ERPs are recordings of changes in 

electrical neural activity which are time-locked to presentation of stimuli. ERPs 

provide information on the time-course of processing (temporal information) as well 

as spatial information. Unlike other measures of attentional processing, ERPs are 

valued for their ability to reveal momentary changes in processing (in the order of 

milliseconds). ERPs provide relatively gross level spatial information which allows 

for general theorizing about brain mechanisms involved in various cognitive 

functions; however the scalp distribution of ERP activity does not necessarily 

correspond to the actual brain areas generating the signal (Fonaryova-Key, Dove, & 

Maguire, 2005). 

The latency of the P3 component of the ERP is often used to complement 

behavioural RT and as a measure of speed of information processing. Experimental 
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manipulations that effect stimulus classification time tend to slow both reaction time 

and P3 latency. Manipulations that delay response production and execution time 

mainly slow reaction time with little effect on P3 latency (Campbell & Colrain, 2002). 

Therefore, ERP findings are not always consistent with performance measures. Given 

that performance measures such as reaction time and accuracy are different measures 

of processing than those provided by ERPs consistency with performance measures 

should not always be expected. Inconsistency with performance measures should not 

be interpreted as error or a 'failing' ofERPs (Colrain & Campbell, 2007). 

ERPs generally consist of a series of voltage polarity changes which appear as 

positive and negative deflections in the ERP waveform. Each waveform typically 

consists of several components which are generated by parallel streams of neural 

activity. Components are defined as voltage contributions to the ERP and reflect 

functionally distinct processes occurring in specific cerebral areas. Components 

covary in response to specific experimental manipulations and are labelled according 

to their polarity (positive or negative) and timing (sequence or latency) (Fabiani, 

Gratton, & Coles, 2000). For example, Nl (or Nl 00) refers to the first negative peak 

in the waveform which generally occurs approximately 1 OOms after stimulus onset 

and P3 (or P300) refers to the third positive peak occurring approximately 300ms post 

stimulus onset. For the purposes of this review ERP components will be referred to 

according to sequence (i.e., P2, N2, P3, etc.). 

Scalp topography for each component differs depending on its neural 

generators. For each of the components described below, amplitude tends to be 

maximal over the midline and hemispheric differences have been found with greater 

modulation of the right hemisphere during attention based tasks (e.g., Dillon, Cooper 

et al., 2006; Fox, Court, Javitt, 2003). Increased modulation of the right hemisphere is 
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thought to reflect the central role of the right hemisphere (and in particular the right 

parietal cortices) during attention. Functional imaging ( fMRI) studies have confirmed 

the dominant role of the right parietal cortices in attention tasks (e.g., Weiss et al., 

2000). The sagittal distribution of each component will be outlined below in the 

description of each component. 

ERP components are described as being exogenous, mesogenous or 

endogenous. Exogenous components are obligatory and are sensitive to physical 

properties of external stimuli such as intensity and frequency (Fabiani et al., 2000). 

They reflect the transmission of activity along sensory pathways from peripheral 

receptors to central processing systems. Therefore, exogenous components are 

modality specific, with waveforms differing in shape and scalp distribution according 

to the sensory modality of the eliciting stimulus (Fabiani et al.). Because these 

components are obligatory, they are thought to be unaffected by arousal, 

psychological context or psychological state. Sleep and sleep deprivation have been 

found to have only a minimal effect on waking exogenous ERPs (Muller-Gass & 

Campbell, 2002). Endogenous components, such as the P3, occur approximately 100-

1 OOOms post stimulus onset and are though to reflect automatic, non-specific sensory 

information processing, stimulus information processing, short-term memory 

processes, selective attention and event anticipation (Rockstroh, Elbert, Canavan, 

Lutzenberger, & Birbaumer, 1989). Sleep and sleep deprivation have been found to 

have large effects on waking endogenous components (Muller-Gass & Campbell, 

2002). Components which share characteristics ofboth exogenous and endogenous 

components (depending on the stimuli which elicit them) are known as mesogenous 

components (Fabiani et al.). Mesogenous components generally occur approximately 

100-300ms post stimulus onset (e.g., Nl, P2) and are influenced by the physical 
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characteristics of stimuli and the nature of the interaction between the individual and 

the stimulus (Fabiani et al.). The effects of attention on ERPs vary depending on the 

sensory modality employed. Because the aim of this thesis was to investigate effects 

of time-of-day on visual attention, this will be the focus of the review on ERP 

components. Although ERP studies of sleep-onset have links with the research 

conducted for this thesis, thorough review of sleep-onset and ERPs (generally 

auditory ERPs) is beyond the scope of this thesis. 

A complex series of ERP waveforms peak between 50 and 350ms post 

stimulus. Many of these components overlap spatially and temporally. This makes 

their interpretation complex. The negative deflection NI is one of the most frequently 

studied components which occur during this period. Nl is preceded by the positive Pl 

and is followed by a later and larger peak known as P2. The Pl, Nl, and P2 are 

affected differently by experimental manipulation and are therefore functionally 

independent. Their scalp distributions also differ indicating they have different intra

cranial generators (Picton, Lins, & Scherg, 1995). 

Pl occurs approximately 70ms to 140ms post stimulus onset and reflects 

preferential attention to sensory inputs and suppression of information not attended 

(Fonaryova-Key et al., 2005). Pl is typically maximal at occipital regions. The visual 

Pl is thought to reflect early visual processing that is modified by voluntary shifts in 

attention (Mangun & Hillyard, 1991). Attentional modulation of Pl is thought to be 

generated in the ventrolateral and dorsal extrastriate cortex (Fonaryova-Key et al., 

2005). Consistent with this view, Pl is typically maximal at occipital sites (Clark & 

Hillyard, 1996; Hillyard, Luck, & Mangun, 1994). Pl amplitude and latency are 

sensitive to stimulus luminance (Johannes, Miinte, Heinze, & Mangun, 1995; Wijers, 

Lange, Mulder, & Mulder, 1997), visual field (Mangun & Hillyard, 1990), noise 
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suppression (Luck, 1995) encoding of form and colour (Mangun, Hillyard, & Luck, 

1993) and inhibition (Waldo, Gerhardt, Baker, & Drebing, 1992). As this component 

does not reflect processing which is relevant to the aims of this thesis it will not be 

reviewed further. 

Nl is the first negative component. The auditory Nl peaks approximately 80-

1 OOms post stimulus onset whereas the visual Nl tends to peak later, at approximately 

160ms post stimulus (Naatanen, 1992). Nl is generally maximal at fronto-central sites 

(Muller-Grass & Campbell, 2002). The Nl inverts in polarity over inferior, lateral 

regions and parietal regions. At temporal sites a later negativity which peaks at 

approximately 120ms may be observed. The Nl component is believed to consist of 

several subcomponents which differ in their scalp distribution (Naatanen & Picton, 

1987). Stimulus discrimination tasks produce large Nl amplitudes, although 

amplitude is reduced when presentation intervals are short (Ritter, Simson, & 

Vaughan, 1983; Vogel & Luck, 2000). Increased Nl amplitude has been attributed to 

enhanced processing of attended locations and the spatial properties of stimuli 

(Mangun, 1995). Changes in stimulus intensity influence Nl amplitude and latency, 

with greater amplitude and shorter latencies occurring as stimulus intensity increases 

(Naatanen & Picton, 1987). Parasuranam (1978; 1985) proposed that under high 

information load conditions, the visual Nl provides an index ofresource allocation. 

During a visual discrimination task, Vogul and Luck (2000) reported a general 

Nl discrimination effect which was broadly distributed across the scalp. They 

reported two distinct Nl effects with different time courses and scalp distributions. 

Naatanen and Picton (1987) suggest that Nl is generated by widespread brain regions 

such as the motor and premotor cortices and is influenced by the reticular formation 

and the thalamus. At very long inter-stimulus intervals the scalp distribution ofNl 
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changes from a frontal to central maximum distribution (Vogul & Luck). The latency 

of NI can be used as a measure of the onset of discriminative processing, including 

the onset of controlled discriminative processing. Vogul and Luck imply that timing 

of NI reflects the beginning of the performance of controlled, discriminative 

processing and the time at which information about abstract stimulus identity occurs. 

Because NI is an obligatory component, arousal is generally thought to have 

little effect on NI amplitude (Vogel & Luck, 2000); however NI amplitude has been 

found to decrease in response to auditory stimuli as participants fall asleep 

(Segalowitz, Velikonja, & Storrie-Baker, I994) and during REM sleep (Cote, Epps, & 

Campbell, 2000). In contrast, Vogel and Luck (2000) investigated the likelihood of 

NI being a reflection of arousal during speed-stressed and normal simple RT tasks 

and concluded it is unlikely that NI reflects arousal. Given that Vogul and Luck 

(2000) investigated NI and arousal manipulated via task demands (simple vs choice 

reaction time) it is not surprising their findings differ to those associated with changes 

in arousal due to sleep or falling asleep. 

P2 is a positive component which occurs approximately I50-250ms post 

stimulus onset and is generally maximal at the vertex (Cz) (Muller-Gass & Campbell, 

2002). This component shares both exogenous and endogenous properties and is 

therefore regarded as mesogenous. Compared to other components such as NI and P3, 

P2 has received relatively little research attention, particularly in the visual modality. 

As a result, the mechanisms which generate the component are unclear, as are its 

attentional correlates and functional significance (Crowley & Colrain, 2004). Early 

research tended to combine the NI and P2 peaks (measuring peak to peak) thereby 

reducing the opportunity to investigate the impact of endogenous factors on P2 

(Beagley & Knight, I967; Picton, Goodman, & Bryce, I970). Baseline to peak studies 
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of P2 amplitude in the auditory modality suggest P2 amplitude reflects stimulus 

intensity (Adler & Adler, 1989), stimulus pitch (Wunderlich & Cone-Wesson, 2001) 

inter-stimulus interval (Roth, Ford, Lewis, & Kopell, 1976), and stimulus 

classification (Garcia-Larrea, Lukaszewicz, & Mauguiere, 1992; Novak, Ritter, & 

Vaughan, 1992) whereby P2 amplitude tends to be greater to non-target stimuli than 

to target stimuli. P2 has been identified in studies using visual oddball-type tasks and 

during such tasks has been found to have a more frontocentral maximum than during 

auditory tasks. In the visual modality P2 has been found to reflect stimulus relevance 

and/or response generation processes (Kim, Kim, Yoon, & Jung, 2008). Until recently 

P2 was thought to not be influenced by task difficulty; however recent research by 

Kim et al. (2008) demonstrated that P2 amplitude increases during more difficult 

visual oddball tasks. Kim et al. concluded that the visual P2 reflects task demands and 

that as both discrimination between standard and target stimuli and evaluation of task 

relevance becomes more difficult, P2 increases in amplitude. In addition, Crowley and 

Colrain suggest P2 reflects attentiveness and arousal with increased attentiveness 

resulting in decreased P2 amplitude and reduced arousal associated with increased P2. 

The relationship between P2 and arousal will be further discussed in Chapter 3. 

A prefrontal positivity which occurs approximately l 80-300ms post stimulus 

and is largest over prefrontal sites and is enhanced by task-relevant stimuli, has been 

referred to as the P2a, FP, FSP, and P3£ It has been suggested these four terms 

describe the same component (Potts, 2004). Therefore, for the purpose of this thesis 

the above components will all be referred to as P2a. P2a has been found to occur in 

both the visual and auditory modalities (Potts, 2004). During a visual oddball task P2a 

was enhanced by target stimuli but not infrequent irrelevant stimuli. This component 



is thought to be generated in frontal and parietal cortical areas involved in visual

spatial orienting, and is thought to reflect stimulus evaluation (Potts, 2004). 
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The term N2 (or N200) refers to a group of negative components which occur 

approximately 200-300ms post stimulus onset. Scalp distribution and functional 

significance ofN2 differ according to sensory modality and experimental 

manipulations, with several types ofN2 described within each modality. N2 

amplitude has been interpreted as reflecting orienting, stimulus discrimination, target 

selection and task demands (Fonaryova-Key et al., 2005). N2 is sensitive to inter

stimulus interval, with smaller amplitude and shorter latency occurring during shorter 

inter-stimulus intervals (Polich & Bondurant, 1997). During auditory tasks, N2 is 

generally maximal at central or frontal sites, whereas during visual tasks it is 

generally maximal at occipital sites. N2 is thought to reflect the detection of a 

mismatch between stimulus features or between the stimulus and a previously formed 

template (Fabiani et al., 2000). 

N2 has been found to be larger for unexpected stimuli than for expected 

repeated stimuli (Chong et al., 2008; Fabiani et al., 2000). During a study in which the 

context of unfamiliar visual stimuli was manipulated, Chong et al. found that 

regardless of task instructions, stimulus context had significant effects on later ERP 

components but not on N2, indicating N2 is a relatively automatic process. Using a 

two stimulus visual task in which the first stimulus provided information about the 

second stimulus, Gehrig et al. (1992) found a frontally maximal N2 which was larger 

when the features of the second stimulus were inconsistent with the expectations 

created by the first stimulus, than when features were consistent. Similarly, N2 

amplitude tends to be greater under conditions in which there is a tendency to make 

an incorrect prepotent (go) response. For example, in a visual go/no-go task, where 
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participants are required to respond quickly to a frequent target (go) stimulus but also 

withhold responses to infrequent distractors (no-go) stimuli, N2 tends to be larger to 

no-go stimuli than to go stimuli (Kok, 1986). There is debate over whether N2 reflects 

the inhibition of the 'go' response (Kok); however it is generally agreed that the N2 is 

a marker of a general control process that operates in a variety of situations 

(Nieuwenhuis, Yeung, & Cohen (2004). 

P3 was first observed and reported by Sutton, Braren, Zubin, and John in 

1965. It is the most widely researched ERP component and has been observed in a 

wide variety of circumstances. It consists of two subcomponents, P3a and P3b and 

much of the research on P3 and its components has focussed on manipulation of 

stimulus probability and relevance using oddball paradigms (e.g., Polich & 

Bondurant, 1997). During the two-stimulus version of the oddball task, infrequent 

target stimuli (e.g., a small circle) are presented amongst more frequent common 

stimuli (e.g., a large circle). The three-stimulus version consists of target and common 

stimuli as used for the two-stimulus version, with the addition of infrequent distracter 

or novel stimuli (e.g., a large square). Participants are generally instructed to respond 

to target stimuli, while ignoring others. Almost invariably, target and novel stimuli 

elicit positive ERP components approximately 300-500ms post stimulus onset. These 

components are generally not elicited following common, frequently presented, non

target stimuli. Following target stimuli, this component is generally maximal at 

parietal sites, smaller at the central electrode and minimal at the frontal, and is known 

as P3b. The amplitude of P3 decreases as subjective probability increases (Donchin, 

1986) although Rosenfeld, Biroschak, Kleschen and Smith (2005) claim objective (or 

actual) probability as well as subjective probability are reflected in P3 amplitude. 

Johnson and Donchin (1982) found when frequent and infrequent tones were 
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presented to participants, presentation ofrare tones elicited a large, positive going 

ERP whose peak amplitude occurred approximately 300ms after the tone. When the 

probabilities of the tones were reversed, a larger P3 was elicited by the less frequent 

tone clearly indicating that probability impacts on P3 amplitude. Johnson and 

Donchin also found that when participants were instructed to count rare stimuli P3 

amplitude was larger than when participants were instructed to ignore rare stimuli, 

indicating that task relevance as well as stimulus probability affects P3 amplitude. 

During a tone counting experiment, Duncan-Johnson and Donchin (1977) found the 

effect of probability on P3 amplitude was greater than the effect of task relevance 

indicating that while task relevance is important, probability is the key determinant of 

P3 amplitude. 

The positive component elicited by novel stimuli is known as P3a. P3a 

amplitude and scalp distribution is known to vary depending on stimulus context 

(Chong et al., 2008; Comerchero & Polich, 1999; Goldstein, Spencer, & Donchin, 

2002; Katayama & Polich, 1998; Suwazono, Machado, & Knight, 2000) and the 

difficulty of discrimination between target and common stimuli (Hagen, 

Gatherwright, Lopez, & Polich, 2006). It is generally thought that responses to novel 

or distracter stimuli reflect involuntary attentional capture, in a similar fashion to that 

which might occur in 'real-life' when unexpected events occur (Friedman, Cycowicz, 

& Gaeta, 2001). P3a stems from engaging early focal attention during initial 

processing of new stimuli, whereas P3b stems from the comparison process which 

follows the initial processing. In his recent review of P3, Polich (2007) proposes 

neuro-inhibition as the basis of the P3 component. He suggests P3 reflects the 

transmission of neural inhibition of activity to enable transmission of stimulus 

information from frontal to temporal-parietal locations. This process over frontal 
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location is associated with P3a, while over temporal-parietal locations it is associated 

with P3b (Polich, 2007). 

Infrequent auditory and visual stimuli presented during a series of frequent 

stimuli, in the absence of a task, elicit a centro-parietal P3a (Polich, 2007). Two other 

components, the novelty P3 and no-go P3, appear to be related to the P3a, although 

many consider the novelty P3 and P3a to be functionally the same (Dien et al., 2004; 

Polich & Criado, 2006; Simons, Graham, Miles, & Chen, 2001). The novelty P3 is 

elicited when novel distracters (such as a blue square or dog bark) are interspersed 

with expected stimuli. The novelty P3 is maximal fronto-centrally, has a shorter 

latency than P3b (approximately 300ms) and decreases in amplitude following 

repeated stimulus presentation (Polich, 2007). The no-go P3 is elicited by non-novel 

repeated stimuli (such as tones and letters) used as distracters during three-stimulus 

oddball tasks. This component is maximal over central/parietal sites (Katayama & 

Polich, 1998). Research investigating the effects of manipulating target/standard 

discrimination difficulty on the amplitude of P3 elicited by a distracter (novel 

stimulus), has found when discrimination is easy the P3 component elicited is similar 

to the no-go P3, whereas when discrimination is hard the elicited component differs 

little from novelty P3 (Comerchero & Polich, 1998; Hagen et al., 2006). Polich (2007) 

and Friedman et al. (2001) suggest the P3a, novelty P3, and no-go P3, are variations 

of the one component which differs in topography according to task demands. For the 

purpose of this thesis, the term P3a will be used to refer to all three variants. 

Several views exist as to the processes which P3a reflect. The 'attention 

switching' account of P3a suggests P3a is elicited when novel or deviant events 

capture attentional resources and distract participants from the task-at-hand 

(Naatiinen, 1990). Barcelo and colleagues argue P3a reflects the call of an executive 
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control system to shift mental set or think differently (Barcelo, Escera, Corral, & 

Periafiez, 2006; Barcelo, Periafiez, & Knight, 2002). It has also been suggested P3a 

indexes decisions about the merit of allocating extra resources to potentially 

significant or deviant events (Daffuer et al., 2000; Daffuer et al., 1998). Despite these 

differing views, it is well established that P3a amplitude is dependent on the 

availability of processing resources, with P3a to novel stimuli in a secondary task 

reduced when a difficult primary task is completed, compared to that elicited during 

an easier concurrent primary task (Yucel, Petty, McCarthy, & Belger, 2005). 

The context-updating theory suggests P3b indexes brain activity associated 

with revision of mental representations of stimuli, with P3b amplitude being a marker 

for memory modification and learning processes (Donchin, 1981, 1986). That is, 

following initial sensory processing, the attention system compares current stimuli 

with schemas representing information about the environment held in long-term 

memory. (Donchin, 1981) If the current stimulus is the same as the previous stimulus, 

the schema of the stimuli is maintained and P3b is not elicited. In contrast, if a new or 

different stimulus is presented, attentional resources are allocated to the new stimulus, 

and the neural representation of the stimulus context is updated. This process results 

in P3b being elicited, as well as earlier sensory components. Numerous studies have 

reported that stimulus probability affects P3b amplitude, with amplitude increasing as 

probability decreases, and improbable events are integrated into environmental 

schemata (Donchin, Miller, & Farwell, 1986; Sommer, Leuthold, & Matt, 1998). 

Verleger (1988) suggests that rather than P3b being inversely proportional to 

the expectedness of a stimulus, as suggested by Donchin (1981; 1986), P3b amplitude 

is directly proportional to the conscious 'awaitedness' of the eliciting stimulus. 

According to V erleger' s context closure model, P3b amplitude represents the excess 
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activation which occurs in the parietal regions once perceptual processing is complete 

and contexts have been closed. It is not clear ifDonchin regards P3b as requiring 

conscious processing; however Johnson and Donchin (1982) indicate P3b amplitude 

is affected by an automatic and unconscious frequency detecting mechanism. In 

contrast, Picton (2002) suggests that because undetected or ignored auditory stimuli 

tend to not elicit P3b it must necessarily reflect some aspect of conscious detection or 

'awareness' of target stimuli. Research investigating whether subjective probability is 

conscious, and how this relates to P3b, have concentrated on the effects of various 

sequences of randomly ordered stimuli. Chesney and Donchin (1979) found no 

relationship between predictions and P3b amplitude whereas Munson et al (1984) 

found unexpected stimuli, which were inconsistent with predictions, elicited larger 

P3b than those which were consistent with predictions. Despite this finding, it is 

generally agreed that it is subjective rather than objective probability that determines 

P3b amplitude. 

The latency of P3b is used by many ERP researchers to complement 

behavioural measures ofreaction time and as a reflection of the timing and duration of 

various stages of information processing (Donchin & Coles, 1988). Speed of stimulus 

classification and cognitive efficiency are thought to be reflected in P3b latency, with 

earlier peak latencies reflecting more efficient processing than later ones (Kok, 1997). 

Increasing the difficulty of target stimulus identification increases P3b latency (Kutas, 

McCarthy, & Donchin, 1977). In contrast, increasing difficulty of response selection 

does not affect P3b latency (Magliero, Bashore, Coles, & Donchin, 1984). These 

findings have led to the suggestion that P3b latency reflects perceptual processing and 

categorisation time, independent ofresponse selection, execution and reaction time 

(Kutas et al., 1977; McCarthy & Donchin, 1981. Studies in support of the 
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interpretation of P3b as reflecting stimulus classification speed and cognitive 

efficiency find negative correlations between neuropsychological tests of immediate 

memory performance and peak P3b latency (Polich, Howard, & Starr, 1983; 

Reinvang, 1999). Processes that affect stimulus classification will alter both reaction 

time and P3b latency. However, later response-related processes (including response 

bias confidence, production, and execution) will affect reaction time, but have 

minimal effect on P3b latency (Donchin & Coles). 

P3b amplitude tends to be proportional to the amount of attentional resources 

allocated to the task (Johnson, 1986) and is therefore sensitive to the amount of 

attentional resources engaged during dual-task performance (Wickens, Isreal, & 

Donchin, 1977). In a dual-task situation, any diversion of processing resources away 

from the task to which ERPs are recorded will lead to a reduction in P3b amplitude. 

During ERP dual-task investigations of resource allocation, ERPs are recorded to one 

of two tasks which are performed concurrently and task difficulty and/or priority are 

often manipulated. P3b amplitude has been found to decrease during dual-tasks 

(relative to single-tasks) indicating fewer resources are available for processing the 

ERP task when another is being performed concurrently. For example, Wickens et al. 

(1977) found P3b (referred to as P300) amplitude to counted tones decreased when a 

visual tracking task was performed concurrently with the counting task. However, 

increases in the difficulty of the tracking task did not lead to further reduction in P3b 

amplitude (Isreal, Chesney, Wickens, & Donchin, 1980). This indicates P3b reflects 

processing resources associated with perceptual processing and stimulus 

categorization, but not response related processes. Polich (2007) suggests decreases in 

P3b during difficult tasks and/or dual-tasks reflect limitations of attentional resources 

to resist inhibitory control. During priority manipulations, participants are instructed 
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to alter the level of attention given to each task, such that each task is designated as 

having primary or secondary priority. ERPs recorded from the secondary task are 

assumed to reflect the resources not required by the primary task. During task 

difficulty and priority manipulations, it is assumed that as the difficulty or priority of 

a task increases, more resources will be allocated to the difficult or high priority task, 

leaving fewer resources available for the remaining task. This generally results in 

performance decrements and/or reduction in P3b amplitude; however according to 

multiple resource theory (Wickens, 1984; Wickens, 2002) the extent to which this will 

occur depends on the degree to which the two tasks require the same pool of 

resources. For example, Wickens et al. (1977) found that increasing the difficulty of a 

primary visual tracking task did not reduce the amplitude of P3b to an auditory 

oddball secondary task. This finding is supported by Isreal et al. (1980) who failed to 

find effects of tracking difficulty on P3b amplitude to a secondary task. In contrast, 

other studies have found that increasing primary task difficulty significantly reduces 

P3b amplitude to the secondary task (e.g., Isreal, Wickens, Chesney, & Donchin, 

1980; Kramer, Sirevaag, & Braune, 1987; Kramer, Wickens, & Donchin, 1983). The 

inconsistency of the effects of task difficulty has been attributed to the type of 

resources demanded by the tasks (Wickens, 1984). In studies where effects of 

difficulty have not been found, the difficulty manipulations have varied demand on 

response-related resources. In contrast, studies which have found significant effects of 

difficulty have manipulated demands on perceptual-central resources (Kok, 2001). 

During dual-task research where task priority is manipulated, instructions are 

given to participants to vary their level of attention to either the primary or secondary 

task. For example, Hoffman, Houck, MacMillian, Simons, and Oatman (1985) 

manipulated priority by instructing participants to allocate 90%, 50% or 10% of their 
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attention to either a memory search or a dot-detection task. Performance on each 

became less accurate, and P3b decreased, when greater priority was given to the other 

task. The reduction of P3b amplitude suggests fewer resources were available for the 

non-priority task when instructions were given to prioritise the alternative task 

(Hoffman et al). The research findings that P3b decreases with increased task 

difficulty and decreases when priority is given to an alternative task suggest that P3b 

indexes limited capacity resources required by the tasks. 

P3b is also sensitive to a range of biological and environmental variables 

including arousal (Kok, 1997; Pribram & McGuinness, 1975). In a review of the 

biological and cognitive determinants of P3b, Polich and Kok (1995) indicated 

circadian and ultradian rhythms, food intake, morning/evening activity preferences, 

exercise, sleep deprivation, caffeine, nicotine and alcohol impact on P3b amplitude 

and latency. Therefore, when not directly investigating these factors, it is important 

they are controlled. The effect of arousal and biological rhythms on P3b and other 

ERP components will be reviewed in detail in the following chapter. 

In conclusion, capacity models of attention have been prominent in research 

investigating limitations in human attentional processing. Early models of attentional 

capacity described a single, central resource. However, dual-task investigations of the 

effects of task similarity on performance support multiple resource models. During 

the performance of single-tasks, resources not required may be either not used or be 

diverted to irrelevant stimuli. Because of this, dual-task paradigms designed to 

overload attentional resources have the potential to be more sensitive than single-tasks 

to changes in state. Therefore, dual-task investigations ofresources are particularly 

important in determining the effects of environmental and internal conditions, 

including the effects of noise, arousal and drugs on attention. Although behavioural 
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measures (such as RT and accuracy) are useful measures ofresource allocation, 

research investigating subtle changes in resources allocation (such as may occur 

across the course of a day) would be enhanced by the combination of both 

behavioural and psychophysiological measures. In particular, investigation of P3a and 

P3b under single and dual-task conditions, with task priority and/or difficulty 

manipulations, may be more sensitive to time-of-day effects on resource allocation 

than single-task research. 



Chapter 3 : THE EFFECTS OF TIME-OF-DAY AND EFFORT ON 
ATTENTIONAL RESOURCES 

According to capacity models of attention, performance on attention based tasks is 

dependent on attentional resource supply. Attentional resource supply and the 

allocation ofresources are affected by a number of factors, including arousal and 

effort. Kahneman (1973) suggested there are both involuntary and voluntary 

components ofresource allocation. The involuntary component is influenced by 

arousal (Kahneman, 1973) and the voluntary component is affected by the level of 

effort an individual applies to a task as well as by the strategies the individual uses 
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(Hockey, 1997; Wells & Matthews, 1994). The interaction between the need for sleep 

(homeostatic sleep pressure) and circadian rhythms affects arousal. This interaction_ 

results in variations across the day in performance of a wide range of tasks (Carrier & 

Monk, 2000). It has been suggested that performance decrements associated with 

suboptimal arousal may be compensated for by increases in voluntary effort invested 

in task performance (Hockey, 1997). The current chapter focuses on the effects of 

circadian rhythms and effort on performance and ERP components. It reviews current 

literature in the field and concludes by identifying areas for future research. Although 

research on total sleep deprivation is linked to research on time-of-day variations in 

arousal, the scope of this thesis does not warrant extensive review of sleep deprivation 

research. 

Traditional theories of arousal conceptualize it as a unidimensional construct, 

with the different factors affecting arousal acting on the same underlying 

psychological processes. Yerkes and Dodson (1908) described the relationship 
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between arousal and performance as an inverted U-shaped function. Arousal was 

assumed to reflect the general state of activity of the central nervous system ranging 

from deep sleep to excitement (Hebb, 1955). More recent and elaborate ideas of 

arousal indicate that general arousal is supported by several distinct arousal systems 

that are influenced by external and internal factors. In addition, general arousal is 

regarded as a prerequisite for, and modulator of, the activation of specific motor and 

cognitive systems (Fisher, Langer, Birbaumer & Brocke (2008). Arousal is thought to 

be reflected by tonic cortical negativity, with high arousal associated with strong 

negativity (Bechtereva, 1974). This has been demonstrated in studies of sleep 

deprivation and other factors which influence general arousal (e.g., Hoffinann, 

Bonato, Armitage, & Wimmer, 1996), with better performance associated with larger 

tonic cortical negativity. Consistent with Yerkes-Dobson, extremely high and 

extremely low tonic cortical negativity have been found to be associated with poor 

performance (Pauli, Schleichert, Bourne, & Birbaumer, 1998). 

In his model of the relationship between attention and arousal, Kahneman 

(1973) stated arousal impacts on total capacity of attentional resources available for 

processing, with capacity greater when arousal is high than when arousal is low. In 

addition, Kahneman's model suggests total capacity is also affected by feedback from 

tasks being performed. That is, when task demands increase, processing resources 

supplied by arousal mechanisms increase, up to a finite limit. This model suggests 

that arousal reflects effort invested in task performance. Research investigating the 

effects of changes in arousal tend to manipulate arousal by 1) testing participants 

during different states which occur naturally (such as comparing performance at 

different levels of sleepiness, or at different times of the day or night), 2) varying 
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cognitive load, noise, or stimuli to alter arousal leve~ or 3) physiological intervention 

via administration of drugs known to affect cortical activation (e.g., caffeine). 

Cyclical variations in arousal have been found to be associated with variations 

in performance on a range of tasks. K.leitman (1963) linked early research 

investigating optimal time-of-day and academic performance with research on 

circadian fluctuation of human behaviour. Kleitman suggested a parallelism between 

circadian rhythm in body temperature and time-of-day effects in performance for 

simple repetitive tasks involving motor activity and low cognitive load (e.g., card 

sorting, mirror drawing). The results showed strong performance rhythms which were 

maximum at midday and minimum early in the morning and late at night, and which 

followed changes in temperature rhythm (Kleitman, 1963). Colquhoun (1971) 

investigated reaction time tasks and vigilance tasks and concluded that diurnal 

fluctuations in performance were mediated by a circadian rhythm in arousal. More 

recent research has indicated that under normal conditions, there are many 

performance rhythms. Folkard (1983) concluded that the best time to perform a task 

depends on the nature of the task. 

Time-of-day variations in arousal and performance are thought to be generated 

by changes in the interaction between homeostatic sleep pressure and the circadian 

pacemaker (Borbely, 1992; Carrier & Monk, 2000; Schmidt et al., 2007). Borbely and 

Achermann (1999) describe this as the two-process model of sleep regulation. This 

model has undergone a number of modifications based on the analysis of studies of 

waking EEG (to delineate homeostatic and circadian processes) and studies of REM 

sleep homeostasis. Although minor alterations to the shape of thresholds have 

occurred, the basic original two-process model has not changed. 
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Homeostatic sleep pressure reflects the pressure to sleep. This pressure 

increases with time spent awake and decreases during sleep (Dijk & Czeisler, 1995). 

The circadian pacemaker produces a rhythm which occurs regardless of whether a 

person is asleep or awake and is synchronised to external time. In humans, circadian 

phase is reflected in core body temperature, plasma cortisol levels and melatonin 

secretion. Interaction between circadian rhythm and homeostatic sleep pressure are 

the main determinates of alertness, sleepiness and fatigue, at any given time. Low 

circadian propensity for sleep prevents sleep during the early evening when the 

homeostatic pressure for sleep is high. When both homeostatic pressure for sleep and 

circadian propensity for sleep are high we fall asleep, whereas when sleep pressure 

and sleep propensity are low we wake up (Schmidt et al., 2007). Performance may 

alter across the day due to changes in homeostatic sleep pressure, circadian timing, or 

a combination of the two processes (Carrier & Monk, 2000). However, the pattern of 

the effects of these changes on performance varies according to task characteristics 

(including type of task, task complexity and task difficulty) and individual differences 

(including age and moming/eveningness) (Carrier & Monk, 2000). Although 

decreased arousal and alertness are generally associated with slowed processing and 

decreased accuracy (Dinges & Kribbs, 1991), Carrier and Monk suggested time-of

day effects are complex, with optimal time for peak task performance depending on 

the nature of the task. 

According to Borbely and Achermann (1992), three basic processes underlie 

arousal and sleep regulation. The first is the homeostatic process which mediates the 

rise of sleep propensity during waking and its dissipation during sleep. The second is 

the circadian (over approximately 24-hours) process, which is a clocklike mechanism 

which is independent of prior sleep and waking. This circadian process determines the 
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alternation of periods of high and low sleep propensity. The third process, known as 

the ultradian process, occurs during sleep and is represented by the alternation of non

REM sleep and REM sleep (Borbely & Achermann, 1999). Borbely (1980; l 982a) 

developed his two-process model of sleep regulation to account for patterns of sleep 

in rats, which was later applied to human sleep Borbely (1982b). The model 

postulates that the homeostatic process (derived from EEG slow-wave activity) rises 

during waking and declines during sleep and that it interacts with the circadian 

process. From this model, timing of human sleep during a variety of schedules was 

able to be predicted (Daan & Beersma, 1984). The homeostatic facet of the model was 

elaborated by Achermann and Borbely (1990) so that in addition to the timing of sleep 

and waking, the time course of day-time vigilance could be accounted for by the 

interaction of the homeostatic and circadian processes. Folkard and Akerstedt (1989; 

1992; 1997) further modified the model by including the ultradian variations of slow

wave activity so that changes of daytime alertness, which result from a combination 

of action of a homeostatic process, a circadian process, and a sleep inertia process, 

could be simulated. Therefore, although the sleep factor predicts that sleepiness 

increases with time awake, the impact of circadian influences, which peak in the early 

morning and early afternoon, result in an increase in sleepiness at these times. 

Variations in arousal and cognitive performance across the course of a day 

have been measured using self-assessment scales, physiological measures such as 

EEG and ERPs, and performance tests. Research investigating the effects oftime-of

day on subjective alertness and sleepiness assess these factors via self-report measures 

including visual analogue scales and Likert scales such as the Karolinska Sleepiness 

Scale (Akerstedt & Gillberg, 1990) and the Stanford Sleepiness Scale (Hoddes, 

Dement, & Zarcone, 1972). Identical peaks and troughs have been reported in 
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subjective alertness and core body temperature (Frazberg, 1977). This finding 

supports the notion that the effect of underlying circadian rhythms on core body 

temperature has a major effect on alertness (Schmidt et al., 2007). Subjective alertness 

parallels objective measures of vigilance, with both low in the late evening (Carrier & 

Monk, 2000). 

Although it would appear logical that impaired alertness would also impair 

attention, enhanced alertness does not always enhance performance. The results of 

studies which have investigated the relationships between subjective alertness and 

objective measures of performance are inconsistent. This has been attributed to the 

multidimensional nature of attention (Schmidt et al., 2007). The circadian pacemaker 

and the homeostatic sleep drive differentially impact on performance according to the 

particular aspect of attention being investigated (Kraemer et al., 2000). Optimal 

performance on nearly all cognitive tests requires the capacity to sustain attention. 

Circadian influences on vigilance and sustained attention has been measured using the 

Psychomotor Vigilance Test. Using constant routine and forced desynchrony 

paradigms, vigilance performance has been found to be fairly stable across the normal 

day (Cajochen et al., 1999). Despite stability of performance across the day, Cajochen 

et al. found performance deteriorated during the night and improved somewhat the 

following day. Stability of performance across the day (as found by Cajochen et al.) 

has been attributed to the circadian drive opposing increased pressure for sleep 

(Schmidt et al., 2007). Although Cajochen et al. found no clear time-of-day effects on 

vigilance, Schmidt et al. indicate caution should be taken when interpreting these 

results due to methodological issues which resulted in conditions being confounded. 

During a sleep deprivation study, De Gennaro, Ferrara, Curcio and Bertini 

(2001) found a parallelism between core body temperature rhythm and performance 
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in a range of selective attention tasks. This parallelism was found to be particularly 

strong during performance of tasks with a high cognitive load and in particular those 

tasks that had a high working memory load. Similarly Casagrande, Violani, Curcio, 

and Bertini (1997) found a three-target letter cancellation task was more sensitive than 

a two-letter cancellation task. Van Eekelen and Kerkho f (2003) investigated circadian 

rhythms in divided attention during a controlled 27-hour sleep deprivation study using 

a tracking pursuit task and a self-paced memory search task. There was little variation 

in performance across the day; however a linear decrease in performance occurred 

during the night and an increase the following morning. Hidalgo, Zanette, Pedrotti, 

Souza, Nunes and Chaves (2004) used a digit span task and a visual memory task to 

assess time-of-day effects in young adults and found no significant effects. 

Despite the lack of time-of-day effects mentioned above, other recent studies 

have found evidence ofrhythms in performance across the day. For example, 

Kraemer et al. (2000) found when tested across the normal working day, performance 

on a number facility test peaked at noon. Bonnefond, Rohmer, Hoeft, Muzet, and 

Tassi (2003) found performance for both young and old participants on a visual 

discrimination task varied when tested across the day and evening. 

Following a comprehensive review of time-of-day fluctuations in performance 

measures of cognitive functioning, Schmidt et al. concluded that time-of-day 

modulations affect performance on a range of cognitive tasks and that performance 

fluctuations are dependent on intraindividual differences in circadian preferences as 

well as physiological variables. Some tasks are particularly vulnerable to time-of-day 

effects, while others are not. Schmidt et al. concluded that it is unclear whether 

different tasks which involve a range of cognitive processes or which differ in 

difficulty are genuinely affected by time-of-day. 
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Interpretation of much of the literature investigating circadian rhythms, 

particularly that related to early research in the field, is limited due to methodological 

constraints. Most early circadian rhythm research assumed that motivation does not 

differ across the day and that participants perform at the same level of efficiency at all 

testing occasions (Schmidt et al., 2007). Because motivation and/or effort are rarely 

measured in time-of-day research, the possibility that changes in performance across 

the day reflect fluctuations in motivation and effort exists. In addition, fatigue arising 

from the performance of the task itself is rarely accounted for. While the range and 

number of tasks is frequently limited in order to limit performance fatigue, this 

imposes constraints on the type of tasks used and the frequency with which 

performance at it can be measured. Further, this limits the extent to which the detailed 

nature of any circadian trend can be described. Whereas fatigue often degrades task 

performance, repeated practice will enhance it thereby being problematic for research 

using within subjects designs. Although attempts are often made to control this by 

varying initial testing times, this adds the additional problem of the effects of 'sudden 

awakening' of individuals or sleep deprivation. 

In an extensive investigation of diurnal rhythms in performance, Blake 

(1967a; 1967b; 1971) found performance on serial RT, auditory vigilance, card 

sorting, letter cancellation and simple arithmetic tasks consistently improved across 

the day, with the exception of the post-lunch period. Body temperature was found to 

increase across the day along with these performance measures, peaking at about 

2100. In contrast, short term memory tasks, including digit span, were found to be 

performed better early in the day (Blake, 1967). Colquhoun (1982) suggests it is 

possible that the late peaking of performance observed by Blake (1967a) was due 

partly to an exceptionally large 'end-spurt' or 'last test of the day' effect and/or may 
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have been specific to the particular type of participants used. Hockey and Colquhoun 

(1972) suggested tasks with a heavy memory load are performed better earlier in the 

day, while those requiring more immediate processing follow a direct relationship 

with body temperature, with performance peaking later in the day. According to 

Smith (1992), performance of a range of tasks follows circadian rhythms because 

these tasks are either facilitated or impaired by arousal. Tasks which do not require 

complex information processing, but require physical effort, including tasks which 

require tapping and card sorting, also follow circadian rhythms (Smith, 1992). Such 

tasks appear to follow changes in secretion of adrenaline, which peaks in the early 

afternoon (Aschoff, Giedke, Popple, & Wever, 1972; Froberg, Karlsson, Levi, & 

Lidberg, 1975; Gautherie, 1973). 

Effects of time-of-day on attention depend on the particular aspect of attention 

being investigated (Valdez et al., 2005). Vigilance and selective attention have been 

found to be sensitive to circadian phase (Broadbent, Broadbent, & Jones, 1989; 

Dinges et al., 1997; Lotze, Treutwein, & Roenneberg, 2000) with performance on the 

Psychomotor Vigilance Test (Dinges & Powell, 1985) and similar tasks showing 

circadian rhythms (Monk, 1997). Similarly, visual search has been found to be 

sensitive to circadian rhythms (De Gennaro et al., 2001; McDougall, Tyrer, & 

Folkard, 2006) as has divided attention (Van Eekelen & Kerkhof, 2003). For example, 

Van Eekelen and Kerkhof (2003) found performance on a divided attention task 

deteriorated across the day and evening then increased during the following morning. 

According to (Schmidt et al., 2007) additional research is needed to determine the role 

of circadian rhythms on various aspects of attention. 

The roles of task complexity and task difficulty in time-of-day effects appear 

complex and have attracted research attention in recent years (e.g., Blatter, Opwis, 



41 

Miinch, Wirz-Justice, & Cajochen, 2005; Drummond, Brown, Salamat, & Gillin, 

2004; McDougall et al., 2006; Van Eekelen & Kerkhof, 2003). Time of peak 

performance has been found to vary depending on task complexity (Folkard, Knauth, 

Monk, & Rutenfranz, 1976; Folkard & Monk, 1980; Monk et al., 1983). Both simple 

(e.g., psychomotor vigilance task) and complex (e.g., Wisconsin Card Sorting Test) 

tasks have been found to be sensitive to circadian rhythms (Dinges & Powell, 1985; 

Jones & Harrison, 2001). The nature of effects, however, differ. Performance of 

simple repetitive and serial search tasks tend to follow changes in core body 

temperature and peak during the evening (Colquhoun, 1981; Monk, 1982). 

