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ABSTRACT 

Difficult cognitive tasks tend to be performed less quickly, less accurately, and 

recruit more neural activity than easier tasks. But how do difficulty effects carry over 

from one trial to the next? Does the prior effort over-extend our working memory 

capacity or other cognitive resources? Or can an earlier challenge better ready us to meet 

the next one? Previous research examining such sequential difficulty effects (SDEs) with 

instructed strategies suggests impaired performance on trials following a difficult trial. 

Conflict monitoring studies, in contrast, find enhanced performance on trials following a 

difficult trial. Yet little is known about whether and how difficulty carries over to 

subsequent tasks when (a) difficulty arises from a participant’s spontaneously adopted 

processing approach, (b) there is no direct response conflict, and (c) tasks are complex, as 

opposed to relatively simple. 

In a series of four studies designed to address these gaps, we examined SDEs in 

three tasks: complex metaphor comprehension, complex spatial reasoning, and simple 

number comparison. On both the metaphor and spatial reasoning tasks, a post-difficulty 

slowing effect was observed. Further analyses newly revealed that these SDEs can 

accumulate, with performance continuing to slow with increasing numbers of previous 

difficult trials, perhaps reflecting working memory or other capacity limitations or 

perceived disutility of further effort. In contrast, we found that prior difficulty boosted 

performance on subsequent trials in the simple number comparison task, perhaps 

reflecting heightened precision of attention. 

These results show that the carry-over effects––sometimes detrimental, but 

sometimes beneficial––of level of difficulty vary depending on the complexity of the task 
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and its demands on working memory and/or the expected value of sustained effort. 

Furthermore, beneficial carry-over effects can be observed when there is no direct 

response conflict or effects thereof. Collectively, the findings provide compelling 

evidence for the generalizability of SDEs. Such effects span verbal, visuo-spatial, and 

numerical domains, with potential implications for test and performance evaluation, 

educational design, perceptual change detection, optimizing mental agility, and the 

sequencing of activities in our professional and personal lives.  
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INTRODUCTION 

Life is not without its challenges. Anyone who has lived more than a few hours on 

this planet could tell you that. It’s what we do with these challenges and what results 

from them that matter. This well-known perspective has made its way into proverbs 

(“what doesn’t kill you makes you stronger”) and religious teachings (the Apostle Paul 

speaks on the power of adversity to build endurance, character, and hope); it is well 

represented in fictional narrative archetypes (rags-to-riches stories), and there are 

countless historical examples of people overcoming the odds and the obstacles to emerge 

victorious and to come out stronger on the other side (e.g., Albert Einstein); it has even 

made its way into pop music (Kelly’s Clarkson’s “Stronger”, which uses the 

aforementioned proverb in its refrain) and internet memes (even if humorously distorted 

in form, as in my favorite Grumpy Cat meme of all time: “what doesn’t kill you will 

hopefully try again”). Undoubtedly, there is some truth to these proverbs and teachings 

and examples of challenge, but they seem limited to the realms of perseverance and 

resiliency in the face of adverse life circumstances. What about the cognitive realm? How 

do challenges affect our cognition? In what ways might the cognitive effects of challenge 

reveal themselves and in what domains can they be observed? What is the timescale on 

which they occur? Is there a way we can harness the challenges of difficult situations to 

intentionally make ourselves stronger? Answers to these questions would have important 

potential applications to educational and instructional paradigms, to performance 

optimization, to safety regulations, and more. 

This dissertation is an account of research—both a summary and analysis of 

previous studies and a report of new empirical work—that provides some answers to 
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those questions. In chapter 1, I will begin by broadly reviewing the literature on the 

effects of difficulty in cognitive tasks, addressing particularly questions of optimal levels 

of difficulty, how difficulty affects learning and memory, and the neural bases and effects 

of difficulty. Then, in the second section of the chapter, I will review the literature on the 

sequential effects of difficulty, specifically, how the cognitive demands and requirements 

for successful performance on a given trial of a particular task may or may not carry over 

to and/or otherwise influence performance on subsequent trials. I will consider how 

difficulty and other cognitive processes affect trial-by-trial performance, what might be 

going on in the brain to account for these effects, and how optimal levels of challenge 

might moderate sequential difficulty effects. I will argue that the effects of difficulty can 

be beneficial—or detrimental—to cognitive performance, both the short and long terms, 

depending on what aspect of performance is being measured, how it is being measured, 

and the context in which the performed task appears. 

Then, in chapters 2, 3, and 4, I will present four new empirical studies that tested 

the effects of difficulty on trial-by-trial performance. Chapter 2 presents normative data 

that establish the validity of the task stimuli (involving metaphor comprehension and 

spatial reasoning) used in the subsequent studies. Chapter 3 presents two related studies 

that examine the effects of trial-by-trial manipulations of difficulty and of longer series of 

trials (i.e., blocks) of a given difficulty level on (1) performance on the metaphor 

comprehension and spatial reasoning tasks and an additional number comparison task, 

and on (2) later memory recall for the metaphor stimuli. Chapter 4 presents a study that 

looks at the effects of trial-by-trial difficulty and blocked difficulty on task performance 

both within each of the metaphor and spatial tasks as well as across the two tasks, from 
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metaphor to spatial, and vice versa. In chapter 5, I will look at results across these 

experiments (excluding the norming experiment) in conjunction with measures of 

personality and skill to see how individual differences may moderate the sequential 

effects of difficulty. Finally, in the concluding chapter, chapter 6, I will discuss these 

findings, their limitations, and their applications, and I will suggest fruitful avenues for 

further research. 

  



4 

  

CHAPTER 1: DEALING WITH DIFFICULTY 

Section 1: Difficulty: What It Is, Where It Is, What It Does 

Difficulty. It’s a word that, though we all know what it means, we would probably 

have a hard time defining precisely. The empirical definition is not much easier, but at 

least there are standard metrics to measure it: response latencies (response/reaction times, 

RTs) and error rates. The higher either of those is, the more difficult the task is 

considered to be. These metrics, when combined with theoretical reasons to consider a 

particular task more difficult (e.g., because it involves more effortful or complicated 

cognitive processes), give justification for difficulty being a viable metric. To state it 

more generally, and to establish a working definition of difficulty to be used throughout 

the current work, difficult things are those that require greater investment, whether that 

be mental effort, neural resources, time, physical exertion, or whatever else. However, a 

complication arises in that difficulty is also an inherently subjective experience, with 

some individuals finding a particular task more difficult than others might, so it can be 

challenging to broadly and objectively label something as difficult. Yet this complication 

also brings an advantage, for it allows for the study of individual differences in the face 

of difficulty. 

Desirable Difficulty/Difficulty and Optimal Performance 

As anecdotes and experience tell us (and as research, which will be reviewed 

later, confirms), difficulty often results in poorer performance. Valid though that may be, 

are there benefits of difficulty? If so, what are they? Are there times when difficulty can 

actually benefit performance, if not in the moment, then perhaps at least later? If so, what 

is it about difficulty that might produce such effects? What factors might elicit such 
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difficulty-induced enhancements, and, if they exist, can they be harnessed and employed 

in edifying ways in our everyday lives, the classroom, the workplace, etc.? Finding these 

factors may prove difficult, though, for there are numerous domains where increases in 

difficulty have been shown to result in poorer performance (i.e., increases in RTs and/or 

error rates): mathematical problem-solving (Bornemann et al., 2010; for a review, see 

Ashcraft & Krause, 2007), stimulus discriminability in an operant learning paradigm 

(Yerkes & Dodson, 1908), visuo-spatial problems (Christova, Lewis, Tagaris, Uğurbil, & 

Georgopoulos, 2008; Landgraf et al., 2011), verbal comprehension (Prat, Keller, & Just, 

2007; Prat, Mason, & Just, 2012), and analogical reasoning (Bornemann et al.. 2010; 

Green, Kraemer, Fugelsang, Gray, & Dunbar, 2012). So perhaps the focus should not be 

on finding the right domain, but on finding the right performance measure. Perhaps the 

edifying effects of difficulty don’t often manifest in measures of “online” performance 

(i.e., in-the-moment performance, due to processes engaged while currently doing the 

task) such as RTs and error rates. Perhaps we need to turn to “offline” measures of 

performance (i.e., performance that is measured after the individual is no longer currently 

engaged in the task). 

Memory, one such offline measure, reliably shows such beneficial effects of 

difficulty. It is these benefits that have resulted in the coinage of the term desirable 

difficulties (Bjork, 1994; in Bjork, Soderstrom, & Little, 2015). In a brief summary of 

desirable difficulties, Bjork (2013) describes how the term describes factors that slow 

down the rate of acquisition and so hinder online performance (e.g., in-the-moment 

performance takes longer), but actually enhance offline performance (e.g., subsequent 

memory recall is higher). He notes that such “desirably difficult” factors include the 
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following (among others): (1) using testing, rather than repeated studying, as a learning 

episode; (2) employing spaced, as opposed to massed, testing; and (3) varying the 

presentation of material to be learned. Looking at the promising applications of using 

testing as a learning episode, Bjork et al. (2015) review studies showing how multiple-

choice tests are effective for enhancing later recall not only of material directly tested on 

the questions, but also of related material. However, this is only observed for more 

challenging multiple-choice questions that demand rather fine-grained conceptual 

discrimination and thinking. On these questions, the correct answer is not readily 

obvious, so the test-taker must mentally revisit the relevant information she has learned in 

order to arrive at the answer. This extra effort in mentally revisiting old information is 

arguably what facilitates later recall, because, through this effort, that initial information 

is more thoroughly processed and, therefore, more thoroughly encoded and retained. 

Corroborating this argument, effort exerted during cued retrieval has been found 

to be beneficial. In a word-pair learning experiment with repeated testing episodes, both 

younger and older adults showed better long-term retrieval for pairs whose initial 

retrieval test—not encoding episode—was more challenging (Maddox & Balota, 2015). 

While recall was low on the initial retrieval episode, RTs were longer, suggesting 

subjects were spending more time—and, therefore, more effort—to recall the correct 

associate. That extra effort did not yield high recall on the current retrieval episode, but it 

did enhance later recall. Such deep, elaborative (i.e., effortful) processing during 

encoding has long been known to lead to better later recall (Craik & Tulving, 1975), so it 

is unsurprising that effort during a re-visitation of the material (which acts as another 

encoding episode; Shastri, 2002), yields similar effects. 
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Importantly for practical applications of these findings, such effects of effort and 

difficulty on memory can be observed during incidental learning (i.e., learning that 

happens even when individuals aren’t trying to remember the material/stimuli). For 

example, people have better recall for passages that contain unpredictable words as 

opposed to passages that contain no unpredictable words (O’Brien & Myers, 1985). In 

particular, memory is better for the parts of the passages leading up to the unpredictable 

words, suggesting that people re-read those parts of the passage, working to understand 

and integrate the information, thereby enhancing later recall. However, such difficulty 

must be desirable (i.e., moderate). When coherence within a passage is too low (i.e., the 

passage is highly difficult), recall is poorer than for more coherent passages (McNamara, 

2001; McNamara & Kintsch, 1996). Difficulty is a subjective perception though, so even 

such a concrete difficulty manipulation can be subject to individual differences, such as 

low-coherence passages yielding benefits over high-coherence passages on 

comprehension and conceptual organization for readers who have high levels of 

background knowledge (McNamara, 2001; McNamara & Kintsch, 1996)—that is, readers 

who would presumably perceive the low-coherence passages as only moderately (as 

opposed to highly) difficult. Reading times are longer for high-knowledge readers on 

such tests, indicating that they use their previous knowledge to fill in the gaps in the texts, 

a process that requires effort (and, hence, more time; McNamara & Kintsch, 1996). Thus, 

again, we see that when effort is engaged by tasks that possess a desirable amount of 

difficulty, performance of the task is improved, though the benefits seem to be limited to 

offline performance. 
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Difficulty, Arousal, and the Inverted “U” 

Effort isn’t the only important factor mediating or moderating the relationship 

between difficulty and performance. Perhaps one of the most interesting and important 

findings to come out of difficulty research is that which regards the inverted “U” 

relationship among difficulty, arousal level, and performance—a relationship explained 

by what is now known as the Yerkes-Dodson Law (YDL). In their seminal study, Yerkes 

and Dodson (1908) trained mice to do a simple color discrimination task. The mice were 

trained to enter a white box and to avoid entering a black one by receiving a shock 

anytime they entered the black box; the authors observed how long it took the mice to 

learn to avoid entering the black box. Yerkes and Dodson found a rather unsurprising 

effect of the strength of the shock: The stronger the shock, the more quickly the mice 

learned to avoid the black box. The more surprising effect was that there was a clear level 

of shock after which further increases in shock strength produced not just diminishing 

returns, but actually hindered learning. In other words, there was a clear level of shock 

intensity at which learning was optimized, with learning speed being fastest when shock 

intensity was neither too low nor too high, yielding an inverted “U” function; this is the 

YDL. But, what is perhaps even more interesting is how this shock strength interacted 

with task difficulty to affect the learning rate. Across three experiments, Yerkes and 

Dodson varied the difficulty of the task by varying the degree of visual contrast between 

the white and black boxes. They found that, as the discrimination task got harder, the 

number of trials it took to achieve the learning criterion was optimized at weaker levels 

of shocks. In other words, difficulty and shock level (which can be considered a proxy for 

arousal level) interacted to affect learning such that an intermediate level of combined 
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difficulty and arousal was the most effective for optimizing learning: If difficulty was 

high, arousal needed to be low; if difficulty was moderate, arousal also needed to be 

moderate; if difficulty was low, arousal needed to be high. 

A re-plotting of their data showing this inverted “U” relationship can be seen in 

the left panel of Figure 1.1. A plot of the lines of best fit (all second-order polynomial 

equations) for each level of difficulty is shown in the right panel of Figure 1.1, which 

more clearly illustrates the inverted “U” function; it also equates shock intensity to level 

of arousal or motivation. The locations of the maxima (“+” symbols) show that, as 

difficulty decreases, the level of optimal arousal increases (i.e., optimal for enhancing 

learning speed). (A “standard” inverted “U” function is shown in Figure 1.2. This figure 

represents the typical inverted “U” function between task performance and variables like 

difficulty and/or arousal. This figure serves as a reference for later modifications of this 

curve based on various other considerations and manipulations. 

Since the YDL was revived in the late 1950s (cf. Broadhurst, 1959), it has 

received much empirical attention and has been found to replicate in humans across a 

variety of tasks (Anderson, 1994; Berry, 1962; Allsopp & Eysenck, 1975; Kleinsmith, 

Kaplan, & Tarte, 1963; van Steenbergen, Band, & Hommel, 2015). Using a paired-

associates recall task and directly measuring arousal via skin conductance, it has been 

found that a moderate level of arousal during both the learning phase and the testing 

phase was associated with the highest recall scores (Berry, 1962; Kleinsmith et al., 1963). 

In other words, there was an inverted “U”. However, when long-term recall was 

measured, there was a positive correlation between arousal and recall, suggesting that 

high—not moderate—levels of arousal are more effective for long-term recall 



10 

  

(Kleinsmith et al., 1963). This suggests that offline performance may not follow the 

inverted “U” as well as does online performance, or, alternatively, that the inverted “U” 

peaks at higher levels for recall. 

 
Figure 1.1. Number of trials it took for mice to reach learning criterion on a discrimination task as a 

function of the strength of the shock given as a punishment for an incorrect choice. Data from Yerkes & 

Dodson (1908). Actual data (left) and lines of best fit (right). Plus symbols (“+”) indicate the maxima of 

the curves. 

 
Figure 1.2. Depiction of the “standard” inverted “U” function between task performance task and 

difficulty and/or concurrent arousal. 

 
In an elegant study that both measured individual differences in arousal and 

manipulated arousal across groups, the same inverted “U” was found (Anderson, 1994). 

Working under the assumption that extraverts tend to have lower baseline internal arousal 

than do introverts (Allsopp & Eysenck, 1975; Eysenck, 1979) and that impulsivity is the 

crucial factor of extraversion related to arousal, Anderson manipulated caffeine levels in 

low- and high-impulsivity individuals and then assessed their performance on an easy 
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task (letter cancellation) and a hard task (verbal items from the GRE). On the easier task, 

performance increased as a function of caffeine level in both groups. On the hard task, 

performance exhibited an inverted “U” function with caffeine level for the low 

impulsivity group, with higher performance at moderate caffeine levels. In contrast, for 

the high impulsivity group, performance continued to increase as a function of caffeine 

level, suggesting that the combination of their lower internal arousal and the caffeine-

induced arousal never exceeded the optimal levels for performance. These findings give 

clear evidence of the inverted “U” function of difficulty and arousal on online task 

performance in humans. 

Biological Underpinnings of the Inverted “U” 

It is apparent from these studies that arousal exerts reliable effects on cognitive 

performance. But what is the nature of such arousal? What types of arousal can elicit 

these effects? The studies on humans (Anderson, 1994; Berry, 1962; Kleinsmith et al., 

1963) show that arousal exerts such effects when the nature (or source) of such arousal is 

physiological (skin conductance or administered caffeine) and/or is internal or cognitive 

(personality), and that this multi-faceted arousal can affect both online and offline 

performance. The studies on mice (Yerkes & Dodson, 1908) show that such arousal 

could be physiological (electrical shock) and affect offline performance. Undoubtedly, 

electric shocks could be considered stressors, so might stress-like arousal be a key factor 

in these inverted “U” effects? Studies that have manipulated stress hormones (e.g., 

catecholamines, glucocorticoids) have found the expected inverted “U” with offline 

performance: Moderate levels enhance memory (presumably via enhancing the 

consolidation process, but may also or instead operate via enhancing other, more general 
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cognitive processes); low levels are insufficient to offer such a benefit on memory; high 

levels similarly do not benefit memory, but because at such high levels, it is argued, they 

interfere with consolidation processes (Belotti & Galey, 1996; for a review, see Mendl, 

1999). Studies in humans have found the same inverted “U” function of stress hormones 

on long-term recall (Buchanan & Lovallo, 2001; Cahill, Prins, Weber, & McGaugh, 

1994; Elzinga, Bakker, & Bremner, 2005). However, with such physiological 

manipulations, catecholamine levels could be exceeding physiologically normal levels, 

hence potentially explaining why these manipulations show an interfering effect of high 

levels of arousal, whereas other studies that simply measured arousal found that high 

arousal leads to better long term recall (Kleinsmith et al., 1963). Thus, it would seem to 

be the case that offline performance also follows the inverted “U”, but may peak at 

different levels of arousal. 

While the above provides compelling evidence that hormones underlie the 

physiology of these effects, simply manipulating stress hormones overlooks the aversive 

subjective experience of some stressors, an experience that can be quite anxiety-

provoking. This is an important consideration, because anxiety can interfere with task 

performance, at least when the anxiety is task-relevant (Davidson, Dixon, & Hultsch, 

1991; Keinan, 1987; Mutchnick & Williams, 2012; for a review, see Ashcraft & Krause, 

2007). Anxieties about mathematics will result in poorer performance on mathematical 

problem solving in such a way that, at higher levels of anxiety, performance is hindered, 

but only on more difficult problems (Ashcraft & Krause, 2007). Ashcraft and Krause 

(2007) argue that these hindering effects of anxiety have to do with working memory 

(WM), since mathematical problem solving relies on WM processes and since anxiety 
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can deplete (occupy) WM resources (cf. Eysenck, 1979; Maloney, Schaeffer, & Beilock, 

2013). Thus, as just one factor (i.e., difficulty or arousal/anxiety) increases, resources 

diminish; but as both dimensions increase, those resources, now doubly-tapped, diminish 

more quickly, resulting in worsening performance. In other words, as difficulty increases, 

anxiety causes task performance to drop off more quickly, resulting in a steeper curve. 

This is the same pattern found from Yerkes and Dodson’s data when re-plotted with 

difficulty along the x-axis and arousal levels as separate lines. A generalized version of 

this pattern can be seen in Figure 1.3. 

 
Figure 1.3. The shape of the inverted “U” function (the right half of it) between performance and difficulty 

at varying levels of arousal. 

 
The picture that emerges from these findings is more complex than initially 

described; it is not a simple interaction of difficulty and arousal. Rather, the nature of the 

arousal and, more importantly, the nature of the task, must be taken into consideration. 

On tasks that do not extensively rely on WM resources (e.g., operant learning, word-pair 

recall), arousal facilitates task performance (up to a point) and anxiety seems to have 

little effect; but, when the task requires WM resources, even any level of arousal (at least 

of an anxiety type) interferes with task performance. Since the anxiety draws upon the 

same resources as the task, moderate arousal is no longer beneficial, because difficulty 
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and arousal additively tap some of the same resources. Thus, depending on the type of 

task and the type of arousal, difficulty and arousal can additively combine to produce one 

dimension that yields an inverted “U” with performance (as in Figure 1.2), or they can 

interact, such that difficulty yields an inverted “U” that has varying slopes based on 

anxiety (as in Figure 1.3) 

Cognitive Resources and Optimal Difficulty  

The above findings pertaining to anxiety lead to an important assumption about 

the inverted “U”: Cognitive resources underlie it. The reason that moderate levels of 

difficulty (and/or or arousal) are beneficial is because they provide enough challenge to 

motivate greater effort expenditure (which, as was discussed regarding desirable 

difficulties, can facilitate comprehension and/or recall) and/or elicit enough arousal to be 

optimally physiologically stimulated (cf. Anderson, 1994; Bjork, 2013; McNamara & 

Kintsch, 1996; and others), yet, not being too high, they do not draw too heavily upon 

cognitive resources. But, when the task gets too challenging or the arousal too distracting, 

too many resources are depleted such that sufficient amounts are not available to be 

recruited to perform the task at hand. When both difficulty and arousal are in play, those 

resources are depleted even more quickly, so as either one increases, you move rightward 

along the curve (which, if the arousal is anxiety, also means that performance will drop 

off more steeply); if both increase, you do so more quickly. Yet is this really due to the 

availability of cognitive resources and, in particular, their availability to be recruited on 

an ad hoc basis to perform the task at hand—that is, as needed when the task demands 

increase, as opposed to in advanced preparation based on expectations of what is coming? 
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In his 1979 paper, Eysenck laid out his theory of motivated recruitment of 

resources, which argues that the cognitive aspects of anxiety (e.g., worry) will always 

impair performance on the task at hand by preempting available resources (which is 

consistent with what was just mentioned about anxiety hindering performance). If, 

however, the person is motivated, he can compensate for that hindrance by increasing his 

expended effort—yet that hinges on whether or not there are sufficient underlying 

cognitive resources to be recruited. Indeed, motivation can enhance performance in 

individuals low on anxiety (i.e., those who presumably had more resources available to 

be recruited) but not in individuals high on anxiety (Eysenck, 1985; Sorg & Whitney, 

1992). Thus, motivation will not guarantee improvement; it can only help when there are 

still resources available that can be freely recruited. 

Thus, anxiety seems to exert its hindering effects on performance via occupying 

or depleting cognitive resources; but how about non-anxiety arousal? How does that 

enhance performance? I am unaware of any interventions other than time (Uittenhove and 

Lemaire, 2013b) and training (Jaeggi, Buschehl, Jonides, & Perrig, 2008, 2011) that can 

increase or restore cognitive resources; thus, the benefit that non-anxiety-type arousal 

exerts on cognitive resources must be not in augmenting the amount of resources 

available, but in determining how efficiently and effectively the available resources are 

used, perhaps via a more controlled use of attention. For example, caffeine has been 

shown to result in a faster (i.e., more efficient) search through memory (Anderson, 

Revelle, & Lynch, 1989), suggesting that arousal enhances how efficiently cognitive 

resources are used. Of course, when resources are too occupied or depleted, all the 

efficiency in the world can’t make up for the lack of available resources; there’s nothing 
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to be used efficiently. But, as will be discussed shortly, additional resources can be 

recruited in the face of difficulty (Prat et al., 2007), resources that can be used to 

accomplish the task—and used efficiently. 

In sum, the emerging picture of the inverted “U” is one that looks nearly identical 

to the one that emerges from the literature on desirable difficulties: When the level of 

difficulty is not beyond one’s skill level (or, in the terms of resources, does not require 

more resources than are available) and the person is sufficiently motivated (which will be 

likely if the level of difficulty matches his level of skill), he will recruit the necessary 

effort (and/or resources) to do the task well (e.g., perform efficiently, encode 

elaboratively, etc.). This similarity further suggests that individual differences in 

available resources and in task-related skills should also be important factors for the 

inverted “U”: An individual with greater skill may find tasks (i.e., those related to the 

skill) easier, while an individual with more available resources should, in theory, be 

better equipped to handle difficulty. This suggests that such individual differences may 

shift the inverted “U” along the x-axis (the difficulty axis), since high- and low-skill 

individuals may have different perceptions of the difficulty level of the task. In other 

words, individuals will show similar inverted “U” functions in response to difficulty 

manipulations, but the difficulty manipulations will differ based on skill, with a certain 

level being too high (and, therefore, hindering performance) for lower skilled individuals, 

but being moderate (and, therefore, leading to optimal performance) for higher skilled 

individuals. This possibility is depicted in the top left panel of Figure 1.4. 



17 

  

 
Figure 1.4. Individual differences in skill and/or available cognitive resources can modulate the inverted 

“U” function of difficulty and/or arousal on task performance; these differences can possibly translate the 

function rightward (top left), upward (top right), or both (bottom). 

 
However, if difficulty is not subject to being perceived differently based on 

different levels based on skill, another transformation of the inverted “U” is possible: 

Instead of moderating how the difficulty of a particular level is perceived (i.e., shifted 

along the x-axis), skill will adjust how competently a person performs at that particular 

level, thereby shifting the inverted “U” along the y-axis (the performance axis), with 

higher skilled individuals therefore having better performance at each level of difficulty. 

This possibility is depicted in the top right panel of Figure 1.4. Finally, it could be that 

both of these possibilities co-occur, which has been shown empirically (Allsop & 

Eysenck, 1975). That is, skill moderates both how difficult a task is perceived and how 

competently one is able to perform that task. This possibility is depicted in the bottom 
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panel of Figure 1.4. Given the importance of these individual differences on performance 

under difficulty, it is worth looking into how they moderate brain activity while engaged 

in the task. 

Difficulty in the Brain: Efficiency, Recruitment, and Individual Differences 

To conclude this section on difficulty, it is worth addressing some of the neural 

bases of difficulty, showing how and why these effects can arise, as well as suggesting 

that these neural mechanisms give reason to believe that difficulty should exert sequential 

effects. These sequential effects will be addressed in the next section of this chapter and 

are the primary focus of the present research. The two effects of interest that are most 

worth discussing—adaptable recruitment and (neural) efficiency (cf. Prat et al., 2007)—

can work contrarily to one another if careful manipulations and/or measures of task 

difficulty and individual differences are not taken into consideration. Thus, while there is 

an extensive literature on neural activity with varyingly difficult tasks, the current 

discussion will be limited to only a few studies that carefully considered the potentially 

confounding aspects of difficulty and individual differences. 

Adaptable recruitment is the process whereby the brain recruits additional neural 

resources in the face of difficulty. As Prat et al. (2007) discuss, adaptable recruitment is 

one of the neural characteristics of highly skilled individuals. Moreover, the magnitude of 

this recruitment is often greater in more skilled individuals. In other words, more skilled 

individuals are more able to harness their potential cognitive resources to accomplish the 

task at hand. Efficiency (a.k.a., neural efficiency) is another key characteristic of skilled 

individuals. It is characterized by more skilled individuals often showing lower activation 

on easier tasks, which indicates that they are using their resources more efficiently. This 
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more efficient use presumably leaves more resources available to be recruited in the face 

of difficulty, so the efficiency may be a prerequisite for—or at least a factor contributing 

to—adaptable recruitment. 

Such effects of efficiency and/or adaptable recruitment are consistent, reliable, 

and widespread. They have been observed to arise as a result of syntactic complexity 

(Just, Carpenter, Keller, Eddy, & Thulborn, 1996; Prat et al. 2007), as a result of 

difficulty of metaphor comprehension (Prat et al., 2012), as a result of transformation 

complexity in visuospatial pattern comparison (Wartenburger, Heekeren, Preusse, 

Kramer, & van der Meer, 2009), and as a result of rotation angle in mental rotation tasks 

(Beste, Heil, & Konrad, 2010; Christova et al., 2008; Lipp et al., 2012). Taken together, 

these findings suggest the integral role that skill and available cognitive resources have in 

mediating the inverted “U” function of difficulty and skill on task performance: Having 

more resources means better performance, as does being able to use those resources more 

efficiently. But these are online measures of performance. What about offline measures 

of performance, such as memory recall? It might be that these effects of skill on online 

performance underlie the effects of skill on offline performance discussed earlier. Greater 

activity during the encoding of a stimulus is associated with better recall of that stimulus 

(and/or its source; Cansino, Maquet, Dolan, & Rugg, 2002; Cansino & Trejo-Morales, 

2008; Chen, Guo, & Jiang, 2011). Thus, it would seem that adaptable recruitment (or 

recruitment elicited by arousal) might underlie the benefits discussed earlier of difficulty 

(and/or arousal) on later recall. If so, this suggests that, for both online and offline 

measures of performance, similar neural mechanisms may underlie the desirable 

difficulty and inverted “U” effects. 
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Interim Summary: Difficulty 

Thus far, I have reviewed findings showing that, under conditions of moderate 

difficulty and/or arousal, both later (offline) memory performance and in-the-moment 

(online) task performance are enhanced. But, as difficulty continues to increase beyond 

that moderate level, performance starts to decline. While motivation plays a role in this, 

cognitive resources seem to be the determining factor: As long as the task demands and 

difficulty do not require more resources than what is currently available, additional 

resources can be recruited to aid performance; but, as demands increase further, no 

additional resources are available, so performance drops off (as has been found in WM-

demanding tasks; Calicott et al., 1999, in Just & Varma, 2007). Complicating things, 

arousal, at least of the anxiety type, similarly taxes cognitive resources, thereby depleting 

them more rapidly. Difficulty, by means of eliciting additional effort and neural 

resources, functions not unlike arousal; thus, the more comprehensive picture is that 

performance is optimized when the combined level of difficulty and arousal is moderate. 

And, of course, all of these interactions can be moderated by individual differences in 

skill, which can mean different amounts of available resources and/or more efficient use 

of those resources, findings confirmed by the neuroscience literature on neural efficiency 

and adaptable recruitment. 

Such resource recruitment in the face of difficulty raises an interesting question: 

How long do those resources remain “in play”, as it were? If we can recruit additional 

cognitive resources to aid in completing the current task, are those resources still 

available on the next task, and able to facilitate it, too? Or, are they somewhat exhausted, 

thereby hindering performance on subsequent tasks? Some have suggested the former. 
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Shakespeare’s playfully incorrect yet intelligible word usage has been shown to elicit 

greater neural activity than grammatically correct language (Thierry et al., 2008), a 

finding which led Davis (2008) to suggest that this may actually result in better 

understanding and/or retention of what was said and/or what would be said subsequently, 

thereby helping audience members understand and retain important plot points. That’s 

not an unwarranted assumption, given that, as was discussed earlier, recall is enhanced by 

higher effort expended during initial reading (O’Brien & Myers, 1985) and greater 

activity during encoding (Cansino et al., 2002; Cansino & Trejo-Morales, 2008; Chen et 

al., 2011). But, the findings reviewed thus far have been looking at difficulty (and/or 

arousal and/or motivation and/or skill and/or resources) of the current trial on the online 

(and, in a few studies, offline) performance of that current trial. To answer the question 

of whether these resources remain in play and what effect that might have on subsequent 

online (and offline) performance, I will turn to a review of studies whose designs 

consider sequential effects. 

Section 2: Sequential Difficulty 

In the first section of this chapter, I reviewed how difficulty affects performance 

and memory, how such effects interact with arousal and differences in cognitive 

resources and skill, and what the brain does in response to difficulty that accounts for 

those effects. I summarized literature showing that additional neural resources are 

recruited in response to difficulty, and, additionally, that more skilled individuals seem to 

have more of these additional resources and are able to make more efficient use of them. 

Finally, I left you with the intriguing question of whether or not these additionally 

recruited resources might remain available for—and, thus, facilitate—performance on 
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subsequent trials, or if they are used up, leaving fewer resources for the subsequent trial 

and, thereby, hindering performance. 

Sequential Modulation 

Some of the most studied and best understood sequential effects are in the realm 

of conflict and cognitive control, where they are known by names such as sequential 

modulation or congruency sequence effects (Akçay & Hazeltine, 2007; Gratton, Coles, & 

Donchin, 1992; Schmidt, 2013; van Steenbergen et al., 2015). Congruency sequence 

effects have been found in several tasks, including the Stroop task, Simon task, and 

Flanker task, all of which involve some sort of conflict wherein different stimuli present 

(or different properties of the single stimulus present) lead to competing behavioral 

responses. On congruent trials, all of the stimuli present are the same and so require the 

same response (or all the features of the sole target stimulus require the same response). 

On incongruent trials, the additional stimuli that are present (i.e., the distractor stimuli) 

are different from the target stimulus and require a different response, thereby causing 

conflict. (Alternatively, the multiple features of the target stimulus do not all require the 

same response, thereby causing conflict. For example, the stimulus color may require that 

you press left, but the stimulus appears on the right side of the screen, making you want 

to press right.) Thus, on incongruent trials, the distracting stimuli or irrelevant features 

must be inhibited in order to respond accurately. Such inhibition requires control 

processes—specifically, inhibitory control. 

Not surprisingly, due to such conflict and the need to inhibit the irrelevant stimuli 

or features (which isn’t easy, since that response is often a dominant or instinctive one), 

performance is worse on incongruent trials, with incongruent trials usually marked by 
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slower RTs and higher error rates. But where it gets especially interesting is what 

happens on subsequent trials. Using a letter variant of the Flanker task, Gratton et al. 

(1992) initially observed what has since been referred to as sequential modulation or 

congruency sequence effects: The RT difference between incongruent and congruent 

trials (i.e., the congruency effect) was attenuated following incongruent trials. An 

illustration of this effect can be seen in Figure 1.5 (a reformatting of the spatial Stroop 

data from Funes, Lupiáñez, & Humphreys, 2010). It depicts how congruency effects are 

attenuated (in this instance, reversed) following an incongruent trial. 

 
Figure 1.5. Sequential modulation (a.k.a., congruency sequence effects), formatted to show that the 

congruency effect, indicated by the vertical lines, is attenuated following an incongruent trial. 

 
While the findings of such congruency sequence effects are fairly consistent 

across types of conflict tasks, the magnitude of these findings varies substantially across 

paradigms. This variability raises the possibility that multiple factors work together to 

cause these sequential modulation effects. In the older, more “traditional” conflict 

adaptation viewpoint, sequential modulation effects are a result of executive control 

processes, specifically, inhibitory control (Akçay & Hazeltine, 2011; Botvinick, Braver, 

Barch, Carter, & Cohen, 2001; Funes, Lupiáñez, & Humphreys, 2010; Jiang, Beck, 

Heller, & Egner, 2015; Wühr & Ansorge, 2005). The argument usually goes like this: 
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Conflict on trial N – 1 triggers inhibitory control processes; those inhibitory processes 

reduce the tendency to rely on the default, prepotent stimulus-response (S-R) mapping 

(e.g., stimulus location to response location); thus, on a subsequent incongruent trial, 

participants ignore the default S-R mapping, which would lead to the incorrect response, 

and instead more immediately use the less automatic but more accurate mapping between 

the target property and its associated response; conversely, if the subsequent trial is 

congruent, performance is often slower (relative to following a congruent trial), because 

the default S-R mapping, which is fast and would lead to the correct response, is 

inhibited, requiring participants to rely on the secondary mapping, thereby slowing 

performance. This hypothesis has also received neuroscientific support, with results 

showing that activity in brain areas associated with executive processes are activated by a 

conflict trial and can carry over to the subsequent trial (Jiang et al., 2015; Kerns, 2006; 

Kerns et al., 2004). Key brain areas monitoring and implementing these cognitive control 

processes include the anterior cingulate cortex (ACC) and the prefrontal cortex (PFC). 

Another hypothesis that has been put forth to account for sequential modulation 

effects is the feature integration hypothesis (Hommel, 2004; Hommel, Proctor, & Lu, 

2004). This hypothesis argues that sequential modulations are due to repetitions or 

alternations of features across trials: In congruent-congruent sequences and incongruent-

incongruent sequences, the S-R mapping of the previous trial is either the exact same or 

the complete opposite; thus, the separate mappings can remain intact. However, in 

congruent-incongruent and incongruent-incongruent sequences, the S-R mapping of the 

previous trial will share some—but not all—of its elements with the current trial (e.g., the 

same stimulus now requires a different response); thus, the previous trial’s mapping must 
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be broken down so its component parts can be used to create the mapping for the current 

trial, a lengthy process that will augment RTs. 

On standard conflict tasks with only two options for location and response, these 

two hypotheses make the same predictions. Elegantly designed studies have compared 

these two hypotheses and found that, indeed, both processes—conflict adaptation and 

feature integration—contribute to sequential modulation effects (Akçay & Hazeltine; 

Funes et al., 2010; Wühr & Ansorge, 2005; for reviews, see Egner, 2007, 2015). 

However, as those studies show, and has been elaborated upon more recently (Egner, 

2014), conflict is crucial and necessary for sequential modulation to be observed, but 

featural similarity can augment or limit the generalizability of those conflict effects, 

determining the type of conflict that will be applied (e.g., inhibition to distractor stimuli, 

inhibition of stimulus location, etc.), which will then determine whether or not cognitive 

control will carry over to the next trial: If the conflict on the current trial is the same as on 

the previous trial, then the cognitive control elicited by the previous trial will be relevant 

to the current trial and sequential modulation will be observed; if not, then sequential 

modulation will not be observed. Thus, cognitive resources (specifically, inhibitory or 

cognitive control resources) are implicated in underlying sequential modulation effects. 

This raises the question of how performance on these tasks is subject to arousal and 

individual differences, factors known to modulate resource availability. 

Cognitive Resources, Sequential Modulation, Difficulty, and the Inverted “U” 

Given that cognitive control resources are crucial to sequential modulation 

effects, it would be reasonable to assume that other variables that affect cognitive 

resources will consequently likewise affect sequential modulation. Indeed, this is the 
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case. Though not manifesting in overt behavioral differences, working memory capacity 

(WMC) is related to brain activity during conflict tasks, such that high-WMC individuals 

show neural activity patterns that indicate more flexible use of cognitive resources in the 

face of changing task demands (Gulbinaite, van Rijn, & Cohen, 2014). In other words, as 

was seen in the section on difficulty, higher WMC is associated with neural efficiency of 

a sort—in conflict-type tasks, it may not make for better performance, but it might make 

it easier to achieve the same level of performance. More compellingly, when available 

resource capacity is depleted (from prolonged engagement in tasks requiring executive 

control), participants exhibit exaggerated switch cost asymmetries relative to non-

depleted participants, indicating reduced cognitive control abilities. (I will discuss switch 

cost asymmetries later, but for now, it suffices to say that they are argued to rely on 

executive control processes; Martin, Barcelo, Hernandez, & Costa, 2011; for reviews, see 

Monsell, 2003; Monsell, Yeung, & Azuma, 2000). 

Given this importance of cognitive resources in sequential modulation (and other 

cognitive control) paradigms, and given the previously shown importance of cognitive 

resources in underlying the inverted “U” function of difficulty and arousal, it is 

reasonable to assume that a similar inverted “U” could be found with cognitive control 

tasks. Using computational modeling, ACC activity has been shown to exhibit an 

inverted “U” function in the face of difficulty, though one moderated by motivation 

(Verguts, Vasennam & Silvetti, 2015). Further, given accounts of the ACC as monitoring 

how current control matches expectations (Jiang et al., 2014; Shenhav, Botvinick, & 

Cohen, 2013), such difficulty-dependent ACC activity can be taken to be akin to 

adaptable recruitment. These effects are essentially what the matched filter hypothesis 
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states (Chrysikou, Weber, & Thompson-Schill, 2014). According to this hypothesis, the 

optimal level of cognitive control to be exerted depends on the task at hand: Higher levels 

of control are proposed to be more suitable to tasks that are rule-based, explicit, abstract, 

and constrained by WMC limitations; lower levels of control are purported to be optimal 

for tasks that are reward-based, implicit, nonverbal, and not constrained by WMC 

limitations. Conflict tasks are arguably an example of the former, hence why additional 

control facilitates performance. Furthermore, the added control seems to not facilitate 

performance on congruent trials (and may even hinder them), suggesting that the matched 

filter hypothesis could extend to different levels of difficulty within the same task. 

Taking all of these findings on sequential modulation and cognitive control 

resources into consideration, the picture that emerges is this: The amount of control 

engaged on a given trial will be based on (1) the difficulty of or the control required on 

the previous task, (2) the expected value of exerting control on the current task, (3) the 

willingness and motivation to exert control on the current task, and (4) the availability of 

resources (mostly frontal, WM resources) to be recruited in order to implement such 

control (which can be affected by arousal). The performance on the current trial will be 

determined by (5) the amount of control being exerted (which is determined by the above 

factors) and how beneficial control is to that particular task, (6) the difficulty of the task, 

(7) available cognitive resources (should further recruitment be necessary), and (8) the 

individual’s skill level as pertains to the task. The proposed interconnections of these 

multiple factors are depicted as a flow chart in Figure 1.6 and graphically in Figure 1.7.
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Figure 1.6. Flow chart depicting the interaction of various factors in affecting current levels of cognitive control and task performance.
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Figure 1.7. Depiction of how arousal, current task difficulty/conflict, and previous task difficulty/conflict 

interact to produce the inverted “U” function on current task performance (or on the amount of control or 

effort exerted, which would affect performance) at different levels of motivation. 

 

Although each of the above points has been empirically supported, that support 

predominantly comes from studies that looked at the enumerated variables in isolation, 

thus providing little evidence for how the variables work in concert. A notable exception 

is a series of experiments performed by van Steenbergen et al. (2015) that used both the 

Flanker task and the more difficult (as corroborated by subjective ratings) Stroop task. In 

the first two experiments, sequential modulation was found in the Flanker task but not in 

the Stroop task. The authors argue that this differential pattern is due to difficulty 

producing an inverted “U” on performance: When the task is easier (as with the Flanker 

task), control can be recruited and so can yield sequential modulation effects; when the 

task is more difficult (as with the Stroop task), and presumably already taxing enough, 

more resources cannot be recruited, so no sequential modulation is observed. This 

assumption was supported in their second experiment, when they measured pupil dilation 

as a measure of effort. No sequential modulation of pupil dilation was found for the 

Flanker task, but a reversal of typical sequential modulation (i.e., larger congruency 
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effects following an incongruent trial) was found for the more challenging Stroop task, 

suggesting that the additional effort recruited helped to enhance performance and so yield 

the behavioral (i.e., RT) sequential modulation effects. (The Flanker task was too easy to 

elicit the additional effort recruitment, evidenced in the lack of sequential modulation of 

pupil dilation, but easy enough that, even without that significantly augmented effort 

recruitment, sequential modulation was observed in the behavioral data.) 

In their third experiment, van Steenbergen et al. (2015) added a time constraint to 

the responses on both tasks, which added an element of additional difficulty and/or 

motivation. This time, a reversal of typical sequential modulation effects was observed in 

the RT data of both tasks, but no sequential modulation was observed in the pupil data. 

This suggests that both tasks were now so difficult that additional effort could not be 

recruited and, more than that, were so difficult that subjects seemingly gave up, giving 

even less effort on the more challenging incongruent trials. This is supported by the 

findings of reduced pupil dilation after the difficult incongruent trials. In other words, 

when control resources were unavailable to be recruited, performance suffered more after 

the more difficult type of trial. 

Finally, taking difficulty and individual differences (in ratings of task difficulty, 

which might reflect differences in skill or resources) into consideration, van Steenbergen 

et al. found further evidence of the inverted “U”. In the second experiment, there was a 

positive (though not significant) correlation between difficulty and sequential modulation 

effects, suggesting that, when the task is too easy, not enough resources are recruited to 

yield adaptive behavioral responses—that is, increases in difficulty result in increases in 

performance, suggesting that these easy versions of the task lie on the left side of the 
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inverted “U”. In the third experiment, with the added difficulty manipulation, there was a 

negative correlation, suggesting that when the task is already hard, further increases in 

difficulty serve to hinder performance, since further control resources cannot be recruited 

(they are already maximally taxed)—that is, the task lies on the right side of the inverted 

“U”. Then, for the pièce de résistance, in the fourth experiment, which had a larger 

number of participants, a quadratic (inverted “U” shape) relationship was observed 

between perceived difficulty and conflict adaptation on the Stroop task, showing that 

performance on the current trial is a function of arousal and difficulty of the current trial 

as well as the difficulty or conflict of the previous trial and what resources it engaged. 

Interim Summary: Sequential Modulation 

After a review of the literature, I hope it has been made clear that sequential 

modulation is, at least to a degree, dependent upon conflict adaptation, which relies on 

cognitive control resources. These resources can be recruited and implemented as need be 

to perform the task, and those resources will linger into the subsequent trial, yielding 

sequential modulation effects. Individual differences in skill and cognitive capacity can 

moderate how effectively those resources are recruited and implemented, just as skill and 

resources moderate the inverted “U” between difficulty and performance. Finally, and 

most relevant to the present study, these conflict adaptation effects are intertwined with 

difficulty and the inverted “U”, such that optimal levels of conflict or difficulty on a trial 

will determine how many resources will be recruited and how much control will be 

implemented and so affect performance in such a way that moderate levels of 

difficulty/control will optimize performance, which, in this case, is measured by larger 
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conflict adaptation effects (i.e., a greater ability to adapt to conflict and difficulty 

demands). 

Since conflict and difficulty seem to recruit at least some overlapping resources, 

such as enhanced neural activation of the ACC (conflict: Kerns et al., 2004; difficulty: 

Verguts et al., 2015), it stands to reason that difficulty alone—that is, when not due to 

conflict—might result in similar sequential effects, since, similar to conflict trials, 

difficult trials recruit additional resources. If, as with cognitive control resources, those 

resources stay online, performance on the subsequent trial could be facilitated. However, 

if difficulty resources behave differently from cognitive control resources, then perhaps 

sequential difficulty effects will not be that similar to sequential conflict effects. Perhaps 

difficulty recruits resources in such a way as to occupy, deplete, or otherwise prevent 

them from being used subsequently such that they can’t be called upon to facilitate 

subsequent performance—a refractory period of sorts. 

So which is it? To begin to answer that question, I’ll now turn to the literature on 

the sequential effects of difficulty. 

Difficulty in Sequential Paradigms 

Conflict and difficulty share some similarities. Subjectively, conflict feels 

difficult; behaviorally, both conflict trials and difficult trials are associated with higher 

error rates and/or longer RTs; neurally, both have been shown to activate the ACC (cf. 

Kerns et al., 2004; Verguts et al., 2015), among other areas of the brain, such as the 

overlapping multiple-demand (MD) and cognitive control networks (Cole & Schneider, 

2007; Crittenden & Duncan, 2014; Duncan, 2010; Duncan & Owen, 2000). The cognitive 

control network is, as its name suggests, involved in cognitive control (and associated 
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processes, like conflict monitoring); the MD system is characterized by common activity 

across a variety of cognitive tasks and has associations with processes such as attention, 

task assembly, fluid intelligence, and WM. Thus, not only do difficulty and conflict 

activate common resources, they are the resources involved in WM—resources whose 

capacity moderates performance. Thus, it can be expected that sequential effects due to 

difficulty might be similar to those due to conflict. 

However, a few similarities in brain activity is insufficient evidence to say that 

sequential difficulty effects will manifest similarly to conflict adaptation effects, 

especially since a large part of that overlap is activity in the ACC, which has been argued 

to reflect time on task (Schmidt, 2013), rather than task-specific processes. Given that 

RTs are a common metric for measuring both difficulty and conflict adaptation effects, 

the two processes may only be superficially related. It could be that very distinct 

mechanisms result in the same behavioral phenomenon of longer RTs, which in turn 

results in similar neural phenomena, since ACC reflects time on task. Further, as noted 

earlier, based on van Steenbergen et al.’s (2015) findings of difficulty and effort 

recruitment in a sequential modulation paradigm, difficulty may behave differently than 

conflict such that, when conflict is not a factor, performance after a difficult trial may 

actually be hindered, rather than facilitated. As the coup de grâce for any lingering ideas 

that sequential difficulty effects (SDEs) should manifest exactly like conflict adaptation 

effects, post-difficulty performance decrements (not benefits, as is observed with conflict 

adaptation, at least for the more difficult incongruent trials) have been observed in the 

relatively new literature on SDEs (Schneider & Anderson, 2010; Uittennhove & Lemaire, 

2012; Uittenhove & Lemaire, 2013b). But before getting into that research on SDEs, it is 
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worth briefly mentioning the research on switch costs (SCs) and switch cost asymmetries 

(SCAs), since the work on SDEs has its geneses more immediately in research on SCAs 

than it does in research on sequential modulation. Furthermore, it is from this switch cost 

literature that we get useful metrics for measuring SDEs: difficulty costs (DCs) and 

difficulty cost asymmetries (DCAs). 

SCs refer to the empirical finding that RTs are generally longer and errors are 

generally higher on a switch trial (i.e., trial N – 1 was a different task than trial N) than on 

a repeat trial (i.e., trials N and N – 1 are the same task). SCs are calculated as the RTs for 

repeat trials (RTRepeat) subtracted from the RTs for switch trials (RTSwitch): RTSwitch – 

RTRepeat. When this difference is greater than zero, it indicates a SC. In other words, there 

is a disadvantage (i.e., a cost) for switching tasks. Such a disadvantage has been observed 

across a variety of tasks and paradigms and is attributed to executive processes of 

inhibition and/or preparation (for reviews, see Koch, Gade, Schuch, & Phillip, 2010; 

Monsell, 2003; Monsell et al., 2000). 