Performance of more complex tasks, such as logical reasoning, peaks during the late 

morning (Folkard, 1975). For example, Folkard et al. (1976) found different patterns 

of performance across rotating shifts on a complex visual search task compared to a 

more simple visual search task. Similarly, during research investigating planning 

performance, Blatter et al. (2005) found significant effects of circadian rhythms 

during a difficult version of a maze tracing task but not during a simpler version. 

During a study of visual search performance, McDougall et al. (2006) found speed of 

search for items during a complex visual search task was slower post-lunch (1500) 

than earlier and later in the day. This did not occur during a simpler visual search task. 

Van Eekelen and Kerkhof (2003) investigated the effects of time-of-day on 

performance of single and dual-tasks, using a visual tracking task combined with a 

memory task and found, in contrast, task complexity did not impact on time-of-day 

effects. Similarly, Bratzke, Rolke, Ulrich, and Peters (2007) found time-of-day effects 

during dual (auditory and visual) psychological refractory period paradigm tasks did 

not differ from typical results using single RT tasks. Blatter and Cajochen (2007) 

suggested task complexity and task difficulty should be considered during research 
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investigating time-of-day effects, not only to determine how time-of-day affects tasks 

of differing complexity and difficulty, but also to avoid ceiling effects and meet 

subjects' ability to perform. 

In addition to the underlying circadian and homeostatic processes, a range of 

factors, including age, motivation, stress, food intake, caffeine and physical activity, 

impact on time-of-day patterns of performance. For example, children's mental 

arithmetic performance has been found to peak during the early morning whereas for 

young adults this type of performance has been found to peak in the evening (Blake, 

l 967b ). These factors may mask circadian influences, with mechanisms such as 

motivation potentially overriding or compensating for circadian fluctuations (e.g., 

Kraemer et al., 2000; Mavjee & Home, 1994). In a comprehensive study oftime-of

day variations in a range of measures of attention, Kraemer et al. found significant 

time-of-day differences in a number of measures occurred for both sleep-deprived and 

non-sleep-deprived participants. When alertness was measured using pupillometric 

variables, including pupil diameter, alertness peaked at 0700 and 2100. However, 

when alertness was measured using self-assessment scales and tasks requiring 

complex cognitive abilities, alertness peaked between 1100 and 1500. Although 

Kraemer et al. did not find significant differences in RT measures, they suggest 

feedback during the task encouraged participants to suppress circadian variations in 

attention and hence compensate for fluctuation in levels of wakefulness. Therefore 

motivational factors which may affect effort applied to the task need to be taken into 

account when drawing conclusions about time-of-day effects. 

Time-of-day, via its effects on arousal, may affect the ability to maintain 

alertness to high priority stimuli. Ability to maintain alertness to high priority stimuli 

has been a prominent aspect of safety research and research findings indicate that 
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although responses are generally faster when participants are in an alert state this is 

often offset by lower accuracy (increased error rate). In contrast, when alertness is 

low, error rates are frequently high due to the input of poorer quality information. 

According to Posner and Peterson (1990), alertness does not affect information in the 

sensory or memory systems, but it does affect the rate at which the attentional system 

can respond to information. Posner concluded that information about the classification 

of stimuli is processed at the same rate regardless of level of alertness but when 

arousal is high responses occur more rapidly and are based on reduced quality of 

information, which then results in greater error rates. Therefore, it seems that alertness 

does not affect the uptake of information, but does affect rates ofresponse to the 

information. This suggests during ERP studies of time-of-day, significant effects on 

RT and ERP components which reflect responses to information (e.g., the 

classification of stimuli reflected in P3a and P3b) may occur, whereas effects on early 

sensory ERP components are less likely. 

Sleep propensity appears to increase during the early-mid afternoon and is 

reflected in the 'afternoon siesta' (Carrier & Monk, 2000). The propensity for sleep at 

this time is thought to be a universal phenomenon (Monk, 2005) and has been found 

in temporal isolation and constant routine studies where naps have been found to be 

clustered around 1400 (Campbell & Zulley, 1989; Carskadon & Dement, 1992). 

Variations in performance in the early afternoon, compared to other times of the day, 

have been referred to as the 'post-lunch' dip in performance. The post-lunch dip has 

been found to be enhanced by eating high carbohydrate food; however it can also 

occur in the absence of food (Blake, 1971; Carskadon & Dement, 1992; Monk, 

Buysse, & Reynolds, 1996). Broughton (1998) suggested the post-lunch dip 

phenomenon occurs due to increased sleep propensity being overwhelmed by 
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circadian arousal processes. Blake (1967b; 1971) found clear evidence of post-lunch 

dips in performance of simple and choice RT, vigilance, card sorting, mathematical 

calculations, serial search, and signal detection tasks. Craig, Baer, and Diekmann 

(1981) found performance on a size-judgment task was impaired post-lunch, even 

when only a light lunch was consumed and Colquhoun (1971) found evidence ofpost

lunch performance impairment in mental efficiency in the absence of a meal. 

Comparison of performance in the early afternoon after consuming a meal, compared 

to non-consumption, has failed to show a strong effect of meal consumption on 

performance (Christie & McBrearty, 1979; Simonson, Brozek, & Keys, 1948). This 

suggests the post-lunch dip in performance reflects endogenous rhythms rather than 

consumption of a meal. However, a number of studies suggest there are both 

endogenous and exogenous components of the post-lunch dip in performance (e.g., 

Craig et al., 1981; Smith & Miles, 1986), which are related to the nature of the task. It 

appears that performance of short tasks will be affected by early afternoon changes in 

circadian rhythms and are not related to the consumption of food, while an early 

afternoon dip in performance of sustained attention tasks will only occur following 

food consumption. 

The post-lunch dip has been found in the performance of a range ofreal-life 

tasks including driving, reading meters, detecting warning signals (Smith & Kendrick, 

1992), and operating switchboards (Browne, 1949). Folkard, Monk, and Labbon 

(1978) reported an increase in frequency of minor accidents in a hospital during the 

post-lunch period and a number ofresearchers have reported increases in vehicle 

accident rates during the early afternoon (even when traffic density is accounted for) 

(e.g., Home & Reyner, 2001; Langlois, Smolensky, Hsi, & Weir, 1985; Lavie, 1991; 

Mitler et al., 1988). Similarly, Lenne et al. (1997) reported poorer driving early in the 
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afternoon, compared to performance at 1 OOO and 2200 during a simulated driving 

task. According to Lenne et al., the magnitude of impairment of driving performance 

early in the afternoon was of a similar magnitude to that occurring at 0600 and 0200. 

The post-lunch dip in performance found by Lenne et al. occurred for all measures of 

performance, including deviation oflateral position and speed, and RT to a secondary 

task. The reported decrement in driving performance during the early afternoon 

compared to 1000 (Lenne et al.) is consistent with Borbely's (I992) model of 

sleepiness which predicts that due to a combination of 'time since awakening' and 

circadian influences, lower arousal is experienced in the early afternoon compared to 

mid morning. 

Because ERPs are derived from the neural activity associated with task 

performance, they are affected by biological state and hence circadian rhythms. 

Relatively few ERP studies of circadian rhythms have been published; however the 

effects of changes in arousal (due to sleep onset and pharmacological induced changes 

in arousal) have received more attention in the ERP literature. Numerous sleep studies 

using ERP measures have been conducted; however due to the difficulty of presenting 

visual stimuli to sleeping participants, these studies focus on the effects of attention 

on auditory stimuli (e.g., Muller-Gass & Campbell, 2002). Because ERPs vary 

depending on the sensory modality employed, and the focus of this thesis is on the 

effects of arousal on visual ERPs, this review focuses on the effects of visual stimuli 

on ERP components. 

Changes in the amplitudes of PI, NI-P2, N2, P2 and P3 have been reported in 

ERP research on arousal. For example, Segalowitz, Ogilvie, and Simons (1990) found 

gradual increases in the latency of NI, P2, N2 and P3 as participants fell asleep, along 

with increases in the amplitude of P2 and N2 and decreases in NI and P3. Similarly, 
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Velikonja and Segalowitz (1993) also found latencies of these components increased 

as arousal lowered, although no significant changes in amplitude occurred. In general, 

increased arousal is associated with increased P3b amplitude and decreased latency, 

whereas decreased arousal is associated with decreased amplitude and increased 

latency (Polich & Kok, 1995). For example, ingestion of caffeine has been shown to 

increase P3b amplitude and to a lesser degree decrease latency (Polich & Kok, 1995; 

Ruijter, Lorist, & Snel, 1999). Polich (2007) suggested arousal affects the P3 

component (including both P3a and P3b) via a reduction in the amount of attentional 

resources available for engagement of neural inhibition. 

The extent to which time-of-day may also influence ERPs is unclear due to the 

inconsistency of findings of the relatively few ERP time-of-day experiments. Most 

ERP studies of time-of-day effects on attention have focused on the P3b component, 

although other ERP components have also been found to be subject to time-of-day 

effects. Kerkhof (1982) investigated the relationship between attentional, perceptual 

and longer-latency processes during the day and diurnal variations in perception. Nl

P2, P3 and Slow Wave activity were recorded from Fz, Cz and Pz during an auditory 

threshold detection task at 0900, 1300, 1700 and 2100 (randomized order and on 

separate days) from seven morning and seven evening type people. Time-of-day was 

found not to have a significant effect on P3 (referred to as P450) but Slow Wave 

activity was found to be greater at 1700 than 1300 and 2100 across both morning and 

evening types. Time-of-day had significant effects on amplitude and latency ofNl 

and latency of P2. Nl was found to be smaller at 1300 than 1700 and occurred earlier 

at 1300 than both 1700 and 0900. P2 was found to be maximal at 0900 and decreased 

across the day and Kerkhof explained this as resulting from diurnal increases in 

arousal across the day. 
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Wesensten and Badia (1992) investigated the effects of time-of-day on visual 

ERP components, using a visual semantic categorization task and found that visual P2 

amplitude at Fz increased significantly across the day. This finding is consistent with 

increased Nl-P2 amplitude in the afternoon compared to the morning found by 

Heninger et al. (1960) during a flash counting task and by Kerkhof (1980; 1982) 

during auditory signal detection tasks. It is also consistent with the results of Davis, 

Buchsbaum and Bunney (1978) who found both Pl and P2 amplitude were greater 

during the afternoon than the morning. Wesensten and Badia found no significant 

time-of-day effects for P2 latency, or Nl, N4 and P3 (referred to as P600) amplitude 

and latency. Wesenten and Badia concluded that P2 amplitude reflects arousal with 

higher arousal being associated with increased P2. Research investigating the effects 

of manipulations of arousal using caffeine, which have found increased P2 following 

caffeine (e.g., Ruijter, De Ruiter, & Snel, 2000a; Ruijter et al., 1999), support the 

notion that P2 reflects increased arousal. 

The suggestion that increased P2 reflects increased arousal is in contrast with 

sleep onset research. Auditory Nl and P2 are markedly altered by sleep (Campbell, 

Bell, & Bastien, 1992; Cote et al., 2000; Cote, deLugt, & Campbell, 2002; Segalowitz 

et al., 1990) with Nl decreasing and P2 increasing in amplitude relative to 

wakefulness during non-REM sleep. Therefore, it is generally agreed both these 

component reflect arousal. During an investigation of arousal and sleep onset, 

Segalowitz et al. found low arousal was associated with increases in P2 and N2 and a 

reduction in P3b. This finding is supported by Crowley and Colrain (2004) who stated 

P2 elicited by auditory stimuli is a sensitive index of arousal/wakefulness, with P2 

increasing in amplitude as arousal/wakefulness deceases. Campbell et al. (1992) 

suggest the increase in amplitude of P2, and decrease in Nl, is due to the removal of a 
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long-lasting negative wave during sleep. This slow negative wave, referred to as 

'processing negativity' (Naatanen, 1982; 1990) overlaps and summates to the Nl and 

P2 components during wakefulness. Processing negativity is thought to reflect the 

additional processing that attended stimuli receive. Changes in Nl-P2 may therefore 

reflect inhibition of information processing associated with the loss of consciousness 

and onset of sleep (Cote et al., 2002). In light of the above findings, Wesensten and 

Badia's (1992) findings of increased P2 amplitude across the day, and the 

interpretation ofthis as reflecting increased arousal, seem unlikely. Instead, it is 

proposed that increased P2 amplitude found by Wesensten and Badai reflects a 

decrease in arousal across the day. A number of studies have found no evidence of 

diurnal variations in P2 amplitude (e.g., Geisler & Polich, 1990, 1992; Kerkhof, 1982) 

suggesting unlike the effect of sleep onset, the effects of variations in arousal across 

are minimal. 

Evidence relating to time-of-day effects on P3 amplitude is also inconsistent, 

with some studies reporting time-of-day effects on P3, and others reporting no such 

effect. Broughton, Aguirre, and Dunham (1988) who compared P3 amplitude (but not 

latency) during morning and afternoon sessions and found no significant time-of-day 

effects on P3 amplitude during an auditory oddball task. Broughton et al. found that 

P3 amplitude was numerically lower early in the afternoon compared to during the 

morning; however this effect was not significant and standard deviations were high. 

Similarly, using a standard auditory oddball task, Wesensten et al. (1990) found P3 

amplitude was significantly higher in the morning (morning sessions began at 0800) 

than afternoon (afternoon sessions began at 1400). Wesensten et al. suggested their 

results parallel research on time-of-day effects on memory tasks such as digit span 

and free recall. In addition, Wesensten et al. suggested reduced P3 amplitude during 
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the afternoon is consistent with temporary reductions in behavioural measures of 

performance between 1300 and 1500 reported by Blake (1967b) and Colquhoun 

(1971) and that this reflects changes in cognitive capacities across the day. No details 

of P3 latency were reported by Broughton et al. or Wesensten et al. 

In a study which controlled for morning/eveningness, Geisler and Polich 

(1990) investigated the effects of time of day on P3 during an auditory oddball task. 

Using a between groups (morning/evening types) design, participants were tested at 

one of 0800, 1100, 1400, 1700 or 2000. No significant time of day differences were 

found for amplitude or latency ofNl, N2, P2, and P3; however variations in body 

temperature and heart rate were found, along with significant effects for recency of 

food consumption. Geisler and Polich suggested the findings of many ERP studies of 

time-of-day effects can be accounted for by small participant numbers, 

morning/evening preferences, changes in body temperature or food intake. 

Higuchi, Liu, Yuasa, Maeda, and Motohashi (2000) investigated diurnal 

variation in P3 amplitude and latency in a study which controlled for morning/evening 

preferences, caffeine and alcohol intake, but not food intake. Higuchi et al. used an 

auditory oddball task and instructed participants to respond to targets by pressing a 

key and to count the number of target tones. Time-of-day was found to have 

significant effects on both P3 amplitude and latency. P3 latency was found to be 

longest at 0800 after which latency decreased at 1100. Latency increased again at 

1400 before declining again at 1700 and 2000. Higuchi et al. suggested their results 

for P3 latency indicate reduced cognitive processing at 0800 and 1400 compared to 

1100, 1700 and 2000. Increased latency at 1400 was thought to reflect the post-lunch 

dip in performance and alertness and was consistent with ratings of subjective 

sleepiness. P3 amplitude in the late afternoon/ evening (1700 and 2000) was found to 
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be smaller than at 0800, 1100 and 1400 and is consistent with the findings of 

Wesensten et al. (1990). According to Higuchi et al. lower P3 amplitude in the late 

afternoon and evening reflects a reduced need to allocate resources to perform the 

tasks when subjective sleepiness is low. Although Higuchi et al. acknowledged 

decreases in P3 amplitude in previous research has been related to low arousal, they 

suggest participants' subjective sleepiness levels were low at 1700 and 2000 and 

therefore participants needed to apply fewer resources to the task than at earlier times 

of the day. No significant time-of-day effects were found for RT and data on the 

accuracy of key presses or target tone counting were not reported. This research 

appears to be the only ERP investigation of time-of-day effects which has used a task 

with two components (requiring a key press response to targets as well as counting of 

target tones); however its utility as a dual-task study of time-of-day effects is limited 

by the lack of accuracy data. In addition, it is difficult to determine the effectiveness 

of the counting aspect, as Higuchi et al. did not compare the performance of the two 

components of the task to single-task performance of the key press component of the 

task. 

Although much of the reported findings in this field conflict, it should be 

noted that the research differs in terms of methods used to elicit ERP components e.g., 

auditory oddball (Broughton et al; 1988) versus signal-detection Kerkhof (1980) and 

measurement techniques e.g., within subject designs with up to seven testing sessions 

over a single day (W esensten & Badia, 1992) versus testing on different days (Kerkhof 

et al., 1982) and between group designs (Geisler & Polich, 1992) baseline to peak 

measures (Wesensten et al.) versus principal component analysis (Kerkhof et al). 

Furthermore, control for factors known to affect ERP components, such as food intake 

and moming/eveningness, have been controlled in some studies but not others. For 
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example, Geisler and Polich (1992) controlled for sex, moming/eveningness and 

recency of food consumption whereas although Kerkhof controlled for 

moming/eveningness, food consumption was not controlled for. Similarly, Wesensten 

and Badia (1992) and Wesensten et al. (1988) did not control for food consumption. A 

further factor which contributes to the conflicting results found in previous 

experiments is the generally small number of participants e.g., eight participants per 

group in Geisler and Polich's research and 10 participants in Wesensten et al.'s 

research. Other methodological differences between the reported research, such as 

disruption of participants normal schedules (Wesensten et al. 1990) versus 

maintenance of schedules (Geisler & Polich) are likely to have contributed to 

inconsistent results. Finally, much of the reported ERP research recorded activity 

from limited electrode arrays (e.g., Cz only or Fz, Cz and Pz) thereby precluding 

detailed topographic analysis of time-of-day effects. 

Smith (1992) suggested activation, strategy, motivation, age and individual 

differences (such as momingness), are important factors in the relationship between 

time-of-day and performance. Colquhoun (1981) suggested diurnal variations in 

motivation may be responsible for some time-of-day effects, rather than variations in 

the efficiency of processing. Peak performance late in the day (Blake, l 967b) may be 

the result of increased effort/motivation during the performance of the final testing 

session or the 'end spurt' effect. Therefore, it is important to consider factors such as 

effort and motivation when investigating time-of-day and attention. 

Task performance may be maintained during periods oflow arousal by 

increasing effort (Hockey, 1984). Mulder, Mulder, Meijman, Veldman, and van Roon 

(2000) suggested there are two types of mental effort: computational effort and 

compensatory effort. According to Mulder et al. computational effort is related to the 
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processing complexity of tasks and is the type of effort discussed by Kahneman 

(1973). While computational effort is determined by the intrinsic demands of a task, 

compensatory effort, which compensates for a suboptimal psychophysiological state 

(such as fatigue or the effects of drugs) is important when tasks are performed under 

adverse conditions. Compensatory effort is though to be (at least to some extent) 

under voluntary control. These two forms of effort have also been described as task

related effort and state-related effort. Both forms of effort can be invested at the same 

time. Regulation of compensatory effort allows performance of the task to be 

maintained during periods oflowered alertness, external distraction, or stress (Mulder 

et al.). 

Computational (or task induced) effort affects state regulation and energetical 

mechanisms, so that the optimal state is reached for successfully completing a task. 

The demands of the task and the availability of processing resources determine the 

relationship between state and performance. For example, if state is less than optimal, 

this deviation will have less effect on performance of easy or well practiced tasks. 

However, if a task is complex or new and requires all available resources, small 

deviations between optimal and actual state are likely to result in performance 

decrements. Because of this, we tend to prefer easy tasks to more difficult ones when 

tired (Engle-Friedman et al., 2003). 

An individual's energetic state is generally consistent with the activities he or 

she wishes to perform. When planning or performing a task, energetical mechanisms 

regulate the state of the brain and body so that they are in an optimal condition to 

process information and perform a given task. This determines the capacity available 

to perform the task and how efficiently it will be performed. A number of factors, 

including circadian rhythms, affect energetic state. Most of these factors are 
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external (e.g., noise, light) or internal (e.g., sleep loss, drugs, alcohol) also influence 

energetic state. In addition, performing a task indirectly influences energetical state. 
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Hockey's (1997) model of compensatory effort outlines two different levels of 

one type of effort. According to Hockey, at the lower level, anticipated resources 

needed for a task determine an 'effort budget'. When effort required to perform a task 

is within the effort budget, regulation of effort is automatic and minimizes 

mismatches between goals and performance. As described by Hockey, this lower 

level of effort is equivalent to computational effort as described by Mulder (1986) and 

Mulder et al. (2000). If automatic adjustment of effort is insufficient to meet goals, 

goals may be adjusted downward or the effort budget may be increased through 

'trying harder'. This higher level of effort is influenced by emotions and motivation. 

As outlined by Hockey and his colleagues (Hockey, Briner, Tattersall, & 

Wiethoff, 1989; Hockey, 1993, 1997), effort can be influenced voluntarily and 

consciously by cognitive processes, through mobilizing extra energy through mental 

effort or 'trying harder'. While increasing effort to cope with task demands (Hockey's 

lower level of effort) is partly automatic, a voluntary ''trying harder" component is 

largely dependent on someone's motivation to attain a particular goal. When a 

situation is interesting and challenging, positive emotions and mild anxiety are 

motivating and energizing. In threatening, boring or irritating situations, negative 

emotions may lower energetical state and reduce efficiency. During interesting tasks, 

effort may be increased and hence arousal increased, while during monotonous tasks 

effort may be reduced along with a reduction in arousal (Hockey, 1984). Hockey 

(1984) suggested mobilizing extra effort or 'trying harder' to compensate for 

deviations in optimal and actual state results in mental fatigue and cannot be 
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maintained for extended periods. This voluntary component of effort is particularly 

important when a suboptimal state occurs due to fatigue, sleep loss or intensive 

emotions, a task is difficult and requires a high degree of attention, or a task is novel 

or requires learning new skills. 

According to Hockey (1984; 1986; 1997) a multidimensional framework is 

needed to describe the complex relationships between energetical mechanisms and 

psychological processes or between state and efficiency. Hockey described a state as 

the adaptation of the mind and body to the demands of the environment so that the 

processing required by the task is most efficient. Hockey's (1984; 1986; 1997) 

multidimensional concept of energetical state suggests each particular state is the 

result of the activity of several energetical mechanisms and all tasks have an optimal 

state at which performance is most efficient. Performance is best when actual and 

optimal states are close but, if actual and optimal states differ, this deviation can be 

compensated for by mobilizing extra energy through mental effort. If extra energy is 

not mobilized, a task may still be performed, but performance may be slower or less 

accurate. Difficult tasks, which require more attentional resources than more simple 

tasks, are more sensitive to changes in energetical state (Gaillard & Kramer, 2000). 

Researchers generally assume participants exert maximal effort while 

performing tasks. However, research comparing performance under standard 'do your 

best' instructions with instructions to vary the efficiency with which tasks are 

performed, indicates participants are able to exceed their 'best' performance when 

instructed to do so (Kleinsorge, 2001; Schmidt, Kleinbeck, & Brockmann, 1984). 

Kleinsorge (2001) suggested research participants are able to modulate effort and that 

they do not always perform at optimal levels. Furthermore, as Hockey (1984) 

suggested it seems effort invested in tasks may differ according to level of arousal, 
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with increased effort used to compensate for lower arousal levels. Evidence for 

compensatory control of effort, as well as evidence of performance increments under 

instructions, provides evidence for an effort reserve, which can be mobilized 

voluntarily at will. 

Evidence for the effects of the voluntary component of effort has been found 

in studies of motivation and effort. For example, Blake (1971) investigated the effects 

of knowledge ofresults on performance during a letter-cancellation task in an attempt 

to uncover the factors underlying time-of-day effects. Blake found knowledge of 

results increased performance by approximately 10% at 0800 but by only 2% at 2100. 

Knowledge ofresults eliminated the effects of time-of-day, suggesting insufficient 

effort and motivation may contribute to poor letter cancellation performance early in 

the day. 

Lowered arousal, due to sleep loss, has been reported to affect both subjective 

and objective measures of effort. Although Drummond et al. (2000) reported no 

changes in effort during recall and recognition tasks following sleep loss, a number of 

researchers have reported that sleep loss impacts on effort. Effort has been found to 

increase following sleep loss in studies involving complex cognitive tasks (Chelette, 

Albery, Esken, & Tripp, 1998; Hockey, Wastell, & Sauer, 1998; Pilcher & Walters, 

1997) and physical work (Rodgers, Paterson, & Cunningham, 1995). Although 

subjective effort increased following sleep loss, this was not accompanied by 

improved performance, suggesting the increased effort compensated for sleep loss but 

did not enhance performance beyond non-fatigued levels. Objective measures of 

effort include work rates and speed of task performance. Effort is presumed to have 

increased when tasks are completed quickly and when rates of work attempted or 

completed increase. Sleep-loss has been found to decrease both work rate (Chmiel, 
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Totterdell, & Folkard, 1995) and speed of task performance (Balkin & Badia, 1988). 

Lowered arousal has also been found to affect work preferences, with sleep-deprived 

participants choosing to complete easier tasks (but with the same level of subjective 

effort) than non sleep-deprived participants (Engle-Friedman et al., 2003). 

The voluntary component of effort has also been investigated using the 

Contingent Negative Variation (CNV) component ofERPs. The CNV is an ERP 

component which occurs prior to onset of an anticipated target stimulus and was first 

reported by Walter, Cooper, Aldridge, Mccallum, and Winter (1964) (for reviews see 

Donchin, Ritter, & Mccallum, 1978; Rohrbaugh & Gaillard, 1983; and Tecce,1972). 

The CNV component typically develops in RT tasks during the period between a 

warning stimulus or cue (Sl) and the presentation of an imperative (target) stimulus 

(S2). During this time there is a negative shift in EEG amplitude which begins 

approximately 200-400ms following the presentation ofSl and ends abruptly 

following the presentation ofS2 (Andreassi, 2000). The CNV is generally maximal 

over frontal and central sites and is thought to originate in the cerebral cortex and the 

mesencephalic reticular formation (Rebert, 1977). It reflects periods of increased 

cortical excitability associated with arousal, expectancy, mental priming, association, 

focusing of attention and preparation for action or decision making (Andreassi, 2000; 

Pritchard, 1986). Were, Mattie, and Berretty (2001) considered CNV to be the result 

of momentary inhibition of a large proportion of free neurons when only a small 

number of excited free neurons are required for the task. Therefore, they regarded 

CNV as an indirect estimate of the amount of free neurons needed for a task. More 

recently, Falkenstein, Hoormann, Hohnsbein, and Kleinsorge (2003), found that CNV 

amplitude increased when participants were instructed to increase effort applied to a 
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additional processing resources when extra effort is applied to a task. 
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Investigations ofCNV using tasks with an interstimulus interval of more than 

two seconds suggest CNV consists of an early orienting wave (the 0 wave) and a later 

expectancy wave (the E wave) (Fabiani et al., 2000). The E wave has been found to 

occur both during tasks which require a motor response and those for which a motor 

response is not required suggesting the E wave reflects motor preparation required 

during the adjustment of sensory apparatus required for attention (Fabiani et al.). The 

CNV which occurs during tasks with interstimulus intervals of approximately one 

second or less are thought to be a combination of the 0 and E waves. Therefore, the 0 

and E waves are not differentiated in studies with short interstimulus intervals 

(Fabiani et al.). 

Early research suggested that the CNV and P3 were related (Donchin & 

Smith, 1970). This view stemmed from the fact that CNV is usually followed by a P3. 

Donchin and Smith (1970) likened CNV and P3 as ''two sides of the one coin". This 

view was supported by Karlin (1970) and Wilkinson and Spence (1973) who implied 

that the P3 occurred in response to the anticipatory processes indexed by CNV. The 

relationship between the two components was further investigated by Donchin, 

Tueting, Ritter, Kutas, and Heffley (1975) who found that P300 was not affected by 

the presence or absence of a warning stimulus and therefore P300 and CNV reflect 

independent processes. This view was supported by Pritchard (1986) who suggested 

P3 amplitude following S2 is independent ofCNV with no difference in post S2 

components when CNV is present or absent. Although the view that these 

components are independent has been challenged (e.g., Wastell, 1979) the two 

components are now widely believed to be independent. 
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Falkenstein et al. (2003) investigated whether short-term mobilization of effort 

is reflected in changes in ERPs. Following cues which indicated the level of effort to 

be applied to imperative stimuli, Falkenstein et al. found CNV increased when 

participants were instructed to invest extra effort in their responses to stimuli, 

compared to standard trials. This occurred even when the duration between cue and 

stimulus was only 600ms. Although comparison of standard and effort trials indicated 

a speed-accuracy trade-off, participants were able to respond faster as the precuing 

interval increased, without incurring more errors. Therefore, within effort trials, real 

improvements in performance were made (i.e., RT decreased without increased 

errors). Falkenstein et al. supported the notion that participants are able to rapidly 

mobilize extra effort when required to do so and that CNV is a useful tool for 

investigating effort mobilization. Although voluntary effort appears to be affected by 

arousal, to date there appears to be no ERP research investigating the influences of 

diurnal rhythms on effort. 

In conclusion, research investigating the effects of diurnal rhythms on 

performance indicates performance on a range of tasks is not consistent across the 

day. Although the effects of time-of-day have received much research using 

behavioural measures, ERP research investigating this phenomenon is relatively 

limited. The findings of ERP research on time-of-day effects are inconsistent, both in 

terms of the existence or otherwise of significant effects on amplitude and latency of 

ERP components, as well as the interpretation of these effects. While the effects of 

time-of-day on P3 (P3b) have been investigated, there is no reported research on the 

effects of time-of-day on P3a. In addition, ERP research of time-of-day effects has 

been limited by the use of single-task paradigms (with the exception of Higuchi et al., 

2000), which have not considered task complexity or difficulty. To date, no ERP 



research has systematically investigated the effects of time-of-day on attentional 

resources, using dual-task paradigms which consider the structure of attentional 

resources as described by Wickens (2002) in his multiple resource model. Although 

voluntary effort is affected by arousal and is an important component of task 

performance, the role of effort in time-of-day effects (or lack of such effects) and 

subsequent effects on ERP components, is not well understood. If effort does vary 

with time-of-day, it is possible increased effort has obscured, or minimized, the 

effects of time-of-day on ERP measures of attentional resource capacity and 

allocation. 
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Chapter 4 : SUMMARY, RATIONALE, AIMS AND HYPOTHESES 

Evidence of variations in performance across the day has been found in psychological 

studies of the performance of a range of cognitive tasks (Blake 1967a; 1967b; 1971). 

Variations in performance of a number of these tasks have been accounted for by 

changes in arousal and its effects on the availability of attentional resources (Carrier 

& Monk, 2000). Peaks in vehicle accident rates during the early afternoon suggest the 

effects of fluctuations in arousal across the day are not limited to the psychological 

laboratory (Folkard, 1997; Horne & Reyner, 2001). Because performing tasks, such as 

driving, when arousal is low can be dangerous, it is important to understand how 

time-of-day affects cognitive processing. 

The results of studies of time-of-day effects suggest the effects are complex, 

with effects depending on the type of task (Blake 1967a; 1967b; 1971), task 

complexity and difficulty (Blatter, 2005; Folkard, 1975), as well as additional factors 

including food intake (Smith & Kendrick, 1992; Smith & Miles, 1986), age (Blake, 

1967b), motivation and effort (Colquhoun, 1982; Hockey, 1993; 1996). Performance 

of some tasks peaks when arousal is high, while others peak when arousal is low 

(Folkard, 1975). Although arousal is thought to affect resource capacity directly 

(Kahneman, 1973), evidence of fluctuations in measures ofresource capacity due to 

the effects of time-of-day using ERPs has largely been inconsistent (e.g., Geisler & 

Polich, 1990; Higuchi et al., 2000; Kerkhof, 1982; Wesensten & Badia, 1992). 

Suggestions have been made that dual-task paradigms are more sensitive to 

fluctuations in arousal, due to their ability to provide a measure ofresources not 

required by a primary task, (and hence total resource capacity rather than simply the 

resources required to complete a particular task) (e.g., Wickens, 2002). No systematic 
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ERP studies using dual-task paradigms to investigate time-of-day effects have been 

identified. To date, with only one exception (Higuchi et al. 2000), single-task ERP 

paradigms have been used to determine the effects of time-of-day on resource 

capacity and resource allocation. The results of these studies have been inconsistent, 

with no clear conclusions reached regarding the effects of time-of-day on ERPs. 

Research on the effects of time-of-day is important a) because it will further 

understanding of the relationship between brain activity and performance of 

attentional tasks such as driving, and b) because knowledge of time-of-day variations 

in measures such as ERPs is important for both theoretical and practical reasons. 

Theoretically, ifERPs are subject to time-of-day variations, it suggests they are 

reflecting variations in underlying cognitive processes. From a practical perspective, 

if time-of-day variations in ERPs exist, they should be controlled for in ERP studies 

investigating those ERP components subject to time-of-day effects. The lack of 

systematic dual-task ERP studies investigating time-of-day effects on performance is 

surprising, given the appropriateness of such tasks for this type of investigation. 

Therefore, investigation of time-of-day effects using dual-task paradigms is 

warranted. 

Studies of compensatory effort suggest performance is frequently maintained 

during periods oflow arousal through the modulation of effort applied to tasks. 

Hockey (1997) suggests effort applied to tasks is not constant and that participants 

will increase effort when arousal is low in order to perform at the same level as when 

arousal is optimal, or they will choose to perform less demanding tasks. This suggests 

effort could be an important variable in studies of time-of-day effects and therefore 

such studies should take participant effort into account. Studies of effort modulation 

suggest the CNV component of ERP waveforms is a useful measure of participants' 
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investment of effort in a task, and the ability of participants to rapidly modulate effort 

levels (e.g., Falkenstein, 2003). Therefore, while investigating the effects oftime-of

day on attention, it is important to determine whether effort is consistent across the 

day. To date, there appear to be no systematic ERP studies of the effects time-of-day 

on the level of effort participants apply to tasks, despite the existence of evidence 

which suggests effort is frequently modulated in order to maintain performance 

(Hockey). This suggests that any investigation of arousal, including the effects of 

time-of-day, should consider effort as a factor which may influence performance. 

General Aims 

The aim of the present research is to extend current knowledge of the effects 

of time-of-day on attentional resource capacity and allocation via a series of ERP 

experiments in which effort, task difficulty, and the structure of attentional resources 

are considered. Although particular attention will be given to the P3a and P3b 

components, effects on other ERP components including P2, N2 and CNV will be 

considered where appropriate. Given the reported fluctuations in vehicle accident 

rates, and suggestions that these result from daytime variations in arousal, the effects 

of time-of-day on the ability to perform the types of attentional tasks that driving a 

vehicle demands are of particular interest. The present research aims to address three 

questions concerning the effects of time-of-day that have not been addressed by 

previous research: 

1. Do dual-task attention paradigms have the potential to be more sensitive to 

time-of-day effects than single-task attention paradigms and if so, do task difficulty 

and task modality affect the sensitivity of a dual-task to time-of-day effects? 

2. Is effort consistent across the day and can modulation of effort across the 

day can account for effects of time-of-day on ERPs? 
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3. Does caffeine modulate the same ERP components as time-of-day and to 

what extent can caffeine overcome time-of-day effects on ERPs (the literature related 

to caffeine, ERPs and performance will be reviewed in Chapter 7). 

The above questions will be addressed using a series of studies measuring 

subjective arousal, accuracy, RT, and ERPs. Because driving is predominately a 

visual task, the aim of the two preliminary studies is to develop two driving-related 

visual tasks that can be performed concurrently, and for which ERPs can be recorded. 

Following development of the tasks, the effects of time-of-day during the 

performance ofboth single and dual-tasks will be investigated across the day. In 

addition, the effects of time-of-day on effort invested in tasks, and the ability to 

modulate effort, will be investigated. If time-of-day differences in measures of 

attentional resources and/or effort are evident, further studies manipulating arousal 

with a known stimulant, caffeine, will be conducted to support and help elucidate the 

findings of the previous studies. Unlike many previous ERP studies of time-of-day 

effects, the following studies will control for sex differences in ERPs as well as 

morning/eveningness. Further, unlike studies which have repeated testing at many 

time points across a single day, the effects of fatigue, boredom and task familiarity 

will be controlled for, with testing sessions held a week apart and where necessary, 

between- subjects designs will be used. 

General Hypotheses 

It is hypothesized that, if dual-task studies are more sensitive to fluctuations in 

arousal than single-task studies, time-of-day differences in arousal will be greater 

during the performance of dual-tasks than during the performance of single-tasks 

(Wickens, 2002). While the effects of time-of-day on RT and accuracy are expected 

to be minimal, it is predicted that differences will be found in ERP components across 
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the day, particularly during dual-tasks. If reported increases in vehicle accident rates 

during the early afternoon are due to reductions in arousal at this time (Horne & 

Reyner, 2001), it is predicted that both P3a and P3b amplitude will be lower and 

latency longer, during the early afternoon than at other times of the day. Effects of 

fluctuations in arousal on ERPs are expected to be greater during difficult tasks than 

easy tasks (Wickens, 2002). 

Iftime-of-day effects on ERP measures of attention, and/or on behavioural 

measures, are not evident, it is predicted that participants may be modulating effort 

across the day in order maintain performance and compensate for fluctuations in 

arousal (Hockey, 1997). If effort is modulated across the day, it is predicted this will 

be evident in the amplitude of the CNV component ofERPs, with increased 

magnitude of the CNV providing evidence of increased effort (Falkenstein, 2007). 

As a vast amount of data is expected to be generated by the proposed 

experiments, discussion of the results of each experiment will be restricted to findings 

which specifically relate to the hypotheses outlined during the introduction for each 

experiment. 



Chapter 5: THE EFFECTS OF THE POST-LUNCH DIP ON RESOURCE 
ALLOCATION DURING DUAL VISUAL TASKS 

Three preliminary experiments were conducted in order to a) determine appropriate 
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stimulus parameters and experimental design for later experiments, and b) determine 

if time-of-day variations in resource allocation would be reflected in a dual visual 

oddball task. As the initial interest in this series of studies was to determine whether 

early afternoon peaks in vehicle accidents could be explained by fluctuations in 

arousal and subsequent effects on cognitive resources, it was considered important the 

stimuli used were ecologically valid. Therefore, three preliminary studies were 

conducted to investigate the appropriateness of various stimulus and task 

combinations for further investigation in later experiments. During Experiment One, 

task priority and time-of-day were manipulated during performance of a visual 

tracking and a visual oddball task in which a range of traffic scenes were the target 

and common stimuli. During Experiment Two, performance of easy and hard versions 

of the dual-tasks used in Experiment One was investigated, as well as performance of 

the oddball task in a single-task condition. Experiment Three differed from 

Experiment Two in the type of oddball stimuli used. 

Experiment 1- Processing of Accident and Nova Scenes During Priority 

Manipulated Dual Visual Tasks at 0900 and 1300 

Time-of-day is known to have significant effects on driving, with vehicle 

accident rates peaking between 0300 and 0500, with a secondary peak occurring 

between 1400 and 1500, even after traffic density is accounted for (Folkard, 1997; 

Home & Reyner, 2001). Similarly, research using driving simulators has found 
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performance to be poor at 1400 (Lenne, Triggs, & Redman, 1998). These findings are 

consistent with performance on visual tasks, such as visual search, which has been 

found to have a dip in performance in the early afternoon (McDougall, Tyrer & 

Folkard (2006). Increased accident rates, poor driving simulator performance, and 

increased RTs on visual search tasks have been attributed to a reduction in visual 

abilities at this time. For example, McDougal et al. (2006) investigated visual search 

ability using complex and simple stimuli at three-hourly intervals between 0900 and 

2100. They found visual search was slower during the early afternoon than other 

times-of-day. 

ERP investigations of the effects of time-of-day have failed to find consistent 

effects, despite well established effects on performance measures during a range of 

attention and memory tasks (for review see Carrier & Monk, 2000; Schmidt et al., 

2007). For example, some studies have found significant effects on P2 and P3 

amplitude (Davis et al., 1978; Higuchi et al. 2000; Kerkhof, 1982; Wesensten et al., 

1990; Wesensten & Badia, 1992) whereas others have found no significant effects 

(e.g., Broughton et al., 1988; Geisler & Polich, 1990; Kerkhof, 1982). Similarly, 

although much research has provided evidence of a post-lunch dip in performance 

during a range of laboratory tasks (e.g., Broughton, 1998), Wesensten et al. (1990) is 

the only ERP researcher to have reported a reduction in P3 amplitude during the post

lunch period. Therefore, it is difficult to determine whether variations in performance 

measures stem from variations in cognitive resource allocation across the day. As 

outlined in Chapter 3, inconsistent findings in the ERP literature may be due to the 

use of tasks which were not sufficiently sensitive to variations in total capacity of 

resources, as well as the type of tasks used (e.g., oddball versus signal-detection) and 

research design (between versus within groups). Research using a dual-task paradigm, 
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which places high demands on resources according to Wickens (2002) model of 

resources, may shed more light on whether resources are consistent across the day or 

whether they fluctuate. 

Because dual-task paradigms can be designed to require total capacity of 

attentional resources they have the potential to be more sensitive to changes in 

resource availability than single-task paradigms, and therefore can be used as 

measures of total resources rather than simply the resources used for performing a 

particular task. In addition, dual-task paradigms are considered useful tools in the 

investigation of the structure ofresources. Through manipulation of task priority it is 

possible to determine the extent of spare resources not required by a primary task and 

how increasing the priority of one task affects the availability of resources for the 

remaining task. 