SCAs are the consistent finding (Martin et al., 2011; for reviews, see Monsell, 

2003; Monsell et al., 2000) that SCs are greater when switching to tasks that are more 

dominant (and can, therefore, be considered easier) than when switching to tasks that are 

less dominant (and can, therefore, be considered more difficult). SCAs are calculated as 

the SCs for difficult trials subtracted from the SCs for easy trials: (RTEasySwitch – 

RTEasyRepeat) – (RTDifficultSwitch – RTDifficultRepeat). When the difference is greater than zero, it 

indicates a typical asymmetry, with SCs being larger for easy tasks; when the difference 

is negative, it indicates a larger SC for the difficult task. 
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Although different interpretations have been put forth to explain SCAs, a popular 

explanation is that the nature of easy tasks is such that they have more dominant task sets 

than difficult tasks (hence their being easier), so, upon switching to the other task, easy 

tasks must be more strongly inhibited than difficult tasks so as to not interfere with the 

current task (Monsell, 2003; Monsell et al., 2000). When switching back to the easy task, 

there is therefore more inhibition to overcome, so it is harder to re-implement an easy 

task set. Yet not everyone agrees with this account of SCAs. Schneider and Anderson 

(2010), in a key paper on SDEs (the seminal paper connecting SDEs to task switching 

and switch costs), argue that SCAs are actually not a result of asymmetries in SC, but 

rather are a result of symmetrical SCs combined with SDEs (DCs, in this case), which are 

inherently asymmetrical (harder tasks exert stronger SDEs than easy tasks). 

To test this theory, Schneider and Anderson (2010) manipulated difficulty both 

across and within tasks: across tasks, by having subjects verify arithmetic problems that 

were either addition problems (the easy task) or subtraction problems (the difficult task); 

within tasks, by using problems that required carrying or borrowing (complex) or did not 

(simple). Importantly, these tasks do not elicit conflict, so the effects cannot be 

considered to be due to conflict adaptation. They found the expected main effects of 

difficulty, with subtraction and complex problems being harder (longer RTs and higher 

error rates) than addition and simple problems, respectively. Importantly, they replicated 

the typical SCs and SCAs: Switch trials were slower than repeat trials (i.e., positive SC), 

but only significantly so for addition problems (i.e., positive SCA). For complexity, there 

was no main effect of switch cost, because there was an interaction wherein there was a 

positive SC for simple problems but a negative (i.e., reversed) SC for complex problems 
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that was comparable in magnitude—thus, the SCA was still positive, even though the 

overall SC was neutral. Importantly, this effect held even when only looking at trials 

where the task repeated. 

These findings show that when there was no task switching, costs were 

symmetrical, suggesting that SDEs exist independently of switch costs and must be 

considered as a factor contributing to SCAs: When switching between tasks of unequal 

difficulty, the more difficult task will exert a stronger SDE than the easy task; but, when 

categorizing trials as switches vs. repeats, these SDEs are averaged out, for they will be 

present on repeat trials for the difficult task and on switch trials for the difficult task. 

Thus, a clearer way to present such data is by categorizing each trial based on its level 

and the level of the previous trial (as shown in Figure 1.8, alongside depictions based in 

switching, for comparison). In short, as Schneider and Anderson (2010) argue, all trials 

are equally affected by the difficulty of a previous trial and by whether or not the current 

trial is a switch trial. Thus, both easy and difficult trials are slower following a difficult 

trial (i.e., experience a DC) and on a switch trial; but, while easy switch trials experience 

both SCs and DCs, difficult switch trials only experience SCs and difficult repeat trials 

only experience DCs. This gives rise to the appearance of SCAs, but more truly reflect an 

imbalance in contributing sequential effects. 

The data from Schneider and Anderson’s (2010) first experiment are depicted in 

Figure 1.8. The top panel shows the main effect of task switching, while the middle left 

and bottom left panels show SC for each task (middle) and complexity (bottom), 

respectively. The middle right and bottom right panels are re-depictions of the middle left 

and bottom left, respectively, showing the data in terms of DCs, rather than SCs. DCs are 



37 

  

a measure of post-difficulty slowing (or error augmentation, if using error rates instead of 

RTs), calculated by subtracting RTs following easy trials from RTs following difficult 

trials: RTAfterDifficult – RTAfterEasy. Thus, a positive DC indicates that performance was 

slower (a.k.a., post-difficulty slowing) or otherwise hindered after a difficult trial. DCAs, 

like SCAs, are the DC for difficult trials subtracted from the DC for easy trials: 

(RTEasyAfterDifficult - RTEasyAfterEasy) – (RTDifficultAfterDifficult – RTDifficultAfterEasy). Thus, a 

positive DCA indicates that performance for easy trials, more than for difficult trials, is 

more hindered following a difficult trial. 

This re-conceptualization and re-depiction of SCs and SCAs as DCs and DCAs 

allows two things. First, it allows one to easily see how SCAs can be explained as 

symmetric SCs plus SDEs. Second, it makes for a common metric—i.e., DCs—that can 

be used across a variety of tasks and designs. Across the sequential modulation literature 

and the yet-to-be-reviewed sequential difficulty literature, there are various ways of 

conceptualizing sequential effects, whether as trial-to-trial congruency (conflict 

adaptation/sequential modulation literature), SCs and their asymmetries (task switching 

and sequential difficulty literatures), sequential strategy effects (sequential difficulty 

literature), or sequential difficulty effects (sequential difficulty literature)—yet data from 

all of these designs can be construed as DCs and DCAs. On the one hand, it may not be 

the most sensible approach to lump all of those effects into one common metric, since 

they all attribute their effects to different mechanisms. But, on the other hand, they do all 

share one thing in common: difficulty. So this method may result in the loss of nuances in 

processes and mechanisms, but the gain in generalizability offsets that loss, allowing 

findings across a variety of tasks and fields can be compared using a common metric. 
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Figure 1.8. Task switching and difficulty switching data from Schneider and Anderson’s (2010) Experiment 1 which 

used addition (easy) and subtraction (difficult) as the main difficulty manipulation (task), and used simple (no carrying 

or borrowing; easy) and complex (requiring carrying or borrowing; difficult) as a secondary difficulty manipulation 

(complexity). Top: Main effect of task switch. Middle left: Switch costs associated with each of the easy and difficult 

tasks, showing switch cost asymmetries. Middle right: A reformatting of task switching costs as difficulty costs, 

showing a difficulty cost asymmetry. Bottom left: Switch costs associated with switching between complexities when 

primary task repeated, showing switch cost asymmetries. Bottom right: A reformatting of complexity switching costs as 

difficulty costs, showing no difficulty cost asymmetry. Vertical lines in the middle and bottom left graphs depict switch 

costs; vertical lines in the middle and bottom right graphs depict difficulty costs. 
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Table 1.1. Sequential Effects Findings from Various Tasks and Literatures Reported as Difficulty Costs (DCs) and Difficulty Cost Asymmetries (DCAs) 

Study Expt. Task 
Difficulty 

Manipulation 
Level 

DCs (RTs) DCA (RTs) 
Other Important Findings 

Value d p Value d p 

Schneider & 
Anderson 

(2010) 

1 
Mental 

Arithmetic 

Addition Easy + Tested SCs 
+ Tested SCAs 

 

Subtraction Difficult -/0 Tested SCs 

Simple Easy + Tested SCs 
+ Tested SCAs 

Complex Difficult - Tested SCs 

2 
Mental 

Arithmetic 

Addition Easy + Tested SCs 
+/0 Tested SCAs 

Subtraction Difficult -/0 Tested SCs 

Vertical Easy + Tested SCs 
+/0 Tested SCAs 

Horizontal Difficult +/0 Tested SCs 

Uittenhove & 
Lemaire 
(2012) 

2 Rounding 
After rounding down 

(RD; easy) vs. rounding 
up (RU; difficult) 

 
+ (179 ms) 1 

Not 
given 

N/A N/A N/A 
 

Uittenhove & Lemaire 
(2013b) 

Rounding 

After RD (easy) vs. RU 
(difficult), short RSI  

+ (281 ms) 0.66 
Not 

given 
N/A N/A N/A Shorter (n.s.) DCs after a longer 

RSI. Larger SDEs (i.e., DCAs) in 
individuals with low WM span After RD (easy) vs. RU 

(difficult), long RSI  
+ (33 ms) Not given N.s. N/A N/A N/A 

Uittenhove et al. (2013) Rounding 
After RD (easy) vs. RU 

(difficult)  
+ (340 ms) 1.56 

Not 
given 

N/A N/A N/A 

Greater EEG activity (left frontal) 
after difficult than after easy 

during time window associated 
with WM processes. 

Barutchu et al. 
(2013) 

1 

Arithmetic 
Verification 

Addition Easy + (56 ms) Tested SCs 
+ (81 ms) Not reported 

 
Subtraction Difficult - (-25 ms) Tested SCs 

Identify symbol 
+ Easy + (33 ms) Tested SCs 

+ (43 ms) Not reported 
- Difficult - (-10 ms) Tested SCs 

Campbell & 
Metcalfe 
(2008) 

1 Digit naming 
After comparison (easy) 

or addition (difficult)  
+ (~20 ms) 1.12 0.01 N/A N/A N/A 

Difficulty components seemed 
additive, with post-difficulty 

slowing increasing with a greater 
number of difficult components 
(i.e., greatest after addition of 
large numbers; smallest after 

comparison of small numbers). 

2 Digit naming 
After comparison (easy) 

or multiplication 
(difficult) 

 
+ (~40 ms) 2.38 < 0.01 N/A N/A N/A 

“*” Indicates analyses tested something other than DCs and DCAs (e.g., SCs and SCAs; congruency effects and conflict adaptation) but reported 
analyses in a way that those significance values translate to DCs and DCAs. 
“-/0” indicates a DC or DCA that is negative, but not substantially different from 0; “+/0” indicates a DC or DCA that is positive, but not 
substantially different from 0. 
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Table 1.1 (cont’d) 

Study Expt. Task 
Difficulty 

Manipulation 
Level 

DCs (RTs) DCA (RTs) 
Other Important Findings 

Value d p Value d p 

Dreisbach & 
Fischer (2011) 

1a 

Number 
comparison 

Fluent (Arial font) Easy + Tested fluency effects 
+ 1.24* < 0.03 DCA only significant in the 

second block. Order of trials was 
predictable 

Non-fluent (Mistral font) Difficult -/0 Tested fluency effects 

1b 
Fluent (black font) Easy +/0 Tested fluency effects 

+ 1.2* 0.05 
Non-fluent (grey font) Difficult - Tested fluency effects 

2 
Fluent (black Arial) Easy + Tested fluency effects 

+ 1.6* < 0.01 
DCA significant in both blocks. 

Order was not predictable. Non-fluent (grey Mistral) Difficult -/0 Tested fluency effects 

Taylor & 
Lupker 

1 

Lexical decision 

High-frequency words Easy + (17 ms) 1.58 < 0.01 
+/0 (3 ms) Not reported Trial N-2 also exerted a small but 

consistent post-difficulty slowing 
effect, but only on current easy 

trials. 

Non-words Difficult + (14 ms) 1.15 < 0.01 

2 
High-frequency words Easy +/0 (7 ms) 0.44 < 0.05 

-/0 (-4 ms) Not reported 
Low-frequency words Difficult + (11 ms) 0.45 < 0.05 

3 
Fast non-words Easy +/0 (5 ms) 0.39 < 0.05 

- (-8 ms) Not reported N-2 effects were not assessed. 
Slow non-words Difficult + (13 ms) 0.51 < 0.05 

Martin et al. (2011) 
Matching to 

target 

Color Easy + (92 ms) Not given < 0.01 
+ (76) 1.12* < 0.05 

EEG data suggest that SCs are 
due to executing the task, not 

preparing for it. Shape Difficult + (14 ms) Not given 0.94 

Akçay & Hazeltine 
(2007) 

4-choice Simon 
task 

Congruent Easy + (34 ms) 
Tested congruency 

effects 
+ (39 ms) 4.72* < 0.01 

Other analyses indicated that 
feature repetition alone is 
insufficient to account for 

sequential modulation effects. Incongruent Difficult -/0 (-5 ms) Tested congruency effects 

Plukaard et al. (2014) Arrow-response 

Match direction Easy + (~90 ms) Tested SCs 

+ (~145 ms) 1.24* < 0.01 

This DCA (actually analyzed as an 
SCA) was not significant in the 

control group, but only in the fatigue 
group (fatigued through brainteasers, 

Stroop task, and a WM task). 
Opposite direction Difficult - (~-55ms) Tested SCs 

Funes et al. 
(2010) 

1 

Stroop task 
Congruent Easy + (44 ms) Not reported separately 

+ (69 ms) 4.21* < 0.01 
The conflict adaptation effect was 
stronger on the Stroop task. When 
switching between the two types of 

task, there were no conflict 
adaptation effects, suggesting that 

type of conflict matters. 

Incongruent Difficult - (-25 ms) Not reported separately 

Flanker task 
Congruent Easy +/0 (9 ms) Not reported separately 

+ (29 ms) 1.73* < 0.05 
Incongruent Difficult - (-20 ms) Not reported separately 

“*” Indicates analyses tested something other than DCs and DCAs (e.g., SCs and SCAs; congruency effects and conflict adaptation) but reported 
analyses in a way that those significance values translate to DCs and DCAs. 
“-/0” indicates a DC or DCA that is negative, but not substantially different from 0; “+/0” indicates a DC or DCA that is positive, but not 
substantially different from 0. 
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This common metric allows us to see what general patterns emerge, and Table 1.1 

was created using that metric for that a purpose. This table depicts results across a variety 

of domains and tasks in terms of DCs and DCAs. In the event that trials were categorized 

as switch or repeat trials, DCs and DCAs could only be assessed by visual inspection and 

so are estimates. However, when trials were categorized based on the level or type of 

previous trial (e.g., easy vs. difficult; congruent vs. incongruent), values and analyses for 

DCs and DCAs could be reported. As can be seen from a survey of this table, there is a 

consistent finding of positive DCAs (i.e., greater DCs for easy trials) across various types 

of tasks, thereby providing support that SDEs are a generalizable phenomenon and that 

more researchers would do well to consider this in their analyses. 

Similar to the arguments regarding cognitive mechanisms underlying sequential 

modulation effects, Schneider and Anderson (2010) argue that SDEs are due to cognitive 

resources—in this case, due to their depletion. In particular, they argue that WM 

resources are more depleted on a difficult trial, thereby leaving fewer available resources 

for performing the subsequent trial, leading to positive DCs. Others have argued that 

difficulty and SDEs in mental arithmetic are due to learned associations with difficulty 

(i.e., subtraction tasks are more difficult, so the minus symbol has come to be a stimulus 

that triggers difficulty responses; Barutchu, Becker, Carter, Hester, & Levy, 2013), but 

this argument cannot be reasonably extended to the findings of SDEs that do not use 

addition and subtraction tasks (Uittenhove & Lemaire, 2012, 2013a, 2013b; Uittenhove, 

Poletti, Dufau, & Lemaire, 2013). Thus, as I suggested earlier, though difficulty and 

conflict seem to rely on similar neural substrates, conflict seems to activate and engage 

those resources in a beneficial way, whereas difficulty seems to occupy or use up those 
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resources, thereby leaving them unavailable for the next task, which means that not only 

will the subsequent trial not be facilitated by the still-engaged resources, but it will 

actually be hindered, assuming it, too, would require some of those resources. 

Strategy Difficulty in Sequential Paradigms and WM Resources 

One way researchers have looked more closely at the sequential effects of 

difficulty and the role of WM resources is by manipulating the strategy used to perform 

the task, cueing strategies that can either be more or less reliant on WM processes and 

storage (Uittenhove & Lemaire, 2012, 2013a, 2013b; Uittenhove et al., 2013). Mental 

arithmetic involving rounding and estimating is one such strategy manipulation. In this 

paradigm (cf. Uittenhove & Lemaire, 2012), subjects must estimate the sums of addition 

problems involving two-digit operands by either rounding both operands down to the 

nearer decade (down trial; easy), rounding both up (up trial; difficult), or rounding one up 

and one down (mixed trial; medium). The strategy of rounding up is more taxing on WM, 

because it requires not only performing a rounding operation (a WM process), but also 

then holding the newly generated number in memory while doing the addition operation 

for which there is no longer a visual cue. (For example, if you are asked to add 68 to 47, 

rounding both operands up, you must round 68 up to 70 and 47 up to 50; then you must 

add 70 to 50, but there is no 7 or 5 visually present in the tens place to remind you of the 

result of your rounding.) In contrast, rounding down does not require holding on to a 

number and, therefore, may not even require rounding (e.g., if you round 64 down to 60, 

all you have to do is look at the 6, which will remain present on the screen), so the only 

taxing part of the task is the arithmetic operation itself. 
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Employing this rounding task in a sequential paradigm, it was found that RTs on 

the second problem in a sequence, which was always a mixed trial, slowed down as a 

function of the difficulty of the previous problem, whether that difficulty was due to 

rounding up (vs. rounding down) or due to the addition requiring carrying (vs. no 

carrying, with carrying requiring more WM processes; Uittenhove & Lemaire, 2012). 

Extending the paradigm to patients with Alzheimer’s disease, a population known to have 

cognitive deficits, patients showed exaggerated DCs compared to young and older 

healthy control adults, implicating a role of cognitive resources (specifically WM 

resources, the authors argue) in underlying SDEs (Uittenhove & Lemaire, 2013a): The 

greater the WM resources available (i.e., as in healthy controls), the greater one is able to 

adapt, therefore, yielding smaller DCs (and perhaps other SDEs). This also shows that 

SDEs follow the same inverted “U” as sequential modulation effects, such that when 

difficulty is moderate and resources sufficiently available, adaptability to difficulty will 

be optimal; but, when difficulty further increases or resources further decrease, 

individuals can no longer optimally adapt, leading to greater DCs. 

In a more direct test of the role of WM resources, Uittenhove and Lemaire 

(2013b) employed the same paradigm, but measured the WMC of their participants and 

also manipulated the inter-trial intervals (ITIs) so as to observe any effects of decay of 

the previous problem’s trace in WM. When the ITI was short, typical post-difficulty 

slowing was observed; but, when the ITI was longer, that effect disappeared, suggesting 

that, when time is allowed for the resources to “replenish” (or, more specifically, for WM 

to be cleared), performance improves. Further, there was a positive correlation between 

WMC and SDEs, and, when categorized as high or low on WM, only individuals low on 
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WM exhibited SDEs, consistent with the finding from Alzheimer’s patients. When this 

paradigm (with just the short ITI) was employed in conjunction with EEG, the behavioral 

data replicated the typical post-difficulty slowing and the corresponding neural activity in 

left frontal areas was higher after more difficult trials within a time window consistent 

with central (i.e., WM) processes (Uittenhove et al., 2013). The authors argue that this 

suggests that traces from the previous trial interfere with performance on the subsequent 

trial (and, therefore, need to be actively inhibited). That is, rather than capacity being 

diminished, per se, the resources are otherwise occupied. Nonetheless, the result is the 

same: Fewer resources are available for the subsequent trial. 

The above findings on arithmetic rounding provide compelling evidence of SDEs 

and their connection to cognitive resources; however, the generalizability of these 

findings is suspect. The difficulty of the arithmetic problems is determined not by the 

task or the stimuli themselves, but by the strategy that participants are directed to use in 

completing those problems. Granted, this paradigm could be re-conceptualized as the 

rounding up task being harder than the rounding down task, thereby making moot the 

distinction between task and strategy. Even so, these findings are still limited by 

ecological validity: Participants were given very specific instructions on how to do the 

arithmetic. What about tasks where it is not clear what strategy to use or what strategy is 

easiest? And what about tasks where people are allowed to solve the task as they see fit, 

such as they would in life outside the lab. In other words, can such SDEs be observed in 

paradigms where the difficulty lies more purely in the task, or in the stimuli themselves? 

There has been little research addressing this question, but the scant empirical evidence 

that does exist offers valuable insights. 
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Stimulus Difficulty in Sequential and Blocked Paradigms and the Time Criterion 

Account 

One field where researchers have looked at the difficulty of stimuli (rather than 

difficulty of directed strategies) is the mixing cost literature (cf. Perea & Carreiras, 2003; 

Taylor & Lupker, 2001). In one study (Taylor & Lupker, 2001), for both word and 

nonword trials in a list, lexical decision performance was faster when preceded by a 

word, relative to a non-word, on trial N – 1. Additionally, word trials were also faster 

when preceded by a word, relative to a nonword, on trial N – 2; nonword trials were 

rather robust to effects at the N – 2 level. Identical effects of trial N – 1 were obtained in a 

second experiment where high-frequency words and low-frequency words were used as 

the easy and difficult stimuli, respectively. These findings show that SDEs can be found 

in non-numerical domains and when not attributable to solution strategies. 

One hypothesis to account for these data is the time criterion account (Taylor & 

Lupker, 2001), which argues that RTs on a given trial will be influenced by RTs on the 

previous trials, such that if the previous trial was responded to quickly, individuals are 

more likely to respond quickly on the subsequent trial. That is, previous trials establish 

the time limit (i.e., criterion) by which a decision must be made. However, this 

hypothesis is severely limited in the fact that it also requires that the task have a decision 

criterion (e.g., deciding whether or not the letter string is a word). Thus, the time criterion 

account cannot easily extend to tasks that do not involve explicit or uniform decision 

criteria. 

Furthermore, the time criterion is seemingly unable to apply to task switches. If 

trial N and N – 1 are different tasks, it’s hard to believe that the criteria set by the one task 
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will be applicable to the other task. Yet SDEs have been observed with task switches 

(Campbell & Metcalfe, 2008; Martin et al., 2011; Schneider & Anderson, 2010). In 

Campbell and Metcalfe’s study, subjects were asked to name a series of two digits or two 

letters after completing a small (easy) or large (difficult) arithmetic task (either 

multiplication or subtraction). For both digits and letters, RTs were slower following 

large problems for both multiplication and subtraction; this effect was only observed on 

the immediately following digit or letter to be named; the second naming trial was robust 

to the effect. These findings show that SDEs may not extend much beyond one trial but 

can extend across tasks involving different stimuli (and, presumably, different decision 

criteria). Thus, while the time criterion account can be relevant and powerfully 

predictive, it cannot account for the full array of SDEs; a different account is needed. 

The Role of Effort in Sequential Difficulty Paradigms 

While there is compelling evidence that strategy complexity and reliance on WM 

resources are important determinants of SDEs, it is hard—if not impossible—to extend 

these findings to other tasks, such as lexical decisions. SDEs have been found in other 

tasks where the difficulty manipulation is as basic as variations in perceptual fluency 

(Dreisbach & Fischer, 2011), necessitating an account that does not rely on WM 

resources, as it’s hard to argue that such resources are highly relevant to such a perceptual 

task. One option is effort. Using a simple number judgment task (judging if the presented 

number was less than or greater than five) and manipulating difficulty via perceptual 

fluency (i.e., making the font easy to read—black and/or Arial font—or hard to read—

grey and/or Mistral font), Dreisbach and Fischer found SDEs in each of three 

experiments. There was not a consistent main effect of post-difficulty slowing (i.e., no 
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overall DC), but there was a consistent interaction (i.e., a positive DCA), at least in the 

second block of trials, resulting from neutral or positive DCs for easy trials and neutral or 

negative DCs for difficult trials. These findings show that SDEs are a general finding that 

can be observed when difficulty can be attributed to only that: being difficult. What, 

though, can account for such general effects of difficulty? 

Dreisbach and Fischer (2011) argue that these SDEs are due to perceptual non-

fluency being an aversive condition, which would then signal (via the ACC) more effort 

to be recruited on the subsequent trial, thereby facilitating performance so as to avoid the 

aversiveness of the difficulty of the stimuli. This is a compelling account, and one that is 

consistent with the literature on conflict, which also implicates the ACC and shows 

similar behavioral data. However, if this process (i.e., the experience of aversiveness, 

which then signals more effort) were the only effect going on, it would seem more 

reasonable to expect that both fluent and non-fluent trials would be facilitated following a 

non-fluent trial, leading to a main effect of post-difficulty slowing. Instead, the overall 

DC was neutral, because, while easy trials showed positive DCs, difficult trials showed 

negative DCs. Why are fluent trials hindered following a non-fluent trial? If additional 

effort is recruited so as to prepare for a subsequent non-fluent trial, shouldn’t 

performance be enhanced on subsequent trials of either type? 

To satisfactorily explain that, it could be argued that perceptual effort also obeys 

the YDL and the inverted “U” such that this additional effort recruited by non-fluency is 

supraoptimal for the easily perceived (fluent) stimuli. This would radically generalize 

SDEs, the inverted “U”, and effort recruitment to presumably all types of difficulty. The 

matched filter hypothesis (Chrysikou et al., 2014), discussed earlier, argues for just such 
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an inverted “U” effect of effort, with higher levels of effort being suited to challenging 

and/or less automatic tasks while being disadvantageously high for easier and/or more 

automatic tasks, which benefit from lower levels of effort and are actually hindered by 

such high levels. It could be that perceptual fluency is an example of just such an 

automated task. 

Support for this proposal comes from a study that added a perceptual fluency 

manipulation to conflict tasks (Fritz, Fischer, & Dreisbach, 2015). On the Stroop task, 

congruent trials were largely affected by previous congruency in both the fluent and non-

fluent blocks; incongruent trials were substantially faster following an incongruent trial in 

the fluent blocks, but only minimally so in the non-fluent blocks. What could be going on 

here is this: Now that the perceptual fluency is combined with a more difficult task, the 

effort recruited by a previously difficult (i.e., incongruent) trial is no longer supraoptimal 

for an easy trial. More than that, the additional difficulty of and effort elicited by non-

fluency taxes cognitive resources to the point that insufficient cognitive control resources 

are able to be recruited to readily handle the conflict. This is consistent with van 

Steenbergen et al.’s (2015) account that sequential modulation effects are laid out on an 

inverted “U” and that increments or decrements in difficulty can shift those tasks 

rightward or leftward along the curve. Thus, again, there is strong evidence that SDEs are 

driven by the inverted “U”—that is, explained by the inverted “U”, but driven by its 

component factors: difficulty, motivation, effort, arousal, and, of course, available 

resources. 
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A “U”nifying Account of SDEs  

As has been argued throughout the preceding review of the literature, the most 

compelling and broadly applicable account for SDEs is the interaction of cognitive 

resources and difficulty (or arousal) that yields the inverted “U”. This account can, of 

course, account for the inverted “U” effect of difficulty and arousal on online 

performance: Difficult trials signal a need for effort, which is then recruited to help 

perform the task, assuming there are sufficient resources available to be recruited and 

there is sufficient motivation to recruit said resources. Likewise, this account can explain 

conflict adaptation: Incongruent trials elicit conflict, recruiting cognitive control 

resources, which facilitate subsequent incongruent trials. It can account for the interaction 

of conflict adaptation and difficulty: When the conflict task otherwise becomes too 

difficult, there are too few resources left to be recruited by the conflict, so conflict 

adaptation cannot take place. It can also account for DCs: Difficult trials require more 

resources, so resources are more occupied after a difficult trial, leading to slower and/or 

more erroneous performance on the subsequent trial. Finally, it can explain DCAs, even 

when difficulty is due to something as basic as perceptual fluency: The difficult trial 

triggers additional effort recruitment; but, when more effort is recruited than is optimal 

for the task, performance suffers. Thus, it is the inverted “U”, with its reliance on 

underlying cognitive resources and its assumption of optimizing effort to task difficulty, 

that is the “U”nifying concept that can tie together and make sense of these otherwise 

disparate and seemingly inconsistent literatures. 
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Sequential Effects on Memory 

Before concluding this literature review, it will be worthwhile to revisit the realm 

in which the inverted “U” was initially discovered—that is, learning and memory—and 

show that it, too, exhibits sequential effects as predicted by the inverted “U” and 

cognitive resources. In a recent study (Uittenhove, Burger, Taconnat, & Lemaire, 2015), 

younger and older adults were given lists of words to memorize and were cued as to what 

encoding strategy to use when encoding each word. The key test items were cued to be 

encoded with a sentence construction strategy. These test words were preceded by a word 

that was cued either with a repetition strategy (easy) or a mental imagery strategy 

(difficult). Not surprisingly, the mental imagery strategy yielded better recall than the 

repetition strategy, as deeper encoding is known to be more effective (Craik & Tulving, 

1975). This is also consistent with the literature on desirable difficulties and the inverted 

“U”. Crucially, recall on the key test words was lower following words cued with the 

difficult strategy (mental imagery) than those cued with the easy strategy (repetition). 

Thus, the strategy that led to better recall for that item also led to worse recall of the 

immediately subsequent item. 

How do the inverted “U” and cognitive resources account for this? It would seem 

that the more demanding imagery strategy exhausted resources that could be used for 

memory, leaving fewer of those resources available for remembering subsequent items, 

thereby leading to poorer recall (presumably because of poorer encoding) of those items. 

In further support of that idea, Uittenhove et al. (2015) found that performance on an N-

back task was correlated with these post-difficulty effects on recall, suggesting that 

individuals with higher WM ability were better able to remember stimuli that appeared 
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after a difficult (i.e., effortful) encoding trial—that is, they were better able to respond to 

the difficulty. In other words, these findings show that the availability of cognitive 

resources improves later memory performance in a sequential design. 

In sum, these findings on the sequential effects of difficulty on later memory 

indicate that measures of offline performance behave similarly in response to difficulty as 

do measures of online performance, thereby extending the applicability of the inverted 

“U”—with its component factors of difficulty, arousal, and effort—to online and offline 

performance on not just the current task, but on the subsequent task. That is, the inverted 

“U” is a remarkably powerful and predictive theory. Thus, while it is reasonable to expect 

that these findings will continue to be replicated and upheld, further research is needed to 

determine the domains in which it is found. Previous research on sequential effects in the 

context of the inverted “U” is largely limited to conflict tasks and to tasks where 

difficulty manipulations are at the level of cued strategies. 

Will these effects extend to tasks in other domains, such as spatial reasoning and 

verbal comprehension? And what about later (offline) memory performance, particularly 

when incidental? Uittenhove et al.’s (2015) study is the only one, to my knowledge, that 

has looked at memory in a sequential paradigm, but it looked at intentional memory. Will 

their findings replicate and extend so as to show evidence of the inverted “U” for more 

complex yet ecologically valid verbal materials, such as incidental learning for 

sentences? It is with these questions in mind that the present research was designed. 

Section 3: The Present Research 

In the preceding literature review, I have shown how the effects that difficulty has 

on memory and task performance for both the current and subsequent trials exhibit 
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remarkably consistent findings, even across a variety of tasks and paradigms: Difficult 

tasks are slower, but the stimuli from those trials are better remembered; trials after 

difficult trials are slower and the stimuli from those trials are more poorly remembered; 

easy trials seem to experience post-difficulty effects more strongly than do difficult trials. 

Furthermore, there is a common, “U”nifying theme across these findings: the inverted 

“U”, wherein these effects of difficulty interact with arousal, motivation, cognitive 

resources, and individual differences. 

Yet despite the variety of the tasks in which the effects have been found, the 

generalizability of these phenomena is still largely unknown, especially with respect to 

how difficulty has been manipulated. With the one exception of Dreisbach and Ficher’s 

(2011) study using perceptual fluency, difficulty was almost always manipulated in terms 

of some type of conflict or some kind of strategy. Given this paucity of types of difficulty 

used, a primary aim of the present research was to look at performance effects of 

difficulty in new domains—in particular, domains where the observed behavioral 

outcomes can be more clearly attributed to the difficulty of the presented stimuli, rather 

than the conflict they elicit or the strategies used to solve them. A related primary aim of 

the present research was to examine both the online and offline performance effects of 

such difficulty. A final primary aim was to examine these performance effects as a 

function of both the immediately preceding trials and the extended preceding sequence 

(i.e., buildup effects). A secondary aim was examine such effects of difficulty in relation 

to questionnaire-based measures of personality and skill to see if such individual 

differences relate to performance effects as expected by previous research. 
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To most effectively assess the generalizability of SDEs, tasks were chosen from 

domains that have been shown to be very different, both behaviorally and neurally, from 

one another and from the tasks used in most other studies of SDEs. In addition, tasks 

were chosen where difficulty does not depend on the adoption of particular strategies but 

where there can still be clear levels of difficulty. To this end, a metaphor comprehension 

task and a visuo-spatial task were chosen as the key tasks of interest. In addition, a 

numerical judgment task was used, which served a dual role: (1) constituting an 

additional task in a new domain with its own unique kind of difficulty and (2) providing a 

largely neutral baseline task between blocks of the spatial and metaphor tasks. Spatial 

problem solving tends to rely more on a right-hemisphere (RH)-dominant fronto-parietal 

network (Christova et al., 2008; Lipp et al., 2012; Wartenburger et al., 2009; and others), 

while metaphor comprehension, on the other hand, tends to rely more on a left-

hemisphere (LH)-dominant fronto-temporal network (for a review, see Friederici, 2011). 

Given these rather distinct neural networks, any similarity in SDEs (or crossover of SDEs 

between tasks) would necessarily implicate quite domain-general processes being 

involved. The metaphor task also lends itself nicely to later being probed for memory 

recall, allowing examination of SDEs on later (offline) recall, which was another primary 

aim of the present research, since little research has been done looking at the sequential 

effects of memory. 

The final primary aim of the present research is to examine buildup effects of 

difficulty—that is, how SDEs accumulate (or not) when several difficult trials appear in 

succession—on both online and offline task performance. Do SDEs increase with 

increasing numbers of previous difficult trials, or is there a limit (asymptote, of sorts) on 
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how far post-difficulty slowing can go? It has been shown in sequential modulation 

paradigms that conflict adaptation effects (and the underlying neural resources) are 

affected by the number of previous incongruent trials (Durston et al., 2003), thus 

suggesting that such effects can build up—or accumulate, in other words. But that was 

with a buildup of conflict, not difficulty. So, additionally, the present research was 

designed to look more closely at the effects of the buildup of difficulty—specifically, 

different lengths and different types of buildup and whether those exert different effects. 

Finally, it is worth noting that the roles of cognitive resources and individual 

differences have been well established in the realm of conflict and difficulty, so it is not a 

primary aim of the present research to give further evidence for their role in SDEs and 

such variables were not manipulated or extensively measured (e.g., with WM or IQ tests 

or with neuroimaging). However, knowing their importance in affecting performance, we 

included various questionnaire measures of personality and skill to see if these individual 

differences measures relate to performance on the selected tasks as predicted by previous 

research. 

Hypotheses 

Most of the previous studies looking at SDEs have used tasks that require some 

kind of cognitive control and/or reliance on WM resources, making it clear why and how 

they would tax WM resources. However, our chosen tasks do not clearly rely on such 

WM or cognitive control resources, making it challenging to know what to expect with 

these tasks. Thus, the present research is largely exploratory, with no strong a priori 

predictions. Nonetheless, the previous literature can help guide hypotheses in terms of 

indicating what patterns might be possible or expected. In total, there are four possible 
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patterns of DCs and DCAs that could emerge; these possible patterns are depicted in 

Figure 1.9. 

First, results might follow what will be called the resource engagement 

hypothesis. According to this hypothesis, the resources engaged by a difficult N – 1 trial 

will sustain into the trial N, helping performance on that trial, leading to negative DCs 

(i.e., enhanced performance). These negative DCs will be the hallmark for this 

hypothesis. However, this hypothesis also predicts positive DCAs: Difficult trials, 

requiring more effort to solve, have more to gain than do easy trials from additional 

resources; thus, they should see a greater post-difficulty benefit (i.e., a larger negative 

DC), leading to a positive DCA. The predicted pattern that would be obtained according 

to this hypothesis is shown in the top row of Figure 1.9. 

Second, in line with much of the previous literature on SDEs, results might follow 

what will be called the resource exhaustion hypothesis. The previous literature on SDEs 

shows consistent findings of positive DCs across a variety of task types, whether they 

rely on perceptual fluency, conflict, or strategy difficulties, arguing that such effects are 

due to the difficult trial depleting resources (Schneider & Anderson, 2008; Uittenhove & 

Lemaire, 2013b; Uittenhove et al., 2013). Thus, it is possible that positive DCs will be 

observed in our tasks. These positive DCs will be a hallmark of this hypothesis. Further, 

since difficult trials require more resources, they will be more adversely affected than 

easy trials by the resource-exhausted state induced by a previous difficult trial; thus, 

difficult trials should evidence a greater positive DC than easy trials, leading to a 

negative DCA. This is a departure from the previous studies on SDEs, which have 

generally found positive DCAs. However, in those studies, the tasks involved some sort 
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of repetition benefit for difficult-difficult sequences, whether that derived from not 

having to switch tasks or strategies (so the difficulty cost will be offset by the lack of 

switch cost) or from having beneficial task-specific resources already engaged (e.g., 

inhibitory control resources on a conflict task). Our stimuli do not rely on such strategies 

or task switching, nor do they make use of conflict, so it’s unlikely that such effects will 

occur with our tasks, making it possible that we will observe negative DCAs instead. The 

predicted pattern that would be obtained according to this hypothesis is shown in the 

second row of Figure 1.9. 

Finally, a third option that could predict the results is the set of predictions made 

by what will be called the recruitment fit hypothesis. As Dreisbach and Fischer (2011) 

argue, aversiveness (which could include difficulty) on trial N – 1 will elicit effort, which 

will carry over to trial N, whether by the cognitive resources themselves carrying over or 

by them being re-engaged in preparation for the next trial. In the conflict and cognitive 

control literature, it is argued that inhibitory control resources engaged by an incongruent 

trial carry over to the subsequent trial (Kerns, 2006; Kerns et al., 2004). Thus, depending 

on the task, the nature of what is recruited could be different, ranging from something as 

specific as inhibitory control or other task-specific resources, to something as general as 

effort or domain-general resources. In other words, while the resource engagement and 

resource exhaustion hypotheses implicate the involvement of resources that are specific 

to the task at hand, the recruitment fit hypothesis implicates resources that may be more 

domain-general. Thus, there is the added complication with this hypothesis in that it can 

interact with resource engagement and/or resource exhaustion: A previous trial may 

exhaust some task-related resources, but additional, more general resources or effort may 



57 

  

be recruited that offset some of that exhaustion, though such exhaustion effects will still 

be present, at least to some degree.  

Further, as Chrysikou et al. (2014) argue, different tasks lend themselves to 

different levels of optimal effort, meaning that the various tasks we employ may exhibit 

these effects differently among their various levels. Considering that, different tasks may 

exhibit different variants of the recruitment fit hypothesis. One such variant is the 

recruitment low-fit hypothesis, which predicts that the effort engaged by a difficult N – 1 

trial is suboptimal for a difficult N trial and closer to optimal for an easy N trial, resulting 

in a smaller DC (i.e., better performance) for easy trials than for difficult trials, leading to 

a negative DCA. Depending on the magnitudes and directions of the level-specific DCs, 

the overall DC main effect could be negative, neutral, or positive, thereby making the 

negative DCA the hallmark. The predicted pattern that would be obtained according to 

this hypothesis is shown in the third row of Figure 1.9. 

The second variant is the recruitment high-fit hypothesis, which predicts positive 

DCAs. The effort engaged by a difficult N – 1 trial is supraoptimal for an easy N trial and 

closer to optimal for a difficult N trial, resulting in a smaller DC (i.e., better performance) 

for difficult trials than easy trials, leading to a positive DCA. Again, depending on the 

magnitudes and directions of the level-specific DCs for easy trials, the overall DC main 

effect could be negative, neutral, or positive, thereby making the positive DCA the 

hallmark. The predicted pattern that would be obtained according to this hypothesis is 

shown in the bottom row of Figure 1.9. This pattern of results—specifically, a positive 

DC for easy trials and a negative DC for difficult trials—is what is generally observed in 

the sequential modulation literature (though sometimes with an overall DC, which could 
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indicate additional resource exhaustion effects), which attributes the effects to recruited 

inhibitory control, and this pattern is what was observed in Dreisbach & Fischer’s (2011) 

study, where they argue the effects were due to recruited effort. 

Two additional variants of the recruitment fit hypothesis remain: underfit, 

wherein effort is suboptimal for both subsequent levels, and overfit, wherein effort is 

supraoptimal for both subsequent levels. However, overfit would not make any 

substantial prediction differences from high-fit, and underfit would generate the same 

hypotheses as the resource exhaustion hypothesis, making it not worth discussing these 

variants further. 

While trial-to-trial effects (i.e., N – 1 effects) will likely be predicted by one of the 

three aforementioned hypotheses—resource engagement, resource exhaustion, and 

recruitment fit—buildup effects might be different, for, no matter the mechanism 

operating at the level of N – 1 effects, extended use of the same resources usually ends up 

leading to depletion (Langner et al., 2010; Persson et al., 2013; Plukaard et al., 2015; and 

others). Thus, buildup analyses, which look at the effect of extended sequences of easy 

vs. difficult trials, are expected to demonstrate a pattern consistent with resource 

depletion, at least for sequences of difficult trials. However, it is to be noted that, neither 

this hypothesis nor the others suggest that the effects must be due to the effects of 

underlying resources being engaged or exhausted or recruited. While those are possible 

explanations for the effects, they could also be due to a number of other effects pertaining 

to the relevant cognitive processes. These hypotheses refer to “resources” not because 

that is the only possible explanation, but because it is a possible explanation for the 

behavioral phenomena and the term “resource” is both concise, yet general.
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Figure 1.9. A depiction of the four possible hypotheses—resource engagement (top row; red), resource exhaustion (second row; purple), recruitment low-fit 

(third row; blue), and recruitment high-fit (bottom row; blue)—showing how a difficult trial on trial N (left; preceded by an easy trial N – 1) will moderate the 

inverted “U” (middle column) and, therefore, predict performance on trial N+1 (right column). Trial N+1 performance is shown for the current easy trials 

(large triangles) and current difficult trials (large circles) in comparison to performance on trial N (which is assumed to have been preceded by an easy trial N – 

1), thereby showing difficulty costs (negative DCs in red, positive DCs in green). Performance is an inverse of latencies, so RTs decrease upward along the y-

axes.
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CHAPTER 2: NORMING STUDY 

Given the current research aims of determining how broad and generalizable 

SDEs might be, tasks were chosen from rather disparate domains that presumably rely on 

different neural bases and processes: verbal comprehension, which relies on a LH-

dominant fronto-temporal network (Friederici, 2011), and spatial reasoning, which relies 

on a RH-dominant fronto-parietal network (Christova et al., 2008; Lipp et al., 2012; 

Wartenburger et al., 2009; and others). The rather distinct, non-overlapping natures of 

these networks allows for a measurement of how generalizable SDEs are, for if the same 

SDEs are observed in each task—and even more, if they are observed across tasks—then 

the effects must be argued to be quite general and due to quite domain-general resources. 

To represent the spatial reasoning domain, a task was chosen that involves pattern 

recognition and mental mirroring (Wartenburger et al., 2009). On each trial, participants 

are shown two side-by-side, black-and-white checkered grid patterns. The pattern on the 

left is the base pattern and the pattern on the right was one of four possible 

transformations of that base pattern: (1) identical (i.e., no transformation), (2) mirrored 

horizontally (i.e., inverted over a vertical axis), (3) mirrored vertically (i.e., inverted over 

a horizontal axis), or (4) mirrored diagonally (i.e., inverted over a diagonal axis). 

Participants’ task is to indicate which of the four transformations reflects the relationship 

between the two stimuli. Importantly, because inversion is always of the same magnitude 

(180 degrees, unless it’s an identical trial), this task avoids the confound inherent to 

mental rotation tasks, where RTs indicating difficulty could simply represent the greater 

time required to rotate the image through more degrees in mental space. Furthermore, 

using similar grid-patterned stimuli, these types of inversion have been shown to vary 



61 

  

parametrically in difficulty, from identical to horizontal to vertical to diagonal (Landgraf 

et al. 2011)—with corresponding increases in brain activity (Wartenburger et al., 2009)—

thereby giving several levels of difficulty. Finally, this task has an accuracy component, 

so error rates can be analyzed in addition to latencies. 

For the verbal comprehension domain, two tasks were chosen: metaphor 

comprehension and conceptual combination (CC; Connell & Lynott, 2011). Metaphors 

were chosen because they have been well studied in every way relevant to our research 

questions. There is a robust literature examining what makes metaphors more or less 

difficult to comprehend, from their figurativeness (Schmidt et al., 2007) to their aptness 

(Glucksberg, 2003) to their novelty or their familiarity (Diaz, Barrett, & Hogstrom, 2011; 

Schmidt, DeBuse, & Seger, 2007) to the semantic relatedness of their components (which 

may be what makes them novel; cf. Mashal & Faust, 2009) to the context in which they 

appear (Prat et al., 2012; Yang, Edens, Simpson, & Krawczyk, 2009). Still others have 

classified difficulty based simply on the processing effort required to comprehend them 

(Schmidt & Seger, 2009); this is the approach we adopted. As such, we use a difficulty 

classification based on previous subjective ratings of difficulty (Katz, Paivio, Marschark, 

& Clark, 1988). 

There are various theories as to how metaphors may be comprehended. One 

prominent account is that metaphors are understood via categorization, such that the 

metaphor target is assumed to belong to a figurative category of the vehicle, thereby 

adopting its figurative properties (Glucksberg, 2003). Another prominent account is that 

metaphors are understood via comparison, where features are mapped between the 

vehicle and target until sufficient overlap is achieved, thereby allowing the metaphorical 
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properties of the vehicle to transfer to the target (Bowdle & Gentner, 2005). Thus, there is 

no way of knowing on a given trial which method subjects are using, so it makes looking 

at “strategies” challenging (if not impossible), not to mention moot. Furthermore, because 

of this, difficulty can be reasonably taken to reflect just that: difficulty, plain and simple. 

The metaphor comprehension task does not have an accuracy component, but complex 

verbal stimuli processed in this incidental learning task do lend themselves nicely to 

being probed for recall, allowing examination of SDEs on recall, which was a key aim of 

the present research. 

The second verbal task was a conceptual combination (CC) task, which was 

chosen because it involves yet unique ways of manipulating difficulty. However, one of 

these difficulty manipulations (whether the concepts to be combined are drawn from the 

same sensory modality or from different sensory modalities) only manifests across trials. 

As such, this task does not lend itself to a strictly trial-by-trial sequential design, as was 

the desired design in the present research and as is allowed with the other tasks. Also, the 

metaphor task lends itself better to the kind of memory we wish to test (incidental 

memory for complex verbal stimuli beyond just word pair associations). Thus, only the 

metaphor task was used to represent the verbal domain in subsequent experiments. 

However, the unique nature of the CC task—one that involves the interplay of perception 

and cognition and in which the difficulty level of a given trial emerges from the 

interaction of trials—makes it worth further study in sequential paradigms, since it may 

yield new kinds of SDEs and so may offer novel insights into the nature of SDEs. Thus, 

for the sake of informing future research, the design of the CC stimuli and blocks and the 
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results of the analysis are reported in Appendix A, along with a discussion of their 

potential significance. 

The spatial and metaphor tasks chosen rely on different types of difficulty and so 

would enhance the generalizability of findings about SDEs. But, before employing them 

in a sequential difficulty paradigm, it was essential to ensure that the difficulty 

classifications were valid and replicable, particularly in a multiple-tasks design. Previous 

studies on these stimuli looked only at each task in isolation, so it’s important to know if 

the difficulty categories hold even when switching between tasks. Furthermore, it’s 

important to know that the difficulty categories would replicate in our sample population 

of undergraduate students. Landgraf et al. (2011) used their (similar) stimuli on patients 

with schizophrenia and age-matched controls, who, with an average age of 24.6 years, are 

slightly older than the average undergraduate. While the demographics of the participant 

population in Katz et al.’s (1988) study are similar to those of the population we 

anticipated testing, their findings are almost two decades old, and given how fast 

language usage can evolve, it was deemed important to check if their difficulty 

classifications replicate to a similar 21st century cohort. Furthermore, Katz et al. only 

received subjective ratings of difficulty and did not corroborate difficulty with RTs. Since 

RTs are intended to be our sole metric for difficulty and processing, we need to confirm 

that the difficulty classifications equate to RT differences. 

In short, the norming study was conducted to corroborate the previously 

established difficulty classifications. To make the paradigm realistic to what later 

experiments would be like, trials were presented in short blocks that were intermixed in 

the same run, such that participants would do a few spatial trials, then a few metaphor 
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trials, then a few spatial trials, then a few CC trials, then a few spatial trials, and so on. 

We were not interested in switch costs in this norming study; instead, blocks were 

intermixed because they would be in later experiments (one of which would specifically 

study switch effects) and to see if the difficulty classifications hold even when 

participants don’t have time to get familiar with the task as they would later in a longer 

block or run. We hypothesize that the previously established difficulty classifications will 

extend to this paradigm: that easy metaphors will be responded to more quickly than 

difficult metaphors and that response latencies and error rates on the spatial task will 

increase from identical to horizontal to vertical to diagonal spatial trials. 

Methods 

Participants 

Thirty-seven undergraduate students participated (13 were male, 33 were right-

handed). The mean age was 19.9 (SD = 1.8) years and the mean for years of formal 

education was 13.6 (SD = 1.3). All subjects were compensated with extra credit points. 

Given the linguistic nature of some of the tasks, subjects were excluded if they were not 

native speakers of English, as defined by having learned English by the age of six. 

Additionally, given the visual nature of some of the tasks, subjects were excluded if they 

did not have normal or corrected-to-normal vision. These two exclusion criteria were 

used in all subsequent experiments as well, given that the same tasks were used. 