ERP investigations of attentional resources frequently use oddball paradigms 

(described in Chapter 2) to elicit ERP components. During a study conducted to 

investigate the effects ofbenzodiazepines on driving behaviour, Martin, Siddle, 

Gourley, Taylor, and Dick (1992) used a two stimulus visual oddball task, in which 

common stimuli were photos of safe driving scenes and target stimuli were photos of 

imminent accident scenes. Target stimuli elicited P3b activity consistent with that 

elicited by stimuli frequently used as targets during visual oddball tasks (e.g., an 

infrequent target 'smaller' circle in amongst a series of frequent non target 'larger' 

circles). During the study by Martin et al., P3a was not investigated as novel stimuli 

were not included. There appears to be no published research using driving-related 

photographic stimuli, similar to that used by Martin et al., in which novel stimuli have 

been included in order to investigate P3a. Therefore, the most appropriate stimuli to 

include with the stimuli used by Martin et al. to elicit P3a is unclear. 
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The principal aim of the first experiment was to determine if variations in 

patterns of visual resource allocation would be evident in the early afternoon post

lunch dip period compared to mid morning. The two time periods chosen were 

selected because vehicle accident research has found increased vehicle accidents in 

the early afternoon (Home & Rayner, 1996). The experiment also aimed to investigate 

appropriate stimuli and task parameters to use in further experiments while also 

determining ifresource allocation, as measured by P3a and P3b during dual visual 

tasks, is consistent across morning and post-lunch periods. Additional aims were to 

determine if measures of accuracy, RT, subjective arousal, and workload are 

consistent across morning and post-lunch periods. Due to programming limitations 

which prevent recording data from concurrent tasks presented on the STIM computer 

an alternative means of presenting dual visual tasks was required. Therefore, an 

additional aim was to investigate the potential for using concurrent visual tasks (a 

three stimulus version of the Martin et al.'s (1992) oddball task and a visual tracing 

task) presented on separate monitors. An additional aim was to determine whether a 

series of photos of nova would be appropriate stimuli to use as 'novel' stimuli in 

conjunction with the imminent accident scenes and standard driving scenes used by 

Martin et al. (1992). It was considered important that the novel stimuli be similar in 

visual complexity to the target and common stimuli yet novel within the context of the 

other stimuli. Further, it was considered important that the novel stimuli would not 

evoke an emotional response. A series of nova scenes were considered to meet these 

criteria. 

Based on the suggestion that sleep propensity (and arousal) decrease in the 

early afternoon during the period known as the post-lunch dip (Carrier & Monk, 

2000) subjective arousal was expected to be lower, and perceived workload higher, 
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during testing sessions at 1300 compared to 0900 (Monk, 2005). (Note: 1300 and 

0900 were the times sessions commenced. ERP recordings did not commence until 

1400 and 1000). P2 was expected to be greater at 1300 than at 0900 due to a decline 

in arousal at 1300 compared to 0900. This expectation is consistent with Crowley and 

Colrain's (2004) suggestion that P2 reflects arousal and wakefulness, with increased 

P2 during periods oflow arousal reflecting inhibition of information processing (Cote 

et al., 2002). Based on the suggestion ofSegalowitz et al. (1990) that N2 reflects 

arousal with decreased arousal being associated with a reduction in N2 amplitude and 

increase in N2 latency, amplitude ofN2 was expected to be greater (and latencies 

longer) at 1300 than at 0900. Amplitude of P3b was expected to be lower and latency 

longer at 1300 than at 0900, reflecting a reduction in the availability of attentional 

resources during the post-lunch period, as suggested by Wesensten et al. (1990). 

Novel stimuli were expected to elicit P3a, with amplitude expected to be greater at 

0900 than at 1300 due to greater arousal at 0900 and hence more resources available 

for processing. As P3a is thought to reflect automatic attention processes (Kok, 1997) 

P3a was not expected to be affected by task priority. Increasing priority of the 

tracking task was predicted to result in a decrease in P3b amplitude and increase in 

P3b latency due to a reduction in the availability of resources for the braking (oddball) 

task. If supply ofresources is greater at 0900 than 1300, the effect of time-of-day 

should be greatest when the braking task is the priority task. It was also predicted that 

RTs would be shorter, and accuracy greater, at 0900 than at 1300 due to greater levels 

of arousal. Similarly, when the braking task was the priority task, RTs were expected 

to be shorter and accuracy greater due to increased attention to this task, than when 

the tracking task was the priority task. Effects of time-of-day on RT and accuracy 

were expected to be greater when the braking task was the priority task. 
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Method 

Participants 

Twelve right-handed female undergraduate psychology students aged between 

18 and 25 years (M=21.8 years, SD=2.5 years) from the University ofTasmania 

participated in the study. Note: Research has indicated sex differences in ERPs occur 

(e.g., Neuhaus et al., 2009; Vaquero, Cardoso, Vazquez, Gomez, 2004), therefore a 

decision was made to exclude one sex. Because fewer males than females were 

available to participate they were excluded. All participants scored between 31 and 69 

(M=48.32, SD=4.98) on the Home and Ostberg (1976) Moming/Eveningness 

Questionnaire (Appendix A), indicating they were neither extreme morning nor 

extreme evening types. All participants had at least one year of driving experience and 

normal or corrected to normal vision. Participants completed a medical history 

questionnaire (Appendix B) and were excluded on the basis of current or prior head 

injury or mental illness, heavy smoking and/or binge drinking, if they were on any 

medication, or if their responses to the sleep questions indicated they may have a 

sleep problem. Participants were instructed to not consume caffeine on the day of 

testing or alcohol during the 24 hour period prior to testing and to sleep for 

approximately eight hours the night prior to testing. Participants received course 

credit for their involvement in the study. Written informed consent was obtained from 

each participant and ethics approval was obtained from the University of Tasmania's 

Human Research Ethics Committee (see Appendices C and D). 

Materials 

Karolinska Sleepiness Scale (KSS) (Akerstedt & Gillberg, 1990). The KSS is a 

nine-point scale that ranges from 1 =very alert to 9=very sleepy and participants 

circled the number which corresponded to their current level of alertness (see 

Appendix E). 
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NASA-Task Load Index (NASA-TLX) (Hart & Staveland, 1988). The NASA

TLX is a subjective workload assessment tool which consists of two parts (see 

Appendix F).Part one of the NASA-TLX consists of six Likert-type scales which are 

used to obtain ratings for each of the NASA-TLX subscales (physical demand, 

temporal demand, mental demand, performance, effort and :frustration). Participants 

were asked to complete each sub-scale by rating the contribution of each subscale 

factor to completion of each task from one (low) to 20 (high). Part two of the NASA

TLX consists of 15 factor pairs made up of all possible combinations the six factors. 

For each factor pair, participants were required to select the factor which contributed 

most to workload for the completed task. Order of presentation of the factor pairs was 

randomized for each participant. 

Apparatus 

A Neuroscan system consisting of a 32-channel Synamps, SCAN 4.2 software, 

and a Quik-cap with Ag/ AgCI electrodes interfaced with a N euroscan STIM 3 .1 

computer was used to record Electroencephalographic (EEG) activity from F7, T7, 

P7, F3, C3, P3, Fz, Cz, Pz, F4, C4, P4, F8, T8, P8 electrode sites. Vertical and 

horizontal electrooculogram activity was recorded from electrodes attached 

supraorbitally to the left eye and at the outer canthus of each eye. Electrodes were 

arranged according to the 10-20 system (Jasper, 1958) and all electrodes were 

referenced to linked mastoids. Electrode impedance was kept below 5k0. EEG 

activity was amplified at 200Hz and sampled continuously at a rate of 500Hz with a 

·bandpass of0.15-lOOHz. An IBM compatible 486 computer was used for presentation 

of the tracking task. 
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Stimuli 

Braking task (Oddball task) -The oddball task was presented using Neuroscan 

STIM 3 .1. The task was comprised of 400 trials and lasted approximately 14 minutes. 

The stimuli were adapted from those used by Martin et al. (1992) and included a) 75 

photos of safe driving scenes which were repeated so that a total of320 safe scenes 

were presented (common stimuli) and b) 40 scenes of staged imminent accidents 

(target stimuli). Ten nova scenes (see Appendix G) were added to the stimuli used by 

Martin et al. as novel stimuli (each repeated four times so a total of 40 novel stimuli 

were presented). The probability of each stimulus type was 0.80, 0.10 and 0.10 

respectively. Stimuli were presented for 250ms, followed by a response window of 

2500ms. Stimulus onset asynchrony was 3000ms. Participants were required to 

respond to target stimuli by using their right foot to press a brake pedal and were 

instructed to ignore other stimuli. 

Tracking task - The tracking task consisted of a 1 Omm circle which moved 

horizontally at a rate of 10 pixels per second across the lower edge of a computer 

monitor. Every 10 seconds movement of the circle changed direction (i.e. circle 

moving to the left changed direction and movement to the right commenced). Due to 

programming restrictions, the tracking task was presented on a separate monitor to the 

oddball task. The monitor used for the tracking task was placed directly above the 

monitor used for the oddball task. The gap between the two monitors was 

approximately 1 Ocm and participants were instructed to focus on a fixation point 

between the two monitors. The visual angle created by the two tasks was 21°. 

Participants were instructed to keep a cursor on the target using a standard computer 

mouse in their right hand. Time on target was recorded. 
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Procedure 

Participants took part in two sessions held approximately one week apart. 

Sessions commenced at 0900 and 1300. The order of commencement of sessions and 

the priority of the tasks were counterbalanced between participants. Participants were 

fitted with an electrode skull cap and prepared for ERP recordings. During this time 

participants were instructed to complete the Karolinska Sleepiness Scale (KSS) to 

obtain baseline alertness scores. Participants were then seated in front of the two 

computers (STIM and Tracking) in a soundproof room. The tasks were explained to 

participants and participants practiced each task for approximately one minute or until 

they felt comfortable enough with the tasks to complete them. Participants were 

instructed to use their right foot to press the bake pedal in response to target stimuli 

and to use their right hand to control the mouse for the tracking task. 

Participants completed two dual-task conditions in which the order of the 

priority of the two tasks alternated. During the priority tracking task participants were 

instructed to complete both tasks concurrently but to give priority to the tracking task 

by applying approximately 80% of attention to the tracking task. During the priority 

braking task, participants were instructed to complete both tasks but to give priority to 

the braking task by applying approximately 80% of attention to the braking task. RT 

and accuracy data associated with the braking task were collected along with the EEG 

data and time-on-target (tracking task). Participants were given a five minute rest 

period between conditions. During this time participants completed a second KSS 

along with the NASA-Task Load Index. On completion of both task conditions 

participants completed the third KSS and second NASA-TLX. Recording equipment 

was then removed from participants and participants were fully debriefed. 
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Data Reduction 

EEG data, in response to the stimuli presented in the braking (oddball) task, 

were merged with behavioural files and submitted to ocular artefact reduction and 

filtering procedures. Data files were epoched offline for a l 900ms epoch commencing 

1 OOms prior to stimulus onset. Epochs were then baseline corrected and subjected to 

artefact rejection. High and low voltage cut-off points for artefact rejection were set at 

lOOµV and -lOOµV respectively. Epochs associated with target stimuli which were 

correctly responded to as well as novel and common stimuli which were not 

responded to, were averaged and then band-pass filtered (0.5-30Hz). The ERPs 

elicited by the common, novel and target stimuli were averaged separately for each 

priority condition and for each session time. Grand mean averages for each stimulus 

type, under each priority condition, at each time-of-day were produced. 

Based on visual inspection of the grand means, ERP waveform averages were 

scored for P2, N2, P3b, and LPC amplitude and latency. For most participants, a clear 

negative component in the 80-1 OOms period post stimulus was not visible in averaged 

waveforms, therefore waveform averages were not scored for Nl. As a P3a 

component was not identified, waveforms were not scored for this component. P2 

amplitude was defined as the maximum positive peak 150-250ms post-stimulus. N2 

amplitude was defined as the maximum negative peak between 200ms and 300ms 

post-stimulus. P3b amplitude was defined as the maximum positive peak between 

250ms and 600ms post-stimulus. Late Positive Component (LPC) amplitude was 

defined as the maximum positive peak between 600 and 800ms post-stimulus. P2, N2, 

P3b and LPC latency were defined as the time of each component's maximum 

positive peak. SCAN's peak detection software was used to identify ERP component 
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correct identification of peaks. 

Design 
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A 2 (Stimuli: Target, Novel) x 2 (Priority: Braking, Tracking) x 2 (Time-of-day: 

0900, 1300) repeated measures design was used. Because an LPC component 

occurred in response to Novel and Common stimuli a 2 (Stimuli: Novel, Common) x 

2 (Priority: Braking, Tracking) x 2 (Time-of-day: 0900, 1300) repeated measures 

design was used for analysis ofLPC. For analyses of the ERP data recorded to the 

braking task, two additional factors were included, 3 (Sagittal site: Frontal, Central, 

Parietal) and 3 (Coronal site: 3 (mid-left hemisphere), Z (midline), 4 (mid-right 

hemisphere). Dependent variables were amplitude (µV) and latency (ms) of P2, N2, 

P3b and LPC, RT (ms) and accuracy (correct responses /40) ofresponses to target 

stimuli, false alarms (/360) to non-target stimuli, time-on-target(%) during the 

tracking task, KSS scores and NASA TLX scores. 

Data Analysis 

All data were analysed using Statistica version seven and the conventional alpha 

level of .05 was used to indicate significance (trends were identified as those effects 

with a significance level of a<. I 0). The data for each dependent measure were 

analysed using repeated measures ANOVAs with the exception of the tracking data 

which were analysed using a paired samples T-test. Greenhouse Geisser corrections 

were applied where appropriate and Tukey post hoe tests were used to identify 

significant differences between individual means where appropriate. A significance 

level of a<O.Ol was applied to post hoe tests. For the ERP results, only theoretically 

significant main effects and interactions, those which involve stimuli, time-of-day 

and/or priority, will be reported. 
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Results 
Behavioural Data 

RT and Accuracy (Braking Task). Table 5-1 shows the mean RT, mean correct 

responses and mean false alarms obtained during the braking task under each of the 

priority conditions. RT scores and scores for correct responses and false alarms were 

analysed using 2 (Time-of-day: 0900, 1300) x 2 (Priority: Tracking, Braking) 

repeated measures ANOVAs. The effect of Time-of-day on RT was not significant 

nor was the time-of-day x priority interaction. The effect of Priority on RT was 

significant with faster RTs occurring when the braking task was the priority task than 

when the tracking task was the priority task F(l,11)=22.57, MSE=0.002, p<.001, 

E=l.O. The number of correct responses was significantly greater when the braking 

task was the priority than when the tracking task was the priority, F(l,11)=16.77, 

MSE=22.64 ,p<.01, E=l.O. The effect of Time-of-day on number of correct responses 

was not significant, nor was the Time-of-day x Priority interaction. 

Table 5-1 
Mean RT, Number of Correct Responses (HIT) and Number of False Alarms (FA) 
Obtained During the Braking Task During Each of the Priority Conditions (Standard 
Deviations in Brackets) 

Time Priority Tracking Priority Braking 

RT (ms) HIT /40 FA/360 RT (ms) HIT /40 FA/360 

0900 710 32.25 2.45 650 39.04 1.65 

(110) (6.69) (0.68) (110) (1.02) (0.72) 

1300 690 31.83 2.23 640 36.92 1.82 

(120) (8.55) (1.21) (100) (4.34) (1.03) 

Analysis of the false alarm data revealed no significant effects involving Time-

of-day or Priority. 



77 

Tracking Accuracy. The time-on-target data(%) were analysed using a 2 

(Time-of-day: 0900, 1300) x 2 (Priority: Tracking, Braking) repeated measures 

ANOV A. As shown in Table 5-2, although mean time on target was lower at 1300 

than at 0900, the effect of Time-of-day was not significant. The main effect of Priority 

was significant, F(l,11)=2.044, MSE=l52.32,p<.01, E=0.93 with tracking accuracy 

significantly greater when the tracking task was the priority than when the braking 

task was the priority. The Time-of-day x Priority interaction was not significant. 

Table 5-2 
Mean Percentage of Time-on-target (Tracking Task) During Each of the Priority 
Conditions (Standard Deviations in Brackets) at 0900 and 1300. 

0900 

1300 

Subjective Data 

Priority Tracking Priority Braking 

88.74 (4.66) 

86.90 ( 4.95) 

79.19 (12.03) 

70.12 (17.96) 

KSS. KSS scores were analysed using a 2 (Time-of-day: 0900, 1300) x 3 

(Rating Time: Baseline, Post-task 1, Post-task 2) repeated measures ANOV A. Mean 

scores for each Time-of-day at each Rating Time are presented in Table 5-3. Note: 

Higher values indicate reduced alertness/increased sleepiness. 

Table 5-3 
Scores on the Karolinska Sleepiness Scale Prior at Baseline, Between the Tasks 
(Post-task 1) and on Completion of the Two Tasks (Post-task 2) at 0900 and 1300 
(Standard Deviations in Brackets). 

Alertness Baseline Post-task 1 Post-task 2 

0900 

1300 

4.83 (1.64) 

4.25 (1.49) 

4.93 (1.95) 

4.83 (2.45) 

5.00 (2.17) 

5.58 (1.98) 

NASA-TLX. Values ranging from 1 (low) to 20 (high) were assigned to scale 

positions on Part 1 of the NASA-TLX. The number of times each factor was selected 

during Part 2 was used to determine the weight for each factor. Weights for each 
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factor ranged from 0 to 5. Overall scores were then obtained by multiplying the 

weight for each factor (Part 2) by the sub-scale score (Part 1) for each participant. 

Higher scores indicate increased workload. Mean NASA-TLX scores for each factor 

are presented in Table 5-4. 

Table 5-4 
Mean Subjective Workload Scores Obtained Using the NASA-TIX Following the 
Priority Braking and Priority Tracking Task Conditions During 0900 and 1300 
Sessions (Standard Deviations in Brackets). 

0900 1300 

Factor Post Taskl Post Task 2 Post Taskl Post Task 2 

Mental Demand 22.52 (9.84) 22.32 (11.12) 25.92 (5.84) 27.00 (7.16) 

Physical Demand 6.81 (6.60) 12.63 (7.80) 10.05 (4.52) 11.88 (5.85) 

Temporal Demand 33.60 (15.72) 30.78 (16.62) 39.12 (12.36) 37.08 (13.08) 

Effort 57.60 (15.84) 55.53 (17.55) 46.53 (19.71) 47.97 (23.67) 

Performance 33.25 (14.56) 33.67 (16.31) 32.69 (11.20) 30.31 (13.37) 

Frustration 22.00 (11.30) 20.00 (14.40) 23.45 (10.8) 22.70 (9.60) 

The NASA-TLX data for each workload factor were analysed using 2 (Time-of-

day: 0900, 1300) x 2 (Priority: Tracking, Braking) repeated measures ANOVAs. The 

effect of Time-of-day on Effort was significant with Effort scores greater at 0900 than 

at 1300, F(l,11)=16.77, MSE=22.64 ,p<.01, E=0.96. The effect of Priority on Effort 

was not significant nor was the Time-of-day x Task interaction. There were no 

significant main effects or interactions for the remaining workload factors. 

Grand Means 

The grand mean wave-forms obtained in response to the common, novel and target 

stimuli under each time-of-day and priority condition are presented in Figure 5-1 to 5-



3. Although an Nl is visible at some sites in the grand mean wave-forms, this 

component was not clear in individual averaged waveforms and therefore was not 

analysed. 

As Figure 5-1 shows, a positive component developed over parietal sites 

during the 100-200ms period following presentation of target stimuli. At 1300 the 

amplitude of this component appears to differ between the tasks, with increased 

amplitude during the priority braking task compared to the priority tracking task. 

Visual inspection of individual means indicated that this component was consistent 

with P2. 
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P2 is followed by a frontally maximal negative component, N2. Although 

there appears to be little difference in the amplitude ofNl over frontal sites, 

comparison of Figure 5-1 with Figure 5-2 indicates N2 amplitude was greater during 

target trials compared to novel trials at central and parietal sites. At frontal and central 

sites N2 amplitude appears to be greater at 0900 than at 1300. This appears to be 

greater during the priority tracking task than the priority braking task. N2 latency does 

not appear to differ between the tasks or between the two times. 

Following N2 waveforms increase in amplitude over left, midline and right 

sites in each sagittal region. This amplitude increase occurs following all stimulus 

types; however the increase in amplitude is greater and earlier following target stimuli 

than novel and common stimuli. For target stimuli amplitude is maximal at parietal 

sites. The amplitude increase following target stimuli peaks then rapidly returns to 

baseline, consistent with P3b. While time-of-day appears to have little effect on P3b 

amplitude in response to targets when the tracking task was the priority task, when the 

driving task was the priority task P3b appears to be greater at 0900 than at 1300. In 

the midline and right hemisphere, P3b during the priority braking task at 0900 appears 



to be greater than at both times during the priority tracking task. At 0900 during the 

priority braking task P3b appear to occur earlier than at 13 00 and during the priority 

tracking task. 
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The return to baseline following common and novel stimuli is more gradual 

than following target stimuli, with baseline return not occurring until approximately 

1200ms post stimulus onset. Therefore the amplitude increase following common and 

novel stimuli is inconsistent with P3a and P3b but is consistent with a more general 

LPC. During the priority braking task, the LPC appears to be greater at 0900 than at 

1300. 

There is no evidence of P3a occurring in response to novel stimuli. Although 

common stimuli (such as the repeated circles used by Comerchero & Polich, 1999) 

typically elicit much smaller components than found during the current experiment, 

the complexity of the stimuli used in the current experiment, along with their minimal 

repetition, appear to have resulted in components of greater amplitude than is typical 

of common stimuli. 
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Figure 5-1 . Grand mean averages for target stimuli at 0900 and 1300 during priority braking and priority tracking conditions. 
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Figure 5-2. Grand mean averages for novel non-target stimuli at 0900 and 1300 during priority braking and priority tracking conditions. 
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P2 

Amplitude and latency of P2 during target trials at parietal sites were analysed using 2 

(Time-of-day: 0900, 1300) x 2 (Priority: Braking, Tracking) x 2 (Stimulus type: 

Target, Novel) x 3 (Coronal: 3, Z, 4) repeated measures ANOV As. 

Amplitude. Analysis of the P2 amplitude data revealed a trend towards 

significance for the Time-of-day x Priority interaction, F(l,11)=4.09, MSE=14.86, 

p=.068, E=l .O, as shown in Figure 5-4. Tukey post hoe analyses indicated the effect of 

Time-of-day was not significant during either task; however at 0900 P2 amplitude 

was significantly greater when the braking task was prioritised. There were no further 

significant main effects or interactions for P2 amplitude. 
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Figure 5-4. P2 amplitude (µV) elicited by target stimuli at 0900 and 1300 during 
priority braking and priority tracking conditions. 

Latency. Analysis of the P2 latency data revealed no significant main effects 

or interactions for P2 latency. A trend towards significance occurred for the effect of 

Time-of-day F(l,11)=3.48, MSE=2824.76,p=.089, E=l.O, with P2 occurring earlier at 

0900 (M=211.65ms) than at 1300 (M=228.18ms). 



85 

N2 

Amplitude and latency ofN2 during novel and target trials were analysed using 

2 (Time-of-day: 0900, 1300) x 2 (Priority: Braking, Tracking) x 2 (Stimulus type: 

Target, Novel) x 3 (Sagittal: Frontal, Central, Parietal) x 3 (Coronal: 3, Z, 4) repeated 

measures ANDV As. 

Amplitude. Analysis of the N2 amplitude data in response to the novel and target 

stimuli revealed a significant main effect of Stimulus type F(l,11)=18.98, 

MSE=38.59, p<.Ol, E=l.O which was modified by a significant Stimulus type x Time

of-day x Coronal interaction F(2,22)=4.15, MSE=0.97,p<.05, E=0.79, and a 

significant Stimulus type x Priority x Coronal F(2,22)=5.98, MSE=0.993, p<.Ol, 

E=0.91 interaction. 

As shown in Figure 5-5, N2 amplitude was greater (more negative) following 

presentation of target stimuli than presentation of novel stimuli. For target trials, N2 

amplitude was significantly greater at 0900 than at 1300 over the midline and right 

hemisphere (ps<.01). During both target and novel trials, N2 amplitude was 

significantly greater at midline sites than left and right hemisphere sites. Differences 

between left and right hemisphere sites were not significant except for target trials at 

0900, when N2 was significantly greater in the right hemisphere than the left 

hemisphere (p<.01). 
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Figure 5-5. N2 amplitude (µV) at 0900 and 1300 during target and novel trials at left, 
midline and right hemisphere sites. 

As shown in Figure 5-6 and confirmed by Tukey post hoe analyses, N2 

amplitude was significantly greater during target trials than novel trials at all sites. For 

both novel and target trials, N2 amplitude was greater when the tracking task was the 

priority task than when the braking task was the priority task. N2 amplitude was 

significantly greater at rilidline sites than at left and right hemisphere sites during both 

novel and target trials, and during both task priority conditions. During the priority 

tracking condition, N2 amplitude following target stimuli was significantly more 

negative in the right hemisphere than the left hemisphere (p<.01 ). 
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Figure 5-6. N2 amplitude (µV) during target and novel trials for priority braking and 
priority tracking conditions at left (3 ), midline (Z) and right ( 4) hemisphere sites. 

The Time-of-day x Priority x Coronal interaction was also significant, 

F(2,22)=4.34, MSE=l.256, p<.05, E=0.91, as shown in Figure 5-7. Tukey post-hoe 

tests revealed that when the tracking task was the priority task, N2 amplitude was 

significantly more negative than when the braking task was the priority task, with the 

exception that at 1300 the difference between the tasks at midline sites was not 

significant. When the tracking task was the priority task, N2 amplitude was 

significantly more negative at 0900 than at 1300 at midline and right hemisphere sites 

(p<.01) (but not in the left hemisphere). When the braking task was the priority task, 

differences between N2 amplitude at 0900 and 1300 across each of the coronal sites 

were not significant. During both tasks and at both times of day, N2 amplitude at 

midline sites was significantly more negative than at left and right hemisphere sites 

(p<.01). At 1300 differences between the hemispheres were not significant. At 0900, 
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during the priority tracking task, N2 amplitude was significantly more negative in the 

right hemisphere than the left hemisphere (p<.01). 
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Figure 5-7. N2 amplitude (µV) during target and novel trials at 0900 and 1300 during 
priority tracking and priority braking conditions at left, midline and right hemisphere 
sites. 

Latency. Analysis of the N2 latency data for novel and target trials revealed a 

significant main effect of Priority F(l,l 1)=5.94, MSE=7032.9,p<.05, t:=l.O. This 

main effect was modified by a significant Time-of-day x Priority x Coronal 

interaction F(2,22)=5.83, MSE=7l4.3,p<.05, t:=0.89, as shown in Figure 5-8. At 

midline sites during the priority braking task, N2 occurred significantly later at 1300 

than at 0900 (p<.01); however time-of-day differences at other sites were not 

significant. At 13 00, when the tracking task was the priority task, N2 latency did not 

differ significantly across the coronal sites, however when the braking task was the 

priority task N2 occurred significantly earlier in the right hemisphere than at the 

midline. At 0900, N2 latency did not differ significantly across coronal sites during 
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the priority braking task; however N2 occurred significantly earlier in the left 

hemisphere than the mid line during the priority tracking task (p<. 01 ). 
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Figure 5-8. N2 latency (ms) during novel and target trials at 0900 and 1300 during 
priority tracking and priority braking conditions across left (3), midline (Z) and right 
( 4) hemisphere sites. 

P3b 

P3b amplitude and latency data were analysed from EEG responses to the target 

stimuli using 2 (Time-of-day: 0900, 1300) x 2 (Priority: Braking, Tracking) x 3 

(Sagittal: Frontal, Central, Parietal) x 3 (Coronal: 3, Z, 4) repeated measures 

ANOVAs. 

Amplitude. Analysis of the P3b amplitude data revealed a significant main effect 

of Time-of-day F(l,11)=7.98, MSE=34.6l,p<.05, E=l.00 whereby P3b was 

significantly greater at 0900 (M=16.57uV) than at 1300 (M=14.97uV) and a 

significant Priority x Sagittal F(2,22)=3.66, MSE=23.2l,p<.05, E=0.95 interaction, as 

shown in Figure 5-9. Tukey post hoe analysis of this interaction indicated P3b was 
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significantly greater in the central and parietal regions than the frontal region. 

Differences in amplitude between the two tasks were not significant in the central and 

parietal region; however at the frontal region P3b was significantly greater during the 

priority braking task than the priority tracking task. 
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Figure 5-9. P3b amplitude (µV) in response to target stimuli during priority braking 
and priority tracking conditions at frontal, central and parietal sites. 

Latency. Analysis of the P3b latency data revealed a significant effect of 

Priority F(l,11)=10.26, MSE=8138.0l,p<.Ol, E=l.00, whereby peak latency occurred 

earlier (M=442.1 lms) when the braking task was the priority task than when the 

tracking task was the priority task (M=469.92ms). There was a trend towards a 

significant effect of Time-of-day with P3b occurring earlier at 0900 (M=443.29ms) 

than at 1300 (M=468.74ms) F(l,11)=3.94, MSE=l 7758.01,p=.073, E=l.O. 

LPC 

Data for LPC amplitude and latency following novel and common stimuli were 

analysed using five-way 2 (Time-of-day: 0900, 1300) x 2 (Priority: Braking, 
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Tracking) x 2 (Stimulus: Common, Novel) x 3 (Sagittal: Frontal, Central, Parietal) x 3 

(Coronal: 3, Z, 4) repeated measures ANOV As. 

Amplitude. As shown in Figure 5-10, a significant Time-of-day x Priority 

interaction occurred F(l,11)=12.31, MSE=28.34,p<.Ol, E=l.O. Tukey post hoe tests 

indicated that during the priority braking condition, LPC amplitude was significantly 

greater at 0900 than at 1300 (p<.01). While LPC amplitude did not differ between the 

conditions at 1300, at 0900 LPC amplitude was significantly greater when the braking 

task was the priority task than when the tracking task was the priority task (p<.01). 
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Figure 5-10. LPC amplitude (µV) in response to common and novel stimuli at 0900 
and 13 00 during priority tracking and priority braking conditions. 

A significant Stimulus x Sagittal interaction occurred F(2,22)=13. 77, 

MSE=3.89, p<.001, E=0.90. As shown in Figure 5-11, LPC amplitude in response to 

novel trials was significantly greater than that elicited during common trials over 

frontal sites (p<.01) but not central and parietal sites. At both times-of-day LPC was 

significantly greater at central sites than frontal and parietal sites (p<.01). The 

difference between frontal and parietal sites was not significant during novel trials 
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however during common trials LPC was significantly greater at parietal sites than 

frontal sites (p<.01 ). 
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Figure 5-11. LPC amplitude (µV) during common and novel trials over frontal, central 
and parietal sites. 

Latency. Analysis of the LPC latency data revealed no relevant significant main 

effects or interactions, nor were there any relevant trends towards significance. 

Discussion 

As predicted, RTs were fastest, target response accuracy greatest, and tracking 

accuracy lowest, when the braking task was the priority task. This indicates 

participants allocated priority according to instructions. Time-of-day did not have 

significant effects on any of the performance measures. Although subjective arousal 

was expected to be lower (indicated by higher scores on the KSS) at 1300 than at 

0900 differences in KSS scores were not significant. Measures of physical demand, 

mental demand, temporal demand, performance and frustration did not differ 

significantly at the two testing session times, and scores for these factors did not differ 
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significantly across each session. Significantly higher scores for Effort at 0900 

compared to 1300 were unexpected and along with the lack of difference in subjective 

arousal, suggest differences in performance scores at the two times-of-day may result 

from changes in effort rather than resource supply. Further investigation of the role of 

effort in performance and ERP measures ofresource allocation should occur in order 

to determine a) whether effort varies across the day, and b) the effects of effort 

modulation on ERPs. 

The P2 amplitude results suggest allocation of attention according to priority 

instructions differed at the two times-of-day. At 0900, P2 amplitude was greater when 

the braking task was the priority task than when the tracking task was the priority 

task, as expected. This did not occur at 1300. Therefore, though not reflected in 

performance measures, the P2 amplitude results suggest a reduction in adherence to 

priority instructions occurred at this time and provides support for the notion that P2 

reflects attentiveness (Crowley & Colrain, 2004). An alternative explanation for the 

differences in P2 when the braking task was the priority task that is consistent with the 

suggestion that P2 reflects arousal (e.g., Campbell et al., 1992), is that at 1300 the two 

tasks were equally arousing; however at 0900 participants found the priority braking 

task more arousing than the priority tracking task. The trend towards shorter latencies 

at 0900 than 1300 is consistent with the findings of Segalowitz et al. (1990), 

Velikonja and Segalowitz (1993). Although it has been suggested P2 amplitude 

reflects stimulus categorisation (Garcia-Larrea et al., 1992; Novak et al., 1992), the 

lack of an effect of stimulus type in the current experiment provides no support for 

this suggestion. 

The results for N2 amplitude and latency are complex. N2 amplitude has been 

found to be greater during periods oflower arousal (Segalowitz et al., 1990). 
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Therefore if arousal is lower at 1300 than at 0900, N2 amplitude could be predicted to 

be greater at 1300 than at 0900. This effect did not occur during the current 

experiment. Rather, midline N2 in response to target trials was greater at 0900 than at 

1300. This suggests either arousal was lower at 0900 than at 1300, or alternatively, 

increased N2 reflects greater arousal rather than lower arousal as suggested by 

Segalowitz. The finding of increased N2 amplitude at 0900 than at 1300 is also 

inconsistent with the findings of (Geisler & Polich, 1990) who reported no differences 

in N2 across the day. As Geisler and Polich used a single auditory oddball task, it 

appears the dual-tasks used in the current experiment may be more sensitive to 

variations in arousal than the task used by Geisler and Polich. The sensitivity of dual

tasks as measures of the availability ofresources is further supported by the finding 

that the effect of time-of-day on N2 occurred during the priority tracking condition 

but not the priority braking condition. During the priority tracking condition N2 

amplitude reflects resources not allocated to the prioritised task (i.e., the braking task). 

The effects of arousal on N2 could be further investigated by manipulating arousal 

pharmacologically (e.g., using caffeine) to increase control over arousal, and by 

comparing N2 during performance of single and dual-tasks. 

Although it was predicted a P3a component would occur in response to novel 

stimuli, the grand means showed no evidence of this component occurring. This 

finding was surprising as novel stimuli typically elicit a frontally maximum peak 

occurring approximately 300ms post stimulus presentation (Dien et al., 2004; Polich, 

2007). In the current experiment the waveforms in response to novel stimuli were 

similar to those in response to common stimuli, indicating the nova photos did not 

involuntarily capture attention. It is unclear whether the lack of a P3a in the current 

experiment is related to the nature of the novel stimuli or the nature of the dual visual 



tasks used in the current experiment. Therefore, appropriate novel stimuli to be used 

in conjunction with the standard and common stimuli used in this experiment, needs 

further investigation. 
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P3b amplitude was expected to be greater, and latency shorter at 0900 compared 

to 1300 and when the braking task was the priority task. The effect of time-of-day was 

expected to be greatest when the braking task was the priority task. The results 

provide partial support for these predictions. P3b amplitude was greater at 0900 than 

at 1390 (with a trend towards shorter latency). P3b amplitude did not differ between 

the tasks where P3b was maximal (central and parietal sites) although at frontal sites 

amplitude was greater during the priority braking condition than the priority tracking 

condition. These :findings suggest fewer resources were available at 1300 than at 0900 

to allocate to the tasks and that diverting attention to the tracking task reduced the 

availability of resources at frontal sites compared to central and parietal sites. 

Alternative explanations for the time-of-day effects are a) that fewer resources were 

required at 1300 to perform at the same level as at 0900, and b) focus of attention and 

effort were greater at 0900 than at 1300. 

The finding of a LPC in response to the novel and common stimuli was 

unexpected. The term LPC has been used to refer to the global response peak which 

includes the P3 components (e.g., Rushby, Barry, & Doherty, 2005); however the 

LPC found in the current experiment occurs later, and the return to baseline is much 

slower, than that associated with P3a or P3b. Inspection of the grand-mean waveforms 

in response to common (irrelevant) stimuli in the Martin et al. (1992) experiment 

shows no evidence of a LPC. Therefore, it is likely either the LPC which occurred 

during the current experiment reflects additional processing which occurred due to 

concurrent performance of the braking and tracking tasks, or eye movements 



associated with performing dual visual tasks on separate monitors. Further 

investigation comparing performance during single and dual-tasks is required to 

determine if eye movements related to monitoring two visual tasks presented on 

separate computer screens can account for this component. 
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The current experiment has raised several issues that need further 

investigation. Based on Monks' (2005) finding of a propensity for sleep during the 

early afternoon, subjective arousal was expected to be lower across the session which 

commenced at 1300. This did not occur. Although the KSS is a frequently used 

measure of sleepiness it may not be sensitive to subtle changes in arousal which occur 

across the day. Moller, Devins, Shen, and Shapiro (2006) suggest alertness and 

sleepiness are independent constructs; therefore in research addressing subjective 

levels of these constructs each should be measured. The current study inferred 

alertness from the sleepiness scale; however it may be more appropriate to use an 

alertness measure such as the UWIST Mood Adjective Checklist (UMACL) (Matthews, 

Jones, & Chamberlain, 1990) as a measure of alertness. Before concluding that 

subjective arousal is consistent at the time points investigated in the current 

experiment, it would be useful to measure subjective arousal with an alternative 

instrument which may be more sensitive to subtle changes in alertness. Therefore, it is 

suggested that an arousal measure such as the UMACL be completed in addition to 

the KSS. During the current experiment percentage of time-on-target was used as the 

measure of tracking accuracy. While this provides a general measure of accuracy, 

measures of horizontal and vertical error (such as reported by Schmidt et al., 1984) 

may provide a more sensitive measure of tracking performance. The finding that 

effort invested in the task was considered a more important contributing factor to task 

performance at 0900 than 1300 suggests effort invested in the tasks may not have 
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been consistent across the day. Further investigation of the precise nature of the 

relationship between effort and performance, and effort and time-of-day, is required to 

determine the role of effort in ERP component amplitude and latencies across the day. 

In conclusion, the current experiment provides evidence of time-of-day effects 

during dual visual tasks and that the two visual tasks used require resources obtained 

from a limited pool. The precise nature of the time-of-day effects found is not clear, 

however it appears that while performance may be consistent at the two time points 

tested, patterns ofresource allocation at 0900 and 1300 differ. A number of 

unexpected findings warrant further investigation. Further investigation ofN2 is 

required to determine if (and how) this component varies across the day. The lack of a 

P3a in response to novel stimuli needs to be investigated by comparing ERP 

waveforms in response to both single and dual-tasks, to determine whether the nova 

scenes used as novel stimuli will elicit P3a during a single-task. Finally, a comparison 

of single and dual visual tasks will help determine the factors associated with the LPC 

component found in response to novel and common stimuli. 
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Experiment 2 - Resource Allocation During Single and Dual Visual Tasks (A) 

The general aim of Experiment 2 was to investigate some of the unexpected 

findings of Experiment 1, which were not related to time-of-day, before further 

investigation of time-of-day effects in later experiments. In particular, the lack of a 

P3a following novel stimuli during Experiment 1 was surprising given that stimuli 

which are novel and unexpected usually elicit this component (Kok, 1997). Therefore, 

before proceeding to additional experiments investigating arousal and resource 

allocation using nova stimuli to elicit P3a, further investigation of the use of nova 

stimuli as novel stimuli was warranted. The nova stimuli used in Experiment 1 may 

not have been sufficiently novel to elicit P3a, or the lack of a P3a may be related to 

the dual-task nature of the tasks. Similarly, the LPC which occurred following novel 

and common stimuli during experiment 1 was also surprising, particularly as Martin et 

al. (1992) used the same common stimuli and no evidence of LPC was found. 

Therefore, before additional experiments were conducted it was necessary to 

determine why the unexpected LPC occurred as well as the processing it reflected. 

Because the focus of this experiment was on stimuli and task parameters, rather than 

the effects of time-of-day, time-of-day was not an experimental variable. To control 

for possible time-of-day effects, all testing occurred at 0900. 

The specific aims of Experiment 2 were to determine a) whether the LPC 

which occurred during the dual visual oddball tasks used in Experiment 1 would occur 

during a single visual oddball task and b) whether nova stimuli would elicit a P3a 

component during a single visual oddball task but not during dual visual oddball 

tasks. An additional aim was to determine the effects of increasing the difficulty of the 

tracking task on ERPs during the braking task. During the tracking task used in 

Expe:iment 1, participants tracked a circle which moved at a steady rate of 10 pixels 
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per second on a horizontal axis and changed direction predictably when the circle 

reached each end of the axis. Because of the predictability of this task it was relatively 

easy and may not have been sufficiently difficult to require consistent attention to the 

task. If this occurred, participants may have been able to switch between the tasks, 

rather than focussing on both tasks at the same time and dividing attention between 

the tasks, reducing the sensitivity of the dual-tasks to changes in resource capacity. A 

more difficult tracking task, in which the rate of movement and direction of the circle 

changed unpredictably, may be a more appropriate tracking task than the tracking task 

used in Experiment 1. 

As the tracking and braking tasks compete for similar resources according to 

Wickens' 2002 model, it was predicted that performance during the single-task would 

be more accurate and responses faster than during the two dual-tasks. Similarly, RT 

and accuracy were expected to be faster and more accurate during the dual easy task 

than the dual hard task. The amplitudes of P2, N2 and P3b were expected to be greater 

during the single-task than both dual-tasks due to the need to share resources during 

performance of the dual-tasks. This is expected to result in fewer resources being 

available for processing the target and novel stimuli when performing the dual tasks 

than the single task (Kok, 1997). Similarly, during performance of the dual hard task 

compared to the dual easy task, fewer resources will be available for processing the 

ERP task and this is expected to be reflected in decreased amplitude and increased 

latency of the ERP components (Kok, 1997; Wickens, 1984; 2002). Although 

increasing difficulty of an ERP task has been found to result in an increase in the 

amplitude of components reflecting effort, this is not expected during the current 

experiment because the difficulty manipulation is associated with the tracking task 

rather than the ERP oddball task. Based on the results of Experiment 1, P3a was not 
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expected to occur during the dual-task conditions but a frontally maximal P3a was 

expected to be elicited by novel stimuli during the single-task. LPC was not expected 

to occur during single-task but was expected during both dual easy and dual hard 

tasks. 

Method 

Participants 

Twelve right-handed female undergraduate students aged between 18 and 25 

years (M=l9.8, SD=l.2) from the University of Tasmania participated in the 

experiment. All participants scored between 31 and 69 (M=46.09, SD=5.60) on the 

Home and Ostberg (1976) Momingness/Eveningness Questionnaire. The exclusion 

criteria described in Experiment 1 were applied and ethics was obtained from the 

University of Tasmania's Human Research Ethics Committee. 

Materials 

NASA-Task Load Index (NASA-TLX) (as described in Experiment 1). 

Apparatus 

The apparatus described in Experiment 1 were used in the current experiment. 

Electrode placement, accepted impedance levels, amplification, sampling rate and 

bandpass filtering settings as described in Experiment 1 were applied in the current 

experiment. 

Stimuli 

Braking task (Oddball task) - The oddball task described in Experiment 1 was 

used in the current experiment. The number of stimuli, probability of each stimulus 

type, presentation time and response windows were not changed. 