Materials 

Metaphor stimuli were taken from Katz et al.’s (1988) study, since they obtained 

normative data on metaphors on rated factors such as ease of interpretation, 

comprehensibility, metaphoricity, familiarity, and more. To reduce the set of metaphors 
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down to those that would be most disparate on ease vs. difficulty of comprehension, 

familiarity and ease of interpretation ratings were used to trim the original set of 464 

metaphors listed by Katz and colleagues down to 208 metaphors: the 104 that were 

highest on both dimensions (i.e., easiest) and the 104 that were the lowest on both 

dimensions (i.e., most difficult). This potential set of 208 items was further reduced to 

152 (76 easy and 76 difficult) by eliminating metaphors that, based on the consensual 

judgment of a few raters, seemed weird, unpleasant (i.e., could be aversive), overly 

lexicalized, had religious connotations, shared a high similarity with other included 

metaphors, and/or were exceptionally long. An additional six metaphors were preserved 

to use as examples in the instructions, and an additional eight (four of each level) were 

used for a practice run. Each stimulus was shown in sentence format on the computer 

screen, printed in large, white Arial Black font on a black background. 

Spatial stimuli were modeled after those used by Wartenburger et al. (2009), 

which consisted of patterned grids paired with a counterpart. Stimulus grids were made in 

Excel by randomly filling 5x5, 8x8, or 10x10 grids with white and black squares. Each of 

these “base” grids was then paired with its mirror-image counterpart: either its identically 

duplicated self (identical), itself flipped over a vertical axis (i.e., horizontally flipped; 

horizontal), itself flipped over a horizontal axis (i.e., vertically flipped; vertical), or itself 

flipped over a diagonal axis (diagonal). The original (base) image always appeared on the 

left, and its transformation on the right. Thus, each grid resulted in four stimuli: identical, 

horizontal, vertical, and diagonal. There were a total of 360 stimuli (90 of each level (i.e., 

one of each level of 90 grids); 120 of each grid size (i.e., four of each level for 30 of each 

grid size). An additional 28 stimuli were used for practice. All grids were outlined in a 
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grey border, and the stimulus was presented on a black background. Each complete 

stimulus consisted of the two pairs of images presented side-by-side with a grey fixation 

cross in-between. Example stimuli can be seen in Figure 2.1. 

 
Figure 2.1. Example stimuli for the spatial task, with all four levels represented: (a) identical (level 1); (b) 

horizontal (level 2); (c) vertical (level 3); and (d) diagonal (level 4). The three grid sizes are also depicted: 

5x5 (a), 8x8 (c), and 10x10 (b and d). 

 
Additionally, participants were asked to complete the Big Five Aspects Scale 

(BFAS; DeYoung, Quilty, & Peterson, 2007), a 100-item scale measuring the Big Five 

personality traits and its associated aspects and facets. This questionnaire was completed 

on paper. 

Design 

Metaphor blocks consisted of four trials (i.e., items), all easy or all difficult, and 

contained one or two nonliterary items. Spatial blocks consisted of four trials (i.e., four 

pairs of grids) and either increased or decreased in difficulty over the course of the blocks 

(i.e., in an increasing block, each trial could be the same level or a higher level than the 

previous trial and the last trial was always higher than the first level). Grid size remained 

constant within a block and no successive trials used the same grid pattern. 
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Experimental blocks were compiled into runs of 632 total trials. A spatial block 

always preceded each metaphor and CC block, which alternated. Roughly one-third and 

two-thirds of the way through the list, participants were given the opportunity for a break. 

A spatial block began and ended the entire run and appeared on both sides of each break. 

Twelve unique, counterbalanced lists (of the same format) were created. They were 

counterbalanced such that a decreasing block in one run (and its respective items) was 

inverted so as to be an increasing block in a run for a different participant. The practice 

run was composed in a similar manner, but only consisted of 48 trials, and there was only 

one version. All participants completed the same practice run. 

 
Figure 2.2. Experimental paradigm from the norming experiment. 
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All experimental and practice lists were presented on the computer using E-Prime 

software.  There was no time limit imposed on any trial; each trial ended when the 

participant produced a response. For the metaphor task, participants were instructed to 

press the spacebar once they achieved a comprehension of the on-screen text. For the 

spatial task, participants were told to identify how the grid displayed on the right was 

related to the grid on the left (identical, horizontally flipped, vertically flipped, or 

diagonally flipped) and to press a key corresponding to their judgment (“I” for identical, 

overlain on the “m” key; “H” for horizontal, overlain on the “,” key; “V” for vertical, 

overlain on the “.” key; or “D’ for diagonal, overlain on the “/” key). There were no inter-

trial intervals (ITIs), with the subsequent trial appearing immediately after a response was 

made to the previous trial. A graphic of the experimental paradigm, showing the design 

of the blocks, can be seen in Figure 2.2. 

Procedure 

After giving informed consent, subjects provided some basic demographic 

information. Then they read the instructions, which included several examples of each of 

the tasks so that experimenters could know that the subjects understood the tasks. After 

ensuring they understood the task, participants completed the practice run, after which 

they were asked to provide their interpretations on a subset of the CC and metaphor tasks 

to ensure they were completing the task as desired. At this point, their responses on the 

spatial task practice items was checked for adequate accuracy (i.e., to ensure they 

understood the different categories). Once it was ensured that participants understood the 

task adequately, the experimental run was administered. After that, they were asked to 

provide their interpretations to some of the metaphor and CC stimuli (so it could be 
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checked that they did the task as expected). Then completed a post-experiment 

questionnaire about the experiment and their experiences with the tasks: how engaged 

they were with the tasks, how hard they perceived the stimuli to be, if they used any 

particular strategies to solve any of the tasks, and if their strategies changed throughout 

the course of the run. Finally, they completed the BFAS, and then were thanked and 

debriefed on the purpose of the experiment. 

Results 

Data Trimming 

The opening four blocks (two spatial blocks, one metaphor block, and one CC 

block) were eliminated for all subjects, as these blocks were considered a warm-up. 

Additionally, to avoid task-switching effects, the first trials of all blocks were eliminated 

from analyses. 

Even despite multiple clarifications and checks through instructions and practice 

runs, some participants were still unclear on the categories of the spatial task, in 

particular, sometimes confusing a horizontal mirror image with an inversion over a 

horizontal axis and confusing a vertical mirror image with an inversion over a vertical 

axis; that is, they consistently responded to horizontal trials as though they were vertical 

trials, and vertical trials as though they were horizontal trials. Thus, before the data were 

further processed, these subjects had their responses on all horizontal and vertical trials 

inverted, with accuracy being computed based on these inverted responses. There were 

eight subjects who had their responses inverted. 

Across subjects, there were numerous trials that were considered unreasonably 

fast (i.e., responses that were so fast that it’s hard to imagine the participant was properly 
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engaged in and doing the task). For metaphor trials, this cutoff was 500 ms; for spatial 

trials, 700 ms; for CC trials, 400 ms. (Looking at all trials for all subjects across the 

norming and later three experiments, overall accuracy on spatial trials faster than 700 ms 

was 29.71%, which was slightly higher than, but not significantly different from, chance 

level, χ2 = 1.63, p = 0.20. This suggests that the task cannot be performed well in less 

time than 700 ms and, therefore, that responses faster than 700 ms can rightly be 

considered unreasonably fast.) Two subjects were eliminated on account of having too 

many responses that were unreasonably fast (i.e., at least 25% of the trials for that task 

were below the cutoff). After that, individual trials with responses below the cutoff were 

eliminated. Across all subjects, 22 trials (0.10%) were eliminated. Finally, one subject 

was eliminated due to having low accuracy (below 75%) on the spatial task. After these 

exclusions, the valid N was 34. These trimmed data were used for error analyses. 

For RT analyses, outlier trials were eliminated. Natural log-transformed RTs 

(lnRTs) were used for all RT analyses (they were distributed more normally than non-

transformed RTs), so lnRTs were also used to screen for outliers. Outliers were labeled 

using a modified outlier labeling method using 2.2 times the interquartile range (IQR; 

Hoaglin & Iglewicz, 1987) for each participant for each type of task. Outliers were 

eliminated if they were also considered substantially distant from the nearest non-outlier-

labeled trial. An outlier was considered substantially distant if the difference between its 

lnRT and the lnRT of the nearest non-outlier was twice the distance between that nearest 

non-outlier and its next innermost neighbor. This process was conducted iteratively until 

there were no trials that met both the 2.2*IQR criterion and the substantial distance 

criterion. In total, 31 trials (0.14%) were eliminated as outliers. Finally, all error and post-
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error trials were eliminated (4.74%). Inaccurate spatial trials were considered error trials, 

as were metaphor and CC trials where an improper key was pressed (i.e., a different key 

than was pressed for the other trials in that block). 

For results of the norming study and all other experiments, only theoretically 

meaningful effects and interactions will be discussed. With many factors in the 

experimental designs, there are many factors in the analyses, resulting in many 

superfluous interactions; thus, only those of interest to the hypotheses and research 

questions will be discussed. Similarly, for multi-level variables, to avoid issues of overfit, 

only significant first-and second-order contrasts are reported. 

Unless denoted with a subscript G, all F-values reported are assuming that 

sphericity assumptions have been met. For analyses where sphericity assumptions did not 

hold, the Greenhouse-Geisser correction was used, and the F-value is reported with the 

subscript G. 

Finally, in this experiment and all that follow, condition means are presented in 

parentheses along with standard errors, within another set of parentheses. Mean RTs will 

also be presented within those parentheses (after the standard errors), though without 

their own standard errors, since statistical analyses were conducted on lnRTs. Similarly, 

figures show results in RTs (as opposed to lnRTs), since this is a more interpretable 

metric; as such, they cannot show standard errors. For consistency’s sake, none of the 

other figures show standard errors, either. 

Level Analyses 

Figure 2.3 shows the mean RTs for both the metaphor and spatial tasks as a factor 

of the respective difficulty levels: for the metaphor task, easy and difficult metaphors; for 
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the spatial task, level 1 (identical; easiest), level 2 (horizontal mirroring), level 3 (vertical 

mirroring), and level 4 (diagonal mirroring; most difficult). Figure 2.4 shows the mean 

RTs and mean error rates for the spatial task, including grid size as an added difficulty 

factor. 

A one-way repeated-measures ANOVA was conducted on metaphor latencies 

with level (2: easy, difficult) as the within-subjects factor. The effect was significant, F(1, 

33) = 63.78, p < 0.001: Mean lnRTs were significantly faster for easy trials (8.244 

(0.069); mean RT = 3805 ms) than for difficult trials (8.557 (0.086); mean RT = 5203 

ms), giving behavioral support that the difficult metaphors were more difficult to 

comprehend. 

  
Figure 2.3. Mean RTs for the metaphor (left) and spatial (right) tasks, separated by level: easy and difficult 

for metaphor; 1 (identical, easiest), 2 (horizontal), 3 (vertical), and 4 (diagonal, hardest) for spatial. 

 
A one-way repeated-measures ANOVA was conducted on spatial latencies with 

level (4: 1, 2, 3, 4) as the within-subjects factor. The effect was significant, F(3, 99) = 

116.74, p < 0.001: Mean lnRTs increased parametrically as level increased, resulting in a 

significant linear contrast, F(1, 33) = 324.30, p < 0.001, and a significant quadratic 

contrast, F(1, 33) = 17.14, p < 0.001. An identical analysis was conducted on spatial error 

rates. The effect of level was significant, FG(1.63, 53.67) = 8.59, p = 0.001: Error rates 
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were highest for level 3 trials (0.067 (0.009)), but otherwise increased as level increased, 

resulting in a significant linear contrast, F(1, 33) = 15.81, p < 0.001. 

 
Figure 2.4. Mean RTs (left) and error rates (right) by grid size for each level of the spatial task. 

 

To test if grid size could be considered a valid secondary measure of difficulty for 

the spatial stimuli, 4 x 3 repeated-measures ANOVA was conducted on spatial latencies 

with level (4: 1, 2, 3, 4) and grid size (3: 5x5, 8x8, 10x10) as within-subjects factors. The 

main effect of level held, as did the significant linear and quadratic contrasts. The main 

effect of grid size was also significant, FG(1.54, 50.79) = 62.71, p < 0.001: Mean lnRTs 

increased parametrically as grid size increased, resulting is a significant linear contrast, 

F(1, 33) = 87.488, p < 0.001. While the interaction was statistically significant, F(6, 198) 

= 2.64, p = 0.017, the pattern across different levels was not meaningfully different: 

Except for vertical (level 3) trials, where mean lnRTs were marginally longer for 8x8 

than for 10x10 grids, lnRTs always increased parametrically as grid size increased. This 

suggests that grid size is an orthogonal measure of difficulty, working independently of 

the mirroring operation. This suggestion was confirmed by the identical analysis on error 

1600

2000

2400

2800

3200

3600

4000

1 2 3 4

M
ea

n
 R

T
 (

m
s)

Level

5x5 Grid

8x8 Grid

10x10 Grid

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

1 2 3 4

M
ea

n
 E

rr
o

r 
R

a
te

 (
P

ro
p

o
rt

io
n

)

Level

5x5 Grid

8x8 Grid

10x10 Grid



74 

  

rates, which showed that the main effect of level and its linear contrast held, but that the 

grid size and the interaction were not significant, Fs < 1.16, ps > 0.33. 

Discussion 

The results of the norming study support the hypotheses and confirm that the 

difficulty classifications are valid for all stimuli. Easy metaphor stimuli were easier 

(faster RTs) than the difficult ones, which is consistent with other reports of metaphor 

latencies. These latencies confirm the difficulty classification from Katz et al.’s (1988) 

study, suggesting that the difficulty classifications hold even decades later and across 

population cohorts, and are observable in RTs for comprehension, in addition to 

subjective ratings. For the spatial stimuli, we observed a linear increase in difficulty 

(longer RTs and higher error rates) across levels, from level 1 (identical) to level 2 

(horizontal) to level 3 (vertical) to level 4 (diagonal). This is consistent with what others 

have reported with similar stimuli (Landgraf et al., 2011; Wartenburger et al., 2009). 

Additionally, as expected, grid size added a dimension of difficulty, with latencies 

increasing with increasing grid size; error rates did not increase with increasing grid size. 

However, grid size did not interact with the main difficulty manipulation (i.e., mirroring 

operation), so grid size was not analyzed in later experiments. Instead, grid size was 

simply counterbalanced across blocks for subjects; this would effectively eliminate any 

latency differences due to grid size, as different block types would be composed of 

approximately equal numbers of stimuli with different grid sizes across subjects. 

However, this suggests that grid size could be an added difficulty manipulation worth 

studying in future research, though it will require longer blocks with a greater number of 

trials to provide adequate representation of all possible conditions. 
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In summary, the results of the norming study successfully corroborated that the 

stimuli chosen have reliable levels of difficulty, indicating that these tasks should work 

when applied to a sequential difficulty paradigm. It is those SDEs that the subsequent 

experiments explored using the metaphor and spatial stimuli validated in this norming 

study. 
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CHAPTER 3: EXPERIMENTS A1 AND A2 

Having established in the norming study the effectiveness of the difficulty 

classifications for the tasks of interest (the metaphor comprehension task and the spatial 

reasoning task), Experiments A1 and A2 were designed to test SDEs in these tasks. 

Additionally, a number comparison task was included, wherein subjects were asked to 

determine if the presented digit was greater or less than a constant reference value. This 

task was included for two reasons. First, it functioned as a sort of baseline between the 

two tasks of interest so that those tasks would always begin after the same, neutral 

number comparison task. In so doing, going into each of the tasks of interest, all 

participants would have always been previously engaging the same numerical 

comparison processes, thereby making switch effects equivalent for the two tasks. This 

would ensure that processing of both tasks of interest would be as comparable as 

possible, thereby making comparisons of SDEs as feasible and meaningful as possible. 

Secondly, the number comparison task includes its own levels of difficulty, such that the 

difficulty of the magnitude comparison increases as distance from the target decreases, as 

shown in terms of both increased RTs and error rates (Moyer & Landauer, 1967), and 

confirmed with increased brain activity (Pinel, Dehaene, Rivière, & LeBihan, 2001). 

Thus, this task was also examined for SDEs, providing another new task domain for 

studying sequential effects. 

The purpose of Experiments A1 and A2 was to test SDEs in these three tasks, 

tasks that have not previously been studied from a sequential difficulty perspective (not 

counting Dreisbach and Fischer’s (2011) use of the same number task, because they used 

a different difficulty manipulation than what we used). It is not known if the difficulty in 
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these tasks is solely a result of the particular strategies used to solve them, though it is 

assumed that the difficulty lies in the performance of the task itself, not the strategy 

required or chosen to do the task. That is, a metaphor is processed the same as any other 

metaphor, regardless of whether it’s easy or difficult to comprehend; yet, still, metaphors 

can vary in the degree of difficulty and/or effort required to comprehend them. Thus, 

unlike the experiments using mental arithmetic, the present experiments looked at SDEs 

that would be due solely to the effect of the difficulty of each trial and how participants 

chose to approach it. Dreisbach and Fischer similarly looked at the effect of non-strategy-

based difficulty in a sequential paradigm, but their difficulty manipulation was one of 

perceptual fluency, a rather low-level cognitive process. The present experiments 

similarly look at non-strategy-based SDEs, but in tasks that require cognitive processes 

that are more high-level than perceptual fluency—processes like comprehension, 

problem-solving, and memory, all of which have applications to education and testing 

domains, making it important to know how they are affected by difficulty. 

Regarding memory, the metaphor task allowed later recall to be tested in a 

sequential paradigm, which has, to my knowledge, only been tested once before, by 

Uittenhove et al. (2015). Furthermore, in the present experiment, unlike in Uittenhove et 

al.’s study, participants were not told that they would be tested for recall, meaning that 

the present study tested sequential effects on a more natural type of memory: incidental 

memory. In our daily lives, we are constantly inundated with verbal material, both in 

speech and in writing, and it is not always the intent for the material to be recalled later; 

any such recall would be incidental. Although it is composed solely of unrelated 

metaphors, which is not identical to natural speech or writing, our metaphor task better 



78 

  

approximates these natural conditions of verbal comprehension and recall. Furthermore, 

the metaphor task allowed for measurement of recall in three ways (verbatim, semantic, 

and metaphorical), allowing examination of whether more detailed-oriented (verbatim) or 

the more gist-like (metaphorical) kinds of memory are more strongly affected by 

difficulty, thereby enhancing our understanding of both SDEs and their potential effect 

on memory processes. 

To further test whether or not cognitive resources and their possible exhaustion 

contribute to SDEs, the current experiments employed a blocked design wherein each 

experimental run consisted of multiple blocks of the metaphor, spatial, and number tasks 

interspersed among one another. For the metaphor and spatial tasks, the level of difficulty 

remained constant for at least half of a block, meaning that prolonged sequences of 

difficult trials could occur and their effects on subsequent trials observed. Do longer 

difficult sequences result in even slower latencies than shorter difficult blocks? That is, 

do SDEs accumulate? If so, this would strongly suggest that, with continued use of the 

underlying cognitive resources, continued exhaustion (i.e., depletion) occurs, which is 

what has been shown in prior literature on depletion effects (Langner, Willmes, 

Chatterjee, Eickhoff, & Sturm, 2010; Persson, Larsson, & Reuter-Lorenz, 2013; 

Plukaard, Huizinga, Krabbendam, & Jolles, 2015; and others). Thus, even though no 

neural or physiological measures of arousal or depletion were taken in these experiments, 

the experimental manipulation provides a compelling test of the use and/or using up of 

cognitive resources. 

Even though the behavioral manifestations of sequential effects of difficulty are 

the primary aim of the study, to strengthen the implications that can be made about 
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underlying cognitive resources and to obtain measures of individual differences in 

performance in the face of difficulty, we are also interested in seeing how measures of 

personality and skill relate to behavioral SDEs. As has been argued and shown, 

personality (extraversion and neuroticism, in particular) is related to task performance, 

purportedly because personality relates to levels of baseline internal arousal, and, 

therefore, available cognitive resources (Allsopp & Eysenck, 1975; Cassidy & 

MacDonald, 2007; Eysenck, 1979). To that end, in the present experiments, subjects were 

given various questionnaires that measured these aspects of personality (among others) to 

see if they relate to performance, presumably via mediation of cognitive resources. 

Participants were also given measures of verbal reasoning to observe how skill level 

might moderate SDEs. 

Experiment A1 

Experiment A1 was designed in such a way as to maximize the variety of 

previous sequences that could be used to examine buildup effects. The spatial and 

metaphor tasks consisted of blocks that either remained the same level of difficulty 

throughout, or switched difficulty at the half-way point. This allowed previous sequences 

to be as short as a single trial or as long as an entire block (which was six or eight trials 

long). Additionally, each block ended with a “target” trial, which ensured that the 

maximum possible buildup length could be assessed (i.e., six preceding trials for the 

metaphor task, and eight, for the spatial task). 

Since extraversion and neuroticism have been found to relate to performance in an 

inverted “U” (Allsopp & Eysenck, 1975), personality was measured using the BFAS, 

which measures both extraversion and neuroticism. To get a different measurement of 
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extraversion, as well as other personality dimensions which may or may not relate to 

performance on these tasks, participants were also given the Adult Temperament 

Questionnaire (ATQ), which measures extraversion/surgency (ES), as well as negative 

affectivity (NA; which could be similar to BFAS neuroticism), and attentional control 

(AC, which could measure control resources or processes). While there is no reason to 

expect that the tasks involve executive control processes, if it is the case that executive 

control and/or other WM resources affect performance on these tasks, this questionnaire 

may reveal that. 

Considering the online performance data (latencies and error rates), we expect the 

results of the N – 1 analyses to be consistent with one or more of the hypotheses 

previously laid out: resource engagement, resource exhaustion, and recruitment fit. We 

expect the results of the buildup data to be consistent with the resource depletion 

hypothesis. Considering the memory recall effects, in line with the depth of encoding 

hypothesis (Craik & Tulving, 1975; Unsworth, 2015) and with findings that recall is 

higher when there is greater activity during encoding (Cansino et al., 2002; and others), 

we expect metaphor recall to be higher for difficult trials, as these trials will require 

greater effort (akin to processing depth) and will recruit more resources during 

comprehension. Similarly, the longer latencies on those trials will result in longer 

encoding times, which has been shown to lead to enhanced recall (Unsworth, 2015). 

Considering the different types of memory recall (verbatim, semantic, and metaphorical), 

we expect that recall will be highest for metaphorical recall and lowest for verbatim 

recall, since gist recall tends to be better preserved than verbatim recall (Earles, Kersten, 

Turner, & McMullen, 1999). Looking at sequential effects on subsequent memory recall, 
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Uittenhove et al. (2015) found that later memory was hindered following an encoding 

trial that required higher effort. Based on these findings, we expect the resource 

exhaustion hypothesis to also predict the recall results, such that recall will be worse (i.e., 

lower recall) following a difficult trial (i.e., a negative DC, because recall is a metric 

where a higher value indicates better performance). Uittenhove et al.’s design did not 

allow for looking at difficulty cost asymmetries, so there is little to suggest from their 

results what will happen in our paradigm. However, working under the assumption that 

encoding, like any other task, requires cognitive resources, it can be expected that this 

task will also follow one of the aforementioned hypotheses, at least for N – 1 analyses; 

buildup analyses are, again, expected to show effects of resource depletion. 

Methods 

Participants. There were 95 subjects (37 male, 81 right-handed). The mean age 

was 19.3 years (SD = 2.2) and the mean for years of formal education was 13.0 (SD = 

1.4). All subjects were compensated with course extra credit points. 

Materials. The metaphor stimuli from the norming study were trimmed down to 

119 items (59 easy, 60 difficult), eliminating many of those that used the same words in 

the vehicle and/or topic as other metaphors to reduce cross-contamination of recall. 

Seventeen of these 119 (eight easy, nine difficult) were used as target trials (i.e., appeared 

at the end of a metaphor block) and were later used to probe recall. Since these target 

trials always appeared at the end of a block (even across the different counterbalancing 

conditions across participants), these recall items provided a desirable amount of 

consistency, as they were preceded by the same number of previous trials. Thus, if there 

were some sort of warm-up effect on recall or some effect of the number of preceding 
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stimuli, those effects would not be a differential contributing factor on recall of these 

items. To control for other confounds of list effects, the type of block at the end of which 

each target trial appeared was counterbalanced across participants in such a way that each 

of these target stimuli appeared at the end of all types of block across participants. 

However, since there were only 17 metaphor blocks with their 17 target stimuli, 

additional metaphor stimuli from within blocks were used as recall items so as to have a 

more comprehensive recall test. In total, 34 metaphors were later tested for recall. 

For the metaphor recall phase, each metaphor was presented (using PowerPoint, 

with white Arial Black font on a black background) with one, two, or three words 

missing from the vehicle of the metaphor. Only immediate noun phrases were eliminated 

(i.e., the noun and any preceding adjectives; modifying prepositional phrases were not 

eliminated). Articles remained in the prompt, and, in the case of an indefinite article, 

were replaced with a/an so as to not serve as a linguistic cue for the missing word. 

Participants were asked to provide the missing words to the best or their ability (and 

without guessing; if they were unsure, they were to say they couldn’t remember), and the 

experimenter wrote down their spoken responses. 

The spatial stimuli included 152 items: 34 of each difficulty level (i.e., identical, 

horizontal, vertical, and diagonal), plus an extra four of each level used as targets (with a 

fifth diagonal trial used as the target in the warm-up block). There were 64 trials of 5x5 

grids, 10 of 8x8 grids, and 8 of 10x10 grids, with levels being comparably represented 

within each grid size. 

An additional number comparison task was used that was consistently 

interpolated between blocks of the spatial and metaphor tasks. In this numerical judgment 
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task, participants were asked to compare the digit on the screen (one of eight possibilities: 

1, 2, 3, 4, 6, 7, 8, 9) to the target value of 5 and to indicate if the stimulus digit was 

greater or less than 5. Each digit appeared one-at-a-time in the center of the computer 

screen in white font on a black background. 

 The BFAS was administered, as in the norming experiment, in addition to the 

Adult Temperament Questionnaire (ATQ; Derryberry & Rothbart, 1988; Rothbart, 

Ahadi, & Evans, 2000). These questionnaires were administered on the computer using 

E-Prime. 

Design. All metaphor blocks were six trials long, plus an additional target item at 

the end. Each six-trial block could be of one of four types: simple (all easy trials), hard 

(all difficult trials), increasing trials (first three easy, second three difficult), or decreasing 

(first three difficult, second three easy). Spatial blocks were similarly constructed, but 

were eight trials long, plus an additional target item at the end. In order to create binary 

difficulty categories, levels 1 (identical) and 2 (horizontal) were considered easy, and 

levels 3 (vertical) and 4 (diagonal) were considered difficult. Each number block was 

eight trials long, with each of the digits 1-4 and 6-9 being presented in pseudo-

randomized order. 

A number block always appeared before each metaphor and spatial block, which 

alternated, and there were never two number blocks in a row. Four counterbalanced lists 

were created. This was done in a systematic way that ensured that each item appeared in 

as many different block types (simple, hard, increasing, decreasing) as possible across the 

lists (of course, a difficult item could never be in a simple block, but it could be in a hard,  

an increasing, or a decreasing block). The first four blocks (the warm-up blocks) were 
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identical across the four lists. Before each block, an instruction screen (white text on a 

black background) reminded subjects of the directions and appropriate response keys for 

the upcoming task. As in the norming experiment, there were no it is. This served to 

enhance any effects of resource exhaustion (or other processes) that might take place due 

to difficulty, since longer ITIs have been shown to allow resources to replenish 

(Uittenhove & Lemaire, 2013b). A graphic of the experimental paradigm, showing the 

design of the blocks, can be seen in Figure 3.1. 

 
Figure 3.1. Experimental paradigm for Experiment A1. Stimuli outlined darker indicate the target trials. 

 
Procedure. After providing informed consent, subjects provided some basic 

demographic information. Then they read the instructions, which included several 

examples of each of the metaphor and spatial tasks so that experimenters could know that 

the subjects understood the tasks. After ensuring they understood the task, participants 

completed the practice run, which consisted of a couple blocks of each task type, ordered 

similarly to the experimental run. After that, participants were asked to provide their 

interpretations of a subset of metaphor tasks to ensure they were completing the task as 



85 

  

desired. At that point, their responses on the spatial task practice items was checked for 

adequate accuracy (i.e., to ensure they understood the different categories, and the 

corresponding mapping to the response keys). Once it was ensured that participants 

understood the task adequately, the experimental run was administered. 

After completing the main experimental task, participants were asked to count 

down from 200 by sevens for one minute as a brief retention interval task, and then they 

were given the metaphor recall test. Then they completed the BFAS and the ATQ, and a 

questionnaire about the experiment and their experiences with the task (post-experiment 

questionnaire), almost identical to the one from the norming experiment, except modified 

to ask questions about the new number task. Finally, they were thanked and debriefed on 

the purpose of the experiment. 

Results 

Data Trimming. The same exclusion and screening criteria and procedures used 

in norming experiment were applied to the data from Experiment A1. Additionally, for 

the number task, trials considered unreasonably fast were those with RTs faster than 300 

ms and responses were inverted (i.e., considered correct) if the participant consistently 

pressed the opposite arrow key from what was indicated in the instructions. (Looking at 

all trials for all subjects across both Experiments A1 and A2, overall accuracy on number 

trials faster than 300 ms was 55.56%, which was slightly higher than, but not 

significantly different from, chance level, χ2 = 1.00, p = 0.32. This suggests that the task 

cannot be performed well in less time than 300 ms and, therefore, that responses faster 

than 300 ms can rightly be considered unreasonably fast.) Six participants had spatial task 

responses inverted and one participant had number task responses inverted. One subject 
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was eliminated for having too many unreasonably fast responses. Across all subjects, a 

total of 71 unreasonably fast trials (0.16%) were eliminated. Two subjects were 

eliminated from data analysis due to low accuracy on the spatial task. A total of 691 trials 

(1.6%) were eliminated as outliers. Finally, error and post-error trials (3.0%) were 

eliminated. 

Cohen’s d effect sizes, where calculable, are presented in Table 6.1 (in chapter 6), 

which summarizes results across Experiments A1, A2, and B; as such, they will not be 

reported in the experiment-specific results sections of any subsequent experiments. When 

presenting DCs and DCAs, results will be reported for lnRTs, since that’s the metric on 

which analyses were conducted, but, for the sake of interpretability, the values based on 

RTs will also be reported, but in parentheses. 

Recall Coding. For verbatim recall, scores were calculated as the number of the 

missing words correctly recalled proportionate to the number of words removed from the 

original metaphor or to the number of words given in response, whichever was greater. 

Absent words were considered incorrect, and function words (prepositions and articles) 

did not count towards the participants’ total words given in response. Words that differed 

in plurality were considered correct, but other inflections were given only half-credit 

(e.g., a change in grammatical category, such as from drum to drummer; or a change in 

gender, from huntress to hunter). Consider an example. For the metaphor Earth is a 

buzzing beehive grove, the prompt was Earth is a/an _______ and the correct recall was 

buzzing beehive grove. Therefore, a response of “busy beehive grove” would be given a 

score of 0.667, because two words were correctly recalled, beehive and grove, and the 

third was wrong. Similarly, a response of “beehive grove” would also receive a score of 
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0.667, because it, too, only contains two correct words. A response of “very busy beehive 

grove” would be given a score of 0.5 (2/4), because two missing words were recalled, one 

was incorrectly recalled, and an additional word was given, meaning that only two of the 

four words given were correct. In the former two examples, the responses were each two-

thirds of the correct answer; in the latter example, two-fourths of the provided response 

was correct. 

Fully accurate verbatim responses were automatically given fully accurate 

semantic and metaphorical similarity scores. Responses of “can’t remember” were 

automatically given scores of zero for all three measures. There were two metaphors that 

were identical when trimmed for the recall prompt (A forest is a harp and A forest is a 

harmonica; both became A forest is a/an ___), so, in the event that a subject recalled both 

possible answers for that item, he was given a score of two. 

For semantic similarity, two raters independently scored all subject’s responses 

for how closely semantically related the words in the response were to the missing words. 

For metaphorical similarity, two raters independently scored all subjects’ responses for 

how well the response preserved the metaphorical meaning of the initial stimulus. Each 

of these scores was also given as a proportion. The inter-rater reliability (Pearson 

correlation) was 0.94 for semantic similarity and 0.90 for metaphorical similarity. When 

all of the “can’t remember” responses were removed (since there’s no variability in 

scoring them, since they get 0s for recall), the reliabilities dropped to 0.82 and 0.49, 

respectively. The low reliability for metaphorical similarity is worrisome, yet likely 

reflects differences in opinion (while scoring) as to what constitutes a good metaphor; 

this presumably reflects the natural variability in comprehending metaphors. However, 
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another study using ratings of metaphor quality (i.e., aptness), preserved “I don’t know” 

responses and obtained an inter-rater reliability of correlation of .96 (Chiappe & Chiappe, 

2007). Thus, it is warranted to use our reliabilities of .94 and .90, and they are in a range 

consistent with previous literature. 

 
Figure 3.2. Mean RTs (left) and error rates (right) for the number task for each distance (i.e., numerical 

magnitude from the target value of 5) or the task. 

 
Number Level Analyses. Figure 3.2 shows the mean RTs and mean error rates 

for the number task, separated by each distance (i.e., distance from the target comparison 

value of 5), wherein distance is inversely related to difficulty. To corroborate the 

difficulties of the distances in the number task, a one-way repeated-measures ANOVA 

was conducted on number judgment latencies with distance (4: 1, 2, 3, 4) as a within-

subjects factor. The effect was significant, FG(2.36, 205.59) = 190.65, p < 0.001: Mean 

lnRTs decreased parametrically as distance increased (i.e., as level decreased), resulting 

in a significant linear contrast, F(1, 87) = 323.76, p < 0.001, and a significant quadratic 

contrast, F(1, 87) = 34.90, p < 0.001. Overall, error rates were low (less than 1% for 

distances of 2, 3, and 4; about 2.5% for distances of 1). The identical analysis on error 

rates paralleled the latency results, thereby showing that there is not a speed-accuracy 
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tradeoff and giving two lines of corroborating evidence that difficulty increases as 

distance decreases. 

N – 1 Analyses. Figures 3.2, 3.3, and 3.4 summarize the results of the N – 1 

analyses on the metaphor, spatial, and number tasks, respectively. Figure 3.3 shows mean 

RTs for each level of current metaphor trial as a function of the level of the previous trial. 

Figure 3.4 shows mean RTs for each of the four levels of the current spatial trial as a 

function of the previous level. This figure additionally shows the mean RTs and mean 

error rates for both of the current levels (using a binary difficulty categorization) as a 

function of the previous level. Figure 3.5 shows mean RTs for each of the four distances 

of the current number trial as a function of the distance of the previous trial. 

To examine SDEs on the metaphor task, a 2 x 2 repeated-measures ANOVA was 

conducted on metaphor latencies with level (2: easy, difficult) and N – 1 level (2: easy, 

difficult) as within-subjects factors. The main effect of level was significant, F(1, 87) = 

78.01, p < 0.001, with mean lnRTs being faster for easy trials (8.523 (0.048); mean RT = 

5029 ms) than for difficult trials (8.749 (0.054); mean RT = 6304 ms). The main effect of 

N – 1 level was also significant, F(1, 87) = 22.30, p < 001: Mean lnRTs were faster after 

easy trials (8.594 (0.052); mean RT = 5399 ms) than after difficult trials (8.679 (0.049); 

mean RT = 5878 ms). In other words, a positive DC (i.e., post-difficulty slowing) was 

observed. The interaction was not significant, F(1, 87) = 1.00, p = 0.32: The difficulty 

cost (the other type of SDE of interest) was numerically greater for difficult trials (0.102; 

for RT = 643 ms) than for easy trials (0.068; for RT = 342 ms), producing a negative 

DCA, but this was not significant. 
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Figure 3.3. Results of the N – 1 analysis on the metaphor task, showing mean RTs for easy (light) and 

difficult (dark) trials as a factor of the level of the previous trial. 

 
To examine SDEs on the spatial task, a 4 x 4 repeated-measures ANOVA was 

conducted on spatial latencies with level (4: 1, 2, 3, 4) and N – 1 level (4: 1, 2, 3, 4) as 

within-subjects factors. The main effect of level was significant, F(3, 108) = 91.09, p < 

0.001: Mean lnRTs increased parametrically as level increased, resulting in a significant 

linear contrast, F(1, 36) = 253.63, p < 0.001. The main effect of previous level was also 

significant, F(3, 108) = 8.85, p < 0.001: Overall, mean lnRTs increased as level increased 

(though mean lnRTs were slightly faster after a level 2 trial than after a level 1 trial), 

resulting in a significant linear contrast, F(1, 36) = 20.58, p < 0.001. This demonstrates 

positive DCs. The interaction was also significant, FG(5.38, 193.63) = 8.15, p < 0.001: 

The DCs (subtracting mean lnRTs following a level 1 trial from mean lnRTs following a 

level 4 trial) were highest for a level 2 trial (0.263; for RT = 859 ms), then a level 3 trial 

(0.118; for  RT = 428 ms), then a level 1 trial (0.090; for RT = 180 ms), and were 

smallest for a level 4 trial (0.013; for RT = 55 ms), generally exhibiting a positive DCA. 

The results from the error rate analyses show only small differences and non-significant 

effects, except for the main effect of level, with errors generally increasing as level 
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increased, from less than 1% for level 1 trials, to about 5% for level 2 and 4 trials, to 

8.6% for level 3 trials. 

 

 
Figure 3.4. Results of the N – 1 analyses on the spatial task, showing mean RTs for each level of trial as a 

factor of the level of the previous trial when using the four-level categorization of difficulty (top) and 

showing the mean RTs (bottom left) and error rates (bottom right) for easy (light) and difficult (dark) trials 

as a factor of the level of the previous trial using the two-level categorization of difficulty. 

 
To have comparable metaphor and spatial analyses, spatial trials were also 

categorized into two levels of difficulty (levels 1 and 2 being considered easy, and levels 

3 and 4 being considered difficult) and a 2 x 2 repeated-measures ANOVA was 

conducted on spatial latencies with level (2: easy, difficult) and N – 1 level (2: easy, 

difficult) as within-subjects factors. The main effect of level was significant, F(1, 87) = 
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329.45, p < 0.001: Mean lnRTs were significantly faster for easy trials (7.837 (0.026); 

mean RT = 2533 ms) than for difficult trials (8.234 (0.032); mean RT = 3767 ms). The 

main effect of N – 1 level was significant, F(1, 87) = 46.35, p < 0.001: Mean lnRTs were 

significantly faster following easy trials (7.982 (0.027); mean RT = 2928 ms) than 

following difficult trials (8.089 (0.029); mean RT = 3258 ms), showing a positive DC. 

The interaction was not significant, F(1, 87) = 2.65, p = 0.11: The DC was numerically 

greater for easy trials (0.132; for RT = 335 ms) than for difficult trials (0.081; for RT = 

305 ms), exhibiting a positive DCA, but not significantly so. The results from the 

analysis on error rates largely parallel the latency results. 

To examine if the number task exhibits SDEs, a corresponding 4 x 4 repeated-

measures ANOVA was conducted on number latencies with distance (i.e., from 5) (4: 1, 

2, 3, 4) and N – 1 distance (4: 1, 2, 3, 4) as within-subjects factors. The main effect of 

distance was significant, FG(2.42, 210.92) = 158.25, p < 0.001, as were the linear and 

quadratic contrasts. The main effect of previous distance was also significant, FG(2.68, 

233.20) = 13.54, p < 0.001: Overall, mean lnRTs increased as distance of the previous 

trial increased (i.e., as level decreased), resulting in a significant linear contrast, F(1, 87) 

= 22.80, p < 0.001, and a significant quadratic contrast, F(1, 87) = 9.73, p = 0.002. In 

other words, unlike what was observed for the other tasks, these data show negative DCs. 

The interaction was also significant, FG(7.09, 616.83) = 7.63, p < 0.001: All levels 

showed a negative DC, but the magnitude of that negative value was greatest for difficult 

trials, yielding an overall positive DCA. The results from the error rates do not contradict 

the latency results, nor do they suggest a speed-accuracy tradeoff, since errors (as with 
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latency) increased as distance decreased, and were, in general, quite low (2.4% for trials 

with a distance of 1; less than 1% for distances 2, 3, and 4). 

 
Figure 3.5. Results of the N – 1 analyses on the number task, showing mean RTs for each distance of the 

current trial as a factor of the distance of the previous trial. 

 
Buildup Analyses. To understand if difficulty effects accumulate, buildup needs 

to be looked at as a continuous variable, which requires looking at a certain type of trial 

based on the types and lengths of sequence that preceded it. This means that there are 

fewer examples of the same condition, so to maximize the number of observations, only 

the two-level classification of spatial trials was used for these analyses. Analyses were 

conducted looking at the full buildup lengths, whenever possible. However, only a trial of 

the same level as its preceding sequence could be preceded by the full spectrum of 

buildup lengths, so the full spectrum of buildup lengths was not possible for all 

combinations of previous sequence difficulty and current trial difficulty. Thus, four 

analyses were done: easy metaphor trials after easy metaphor sequences, with buildup 

lengths of 1 through 6; difficult metaphor trials after difficult metaphor sequences, with 

buildup lengths of 1 through 6; easy spatial trials after easy spatial sequences, with 

buildup lengths of 1 through 8; and difficult spatial trials after difficult spatial sequences, 
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with buildup lengths of 1 through 8. For trials preceded by a sequence of the different 

level, metaphor trials could be preceded by three- or six-item sequences; spatial trial trials 

could be preceded by three- or six-item sequences. With only two conditions, analyses 

are not reported, though the trend of the means across those two buildup lengths is 

reported. Figures 3.6 and 3.7 show the results of the buildup analyses for the metaphor 

and spatial tasks, respectively, showing mean RTs for easy and difficult trials as a 

function of the difficulty and length of the preceding same-task sequences. 

  
Figure 3.6. Results of the buildup analyses on the metaphor task, showing mean RTs for easy (light) and 

difficult (dark) metaphor trials as a factor of the level and length of the preceding easy (left) or difficult 

(right) metaphor sequence. 

 
Looking at easy metaphor trials after easy sequences, there was no visually 

discernible or statistical trend across the buildup lengths, FG(2.85, 247.70) = 1.99, p = 

0.12. For difficult metaphors following difficult sequences, latencies were highest after a 

buildup of 1, decreased until a buildup of 3, and then tended to increase up to a buildup of 

6; this resulted in a significant linear contrast, F(1, 87) = 5.03, p = 0.03, and a significant 

quadratic contrast, F(1, 87) = 22.36, p < 0.001. For difficult metaphors preceded by easy 

sequences, latencies numerically decreased from a buildup of 3 (8.693 (0.059); RT = 

5961 ms) to a buildup of 6 (8.623 (0.073); RT = 5558 ms). For easy metaphors preceded 
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by difficult sequences, latencies decreased from a buildup of 3 (8.549 (0.057); RT = 5162 

ms) to a buildup of 6 (8.480 (0.055); RT = 4817 ms). 

Looking at easy spatial trials after easy sequences, the effect of buildup length 

was significant, FG(4.44, 386.50) = 3.27, p = 0.009, but did not result in a significant 

linear or quadratic contrast and did not have a visually discernible trend. For difficult 

spatial trials preceded by a difficult sequence, latencies increased as buildup length 

increased, until dropping at the longest buildup. This resulted in a significant linear 

contrast, F(1, 85) = 27.67, p < 0.001. For difficult spatial trials preceded by easy 

sequences, latencies numerically decreased from a buildup of 4 (8.231 (0.036); RT = 

3756 ms) to a buildup of 8 (8.099 (0.047); RT = 3291 ms). For easy spatial trials 

preceded by difficult sequences, latencies did not change from a buildup of 4 (7.900 

(0.032); RT = 2697 ms) to a buildup of 8 (7.900 (0.037); RT = 2697 ms). The error rate 

data revealed no significant linear or quadratic trends. 

 

  
Figure 3.7. Results of the buildup analyses on the spatial task, showing mean RTs for easy (light) and 

difficult (dark) spatial trials as a factor of the level and length of the preceding easy (left) or difficult (right) 

spatial sequence. 
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For the number comparison, not every condition was represented (since digits did 

not repeat in a block), so buildup analyses were not conducted for this task. 

Recall Data 

 
Figure 3.8. Results of the level analysis on the metaphor recall task, with mean recall proportions for easy 

(light) and difficult (dark) metaphors as a factor of the type of recall accuracy that was measured. 

 
 Level Analysis. Figure 3.8 shows the results of the level analysis on the recall data 

from the metaphor task, showing mean recall proportions for easy and difficult metaphors 

as a function of the way recall was measured (verbatim accuracy, semantic similarity, and 

metaphorical similarity). To see how item difficulty affects recall, and how that interacts 

with the type of recall accuracy being measured, a 2 x 3 repeated-measures ANOVA was 

conducted on metaphor mean recall accuracy proportions with level (2: easy, difficult) 

and accuracy type (3: verbatim accuracy, semantic similarity, and metaphorical 

similarity) as within-subjects factors. The main effect of level was not significant, F(1, 

87) = 0.14, p = 0.71: Mean recall was not higher for difficult (0.409 (0.018)) than easy 

(0.404 (0.018)) metaphors. The main effect of accuracy type was significant, FG(1.11, 

96.60) = 327.43, p < 0.001: Recall was highest when measured as metaphorical similarity 

(0.451 (0.017)), then as semantic similarity (0.413 (0.017)), and was lowest when 
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measured as verbatim accuracy (0.356 (0.017)). The interaction was also significant, 

FG(1.22, 106.16) = 34.92, p < 0.001: Easy metaphors showed higher metaphorical recall 

but lower verbatim and semantic recall than difficult items. 

 N-1 Analyses. Figure 3.9 shows the results of the N – 1 analyses on the metaphor 

recall data, showing mean overall recall proportions for easy and difficult metaphors as a 

function of the level of the previous metaphor trial. To look at SDEs in metaphor recall, a 

2 x 2 x 3 repeated-measures ANOVA was conducted on mean metaphor recall accuracy 

proportions with level (2: easy, difficult), N – 1 level (2: easy, difficult), and accuracy 

type (3: verbatim accuracy, semantic similarity, and metaphorical similarity) as within-

subjects factors. The main effect of level was still not significant. The main effect of N – 

1 level was also not significant, F(1, 87) = 0.11,  p = 0.74: Mean recall accuracy 

proportions were not significantly higher following a difficult metaphor trial (0.415 

(0.020)) than an easy metaphor trial (0.410 (0.017)), resulting in a slight positive DC. The 

main effect of accuracy type remained significant, as did its interaction with level. The 

interaction of level and N – 1 level was not significant, F(1, 87) = 0.79, p = 0.38: Mean 

recall proportions were slightly numerically higher following a difficult trial (than an 

easy trial) for easy metaphors (0.019), while the opposite pattern was the case for difficult 

items (-0.008), but this pattern was not significant. In other words, easy items benefited 

from a previous difficult trial, whereas difficult items were hindered by a previous 

difficult trial. This held for each of the three measures of recall accuracy, but was smaller 

in magnitude for verbatim accuracy. 
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Figure 3.9. Results of the N – 1 analysis on the metaphor recall task, showing mean overall recall 

proportions for easy (light) and difficult (dark) metaphors as a factor of the level of the previous trial. 

 
 Buildup Analyses. Because not all metaphor trials throughout a block were later 

used as recall items, the full spectrum of buildup lengths was not represented for the 

recall items. Rather, only buildup lengths of 3 and 6 were represented (for both levels 

preceded by each level of previous sequence). Thus, analyses comparable to those 

conducted on the latency data could not be conducted on the recall data; instead, means 

for each condition are reported. Figure 3.10 shows the results of the buildup analyses on 

the metaphor recall data, showing mean recall proportions for easy and difficult 

metaphors as a function of the length and level of the preceding metaphor sequence. 

As can be seen in Figure 3.10, for metaphors preceded by easy sequences, mean 

recall proportions decreased from buildup lengths of 3 to 6 for both easy (difference: 

0.044) and difficult (difference: 0.028) metaphors. For metaphors preceded by difficult 

sequences, mean recall proportions increased from buildup lengths of 3 to 6 for both easy 

(difference: 0.050) and difficult (difference: 0.064) metaphors. 
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Figure 3.10. Results of the buildup analyses on the metaphor recall task, showing mean recall proportions 

for easy (light) and difficult (dark) metaphor trials as a factor of the level and length of the preceding easy 

(left) or difficult (right) metaphor sequence. 

 
Discussion 

The results of the level analyses on the number task confirm the supposed 

difficulty classifications: As distance decreased (i.e., as difficulty increased), latencies 

lengthened and error rates increased. Looking at the N – 1 analyses from the number task, 

the results are most consistent with the resource engagement hypothesis, which predicts 

negative difficulty costs (DCs) and positive difficulty cost asymmetries (DCAs). Looking 

at both the latency and error data, as the distance of the previous trial increased (i.e., as 

the level increased), performance on the current trial improved (faster latencies, lower 

error rates), showing negative DCs, which is the hallmark of the resource engagement 

hypothesis. Overall, DCs tended to be higher (i.e., positive or less negative) for lower 

levels (i.e., higher distances), resulting in overall positive DCAs. Resource engagement is 

only one possibility of what may be causing these effects; other processes could also be 

causing this pattern of results. Chapter 6 (the general discussion) will provide a more 
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comprehensive discussion of the results of this and the other tasks and what processes 

may be going on to cause the observed results. 

The results of the N – 1 analysis on the latencies of the metaphor comprehension 

task are most consistent with the resource exhaustion hypothesis, which predicts positive 

DCs and negative DCAs. Latency DCs were positive for both levels, but higher for 

difficult trials, leading to a non-significant negative DCA. Again, a fuller discussion of 

the cognitive processes that may be involved will be left for the general discussion in 

Chapter 6. 

The results of the spatial task are consistent with a combination of the resource 

exhaustion and recruitment high-fit hypothesis. Looking at the latency data, there was a 

positive overall DC (the error rate DC was not significant), suggesting resource 

exhaustion. These DCs tended to be larger for easy trials, resulting in a positive DCA, 

recruitment high-fit. As noted when the hypotheses were introduced, these hypotheses 

can combine and interact, so these data suggest a combination of resource exhaustion and 

recruitment fit. Again, a fuller discussion of what processes may be causing these effects 

will be left for the general discussion in Chapter 6. 