Tracking task - The tracking task described in Experiment 1 was used as the 

easy version of the tracking task for Experiment 2. The tracking task was modified for 
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use as a hard version of the tracking task. During the hard version of the tracking task, 

directional changes of the moving circle were not predictable, with changes occurring 

randomly between 100 and lOOOOms. In addition, the speed of movement of the circle 

changed randomly from one to 10 pixels per second. Therefore, both direction and 

speed of movement of the circle were unpredictable. As in Experiment 1, the tracking 

monitor was placed directly above the STIM monitor. Participants were instructed to 

keep a cursor on the target using a standard computer mouse in their right hand. 

Percentage of time that the cursor was kept on the target was recorded and root mean 

square tracking error (RMSE) was also calculated. 

Procedure 

All experimental sessions commenced at 0900. Participants attended the ERP 

laboratory where they read an information sheet and signed a consent form. 

Participants then completed the screening questionnaires and those who did not meet 

the requirements were excluded. Participants were fitted with an electrode scull cap 

and electrodes were attached to each mastoid and above and below the left eye. 

Electrodes at the sites F7, T7, P7, F3, P3, AFz, Fz, Cz, Pz, F4, C4, P4, Pz, P8 as well 

as HEOG and VEOG were filled with electrode gel. Impedance values lower than 5.Q 

were accepted. 

Participants were seated in front of the STIM and tracking computers in a 

soundproofroom. Participants completed three task conditions (single braking, dual 

easy and dual hard) in counterbalanced order. Prior to commencing each task 

participants completed a practice task until they felt comfortable enough with the task 

to continue. During the single-task participants completed the braking task only. 

During the dual easy task participants completed the single-task and the easy version 

of the tracking task concurrently. For the dual hard task, participants completed the 
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hard version of the tracking task along with the braking task. During the dual-task 

conditions participants were instructed to perform both tasks well, but to give priority 

(80:20) to the tracking task. Instructions for the braking task and the tracking task 

were the same as those given to participants during Experiment 1. Participants were 

given a briefrest (approx 2-5 minutes between each task). Participants completed the 

NASA-TLX after completing each task. After completing the final NASA-TLX 

recording equipment was removed and participants were debriefed. 

Data Reduction 

Merging of EEG data and behavioural files, ocular artifact reduction, filtering, 

epoching, baseline correcting, artifact rejection, and averaging occurred as described 

in Experiment 1. The ERP waveforms were scored for P2, N2, P3b and LPC 

amplitude and latency. For most participants, a clear negative component in the 80-

1 OOms period post stimulus was not visible in averaged waveforms, therefore 

waveform averages were not scored for NI. As P3a was evident only in the single-

task condition this component was not scored. P2 was described as the maximum 

positive peak between 150ms and 250ms post-stimulus. N2 was described as the 

maximum negative peak between 200ms and 300ms post-stimulus. P3b was described 

as the maximum positive peak between 270ms and 550ms post stimulus and LPC was 

described as the maximum positive peak between 550ms and 800ms post-stimulus. As 

in Experiment 1, peaks for each component were identified for each individual using 

SCAN's peak detection software and individual waveforms were checked to ensure 

correct identification of peaks. 

Design 

A 3 (Stimuli: Target, Novel, Common) x 3 (Task: Single, Dual Easy, Dual 

Hard) x 3 (Sagittal site: Frontal, Central, Parietal) x 3 (Coronal site: 3, Z, 4) repeated 
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measures design was used. Dependent variables were amplitude (µV) and latency 

(ms) of P2, N2, P3b and LPC, RT (ms), accuracy (correct responses /40) ofresponses 

to target stimuli, false alarms (/360) to non-target stimuli, time-on-target during the 

tracking task, tracking error and NASA TLX scores. 

Data Analysis 

The data for each dependent measure (except time-on-target and tracking error) 

were analysed using repeated measures ANOV As. Greenhouse Geisser corrections 

and Tukey post hoe tests were applied as per Experiment 1. Time-on-target and 

tracking error were analysed using paired samples T-tests. The conventional alpha 

level of0.05 was used to indicate significance. For the ERP analyses, only main 

effects and interactions which involve stimuli (target, common, novel) will be 

reported. 

Results 

Behavioural Data 

RT and Accuracy (Braking Task). Mean correct responses and mean false 

alarms obtained during the braking task under each of the task conditions are 

presented in Table 5-5. RT to target stimuli during the single, dual easy and dual hard 

tasks was analysed using a one-way ANOV A Although RT appeared shorter during 

the single-task than both dual-tasks the effect of Task was not significant. Correct 

responses during the single, dual easy and dual hard tasks were analysed using a one-

way ANOV A The analysis revealed a trend towards significance for the effect of 

Task, F(2,22)=3.03, MSE=33.23,p=.084, f=0.79 with fewer correct responses during 

the dual hard task compared to the single-task (p=.057). The one-way ANOVA used 

to analyse the false alarm data for the single, dual hard and dual easy tasks revealed 
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the effect of Task on false alarms was not significant, nor was there a trend towards 

significance. 

Table 5-5 
Mean RT, Number of Correct Responses (HIT) and Number of False Alarms (FA) 
Obtained During the Braking Task During the Single, Dual Easy and Dual Hard tasks 
(Standard Deviations in Brackets) 

Task RT (ms) HIT (/40) FA (/360) 

Single 712.50 (92.45) 35.41 (5.87) 2.00 (2.37) 

Dual Easy 747.50 (137.06) 31.92 (7.14) 2.75 (2.30) 

Dual Hard 749.17 (101.93) 29.67 (7.83) 2.08 (2.02) 

Time-on-Target 

Time-on-target (percent) during the dual easy and dual hard tasks was 

analysed using a paired samples t-test. This analysis indicated Time-on-target was 

significantly greater during the dual easy task (M=70.48%, SD=7.58) than during the 

dual hard task (M=39.96%, SD=5.82), t(l 1)=18.69,p<.001. 

Tracking Error 

Paired samples t-tests were used to analyse tracking error on both the X axis 

and the Y axis. The difference in time-on-target between the two tasks was supported 

by a significant difference in RMSE for the tracking X axis, t(l l )= 17.71, p<. 001 with 

error being greater during the hard task (M=53.19, SD=8.79) than the easy task 

(M=23.37, SD=5.73). Similarly, for the Y axis error during the hard task (M=9.14, 

SD=2.46) was significantly greater than during the easy task (M=6.09, SD=l. 70), 

t(l l )=6.32, p<.001. 
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NASA-TIX 

Overall NASA-TLX scores were calculated using the procedure outlined in 

Experiment 1. Mean NASA-TLX scores for each factor are presented in 

Table 5-6. The NASA-TLX data for each workload factor were analysed 

across each task condition (Single, Dual Easy, Dual Hard) using repeated measures 

ANOVAs. The effect of Task on physical demand was significant F(2,22)=4.12, 

MSE=52.70,p<.03, E=0.87 as was the effect of Task on temporal demand 

F(2,22)=20.34, MSE=82.51,p<.001, E=0.95. Tukey post hoe tests indicated physical 

demand and temporal demand were significantly greater during the dual hard task 

than both the single and dual easy tasks (which did not differ significantly from each 

other on these factors) (p<. 01 ). There were no further significant interactions or trends 

towards significance. 

Table 5-6 
Mean Subjective Workload Scores Obtained Using the NASA-TIX Following the 
Single, Dual Easy and Dual Hard Tasks (Standard Deviations in Brackets). 

Factor Single Dual Easy Dual Hard 

Mental Demand 15.90 (7.04) 20.22 (10.03) 26.10 (12.22) 

Physical Demand 4.67 (2.10) 12.29 (6.98) 15.37 (7.21) 

Temporal Demand 27.22 (11.42) 29.37 (12.98) 36.50 (13.67) 

Effort 46.00 (18.11) 48.89 (19.09) 54.69 (22.31) 

Performance 30.66 (15.98) 29.75 (13.93) 32.50 (14.71) 

Frustration 18.07 (9.55) 22.32 (11.97) 21.09 (8.15) 

Grand Means 

The grand mean wave-forms obtained in response to the common, novel and 

target stimuli under each of the three task conditions are presented in Figures 5-12 to 
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5-14. A P2 component was evident over parietal sites but not central or frontal sites 

following target and novel non-target stimuli. This component appears to occur 

slightly later in this experiment than during Experiment 1. Following both target and 

novel non-target stimuli the P2 component appears to be greater during the single task 

than the dual-easy and dual-hard tasks. As shown, the target stimuli produced ERP 

waveforms with a clear negative component (N2) over parietal sites. This negative 

component appears greater during the single task than the dual tasks. The grand 

means show that N2 elicited during target trials was followed by a high amplitude 

component (P3b) that was not elicited in response to novel or common stimuli. 

Amplitude of this component was greater over parietal sites than central and frontal 

sites. At parietal sites P3b appears to be maximal at the midline whereas across central 

sites P3b appears to be greater in the left hemisphere than the midline and right 

hemisphere. P3b amplitude appears to occur earlier and be less positive during the 

single-task than both dual-tasks. There appears to be little difference in P3b amplitude 

or latency between the two dual-tasks. As shown in Figure 5-12, during all tasks a 

clear negative deflection consistent with N2 occurred over frontal and central sites 

approximately 250ms post stimulus onset. This was not evident over parietal sites; 

however over parietal sites a positive deflection consistent with a parietal P2 occurred. 

During the dual-tasks the positive and negative deflections described were followed 

by a gradual increase in amplitude with baseline return not occurring until 

approximately 1 OOOms post stimulus onset. During the single-task, novel stimuli 

elicited a positive component over central sites which, after peaking, rapidly returned 

·" 
to baseline. This did not occur over frontal sites and is consistent with a centrally 

maximal P3a. During the dual-tasks the long-lasting increase in amplitude which 

occurred at the time of the P3a during the single-task did not return to baseline (as 
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occurred during the single task) and therefore is not consistent with a typical P3a 

response. Following common stimuli, there appears to be little difference in frontal 

waveforms across the three tasks. Over central and parietal sites, a small LPC is 

evident during the dual-tasks but not during the single-task. Evidence ofLPC is also 

evident during the dual-tasks following novel stimuli. Variations in amplitude and 

latency of the components across the task conditions will be discussed in the 

following sections related to each component. 
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Figure 5-12. Grand mean averages for target stimuli during the single, dual easy and dual hard task conditions. 
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Figure 5-13. Grand mean averages for novel non-target stimuli during the single, dual easy and dual hard task conditions. 
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Figure 5-14. Grand mean averages for common non-target stimuli during the single, dual easy and dual hard task conditions. 
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P2 

Amplitude. P2 amplitude data for target trials were analysed over parietal sites 

only (as this component was not evident over other sites) using a 3 (Task: Single, 

Dual Easy, Dual Hard) x 3 (Coronal: 3, Z, 4) repeated measures ANOV A. The main 

effect of Task was not significant; however there was a trend towards significance for 

the Task x Coronal interaction, F(4,44)=3.36, MSE=4.00,p=.06l, E=0.44, as shown in 

Figure 5-15. Tukey post-hoe analyses indicated differences between the tasks over the 

left and right hemispheres were not significant, however at the rnidline, P2 during the 

single-task was significantly greater than during both dual-tasks. Differences across 

the coronal sites were not significant during any of the tasks. 
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Figure 5-15. P2 amplitude (µV) elicited during target trials during the single, dual 
easy and dual hard tasks over rnidleft (3), midline (Z) and rnidright (4) sites. 

Latency. P2 latency data for target trials were analysed over parietal sites using 

a 3 (Task: Single, Dual Easy, Dual Hard) x 3 (Coronal: 3, Z, 4) repeated measures 

ANOV A. The effect of Task was not significant nor was the Task x Coronal 

interaction. 
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N2 amplitude and latency data were analysed from EEG responses to target 

stimuli at frontal and central left, midline and right hemisphere sites. 
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Amplitude. A 3 (Task: Single, Dual Easy, Dual Hard) x 2 (Sagittal: Frontal, 

Central) x 3 Coronal (3, Z, 4) repeated measures ANOV A was used to analyse the N2 

amplitude data. This analysis revealed a significant main effect of Task, F(2,22)=3.04, 

MSE=6l.l6,p<.05, f=0.90 wherebyN2 amplitude was more negative during the 

single task (M=-10.05 µV) than the dual hard task (M=-6.44µV). There were no 

further significant main effects or interactions. 

Latency. The data for N2 latency were analysed using a 3 (Task: Single, Dual 

Easy, Dual Hard) x 2 (Sagittal: Frontal, Central) x 3 (Coronal: 3, Z, 4) repeated 

measures ANOV A. This analysis revealed no significant main effects or interactions, 

or trends towards significance. 

P3b 

Amplitude. A 3 (Task: Single, Dual Easy, Dual Hard) x 2 (Sagittal: Central, 

Parietal) x 3 (Coronal: 3, Z, 4) repeated measures ANOV A was used to analyse P3b 

amplitude which occurred during target trials. The analysis revealed a significant 

main effect of Task F(2,22)=5.30, MSE=43.24, p<.05, e=0.61, whereby P3b 

amplitude during the single-task (M=l3.91µV) was significantly lower than during 

both the dual easy (M=l 7.38µV) and dual hard (M=l 7.92µV) tasks. P3b amplitude 

during the dual easy task did not differ significantly from amplitude during the dual 

hard task. No significant interactions or trends involving Task occurred. 

Latency. A 3 (Task: Single, Dual Easy, Dual Hard) x 2 (Sagittal: Central, 

Parietal) x 3 (Coronal: 3, Z, 4) repeated measures ANOV A was used to analyse P3b 

latency. This analysis revealed a significant main effect of Task, F(2,22)=5.36, 
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MSE= 10856.26, p <. 05, f=O. 94 whereby P3b latency was significantly greater during 

the dual easy task (M=528.00ms) than the single task (M=472.13). Although P3b 

occurred later during the dual hard task (M=5 09 .15) than the single task, the 

difference was not significant. 

LPC 

Amplitude. LPC amplitude was analysed using a 2 (Stimulus: Common, Novel) 

x 3 (Task: Single, Dual Easy, Dual Hard) x 3 (Sagittal: Frontal, Central, Parietal) x 3 

(Coronal: 3, Z, 4) repeated measures ANOV A. This analysis revealed a significant 

main effect of Task F(l,11)=15.64, MSE=l9.l8,p<.00l, f=.80 which was modified 

by a significant Task x Stimulus interaction, F(2,22)=6.22, MSE=26.22, p<.05, 

f=0.87. 

As shown in Figure 5-16, and confirmed by Tukey post hoe tests, LPC 

amplitude elicited by common stimuli did not differ across the tasks, however during 

novel trials LPC amplitude was significantly greater during the dual hard task than 

both the dual easy and single tasks. In addition, during the single task LPC amplitude 

was significantly greater following novel stimuli than common stimuli (ps<0.01). 
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Figure 5-16. LPC amplitude (µV) in response to common and novel stimuli during the 
single, dual easy and dual hard tasks. 

Latency. LPC latency data were analysed using a 2 (Stimulus: Common, Novel) 

x 3 (Task: Single, Dual Easy, Dual Hard) x 3 (Sagittal: Frontal, Central, Parietal) x 3 

(Coronal: Left, Midline, Right) repeated measures ANOV A This analysis revealed no 

meaningful significant effects, or trends towards significance. 

Discussion 

Accuracy ofresponses to target stimuli was expected to be greater and RTs 

longer, during the single-task than dual-tasks. These measures were expected to be 

affected by the difficulty of the dual-tasks resulting in greater accuracy and shorter 

RTs during the dual easy task than the dual hard task. In contrast to the prediction, the 

effect of task on RT was not significant. As predicted, accuracy ofresponses to target 

stimuli was greater during the single-task than the dual hard task. The difference in 

accuracy between the single and dual easy tasks was not significant. This indicates 

sufficient competition for resources occurred during the dual hard task condition to 

reduce the availability ofresources for processing target stimuli. Despite the 
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prediction that accuracy would decrease as the difficulty of the tracking task 

increased, there was little difference in accuracy of responses to target stimuli during 

the two dual-task conditions. The finding that time-on-target was greater and tracking 

error smaller during the easy task compared to the hard task indicates the 

unpredictable change of direction and unpredictable speed of movement of the target 

circle successfully made the tracking task more difficult. This is supported by the 

NASA-TLX results, indicating greater physical demand and temporal demand during 

the dual hard task than the dual easy task. 

Although P2 is generally maximal at the central midline (Crowley & Colrain, 

2004), P2 elicited by targets during the current experiment resulted in P2 which was 

maximal over the parietal region. This suggests there may be some overlap of P3 on 

P2; however the extent to which this may have occurred is unclear. Although P2 may 

be confounded to some degree by P3, the finding that P2 amplitude at the parietal 

midline was greater during the single-task than the dual-tasks supports the prediction 

that fewer resources would be available for processing target stimuli during dual-task 

conditions than during the single-task condition (Wickens, 1984; 2002). It suggests 

that P2, like P3, reflects resource allocation. This is somewhat inconsistent with the 

suggestion of Crowley and Colrain (2004) that P2 amplitude reflects attentiveness, 

with a reduction in attentiveness resulting in an increase in P2. In the current 

experiment, overall attentiveness may have been greater during the dual-task 

conditions than during the single-task. However, as attention was divided between the 

two tasks during the dual-task condition, attentiveness to the braking task would have 

been reduced compared to during the single-task. The finding that increasing the 

tracking task difficulty did not further reduce P2 amplitude suggests the additional 



resources required for processing the more difficult tracking task did not compete 

with the resources required for early processing of target stimuli. 

116 

As expected, N2 was more negative during the single-task than the dual hard 

task. Consistent with the results for P2, increasing the difficulty of the tracking task 

did not have a significant effect on the amplitude ofN2. This suggests these 

components were either not sensitive to the difficulty manipulation or that the degree 

of manipulation was insufficient to elicit significant effects on these components. 

The lack of P3a during the dual-tasks was unexpected. Although relatively 

small, a clear P3a developed during the single-task, indicating the novel stimuli acted 

as 'novel' stimuli during this task condition but not the dual-task conditions. Although 

it has been suggested P3a is an automatic process (Courchesne, Hillyard & Galambos, 

1975; Squires, Squires & Hillyard, 1975) and should therefore occur regardless of 

task priority or difficulty, the results of the current study suggest otherwise. It is 

possible the nova stimuli did not act as 'novel' stimuli amongst the common and 

target driving scenes during the dual-task conditions due to the resource demands of 

the tracking task reducing the availability of resources for processing the nova stimuli. 

In a typical oddball paradigm, novel stimuli (as well as common and target stimuli) 

are repeated (Coinerchero & Polich, 1999). In the current experiment, each of the 10 

nova scenes was presented four times. As novel stimuli are subject to rapid 

habituation (Polich, 2007), it would be reasonable to expect slower habituation in the 

current experiment than one in which one novel stimulus was repeated. Therefore, it is 

unlikely the lack of P3a in the dual-task conditions (or small P3a in the single-task 

condition) is due to habituation. Difficulty of target/common discrimination is known 

to affect P3a amplitude and topography, with P3a amplitude greater (and more 

frontal) when discrimination of target stimuli from common stimuli is difficult 
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(Comerchero & Polich, 1998; Hagen et al., 2006; Katayama & Polich, 1998). During 

the current experiment target/common discrimination was relatively easy suggesting 

discrimination difficulty of the target and common stimuli may have impacted on 

processing of the novel stimuli such that during the dual-task conditions, when fewer 

resources were available, this component did not occur. 

As expected, P3b amplitude was maximal and latency shorter during the 

single-task compared to the dual-task conditions, indicating increased demand on 

resources during the dual-task conditions. Increasing difficulty of the tracking task did 

not further reduce P3b amplitude and there was little difference in latency for the two 

dual-tasks. Together with the lack of effect of difficulty on P2 and N2, the results 

suggest the additional resources required for processing the more difficult tracking 

task were primarily response related resources which were not reflected in these 

components. An alternative explanation is that participants maintained the same level 

of attention to the braking task regardless of the difficulty of the tracking task. The 

finding of significant differences between the two dual-tasks for N2 suggests this is 

unlikely, but may indicate that N2 is more sensitive to changes in task difficulty than 

both P2 and P3b. 

The LPC results provide some support for the suggestion made in Experiment 

1 that the LPC which occurred was the result of eye movements associated with 

performing concurrent visual tasks presented on separate monitors. During novel trials 

LPC amplitude was consistent across the three tasks; however during common trials 

LPC was greater during the dual hard task than both single and dual easy tasks. This 

suggests when the tracking task was difficult, eye movements may have been greater 

than when the driving task was performed as a single task or with an easy tracking 

task. It is possible this only occurred during the novel trials as they were easily 
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identified as nontargets and therefore eyes were diverted to the tracking task. The 

finding that LPC was greater following novel trials than common trials (during the 

single task) suggests the LPC may reflect additional processing occurred in response 

to the novel stimuli. 

The behavioural data provides mixed support for suggestion that participants 

maintained similar levels of attention towards the braking task regardless of the 

difficulty of the tracking task. RTs to target stimuli did not differ significantly 

between the two dual-tasks (supporting the notion of maintenance of attention towards 

the braking task). The increased tracking error and reduced time-on-target during the 

dual hard task compared to the dual easy tasks indicates the dual hard task was more 

difficult, however may also support the suggestion that attention towards the dual hard 

task may have been reduced in order to maintain performance on the braking task. 

In conclusion, the additional resources required for performing the hard 

tracking task compared to the easy tracking task were response related resources. 

Therefore, the increase in difficulty of the tracking task did not reduce the availability 

of visual perceptual-central resources required for processing target stimuli. Hence 

there was little difference in ERPs to the target stimuli during the dual hard and dual 

easy task conditions. This supports Wickens' multiple resource model (Wickens, 

1984; 2002) and suggests further experiments in which task difficulty is manipulated 

should ensure the additional demands created by increasing the difficulty of a task 

should place demands on the same resources as the oddball task. During the current 

experiment, demand for resources from different resource pools (as proposed by 

Wicken's, 2002) resulted in the increase in difficulty having minimal effect on ERPs 

to the target stimuli. The lack of P3a during the dual-tasks indicates the lack of P3a 

during Experiment 1 was likely to be due to both the dual-task nature of the 
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experiment and the stimuli used. Finally, greater LPC during the dual-tasks than the 

single-task suggests the LPC which occurred during Experiment 1 resulted from eye 

movement associated with the presentation of two visual tasks on separate monitors. 

Therefore, further investigation of time-of-day should either be conducted using dual 

visual tasks presented on a single monitor or using mixed modality tasks. 
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Experiment 3 - Resource Allocation During Single and Dual Visual Tasks (B) 

During Experiments 1 and 2 it was found that the nova stimuli used did not act 

as novel stimuli amongst the target and common stimuli during the dual-task 

conditions. The aim of the current experiment was to further explore some of the 

unexpected findings of Experiments 1 and 2. The principle aim of the current 

experiment was to determine if a more commonly used novel stimulus than the nova 

scenes used in Experiments 1 and 2, would elicit P3a. Comerchero and Polich (1999) 

found a large blue square elicited a P3a when presented randomly with two different 

sized circles, one of which was a target. Therefore a similar stimulus, such as a large 

orange square, may elicit P3a in dual-task conditions when presented in a three 

stimulus oddball paradigm in which the target and common stimuli were photos of 

driving scenes. If found to elicit P3a, the novel stimulus used in this experiment 

would be an appropriate stimulus to use in further experiments investigating effects of 

time-of-day on resource allocation. 

A further aim was to determine ifthe type of stimuli used in the previous two 

experiments contributed to the LPC found in those experiments, or whether the LPC 

found in Experiments 1 and 2 was due to eye movements associated with presentation 

of the two tasks on separate monitors. Based on the results of Experiments 1 and 2, it 

was predicted that an LPC would occur during the current experiment. 

Based on previous ERP oddball experiments which have used a large square 

as a novel stimulus (e.g., Comerchero & Polich, 1998) as well as Wickens' (1984; 

2002) resource theory, it was hypothesised that the large orange square would elicit a 

P3a component which would be larger and occur earlier during the single-task than 

the dual-tasks. As P3a reflects a relatively automatic response to novel stimuli, 

increasing the difficulty of the tracking task was not expected to result in a decrease in 
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P3a amplitude. Based on the results of Experiment 2, P2 was expected to be maximal 

over the parietal region and amplitude of P2 was expected to be greater during the 

single task than the dual tasks. As found in Experiment 2, increasing the difficulty of 

the tracking task was expected to have little effect on P2, and P3b. It was predicted 

that a LPC would be elicited during the dual-task conditions providing further support 

for the suggestion made based on the results of Experiments 1 and 2, that the LPC 

found in the previous experiments was related to eye movements rather than the type 

of stimuli used. 

Method 

Participants 

Fourteen right-handed female undergraduate students aged between 18 and 24 

years (M=l9.l, SD=I.4) from the University of Tasmania participated in the 

experiment. All participants scored between 31 and 69 (M=47.98, SD=4.38) on the 

Home and Ostberg (1976) Momingness/Eveningness Questionnaire and had at least 

one year of driving experience and normal or corrected to normal vision. The same 

exclusion criteria applied in Experiments 1 and 2 were applied to Experiment 3. 

Written informed consent was obtained from each participant. 

Materials 

NASA-Task Load Index (NASA-TLX) (as described in Experiment 1). 

Apparatus 

The apparatus described in Experiment 1 were used in the current experiment. 

Electrode placement, accepted impedance levels, amplification, sampling rate and 

bandpass filtering settings as described in Experiment 1 were applied in the current 

experiment. 



122 

Stimuli 

Oddball Task A modified version of the three-stimulus oddball task used in 

Experiments 1 and 2 was used in Experiment 3. The oddball task was presented using 

Neuroscan STIM 3.1 and was comprised of 400 trials (total time was approximately 

14 minutes). Two photos of driving scenes were used for the common and target 

stimuli. The common and target stimuli photos were scenes taken from the driving 

position of a car looking towards a car ahead on the road. For the common stimulus 

photo the car ahead was considered a safe distance ahead. For the target stimulus 

photo the car was considered too close. In all other respects the common and target 

stimuli were the same with the distance of the car ahead the only difference between 

the two stimuli. The 400 trials consisted of 320 common trials, 40 target trials and 40 

novel trials. A large orange square (20cm2) was used as the novel stimulus. The 

probability of each stimuli type was 0.80, 0.10 and 0.10 respectively. Stimuli were 

presented for 250ms, followed by a response window of2500ms. Stimulus onset 

asynchrony was 3000ms. Participants were required to respond to target stimuli by 

using their right foot to press a brake pedal and were instructed to ignore other 

stimuli. 

Tracking Task 

The easy and hard versions of the tracking task used in Experiment 2 were 

utilised in the current experiment. 

Procedure 

The procedure for Experiment 3 was the same as outlined in Experiment 2 

except during the braking task participants were instructed to respond to photos of a 

car close ahead by pressing the brake pedal and to ignore those pictures where the car 

was a safe distance ahead. All experimental sessions commenced at 0900. 
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Data Reduction 

Data reduction occurred in the same manner as described in Experiment 1. ERP 

waveforms were scored for P2, P3a, P3b and LPC amplitude and latency. P2 was 

described as the maximum positive peak between 150ms and 250ms post-stimulus. 

For most participants, a clear negative component in the 80-lOOms period post 

stimulus was not visible in averaged waveforms, therefore waveform averages were 

not scored for Nl. P3a was described as the maximum positive peak occurring 

between 270ms and 450ms post-stimulus following novel stimuli. P3b was described 

as the maximum positive peak between 270ms and 550ms post-stimulus and the 

maximum positive peak occurring between 550ms and 800ms post-stimulus was 

labelled LPC. 

Design 

The design for this experiment was the same as outlined in Experiment 2 with 

the exception that P3a amplitude and latency were additional dependent variables. 

Data Analysis 

Data analysis for this experiment was the same as outlined in Experiment 2. Due 

to a recording error, EEG data recorded during the dual easy task for participant 14 

was not available. Missing data were replaced by the mean for each electrode in the 

dual easy task condition. 

Results 
Behavioural Data 

RT and Accuracy (Braking Task). RT (ms) and the percentage of correct responses 

and false alarms were analysed using repeated measures (Task: single, dual easy, dual 

hard) ANOVAs. The mean RTs, mean correct responses and mean false alarm data 
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obtained during the braking task under each of the task conditions are presented in 

Table 5-7. 

Although the effect of Task on RT was not significant, RT was shorter during 

the single-task than both dual-tasks. Increasing the difficulty of the tracking task did 

not significantly increase RT to braking stimuli. The effect of Task on correct 

responses was not significant; however the effect of Task on false alarms was 

significant F(2,26)=7.23, MSE=4083.35,p<.05, f=0.58. Tukey post hoe tests 

indicated there were significantly more false alarms during the dual hard task than 

both the dual easy task and the single-task (ps<.01) 

Table 5-7 
Mean RT, Correct Responses (HIT) and False Alarms (FA) for the Braking Task 
During the Single, Dual Easy and Dual Hard tasks (Standard Deviations in Brackets) 

Task 

Single 

Dual Easy 

Dual Hard 

RT (ms) HIT (/40) 

664.70 (153.73) 26.26 ( 7.38) 

707.05 ( 89.73) 25.05 ( 6.20) 

696.31 (138.53) 28.35 (12.24) 

Time-on-Target 

FA (/360) 

8.57 ( 21.31) 

22.86 ( 26.37) 

94.29 (100.66) 

Time-on-target (percent) during the dual easy and dual hard tasks was analysed 

using a paired samples t-test. This analysis indicated that time-on-target was 

significantly greater during the dual easy task (M=73.66, SD=l2.62) than during the 

dual hard task (M=40.82, SD=8.31), t(l3)=8.44,p<.00l. 

Tracking Error 

A paired samples t-test was used to analyse tracking error on the X axis. RMSE 

was significantly greater during the dual hard task (M=34.30, SD= 11.11) than the dual 

easy task (M=9.74, SD=6.28), t(13)=7.21,p<.001. 
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NASA-TIX. Overall NASA-TLX scores were calculated using the same procedure as 

outlined in Experiment 1. Mean NASA-TLX scores for each factor are presented in 

Table 5-8. 

Table 5-8 
Mean Subjective Workload Scores Obtained Using the NASA-TIX Following the 
Single, Dual Easy and Dual Hard Tasks (Standard Deviations in Brackets). 

Factor Single Dual Easy Dual Hard 

Mental 18.93 (7.53) 21.94 (5.45) 25.66 (7.37) 
Demand 
Physical 7.89 (5.02) 11.50 (4.99) 14.59 (4.59) 
Demand 
Temporal 16.94 (5.96) 25.44 (9.06) 37.87 (12.15) 
Demand 
Effort 45.50 (18.19) 54.92 (25.22) 59.69 (24.87) 

Performance 33.25 (14.56) 33.67 (16.31) 32.69 (11.20) 

Frustration 19.02 (10.29) 21.55 (13.99) 22.70 (10.14) 

The NASA-TLX data for each workload factor were analysed using 3 (Task: 

single, dual easy, dual hard) repeated measures ANOVAs. The effect of Task on 

physical demand was significant F(2,30)=9.92, MSE=l5.82,p<.00l, °E=0.77 as was 

the effect of Task on temporal demand F(2,30)=19.86, MSE=81.58,p<.001, t:=0.99. 

Tukey post hoe tests confirmed physical demand during the dual hard task was 

significantly greater than during the single-task (p<.01) (the dual easy task did not 

differ significantly from either the dual hard task or the single-task). In addition, 

temporal demand was significantly greater during the dual hard task than the dual 

easy task and temporal demand during both dual-tasks was significantly greater than 

during the single-task (p<.01). The effects ofTask on the remaining NASA-TLX 

factors were not significant. 
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Grand Means 

The grand mean wave-forms obtained in response to the common, novel and 

target stimuli under each of the task conditions are presented in Figures 5.17 to 5.19. 

Despite undergoing the same filtering procedure as Experiments 1 and 2, the grand 

means for this experiment appear to contain more high frequency activity than those 

for Experiment 1 and 2. There are several reasons why this may have occurred. The 

difficulty of discrimination between the common and target trials used in this 

experiment resulted in lower hit rates and higher false alarm rates than the previous 

experiments. Therefore, each average consisted of fewer epochs, and hence noisier 

data, than Experiments 1 and 2. 

During target trials, a clear P2 component at approximately 200ms occurred 

over central and parietal sites. The amplitude of this component appears to be greater 

during the single task condition than both dual task conditions. There appears to be 

little difference in latency ofthis component across the tasks. 

Although a negative deflection consistent with Nl is evident in the grand 

means for target and novel trials, a clear Nl component was not visible in the 

individual means. 

The grand means indicate that in the single-task condition, the novel stimuli 

produced ERP waveforms with a distinct short latency, high amplitude component 

(P3a) that was not elicited in response to common or target stimuli. This component 

appears larger in amplitude at central and parietal sites compared to frontal sites. 

During the dual-task conditions a positive component also occurred which was greater 

over parietal sites than frontal and central sites. However, compared to the positive 

component elicited during the single-task, return to baseline is far more gradual and 

appears more consistent with P3b than P3a. There is no evidence of an LPC in 
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waveforms obtained in response to novel or target stimuli, however there is evidence 

of a parietal LPC following common stimuli. This component appears to occur during 

the dual-tasks but not the single-task. Grand means following target stimuli provide 

evidence of a large positive component which occurs later than the positive 

component described in response to novel stimuli, and is maximal at parietal sites and 

consistent with P3b. The latency of this component appears to be longer in the dual

task conditions than the single-task condition. While there appears to be little 

difference in amplitude of this component in the single and dual hard conditions, 

amplitude appears smaller in the dual easy condition than the other task conditions. 
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Figure 5-17. Grand mean averages for target stimuli during the single, dual easy and dual hard task conditions. 
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Figure 5-18. Grand mean averages for novel non-target stimuli during the single, dual easy and dual hard task conditions. 
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Figure 5-19. Grand mean averages for common non-target stimuli during the single, dual easy and dual hard task conditions. 
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P2 

P2 amplitude and latency data for target trials were analysed over central and 

parietal left, midline and right hemisphere sites. 
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Amplitude. P2 amplitude data were analysed using a 3 (Task: Single, Dual Easy, 

Dual Hard) x 2 (Sagittal: Central, Parietal) x 3 (Coronal: 3, Z, 4) repeated measures 

ANOV A. This analysis revealed a significant main effect of Task F(2,26)=10.97, 

MSE=46.58, p<.001, E=0.80. Tukey post hoe tests indicated P2 amplitude was 

significantly lower during the dual hard task (M=3.2lµV) than during both the single 

(M=8.13µV) and dual easy tasks (M=6.02µV) (p<.01). The difference in P2 amplitude 

during the single-task and dual easy task was not significant. There were no further 

relevant significant effects or trends towards significance. 

Latency. P2 amplitude data were analysed using a 3 (Task: Single, Dual Easy, 

Dual Hard) x 2 (Sagittal: Central, Parietal) x 3 (Coronal: 3, Z, 4) repeated measures 

ANOV A. This analysis revealed no significant effects or trends towards significance. 

P3a 

Amplitude and latency of P3a elicited by novel stimuli were analysed over frontal, 

central and parietal left, midline and right hemisphere sites. 

Amplitude. Analysis of the P3a data in response to novel stimuli using a 3 

(Task: Single, Dual Easy, Dual Hard) x 3 (Sagittal: Frontal, Central, Parietal) x 3 

(Coronal: 3, Z, 4) ANOVA revealed a significant main effect of Task F(2,26)=16.70, 

MSE=90.06 ,p<.001, E=l.O whereby P3a amplitude was significantly greater (p<0.01) 

during the single task (M=14.47µV) than the dual easy (M=8.34µV) and dual hard 

tasks (M=8.65µV). P3a amplitude during the two dual tasks did not differ 

significantly. 
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Latency. Analysis of the P3a latency data in response to novel stimuli was 

conducted using a 3 (Task: Single, Dual Easy, Dual Hard) x 3 (Sagittal: Frontal, 

Central, Parietal) x 3 (Coronal: 3, Z, 4) ANOV A This analysis revealed a significant 

main effect ofTaskF(2,24)=5.99, MSE=l5786.52,p<.05, t:=0.77 whereby P3a 

occurred significantly earlier during the single task than the single task (M=374.68ms) 

than the dual hard task (M=434.20ms). During the dual easy task (M=406.47ms) 

occurred later than during the single task however the difference did not reach 

significance. 

P3b 

Amplitude. P3b amplitude data for target trials were analysed using a 3 (Task: 

Single, Dual Easy, Dual Hard) x 3 (Coronal: 3, Z, 4) repeated measures ANOV A 

This analysis revealed a significant main effect of Task F(2,26)=5.36, MSE=36.98, 

p<.Ol, t:=0.85. Tukey post hoe tests confirmed P3b amplitude was significantly 

greater during the single (M=l3.97µV) and dual easy task (M=12.88µV) than during 

the dual hard task (M=9.78µV) (ps<0.01). 

Latency. P3b latency data for target trials were analysed using a 3 (Task: Single, 

Dual Easy, Dual Hard) x 3 (Coronal: 3, Z, 4) repeated measures ANOV A The effect 

of Task was significant F(2,26)=14.06, MSE=6285.70,p<.00l, t:=0.92 and Tukeypost 

hoe analyses confirmed that P3b occurred significantly earlier during the single-task 

(M=359.33ms) than both dual-tasks (ps<.01). Although P3b occurred earlier during 

the dual easy task (M=420.14ms) than the dual hard task (M=449.21ms) the difference 

between the dual-tasks did not reach significance. 

LPC 

Amplitude. LPC amplitude following common stimuli (this component was not 

evident during novel or target trials) was analysed using a 3 (Task: Single, Dual Easy, 
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Dual Hard) x 3 (Sagittal: Frontal, Central, Parietal) x 3 (Coronal: 3, Z, 4) repeated 

measures ANOV A The Task x Sagittal interaction was significant F(2,26)=22.14, 

MSE=,p<.001, E=0.93, as shown in Figure 5-20. At frontal sites differences between 

the tasks were not significant however at the central and parietal regions LPC during 

both dual-tasks was significantly greater than during the single-task (p<.01 ).During 

both dual-tasks LPC was significantly greater at central and parietal regions than at 

the frontal region (ps<.01). During the single-task LPC amplitude did not vary across 

the sagittal regions. While the difference between LPC amplitude at central and 

parietal regions was not significant during the dual easy task, during the dual hard task 

LPC at the parietal region was significantly greater than at the central region (ps<. 01 ). 
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Figure 5-20. LPC amplitude (µV) in response to common stimuli over frontal, central 
and parietal sites during the single, dual easy and dual hard tasks. 

Latency. LPC latency following common stimuli was analysed using a 3 (Task: 

Single, Dual Easy, Dual Hard) x 3 (Sagittal: Frontal, Central, Parietal) x 3 (Coronal: 

3, Z, 4) repeated measures ANOV A There were no significant main effects or 

interactions. 
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Discussion 

The finding that RT to target stimuli did not differ significantly between the 

tasks was consistent with the results of Experiment 2. Although the maintenance of 

accuracy ofresponses to target stimuli suggests a speed-accuracy trade-off did not 

occur, the unexpected high rate of false alarms (particularly during the dual hard task) 

suggest participants were guessing responses to braking task stimuli. Given the low 

rate of false alarms during the previous experiments, the high rate of false alarms 

during the current experiment was unexpected. During the single-task condition 

participants made more than four times the number of false alarms made during 

Experiment 2. The rate of false alarms was greater during the dual-tasks than during 

the single-task, with more than one quarter of non-target stimuli being responded to as 

a target. The high rate of false alarms suggests during the current experiment 

discriminating between common and target stimuli was more difficult than 

discriminating between the common and target used in Experiments 1 and 2. To some 

extent this can be accounted for by the nature of the stimuli used, with discrimination 

during the current experiment requiring greater judgement, and hence more cognitive 

resources for processing resulting in more false alarms, than required during 

Experiments 1 and 2. In addition, participants may have either guessed or erred on the 

side of caution when responding to stimuli. As expected, tracking was less accurate 

during the dual hard tracking task than the dual easy tracking task, confirming the 

hard task was more difficult than the easy task. 

As expected, P2 was greater during the single-task than the dual hard task. In 

addition, the amplitude of P2 decreased with increasing difficulty of the tracking task 

(P2 was greater during the dual easy task than the dual hard task). The finding that P2 

was evident at both central and parietal sites, with no significant differences across 
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central and parietal cites was surprising, as there was no evidence of P2 at central sites 

(where P2 is typically maximal) during Experiment 2. This suggests either the stimuli 

used, the difficulty of target discrimination, or repeating the same stimulus frequently, 

results in more widespread P2 than during an easier braking task in which target 

stimuli are not frequently repeated. An alternative explanation is overlap of P3 on the 

P2 which occurred during Experiment 2 occurred, whereas during the current 

experiment P3 overlap on P2 did not occur (or not to the same extent). 

As expected, a clear P3a component occurred in response to novel trials during 

the single-task. Unlike the traditional P3a elicited by novel stimuli, the P3a elicited 

during the current experiment was larger at central and parietal sites than frontal sites. 

This suggests that rather than acting as a 'novel' stimulus, in the context of the 

common and target stimuli used in the current experiment, the orange square was an 

infrequent (but not novel) nontarget stimulus. Therefore, the P3a component elicited 

may be more consistent with a "no-go" P300 rather than a novel P3a. Note: despite 

the suggestion the peak elicited may be a "no-go" P300, in order to maintain 

consistency throughout this thesis, this peak will continue to be referred to as P3a. 

During the single-task return to baseline following the P3a peak was rapid, however 

during the dual-task conditions return to baseline was more gradual and is similar in 

appearance to P3b. This may be related to the dual visual nature of the tasks, with the 

demands of the tracking task on resources affecting processing such that resources 

were allocated in a similar manner to that which occurs during processing of targets. 

Further investigation using mixed modality tasks may confirm this. The P3a response 

during the single-task indicates the orange square used in the current experiment was 

regarded as novel amongst the common and target stimuli during the single task 

condition. This finding is consistent with previous experiments which have found a 



P3a component when the novel stimuli was a large blue square (Comerchero & 

Polich, 1999). Amplitude did not differ between the dual-tasks, as expected. 
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Consistent with Experiment 2, P3b amplitude during the current experiment 

was greater, and latency longer, during the single-task than the dual-tasks, indicating 

fewer resources were available for processing the oddball stimuli when the tracking 

task was being performed concurrently. This finding confirms the two tasks were 

competing for the same processing resources. The finding that P3b did not decrease 

with increasing tracking difficulty was consistent with Experiment 2. There are 

several explanations for this: 1) although the tracking and oddball tasks competed for 

the same resources, separate resources (not required for processing the oddball task) 

were used for the additional processing associated with the difficult tracking task 

compared to the easy tracking task; 2) participants maintained their level of attention 

to the oddball task despite the increased difficulty of the tracking task. The latter 

explanation is unlikely however, as the finding of increased false alarms during the 

dual hard task compared to the dual easy tasks suggests participants maintained 

accuracy of responses to targets by guessing which suggests reduced attention to the 

oddball task. 