The buildup data suggest that the effects of difficulty do, indeed, accumulate, 

leading to longer latencies with lengthened sequences of previous difficult trials; this is 

consistent with resource depletion. Looking at the metaphor task, easy trials are largely 

unaffected by both the length and level of the preceding sequence, suggesting that 

performance is easy enough to already be at some sort of ceiling (comprehension as fast 

as possible). However, difficult trials tell a different story. They are largely unaffected by 

the length of a preceding easy sequence, suggesting that easy tasks may not tax resources; 
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difficult trials are, however, affected by preceding difficult sequences: After a brief 

warm-up effect, wherein performance increases (i.e., latencies decrease) from buildup 

lengths 1 to 3, performance decreases (i.e., latencies increase) across the remaining 

buildups. This suggests that, while a few difficult trials may help participants warm-up to 

the task (previous buildups of 1, 2, and 3 indicate that the current trials are the second, 

third, and fourth in a block, respectively), too many can begin to hinder performance, an 

effect which begins accumulating after only a few trials. A similar warm-up effect may 

be going on for difficult trials preceded by easy sequences, but, the current experimental 

design did not allow assessment of buildups of one or two easy trials on a difficult trial. 

This question will be addressed in Experiment A2. These effects may not be caused by a 

depletion of resources, however; other processes and effects that may be contributing to 

these results will be addressed more fully in Chapter 6. 

Looking at the spatial task data, the easy trials similarly show no effect based on 

the level and length of the preceding sequence. Difficult trials seem to benefit from being 

preceded by easy trials, with performance increasing (i.e., latencies speeding up) from 

buildups of 3 to 6. This could be a sustained warm-up effect; however, since buildups 

shorter than 3 could not be examined for easy sequences on difficult trials, that cannot be 

determined. The design of Experiment A2 will allow us to determine that. As with the 

metaphor task, latencies increased across buildup lengths for difficult trials preceded by 

difficult sequences. However, unlike the metaphor task, there was no warm-up effect at 

the beginning; instead latencies began to increase from buildups of 1 to 2, suggesting that 

the effects of difficulty begin to accumulate after as few as two trials. Chapter 6 will 

address possible explanations for these effects, beyond just resource depletion. 
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Looking at the metaphor recall data, as expected, recall was highest when 

measured for metaphorical accuracy and lowest for verbatim recall, indicating that high-

level, gist-like information is better retained than specific details. This is consistent with 

previous findings regarding verbatim vs. gist-like memory (Earles et al., 1999). Contrary 

to our expectations, mean recall was not higher for difficult than easy items. There was, 

however, a significant interaction, which showed that, when measured for metaphorical 

recall, accuracy was higher for easy items than difficult items; when measured for 

semantic and verbatim recall, accuracy was higher for difficult items. This suggests that 

the added processing effort of comprehending a difficult metaphor does not non-

selectively enhance all types of memory (hence the lack of a main effect of level), but 

only the more low-level, detail-oriented types of memory involving the specific words 

and their semantic content; gist-like recall does not benefit as much from such additional 

effort. 

Looking at sequential effects on metaphor recall, the data seem to support the 

recruitment low-fit hypothesis. The overall positive DC was non-significant and of a very 

small magnitude (0.005). The positive DCA was also non-significant, but of a larger 

magnitude. However, given that this recall metric is inverted, with higher values 

indicating better performance, this should be considered equivalent to a negative DCA 

for a metric such as latencies. In other words, there was a trend towards a post-difficulty 

benefit on recall for easy items and a post-difficulty hindrance on recall for difficult 

items, suggesting that the effort elicited by a difficult N – 1 trial benefited easy metaphors 

but was supraoptimal for difficult metaphors. An additional factor to consider when 

looking at the recall data is the corresponding latency data, since encoding time is related 
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to recall (Unsworth, 2015). In this light, it would seem that lengthened encoding time 

provided by post-difficulty slowing was not able to compensate for the difficulty-induced 

effort—or perhaps it’s arousal—that is suboptimal for subsequent difficult trials. This 

suggests that difficult trials are more affected by resource availability (or arousal, in this 

case) than they are by encoding time. 

The means from the buildup comparisons on recall, however, tell a different 

picture. Here, both levels of current trial show a decrease in recall from three previous 

easy trials to six previous easy trials, while both show an increase (of comparable 

magnitude) from three previous difficult trials to six previous difficult trials. Moreover, 

as Figure 3.10 shows, the main effect of previous sequence level appears to have little 

effect on difficult items (across both buildups, the mean recall is about 0.40 for preceding 

easy and difficult sequences), whereas easy metaphors are more adversely overall 

affected by a previous difficult sequence (across both buildups, the mean recall is about 

0.42 for preceding easy sequences and about 0.37 for preceding difficult sequences). This 

would seem to suggest greater support for the recruitment high-fit hypothesis. However, 

caution must be taken in interpreting these data. First, the latency data show the opposite 

pattern, suggesting that, unlike the N – 1 analyses, perhaps here, the longer encoding 

times experienced by difficult trials preceded by a difficult sequence are able to offset 

whatever resource exhaustion effects are occurring. Furthermore, it could be an effect of 

something unique to metaphor comprehension. Perhaps with difficult metaphors, subjects 

get into some kind of rhythm of comprehending metaphors, a rhythm that only affects 

difficult items. Such a rhythm could involve comprehending metaphors (probably 

unconsciously) via the more effortful feature-mapping method of comprehension (as 
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opposed to the more efficient categorical comparison method; Bowdle & Gentner, 2005), 

which may be less effective for easy metaphors. 

However, before making strong claims about such processes, we need to see if 

these effects replicate and, before doing that, we need to address some of the design 

limitations relating to the metaphor items from this experiment. In particular, some of the 

metaphor recall items were very similar to one another (some even having identical recall 

probes), creating inter-item interference for those items. Thus, even though we intended 

that participants would be probed for a particular item, the recall responses show that 

participants were, on some occasions, thinking of another, similar item. In Experiment 

A2, similar metaphors were excluded so as to reduce such interference, thereby allowing 

a clearer assessment of recall effects. Further, the design of the present experiment did 

not allow recall to be tested after shorter buildup lengths (i.e., 1 and 2). The design of 

Experiment A2 allows for testing shorter buildup lengths, enabling a more fine-grained 

assessment of what is happening with sequential effects on recall. 

A final limitation of the design of Experiment A1 has to do with the block design. 

All blocks were the same length within a task, with all metaphor blocks being six items 

long (plus a target), all spatial blocks being eight items long (plus a target), and all 

number blocks being eight items long. This means that when looking at buildup lengths, 

trials with the same buildup could come from different places within a block. For 

example, an easy spatial trial after a buildup of two easy trials could be the third trial in 

an easy or increasing block or it could be the sixth trial in a decreasing block. Thus, 

buildup length is partially confounded with position within a block, and, if participants do 

indeed warm up to the task throughout the block, this means that any such warm-up 
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effects cannot be factored out. An additional concern with this block design is that for 

metaphor and spatial blocks, when difficulty switched, it did so reliably at the half-way 

point in the block; if they detected this switch, participants could have predicted and 

prepared for the switch, which could affect the behavioral results. The design of 

Experiment A2 corrects for these concerns. 

Experiment A2 

 A main aim of Experiment A2 was to see if the effects of A1 replicate. To this 

end, the design of A2 was very similar to the design of A1. However, a few things were 

changed, largely to compensate for the limitations in the design of A1 so as to address the 

questions that that design could not. 

First, the metaphor stimulus set was trimmed so as to further minimize inter-item 

interference during the recall task. Metaphors with high similarity to other metaphors, 

especially in their targets, were eliminated. Also, to be reassured that participants were 

properly engaged in the metaphor task (not only initially, during the practice trials, but 

throughout the experimental task), participants were asked to verbally provide their 

interpretations to a subset of the metaphor stimuli. Some participants were asked to 

provide their interpretations at the end of the block in which the stimuli appeared, so as to 

get the most accurate idea of how they interpreted the stimuli initially. The rest of the 

participants were asked to provide their interpretations at the end of the entire run so that 

the act of interpreting would not otherwise interfere with the flow of the experiment. An 

analysis of how the quality of interpretations affects recall is beyond the scope of this 

dissertation, with its focus on difficulty and performance, so those aspects of the 

interpretation data will not be discussed. However, these data will be discussed in light of 
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how the act of interpreting (or not) affects recall. Since repeated exposures to stimuli 

enhance later recall (Unsworth, 2015) and since asking participants to revisit their 

interpretation of a metaphor may require them to revisit the item in a way that facilitates 

later recall (as is the case with multiple-choice questions facilitating recall of learned 

material; Bjork et al., 2015), we expect the act of interpreting an item to enhance its later 

recall. 

Secondly, block length was varied, being four, six, or eight trials long for both the 

metaphor and spatial tasks. (The number task remained unchanged from Experiment A1. 

Since trials were randomly ordered, predictability of a difficulty switch is not an issue.) 

This design change allowed for closer examination of shorter buildups on recall, which 

was not possible given the design of Experiment A1. It also created more—and shorter—

buildups for trials preceded by a different-level sequence (e.g., easy trials following a 

difficult sequence), which enabled a closer examination of short buildups on latencies 

and error rates; in turn, it was hoped that this would provide a better understanding of 

warm-up effects and enable a more precise determination of when the accumulation 

effects begin. 

Thirdly, all blocks contained difficulty switches (i.e., there were no all-difficult or 

all-easy blocks). With the blocks being varied in length, this would mean that the 

difficulty switch would no longer be predictable, eliminating any effects of such 

prediction-based preparation. This design change also made it so that trials with the same 

buildup condition could come from different positions in a block (e.g., an easy trial with a 

buildup of two difficult trials could be the fourth trial in a four-trial increasing block, the 

fifth trial in a six-item increasing block, or the sixth item in an eight-trial increasing 
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block), thereby reducing the confounding effect of within-block position—and, therefore, 

potential warm-up effects—on buildup length effects. 

We expect the results of Experiment A2 to replicate those of A1, albeit more 

cleanly. We expect metaphors to exhibit positive DCs and negative DCAs, in support of 

the resource exhaustion hypothesis. We expect the spatial latency and error data to again 

show positive DCs and positive DCAs, supporting a combination of the resource 

exhaustion and the recruitment high-fit hypotheses. We expect the number task to again 

support the resource engagement hypothesis, with negative DCs and positive DCAs. 

Regarding buildup effects on latencies, we expect to begin to see accumulating effects of 

difficulty; however, given the shorter buildup lengths of difficult sequences, we don’t 

expect those accumulating effects to be as sustained as in A1, which had longer buildup 

lengths. Regarding metaphor recall, we expect to replicate the effect of recall type and its 

interaction with level. Having cleaner (i.e., less overlapping) recall probes, we expect to 

obtain significant effects of level (higher recall for difficult items), of previous level 

(lower recall after a difficult trial), and of the interaction between level and previous level 

(a positive asymmetry, as before). We expect metaphor interpretation to enhance later 

recall, but do not expect it to interact with any of the other variables. 

Methods 

Participants. There were 98 participants (39 males, 83 right-handed). The mean 

age was 19.8 years (SD = 2.3) and the mean for years of formal education was 13.6 (SD = 

1.3). All subjects were compensated with course extra credit points. 

Materials. The metaphor stimuli from Experiment A1 were trimmed down to 78 

(39 of each level); they were trimmed by further reducing similarities between vehicles 
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and topics across items, mostly for the sake of not having recall probes that could be 

construed as probes for other metaphors. Half of the metaphor items from each block 

were used as recall probes. The recall test was conducted in the same manner as in 

Experiment A1. The spatial stimuli were trimmed down to 80, with 20 trials of each 

level. There were 18 trials of 5x5 grids, 38 trials of 8x8 grids, and 24 trials of 10x10 

grids, with each level comparably represented within each grid size. The number stimuli 

were identical to those used in Experiment A1. 

As in Experiment A1, subjects were given the ATQ. Additionally, an analogical 

reasoning test (termed the MAT-60) was used. This test consisted of 60 items from the 

online Miller Analogies Test (http://www.majortests.com/mat/miller-analogies-test-

practice.php). Each question was an incomplete analogy, with four multiple-choice 

options for completing the analogy. The test was presented using E-Prime, with white 

Arial Black font on a black background. 

Design. Each metaphor and spatial block was either increasing or decreasing in 

difficulty, and was four, six, or eight items long (thereby reducing the predictability of 

block length). Additionally, participants were prompted to give their interpretation for 

one half of the metaphors they saw, either immediately after completing the block in 

which those items appeared (the immediate interpretation condition) or at the end of the 

run (the delayed interpretation condition). As in Experiment A1, a number block always 

appeared before each metaphor and spatial block (which alternated); as before, there were 

never two number blocks in a row, and an instruction screen appeared at the beginning of 

each block. Again, there were no ITIs, a design that serves to enhance any effects of 

resource exhaustion across trials, since there is no time for resources to replenish when 
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there is no ITI. A graphic of the experimental paradigm, showing the design of the 

blocks, can be seen in Figure 3.11. 

 

 
Figure 3.11. Experimental paradigms for Experiment A2, showing the delayed interpretation condition 

(top) and the immediate interpretation condition (bottom). 
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Four counterbalanced lists were created, using a similar systematic approach as in 

Experiment A1. Additionally, to accommodate the metaphor interpretation manipulation, 

an immediate and a delayed version of each experimental list was created. All subjects 

were asked to interpret the same metaphors, even though those could have appeared in 

different places across the various lists.  

Procedure. After providing informed consent, subjects gave some basic 

demographic information and completed the SAM. Then they read the instructions, 

which included several examples of each of the metaphor and spatial tasks so that 

experimenters could know that the subjects understood the tasks. After ensuring they 

understood the task, participants completed the practice run, which consisted of a couple 

blocks of each task type, ordered similarly to the experimental run, except that all 

interpretations appeared at the end of each block (i.e., like the immediate condition). 

Their interpretations were checked for sensibility (to ensure participants were doing the 

task as instructed) and their responses on the spatial task practice items were checked for 

adequate accuracy (i.e., to ensure they understood the different categories, and the 

corresponding mapping to the response keys). Once it was ensured that participants 

understood the task adequately, the experimental run was administered, with the 

experimenters recording their spoken interpretations. After completing the experiment, 

subjects were given the ATQ as a brief retention interval, and then they were given the 

recall task. They then completed the MAT-60 and the same post-experiment 

questionnaire as in A1 (except with an additional questionnaire, the MAT-60). Finally, 

they were thanked and debriefed on the purpose of the experiment. 
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Results 

Data Trimming. The same exclusion and screening criteria and procedures from 

Experiment A1 were applied to the data from Experiment A2. Four subjects had spatial 

responses inverted and none had number responses inverted. No participants’ data were 

eliminated for having too many fast responses. Across all subjects, 52 unreasonably fast 

trials (0.16%) were eliminated. Four subjects were eliminated from data analysis due to 

low accuracy on the spatial task. A total of 473 trials (1.5%) were eliminated as outliers. 

Finally, error and post-error trials (2.9%) were eliminated. 

Recall Coding. The same coding scheme was applied to the metaphor recall data 

from this experiment as was used in Experiment A1. The inter-rater reliability (Pearson 

correlation) was 0.98 for semantic similarity and 0.89 for metaphorical similarity. When 

all of the “can’t remember” responses were removed (since there’s no variability in 

scoring them, since they get 0s for recall), the reliabilities dropped to 0.93 and 0.62, 

respectively. 

Regarding the interpretations, an examination of participants’ responses revealed 

that participants were sufficiently engaged in the task such that, with a few rare 

exceptions, all metaphors were interpreted sensibly. (For example, for the metaphor 

Choppy waves are pale octopi, one participant’s interpretation was, “Choppy waves 

reach out and catch many things as vast waves just as pale octopi reach out with their 

many tentacles”. For the metaphor Some mouths are pieces of steel, one participant’s 

interpretation was, “Some people have harsh words” and another’s was, “Some people 

don’t say anything.”  Thus, there is no cause for concern in this study—or, by extension, 

the previous study—that the online metaphor latency data reflect passive reading; instead, 
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it appears that latencies actually reflect the time it took participants to comprehend the 

stimuli. 

N – 1 Analyses. There was no reason to expect that delay condition would exert 

an effect on the latency and error data, but, to confirm that assumption, it was included as 

a between-subjects factor in all analyses. The main effect of delay condition rarely 

reached significance, and its interactions even more rarely, thereby confirming the 

assumption that it is not a variable that affects the latency or error data. Therefore, for the 

sake of simplicity and brevity, the delay condition factor will not be discussed until the 

metaphor recall data are presented. 

Figures 26, 27, and 28 summarize the results of the N – 1 analyses on the 

metaphor, spatial, and number tasks, respectively. Figure 3.12 shows mean RTs for each 

level of current metaphor trial as a function of the level of the previous trial. Figure 3.13 

shows mean RTs and mean error rates for both of the levels of current spatial trial (using 

a binary difficulty categorization) as a function of the previous level. Figure 3.14 shows 

mean RTs for each of the four distances of the current number trial as a function of the 

distance of the previous trial. 

To examine SDEs on the metaphor task, a 2 x 2 x 2 mixed-measures ANOVA 

was conducted on metaphor latencies with level (2: easy, difficult) and N – 1 level (2: 

easy, difficult) as within-subjects factors and with delay condition (2: delayed, 

immediate) as a between-subjects factor. The main effect of level was significant, F(1, 

91) = 149.46, p < 0.001, with mean lnRTs being faster for easy trials (8.828 (0.057); 

mean RT = 6823 ms) than for difficult trials (9.129 (0.063); mean RT = 9219 ms). The 

main effect of N – 1 level was also significant, F(1, 91) = 4.86, p = 0.03: Mean lnRTs 
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were faster after easy trials (8.961 (0.060); mean RT = 7793 ms) than after difficult trials 

(8.996 (0.058); mean RT = 8071 ms), resulting in a positive DC. The interaction was not 

significant, F(1, 91) = 0.11, p = 0.74: The DC was not significantly greater for difficult 

trials (0.044; for RT = 406 ms) than for easy trials (0.028; for RT = 191 ms), but trended 

toward a negative DCA. 

 
Figure 3.12. Results of the N – 1 analysis on the metaphor task, showing mean RTs for easy (light) and 

difficult (dark) trials as a factor of the level of the previous trial. 

 
A 4 x 4 x 2 repeated-measures ANOVA on spatial latencies with level (4: 1, 2, 3, 

4) and N – 1 level (4: 1, 2, 3, 4) as within-subjects factors could not be conducted because 

the valid list-wise N was 0 on account of too many empty cells in various conditions. 

Thus, to examine SDEs in the spatial task, only the two-level classification of difficulty 

was used. A 2 x 2 x 2 mixed-measures ANOVA was conducted on spatial latencies with 

level (2: easy, difficult) and N – 1 level (2: easy, difficult) as within-subjects factors and 

with delay condition (2: delayed, immediate) as a between-subjects factor. The main 

effect of level was significant, F(1, 91) = 36.25, p < 0.001, with mean lnRTs being 

significantly faster for easy trials (7.833 (0.023); mean RT = 2522 ms) than for difficult 

trials (8.246 (0.027); mean RT = 3812 ms). The main effect of N – 1 level was 

6000

6500

7000

7500

8000

8500

9000

9500

10000

Easy Difficult

M
ea

n
 R

T
 (

m
s)

N – 1 Level

Easy

Difficult



114 

  

significant, F(1, 91) = 7.52, p = 0.007: Mean lnRTs were significantly faster following 

easy trials (8.017 (0.025); mean RT = 3032 ms) than following difficult trials (8.062 

(0.023); mean RT = 3172 ms), resulting in a positive DC. The interaction approached 

significance, F(1, 91) = 3.81, p = 0.054: The DC was greater for difficult trials (0.077; for 

RT = 293 ms) than easy trials (0.013; for RT = 33 ms), resulting in a negative DCA. An 

identical ANOVA was conducted on the error rates, revealing a significant main effect of 

level, F(1, 91) = 21.60, p < 0.001, with mean error rates being higher for difficult items 

(0.076 (0.009)) than easy items (0.033 (0.004)). The main effect of N – 1 level was not 

significant, F(1, 91) = 0.61, p = 0.44: Mean error rates were slightly lower following a 

difficult trial, but this effect was not significant, so it is not a cause for concern that there 

is a speed-accuracy tradeoff present. The interaction was not significant, F(1, 91) = 0.23, 

p = 0.63, with a DCA minimally above zero. 

 
Figure 3.13. Results of the N – 1 analysis on the spatial task, showing mean RTs (left) and error rates 

(right) for easy (light) and difficult (dark) trials as a factor of the level of previous trial using the two-level 

categorization of difficulty. 
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4) as within subjects factors and with delay condition (2: delayed, immediate) as a 

between-subjects factor. The main effect of distance was significant, FG(2.63, 239.45) = 

144.76, p < 0.001: Mean lnRTs increased parametrically as distance decreased, resulting 

in a significant linear contrast, F(1, 91) = 299.08, p < 0.001, and a significant quadratic 

contrast, F(1, 91) = 33.92, p < 0.001. The main effect of previous distance was also 

significant, FG(2.75, 250.28) = 10.74, p < 0.001: Mean lnRTs showed an overall increase 

as previous distance increased (i.e., as level decreased), resulting in a significant linear 

contrast, F(1, 91) = 26.06, p < 0.001; that is, negative DCs were observed. The 

interaction was also significant, FG(6.23, 575.24) = 5.86, p < 0.001: Generally, DCs were 

negative and were of a greater magnitude (while still being negative) for smaller 

distances (i.e., more difficult trials), resulting in positive DCAs. An identical analysis on 

error rates revealed a significant main effect of distance, FG(1.88, 171.08) = 24.38, p < 

0.001: Mean error rates decreased parametrically as distance increased, resulting in a 

significant linear contrast, F(1, 91) = 44.20, p < 0.001, and a significant quadratic 

contrast, F(1, 91) = 11.94, p = 0.001. Error rates were, overall, quite small, being 2.1% 

for a distance of 1 and less than 1% for larger distances. The main effect of N – 1 distance 

on error rates was not significant, FG(2.62, 238.43) = 1.57, p = 0.20. The interaction was 

significant, FG(5.12, 465.63) = 2.50, p = 0.03: Difficulty costs were greatest for distances 

of 1 and 3, and lowest for distances of 4, suggesting no overall trend for DCAs. 



116 

  

 
Figure 3.14. Results of the N – 1 analysis on the number task, showing mean RTs for each distance of the 

current trial as a factor of the distance of the previous trial. 
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lnRTs decreased parametrically as the buildup length increased, resulting in a significant 

linear contrast, F(1, 91) = 94.39, p < 0.001, and a significant quadratic contrast, F(1, 91) 

= 4.08, p = 0.046. The ANOVA on latencies of difficult metaphors after easy metaphor 

sequences (2, 3, or 4 trials) yielded a main effect of buildup length, F(2, 182) = 8.93, p < 

0.001: Mean lnRTs were fastest after a buildup of 3, resulting in a significant quadratic 

contrast, F(1, 91) = 13.20, p < 0.001. The ANOVA on latencies of easy metaphors after 

difficult metaphor sequences (2, 3, or 4 trials) yielded a main effect of buildup length, 

F(2, 182) = 8.17, p < 0.001: Mean lnRTs were slowest after 2 difficult trials and 

marginally fastest after 3 difficult trials, resulting in a significant linear contrast, F(1, 91) 

= 12.07, p = 0.001, and a significant quadratic contrast, F(1, 91) = 4.71, p = 0.03. The 

ANOVA on latencies of difficult metaphors after difficult metaphor sequences (1, 2, or 3 

trials) yielded a main effect of buildup length, FG(1.72, 156.68) = 19.43, p < 0.001: Mean 

lnRTs were marginally fastest after a buildup of 2 and slowest after a buildup of 3, 

resulting in a significant linear contrast, F(1, 91) = 12.46, p = 0.001, and a significant 

quadratic contrast, F(1, 91) = 33.51, p < 0.001. 

  
Figure 3.15. Results of the buildup analyses on the metaphor task, showing mean RTs for easy (light) and 

difficult (dark) metaphor trials as a factor of the level and length of the preceding easy (left) or difficult 

(right) metaphor sequence. 
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Figure 3.16. Results of the buildup analyses on the spatial task, showing mean RTs for easy (light) and 

difficult (dark) spatial trials as a factor of the level and length of the preceding easy (left) or difficult (right) 

spatial sequence. 
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= 0.003. An identical ANOVA on error rates did not find a significant effect of buildup 

length, FG(1.59, 144.79) = 0.57, p = 0.53. 

Recall Data 

 Level Analyses. Figure 3.17 shows the results of the level analysis on the recall 

data from the metaphor task, showing mean recall proportions for easy and difficult 

metaphors as a function of the way recall was measured (verbatim accuracy, semantic 

similarity, and metaphorical similarity). Figure 3.18 presents the results of the level 

analysis including interpretation and delay conditions, showing mean overall recall 

proportions for easy and difficult metaphors as a function of whether the metaphor was 

one that was interpreted or not and whether the participant was in the delayed or 

immediate interpretation condition. 