Along with the results of Experiment 2, the findings suggest the nature of the 

braking stimuli influenced the manner in which increasing tracking difficulty affected 

P3b amplitude. It is likely target and common stimuli used in Experiment 2 were more 

easily discriminated than those used in Experiment 3. This is supported by the high 

false alarm rate during Experiment 3 compared to Experiments 1 and 2. Therefore, 

more resources would have been required for processing the braking task during 

Experiment 3 than during Experiments 1 and 2. Although the grand means indicated 

P3b at the central midle:ft and midright sites was greater than at the midline, the effect 
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of coronal sites was not significant. P3b amplitude over central electrode sites has 

been found to be reduced when hand or foot movements are required for responses 

due to resource requirements of the supplementary motor area during response 

preparation and execution of movement (Barret, Neshige, & Shibasaki, 1987; 

Salisbury, Rutterford, Shenton, & McCarley, 2001). While this did not have a 

significant effect in the current experiment it should be considered when interpreting 

ERP waveforms elicited during tasks requiring hand or foot movement. 

An LPC developed following presentation of common stimuli during the dual

tasks but not during the single-task. This component was greater at central and 

parietal sites than frontal sites and provides further support for the suggestion that the 

development of this component is due to the presentation of the two tasks on separate 

monitors. The amplitude of the LPC during the current experiment is lower than 

during Experiments 1 and 2, suggesting the nature of the stimuli used in Experiments 

1 and 2 (which were more visually complex and may therefore have required 

additional processing), contributed to the amplitude ofLPC. 

The results of the current experiment provide further support for the proposal 

that eye movements associated with presentation of two visual tasks on separate 

monitors resulted in the LPC found in Experiments 1-3. The high rate of false alarms 

in response to the common oddball stimuli indicates discrimination between the target 

and common stimuli was too hard. Therefore, it seems prudent to either reduce 

discrimination difficulty, or continue using the oddball stimuli used in Experiments 1 

and 2, during further experiments. The novel stimulus used in the current experiment 

elicited a P3a component. It is unclear whether this stimulus will elicit P3a during 

dual-task conditions when the oddball target and common stimuli are those used in 

Experiments 1 and 2. As Hagen et al. (2006) suggested, target/common discrimination 
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is an important determinant ofP3a amplitude. During single-task conditions, the large 

orange square used as a novel stimulus during the current experiment may (or may 

not) elicit P3a when presented amongst the common and target stimuli used in 

Experiments 1 and 2 (which required less difficult discrimination than the stimuli 

used in the current experiment). Based on the results of Experiments 1-3, it appears 

resources required by alternative tasks during dual-task experiments alters the nature 

of processing of the novel stimuli used as well as reducing the availability of 

resources. Further investigation of processing of novel stimuli during dual-task 

experiments may lead to more conclusive explanations for the lack of P3a during the 

dual task conditions. 
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Chapter 6 : THE EFFECTS OF TIME-OF-DAY AND TASK DIFFICULTY 
ON RESOURCE ALLOCATION AND EFFORT 

Experiment 4 - Resource Allocation at 0900, 1300 and 1700 during a single 
visual oddball task and mixed modality dual-tasks. 

The result of Experiment 1 indicated that ERP measures ofresource allocation 

at 0900 and 1300 differ when elicited during performance of dual visual tasks. This 

suggests fewer resources are available for processing attentional stimuli during the 

early afternoon than the morning. As dual-tasks rather than single-tasks were 

completed during Experiment 1, it is unclear whether variations in resource allocation 

during the post-lunch dip found would be evident during a single oddball task. Results 

of time-of-day research investigating effects of task complexity and difficulty have 

found precise effects of time-of-day are dependent upon task demands (e.g., Blatter et 

al., 2005; Folkard et al., 1976; Folkard & Monk, 1980; McDougall et al., 2006; Monk, 

Weitzman, Fookson, & Moline, 1984). Given that clear time-of-day differences in 

ERPs were evident during Experiment 1, the primary aims of the current experiment 

were to determine a) whether time-of-day effects would be evident during a less 

complex (single) task and b) whether more complex (dual) and difficult tasks would 

be more sensitive to time-of-day effects than a single oddball task, and c) whether 

allocation ofresources to an unexpected novel stimuli (large orange square) would be 

evident in differences in P3a across the day. 

The high rate of false alarms, and lower accuracy ofresponses to target 

stimuli, during the dual hard condition in Experiment 3 compared to Experiment 2, 

suggested the target/common discrimination difficulty of the stimuli used in 

Experiment 3 was too difficult. Therefore, the target and common stimuli used in 

Experiments 1 and 2 were chosen for use in further experiments. The findings of 
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Experiments 1 to 3 suggest the large orange square used in Experiment 3 is a more 

appropriate novel stimulus than the nova scenes used in Experiments 1 and 2. 

However, it is unclear whether the large orange square will act as a novel stimulus if 

used with the target and common stimuli used in Experiments 1 and 2. 

The current experiment aimed to determine ifthe time-of-day variations in 

P3b amplitude found during the dual visual tasks used in Experiment 1 would also 

occur during mixed modality dual-tasks such as the braking task and an auditory tone 

task. Further aims were to determine ifthe post-lunch dip would be evident during a 

single visual oddball task and to determine whether any effect would be greater during 

a more difficult mixed modality task than an easier mixed modality task. 

During Experiment 1, differences in resource allocation at 0900 and 1300 

were investigated. It is unclear whether patterns ofresource allocation later in the day, 

when arousal is predicted to be high and sleep propensity low (Carrier & Monk, 2000) 

differ from those which occur at either 0900 or 1300. Therefore, an additional aim 

was to determine ifresource allocation late in the afternoon (1700) would differ from 

resource allocation post-lunch (1300) and during the morning (0900). In order to 

enable comparisons with Experiment 1, the same testing times used in Experiment 1 

were used in this experiment, with the addition of a later afternoon testing time 

(1700). The times-of-day stated indicate the time experimental sessions started. ERP 

recordings did not commence until approximately one hour after the sessions started. 

Based on the findings of Experiments 2 and 3, RT during the braking task was 

expected to increase from the single to dual hard task; during the auditory tone task, 

RT was expected increase with task difficulty. Although accuracy was expected to be 

greater during the easy tone task than the hard tone task, accuracy during the braking 

task was not expected to differ across the task conditions and time-of-day was not 
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expected to affect RT or accuracy during either the braking task or the auditory tone 

task. 

Based on the findings of Experiment 1, N2 amplitude was expected to be more 

negative at 0900 and 1700 than at 1300 and to be greater during the single-task than 

the dual-tasks (as found in Experiments 2 and 3). Based on the findings of Experiment 

1 and because priority was not manipulated in this experiment, significant effects of 

time-of-day on P2 were not expected. P2 was expected to be affected by task, with 

amplitude expected to be greater during the single task than the dual tasks. A P3a 

component was expected to be elicited following presentation of the novel stimulus 

used in Experiment 3 and this was expected to be greater during the single-task than 

the dual-tasks. Consistent with Experiment 1, P3b amplitude was expected to be 

greater, and latency shorter, at 0900 than at 1300. Higuchi et al. (2000) found P3b 

amplitude was reduced at 1700 compared to 0800; therefore P3b during the current 

experiment was expected to be affected in the same manner. The effects oftime-of

day on P3a were expected to be similar to those on P3b. Based on the results of 

Wickens (2002), P3b amplitude was expected to be greater during the single-task than 

the dual-tasks and greater during the dual easy task than the dual hard task. 

Method 

Participants 

Participants were 45 female psychology students from the University of 

Tasmania. All participants were right handed and were aged between 18 and 30 years 

(M=2l.25, SD=2.30). All participants scored between 31 and 69 (M=49.59, SD=4.81) 

on the Home and Ostberg (1976) Momingness/Eveningness Questionnaire and had at 

least one year of driving experience and normal or corrected to normal vision and 

hearing. The exclusion criteria applied in Experiments 1-3 were applied to the current 
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experiment. Participants were asked to refrain from consumption of alcohol during the 

day of testing sessions and the evening before testing sessions. Participants were also 

instructed to avoid caffeine for four hours prior to each session. Written informed 

consent was obtained from each participant. 

Materials 

NASA-Task Load Index (NASA-TLX) (as described in Experiment 1 ). 

Karolinska Sleepiness Scale (as described in Experiment 1 ). 

UWIST Mood Adjective Checklist (UMACL) (Matthews, Jones, & Chamberlain, 

1990) - This checklist was used as a measure of subjective energetic and tense arousal 

(see Appendix H).The checklist consists of24 adjectives which form three subscales: 

Hedonic Tone (HT), Tense Arousal (TA), and Energetic Arousal (EA). Participants 

are instructed to indicate their current feelings in regard to each adjective using a scale 

with response categories 1) definitely not, 2) slightly not, 3) slightly, 4) definitely. HT 

was calculated by adding scores for Cheerful, Contented, Satisfied, Happy, 

Dissatisfied*, Depressed*, Sad* and Sorry*. TA was calculated by adding scores for 

Anxious*, Jittery), Tense*, Nervous*, Calm, Restful, Relaxed and Composed. Finally, 

EA was calculated by adding scores for Active, Energetic, Alert, Vigorous, 

Unenterprising*, Sluggish*, Tired* and Passive*. Scores for adjectives marked with a 

'*' were reversed. 

Apparatus 

The Neuroscan system (described in Experiment 1) was used in the current 

experiment. 

Stimuli 

Oddball Task. A visual three-stimulus oddball task, using the target and 

common stimuli from Experiments 1 and 2 was used for the current experiment. A 
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large orange square (as used in Experiment 3) was used as the novel stimuli. The task 

consisted of 40 target trials, 320 common trials and 40 novel trials and was presented 

using Neuroscan STIM 3.1. 

Auditory Tone Task. Two versions of an auditory tone task were used as the 

primary task in the dual-task conditions. The duration of each task was approximately 

14 minutes and tasks were administered via a computer and binaural speakers. 

Randomly determined tones were presented in sequences of three (easy task) or six 

(hard task) for lOOms each, with a lOOms interval between stimuli within a sequence. 

Each sequence was repeated until one stimulus within a sequence changed. Changes 

occurred randomly, approximately once every 10 to 15 seconds. Sequence changes 

became new sequences (i.e., the changed sequence was repeated until another 

sequence change occurred). The response window was lOOOms. The pitch of tones 

presented during the auditory tone task varied from 400Hz to 1200Hz, with pitch 

increasing incrementally by 1 OOHz. Tones were presented at approximately 75dB. 

During the easy dual-task condition, a three-tone task was used and a six-tone task 

was used during the dual-hard task condition. 

The number of sequences of tones presented during each trial varied due to the 

nature of the program used to present the tones. For both the easy and hard tasks the 

mean number of sequences presented was 60, however the actual number of trials 

presented to each participant ranged from 56-64 for the 3-tone task and from 57-65 

for the hard task. In order to make meaningful comparisons, the number of correct 

responses was converted to a percentage of the total number of sequences presented 

for each participant during each task. 
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Procedure 

Each participant completed an experimental session which commenced at either 

0900, 1300 or 1700 (allocation of participants to session commencement times was 

counterbalanced). Following the fitting of EEG recording equipment, participants 

were asked to complete the KSS and UMACL. Participants were then seated 60 cm 

from the STIM computer in a sound attenuated room. Following brief practice tasks 

(20 stimuli) participants completed a single visual oddball task, an easy dual-task (and 

a difficult dual-task. The order of tasks was counterbalanced between participants. 

Participants were instructed to respond to target stimuli (potential accident scenes) by 

pressing the brake pedal with their right foot. In addition, during the dual-task 

conditions, participants were instructed to respond to changes in tone sequence by 

pressing a keyboard spacebar with their right index finger. Participants were 

instructed to complete both tasks as well as possible, but to give approximately 70% 

priority to the auditory task. On completion of each task, participants completed the 

NASA-TLX. On completion of the third task, the KSS and UMACL were completed. 

All other experimental procedures were the same as for Experiments 1-3. 

Data Reduction 

The data reduction procedure applied to EEG data in Experiment 1 was applied 

to the current experiment. The ERP waveforms were scored for P2, N2, P3a and P3b. 

For most participants, a clear negative component in the 80-1 OOms period post 

stimulus was not visible in averaged waveforms, therefore waveform averages were 

not scored for Nl. P2 amplitude was defined as the maximum positive peak 160-

250ms post stimulus onset. N2 amplitude was defined as the maximum negative peak 

between 200 and 300ms post stimulus. P3a amplitude was defined as the maximum 
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positive peak 250-400ms following novel stimuli. P3b amplitude was defined as the 

maximum positive peak between 280 and 600ms post-stimulus. 

Design 

The study employed a 3 [Time-of-day: 0900, 1300, 1700] x 3 (Task: Single, 

Dual Easy, Dual Hard) x 3 (Stimulus: Target, Novel, Common) mixed design. 

Additional variables for analysis of the ERP data were 3 (Sagittal: Frontal, Central, 

Parietal) x 3 (Coronal: 3, Z, 4). Dependent variables were RT and accuracy of 

responses to target stimuli, amplitude and latency of P2, N2 and P3b, and scores on 

the NASA-TLX, UMACL, and KSS. 

Data Analysis 

Statistica version seven was used for all data analyses and the alpha level of 

0.05 was used to indicate significance. The data for each dependent measure were 

analysed using mixed ANOV As (specific ANOV As used for each dependent variable 

are described in the results section). Greenhouse Geisser corrections and Tukey post 

hoe tests were applied where appropriate (as described in Experiment 1 ). 

Results 

Behavioural Data 

Accuracy and RT data were analysed for both the visual oddball task and the 

auditory tone task. 

Visual Oddball Task 

RT, Correct Responses and False Alarms. RT, correct responses and false alarm 

data for the visual oddball task were analysed using 3 [Time: 0900, 1300, 1700] x 3 

(Task: Single, Dual Easy, Dual Hard) mixed ANOVAs. Mean RT, correct response 
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and false alarm data obtained during the single, dual easy and dual hard visual oddball 

tasks at each time period are presented in Table 6-1. 

Table 6-1 
Mean RT, Number of Correct Responses (HIT) and False Alarms (FA) Obtained 
During the Visual Oddball Task under the Single, Dual Easy and Dual Hard 
Conditions at 0900, 13 00, and 1700 (Standard Deviations in Bracketsl-
Task Time RT (ms) HIT (/40) FA (/360) 

Single 0900 607.95 (77.83) 39.76 (6.31) 2.13 (6.95) 

1300 596.81 (97.68) 38.49 (10.67) 4.00 (14.35) 

1700 607.95 (92.37) 37.43 (7.03) 8.67 (8.05) 

Dual 0900 629.5 (89.19) 39.09 (6.48) 2.48 (6.40) 
Easy 

1300 631.34 (84.41) 37.51 (6.49) 4.15 (5.21) 

1700 629.85 (84.38) 36.36 (6.67) 5.48 (6.84) 

Dual 0900 660.93 (97.20) 38.19 (6.12) 3.33 (6.24) 
Hard 

1300 629.53 (90.66) 38.67 (11.83) 3.71 (16.79) 

1700 660.93 (96.77) 35.91 (5.16) 9.07 (6.41) 

Analysis of the RT data revealed a significant main effect of Task 

F(2,97)=21.18, MSE=0.001,p<.OOl, E=0.92. The effect ofTime-of-daywas not 

significant nor was the Task x Time-of-day interaction. Tukey post hoe analyses 

indicated RTs during the single-task were significantly faster than during either dual-

task. Although not significant, RTs were slower during the dual hard task than the 

dual easy task. Analysis of the correct responses data revealed no significant main 

effects or interactions. Similarly, no significant main effects or interactions occurred 

for the false alarm data. 
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Auditory Tone Task 

RT and accuracy data (correct responses and false alarms) for the auditory tone 

task were analysed using 3 [Time: 0900, 1300, 1700] x 2 (Task: Dual Easy, Dual 

Hard) mixed ANOVAs. The RT, correct response and false alarm data obtained 

during the dual easy and dual hard auditory tone discrimination tasks at each time 

period are presented in Table 6-2. 

Table 6-2 
Mean RT, Percentage of Correct Responses (HIT) and False Alarms (FA) Obtained 
During the Auditory Tone Sequence Task under the Dual Easy (3-tone) and Dual 
Hard (6-tone) Conditions at 0900, 1300, and 1700 (Standard Deviations in Brackets). 
Task Time RT (ms) HIT% FA% 

Easy (3-Tone) 0900 783.90 (102.56) 78.52 (13.27) 30.12 (33.08) 

1300 757.77 (93.65) 81.74 (11.43) 23.71 (10.31) 

1700 754.09 (72.30) 75.75 (13.94) 29.64 (13.32) 

Hard (6-Tone) 0900 909.51 (104.77) 49.41 (21.81) 31.55 (13.27) 

1300 850.71 (94.95) 60.11 (13.52) 35.70 (15.47) 

1700 842.37 (69.62) 56.25 (15.07) 35.55 (23.40) 

RT Analysis of the RT data indicated that RTs during the hard task were 

significantly slower than during the easy taskF(l,49)=65.36, MSE=4028.0l,p<.00l, 

E=l.O. The effect of Time-of-day was not significant nor was the Task x Time-of-day 

interaction. 

Correct Responses. Analysis of the accuracy data indicated that accuracy was 

significantly lower during the hard task than the easy task F(l,49)=105.53, 

MSE=l30.77,p<.00l, E=0.98. The effect of Time-of-day was not significant, nor was 

the Task x Time-of-day interaction. 
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False Alarms. For one participant percentage of false alarms was more than two 

standard deviations above the mean. There was also an additional exceptionally high 

score (more than two standard deviations above the mean) in each of the tasks 

(different participant in each task). These high scores may have been due to a 

recording error or may have been due to the participants being slow to release the 

space bar after pressing it to indicate a change in tone. Slow release of the space bar 

can result in the recording of an unintentional response to following stimuli. Because 

of this, these scores were replaced by the mean for each task and time-of-day. 

Although being slow to release the space bar may have resulted in scores for correct 

responses for these participants being artificially high, inspection of the correct 

response data suggests this did not occur (correct response data for these participants 

was similar to correct response scores for other participants). 

Analysis of the false alarm data revealed a weak trend towards a greater 

percentage of false alarms during the hard task than during the easy task, 

F(l,49)=2.96, MSE=352.75,p=.092. The effect ofTime-of-daywas not significant, 

nor was the Task x Time-of-day interaction. 

Subjective data 

KSS. KSS scores were analysed using a 3 [Time-of-day: 0900, 1300, 1700] x 2 

(Rating: Rating 1, Rating 2) mixed ANOV A. Mean KSS scores at each time-of-day 

increased across the sessions (as in Table 6-3); however this effect was not 

significant. The effect of Time-of-day was not significant, nor was the Time-of-day x 

Rating interaction. 



149 

Table 6-3 
Mean KSS Prior to Commencing the Tasks (Rating 1) and on Completion of the Tasks 
(Rating 2) at 0900, 1300, and 1700 (Standard Deviations in Brackets). 

Alertness Rating 1 Rating 2 

0900 

1300 

1700 

4.78 (1.71) 

4.43 (1.53) 

4.66 (1.60) 

5.22 (2.07) 

5.42 (1.98) 

5.24 (1.71) 

UMACL. UMACL scores for energetic arousal, tense arousal, hedonic tone and 

general arousal (shown in 

Table 6-4) were analysed using 3 [Time-of-day: 0900, 1300, 1700] x 2 (Rating: 

Rating 1, Rating 2) mixed ANOVAs. Analysis of the tense arousal data indicated the 

effect of Time-of-day was not significant nor was the effect of Rating. A trend 

towards significance occurred for the Time-of-day x Rating interaction, F(2,42)=3.17, 

MSE=l0.29,p=.052 (at 1700 but not 0900 or 1300, tense arousal scores were higher, 

indicating greater tension, at the start of the session than the end of the session). 

However, Tukey post hoe analyses revealed no significant differences between 

individual means. 

The effect of Time-of-day on energetic arousal was not significant. The effect of 

Rating on energetic arousal was significant F(l,42)=45.19, MSE=7.91,p<.001 

however this was modified by a significant Time-of-day x Rating interaction, 

F(2,42)=5.39, MSE=7.91, p<.01. Tukey post hoe tests indicated at 1700 energetic 

arousal did not differ across the experimental session however at 0900 and 13 00 

energetic arousal scores decreased significantly across the session (ps<.001), 
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indicating participants were less energetic at the end of the session than at the 

beginning. 

The effect of Rating on hedonic tone was significant F(l,42)=27.66, MSE=5.98, 

p<.001 and a trend towards significance occurred for the Time-of-day x Rating 

interaction, F(2,42)=2.63, MSE=5.98, p=.084. As shown in 

Table 6-4, and confirmed by Tukey post hoe tests, at 1300 hedonic tone 

declined significantly (indicating participants became less happy) across the session 

(ps<.01). At 0900 and 1700 hedonic tone did not differ significantly across the 

session. 

Table 6-4 
Mean UMACL Scores for Energetic Arousal, Tense Arousal and Hedonic Tone at 
Start of the Testing Session (Rating 1) and on Completion of the Tasks (Rating 2) at 
0900, 1300 and 1700 (Standard Deviations in Brackets). 

0900 1300 1700 

Tense Arousal Rating 1 17.25 (4.02) 19.08 (3.22) 21.00 (4.12) 

Rating 2 18.81 (5.26) 20 (2.15) 18.4 (3.40) 

Energetic Rating 1 27.46 (4.40) 29.18 (3.78) 26.27 ( 4.67) 
Arousal 

Rating 2 24.15 (3.44) 22.81 (2.55) 28.20 (3.30) 

Hedonic Tone Rating 1 27.66 (2.03) 28.20 (2.37) 25.99 (5.27) 

Rating 2 25.87 (4.20) 24.93 (3.24) 24.93 (2.56) 

NASA-TIX. Overall NASA-TLX scores were calculated using the same 

procedure as outlined in Experiment 1. Mean NASA-TLX scores for each factor are 

presented in Table 6-5. 
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Table 6-5 
Mean Subjective Workload Scores Obtained Using the NASA-TIX Following the 
Single, Dual Easy and Dual Hard Tasks at 0900, 1300 and 1700 (Standard 
Deviations in Brackets). 
Factor Single Dual Easy Dual Hard 

Mental Demand 0900 14.77 (7.12) 22.52 (6.84) 25.88 (10.32) 

1300 13.93 (7.33) 22.95 (8.27) 26.00 (11.01) 

1700 14.92 (8.10) 23.88 (9.07) 26.80 (9.98) 

Physical Demand 0900 5.97 (5.30) 8.51 (6.95) 7.82 (6.42) 

1300 6.39 (3.33) 10.92 (6.23) 15.29 (7.00) 

1700 6.10 (4.04) 9.33 (5.25) 12.01 (6.80) 

Temporal Demand 0900 20.65 (9.01) 33.60 (15.72) 35.99 (17.12) 

1300 22.00 (10.22) 29.60 (13.49) 32.10 (18.22) 

1700 21.15 (13.70) 26.68 (14.22) 30.91 (14.33) 

Effort 0900 32.40 (10.21) 46.53 (19.71) 49.39 (19.78) 

1300 34.07 (13.22) 47.14 (21.01) 46.98 (20.37) 

1700 36.71 (15.98) 42.09 (17.55) 47.94 (21.00) 

Performance 0900 27.99 (12.29) 33.25 (14.56) 31.44 (16.35) 

1300 28.84 (14.50) 30.62 (12.23) 30.94 (12.55) 

1700 26.98 (15.02) 29.61 (15.06) 31.15 (12.54) 

Frustration 0900 18.11 (10.12) 23.10 (11.30) 28.86 (10.21) 

1300 19.80 (13.02) 22.61 (10.93) 24.18 (9.55) 

1700 19.03 (11.42) 23.17 (12.41) 21.93 (12.07) 

The NASA-TLX data for each workload factor were analysed using 3 [Time-of-

day: 0900, 1300, 1700] x 3 (Task: Single, Dual Easy, Dual Hard) mixed ANOV As. 

The effect of Task on mental demand was significant F(2,97)= 3.91, MSE=7.44, 
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p<.05, E=O. 71. Tukey post hoe tests indicated mental demand during the dual hard 

task was significantly greater than during the single and dual easy tasks (p<.01) which 

did not differ from each other. The effect of Time-of-day was not significant for any 

of the NASA-TLX factors and there were no further significant effects of task or 

significant interactions. 

Grand Means 

The grand mean wave-forms obtained at each time period in response to 

target, novel and common stimuli during the single, dual easy and dual hard 

conditions are presented in Figures 6-1 to 6-9. As shown in these figures, P2 

developed over central and parietal sites at approximately 200ms post stimulus onset. 

This component appears larger at 1300 than at both 0900 or 1700 (at some sites this 

component is negative at 1700) and is maximal at parietal sites. There appears to be 

little difference in P2 amplitude across the coronal sites at 0900 and 1300; however at 

1 700 it appears to be lower in amplitude at the midline than in the left and right 

hemisphere. The latency of P2 appears to be relatively consistent across each time-of

day and stimulus type. The P2 is followed by a negative deflection (N2) which was 

clearly larger (more negative) over frontal and central sites during the single-task at 

0900 than at both 1300 and 1700. This increased negativity is smaller during the dual

tasks than the single-task. N2 appears to occur earlier during the single task than both 

dual tasks. 

There is evidence of a P3a component which occurred in response to novel 

stimuli. This component is maximal over central and parietal midline sites and is 

greater at the midline than in the left and right hemispheres. P3a appears to be greater 

during the single task than both dual tasks. During the single-task P3a amplitude is 
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appears greater at 1300 than at both 0900 and 1700. There appears to be little 

variation in P3a latency across the tasks or times of day. 
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Target stimuli elicited a clear P3b component which was maximal at parietal 

sites and did not occur in response to common or novel stimuli. During the single

task, there is little difference between P3b at different times of the day. However 

during the dual-tasks, P3b amplitude is clearly larger at 1700 than at 1300 or 0900. 

While differences between P3b amplitude at 1300 and 0900 are small, at some sites 

P3b amplitude is greater at 1300. At parietal sites this peak rises and falls relatively 

sharply, however over central sites the peak is broader. The latency of P3b appears to 

be greater during the dual tasks than the single task and greater at the midline than in 

the left and right hemispheres. 

The variation in amplitude and latency of P2, N2 and P3b during target trials 

and P3a during novel trials will be discussed in the following sections. 
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Figure 6-3. Grand mean averages in response to target stimuli during the dual hard task at 0900, 1300 and 1700. 
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Figure 6-7. Grand mean averages in response to the common stimuli during the single-task at 0900, 1300 and 1700. 
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Figure 6-8. Grand mean averages in response to the common stimuli during the dual easy task at 0900, 1300 and 1700. 
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ERP Data 

P2 

Amplitude and latency of P2 during target trials were analysed using a 3 [Time: 

0900, 1300, 1700] x 3 (Task: Single, Dual Easy, Dual Hard) x 2 (Sagittal: Central, 

Parietal) x 3 (Coronal: 3, Z, 4) mixed ANOV A 

Amplitude. Analysis of the P2 data revealed a significant Timex Sagittal 

interaction, F(2,42)=3.27,MSE=l38.62,p<.05, E=l.O. As shown in Figure 6-10 (and 

confirmed by Tukey post hoe analyses) Time-of-day differences in each sagittal 

region were not significant. At 1300 the difference between P2 amplitude in the 

central and parietal regions was not significant; however at 0900 and 1300 P2 

amplitude was significantly greater in the parietal region than the central region 

(ps<.01). 
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Figure 6-10. P2 amplitude (µV) elicited during target trials at 0900, 1300 and 1700 in 
the central and parietal regions. 

Latency. Analysis of the P2 latency data revealed no significant main effects 

or interactions. 
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N2 

Data for N2 amplitude and latency over frontal and central sites during target trials 

were analysed using 3 [Time-of-day: 0900, 1300, 1700] x 3 (Task: Single, Dual Easy, 

Dual Hard) x 2 (Sagittal: Frontal, Central) x 3 (Coronal: 3, Z, 4) mixed ANOV As. 

Amplitude. Analysis of the N2 amplitude data revealed no theoretically 

meaningful main effects or interactions. 

Latency. Analysis of the N2 amplitude data revealed a significant main effect of 

Time-of-day F(2,42)=4.156, MSE=6258.64,p<.05, E=0.63. The effect ofTime-of-day 

was modified by Task and Sagittal in a significant Task x Sagittal x Time-of-day 

interaction, F(4,88)=12.16, MSE=484.99,p<.00l, E=0.92, as shown in Figure 6-11. 

Tukey post hoe tests indicated differences within each sagittal region were not 

significant, however at 1300, N2 occurred significantly later (ps<.01) in the central 

region compared to the frontal region during the single and dual easy tasks (during the 

dual hard task the difference was not significant). This effect did not occur at 0900 or 

1700. 
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Figure 6-11. N2 latency (ms) elicited during target trials at 0900, 1300 and 1700 
during the single, dual easy and dual hard tasks across frontal and central sites. 
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P3a 

P3a amplitude and latency data elicited during novel trials were analysed using 

3 [Time-of-day: 0900, 1300, 1700] x 3 (Task: Single, Dual Easy, Dual Hard) x 3 x 

(Sagittal: Frontal, Central, Parietal) x 3 (Coronal: 3, Z, 4) mixed ANOV As. 

Amplitude. Analysis of the P3a amplitude data revealed a significant main 

effect of Task, F(2,84)=5.33, MSE=80.23,p<.Ol, e=0.85, and a trend towards a Task 

x Time-of-day interaction, F(4,84)=2.23, MSE=80.23,p=.084, e=0.83. 

As shown in Figure 6-12 (and confirmed by Tukey post hoe tests), at 0900 and 

1700 P3a amplitude was significantly greater during the single-task than during the 

dual-tasks (ps<.01); however at 1300 there was little difference in P3a amplitude 

across the tasks. Although P3a amplitude during the dual-tasks was greater at 1300 

than at both 0900 and 1700 (ps<.01 ), Tukey post hoe tests indicated time-of-day 

differences during each task were not significant. 
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Figure 6-12. P3a amplitude (µV) elicited during novel trials during the single, dual 
easy and dual hard tasks at 0900, 1300 and 1700. 
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Latency. Analysis of the P3a latency data revealed no significant main effects 

or interactions for any of the factors. 

P3b 

P3b amplitude and latency data in response to target stimuli at parietal sites 

were analysed using 3 [Time-of-day: 0900, 1300, 1700] x 3 (Task: Single, Dual Easy, 

Dual Hard) x 3 (Coronal: 3, Z, 4) mixed ANOV As. 

Amplitude. Analysis of the P3b amplitude data revealed significant main effects 

of Task F(2,84)=3.69, MSE=l l l.46,p<.05, E=0.74 and Time-of-day F(2,42)=6.34, 

MSE=267.40, p<.Ol, E=l.O. These main effects were modified by a significant Task x 

Time-of-day F(4,84)=3.75, MSE=l l l.46,p<.05, E=0.74 interaction, as shown in 

Figure 6-14. 
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Figure 6-13. P3b amplitude (µV) in response to target stimuli during the single, dual 
easy and dual hard tasks at 0900, 1300 and 1700. 

Tukey post hoe tests revealed that although P3b amplitude is generally greater at 

1700 than 1300 and 0900 (particularly during the dual hard task) the effect of Time-

of-day was not significant during any of the tasks. At 0900, P3b amplitude was 

significantly greater during the dual easy task than the dual hard task (p<.01) whereas 
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at 1300 P3b was significantly lower during the dual easy task than both the single task 

and the dual hard task (ps<.01). At 1700 P3b amplitude was consistent across the 

tasks with no significant differences between the tasks at corresponding sites. 

Latency. Analysis of the data for P3b latency indicated the main effect of Task 

was significant F(2,88)=4.30, MSE=5963.17, p<. 05, t:=0.96. Tukey post-hoe tests 

indicated P3b occurred significantly earlier during the single task (M=450.12ms) than 

during both the dual easy task (M=471.65ms) and the dual hard task (M=475.10ms) 

(ps<.01). 

Discussion 

The overall aim of the current experiment was to determine if (and the extent 

to which) resource allocation varies at 0900, 1300 and 1700 and whether this is 

dependent on the nature of the task used to measure resource allocation. 

As predicted, RTs to targets during the oddball task were slower when two 

tasks were being performed concurrently than when the oddball task was performed 

alone, suggesting attention was being diverted to the auditory tone task. Consistent 

with Experiment 1, time-of-day had no significant effects on the behavioural data 

associated with the oddball task, confirming that participants were able to perform at 

the same level at each time-of-day. Similarly, RTs to changes in tone sequence were 

slower, and responses less accurate, during the dual hard task than the dual easy task. 

Along with the NASA-TLX results which indicated mental demand was greater 

during the dual hard task than the dual easy task, the behavioural results confirm that 

increasing the number of tones in each sequence increased the difficulty of the 

auditory tone task. 
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Although the KSS indicated sleepiness did not differ across the day, or from 

the start to completion of the testing session, there were significant differences in 

scores for energetic arousal and hedonic tone on the UMACL. This suggests the 

UMACL is more sensitive to subtle changes in some aspects of arousal whereas the 

KSS is more appropriate as a general measure of sleepiness rather than time-of-day 

variations in general arousal. At 0900 and 1300 completing the tasks left participants 

reporting feeling more fatigued than they were at the start of the testing session, 

indicating a decreased ability to maintain energy levels at these times compared to 

1700 at which time energetic arousal was maintained across the session. This suggests 

that during an extended testing session, or during real-life tasks which are performed 

for long periods (such as driving long distances), performance may deteriorate across 

a session due to decreased ability to maintain energetic arousal at 0900 and 1300 

compared to 1700. 

The impact of time-of-day on the amplitude and latency of P2 was not 

significant. Although P2 has been found to increase with sleepiness (Campbell & 

Colrain, 2002), it appears that changes in arousal which occur across the day are 

insufficient to modulate P2, regardless of the difficulty of the task and regardless of 

whether it is elicited during a single or dual task. This finding is consistent with the 

findings of Geisler and Polich (1990; 1992) and Kerkhof (1982) who also found time

of-day had no significant effects on P2 amplitude or latency. 

Although there was some evidence of greater N2 amplitude at 0900 than 1300 

during Experiment 1, this did not occur during the current experiment. Therefore, if it 

is assumed that arousal differed at the times measured in the current experiment, the 

results do not support the suggestion of Segalowitz et al. (1994) that N2 amplitude 

reflects changes in arousal. However, as Segalowitz et al. were investigating less 
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subtle changes in arousal than those which may occur across the day, the current 

finding is not terribly surprising. It is possible this inconsistency between the results 

of the current experiment and Experiment 1 may be due to 1) the between subjects 

nature of the current experiment (Experiment 1 was a within subjects design), or 2) 

the structure of the tasks used, with the dual visual tasks used in Experiment 1 being 

more sensitive than the dual auditory/visual tasks in the current experiment. Wicken's 

(1984; 2002) multiple resource theory, which suggests competition for resources 

during dual visual tasks would be greater than during dual auditory/visual tasks, 

supports this suggestion. 

The large orange square elicited a peak consistent with P3a during the single

task. While there is some evidence of this peak during the dual-tasks, its amplitude 

was lower than during the single-task. This suggests the orange square did act as a 

novel stimulus, however during the dual-tasks attention was drawn away from the 

braking task leaving fewer resources for processing the novel stimulus, particularly 

across central and parietal sites where P3a was maximal. Although a clear P3a 

occurred during the dual-tasks in Experiment 3, it is possible the difficulty of the 

discrimination of the target and common stimuli used in Experiment 3 ensured greater 

attention to all oddball stimuli during the current experiment. Because discrimination 

between target and common stimuli was relatively easy during the current experiment, 

participants were able to divert attention to the auditory task during the dual task 

conditions leaving fewer resources available for processing novel non-target stimuli. 

Interestingly, the reduction in P3a amplitude during the dual-tasks compared to the 

single-task did not occur at 1300, at which time P3a amplitude was consistent across 

the three tasks. This indicates strategy and/or task priority differed at 1300 than at 

0900 and 1700. It is possible participants in the 1300 sessions did not maintain 
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priority towards the auditory tone task (possibly because it was perceived as being too 

difficult) and instead maintained levels of attention to the braking task regardless of 

instructions. 

Consistent with Experiment 3, the grand means indicate P3b amplitude was 

lower at the central midline compared to the left and right hemisphere. As stated in 

Experiment 3, this is consistent with tasks requiring motor movements and is thought 

to reflect activation of the SMA. Interestingly, P3b amplitude at 1700 was consistent 

across the tasks. This suggests at 1700 either a) participants maintained priority 

towards the braking task despite instructions to give priority to the auditory tone task, 

orb) participants had more resources available than at 0900 and 1300 allowing them 

to complete the auditory tone task to the same performance level as at 0900 and 1300 

without reducing the availability ofresources for performance of the braking task, or 

c) this was the time participants' arousal levels were least likely to decrease. The latter 

suggestion is consistent with the 'forbidden zone' which occurs during the late 

afternoon/early evening, at the peak of the alerting phase of the circadian rhythm. 

(Folkard and Barton, 1993). Unlike Experiment 1, overall P3b amplitude was not 

greater at 0900 than at 1300. Because the tasks used in the current experiment were 

auditory and visual, there would have been less competition for similar resources (as 

suggested by Wickens, 1984; 2002), reducing the sensitivity of the tasks to time-of

day effects. 

There was no evidence of LPC during the current experiment confirming the 

LPC which occurred in the previous experiment could have been the result of the dual 

visual nature of the tasks and the method of presentation of these tasks. 

In conclusion, time-of-day effects on ERP measures ofresource allocation are 

complex. There appears to be little impact of time-of-day on P2 and N2. However, the 
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effects of time-of-day on P3a and P3b appear to be task dependent, with patterns of 

resource allocation across different tasks differing across the day. The dual-tasks used 

appear to be more sensitive to time-of-day effects than the single-task; however the 

dual auditory/visual nature of the tasks may be less sensitive than the dual visual task 

used in Experiment 1. The results of the current experiment are limited due to 1) the 

between subjects nature of the experiment, 2) the lack of priority manipulation which 

would have helped to determine if participants were prioritising tasks according to 

instructions and 3) although it can be inferred that arousal was greater at 1700 than at 

0900 and 1300 this cannot be confirmed. Manipulation of arousal pharmacologically, 

using a known stimulant - caffeine - will be investigated during Experiments 6 and 7, 

and will enable comparison of the results of the current experiment with those 

obtained during high and low arousal conditions. Finally, although subjective effort 

did not differ across the day, it is unclear whether actual effort was consistent, or 

whether effort was modulated in order to compensate for changes in arousal levels. 

Further investigation of the role of effort across the day would enable greater 

understanding of the effects found in this experiments and in particular would help to 

determine if effort contributed to the lack of time-of-day effects on P2 and N2. 
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Experiment 5 - The Effects of Effort and Ability to Modulate Effort on Resource 

Allocation at 0900, 1300 and 1700 

Experiments 1 and 4 indicated time-of-day variations in resource allocation 

can be reflected in ERPs during a dual-task experiment. During Experiment 1 

participants indicated they exerted more effort to perform the tasks at 0900 than they 

did at 1300. Therefore, it is unclear whether the effects of time-of-day found in 

Experiments 1 and 4 reflect changes in resource allocation or changes in the level of 

effort applied to the tasks. As suggested in the previous experiments, further 

investigation of the effects of effort modulation are necessary in order to determine its 

role in resource allocation and effects on ERPs. It is unclear how increased levels of 

effort invested in the tasks may have affected the ERP results and whether effort at 

0900 is generally greater than at 1300. Therefore the primary aim of the current 

experiment was to investigate effort at the three times-of-day investigated in 

Experiment 4, to determine ifthe effects found in Experiments 1 and 4 reflect changes 

in motivation and effort, rather than changes in availability ofresources. 

Strategies, including attentional selectivity and effort, used when performing a 

task may vary across the day and under different levels of arousal (e.g., Folkard & 

Monk, 1979; Hockey, 1996, 1997). During Experiment 1 participants reported the 

importance of effort in task performance was greater at 0900 than 1300. Evidence for 

the ability to modulate effort and the existence of a 'reserve of effort' has been found 

in studies investigating performance and stress (e.g., Hockey, 1997; Sanders, 1998) 

which have found performance to be maintained despite stressors, such as sleep loss, 

in order to maintain performance. Falkenstein et al. (2003) demonstrated participants' 

ability to adjust effort (within limitations) to meet internal or external demands and 

the effects of this on ERP components including CNV. Therefore, it is possible effort 



is not consistent across the day and may, at least to some extent, either account for 

time-of-day effects on ERPs or minimise them. Investigation of ERP components 

which are modulated by effort, at 0900, 1300 and 1700, may help to determine 

whether effort varies across the day and whether effort may have impacted on the 

results of Experiments 1 and 4. 
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The ERP component CNV has been used as a measure of voluntary and 

effortful control of performance (e.g., Falkenstein et al., 2003). By manipulating effort 

using external cues Falkenstein et al. demonstrated that voluntary effort, including 

short-term trial-by-trial changes in effort, is reflected in CNV. Falkenstein et al. note 

that frequency of standard and extra effort cues differed in their experiment in order 

that effort be the exceptional state. The experiment reported by Falkenstein et al. was 

confounded by cue probability due to the need to ensure that effort was the 

exceptional state. In order to avoid this confound, a modified version of the tasks used 

by Falkenstein et al. will be used in the current experiment. An infrequent standard 

effort cue will be incorporated with a frequent standard effort cue and an infrequent 

extra effort cue to avoid the problem of cue probability confounding the results. 

By instructing participants to either increase effort or apply standard effort 

(consistent with standard "do you best" instructions) it should be possible to confirm 

a) that CNV reflects level of voluntary effort invested in a task, and b) whether this 

differs across the day. In addition, it should be possible to determine the effect of 

increasing effort on P3b in response to target stimuli and whether effort is consistent 

across an easy and a more difficult task. 

If effort is not consistent at the three time points measured, CNV is expected 

to vary, with greater effort indicated by increased CNV amplitude. To confirm that 

CNV amplitude reflects increases in voluntary effort, as suggested by Falkenstein et 
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al. (2003), CNV is expected to increase in response to stimuli which indicate that 

extra effort is to be applied to processing imperative stimuli (Falkenstein et al.). Based 

on Kok (2001), P3b amplitude was expected to be greater following extra effort cues 

than standard cues due to the lower frequency and hence the need for 'updating' 

(Donchin & Coles, 1988). Following standard rare cues P3b amplitude was expected 

to be greater than following standard cues, due to differences in their frequency of 

presentation (Kok, 2001) but lower than following extra effort cues. P3b amplitude in 

response to imperative stimuli was expected to be greater following effort cues than 

both standard and standard rare cues due to increased effort and hence resources 

applied to processing these stimuli. 

RT was expected to be shorter following instructions to increase effort 

compared to following standard "do your best" instructions. Frequency of cues was 

not expected to affect either RT or accuracy, and accuracy following standard and 

extra effort cues was not expected to differ significantly. Responses were expected to 

be slower and less accurate during the difficult task compared to the easy task 

following each cue type. 

Method 

Participants 

The participants were 45 female university students from the School of 

Psychology at the University ofTasmania. Participants ranged in age from 18-26 

(M=20.30, SD =1.18). The exclusion criteria applied to the previous experiments (1-4) 

were applied to the current experiment. All participants scored between 31 and 69 

(M=48.22, SD=4.50) on the Home and Ostberg (1976) Momingness/Eveningness 

Questionnaire and had at least one year of driving experience and normal or corrected 

to normal vision. Participants were asked to refrain from consumption of alcohol 
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during the day of testing sessions and the evening before testing sessions. Participants 

were also instructed to avoid caffeine for four hours prior to each session. Written 

informed consent was obtained from each participant. 

Materials 

The materials used in Experiment 4 (NASA-TLX, UMACL, KSS) were used in 

the current experiment. 

Apparatus 

The Neuroscan system used in Experiments 1-4 (described in Experiment 1) 

was used in the current experiment. 

Stimuli 

Two modified versions of a cued RT task used by Falkenstein et al. (2003) were 

used for the current experiment. During both versions of the task, each trial began 

with the appearance of a vertical grey bar (visual angle 0.3° x 0.4°) at the centre of the 

screen which acted as a warning stimulus (Sl). After 300ms the bar changed colour 

(cue: S2) to indicate the trial was a standard (blue cue - probability 0.6, pink cue -

probability 0.2) or effort (green cue- probability 0.2) trial. The probability of 0.2 for 

effort trials was chosen to replicate the designs used by Falkenstein et al. (2003) and 

Kleinsorge et al. (2001) and to ensure that effort was the exceptional state. 

The cues were presented for 900ms after which an imperative target stimulus 

(IS:S3) was presented. During the easy version of the task, imperative stimuli were 

tum left and tum right traffic signals. During the hard version of the task the 

imperative stimuli were the tum left and tum right traffic signals used in the easy task, 

plus stop and caution signals. Therefore, participants responded to one of four 
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imperative stimuli during each trial of the hard task, and to one of two imperative 

stimuli during each trial of the easy task. Imperative stimuli were presented for 200ms 

followed by a blank response window of2000ms. Standard, standard rare and effort 

trials were randomized. Order of the tasks was counterbalanced, imperative stimuli 

were equiprobable, and were randomized within blocks. 

Procedure 

Each participant completed an experimental session which commenced at 

either 0900, 1300 or 1700 (allocation of participants to session commencement times 

was counterbalanced). Following the fitting of EEG recording equipment, participants 

were asked to complete the KSS and UMACL. Participants were then seated 60cm 

from the STIM computer in a sound attenuated room. Participants completed the 

UMACL prior to commencing the first task, between the two tasks, and on 

completion of the final task. 

Participants completed practice tasks lasting approximately one minute or until 

each participant felt comfortable with the tasks. Baseline RT data for each task were 

collected following the practice tasks. During baseline data collection, participants 

completed 30 trials of each task; however all cues were standard effort cues (EEG 

activity was not recorded during this time). Participants were instructed to focus on a 

fixation point in the centre of the monitor and to respond as accurately as possible to 

imperative stimuli. Participants were also instructed to increase effort following effort 

cues (green) in order to reduce RT while maintaining accuracy and to maintain 

standard effort levels following standard (blue) and standard rare (pink) cues. 

Although participants were instructed to respond as fast as possible following effort 

cues, they were also instructed to ensure they maintained accuracy and did not slow 

RTs following standard cues. In order to ensure participants adhered to instructions 
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regarding effort, participants were told the tasks would not finish until the computer 

had detected a noticeable difference in RTs following effort and standard cues. 

Participants were instructed to respond to imperative stimuli by pressing one of four 

(hard task) or one of two (easy task) keys on a STIM response keypad with the middle 

finger (easy task) oftheir left and right hands, or the middle and index fingers (hard 

task) of their left and right hands. Task order was counterbalanced between 

participants. 

Following completion of the final NASA-TLX and UMACL, recording 

equipment was removed from participants and participants were debriefed. 

Data Reduction 

Epochs were band pass filtered online at 0.05-30Hz. EEG data were merged 

with behavioural files after which ocular artefact reduction and filtering occurred. 

Data files were epoched offline for a 21 OOms epoch commencing 1 OOms prior to onset 

of Sl and ending 900 ms after presentation ofS3. Epochs were then baseline 

corrected lOOms prior to presentation of the cues and were subjected to artefact 

rejection. Trials that contained artefacts above 1 OOµV or below -1 OOµV were deleted 

from the averages. Correct responses to imperative stimuli were averaged for each cue 

type and were then bandpass filtered (0.5-30Hz). Grand mean averages for each cue 

type, during each task, and during each condition were produced. 

The ERP waveforms were scored for post cue P2 and P3b amplitude and 

latency, CNV amplitude, and post imperative stimulus P3b amplitude and latency. For 

most participants, a clear negative component in the 80-lOOms period post stimulus 

was not visible in averaged waveforms, therefore waveform averages were not scored 

for Nl. P2 was defined as the maximum positive peak during the 150 to 250ms period 

post cue. P3b (post cue) was defined as the maximum positive peak 280-500ms post 
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cue presentation. CNV was defined as the mean amplitude across the 900-11 OOms 

period following presentation of cues. Although Falkenstein et al. (2003) investigated 

the development ofCNV across multiple time periods; their interest was primarily in 

differences in the time-course of the development ofCNV. During the current 

experiment, the primary interest was the maximum CNV (rather than its development) 

hence the limitation of analysis to the period 900-11 OOms post cue. P3b (IS) was 

defined as the maximum positive peak during the 300-550ms period following 

presentation of the imperative stimuli. All components were referred to the pre Sl 

baseline. Although some researchers have used CNV amplitude as the baseline for 

post CNV P3 (e.g., Verleger, Paehge, Kolev, Yordanova & Jaskowski, 2006) Verleger 

et al. suggest referring post CNV P3 to pre S 1 baseline is appropriate for trials to 

which participants respond (go trials) whereas referring to CNV amplitude as the 

baseline is appropriate for trials not responded to (no-go trials). Since all trials in the 

current experiment required a response the pre S 1 baseline was used. Consistent with 

Experiments 1-3, peaks for each component were identified for each individual using 

SCAN's peak detection software and waveforms for each individual were checked to 

ensure correct identification of peaks. 

Design 

The study employed a 3 [Time-of-day: 0900, 1300, 1700] x 2 (Task: Easy, 

Hard) x 3 (Cue: Effort, Standard Rare, Standard) mixed design. Additional variables 

for the ERP analyses were 3 (Sagittal: Frontal, Central, Parietal) x 3 (Coronal: 3, Z, 

4). Dependent variables were RT and accuracy ofresponses to imperative stimuli, 

amplitude and latency of post-cue P2 and P3b, amplitude of mean CNV, amplitude 

and latency of post-imperative stimuli P3b, and scores on the NASA-TLX, UMACL 

and KSS. 
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Data Analysis 

Statistica version seven was used for all data analyses and the alpha level of 

0. 05 was used to indicate significance. The data for each dependent measure were 

analysed using mixed ANOV As (specific ANOV As used for each dependent variable 

are described in the results section). Greenhouse Geisser corrections were applied 

where appropriate. Tukey post hoe tests were used to identify significant differences 

between individual means. 

Results 

Behavioural Data 

RT and Accuracy. The RT and accuracy data were analysed using 2 (Task: 

Easy, Hard) x 3 (Cue: Effort, Standard Rare, Standard) x 3 [Time-of-day: 0900, 1300, 

1700] mixed ANOV As. 

RT RT data are presented in Table 6-6. 

Table 6-6 
Mean RT (ms) during the Easy and Hard tasks at 0900, 1300 and 1700/or Effort, 
Standard Rare and Standard trials (Standard Deviations in Brackets). 

0900 1300 1700 
Easy Hard Easy Hard Easy Hard 

Effort 321.08 429.85 312.19 432.78 318.69 436.52 
(51.20) (47.42) (38.74) (60.27) (41.53) (51.21) 

Standard 353.99 463.70 349.29 473.20 347.69 467.83 
Rare (50.12) (60.26) (45.86) (49.65) (62.07) (49.62) 
Standard 360.04 470.39 351.07 487.08 355.60 490.79 

(50.97) (52.75) (43.32) (55.00) (68.73) (53.17) 

The effects of Task F(l,42)=518.53, MSE=l 829.90, p<.OOl, E=l.O and Cue 

F(2,84)=41.80, MSE=l l06.60,p<.00l, E=0.54 were found to be significant, however 

these effects were modified by each other in a significant Task x Cue interaction, 

F(2,84)=8.14, MSE=l60.04,p<.Ol, E=0.75 as shown in Figure 6-14. RTs were 

significantly shorter during the easy task than the hard task following each cue type. 
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For both tasks responses were faster following effort cues than standard and standard 

rare cues. While RTs for standard and standard rare trials during the easy task did not 

differ significantly, during the hard task responses were faster following standard rare 

cues than standard cues. The effect of Time-of-day was not significant and Time-of-

day was not involved in any significant interactions. 
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Figure 6-14. RT (ms) during the easy and hard tasks following effort, standard rare 
and standard cues. 

Accuracy. The correct responses following each cue type were converted to 

percentages to allow comparison between each cue type. These data were analysed 

using a 2 (Task: Easy, Hard) x 3 (Cue: Effort, Standard Rare, Standard) x 3 [Time-of-

day: 0900, 1300, 1700] mixed ANOV A. The analysis revealed a significant main 

effect of Cue F(2,84)=8.97, MSE=l8.73,p<.00l, E=0.83. This main effect was 

modified by a significant Cue x Time interaction, F(4,84)=3.14, MSE=l8.73,p<.05, 

E=0.83 (shown in Figure 6-15). Tukey post hoe tests revealed no significant 

differences between individual means. However, numerically at each time-of-day 
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responses were less accurate during the effort condition than the standard rare 

condition. At 1300 and 1700 there was little difference between accuracy in standard 

rare and standard trials; however at 0900 accuracy during standard rare trials was 

greater than during standard trials. 
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Figure 6-15. Correct Responses(%) following effort, standard rare and standard cues 
at 0900, 1300 and 1700. 

A trend towards significance occurred forthe effect ofTask, F(l,42)=3.86, 

MSE=l6.5l,p=.056, E=l.O and this was modified by a trend towards a significant 

Task x Time-of-day interaction, F(2,42)=3.09, MSE=l6.5l,p=.056, E=l.O, and a trend 

towards a significant Task x Cue interaction, F(2,84)=2.89, MSE=l l.81,p=.063, 

E=0.96. 

Tukey post hoe analyses of the trend towards a Task x Time-of-day interaction 

(shown in Figure 6-16) revealed that accuracy ofresponses at 0900 and 1300 did not 

differ significantly across the two tasks. At 1700 accuracy was significantly greater 

during the easy task than the hard task (p<.01). During the hard task accuracy at 1300 
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and 0900 was greater than at 1700. However, for both tasks differences between the 

means at each time-of-day were not significant. 
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Figure 6-16. Correct responses(%) during the easy and hard tasks at 0900, 1300 and 
1700. 

Tukey post hoe analyses of the trend towards a Task x Cue interaction (shown 

in Figure 6-17) indicated that the percentage of correct responses was greater during 

standard rare trials than effort trials during both tasks. During both tasks, accuracy of 

responses to standard and standard rare cues did not differ significantly. During the 

hard task, the difference between effort and standard trials was not significant. 

However, during the easy task responses were significantly more accurate during 

standard trials than effort trials. The effect of Task was not significant during effort 

trials or standard rare trials, however during standard trials responses were 

significantly more accurate during the easy task than the hard task (p<.01 ). 



97 5 

97.0 

96 5 

~ e.... 96 0 
"' (]) 

"' c: 
0 c. 
gj 95.5 

0::: 
t5 
!!! 

95 0 6 
(.) 

945 

94 0 

93.5 
Effort Standard Rare 

Cue 

Standard 

183 

-o- Easy 
-·D· Hard 

Figure 6-17. Accuracy ofresponses during the easy and hard tasks following standard, 
standard rare and effort cues. 

Subjective data 

KSS. KSS scores (shown in Table 6-7) were analysed using a 3 [Time-of-day: 

0900, 1300, 1700] x 2 (Rating: Rating 1, Rating 2), mixed ANOV A. The effect of 

Time-of-day was not significant, nor was the Time-of-day x Rating interaction. 

Table 6-7 
Mean KSS Prior to Commencing the Tasks (Rating 1), and on Completion of the 
Tasks (Rating 2) at 0900, 1300, and 1700 (Standard Deviations in Brackets). 

0900 

1300 

1700 

Rating 1 Rating 2 

4.78 (1.71) 

4.43 (1.53) 

4.66 (1.60) 

5.01 (2.03) 

5.33 (2.09) 

4.91 (1.88) 

UMACL. UMACL scores (shown in Table 6-8) for energetic arousal, tense 

arousal and hedonic tone were analysed using 3 [Time-of-day: 0900, 1300, 1700] x 2 
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(Rating: Rating 1, Rating 2) mixed ANOV As. There were no significant effects or 

interactions for tense arousal, hedonic tone or energetic arousal. 

Table 6-8 
Mean UMACL Scores for Energetic Arousal, Tense Arousal and Bedonie Tone at the 
Start of the Testing Session (Rating 1) and on Completion of the Tasks (Rating 2) at 
0900, 1300 and 1700 (Standard Deviations in Brackets). 

0900 1300 1700 

Tense Rating 1 18.04 (5.62) 19.55 (4.70) 22.17 (5.34) 
Arousal 

Rating 2 18.77 (5.64) 19.21 (4.18) 21.10 (4.96) 

Energetic Rating 1 27.52 (4.35) 28.90 (3.44) 27.01 (4.20) 
Arousal 

Rating 2 25.09 (3.73) 24.05 (3.18) 26.97 (3.99) 

Bedonie Rating 1 25.21 (4.00) 27.82 (3.22) 25.39 ( 4.98) 
Tone 

Rating 2 25.56 (4.31) 25.84 (4.24) 24.92 (3.15) 

NASA-TLX - NASA-TLX scores for each workload factor were calculated using the 

procedure outlined in Experiment 1. Mean NASA-TLX scores for each factor are 

presented in Table 6-9. The NASA-TLX data for each workload factor were analysed 

using 3 [Time-of-day: 0900, 1300, 1700] x 2 (Task: Easy, Hard) mixed ANOV As. 

There were no significant main effects or interactions. 
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Table 6-9 
Mean Subjective Workload Scores Obtained Using the NASA-TIX Following the Easy 
and Hard Tasks at 0900, 1300 and 1700 (_Standard Deviations in Brackets2. 
Factor Easy Hard 

Mental Demand 0900 23.88 (11.24) 24.91 (10.73) 

1300 23.01 (8.28) 25.20 (10.22) 

1700 24.32 (9.01) 24.70 (9.40) 

Physical Demand 0900 10.97 (5.23) 11.54 (5.99) 

1300 10.65 (4.21) 11.14 (6.03) 

1700 11.01 (5.00) 12.28 (5.33) 

Temporal Demand 0900 37.55 (15.02) 34.90 (12.97) 

1300 30.99 (18.31) 35.12 (14.03) 

1700 33.47 (13.55) 38.04 (16.76) 

Effort 0900 54.89 (22.38) 57.06 (19.99) 

1300 55.33 (17.42) 58.01 (18.00) 

1700 56.11 (15.67) 58.29 (16.00) 

Performance 0900 30.37 (13.09) 32.02 (14.74) 

1300 30.14 (13.01) 35.32 (12.16) 

1700 34.12 (12.90) 33.73 (15.27) 

Frustration 0900 23.87 (13.84) 24.23 (13.51) 

1300 20.44 (11.54) 23.04 (9.63) 

1700 23.58 (9.79) 21.40 (10.46) 

Grand Means 

As shown in Figures 6-19 to 6-24, the grand mean averages reveal a positive peak 

occurred over frontal and central sites during both tasks which is consistent with P2. 
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This component appears to be greater following effort cues than standard and standard 

rare cues and greater at 0900 and 1700 than at 1300. In addition, this component 

appears to be greater at the midline than in the left and right hemispheres. The latency 

of this component tends to be longer at 0900 and 1300 than at 1700. This component 

was not followed by a clear negative component consistent with N2. 

The positive component described above was followed by a positive peak 

consistent with P3b during effort trials. This peak tended to be greater over parietal 

sites than central sites (and was minimal at frontal sites) and was greater at the 

midline than the left and right hemisphere. It appears to occur earlier at 0900 than at 

1300 and 1700. This component was larger following effort cues than standard and 

standard rare cues. 

From approximately 500ms post cue a slow negative deflection consistent 

with CNV occurred which appears to be maximal over central sites. This negative 

deflection was greater following effort cues than following standard and standard rare 

cues. There appears to be little difference in amplitude of this component following 

standard and standard rare cues. Following effort cues, CNV appears to be maximal at 

central sites and at the midline compared to the left and right hemispheres. 

Following the CNV and approximately 400ms following presentation of the 

imperative stimulus a positive peak consistent with P3b occurred. This peak occurred 

following each cue type and during both tasks however the amplitude of the 

component appears greater following standard and standard rare cues than effort cues 

and greater during the easy task than the hard task. During the easy task the amplitude 

of this component appear to be greater at 1300 and 1700 than at 0900. During the hard 

task amplitude appears to be greater at 1700 than at 0900 and 1300. 
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Figure 6-22. Grand mean averages following standard rare trials during the hard task at 0900, 1300 and 1700. 
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Figure 6-21. Grand mean averages following standard trials during the hard task at 0900, 1300 and 1700. 
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ERP data 

P2 

193 

The data for P2 amplitude and latency were analysed using 3 [Time-of-day: 

0900, 1300, 1700] x 2 (Task: Easy, Hard) x 3 (Cue: Effort, Standard Rare, Standard) x 

2 (Sagittal: Frontal, Central) x 3 (Coronal: 3, Z, 4) mixed ANOV As. 

Amplitude. Analysis of the P2 (post-cue) data revealed a trend towards a main 

effect ofTaskF(l,42)=3.72, MSE=33.63,p=.06, E=l.O whereby P2 amplitude was 

lower during the easy task (M=6.56, SD=2.97) than the hard task (M=7.07, SD=3.08). 

The main effect of Cue F(2,84)=70.40, MSE=33.54, p<.001, E=0.89 was significant 

and Tukey post hoe tests indicated P2 amplitude was significantly greater following 

effort cues (M=9.06µV) than both standard (M=6.27µV) and standard rare cues 

(M=4.96µV) which also differed significantly from each other (ps<.01). 

Latency. Analysis of the P2 (post-cue) latency data revealed no significant main 

effects. A significant Cue x Time-of-day F(4,84)=6.49, MSE=2027.75,p<.00l, E=0.96 

interaction occurred, as shown in Figure 6-22). Tukey post hoe tests revealed that 

although P2 appeared to occur earlier at 1300 than at both 0900 and 1700 (except 

during the easy task in the frontal region) the effects were not significant (ps>. 01 ). 
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Figure 6-22. P2 latency (ms) at 0900, 1300 and 1700 following effort, standard and 
standard rare cues. 

There were no further meaningful significant main effects or interactions for P2 

latency. 

P3b (Cue) 

Data for P3b (post-cue) amplitude and latency were analysed using 3 [Time-of-

day: 0900, 1300, 1700] x 2 (Task: Easy, Hard) x 3 (Cue: Effort, Standard Rare, 

Standard) x 2 (Sagittal: Central, Parietal) x 3 (Coronal: 3, Z, 4) mixed ANOV As. 

Amplitude. Analysis of the P3b (cue) amplitude data revealed a significant main 

effect of Cue F(2,84)=89.38, MSE=7. l5,p<.00l, E=0.64. Tukey post hoe tests 

confirmed P3b was significantly greater following effort cues (M=l 0.30µV) than 

standard (M=3.79µV) and standard rare cues. (M=2.96µV) which did not differ 

significantly from each other (ps>0.01). 

A trend towards a significant Task x Time-of-day interaction also occurred, 

F(2,24)=2.70, MSE=34.77,p=.078, E=l.O as shown in Figure 6-23. The figure 
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suggests that whereas there is little difference in P3b amplitude during the easy and 

hard tasks at 0900 and 1700, P3b amplitude is smaller during the easy task than the 

hard task at 1300. Tukey post hoe tests revealed no significant differences between 

individual means. 

64 

62 

60 

~ 58 
Q) 

"C 

.a 5 6 a. 
~ 
Qi' 5 4 
::J 

£ 
.c 
~ 52 

50 

48 

0 

-0- 0900 
46 ~----E-a~sy _________ H_a~rd _____ --o- 1300 

0 1700 
Task 

Figure 6-23. P3b amplitude (µV) during the easy and hard tasks at 0900, 1300 and 
1700. 

Latency. Analysis of the P3b (post-cue) latency data revealed a significant main 

effect ofCueF(2,84)=9.278, MSE=24l94.l9,p<.00l, E=0.87. This main effect was 

modified by significant higher order interactions. 

A significant Cue x Sagittal x Time-of-day interaction, F(8,84)=3.79, 

MSE=5686.85, p<.Ol, E=l.O occurred (see Figure 6-24). Tukey post hoe tests 

indicated at 1300 and 1700 P3b at parietal sites occurred significantly earlier 

following standard cues than standard rare cues (ps<.01). In addition, at 1700 P3b at 

parietal sites occurred later following effort cues compared to standard rare cues 

(ps<.01). There were no meaningful significant effects over central sites. 
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Figure 6-24. P3b (Cue) latency (ms) following effort, standard rare and standard cues 
in central and parietal regions at 0900, 130 and 1700. 

As shown in Figure 6-28, a trend towards a Cue x Time-of-day interaction 

occurred F(4,84)=2.27, MSE=24l94.l9,p=.078, E=0.87. Tukeypost hoe tests 

indicated the effects of Time-of-day were not significant following any of the cues 

and the effect of Cue was not significant at 0900. At 1300 and 1700, P3b occurred 

significantly later following effort cues than standard cues (ps<.01). 
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CNV 

The mean negative amplitude during the 900-11 OOms period following cues was 

analysed using a 3 [Time-of-day: 0900, 1300, 1700] x 2 (Task: Easy, Hard) x 3 

(Sagittal: Frontal, Central, Parietal) x 3 (Coronal: 3, Z, 4) mixed ANOV A. This 

analysis revealed a significant main effect ofCueF(2,86)=56.73, MSE=59.l6, 

p<.001, E=0.71. The main effect of Cue was modified by time in a significant Cue x 

Time interaction, F(4,86)=2.81, MSE=59.l6,p<.05, E=0.71, as shown in Figure 6-26. 

Tukey post hoe analysis indicated CNV amplitude was significantly more negative 

following effort cues than both standard rare and standard cues (which did not differ 

significantly from each other) at each time-of-day (ps<.01). CNV following effort 

cues at 0900 was significantly more negative than CNV following standard rare and 

standard cues at both 1300 and 1700 (p<.01). However, at 1300 CNV following effort 

cues did not differ significantly from CNV following standard rare or standard cues at 

0900 or 1700. Similarly, at 1700 CNV following effort cues did not differ 

significantly from CNV following standard rare or standard cues at 0900 or 1300. 
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A significant Task x Time interaction occurred, F(2,43)=3.40, MSE=9.l8, 

p=.042, E=l.0, as shown in Figure 6-30). Tukey post hoe analysis revealed no 

significant differences. 
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Figure 6-30. CNV amplitude (µV) at 0900, 1300 and 1700 during the easy and hard 
tasks. 

Imperative Stimulus P3b (ISP3b) 

The ISP3b amplitude and latency data following standard rare and effort cues 

were analysed separately to avoid any carryover effects ofCNV on the ISP3b results. 

Data for standard cues were not analysed as there appeared to be little difference 

between standard and standard rare cues making analysis of the standard cues 

spurious. For both cue types (Effort and Standard rare) data were analysed using 

3[Time-of-day: 0900, 1300, 1700] x 2 {Task: Easy, Hard) x 2 (Sagittal: Central, 

Parietal) x 3 (Coronal: 3, Z, 4) mixed ANOV As. 

Effort trials 

Amplitude. Analyses of effort trials revealed a significant main effect of Task 

F(l,42)=13.27, MSE=89.99, p<.001, E=l.O whereby ISP3b amplitude was greater 
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during the easy task (M=l3.53µV) than the hard task (M=l 0.57 µV). There were no 

further significant main effects or interactions for ISP3b amplitude elicited during 

effort trials. 

Latency. Analysis of the ISP3b latency data following effort trials revealed a 

significant main effect of Task F(l,42)=25.73, MSE=8775.20,p<.001. This was 

modified by a trend towards a Task x Coronal x Time-of-day interaction, 

F(4,84)=2.48, MSE=l832.60,p=.059, t:=0.87, as shown in Figure 6-31. Tukeypost 

hoe tests indicated there were no significant Time-of-day differences at any of the 

coronal regions during either task. In the left hemisphere and midline, at 1300 (but not 

0900 or 1700), P3b occurred significantly later during the hard task than the easy task 

(p<.01). In the right hemisphere, ISP3b occurred significantly later during the hard 

task than the easy task at 0900 and 1700 (ps<.01) but not 1300. 
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Standard (Rare) Trials 

Amplitude. During rare trials the ISP3b amplitude during the easy task 

(M= 15. 73 µ V) was significantly greater than during the hard task (M= 12. 82µ V). 

F(l,42)=4.61, MSE=8.42,p<.05, c:=l.0. 

A Sagittal x Coronal x Time-of-day interaction, F(4,84)=3.0l, MSE=3.59, 

p<.05, c:=0.97 also occurred, as shown in Figure 6-27. Tukey post hoe tests indicated 

that time-of-day differences were not significant at any of the sites. In both the central 

and parietal regions, at 0900, P3b amplitude was significantly greater in the right 

hemisphere than in the left hemisphere (p<.01). At other times-of-day, differences 

between the left and right hemisphere were not significant. At all sites, ISP3b 

amplitude was greater at the midline than at the left hemisphere (p<.01). Differences 

between the midline and right hemisphere were not significant at 0900 in either the 

central or parietal regions. In addition, the difference between ISP3b amplitude at the 

central midline and right hemisphere was not significant at 1700. 
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Latency. Analysis of the ISP3b latency data revealed a significant main effect of Task 

F(l,42)=31.74, MSE=6647.80,p<.OOI, f=l.O with ISP3b occurring significantly 

earlier during the easy task(M=l332.44ms, SD=44.44ms) compared to the hard task 

(M=l372.12ms, SD=74.31ms). 

Discussion 

As expected, RTs were faster during the easy task than the hard task and faster 

following effort cues than standard and standard rare cues. RTs following standard 

and standard rare trials did not differ during the easy task, indicating probability of 

cues did not have an effect on RT during this task. The faster RTs to standard rare 

cues than standard cues during the hard task, suggests during the hard task 

participants either a) increased effort following standard rare cues compared to 

standard cues, or b) deliberately slowed responses to standard cues (but not standard 

rare cues) in order to enhance the difference between standard and effort cues and 

thereby inadvertently slowing responses to standard cues compared to standard rare 

cues. The effect of Time-of-day on RT was not significant which is consistent with 

lack of time-of-day effects on behavioural measures during Experiments 1 and 4. The 

accuracy data suggests some evidence of a speed/accuracy trade-off during the easy 

task, with faster but less accurate responses occurring following effort cues. Given 

that the Cue x Time-of-day interaction revealed no significant differences between 

accuracy associated with each cue type at each time-of-day and other interactions 

tended towards significance, the accuracy data needs to be interpreted cautiously. 

Consistent with Experiments 1 and 4, scores on the KSS did not differ across 

the day or the testing session. Although both energetic arousal and hedonic tone 

scores on the UMACL at 0900 and 1300 declined across the testing during 

Experiment 4, this did not occur during the current experiment. During Experiment 4, 
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each task took approximately 10 minutes to complete and testing occurred over 

approximately 40 minutes (allowing for breaks between tasks). The current 

experiment was shorter, with the two tasks completed within approximately 15 

minutes. Therefore, the lack of significant effects on the UMACL during the current 

experiment may be due to the time taken to complete the tasks, with changes in 

energetic arousal and hedonic tone evident only over longer testing sessions. 

Alternatively, the nature of the tasks may have impacted on the UMACL scores, with 

the dual nature of the tasks during Experiment 4 being more demanding which may 

have resulted in a depletion of energy and reduction in happiness. 

The finding that P2 was significantly greater following effort cues than both 

standard rare and standard cues is consistent with the findings of Falkenstein et al. 

(2003). Falkenstein et al. suggested increased P2 following effort cues could be the 

result of the reduced probability of effort cues compared to standard cues, or due to a 

true effort effect on P2. The significant difference in P2 amplitude for standard and 

standard rare cues suggests probability did affect P2 amplitude (with greater 

amplitude associated with reduced probability). Because amplitude was greater 

following effort cues than standard rare cues (both of which occurred at a probability 

rate of 0.2) it appears a true effort effect, in addition to a probability effect, occurred 

following effort cues. Although time-of-day had no significant effects on P2 

amplitude, P2 latencies were generally shorter at 1300 than at 0900 and 1700. This 

suggests processing of target features and interpretation of them may be faster at 1300 

than at 0900 and 1700. Although the findings for P2 during the current experiment are 

largely consistent with Falkenstein et al., it should also be noted that larger P2 

following effort cues may be the result of overlap with P3, as suggested may have 

occurred during Experiment 2. 
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As predicted, P3b amplitude was greater following effort cues than following 

standard and standard rare cues. The lack of difference in amplitude between the 

standard and standard rare cues confirms the increase in amplitude following effort 

cues is not due to the probability of the effort cue but rather the salience of the cue. 

Whereas probability did not impact on P3b amplitude, the finding that P3b latency 

was shorter following standard cues than both standard rare and effort cues, indicates 

peak allocation ofresources occurred earlier following frequent cues than infrequent 

cues, with no additional effect of cue salience. Because the tasks were primarily 

designed to measure the effects of time-of-day on effort as reflected in CNV, rather 

than the effects of time-of-day on resource allocation as reflected in P3b (and were 

therefore not likely to be sensitive to time-of-day), time-of-day effects on P3b were 

unlikely to occur. Although not significant, the finding that P3b amplitude was lower 

at 1300 than at 0900 and 1700 over parietal sites following effort cues is consistent 

with the findings of Experiment 1 during which P3b amplitude at 1300 was found to 

be lower than at 0900. This suggests fewer resources were allocated to processing 

target stimuli (effort cues) at this time. The finding that P3b amplitude differed little 

between the two tasks at 0900 and 1700 was not surprising as at that stage (approx 

400ms post presentation of the cue) the two tasks were identical. Although not 

significant, processing of targets at 1300 may have differed between the two tasks, 

with fewer resources available for processing when the task was easy than when the 

task was harder. 

As predicted, CNV was greater following effort cues than both standard and 

standard rare cues, indicating levels of voluntary effort increased according to 

instructions. This is consistent with the findings of Falkenstein et al. (2003) who 

suggest CNV is a useful measure of effort when manipulated in the manner in which 
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it was manipulated in the current experiment. There were no meaningful significant 

time-of-day effects on CNV amplitude suggesting effort did not differ at the three 

time points tested and was therefore consistent across the day. Variations in CNV may 

also be interpreted as reflecting changes in arousal (e.g., Broughton & Aquirre, 1987). 

If Broughton and Aquirre's interpretation of CNV is correct, the lack of time-of-day 

effects on CNV suggest arousal did not differ across the times of day tested. However, 

before concluding that time-of-day differences in arousal and effort did not occur, it is 

important to consider that while CNV might be sensitive to the large variations in 

both arousal and/or effort which occur in sleep deprivation studies and studies where 

participants' motivation levels are more strongly manipulated. CNV may not be 

sensitive to the more subtle variations in arousal and effort which may have occurred 

during the current experiment. 

During the current experiment, both task difficulty and imperative stimulus 

probability (which were interrelated) may have affected ISP3b amplitude, which was 

greater during the easy task than the hard task. This finding indicates more attention 

was given to the imperative stimuli during the easy task. An increase in task difficulty 

is often thought to result in an increase in the mobilization ofresources and hence an 

increase in P3b amplitude. This is thought to be related to the participants' degree of 

certainty about correct perception of the stimulus, with an inverse relationship 

between uncertainty and amplitude (Kok, 2001 ). During a task in which target 

probability is low, uncertainty of correct detection of targets is likely to be high, 

leading to greater P3b amplitude. On the other hand, Polich (2007) states that P3b 

amplitude is large (and latency short) during tasks which are easy, relative to tasks 

which are hard. During the easy task used in the current experiment, certainty of 

correct detection was likely to be high (due to having to discriminate between only 
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two targets of equal probability). Although this may lead to reduced amplitude it 

appears in the current experiment the simple nature of the task was more influential 

than the probability of the stimulus. As expected, due to the simple nature of the task 

there were few time-of-day effects on ISP3b amplitude or latency. Those effects 

which did occur were related to differences in patterns of activation of the left and 

right hemispheres, supporting the findings of Experiments 1 and 4, however as these 

patterns of activation are complex and inconsistent, their interpretation is difficult. 

In conclusion, evidence from the current experiment indicates effort could be 

applied consistently across the day. Along with effects of time-of-day found during 

the current experiment which were, at least to some extent, consistent with 

Experiments 1 and 4, the results of the current experiment indicate any changes in 

ERP amplitude which occur across the day are likely to be associated with modulation 

ofresource capacity rather than modulation of effort. 
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Chapter 7 : THE EFFECTS OF INCREASED AROUSAL (via CAFFEINE) 
AND TASK ON EFFORT AND RESOURCE ALLOCATION 

The two experiments detailed in this chapter investigate the influence of 

increased arousal, modulated via caffeine, on resource allocation (Experiment 6) and 

on effort invested in tasks and the ability to modulate effort (Experiment 7). The 

primary aim of this chapter is to determine if the findings of Experiments 1 to 5 are 

consistent with changes in arousal due to pharmacological manipulation using 

caffeine. That is, does caffeine affect the same components, and in the same manner, 

as increased arousal due to time-of-day? This is particularly important following 

claims that caffeine can counter the effects oflow arousal during performance of a 

range of tasks, including real-life tasks such as driving (Bonnet & Arand, 1992, 1994; 

Bonnet, Gomez, Wirth, & Arand, 1995; Brice & Smith, 2001; Home & Reyner, 2001; 

Lorist, Snel, & Kok, 1994a; Lorist, Snel, Kok, & Mulder, 1994b; Lorist & Tops, 

2003; Muelbach & Walsh, 1995; Walsh et al., 1990). This chapter will commence 

with a review of the literature related to caffeine and its effects on performance and 

ERPs. The two empirical experiments conducted will then be described, followed by a 

summary of the findings. 

It is well established that fatigue and low arousal, including low arousal 

associated with the post-lunch dip, have negative impacts on driving performance 

(Home & Reyner, 2001 ). Two main methods of countering these effects have been 

proposed by Home and Rayner (1996): taking a short nap (4-20 minutes) or 

consuming a pharmacological stimulant such as caffeine. Home and Rayner (1996) 

found caffeine significantly improved driving performance of fatigued participants 

during a one-hour simulated drive. Similarly, Brice and Smith (2001) found caffeine 

improved steering accuracy as well performance on a target detection task. These 
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results suggest caffeine should modulate the same ERP components which have been 

found to be modulated by the effects of time-of-day. To date, there appear to be no 

published ERP studies which have specifically investigated the effects of caffeine on 

driving related tasks. 

Caffeine acts as a stimulant by blocking inhibitory adenosine Ar and A 2A 

receptors throughout the brain. Blocking these receptors increases activity in the 

central nervous system resulting in a general arousing effect. Increases in general 

arousal after ingestion of caffeine have been found to result in subjective increases in 

alertness and arousal; increased skin conductance levels; reduction in EEG alpha band 

power and increase in alpha latency (Barry et al., 2005); increases in the amplitude 

and reduced latencies of a range of ERP components and faster RTs. The influences 

of caffeine on these measures differs with the amount of caffeine consumed, the state 

of the participant (alert or fatigued), and task parameters. For example, effects of 

caffeine appear to be greater in fatigued participants than alert participants (Smith, 

Sutherland, & Christopher, 2005) and during difficult tasks rather than easy tasks 

(Ruijter et al., 1999). 

The effects of caffeine on performance and subjective affect tend to follow an 

inverted U-shaped curve (Lorist & Tops, 2003; Watters, Martin, & Schreter, 1997). 

Lower doses of caffeine tend to benefit performance whereas performance generally 

decreases with doses of 500mg or more (Anderson & Revelle, 1983). Similarly, high 

doses of caffeine result in increased anxiety and tension while low doses are generally 

associated with pleasant subjective effects (Lorist & Tops, 2003). Attention has been 

found to be affected by caffeine, with increased performance efficiency on a visual 

search task (Marsden & Leech, 2000), higher levels of perceptual sensitivity (Ruijter, 

Lorist, Snel, & De Ruiter, 2000c), and increased accuracy of target detection 
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(Kenemans & Lorist, 1995) following caffeine. Improved performance following 

caffeine consumption has been attributed to increased sensitivity to relevant stimulus 

characteristics (Lorist & Tops, 2003). 

Other researchers have failed to find effects of caffeine on attention. For 

example, (Kenemans & Verbaten, 1998) investigated the effects of caffeine on 

selective attention using two versions of a cueing task. Although RTs were shorter 

following caffeine, Kenemans and Verbaten concluded performance improvements 

were related to improved response preparation and/or execution ofresponses rather 

than effects of caffeine on the attentional system. Similarly, Rees, Allen, and Lader, 

(1999) found caffeine improved psychomotor performance. These effects of caffeine 

on motor performance are not consistent with some studies in which no effects or 

negative effects have been found (e.g., Van der Stelt & Snel, 1998). 

According to Lorist and Tops (2003), interactions between caffeine, arousal 

and task requirements are complex. Lorist and Tops suggest direct measures of brain 

activity, including ERPs, are useful in determining precise effects of caffeine on 

attentional processing. Caffeine has been found to have an effect on amplitude and 

latency of exogenous and endogenous ERP components. For example, increased Nl 

and N2 amplitude during a choice RT task has been reported following caffeine 

(Lorist et al., 1994b) and increased Nl, P2 and P3 amplitude during a visual selective 

attention task, along with decreased RT and maintenance of accuracy, were reported 

by Lorist, Snel and Kok (1994a). Ruijter and colleagues have reported enhanced 

frontal P2, N2 and parietal P3 (P3b) following a 250mg dose of caffeine during 

selective and sustained attention tasks (Ruijter et al., 2000a; Ruijter, de Ruiter, Snel, 

& Lorist, 2000b; Ruijter et al., 2000c). Ruijter et al. (2000c) suggest caffeine results in 

a general increase in responsiveness and increased processing capacity, regardless of 
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stimulus relevance. However, the findings in relation to caffeine and the ERP Nl and 

P2 components are inconsistent with research investigating sleep onset which report 

an inverse relationship between arousal and Nl and P2 amplitude (for review see 

Campbell & Colrain, 2002). It should be noted that the findings of increased P2 

following caffeine are inconsistent despite using similar doses of caffeine, with some 

research finding no significant effects of caffeine on P2 (e.g., Martin & Garfield). 

Unlike sleep onset research which generally employs auditory stimuli, increased P2 in 

caffeine research is usually associated with visual stimuli rather than auditory. For 

example, Barry et al. (2007) found no significant effects of caffeine during an 

auditory No-Go task. In addition, although P2 is generally maximal at the central 

midline, the changes in P2 following caffeine tend to occur at frontal sites rather than 

central sites. Therefore, it seems the central auditory P2 reported in sleep onset studies 

which may reflect inhibition (Colrain & Campbell, 2007) may be fundamentally 

different to the frontal visual P2 reported in caffeine research. For example, increased 

P2 at sleep onset may reflect inhibition and the engagement of sleep-specific 

generators. 

Martin and Garfield (2005) found no significant effects of caffeine on P2 or 

N2 whereas caffeine resulted in increased P3 amplitude during a choice RT task but 

not a simple RT task. Martin and Garfield attribute the effects of caffeine on P3 to 

perceptions of task difficulty, with caffeine reducing the perceived difficulty of the 

complex task but not the simple task. Kawamura, Maeda, Nakamura, Morita, and 

Nakazawa (1996) found P3b amplitude in response to target stimuli increased during 

an auditory oddball task (but not a single-tone task) following caffeine and suggest 

caffeine results in increased allocation ofresources during the process of 

discrimination required in target identification. 
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The following two experiments investigate the effects of caffeine on resource 

allocation and effort during replications of the tasks used in Experiments 4 and 5. The 

primary objective of these experiments was to determine if caffeine modulated the 

same components as changes in arousal due to time-of-day. It is expected that these 

experiments will shed additional light on the extent to which caffeine can overcome 

the effects oflow arousal. 



Experiment 6 - The Effects of Caffeine and Task Difficulty on Resource 

Allocation 
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The results of Experiments 1 and 4 indicate allocation ofresources across 

tasks which differ in difficulty, is not consistent across the day when measured at 

0900, 1300 and 1700. It is unclear whether the changes found in these experiments 

reflect changes in arousal. One way of determining this is to manipulate arousal 

pharmacologically to determine ifthe time-of-day effects found in Experiments 1 and 

2 are consistent with pharmacologically manipulated arousal. Therefore, the purpose 

of the present experiment was to manipulate arousal levels pharmacologically using 

caffeine to determine ifthe effects of time-of-day on resource allocation found in 

Experiments 1 and 4 are consistent with pharmacologically manipulated changes in 

arousal. In addition, it is expected that this will shed light on the extent to which 

caffeine is able to counter the effects oflow arousal (as measured by ERPs). To allow 

comparison with the results of Experiment 4, the tasks used in Experiment 4 were 

used in the current experiment. 

As caffeine has been reported to have greater effects during more difficult 

tasks than easy tasks it was predicted the effects of caffeine would be greater a) during 

the dual-tasks than the single-task and b) during the dual hard task than the dual easy 

task (Wickens, 1984; 2002). If caffeine counters the effects oflow arousal, it was 

expected that caffeine compared to a placebo would have a similar impact on ERPs as 

increased arousal late in the afternoon compared to the early afternoon (as found in 

Experiment 4). Due to the nature of the tasks used, caffeine was not expected to have 

significant effects on behavioural measures; however participants were expected to 

feel more aroused following caffeine than the placebo (Ruijter et al., 2000a; 2000b ). 

Based on previous studies (Lorist et al., 1994a; Lorist et al., 1994b; Ruijter et al., 



212 

2000a; Ruijter et al., 2000c) the amplitudes of P2, N2, P3a and P3b were expected to 

be greater (and latencies earlier) following caffeine than the placebo and greater 

during the dual-tasks than the single-task. 

Method 

Participants 

The participants in the current study were 16 right handed, female students from 

the School of Psychology at the University of Tasmania. Participants were aged from 

18-29 years (M=22.7 years, SD=3.l years) and all participants scored between 31 and 

69 on the Home and Ostberg (1976) Moming/Eveningness Questionnaire (M=46.22, 

SD=6.50), indicating they were not extreme morning or evening types. All 

participants had at least one year's driving experience. The exclusion criteria specified 

in Experiment 1 were applied in the current study. Participants were instructed to 

abstain from caffeine-containing food and beverages during the morning prior to 

testing. Consistent with the previous experiments in this thesis, participants received 

course credit for their involvement in the study. Written informed consent was 

obtained from each participant and ethics approval was obtained from the University 

of Tasmania's Human Research Ethics Committee. 

Materials 

KSS. The KSS described in Experiment 1 was used in the current experiment). 

UMACL. The UMACL (as described in Experiment 4) was used in the current 

experiment. 

NASA-Task Load Index (NASA-TLX). The NASA-TLX used in Experiments 1-4 

was used in the current experiment. 



213 

Apparatus 

The Neuroscan system used for the oddball tasks in Experiments 1-4 was used 

for the oddball task in the current experiment. The auditory tone task was presented 

using an IBM compatible 486 computer. 

Stimuli 

Visual oddball task. The three-stimulus oddball task used in Experiment 4 was 

used in this experiment. 

Auditory tone sequence task. The Auditory tone sequence task used in 

Experiment 4 was used in this experiment. 

Procedure 

Each participant completed two experimental sessions held approximately one 

week apart. To control for possible time of day differences all sessions commenced at 

0900. During each session participants were given either 200mg of caffeine, in the 

form of two lOOmg 'No Doze' tablets, or a placebo, in the form of two 'Equal' 

tablets. The order of the sessions was counterbalanced across participants. 

The remaining procedure, including instructions to participants, was the same as 

described in Experiment 4. 

Data Reduction 

EEG data reduction occurred in the same manner as described in Experiment 4. 

Design 

This experiment used a 2 (Condition: Caffeine, Placebo) x 3 (Task: Single, Dual 

Easy, Dual Hard) x 3 (Stimulus: Target, Novel, Common) x 3 (Sagittal: Frontal, 

Central, Parietal) x 5 (Coronal: 3, Z, 4) repeated measures design. Dependent 

variables were accuracy and RT ofresponses to target stimuli during the oddball task, 

amplitude (µV) and latency (ms) of the ERP components P2, N2, and P3b, accuracy 
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and reaction to changes in tone sequence during the auditory task, scores on the KSS, 

NASA-TLX and the UMACL. For most participants, a clear negative component in 

the 80-lOOms period post stimulus was not visible in averaged waveforms, therefore 

waveform averages were not scored for NI. As a P3a peak was not identifiable on 

averaged waveforms for each participant, this component was not analysed . 

Data Analysis 

Data for two participants were incomplete due to recording errors, and missing 

data were replaced with means for each condition at each electrode. Analysis of the 

oddball task data was consistent with Experiments 1-4 (as outlined in Experiment 1). 

For the auditory tone task, the number of sequences of tones presented during each 

trial varied due to the nature of the program used to present the tones. For both the 

easy and hard tasks the mean number of sequences presented was 60, however the 

actual number of trials presented to each participant ranged from 58-63 for the easy 

task and from 57-66 for the hard task. In order to make meaningful comparisons, the 

number of correct responses was converted to a percentage of the total number of 

sequences presented for each participant during each task. The auditory tone task data 

were analysed using 2 (Task: Easy, Hard) x 2 (Condition: Caffeine, Placebo) repeated 

measures ANOV As. 

Results 

Behavioural Data 

RT and Accuracy (Braking Task). RT (ms) and the number of correct responses 

(/40) and false alarms (/360) were analysed using 2 (Condition: Placebo, Caffeine) x 3 

(Task: Single, Dual Easy, Dual Hard) repeated measures ANOVAs. 

Table 7-1 shows the mean RT, mean correct responses and mean false alarms 

obtained during the braking task during each task under each of the conditions. 
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Table 7-1 
Mean RT, Correct Responses (HIT) and False Alarms (FA) for the Braking Task 
during the Single, Dual Easy and Dual Hard tasks (Standard Deviations in Brackets) 
in the Caffeine and Placebo Conditions 
Task RT (ms) HIT (/40) FA (/360) 

Single Placebo 610.95 (78.81) 38.63 (2.03) 7.63 (8.50) 

Caffeine 629.07 (89.48) 36.77 (8.41) 5.31 (5.17) 

Dual Easy Placebo 640.64 (88.84) 38.23 (2.10) 8.07 (7.49) 

Caffeine 645.87 (78.30) 38.01 (2.90) 6.88 (6.49) 

Dual Hard Placebo 673.86 (93.09) 37.02 (3.61) 6.73 (6.45) 

Caffeine 644.88 (83.03) 37.10 (2.89) 7.25 (6.41) 

The effect of Condition on RT was not significant; however a significant effect 

of Task occurred F(2,30)=9.05, MSE=0.001,p<.Ol, E=0.80. Tukey post hoe tests 

indicated RTs during the single-task were significantly faster than during the dual 

easy task and were significantly faster than during the dual hard task. No further 

effects were significant for any of the dependent variables. 

Auditory Tone Task 

RT and accuracy data for the visual oddball task were analysed using 3 (Condition: 

Placebo, Caffeine) x 2 (Task: Dual Easy, Dual Hard) mixed ANOVAs. The RT, 

correct response and false alarm data obtained during the dual easy and dual hard 

auditory tone discrimination tasks at each time period are presented in Table 7.2. 



Table 7-2 
Mean RT (RT), Percentage of Correct Responses (HIT) and False Alarms (FA) 
Obtained During the Auditory Tone Sequence Task During the Dual Easy (3-tone) 
and Dual Hard (6-tone) Tasks in the Placebo and Caffeine Conditions (Standard 
Deviations in Brackets). 
Task Condition RT (ms) HIT% FA% 
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Easy (3 Tone) Placebo 

Caffeine 

Hard ( 6 Tone) Placebo 

Caffeine 

767.12 (102.23) 

733.85 (108.60) 

893.91 (106.15) 

858.19 ( 97.71) 

81.09 (14.71) 

86.66 ( 8.92) 

54.33 (21.43) 

55.07 (14.76) 

29.15 (30.06) 

22.66 (15.95) 

30.14 (10.95) 

44.57 ( 42.56) 

RT (Auditory Tone Task). Analysis of the RT data indicated that RTs during the 

hard task were significantly longer than during the easy task F(l, 15)=83.98, 

MSE=3003.90,p<.00l, E=l.O. A trend towards significance occurred for the effect of 

Condition on RT F(l,15)=4.01, MSE=4743.30,p=.064, E=l.O whereby RTs were 

faster in the caffeine condition than the placebo condition. 

Correct Responses (Auditory Tone Task). Analysis of the percentage of correct 

responses indicated that during the easy task the percentage of correct responses was 

significantly greater than during the hard task F( 1, l 5)=62.19, MSE=2 l 9. 02, p<. 001, 

E=l.O. The effect of Condition was not significant, nor was the Task x Condition 

interaction. 

False Alarms. The number of false alarms for each participant was converted to 

a percentage of the total number of trials. Analysis of the false alarm data indicated 

there were significantly more false alarms during the hard task than the easy task, 

F(l,15)=7.75, MSE=270.73,p<.05, E=l.O. The effect of Condition was not significant 

nor was the Task x Condition interaction. 



Subjective data 

KSS. KSS scores (shown in Table 7-3) were analysed using a 2 (Condition: 

Caffeine, Placebo) x 4 (Rating: Rating 1, Rating 2) repeated measures ANOV A. 

There were no significant main effects or interactions. 

Table 7-3 
Mean alertness scores as measured by the Karolinska Sleepiness Scale Prior to 
Commencing the Tasks (Rating 1) and on Completion of the Tasks (Rating 2) 
(Standard Deviations in Brackets). 

Condition 

Caffeine 

Placebo 

Rating 1 

4.72 (1.77) 

4.84 (1.86) 

Rating 2 

5.03 (1.92) 

5.38 (1.80) 
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UMA CL. UMACL scores for energetic arousal, tense arousal and hedonic tone 

(shown in) were analysed using 2 (Condition: Caffeine, Placebo) x 2 (Rating: Rating 

1, Rating 2) repeated measures ANOVAs. 

Table 7-4 
Mean UMACL Scores for Energetic Arousal, Tense Arousal and Bedonie Tone at the 
Start of the Before (Rating 1) and After (Rating 2) Completing Tasks in the Caffeine 
and Placebo Conditions (Standard Deviations in Brackets). 

Caffeine Placebo 

Energetic Arousal Rating 1 19.31 (4.01) 17.75 (3.28) 

Rating 2 19.75 (4.33) 18.80 (3.97) 

Tense Arousal Rating 1 14.63 (2.23) 12.75 (2.65) 

Rating 2 18.25 (2.90) 18.22 (3.13) 

Hedonic Tone Rating 1 26.50 (3.41) 24.13 (3.29) 

Rating 2 24.13 (3.60) 23.94 (3.18) 

The effect of Condition on hedonic tone was not significant; however hedonic 

tone decreased significantly from the beginning of the session to the end of the 

session F( 1, 15)= 15. 61, MSE=9 .4 2, p<. 001, E= 1. 0. The effects of Condition and 

Rating on energetic arousal were not significant. Tense arousal was greater at the end 

of the session than at the beginning of the sessionF(l,15)=96.96, MSE=4.23,p<.00l, 
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E=l .O; however neither the effect of Condition nor the Condition x Rating interaction 

were significant. 

NASA-TLX. Overall NASA-TLX scores were calculated using the same 

procedure as outlined in Experiment 1. Mean NASA-TLX scores for each factor are 

presented in Table 7-5. The NASA-TLX data for each workload factor were analysed 

using 2 (Condition: Caffeine, Placebo) x 3 (Task: Single, Dual Easy, Dual Hard) 

repeated measures ANOVAs. There were no significant main effects or interactions. 

Table 7-5 
Mean Subjective Workload Scores Obtained Using the NASA-TLX Following the 
Single, Dual Easy and Dual Hard Tasks (Standard Deviations in Brackets) in the 
Caffeine and Placebo Conditions. 
Factor Single Dual Easy Dual Hard 

Mental Demand Caffeine 21.97 (7.58) 22.54 (7.32) 24.08 (5.40) 

Placebo 22.15 (6.86) 22.70 (5.06) 24.07 (6.60) 

Physical Caffeine 9.47 (5.54) 9.85 (5.21) 10.84 (7.82) 
Demand 

Placebo 12.31 (7.80) 11.88 (6.55) 12.98 (7.91) 

Temporal Caffeine 30.32 (16.12) 32.72 (13.22) 34.03 (13.45) 
Demand 

Placebo 36.74 (14.02) 39.89 (14.86) 37.57 (16.00) 

Effort Caffeine 51.99 (15.41) 55.56 (22.28 58.42 (23.91) 

Placebo 53.70 (24.30) 54.28 (23.47 58.06 (19.64) 

Performance Caffeine 30.60 (12.48) 30.72 (13.94 30.08 (14.45) 

Placebo 32.02 (12.53) 31.23 (13.81 33.25 (13.78) 

Frustration Caffeine 20.88 (14.80) 24.34 (12.93 23.55 (9.95) 

Placebo 20.58 (10.27) 21.62 (14.26 21.66 (14.42) 

Grand Means 

The grand mean wave-forms obtained in response to the target, rare non-target 

and common non-target stimuli under each arousal condition are presented in Figures 
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7-1 to 7-6. As can be seen from these figures, the grand means indicate that the target 

stimuli elicited a P2 component which appears greater over central and parietal sites 

than frontal sites. In addition, the amplitude of this component appears to be greater in 

the caffeine condition than the placebo condition. Over frontal and central sites the P2 

was followed by a clear N2 component. The amplitude of this component appears to 

be much greater than that elicited during Experiments 1-3. During the caffeine 

condition N2 appears greater during the dual easy task than both the dual hard task 

and the single-task. 

During target trials, N2 was followed by a P3b component which was maximal 

over central and parietal sites. This component was not elicited by either the novel or 

common non-target stimuli. During both the caffeine and placebo conditions, P3b 

appears greater during the single-task than both the dual-tasks; however the difference 

between the single and dual-tasks appears to be greater during the caffeine condition 

than the placebo condition. Although the grand means associated with the novel 

stimuli during the single task suggest a P3a (which was larger in the caffeine 

condition than the placebo condition) occurred, this component was not clearly 

identifiable on the averaged waveforms for each individual. 

Unlike Experiments 1-3, there was no evidence of a CNV in any of the grand 

means. 
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P2 

Amplitude. Data for P2 amplitude in response to target stimuli were analysed 

using a 2 (Condition: Caffeine, Placebo) x 3 (Task: Single, Dual Easy, Dual Hard) x 2 

(Sagittal: Central, Parietal) x Coronal: 3, Z, 4) repeated measures ANOV A. Although 

there were no significant main effects or interactions for P2 amplitude, a trend -

towards significance occurred for the effect of Condition F(l, 15)=3 .20, MSE=54. l 6, 

p=.094, E=l .00 whereby P2 amplitude was greater during the caffeine condition 

(M=6.59µV) than the placebo condition (M=5.29µV). 

Latency. Data for P2 latency in response to target stimuli were analysed using a 2 

(Condition: Caffeine, Placebo) x 3 (Task: Single, Dual Easy, Dual Hard) x 2 (Sagittal: 

Central, Parietal) x 3 (Coronal: 3, Z, 4) repeated measures ANOV A. 

The Task x Condition interaction was significant, F(2,30)=3.93, MSE=658.78, 

p<.05, E=0.87, as shown in Figure 7-7. Tukey post hoe tests revealed that difference 

between the tasks were not significant in the caffeine condition, however in the 

placebo condition P2 occurred significantly later during the dual hard task than the 

dual easy task (p<.01). Differences between the conditions were not significant during 

any of the tasks. 
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N2 

Amplitude. Data for N2 amplitude during target trials were analysed using a 2 
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(Condition: Caffeine, Placebo) x 3 (Task: Single: Dual Easy, Dual Hard) x 2 (Sagittal: 

Frontal, Central) x 3 (Coronal: 3, Z, 4) repeated measures ANOV A. There were no 

theoretically relevant main effects or interactions for N2 amplitude. 

Latency. Data for N2 latency were analysed using a 2 (Condition: Caffeine, 

Placebo) x 3 (Task: Single, Dual Easy, Dual Hard) x 2 (Sagittal: Frontal, Central) x 3 

(Coronal: 3, Z, 4) repeated measures ANOV A. As shown in Figure 7-8, a significant 

Condition x Task interaction occurred, F(2,30)=5.51, MSE=5l6.50,p<.05, E=0.70. 

Tukey post hoe analyses of this interaction indicated that during the dual hard task, 

N2 occurred significantly earlier during the caffeine condition than the placebo 

condition (p<.01). There were no further significant differences between the tasks or 

between the conditions. 
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P3b 

Amplitude. A 2 (Condition: Caffeine, Placebo) x 3 (Task: Single, Dual Easy, 

Dual Hard) x 3 (Coronal: 3, Z, 4) repeated measures ANOVA was used to analyse 
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P3b amplitude during target trials at parietal sites. Analysis of the P3b amplitude data 

revealed a trend towards significance for the effect of Condition F(l,15)=3.85, 

MSE=72.62,p=.068, f=l.00 whereby P3b amplitude during the caffeine condition 

(M=20.59µV) was greater than during the placebo condition (M=l 8.52µV). The main 

effect ofTask was significant F(2,30)=12.40, MSE=33.27,p<.05, f=0.93 and Tukey 

post hoe analyses confirmed that P3b amplitude during the single-task (M=21.70µV) 

was significantly greater than during both dual-tasks (ps<. 01 ); however the difference 

between the dual easy (M=l 7.58µV) and dual hard (M=19.22µV) tasks did not reach 

significance. 



Latency. A 2 (Condition: Caffeine, Placebo) x 3 (Task: Single, Dual Easy, 

Dual Hard) x 3 (Coronal: 3, Z, 4) repeated measures ANOV A was used to analyse 

P3b latency during target trials. This analysis revealed a significant main effect of 

Task F(2,30)=8.20, MSE=5898.04,p<.Ol, E=0.80 and Tukey post hoe analyses 

confirmed that P3b occurred significantly later during the dual-tasks (Hard: 

229 

M=485.25ms; Easy: M=476.26ms) than during the single-task (M=442.67ms) 

(ps<.01). The difference between the two dual-tasks was not significant. There were 

no further significant main effects or interactions nor were there any trends towards 

significance. 

Discussion 

A trend for faster responses to changes in auditory tone in the caffeine 

condition than the placebo condition occurred, however there were no further effects 

of condition on RTs or accuracy. Although caffeine has been found to have a positive 

effect on performance, including decreased RT with unchanged accuracy (e.g., van 

Duinen et al., 2005) other studies have found no changes in behavioural measures of 

performance when participants are not fatigued or when experimental conditions are 

not suboptimal (such as during the current experiment) (e.g., Kawamura et al., 1996). 

Given that effects of caffeine on RT have been found during cognitively demanding 

dual-tasks (Brice & Smith, 2002; Ruijter et al. 1999), significant effects of caffeine 

could have been expected during the dual-task conditions but not the single task 

condition, however this did not occur, with the effect of caffeine not significant during 

any of the tasks. If participants had been fatigued, or ifa larger dose of caffeine was 

administered, it is likely responses would have been faster during the caffeine 

condition than the placebo condition, particularly during the dual-tasks. Consistent 
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with Experiment 4, responses to target stimuli were faster during the single-task than 

the dual-tasks and were faster during the dual easy task than the dual hard task. 

Accuracy of responses to targets did not differ across the tasks suggesting accuracy 

was maintained across the tasks at the expense of speed of RT. The finding that 

accuracy ofresponses to tones during the dual hard task was reduced compared to the 

dual easy task confirms the increased difficulty of the dual hard task. Based on the 

results of Experiments 1 and 4, the lack of significant effects of caffeine and rating on 

KSS scores was not surprising. Caffeine does not appear to impact on UMACL 

measures whereas across the session participants' hedonic tone decreased and tense 

arousal increased. 

Caffeine increased P2 amplitude. This finding is consistent with results of 

previous caffeine research e.g., Lorist et al. (1994a; 1994b) and Ruijter et al. (2000a; 

2000c) but conflicts with Crowley and Colrain (2004) who suggest P2 reflects 

attentiveness and arousal, with increased arousal associated with a reduction in P2. 

Given the conflicting results of sleep onset research and caffeine research, further 

investigation of the effects of arousal on P2 under different conditions seems 

warranted. It is possible that during the current experiment there may have been some 

overlap of P3b on P2 (as suggested in the discussions of previous experiments 

described in this thesis. P2 amplitude was not modulated by task. This result is 

consistent with the results of Experiments 2 and 4, but inconsistent with the results of 

Experiment 3, during which P2 amplitude was significantly lower during the dual 

hard task than the single and dual easy tasks. Task did not have significant effects of 

P2 amplitude during three of the four experiments in this study in which task 

difficulty was manipulated in this way (Experiments 2, 3, 4 and 6). Therefore, it 

appears that the difficulty of an additional task may only affect P2 amplitude when 
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discrimination between the target and standard stimuli is difficult. Interestingly, P2 

latency did not differ across the tasks in the caffeine condition, but did in the placebo 

condition, suggesting when participants were more aroused they were able to maintain 

processing at the same rate, despite changes in difficulty of the tasks, including 

attention being drawn away from the tracking task. Maintenance of P2 latency despite 

increased task difficulty did not occur during the placebo condition, during which P2 

occurred significantly later during the dual hard task than the dual easy task. This 

finding supports research which suggests the effects of caffeine on performance are 

most positive during tasks which place high demands on the processing system (Brice 

& Smith, 2002; Rujter et al., 1999; Van Duinen et al., 2005). Along with the current 

research, research indicates caffeine increases the efficiency and capacity of the 

processing system to cope with the increased processing demands associated with 

difficult tasks, compared to a placebo. 

Although Lorist et al., 1994a; Lorist et al., 1994b reported increased N2 

amplitude following caffeine, this did not occur during the current experiment. There 

is some indication of more even distribution of activity across the left and right 

hemisphere following caffeine than the placebo. The N2 latency data suggests 

increased arousal following caffeine resulted in faster processing, but only when the 

task was difficult. 

It is unclear why a clear P3a component occurred during Experiment 4 but not 

during the current experiment. This is particularly interesting given there should be 

little difference between the results for the placebo condition in the current 

experiment and those of Experiment 4 at 0900. Further investigation of this using the 

target and novel stimuli in Experiment 3 is warranted. 
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The finding of a trend towards greater P3b amplitude during the caffeine 

condition than the placebo condition supports the :findings ofLorist et al. (1994a; 

1994b) and Ruijter et al. (2000a; 2000c) and indicates allocation of attentional 

resources increases with arousal. Lorist et al. 1994b indicates the effects of caffeine 

are greater when participants are fatigued rather than alert or well-rested as they were 

in the current study. This may account for the lack of significant effects of P3b during 

the current experiment. Although the dose of caffeine used was consistent with 

previous research which has found significant effects of caffeine of P3b (e.g., Lorist et 

al., 1994a), it is possible the dose was insufficient to elicit significant effects of 

caffeine on P3b using experimental manipulations used in the current experiment. 

Therefore, further research using a stronger dose of caffeine and/or sleep deprivation, 

is warranted. In conclusion, this study provides some partial support for the 

suggestion made during Experiments 1 and 4 that increased P3b associated with time

of-day reflects increased resource allocation associated with increased arousal. 
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Experiment 7 - The Effects of Caffeine on Effort and Effort Mobilization 

Lorist et al. (1994b) suggested caffeine may alter attitudes towards tasks, with 

participants generally processing stimuli more actively following the use of caffeine. 

This suggests caffeine may increase effort, which should be reflected in CNV. This 

suggestion is consistent with the findings of Ashton, Millman, Telford and Thompson 

(1974) who found caffeine significantly increased CNV amplitude during a cued 

visual task. Therefore it is possible effort may (at least partially) account for the 

changes in ERPs associated with changes in arousal following caffeine during 

Experiment 6. If arousal (when manipulated by caffeine) is found to impact on levels 

of effort applied to tasks, this would provide further support for the suggestion that 

effort, rather than changes in resource availability, contribute to time-of-day effects. 

Alternatively, if arousal manipulated by caffeine does not affect effort applied to 

tasks, further support will be given to the suggestion that time-of-day effects on 

resource allocation are due to changes in resource availability. 

The primary aim of the following experiment was to determine whether 

variations in effort associated with changes in arousal could account for the effects of 

caffeine found during Experiment 6. A further aim was to determine whether the 

effects of caffeine on arousal and effort would be consistent with the effects oftime

of-day found during Experiment 5. The experimental method and design used for 

Experiment 5 was repeated; however rather than investigating the effect ofTime-of

day, arousal was pharmacologically manipulated using caffeine. 

Based on the results of Experiments 5 and 6 and the findings ofLorist and 

Tops (2003), P2 amplitude was expected to be greater in the caffeine condition than 

the placebo condition. The effect of condition on P3b was expected to be small; 
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however greater P3b (post cue) amplitude in the caffeine condition than the placebo 

condition was expected. CNV was expected to be greater following effort cues than 

standard cues (Falkenstein et al., 2003) and was expected to be greater following 

caffeine than the placebo (Ashton et al., 1974). ISP3b was expected to be greater 

during the easy task than the hard task and greater during the caffeine condition than 

the placebo condition (Ruijter et al. 2000a; 2000b; 2000c). RTs were expected to be 

shorter following effort cues than standard and standard rare cues while accuracy was 

expected to be maintained regardless of cue. It was predicted that RTs would be 

shorter in the caffeine condition than the placebo condition when effort increased, but 

not when effort was maintained at standard levels. 

Method 

Participants 

Participants were 16 right-handed females who were students at the University 

ofTasmania. They ranged in age from 18 to 29 years (M=22.70, SD=3.28). The 

exclusion criteria applied to Experiments 1-3 were applied to the current experiment. 

Participants were instructed to not consume caffeine during the four-hour period prior 

to testing. Participants were screened for their level of moming/eveningness using the 

Moming/Eveningness scale (Home & Ostberg, 1976). All participants fell within the 

range of31and69 on this scale (M=49.65, SD=5.40) indicating that no participant 

had extreme morning or evening preferences. Written informed consent was obtained 

from all participants prior to participation and all participants were given course credit 

for participation. 



Apparatus and Materials 

The apparatus and materials used in Experiment 5 were used for the current 

experiment. 

Stimuli 
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The easy and hard versions of the cued RT task used in Experiment 4 were used 

in the current experiment. 

Procedure 

Each participant completed two experimental sessions held approximately one week 

apart. To control for possible time-of-day effects, all sessions commenced at 0900. At 

the commencement of each session participants were given either 200mg of caffeine 

in the form of two lOOmg 'No Doze' tables or a placebo in the form of two 'Equal' 

tablets. The order of the sessions was counterbalanced across participants. Participants 

were 'instructed to abstain from caffeine-containing food and beverages during the 

morning prior to testing. Participants completed the UMACL prior to commencing the 

first task, following the first task and on completion of the second task. The remainder 

of the procedure was as described in Experiment 5. 

Data Reduction 

Data reduction occurred in the same manner as described in Experiment 5. As 

in Experiment 5, a clear negative component in the 80-lOOms period post stimulus 

was not visible in averaged waveforms, therefore waveform averages were not scored 

for Nl. 

Design 

The study employed a 2 (Condition: Caffeine, Placebo) x 2 (Task: Easy, Hard) x 

3 (Cue: Effort, Standard Rare, Standard) x 3 (Sagittal: Frontal, Central, Parietal) x 3 

(Coronal: (3, Z, 4) repeated measures design. Dependent variables were RT and 
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accuracy ofresponses to imperative stimuli, amplitude and latency of post-cue P2 and 

P3b, amplitude of mean CNV, amplitude and latency ofISP3b, scores on the NASA

TLX, UMACL, and KSS. 

Data Analysis 

Statistica version seven was used for all data analyses and the alpha level of 

0.05 was used to indicate significance. The data for each dependent measure were 

analysed using repeated measures ANOV As (specific ANOV As used for each 

dependent variable are described in the results section). Greenhouse Geisser 

corrections and Tukey post hoe tests were applied were necessary. 

Results 

Behavioural Data 

RT and Accuracy 

The RT and accuracy data were analysed using 2 (Condition: Caffeine, 

Placebo) x 2 (Task: Easy, Hard) x 3 (Cue: Effort, Standard Rare, Standard) repeated 

measures ANOVAs. The difference in RT between the caffeine (M=406.80ms) and 

placebo (M=397.70ms) conditions was not significant and Condition was not involved 

in any significant interactions. The main effect of Task on RT was significant 

F(l,14)=265.69, MSE=.002, p<.001 as was the main effect of Cue F(l,14)=12.781, 

MSE=.009,p<.Ol. The effects of Task and Cue were modified by each other in a 

significant Task x Cue interaction, F(2,28)=7.593, MSE=.000, p<.Ol, as shown in 

Figure 7-9. Tukey post hoe tests indicated responses were significantly slower during 

the hard task than the easy task following each cue type (p<.01). During both tasks 

RTs were shorter following effort cues than both standard and standard rare cues 

(ps<.01 ). During the easy task the difference between standard and standard rare was 
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not significant, however during the hard task RTs were significantly faster following 

standard rare cues than standard cues (p<.01). 
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Figure 7-9. RTs (ms) following standard, standard rare and effort cues during the easy 
and hard tasks. 

As shown in Table 7-6, response accuracy was high. There were no significant 

main effects or interactions for response accuracy. 

Table 7-6 
Mean Accuracy of Responses during the Easy and Hard Tasks in the Caffeine and 
Placebo Conditions Following Effort, Standard Rare and Standard Cues. 

Standard 

Standard Rare 

Effort 

Caffeine 

Easy 

95.81 (3.97) 

96.95 (3.67) 

93.59 (7.83) 

Hard 

95.77 (4.49) 

95.55 (5.14) 

94.44 (5.44) 

Placebo 

Easy 

95.96 (7.29) 

96.04 (6.70) 

94.22 (8.40) 

Hard 

95.03 (3.61) 

96.22 (4.34) 

94.44 ( 4.48) 

KSS. KSS scores (shown in Table 7-7) were analysed using a 2 (Condition: 

Caffeine, Placebo) x 3 (Rating: Baseline, Post-task 1, Post-task 2) repeated measures 
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ANOV A. Although scores appeared higher during the caffeine condition than the 

placebo condition, the effect of Condition was not significant, nor was the Condition x 

Rating interaction. 

Table 7-7 
Mean KSS Scores Prior to Commencing the First Task (Rating 1) and on Completion 
of the Last Tasks (Rating 2) in the Caffeine and Placebo Conditions (Standard 
Deviations in Brackets). 

Caffeine 

Placebo 

Rating 1 

5.02 (1.92) 

4.49 (1.89) 

Rating 2 

5.20 (1.84) 

5.07 (1.86) 

UMACL. The UMACL scores (shown in Table 7-8) for energetic arousal, tense 

arousal, hedonic tone and general arousal were analysed using 2 (Condition: Caffeine, 

Placebo) x 2 (Rating: Rating 1, Rating 2) repeated measures ANOV As. There were no 

significant main effects or interactions, nor were there any trends towards 

significance. 

Table 7-8 
Mean UMA CL Scores for Energetic Arousal, Tense Arousal and Hedonic Tone at 
Prior to Commencing the First Task (Rating 1) and Completion of the Tasks (Rating 
2) in the Caffeine and Placebo Conditions (Standard Deviations in Brackets). 

Caffeine Placebo 

Energetic Arousal Rating 1 20.91 (4.55) 18.88 (4.25) 

Rating 2 21.50 (4.38) 18.90 (4.31) 

Tense Arousal Rating 1 15.00 (2.80) 13.91 (3.66) 

Rating 2 17.33 (3.02) 15.00 (3.07) 

Bedonie Tone Rating 1 25.34 (3.78) 23.30 (3.71) 

Rating 2 23.93 (3.23) 22.99 (3.74) 
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NASA-TLX. Mean scores for each NASA-TLX factor (as shown in Table 7-9) 

were calculated in the same manner as described in Experiment 1. The NASA-TLX 

data for each workload factor were analysed using 2 (Condition: Caffeine, Placebo) x 

2 (Task: Easy, Hard) repeated measures ANOVAs. There were no significant main 

effects or interactions for any of the workload factors. 

Table 7-9 
Mean Subjective Workload Scores Obtained Using the NASA-TLX in the Caffeine and 
Placebo Conditions Following the Easy and Hard tasks (Standard Deviations in 
Brackets). 

Caffeine Placebo 

Factor Easy Hard Easy Hard 

Mental Demand 23.03 (9.84) 24.99 (11.12) 22.94 (5.84) 23.51 (7.16) 

Physical Demand 9.22 (6.60) 12.63 (7.80) 10.05 (4.52) 11.88 (5.85) 

Temporal Demand 33.60 (15.72) 30.78 (16.62) 39.12 (12.36) 37.08 (13.08) 

Effort 56.44 (19.71) 57.39 (23.67) 55.20 (15.84) 55.49 (17.55) 

Performance 33.25 (14.56) 33.67 (16.31) 32.69 (11.20) 30.31 (13.37) 

Frustration 22.00 (11.30) 20.00 (14.40) 23.45 (10.8) 22.70 (9.60) 

Grand Means 

As shown in Figures 7-10 to 7-12, following each cue type a P2 developed at 

approximately 200ms post stimulus onset, over frontal and central site. At frontal sites 

this component appears to be greater in the caffeine condition than the placebo 

condition. 

Following the P2, a post cue P3b which was maximal at Pz occurred in response 

to effort cues but not standard or standard rare cues. In the caffeine condition this 

appears to be greater during the hard task than the easy task. This component was 

followed by a centrally maximum CNV which was greater following effort trials than 
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standard rare or standard trials. There appears to be little difference in CNV amplitude 

between the conditions or tasks. Following the CNV (and in response to the 

imperative stimuli) a P3b developed. This occurred regardless of cue type and appears 

to be greater during the easy task than the hard task, particularly during effort trials. 
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Figure 7-7. Grand mean averages during the easy and hard tasks in the caffeine and placebo conditions during effort trials. 
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Figure 7-8. Grand mean averages during the easy and hard tasks in the caffeine and placebo conditions during standard rare trials. 
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Figure 7-9. Grand mean averages during the easy and hard tasks in the caffeine and placebo conditions during standard trials. 
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P2 (Cue) 

Amplitude and latency data for P2 following the cues were analysed using 2 

(Condition: Placebo, Caffeine) x 2 (Task: Easy, Hard) x 3 (Cue: Effort, Standard 

Rare, Standard) x 2 (Sagittal: Frontal, Central) x 3 (Coronal: 3, Z, 4) repeated 

measures ANOV As. 
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Amplitude. Analysis of the P2 amplitude data indicated the main effect of Task 

was not significant nor was the main effect of Condition. The main effect of Cue, 

F(l ,28)=32.17, MSE=56.60, p<.001, E=O. 75, was significant and Tukey post hoe tests 

confirmed P2 amplitude was significantly greater following effort cues (M=10.07µV) 

than standard rare (M=7.05µV) and standard cues (M=5.68µV) (ps<.01). P2 amplitude 

elicited by standard rare and standard cues did not differ significantly. 

Latency. Analysis of the P2 (Cue) latency data revealed a significant main effect 

of Cue whereby P2 occurred significantly earlier following effort (M=208.08ms) and 

standard rare cues (M=207.48ms) than standard cues (M=220.30ms). 

Additional P2 analysis. Although caffeine has been found to have significant 

effects on P2 amplitude over frontal sites (Ruijter et al., 2000a; 2000b) the analysis 

conducted did not reveal effects of Condition on P2 amplitude over either coronal 

region. To investigate this further, analysis of the P2 data was conducted using a 2 

(Condition: Caffeine, Placebo) x 2 (Task: Easy, Hard) x 3 (Cue: Effort, Standard 

Rare, Standard) x 3 (Frontal: 3, Z, 4) repeated measures ANOV A. 

The analysis conducted on P2 amplitude revealed a significant Condition x Cue 

interaction, F(2,28)=3.74, MSE=7.74,p<.05, E=0.94, as shown in Figure 7-10. Tukey 

post hoe analyses indicated that following effort trials, P2 amplitude was significantly 
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greater in the caffeine condition than the placebo condition (ps<.01); however during 

standard and standard rare trials, the effect of Condition was not significant. 
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Figure 7-10. P2 amplitude (µV) over frontal sites in the caffeine and placebo 
conditions following effort, standard rare and standard cues. 

The analysis of P2 (Cue) latency over frontal sites revealed no relevant 

significant effects or trends towards significance. 

P3b (Cue) 

Data for P3b (following cues) amplitude and latency were analysed using a 2 

(Condition: Caffeine, Placebo) x 2 (Task: Easy, Hard) x 3 (Cue: Effort, Standard 

Rare, Standard) x 2 (Sagittal: Central, Parietal) x 3 (Coronal: 3, Z, 4) repeated 

measures ANOV A. 

Amplitude. Analysis of the P3b (Cue) amplitude data revealed a significant main 

effect of Cue, F(2,28)=40.61, MSE=l28.69, p<.001, 1:=0.52. Tukey post hoe tests 

indicated P3b amplitude following effort cues (M=10.55µV) was significantly greater 

than following standard rare (M=4.33µV) and standard cues (M=3.63µV). 

A significant Condition x Task x Coronal interaction occurred, F(2,28)=3.857, 

MSE=l.042,p<.05, 1:=0.73, as shown in Figure 7-14.Tukeypost hoe analyses of the 

Condition x Task x Coronal interaction indicated that in the caffeine condition, P3b 
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amplitude at the midline and right hemisphere was significantly greater during the 

hard task than the easy task. While differences between the conditions were not 

significant during the easy task, during the hard task P3b amplitude was significantly 

greater in the caffeine condition than the placebo condition at the midline and right 

hemisphere (ps<.01). 
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Figure 7-11. P3b (Cue) amplitude (µV) across left (3), midline (Z) and right (4) 
hemisphere sites during the easy and hard tasks in the caffeine and placebo 
conditions. 

Latency. Analysis of the P3b(Cue) latency data revealed no relevant 

significant main effects or interactions. 

CNV 

The mean CNV data over the 200ms period prior to presentation of the 

imperative stimuli (900-1 lOOms) were analysed using a five-way 2 (Condition: 

Caffeine, Placebo) x 2 (Task: Easy, Hard) x 3 (Cue: Effort, Standard Rare, Standard) 

x 3 (Sagittal: Frontal, Central, Parietal) x 3 (Coronal: 3, Z, 4) repeated measures 

ANOVA. 
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The five-way ANOV A conducted on data for mean CNV amplitude revealed a 

significant main effect of Cue, F(2,28)=31.04, MSE=l36.54,p<.00l, E=0.59. Tukey 

post hoe tests indicated CNV amplitude was significantly greater following effort cues 

(M=-3.45µV) than standard rare (M=0.26µV) and standard cues (M=0.29µV). There 

were no further theoretically relevant main effects or interactions. 

Imperative Stimulus P3b (ISP3b) 

In order to maintain consistency with Experiment 5, effort and standard rare 

data for P3b amplitude and latency following the presentation of the imperative 

stimuli (ISP3b) were analysed separately using 2 (Condition: Caffeine, Placebo) x 2 

(Task: Easy, Hard) x 2 (Sagittal: Central, Parietal) x 3 (Coronal: 3, Z, 4) repeated 

measures ANOV As. 

Effort trials 

Amplitude. Analysis over effort trials revealed a significant main effect of Task 

F(l,14)=4.81, MSE=l 79.95, p<.05, E=0.83 which was modified by a significant 

Condition x Task x Sagittal x Coronal interaction, F(2,28)=4.15, MSE=0.858,p<.05, 

E=0.69 (as shown in Figure 7-15). ISP3b amplitude was greater during the easy task 

than the hard task and this effect was greater over parietal sites than central sites. Over 

central sites ISP3b was significantly greater in the placebo condition than the caffeine 

condition during the easy task at the midline and right hemisphere (ps<.01). Over 

parietal sites, there was little difference between the conditions during the easy task; 

however during the hard task ISP3b was significantly greater during the placebo 

condition than the caffeine condition (p<.01). 
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Figure 7-12. ISP3b amplitude (µV) following effort cues in the caffeine and placebo 
conditions during the easy and hard tasks over left (3), midline (Z) and right ( 4) 
hemisphere sites. 

Latency. Analysis of the ISP3b latency data following effort cues revealed a 

significant main effect of Task F(l,14)=11.02, MSE=l43l9.l0,p<.Ol, E=l.O whereby 
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ISP3b occurred significantly earlier during the dual easy task (M=l330.5lms) than the 

dual hard task (M=l372.39ms). There were no further relevant significant effects. 

Standard Rare 

Amplitude. Analysis oflSP3b data following standard rare trials revealed a 

significant main effect of Task F(l,14)=5.96, MSE=184.97,p<.05, E=l.O which was 

modified by significant Condition x Task x Sagittal F( 1, 14 )=3. 99, MSE=2. l 22, p=. 06, 

E=l.O and Condition x Task x Coronal interactions F(2,28)=3.18, MSE=2.10,p=.06, 

E=0.95. As shown in Figure 7-13, and confirmed by Tukey post hoe tests, ISP3b 

amplitude was greater during the easy task than the hard task (ps<.01). Differences 

between the conditions were not significant at either sagittal region during either task, 

however during the easy task, ISP3b in the placebo condition was significantly greater 

at parietal sites than central sites (ps<.01 ). There were no further significant 

differences. 
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Figure 7-13. ISP3b amplitude (µV) in the caffeine and placebo conditions during the 
easy and hard tasks over central and parietal sites. 
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Tukey post hoe tests conducted on the Condition x Task x Coronal interaction 

(shown in Figure 7-17) revealed differences between the conditions during each task 

and at each coronal region were not significant. ISP3b amplitude at the midline was 

greater than at left and right hemisphere sites during both tasks in both conditions 

(ps<.01), with the exception that the difference between the midline and right 

hemisphere was not significant in the placebo condition during the hard task. 
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Figure 7-14. ISP3b amplitude (µV) in the caffeine and placebo conditions during the 
easy and hard tasks over left (3), midline (Z) and right (4) hemisphere sites. 

Latency. Analysis of the ISP3b latency data following standard rare trials 

revealed a significant main effect ofTaskF(l,14)=7.90, MSE=l079l.40,p<.00l, 

E=l.O whereby ISP3b occurred significantly later during the hard task (M=l354.54ms) 

than the easy task (M=1323.77ms). There were no further significant main effects or 

interactions involving task or condition. 
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Discussion 

Although it was predicted that RTs would be faster in the caffeine condition 

than the placebo condition during effort trials, this did not occur. This finding is 

consistent with the results of Experiment 6 and suggests the tasks were not cognitively 

demanding enough, even when extra effort was required, for caffeine to have a 

positive effect on performance (Ruijter et al. 1999). As expected, responses were 

faster during the easy task than the hard task; however during the hard task, 

participants responded faster following standard rare cues than standard cues. This 

suggests participants may have altered strategies during the hard task by deliberately 

slowing responses to the standard cues, in order to enhance the difference between 

standard and effort cues. Accuracy was consistent across condition, task and cue 

indicating participants were able to maintain accuracy despite responding faster 

following effort cues, and despite changes in arousal. This indicates a speed-accuracy 

trade-off did not occur. 

P2 over frontal sites was significantly greater in the caffeine condition than in 

the placebo condition, however this effect only occurred following effort cues, 

indicating greater attention to the significance of the cue when arousal was high, 

during the caffeine condition. The arousal-increasing effect of caffeine appears to be 

dependent on the salience of the cue. Although increased P2 following caffeine is 

consistent with the findings of Lorist et al. (1994) and Ruijter et al. (2000a; 2000b) 

previous research has found this effect to be consistent across stimulus categories. 

Therefore, the current results provide only limited support for the views ofLorist et 

al. (1994a), who interpreted increased P2 following caffeine as an increase of 

receptivity of the nervous system to all external stimuli, and Rujiter et al. (2000a), 

who suggested caffeine improves basic perceptual processes at the input stage of 
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information processing. The results of the current experiment suggest the relevance of 

the stimulus is also an important determinant of P2, with caffeine improving 

awareness of the salience of cues, and improving the perceptual processing of those 

cues considered most important. The effect of condition following effort cues, along 

with the lack of an effect of condition following both standard rare and standard cues, 

suggests cue salience rather than probability is important in the effect of caffeine on 

P2. Increased P2 following caffeine is inconsistent with Crowley and Colrain (2004) 

who suggest increased P2 is associated with a reduction in arousal. Although this 

needs further investigation, the inconsistency in the research on caffeine and that on 

arousal and wakefulness, suggests the arousing effects of caffeine act in reverse to 

those of increased wakefulness. 

As expected, P3b amplitude following effort cues was greater than following 

standard and standard rare cues, indicating cue salience impacted on P3b amplitude, 

with more resources allocated to highly salient cues than those less salient. During the 

easy task, caffeine did not result in increased allocation ofresources as reflected by 

P3b; however during the hard task, resource allocation in the caffeine condition was 

greater over the rnidline and right hemisphere. These results support Martin and 

Garfield (2005) who found that task difficulty plays an important role in the effects of 

caffeine on P3b as well. Although caffeine increased P3b amplitude it had little effect 

on latency. The P3b amplitude and latency results support the findings of Kawamura 

et al. (1996) who also found that caffeine increased P3b amplitude with no effect on 

P3b latency or RT. 

Consistent with the results of Experiment 5, CNV following effort cues was 

greater than following standard and standard rare cues, confirming this component 

reflects voluntary changes in effort. CNV was consistent across conditions, indicating 
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arousal did not impact on either standard levels of voluntary effort expenditure or 

ability to increase effort. This finding conflicts with the findings of Ashton et al. 

(1974) who found caffeine increased mean amplitude ofCNV and does not support 

claims that caffeine enhances preparation processes (Lorist & Tops, 2003). Although 

the difficulty of the tasks did not impact on standard levels of effort, when participants 

were instructed to increase effort they appear to have been able to increase effort to a 

greater level (as indicated by increased CNV over the midline and left hemisphere) 

during the hard task than the easy task. Because the tasks were essentially the same 

prior to the presentation of the imperative stimuli, the perceived difficulty of the tasks 

rather than the actual difficulty, may be an important factor in the level to which 

participants are able to increase effort when instructed to do so (i.e., participants are 

able to increase effort to a greater level when they perceive a task as being difficult). 

As found in Experiment 5, ISP3b amplitude was greater and latency earlier 

during the easy task than the hard task. Following effort trials, at some sites, ISP3b 

amplitude was unexpectedly greater and latency shorter during the placebo condition 

than the caffeine condition. This indicates when extra effort was applied, more 

resources were allocated to processing the imperative stimuli when arousal was low 

than when arousal was high. Although there appears to be no published research 

investigating P3b following CNV and an imperative stimulus, the current findings 

conflict with much of the research on caffeine which has found either no effects of 

caffeine on P3b amplitude (Martin & Garfield, 2005) or that caffeine enhances P3b 

amplitude (Ruijter, Lorist, & Snell, 1999; Ruijter, De Ruiter, & Snell, 2000a). Greater 

ISP3b amplitude during the placebo condition than the caffeine condition may be the 

result of increased distraction during the caffeine condition, and hence resources 

allocated to other stimuli, or may be interpreted as fewer resources being required to 
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process stimuli when both arousal and effort are high. Given that results for 

behavioural measures did not differ between conditions, it appears fewer resources 

were required when arousal was high to perform at the same level as when arousal 

was low. It is possible that changes in arousal levels were more subtle during 

Experiment 5 than during the current experiment, due to manipulation of arousal via 

caffeine rather than changes which occur across the day, resulting in significant 

differences between conditions in the current experiment but not Experiment 5. There 

is less evidence for differences in resource allocation between the conditions 

following standard rare cues than following effort cues. Differences between the 

conditions were not significant during standard rare trials, indicating the effects of 

changes in arousal are more likely to be evident when participants exert high levels of 

effort while performing tasks rather than standard levels of effort. 

A measure of participants' frequency and level of caffeine use should have 

been used in both the current and previous experiment (Experiment 6). For those 

participants who use caffeine regularly, effects may have been weaker, and for high 

users, the effects of absence of caffeine for the four hours prior to the experiment may 

have impacted on the results. Therefore, it is recommended that for future research, 

participants experience with caffeine and level of current use is recorded, in addition 

to controlling for caffeine use in the hours immediately prior to experimental sessions. 

In conclusion, the results support the findings of Falkenstein (2003) and the 

notion that CNV reflects levels of effort expenditure which participants can quickly 

modulate according to instructions. Caffeine (and therefore arousal) did not impact on 

either standard levels of effort or the ability to increase effort; however it appears 

participants' ability to increase effort is greater during tasks perceived as being more 

difficult. The lack of effect of caffeine on CNV conflicts with the findings of Ashton 
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et al. (1974); however the results support the findings of Experiment 5 and indicate 

level of arousal does not impact on the levels of effort expended by participants. The 

effect of caffeine (arousal) on P3b amplitude and resource allocation was task 

dependent, with evidence of greater allocation ofresources following caffeine 

occurring only during the more difficult task. Although the effects of caffeine may 

have been greater if participants were fatigued, and or if the dose of caffeine had been 

greater, the results generally support the findings of Experiment 5 and suggest 

modulation of effort in either the caffeine or placebo conditions cannot account for 

effects of condition on ERPs during Experiment 5. 
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Chapter 8: SUMMARY AND CONCLUSIONS 

This research was conducted to investigate changes in resource allocation 

across the day which might contribute to higher rates of vehicle accidents during the 

early afternoon compared to other times-of-day. The literature review described 

attention from a resource capacity perspective, including the structure of attentional 

resources and measurement ofresources using ERPs. Evidence of changes in 

performance of tasks across the day was then detailed along with descriptions of ERP 

studies of time-of-day effects which have either produced inconsistent or non

significant results. Previous ERP studies of time-of-day effects have employed single

task paradigms. It was postulated that dual-tasks paradigms may be more sensitive to 

time-of-day effects than the paradigms used in previous time-of-day research. As it 

has been suggested that effort invested in task performance may vary with changes in 

arousal (e.g., Hockey, 1984), it was suggested that effort may either contribute to 

time-of-day effects or reduce them (via increased effort to maintain performance 

when arousal is low). 

During the first phase of the research three experiments were conducted. The 

primary aim of this phase of experiments was to determine appropriate stimuli and 

task parameters for use in later experiments. A further aim was to determine if 

resource allocation during a period when sleep propensity has been reported to be 

high, such as the post-lunch period (approximately 1400) (Carrier & Monk, 2000), 

would differ from resource allocation during the morning (approximately 1 OOO). The 

final aim of this phase was to explore how performance of dual visual tasks compared 

to a single task affects allocation of resources. The first experiment differed from 

previous research investigating time-of-day effects in that dual visual tasks (a three

stimulus oddball task combined with a visual tracking task) were used. Previous ERP 
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time-of-day research has used single auditory (Higuchi et al., 2000; Kerkhof, 1980, 

1982; Wesensten et al., 1990) or visual tasks (Wesensten & Badia, 1992) but not dual

tasks. 

The first experiment employed dual visual tasks which were consistent with 

tasks performed while driving a car. The visual oddball task required responses via a 

brake pedal to imminent accident scenes while the visual tracking tasks required 

constant visual tracking of a moving circle. The extent to which participants attended 

to each task was determined via manipulation of task priority. Time-of-day did not 

have a significant effect on measures of RT and accuracy; however priority had a 

significant effect on both behavioural measures, with responses to targets faster and 

more accurate when the braking task was the priority task than when the tracking task 

was the priority task. This finding confirmed participants allocated attention according 

to priority instructions; however it seems adherence to priority instructions was 

greater at 0900 than 1300 (indicated by significant effects of priority on P2 at 0900 

but not at 1300). Unlike the findings of Geisler and Polich (1990), who did not find 

significant time-of-day effects on N2 amplitude, during Experiment 1, N2 amplitude 

was greater at 0900 than 1300. This finding indicates the dual-task nature of the 

experiment may have resulted in greater sensitivity of the N2 component to time-of

day effects. 

The nova scenes used as novel stimuli did not elicit a P3a component; 

however this component may have been subsumed into the LPC component which 

occurred in response to novel and common stimuli. This LPC component was 

unexpected and does not typically occur during oddball tasks (e.g., Comerchero & 

Polich, 1999). Consistent with Wesensten et al. (1990), who found P3b amplitude was 

greater in the morning (0800) than the afternoon (1400), P3b during Experiment 1 
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was greater at 0900 than 1300 supporting the suggestion that resources vary across the 

day. Interestingly, effort required to perform the tasks was reported to be greater at 

1300 than at 0900. This suggests that the level of effort invested in task performance 

was not consistent at the two time points and that the role of effort needed to be 

considered before concluding differences in ERP components at the two time points 

were the result of changes in resource capacity. 

Although the results of Experiment 1 suggested the dual-tasks used may be 

sensitive to time-of-day effects, it was unclear whether the time-of-day effects found 

were due to increases or decreases in arousal at the time points measured. In addition, 

the unexpected LPC and lack of P3a suggested the stimulus parameters resulted in 

atypical patterns ofresource allocation compared to standard oddball paradigms such 

as used by Comerchero and Polich (1999). The results also indicated the dual visual 

nature of the experiment may have resulted in eye movements which may have 

impacted on the ERP waveforms. Therefore further investigation of the dual visual 

tasks was warranted before proceeding to investigate time-of-day effects further. 

Finally, the NASA-TLX results indicated subjective effort was not consistent across 

the two times-of-day. This is consistent with Hockey's (1984) compensatory control 

model which predicts modulation of effort during periods of low arousal in order to 

maintain performance. Further investigation of the role of effort across the day was 

hence considered warranted. 

During Experiment 2, the tasks employed in Experiment 1 were further 

investigated in single, dual easy, and dual hard conditions. The inclusion of a single 

oddball task condition enabled the investigation of whether the lack of P3a and 

occurrence ofLPC during Experiment 1 were associated with the dual-task nature of 

Experiment 1 or associated with the nature of the oddball stimuli used. Although P2, 
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N2 and P3b amplitudes were greater during the single-task than the dual tasks 

consistent with Wickens' (1984, 2002) multiple resource model, amplitude of P2 and 

P3b did not decline further during the dual hard task compared to the dual easy task. 

This suggested the additional resources required for processing during the hard 

tracking task compared to the easy tracking task were not the same as those required 

during processing of target stimuli. Wickens' (2002) model suggests the additional 

resources required to perform the hard tracking task compared to the easy tracking 

task were response related resources whereas those required to perform the oddball 

task were visual perceptual-central processing resources. Therefore, the results 

suggest the task difficulty manipulation was not effective in reducing the availability 

ofresources for the braking task. Evidence of a P3a component occurred during the 

single-task condition but not during the dual-task conditions. This finding indicated 

that although the nova scenes acted as novel stimuli when resources were not being 

demanded by two tasks, increased demands of completing two tasks concurrently 

reduced the availability of resources such that few resources were available for 

processing novel stimuli. Lack of an LPC during the single task condition indicated 

concurrent performance of dual visual tasks, presented on separate monitors, resulted 

in eye movements leading to positive activity resembling LPC. 

The third experiment aimed to determine if a large orange square would act as 

a novel stimulus among target and common stimuli which were driving scenes of a 

close car (target) and a car further away (common). Increasing task difficulty of the 

tracking task resulted in a decrease in P2 amplitude. In contrast with Experiments 1 

and 2, a clear P3a, which had greater amplitude during the single-task than the dual

tasks, developed during Experiment 3 in response to large orange squares (novel 

stimulus). This finding suggested either the nova scenes used in Experiments 1 and 2 
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were not as novel as the orange square used in Experiment 3, or the increased 

difficulty of discrimination between the target and common stimuli resulted in an 

orienting response to the orange squares, as suggested by Hagen et al. (2006). 

Although the ERP results suggested the combination of target, common and novel 

stimuli used in Experiment 3 were appropriate to use in further experiments, the high 

false alarm rate suggested participants guessed which stimuli were targets, indicating 

target discrimination difficulty was too great. Therefore, the target and common 

stimuli used in Experiment 3 were not used in later experiments. 

In summary, the first phase ofresearch supported the prediction that the dual

tasks used would be sensitive to time-of-day effects on ERPs. The finding that 

subjective effort varied at the two time points tested in Experiment 1 indicated that 

effort invested in task performance should be further investigated and taken into 

consideration when interpreting time-of-day effects. During this phase ofresearch it 

was also found that the nova scenes used as novel stimuli did not elicit a P3a during 

the dual-tasks, suggesting the large orange square used in Experiment 3 would be a 

more appropriate stimulus for investigating time-of-day effects on P3a in later 

experiments. As a result of the findings of Phase 1, further investigations oftime-of

day effects and the role of effort in these effects was considered warranted for Phase 2 

of the research. 

During Experiment 4, further investigations of time-of-day effects were 

conducted, using mixed modality dual-tasks to avoid the potential problem of eye 

movement which was suggested to result in the LPC found during Experiments 1-3. 

Experiment 4 revealed changes in resource allocation (as indexed by P3b) occurred 

across the day with a tendency for P3b amplitude to be greater at 1700 than at 1300 

and 0900. Although time-of-day did not significantly affect behavioural measures, the 
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P3b results suggest the effects of time-of-day on resource allocation reflect changes in 

resource availability, with more resources available at 1700 than at 1300 and 0900. 

This finding is not consistent with those of Higuchi et al. (2000), who found P3b 

amplitude was greater at 0800 than at 1700, however as the task used by Higuchi et 

al., differed from the task used in this experiment, the results are not directly 

comparable. Availability of more resources at 1700 may have reduced the level of 

competition for resources during the dual task conditions, enabling more resources to 

be allocated to the oddball task during the dual tasks at 1700 than at 1300 and 0900. 

Unlike the results for P3b, the P3a amplitude results indicated that the orienting 

response to novel stimuli was maintained despite increased task difficulty at 1300, 

whereas at 0900 and 1700 P3a amplitude decreased from the single to dual-tasks. As 

effects of time-of-day on P3a have not been reported in the literature reviewed, further 

research of the effects of time-of-day is warranted before making conclusions about 

its effects on this component. Although the findings of this experiment were limited 

by its between subjects design, the results highlight the importance in future ERP 

research of ensuring different groups of research participants are tested at the same (or 

similar) times of the day (as suggested by Geisler and Polich (1990). In the present 

series of experiments, measurement of resource allocation was limited to the normal 

working day, with measures taken at 0900, 1300 and 1700; therefore further 

investigation needs to be conducted to determine patterns ofresource allocation at 

other times of the day and evening. Further investigation of the effects of time-of-day 

on resource allocation may also benefit from the use of forced desynchrony 

paradigms, in which participants are placed on a forced light/dark routine, and/or 

constant routine paradigms. Future research should also focus on determining those 
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who are, and those who are not, most vulnerable to these effects and whether factors, 

such as food intake, exacerbate or minimise these effects. 

Based on the finding of Experiment 1 that subjective effort was not consistent 

at 0900 and 1300, Experiments 5 was conducted to determine iflevels of voluntary 

effort were consistent across the day, or were modulated during periods of lower 

arousal in order to maintain performance, as suggested by Hockey (1984). Consistent 

with the findings of Falkenstein et al. (2003) the results of Experiment 5 confirmed 

that CNV reflects voluntary effort, with greater CNV amplitude occurring following 

instructions to increase effort than instructions to maintain standard levels of effort. 

There was no indication that either standard levels of effort, or ability to increase 

effort, differed across the day. This suggests the results of Experiments 1 and 4 should 

not be attributed to changes in effort, but rather changes in availability of resources 

across the day. Experiment 5 also supported previous findings (Experiments 1 and 4) 

oflower P3b amplitude at 1300 than 0900 and 1700, providing further evidence of 

variations in resource allocation across the day. 

Experiments 6 and 7 aimed to determine whether the effects found in 

Experiments 1, 4 and 5 were consistent with the effects of pharmacologically 

manipulated arousal (using caffeine). In addition, a within subjects design was used 

rather than the between subjects design used in Experiments 4 and 5. During 

Experiment 6, the effect of caffeine on behavioural measures was limited to a trend 

towards faster RT in response to changes in tone sequence in the caffeine condition 

compared to the placebo condition. Consistent with the results of Experiment 4, RT in 

Experiment 6 was faster during the single-task than the dual-tasks and was faster 

during the easy dual-task than the hard dual-task indicating competition for resources 

occurred. Consistent with previous research (e.g., Ruijter, De Ruiter, & Snel, 2000a), 
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increased arousal via caffeine resulted in an increase in P2 amplitude as well as 

maintenance oflatency despite increased dual-task difficulty. Because the effects of 

time-of-day on P2 during Experiment 4 were minimal, the results of Experiment 6 

suggest the effect of caffeine on the processes P2 reflects (including arousal and 

attentiveness), is greater than the effect of time-of-day. The finding of a trend towards 

larger P3b during the caffeine condition than the placebo condition was consistent 

with the results ofLorist et al. (1994a; 1994b) and Ruijeter et al. (2000a; 2000c) and 

indicates more resources were allocated to processing oddball target stimuli during the 

caffeine condition when arousal was high than during the placebo condition. Although 

the effects of time-of-day on P3b amplitude during Experiment 4 were task 

dependent, the effect of caffeine on P3b (Experiment 6) was not task dependent, 

further supporting the suggestion that the effects of caffeine are greater than the 

effects of time-of-day on resource capacity and allocation. The absence of a 

significant effect of caffeine on CNV during Experiment 7 is consistent with the 

findings of Were et al. (2001) and suggests the effects of caffeine on P3b during 

Experiment 6 were due to changes in the availability ofresources associated with 

increased arousal rather than modulation of effort. The lack of effect of both time-of

day and caffeine on CNV indicates changes in ERP components as a result of caffeine 

or time-of-day can be attributed primarily to changes in resource availability, rather 

than effort invested in tasks. 

Given that response variability rather than reaction time is frequently found to 

vary during studies of sleepiness (including driving research) (Pizza, Contardi, 

Mostacci, Mondini & Cirignotta, 2004), it may have been prudent to analyse the 

response data for variability as well as reaction time and accuracy. Although many of 

the behavioural findings in the experiments reported in this thesis do not support the 
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ERP findings, this should not be taken as evidence that either the behavioural or ERP 

measures are incorrect. As indicated in Chapter 3, ERP measures are not always 

consistent with behavioural measures. It is likely ERPs are more sensitive than 

behavioural measures to neurocognitive processes such as resource allocation, 

therefore differences in ERP and behavioural results are to be expected. 

The research detailed in this thesis has a number of limitations. Interpretation 

of the results should bear in mind the small sample and effect size, and although the 

sample size used the experiments is consistent with ERP research, it is possible some 

of the non significant finding are due to small sample size. Because all participants 

were females, the results may not reflect the effects of changes in arousal across the 

day in males. 

Although participation in the experiments conducted for this thesis was limited 

to females to avoid known sex differences in ERPs (e.g., Neuhaus et al., 2009; 

Vaquero et al., 2004), to some extent the exclusion of males is unfortunate, given 

rates of road traffic accidents are especially high for young males. Similarly, 

participation in the experiments was limited to young adults aged 18-25, to avoid 

known variations in ERPs associated with ageing (e.g., Lorenzo-Lopez, Amenedo, 

Pascual-Marqui & Cadaveira, 2008). Hence, the results cannot be generalised to other 

age groups. This is particularly relevant given that for older adults the effects of time

of-day are particularly pronounced (Hashler, 2005; Schmidt et al., 2007). Therefore, it 

would be prudent for further research to determine ifthe results of these experiments 

can be replicated with males and with different age groups. An additional limitation of 

the experiments conducted is the lack of control for the amount of sleep in the days 

prior to participation. This could have been avoided if sleep diaries had been used 

during the week prior to participation. Although participants were instructed not to 
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consume caffeine or alcohol on the day of participation, no additional control for this 

occurred. Although sleep patterns were discussed with participants, and no 

participants indicated they had sleep problems, it would have been prudent to ensure 

participants completed a more thorough sleep questionnaire than that which was 

included in the medical questionnaire, to enable more confident identification and 

exclusion of poor or irregular sleepers. Ensuring participants were regular good 

sleepers, who sleep an adequate amount at regular times, along with a measure of core 

body temperature to control for variations in circadian rhythms, would have enabled 

greater confidence in the validity of interpretations of the experimental results. 

Similarly, for those participants in Experiments 6 and 7, it would have been prudent to 

determine the extent of participants' regular use of caffeine, in addition to limiting use 

on the day of testing, as this may have impacted on the sensitivity of the measures 

used to the effect of caffeine. 

The Karolinska Sleepiness Scale was used as a subjective measure of arousal. 

Although this scale is widely used in sleep and arousal research (e.g., Home & Baulk, 

2004) other sleepiness scales such as the Stanford Sleepiness Scale (Hoddes et al., 

1972) and the Epworth Sleepiness Scale (Johns, 1991 ), may have been more sensitive 

to daytime variations in arousal. If further research in this area is conducted it would 

be prudent to assess which of these scales is most sensitive to time-of-day variations 

in arousal. In addition, it would also be prudent to conduct objective measures of 

arousal via EEG and core body temperature. 

Although the NAST-TLX and CNV are widely used measures of cognitive 

effort, other measures of effort such as pupil dilation, orthostatic systolic blood 

pressure regulation (Carapetian, Siedlarz, Jackson, Perlmuter, 2008) may have 

provided additional or more sensitive measures of effort. Changes in mental effort are 
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known to be associated with variations in pupil dilation. This has been demonstrated 

in research investigating visual search, reading and problem solving (Beatty, 1982, 

Marshall, 2007) and would provide a useful additional or alternative objective 

measure of effort. In addition, it would be prudent to determine if other self reported 

measures of effort are consistent with the NASA-TLX. The use of visual analogue 

scales to measure subjective sleepiness, effort and performance (as used by Murphy, 

2008) would be an alternative method of measuring these factors. 

The majority of ERP studies of changes in arousal, particularly those which 

assess changes which occur at sleep onset, have used auditory stimuli. Given the focus 

of this experiment was on driving, a predominately visual task, visual stimuli were 

used as stimuli to elicit ERPs. Differences in the ERP results for the current 

experiment compared to previous research, particularly those related to topographic 

differences, may be attributable to differences in responses to auditory and visual 

stimuli. Additional research comparing ERP responses to visual and auditory stimuli 

using similar experimental designs may shed more light on this. Although research 

investigating ERPs in response to visual stimuli was more relevant for the purpose of 

this thesis than auditory ERPs, dual-task investigation of time-of-day effects on 

auditory processing is warranted. In particular, this may shed light on the effects of 

time-of-day on the Nl component. Despite Vogel and Luck (2000) claiming that it is 

unlikely arousal is reflected in visual Nl, auditory Nl has been found to decrease in 

amplitude relative to wakefulness during non-REM sleep. Therefore, it is possible 

changes in levels of arousal across the day may also impact on auditory Nl. 

As Carrier and Monk (2000) state, the effects of time-of-day on human 

performance are difficult to detect. Compelling evidence for time-of-day effects 

occurs in real-life data, with circadian variations occurring in a range of real-life tasks, 
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including driving (e.g., Lenne et al., 1997; Reimer et al., 2007). It is likely circadian 

variations in performance are more evident in tasks oflonger duration, such as real

life driving, than many laboratory based tasks, which tend to be ofrelatively short 

duration. 

Previous research has failed to provide consistent compelling laboratory 

evidence for time-of-day effects on ERP measures ofresource allocation (e.g., 

Broughton et al., 1988; Geisler & Polich, 1990; Higuchi et al., 2000; Wesensten et al., 

1990). The results of the experiments conducted for this thesis indicate time-of-day 

variations in patterns of resource allocation occur, even during relatively short tasks. 

However, like the inconsistent findings of previous research, the current results are 

not entirely in line with any of the existing research. Despite this, the results and the 

methodologies used suggest that with appropriate experimental design, which places 

high demand on the attentional systems, greater understanding of the effect of changes 

in arousal on resource allocation may be gained. It is likely the effects of circadian 

variations in arousal are less evident when demands on resources are low, such as 

during the relatively simple tasks used during previous ERP research on time-of-day 

effects. The results of the current series of experiments indicate time-of-day effects 

are evident during tasks which are specifically designed to place high demands on 

available resources. Despite suggestions that effort may be modulated to compensate 

for periods oflower arousal (Hockey, 1984), the current series of experiments provide 

no evidence for either time-of-day variations in the standard level of effort invested in 

tasks, or the ability to increase effort when required to do so. This indicates that even 

during a period of high demand on resources, such as in an emergency, it is unlikely 

that effort will compensate for variations in availability ofresources. 
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The current research has progressed research in this field through the use of 

innovative experimental designs which are more likely to be sensitive to circadian 

variations in arousal than those used by previous researchers. In addition, the current 

research has investigated the role of effort in resource allocation and its relationship 

with arousal. Given that effort is known to vary with arousal (Hockey, 1987), it is 

important that investigations of the effects of circadian rhythms on attention consider 

the role of effort. The research presented in this thesis appears to be the first to 

consider effort as a factor contributing to, or masking, the effects of time-of-day 

variations in arousal on ERPs. In addition, it is the first to consider the role of effort 

on the effects of pharmacologically manipulated arousal (using caffeine) on ERP 

measures of attentional resource allocation. Therefore, while this research as not 

provided definitive evidence of the effects of time-of-day, it has provided evidence 

that when experimental designs require high levels ofresource allocation (i.e., dual

task designs), time-of-day influences in ERP are likely to be occur than those designs 

which place fewer demands on resources. 

The results of the experiments detailed in this thesis are relevant in the 

prediction of driving performance across the day. Although many aspects of driving 

are relatively automatic and demands may not be sufficient for time-of-day to have 

noticeable affects, it is likely that, during more difficult road conditions, such as 

during extremely busy periods, during long monotonous driving, or bad weather 

conditions, time-of-day may impact significantly on resources allocated to driving. In 

addition, time-of-day effects are likely to be compounded by the use of in-car 

technologies such as the GPS, which place additional demands on both visual and 

auditory resources. In driving situations in which demands on resources are high, it is 

likely that responses to unexpected situations which demand fast, unexpected, and 
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non-practiced responses, may be affected by circadian variations in resource 

allocation. The research conducted for this thesis is an initial step towards uncovering 

the complexities of the changes in processing which occur across the day during 

driving-related tasks. The results indicate that changes in resource allocation across 

the day occur, and suggest that greater awareness of these changes and the impact of 

task demands on them, may be critical in the development of safer traffic systems and 

driving strategies. 
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Appendix A 

Morningness/Eveningness Questionnaire 

Instructions: 
1. Please read each question very carefully before answering. 
2. Answer ALL questions 
3. Answer questions in numerical order 
4. Each question should be answered independently of others. Do NOT go back 

and check your answers. 
5. All questions have a selection of answers. For each question place a cross 

alongside ONE answer only. Some questions have a scale instead of a 
selection of answers. Place a cross at the appropriate point along the scale. 

6. Please answer each question as honestly as possible. 

1. Considering only your own "feeling best" rhythm, at what time would you get up 
if you were entirely free to plan your day? 

I I I I I I I I I I I I I I I 
5 AM 6 7 8 9 10 11 12 

2. Considering only your own "feeling best" rhythm, at what time would you go to 
bed if you were entirely free to plan your evening? 

I I I I I I I I I I I I I I I 
8 PM 9 10 11 

3. If there is a specific time at which you 
have to get up in the morning, to what 
extent are you dependent on being woken 
up by an alarm clock: 

4. Assuming adequate environmental 
conditions, how easy do you find getting 
up in the mornings? 

5. How alert do you feel during the first 
half hour after having woken in the 
mornings? 

6. How is your appetite during the first 
half-hour after having woken in the 
mornings? 

7. During the first half-hour after having 
woken in the morning, how tired do you 
feel? 

12 1 AM 2 

D Not at all dependent 
D Slightly dependent 
D Fairly dependent 
D Very dependent 

D Not at all easy 
D Not very easy 
D Fairly easy 
0Veryeasy 

D Not at all alert 
D Slightly alert 
D Fairly alert 
0Very alert 

0Verypoor 
D Fairly poor 
D Fairly good 
0Verygood 

0Verytired 
D Fairly tired 
D Fairly refreshed 
D Very refreshed 

3 



8. When you have no commitments the 
next day, at what time do you go to bed 
compared to your usual bedtime? 

9. You have decided to engage in some 
physical exercise. A friend suggests that 
you do this one hour twice a week and the 
best time for him is between 7.00 and 8.00 
AM. Bearing in mind nothing else but 
your own "feeling best" rhythm, how do 
you think you would perform? 

D Seldom or never later 
D Less than one hour later 
D 1-2 hours later 
D More than two hours later 

D Would be on good form 
D Would be on reasonable form 
D Would find it difficult 
D Would find it very difficult 
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10. At what time in the evening do you feel tired and as a result in need of sleep? 

8 PM 9 10 11 

11. You wish to be at your peak 
performance for a test which you know is 
going to be mentally exhausting and 
lasting for two hours. You are entirely 
free to plan your day and considering you 
own "feeling best" rhythm which ONE of 
the four testing times would you choose? 

12. If you went to bed at 11.00 PM at 
what level of tiredness would you be? 

13. For some reason you have gone to bed 
several hours later than usual, but there is 
no need to get up at any particular time the 
next morning. Which ONE of the 
following events are you most likely to 
experience? 

14. One night you have to remain awake 
between 4.00 - 6.00 AM in order to carry 
out a night watch. You have no 
commitments the next day. Which ONE 
of the following alternatives will suit you 
best? 

12 lAM 

D 8.00-10.00 AM 
D 11.00-1.00PM 
D 3.00-5.00 PM 
D 7.00-9.00 PM 

D Not at all tired 
D A little tired 
D Fairly tired 
0Verytired 

I I 
2 3 

D Will wake up at usual time and 
will NOT fall asleep 
D Will wake up at usual time and 
will doze thereafter 
D Will wake up at usual time but 
will fall asleep again 
D Will NOT wake up until later than 
usual 
D Would NOT go to bed until watch 
was over 
D Would take a nap before and sleep 
after 
D Would take a good sleep before 
and nap after 
D Would take ALL sleep before 
watch 



15. You have to do two hours ofhard 
physical work. You are entirely free to 
plan your day and considering only your 
own "feeling best" rhythm which ONE of 
the following times would you choose? 

16. You have decided to engage in hard 
physical exercise. A friend suggests that 
you do this for one hour twice a week and 
the best time for him is between 10.00 -
11.00 PM. Bearing in mind nothing else 
but your own "feeling best" rhythm how 
well do you think you would perform? 

D 8.00-10.00 AM 
D 11.00-1.00 AM 
D 3.00-5.00 PM 
D 7.00-9.00 PM 

D Would be on good form 
D Would be on reasonable form 
D Would find it difficult 
D Would find it very difficult 
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17. Suppose that you can choose your own work hours. Assume that you worked a 
FIVE hour day (including breaks) and that your job was interesting and paid by 
results. Which FIVE CONSECUTIVE HOURS would you select? 

I I I I I I I I I I I I I I I I I I I I I I I I I I 
12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 

AM NOON PM 

18. At what time of the day do you think that you reach your "feeling best" peak? 

I I I I I I I I I I I I I I I I I I I I I I I I I I 
12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 

AM NOON 

19. One hears about "morning" and 
"evening" types of people. Which ONE 
of these types do you consider yourself to 
be? 

PM 

D Definitely a "morning" type 
D Rather more a "morning" than an 
"evening" type 
D Rather more an "evening" than a 
"morning" type 
D Definitely an "evening" type 
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AppendixB 

Medical History Questionnaire 

Date of Birth: ..... ./ ..... ./ ..... . Age: ........... years ............ months 

Are you currently suffering from anxiety or depression? ............................ . 

Do you have a heart condition or any other serious physical condition? ................. . 

Are you currently taking any prescription medication? If so, what medication? 

Do you have any difficulties with hearing or vision? ........................ . 

Have you ever had or are you now suffering from any of the following: 

Fits or convulsions ............ Yes ..... No . ... 

Epilepsy ........................ Yes .... No .... 

Giddiness ..................... Yes .... No .... 

Concussion ................... Yes .... No .... 
Severe head injury ........... Yes .... No . ... 
Loss of consciousness ...... Yes .... No .... 

The following questions are designed to identify a sleep problem. Chose the most 
appropriate number for each situation. 
l= Rarely or never 2= Some of the time 3= Frequently 4= Most of the time 

___ I am sleepy during the day even though I slept through the night. 

___ I am tired during the day even though I slept through the night. 

___ I require a nap to remain awake during the evening. 

___ I fall asleep watching TV even though I try to stay awake. 

___ I fall asleep when driving. 

___ I fall asleep or become sleepy during routine situations. 

___ I have been told that I snore loudly even when sleeping on my side. 

___ My snoring disturbs other people. 

___ I have been told that I snore only when sleeping on my back. 

___ I am hoarse in the morning when I wake. 
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___ I have been told that I "stop breathing" when sleeping. 

___ I wake up "gasping" or "short ofbreath". 

___ I wake up in the morning with headaches. 

___ I notice swelling or puffiness in my ankles or feet at night. 

___ I sweat at night when asleep, without being hot. 

___ When angry or surprised, I feel like I am going to "black out". 

___ I experience vivid, life like scenes when I am very tired. 

___ I awaken and cannot move, feeling like I am paralysed. 

___ I kick or twitch my legs at night prior to falling asleep. 

--- I have aching or "craw ling" sensations at night. 

___ I have been told I kick or twitch my legs or arms when asleep. 

___ I have been told that I grind my teeth when sleeping. 

___ I lie awake for half-an-hour or more before I fall back to sleep. 

___ I wake up at night and cannot go back to sleep. 

___ I walk or talk in my sleep. 

Alcohol and Drugs 
Have you ever had treatment for drug or alcohol problems? 

Do you smoke cigarettes? . . . . . . . . . How many per week? ......................... . 
Do you drink alcohol: ... 
a) On how many days would you drink alcohol in a typical week? ..... . 
b) On a day when you drink, how many drinks would you have? ...... . 
c) How long have you been drinking at that level? ....................... . 
Do you or have you in the past used marijuana? ...................... . 

a) Have you used marijuana in the last two weeks? ..................... . 
b) Have you used any other form of illicit drug in the last 6 months? ........... . 

Note: It is a formal requirement of the Ethics Committee of the University of 
Tasmania that the information provided on this questionnaire be held under security to 
comply with confidentiality regulations and to protect your privacy. You can be 
assured that information will be available only to the principal researcher and not to 
any other party. The questionnaire will be destroyed following the completion of the 
project. 
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Information Sheet for Participation in Research Project 

"Fatigue, Workload, Attention and Effort" 

Gillian Long (PhD student), Dr Frances Martin (Senior Lecturer, School of 
Psychology) and Dr Devinder Grewal (Australian Maritime College) 
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You are invited to participate in a research project investigating the effects of fatigue and 
workload on attention and effort. The study is being undertaken as part of the requirements for a 
PhD in psychology and will be conducted in the Cognitive Psychophysiology Laboratory, 
University of Tasmania (Hobart). Gillian Long can be contacted at the School of Psychology 
(phone: 62267458, email: gcove@utas.edu.au). 

The experiment will be conducted over two sessions of approximately 2 hours each. Both 
sessions will involve simple attention tasks presented on a computer monitor as well as some 
pencil and paper questionnaires. All computer tasks will involve a simple two choice response 
and/or tracking a moving target using a computer mouse. Brain activity, heart rate and eye 
movements will be recorded while participants perform tasks. While the equipment used to 
measure EEG activity may feel a little uncomfortable, it is not painful in any way. If you have any 
serious medical or psychological condition, you should not volunteer to participate in this study. 
Participants must be female, right-handed and experienced drivers. Participants will be excluded if 
they have a history of neurological illness or injury, are on any form of medication or are 
pregnant. 

All participants will be required to fill in a medical questionnaire to ensure that there are no pre
existing conditions that might cause them to be excluded from the experiment. 

All information collected will be kept entirely confidential and contained in locked storage. If the 
study is published, no participant will be personally identifiable. Information regarding any 
significant or personally relevant result will be available at the conclusion of the experiment upon 
request. 

Participation in this study is entirely voluntary and if you decide to take part in this study, you can 
withdraw at any time without academic prejudice. Participants will be given copies of this 
information sheet and the statement of informed consent to keep. If you would like more 
information regarding this study, please contact Gillian Long on (03) 62267458 or Dr Frances 
Martin on (03) 62262262. 

The project has been approved by the Human Research Ethics Committee. If you have any 
concerns of an ethical nature or complaints about the manner in which the project is conducted, 
you may contact the Chair or Executive Officer of the University of Tasmania Ethics Committee. 
The Chair is Dr Margaret Otlowski (03 6226 7569), and the Executive Officer is Ms Amanda 
Mcaully (Phone: 6226 2763; fax 6226 7148 email: Human.Ethics@utas.edu.au 

Alternatively, students of the University of Tasmania may prefer to discuss any concerns 
confidentially with a University Student Counsellor. 
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Consent to Participate in a Research Project 

University of Tasmania 
School of Psychology 

The effects of fatigue and workload on attentional capacity and effort regulation 

I have read and understood the information sheet for this study. 

The nature and effects of the study have been explained to me. 

I understand that the study involves the following procedures: 
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I will attend the ERP lab in the School of Psychology for two sessions of 
approximately one and a half hours. I will be required to fill in a medical 
questionnaire to ensure that there are no pre-existing conditions that might cause them 
to be excluded from the experiment. I will be fitted with an electrode skull cap and 
electrodes for monitoring eye movement and heart rate. I will be asked to complete 
three simple attention tasks and while doing this the electrical activity of my brain 
will be recorded. 

I have been given adequate opportumty to ask questions about this project and my involvement, and I 
know that ifl have other questions in the future I may contact Gillian Long (email: 
gcove@,postoffice.utas.edu.au). I have been given a copy of the information sheet and consent 
form to keep if required. 

I agree to participate in this investigat10n and understand that I may withdraw at any time without 
academic prejudice. 

I understand that all research data will be treated as confidential and I agree that research data gathered 
for the study may be published provided that I can not be identified as a participant. 

After considering all of these points, I accept the invitation to participate in this 
project. 

Name of participant: ___________________ _ 
Signature of participant: __________ Date ______ _ 

Investigator: 

I have explained this study and the implications of participation in it to this volunteer 
and I believe that he/she understands it, and that this consent is based on adequate 
information. 

Signature of investigator: ___________ Date _____ _ 
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Karolinska Sleepiness Scale 
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Circle the number which corresponds with your current level of alertness/sleepiness. 

1. Extremely alert 

2. Very alert 

3. Alert 

4. Rather alert 

5. Neither alert nor sleepy 

6. Some signs of sleepiness 

7. Sleepy, but no effort to keep awake 

8. Sleepy, some effort to keep awake 

9. Very sleepy, great effort to keep awake, fighting sleep 
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Appendix F 

NASA-Task Load Index Questionnaire 

Ratin2 Scale Definitions 
Title Endpoints Descriptions 
MENTAL DEMAND Low/High How much mental and perceptual 

activity was required (e.g. thinking, 
deciding, calculating, remembering, 
looking, searching, etc.)? Was the task 
easy or demanding, simple or complex, 
exacting or forgiving? 

PHYSICAL DEMAND Low/High How much physical activity was 
required (e.g. pushing, pulling, turning, 
controlling, activating, etc.)? Was the 
task easy or demanding, slow or brisk, 
slack or strenuous, restful or laborious? 

TEMPORAL DEMAND Low/High How much time pressure did you feel 
due to the rate or pace at which the 
tasks or task elements occurred? Was 
the pace slow and leisurely or rapid and 
frantic? 

EFFORT Low/High Who hard did you have to work 
(mentally and physically) to accomplish 
your level of performance? 

PERFORMANCE Good/Poor How successful do you think you were 
in accomplishing the goals of the task 
set by the experimenter (or yourself)? 
How satisfied were you with your 
performance in accomplishing these 
goals? 

FRUSTRATION LEVEL Low/High How insecure, discouraged, irritated, 
stressed and annoyed versus secure, 
gratified, content, relaxed and 
complacent did you feel during the 
task? 
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Rate your feelings on each rating scale by placing a cross on each scale. 

Mental Demand 

I I I I I 

Low High 

Physical Demand 

I I I I I I 

Low High 

Temporal Demand 

I I I I I 

Low High 

Effort 

I I I I I 

Low High 

Performance 

I I I I I 

Low High 

Frustration 

I I I I I 

Low High 
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Appendix G 

Nova Scenes used in Experiments 1 and 2 
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AppendixH 

MOOD ADJECTIVE CHECKLIST 

I This is a list of words which describe people's moods or feelings. Please indicate how 
well each word describes how you feel AT THE MOMENT. For each word, circle the 
answer from 1 to 4 which best describes your mood. 

1 = definitely not 2=slightly not 3=slightly 4=definitely 

1 Happy 1 2 3 4 

2 Dissatisfied 1 2 3 4 

3 Energetic 1 2 3 4 

I 4 Relaxed 1 2 3 4 

·/ 5 Alert 1 2 3 4 

6 Nervous 1 2 3 4 

7 Passive 1 2 3 4 

8 Cheerful 1 2 3 4 

9 Tense 1 2 3 4 

10 Jittery 1 2 3 4 

11 Sluggish 1 2 3 4 

12 Sorry 1 2 3 4 

13 Composed 1 2 3 4 

14 Depressed 1 2 3 4 

15 Restful 1 2 3 4 

16 Vigorous 1 2 3 4 

17 Anxious 1 2 3 4 

18 Satisfied 1 2 3 4 

18 Unenterprising 1 2 3 4 
,1 

'/ 
20 Sad 1 2 3 4 

I 21 Calm 1 2 3 4 
I 

! 
22 Active 1 2 3 4 I 

23 Contented 1 2 3 4 

24 Tired 1 2 3 4 