A 2 x 3 x 2 mixed-measures ANOVA was conducted on metaphor recall accuracy 

proportions with level (2: easy, difficult) and recall type (3: verbatim accuracy, semantic 

similarity, and metaphorical similarity) as within-subjects factors and with delay 

condition (2: delayed, immediate) as a between-subjects factor. The main effect of level 

approached significance, F(1, 90) = 2.78, p = 0.10: Mean recall proportions were higher 

for difficult items (0.595 (0.018)) than for easy items (0.573 (0.019)). The main effect of 

accuracy measure was also significant, FG(1.36, 121.95) = 320.88, p < 0.001: As with the 

previous experiment, mean recall proportions were higher when measured as 

metaphorical similarity (0.621 (0.017)), then as semantic similarity (0.589 (0.017)), and 

were lowest when measured as verbatim accuracy (0.542 (0.018)). The interaction of 

level and accuracy measure was significant, FG(1.72, 154.67) = 28.22, p < 0.001: 

Difficult metaphors had higher recall regardless of how they were measured, but, when 
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measured for metaphorical similarity, recall was almost as high for easy metaphors; this 

is similar to what was found in Experiment A1. Importantly, the main effect of delay 

condition was not significant, F(1, 90) = 1.847, p = 0.178, though recall was slightly 

higher in the immediate condition. The three-way interaction was significant, FG(1.72, 

154.67) = 5.08, p = 0.01, but it appears to not be meaningful. The other interactions of 

delay condition were not significant, Fs < 0.77, ps > 0.41. 

 
Figure 3.17. Results of the level analysis on the metaphor recall task, showing mean recall proportions for 

easy (light) and difficult (dark) metaphors as a factor of the type of recall accuracy that was measured. 
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0.001: The recall improvement of interpreting a metaphor was greater for difficult 

metaphors. The three-way interaction of interpretation condition, level and accuracy 

measure was significant, but not theoretically meaningful. The remaining interactions 

were either not significant or did not result in a change from the previous analysis. 

 
Figure 3.18. Results of the level analysis on the metaphor recall task, showing overall mean recall 

proportion for easy (light) and difficult (dark) metaphors that were and were not interpreted for 

participants in the delayed and immediate interpretation conditions. 
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(0.559 (0.020)), trending toward a post-difficulty benefit, but not a significant one. The 

interaction of level and N – 1 level was not significant, F(1, 90) = 0.62, p = 0.43, though 

the post difficulty benefit was greater for difficult metaphors. The main effect of accuracy 

type and its interaction with level were again significant. The interaction of N – 1 level 

and accuracy measure was also significant, FG(1.34, 120.36) = 4.75, p = 0.02, but did not 

appear to be meaningful. The three-way interaction of level, N – 1 level, and accuracy 

measure was not significant, FG(1.34, 120.69) = 0.38, p = 0.60. The main effect of delay 

condition approached significance, F(1, 90) = 3.57, p = 0.06, with mean recall 

proportions being higher in the immediate condition. Importantly, none of the 

interactions with delay condition were significant, Fs < 2.41, ps > 0.11. 

 
Figure 3.19. Results of the N – 1 analysis on the metaphor recall task, showing overall recall proportion 

for easy (light) and difficult (dark) metaphors as a factor of the level of the previous trial. 
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metaphor recall data, showing mean recall proportions for easy and difficult metaphors as 

a function of the length and level of the preceding metaphor sequence. 

Looking at easy metaphors following easy sequences (1, 2, or 3 trials), the main 

effect of buildup length was significant, FG(1.66 149.26) = 3.29, p = 0.049: Mean recall 

proportions were highest following a buildup of 2 (0.622 (0.029)), resulting in a 

significant quadratic contrast (1, 90) = 6.08, p = 0.02. Importantly, the main effect of 

delay condition was not significant, F(1, 90) = 1.14, p = 0.289, nor were any of its 

interactions, Fs < 2.63, ps > 0.09. The other interactions (e.g., with accuracy measure) 

were either not significant or not theoretically meaningful. 

Looking at difficult metaphors following easy sequences (2, 3, or 4 trials), the 

main effect of buildup length was significant, FG(1.48, 96.41) = 10.55, p < 0.001: Mean 

recall proportions were highest after a buildup of 2 and marginally lowest after a buildup 

of 3, resulting in a significant linear contrast, F(1, 65) = 17.44, p < 0.001, and a 

significant quadratic contrast, F(1, 65) = 7.87, p = 0.007. Importantly, the main effect of 

delay condition was not significant, F(1, 65) = 2.88, p = 0.09, nor were any of its 

interactions, Fs < 2.58, ps > 0.09. The other interactions were either not significant or not 

theoretically meaningful. 

Looking at easy metaphors following difficult sequences (2, 3, or 4 trials), the 

main effect of buildup length was significant, F(2, 130) = 17.76, p < 0.001: Mean recall 

proportions were highest for a buildup of 3, resulting in a significant quadratic contrast, 

F(1, 65) = 41.55, p < 0.001. The main effect of accuracy measure was also significant, 

yielding the same pattern previously seen. Importantly, the main effect of delay condition 

was not significant, F(1, 65) = 1.16, p = 0.29, nor were any of its interactions, Fs < 2.08, 
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ps > 0.13. The other interactions were either not significant or not theoretically 

meaningful. 

Looking at difficult metaphors following difficult sequences (1, 2, or 3 trials), the 

main effect of buildup length was significant, FG(1.53, 137.40) = 7.51, p = 0.002: Mean 

recall proportions were lowest following a buildup of 2, resulting in a significant 

quadratic contrast, F(1, 90) = 10.45, p = 0.002. The main effect of accuracy measure was 

also significant, yielding the same pattern previously seen. Importantly, the main effect of 

delay condition was not significant, F(1, 90) = 0.40, p = 0.53, nor were any of its 

interactions, Fs < 0.48, ps > 0.54. The other interactions were either not significant or not 

theoretically meaningful. 

 
Figure 3.20. Results of the buildup analyses on the metaphor recall task, showing mean recall proportions 

for easy (light) and difficult (dark) metaphor trials as a factor of the level and length of the preceding easy 

(left) or difficult (right) metaphor sequence. 
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does not have much effect on recall SDEs, though it does exert a powerful main effect on 

recall. 

Discussion 

The metaphor latency results replicate those from Experiment A1, again 

supporting the resource exhaustion hypothesis, with positive difficulty costs (DCs) and a 

negative (albeit non-significant) difficulty cost asymmetry (DCA). The results of the N – 

1 analyses on the number task also replicate the results from Experiment A1, again 

supporting the resource engagement hypothesis, with negative DCs and positive DCAs. 

The results of the N – 1 analyses on spatial data do not perfectly replicate the findings 

from Experiment A1. As in Experiment A1, a positive DC was observed, which again 

could suggest resource engagement. However, whereas there was a positive DCA in 

Experiment A1, suggesting recruitment high-fit, the DCA in Experiment A2 was 

negative, further supporting the resource exhaustion hypothesis. The error data produced 

small and non-significant effects, and thus are insufficient to indicate which hypothesis is 

supported. Chapter 6 will address more fully the possible processes, effects, and 

resources that may be underlying these various effects. 

Looking at the buildup analyses on metaphor latencies, there appears to have been 

a warm-up effect of easy sequences on both easy and difficult subsequent trials. For both 

levels of subsequent trial, latencies decreased up until a buildup of 3. Beyond that, 

latencies increased slightly for a subsequent difficult trial; the analysis did not go beyond 

a buildup of 3 for subsequent easy trials. This could simply represent participants’ 

warming up to the task. However, when looking at the effect of difficult sequences on 

subsequent trials, the warm-up effect for difficult trials that was observed in Experiment 
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A1 was not replicated. There was a slight decrease in latencies from buildups of 1 to 2, 

but then latencies began to increase, suggesting that the effects of difficulty may begin to 

accumulate as early as after only three difficult trials, which is a trial earlier than the 

results from A1 suggest. There also seems to have been a warm-up effect for subsequent 

easy trials, with latencies decreasing from a buildup of 2 to 4. The spatial data, however, 

show no such warm-up effects in any of the analyses, suggesting there is less need for 

participants to re-familiarize themselves with this task after having done the number task. 

Reasons as to why this might be will be addressed in the general discussion for this 

chapter.  

Importantly, the buildup effects of difficult sequences on difficult trials replicated 

the results of Experiment A1 for both tasks, showing accumulating effects of difficulty, 

which is consistent with the resource depletion hypothesis. For the metaphor task, 

latencies for difficult trials after a difficult sequence began to increase with a buildup of 

3, suggesting that it only takes a few trials for the effects of difficulty to accumulate. For 

the spatial task, the effect was not as dramatic as for the metaphor task, but latencies 

began to increase at a buildup of 3, suggesting it only takes a couple of difficult trials for 

the effects of difficulty to accumulate with this task. 

Looking at the metaphor recall data, the effects of level and accuracy type 

replicated from Experiment A1: There was a non-significant trend towards higher recall 

for difficult items, and recall was highest when measured for metaphorical similarity and 

lowest when measured for verbatim. Difficult items had higher recall than easy items in 

all three accuracy measures, which is inconsistent with Experiment A1, which found a 

benefit for easy items over difficult items for metaphorical similarity. However, the 
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benefit of difficult items over easy items from Experiment A2 was small, so the overall 

takeaway replicates: Difficulty seems to most enhance memory for details and semantics, 

while being less effective for enhancing gist-like retention. Looking at the effect of 

whether or not the metaphor was one that participants were asked to interpret, the 

expected effects were found: Recall was much higher for metaphors that had been 

interpreted compared to those that had not been. Further, this enhancing effect of 

interpretation was greater in the delayed condition and greater for difficult metaphors—

arguably the harder conditions of their respective manipulations. This suggests that when 

conditions require more effort during interpretation, they produce a better recall boost. 

This is broadly analogous to what Bjork et al. (2015) found with the facilitative effect of 

challenging multiple-choice questions on later recall.  

The sequential effects of difficulty on recall in this experiment are somewhat 

inconsistent with the previous experiment. Experiment A1 found a post-difficulty recall 

benefit for easy items and a post-difficulty recall hindrance for difficult items; 

Experiment A2 found the opposite. In A2, a positive (but non-significant) post-difficulty 

benefit on recall was observed, and this benefit was greater for difficult items, albeit 

again, not significantly so. This is consistent with the resource engagement and 

recruitment high-fit hypotheses. However, it is inconsistent with Uittenhove et al.’s 

(2015) results, which showed a post-difficulty recall decrement, which would support 

resource exhaustion. However, again, latency data must be considered. Given that post-

difficulty slowing was greater for difficult metaphor trials than for easy metaphor trials 

(though only marginally), it could be that the greater post-difficulty benefit observed with 

recall is not due to resource engagement or to recruitment high-fit, but to encoding times. 
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Thus, while the metaphor latency data support the resource exhaustion hypothesis, the 

recall data do not necessarily support any of the hypotheses, but rather reflect the effects 

of latencies. 

The buildup analyses on recall data do not seem to show any meaningful trends 

over the short sample of buildup lengths tested, so it’s hard to conclude whether an 

accumulating effect of difficulty—along with resource depletion—may or may not be 

happening. And because the buildup lengths tested in this experiment do not overlap 

much with those tested in Experiment A1, it’s unwarranted to make comparisons or 

extrapolations. However, the recall data for difficult items in this experiment show a 

striking parallel to the latency data from the equivalent buildup analyses. This could 

again suggest that encoding time is a crucial predictor of later recall, at least for difficult 

items. Why this seems to be the case for difficult items yet not for easy items will be 

addressed in the general discussion of this chapter. 

General Discussion 

Despite a few differences, the results of Experiments A1 and A2 are, overall, 

quite consistent and, therefore, warrant some strong conclusions. Both experiments 

showed positive difficulty costs (DCs) and a non-significant trend towards negative 

difficulty cost asymmetries (DCAs) for metaphor latencies on the N – 1 analyses, 

consistent with the resource exhaustion hypothesis. It could be that resource exhaustion is 

what is occurring, but other processes could be leading to the same pattern of results. 

These different possibilities will be addressed in Chapter 6. 

Both experiments also showed negative DCs and generally negative DCAs for the 

N – 1 analyses on the number task, supporting the resource engagement hypothesis. Upon 
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closer inspection, this effect appears to be driven by trials with smaller distances of 1 and 

2: As the distance of the previous trial increases (i.e., becomes easier), the response 

latency increases for current trials with distances of 1 and 2, but generally stays the same 

for current trials with distances of 3 and 4. This can be seen visually in Figure 3.4 

(Experiment A1) and Figure 3.13 (Experiment A2). The error rates show a similar effect, 

except driven solely by trials with distance of 1; trials with distances of 2, 3, and 4 seem 

unaffected by the distance of the previous trial. These findings are true for both 

experiments. 

One possible explanation for these effects is that a difficult preceding trial, with 

its small numerical distance between the stimulus and the target, engages attentional 

resources, allowing people to be more attentive and careful with the comparison task, 

resulting in faster and less error-prone responding to subsequent difficult trials. However, 

subsequent easy (i.e., high-distance) trials are largely unaffected by this, perhaps because 

performance at these easy levels is already almost as good as it can be. To more 

conclusively know if it’s an effect of attention, individual differences factors will need to 

be taken into consideration. This was done, with the results being reported and discussed 

in Chapter 5, along with the rest of the individual differences measures. Chapter 6 will 

also address other possible explanations for these effects. 

The results of the spatial N – 1 analyses are not as consistent across experiments. 

While both experiments show a positive DC, which is consistent with resource 

exhaustion, Experiment A1 showed a negative DCA, consistent with recruitment high-fit, 

whereas Experiment A2 showed a positive DCA, consistent resource exhaustion without 

recruitment fit. It’s hard to argue that these inconsistencies are an effect of the changes in 
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the block design, because those changes did not affect the metaphor data in the same 

way. But, it could be that the spatial data could be more susceptible to block effects. 

Regardless of the reason for the inconsistency, these effects need to be retested in an 

attempt to achieve replication and a clearer idea of which scenario is more supported. 

Experiment B will allow for this re-testing. 

Regarding the buildup data, it is hard to compare the results across experiments, 

as the various buildup conditions are markedly different between the two experiments; 

however, these different designs—and the results from them—do complement one 

another, providing a fuller picture than can be obtained from either experiment alone. 

Looking at buildup effects on easy trials, Experiment A1 showed a relatively minimal 

effect of an easy buildup on latencies for easy metaphor trials and could not really assess 

the effects of difficult buildups on easy trials, though there were minimal differences 

between buildups of 3 and 6. Experiment A2 showed that an easy buildup resulted in a 

decrease in latencies (i.e., a warm-up effect) from buildup lengths 1 through 3 for 

subsequent easy trials and that a difficult buildup resulted in a warm-up effect between 

buildup lengths 2 and 3 on subsequent easy trials. 

Given that Experiment A2 also showed a similar warm-up effect in all metaphor 

buildup conditions, it could be that this is a rather universal effect (decreasing latencies 

are common on the first few trials of a new task in task-switch paradigms; Monsell, 2003) 

and that the data from Experiment A1 somehow did not capture this warm-up effect with 

easy buildups on easy sequences. Or, it could be a factor of the design of Experiment A2 

exaggerating the warm-up effects: Because of the variable block lengths, current trials in 

the buildup conditions came from throughout a block, so they capture task familiarization 
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effects that go beyond just the warm-up of the few initial trials and extend throughout the 

block as participants continually get more in the flow of the task (a “continuity effect”, 

for lack of a better term). Because of this, the warm-up effects observed in A2 may be 

exaggerated—or, more accurately, confounded with continuity effects. On the other hand, 

the results from A2 are unconfounded from a trial’s position within the block (and, 

therefore, warm-up effects), since they average across multiple positions. This makes 

these conditions more compelling in terms of capturing the picture of what truly happens 

with buildups: Both levels yield and experience a brief warm-up, after which point, 

difficulty effects begin to accumulate, slowing responses. 

Warm-up effects aside, there is a consistent finding that easy trials are never 

hindered by the previous sequence’s length or level. At best, there is a warm-up effect or 

continuity effect on easy trials, as shown by results from A2; at worst, they experience no 

effect from the previous sequence, as shown by A1. Given how common metaphorical 

and other figurative language is (cf. Ortony, Reynolds, & Arter, 1978) and how 

seemingly automatic and largely effortless—or at least dominant—linguistic processes 

are (hence greater conflict during the color-naming version of the Stroop task than the 

word-reading version; Stroop, 1935), it is reasonable to assume that comprehending easy 

metaphors is a rather automatic, effortless task, and one that is unaffected by the 

difficulty of the previous sequences and the resources it may exhaust or deplete. Other 

possible explanations, including non-resource-based explanations, for these effects will 

be addressed in the general discussion in Chapter 6. 

Looking at buildup effects on easy spatial trials, both experiments show little to 

no effect of the previous sequence’s length and level, suggesting that these trials, like 
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easy metaphors, are easy enough to not be affected by whatever effects difficult trials 

may have on resources or other processes. This lack of effects observed on easy spatial 

trials even extends to a lack of warm-up and an absence of continuity effects—effects 

which the difficult trials also fail to show. This could perhaps be attributed to domain 

similarity effects, with the number task being similar enough to the spatial tasks that there 

is no need to warm up to the spatial task. Indeed, both spatial and numerical tasks have 

been shown to activate overlapping areas of the parietal lobe (spatial: Christova et al., 

2008; Lipp et al., 2012; Wartenburger et al., 2009; number: Hiwaki, Takae, Hashizume, 

& Kurisu, 2002; Pinel et al., 2001), so it could be possible that the one can serve to 

facilitate processing of the other. This possible interpretation will be more fully discussed 

in Chapter 6. 

The effects of buildup on difficult trials—of both tasks—are much more 

interesting and informative. Despite slight inconsistencies in the length of the warm-up 

effects (a rather insignificant difference in length of only one trial), both experiments 

consistently showed warm-up effects on difficult metaphor trials following both levels of 

previous sequences, after which point latencies began to increase, demonstrating an 

accumulating effect of SDEs. For difficult spatial trials, a substantial warm-up effect was 

never observed in either experiment; rather, the effects of difficulty seem to accumulate 

beginning with the second difficult trial. This was observed clearly in Experiment A1; 

Experiment A2 did not show this effect strongly, but suggested that it may have been 

beginning to happen. These results suggest that, with extended engagement in a task, 

resources may begin to deplete—and after a very short time. However, other processes 

may be going on, which will be more fully addressed in Chapter 6. 
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The metaphor recall data are inconsistent across the two experiments, but, as was 

mentioned in the discussion for A2, the results of Experiment A2 are more compelling, 

given that potential interference between metaphor items (i.e., similarity between them) 

had been reduced in that experiment. Also, the retention interval task in A2 (i.e., between 

the last metaphor presentation and the beginning of the recall test) was a longer task: 

taking the ATQ, as opposed to counting backwards for one minute. This, too, gives 

greater validity to the recall data from Experiment A2 relative to Experiment A1. Thus, 

the most warranted conclusion is that recall for difficult trials, more than recall for easy 

trials, is benefited by a previous difficult trial, which, while seemingly consistent with the 

recruitment high-fit hypothesis, is probably an effect of the longer latencies experienced 

by those difficult trials. In both experiments, the latency data show that post-difficulty 

slowing is greater for difficult than easy items, meaning the post-difficulty encoding 

times are longer for difficult than easy items, hence the post-difficulty recall benefit for 

difficult items is greater than the post-difficulty recall benefit for easy items. 

Furthermore, the more cognitively complex feature-mapping process (Bowdle & 

Gentner, 2005), which will more likely be used for difficult metaphors, may be more 

sensitive to processing time; thus, given more time on these items, people are better able 

to comprehend, and, therefore, recall the metaphor. 

The buildup data for metaphor recall do not suggest any profound effects of 

buildup on recall. Rather, when taken in conjunction with the latency data, the results of 

the buildup recall analyses largely parallel the results of buildup on latencies, with recall 

accuracy generally being higher in conditions where latencies were higher. There are a 

few exceptions to this, coming only from the easy items. Thus, conversely to the effect on 
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difficult items, this could be an effect of the categorical comprehension process 

(Glucksberg, 2003), which will be more likely used for easy items, requiring less 

processing time, meaning that people will not have any better comprehension—and, 

therefore, not have any better recall—if given more time. Examining the interpretation 

data, which is beyond the scope of the present research, could help address this question. 

Easy metaphors, being more easily understood, will have recall that is not as affected by 

encoding time, suggesting that, perhaps, other factors more strongly predict how easy it is 

to recall easy metaphors, such as the inherent memorability of the item, or its 

imageability, or the depth of the interpretation. Difficult items, however, may in fact 

require more time to be fully understood, which would, in turn, enhance recall. Future 

studies could tease apart these factors. 

In conclusion, the metaphor data from both Experiments A1 and A2 consistently 

support the resource exhaustion hypothesis: Easy metaphors are less affected than 

difficult metaphors by previous difficulty; difficult items are affected by previous 

difficulty such that their processing is slowed, which equates to longer encoding times 

and, thereby, leads to better recall. This effect of latencies has been consistent thus far, 

but Experiment B will provide yet another test of it to determine its replicability. The 

results of the analyses on the spatial task are less consistent, though they do consistently 

indicate resource exhaustion, but are inconsistent in suggesting whether or not 

recruitment fit is also a factor. These inconsistencies make the replication in Experiment 

B crucial. The results of the number comparison task consistently supported resource 

engagement, suggesting that for tasks that require attention to small-magnitude 

differences, it is better to just have done a trial that was difficult. This suggests that 
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attention to detail on one task might carry over to better attention to detail on a 

subsequent task. That is, processes like detail-orientedness and comparisons can be 

primed by previous experience. However, the evidence from the buildup analyses on the 

metaphor and spatial tasks suggests that, over extended periods of time, the effects of 

difficulty build up to the point that resources seem to exhaust. Other research on 

depletion suggests similar effects (Langner et al., 2010; Persson et al., 2013; Plukaard et 

al., 2015; and others). The designs of Experiments A1 and A2 did not allow such buildup 

effects to be tested on the number task, so this remains a question for future research. For 

a task that shows resource engagement in the short-term (i.e., N – 1 effects), would it, too, 

show exhaustion after sequences of difficult trials that continue to draw upon those 

resources? 
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CHAPTER 4: EXPERIMENT B 

As a whole, the results of Experiments A1 and A2 support the resource 

exhaustion hypothesis for N – 1 effects on metaphor and spatial latencies, and support 

resource depletion effects of difficult sequences on difficult trials for both tasks. The N – 

1 results for the spatial task from Experiments A1 and A2 were mixed as to whether 

recruitment fit effects are relevant to the task, making further testing important. An 

additional run of only spatial trials was included in Experiment B, which gives an 

additional opportunity for further examination. Furthermore, this spatial-only run would 

allow examination of whether or not the effects change when there is no task-switching in 

the run—that is, when the participants warm up and stay warmed up to one and only one 

task. This would eliminate the confound of warm-up effects and continuity effects, 

meaning that any effects observed would have to be assumed to be a result of buildup. 

However, because of this added spatial-only run, time constraints did not allow for a 

metaphor recall test. 

An additional and primary consideration in designing Experiment B was that of 

testing SDEs across tasks. There seems to be resource exhaustion within a task, but will 

that exhaustion be present across tasks? Different cognitive tasks rely on different neural 

resources, so there is warrant to think that resource exhaustion (or engagement or fit) 

would be less pronounced across tasks, assuming the exhaustion happens at the level of 

task-specific resources. However, if the exhaustion occurs at the level of more central 

and/or domain-general resources, then across-task resource exhaustion (or engagement or 

fit) should be observed. Experiment B was designed to test these contrasting predictions 

by using the same metaphor comprehension and spatial reasoning tasks in direct 
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alternation with one another, without the intervening number judgment task. These tasks 

are known to activate quite distinct neural resources, with metaphors largely activating a 

predominantly LH-dominated fronto-temporal (but more RH activity with more difficult 

items; Diaz et al., 2011; Prat et al., 2012; and others) and with the spatial task activating a 

largely RH-dominated frontal-parietal network (Christova et al., 2008; Lipp et al., 2012; 

Wartenburger et al., 2009). Given this disparity in task-specific resources relied upon by 

these tasks, and given the lack of featural overlap between trials of different tasks, any 

across-task SDEs observed would have to be considered to be quite robust (since they are 

observed in the absence of featural similarity, which is known to enhance and determine 

sequential effects in conflict tasks; Akçay & Hhazeltine, 2007) and to be a result of more 

central or domain-general resources. One such possible central resource is relational 

reasoning, which is an important process on both tasks, albeit taking different forms on 

each: determining verbal, figurative relationships between words on the metaphor task vs. 

determining the spatial relationship between the patterns in the spatial task. Furthermore, 

given that the metaphor and spatial tasks may exert different effects (both exhibit 

resource exhaustion, but the spatial task may also exhibit recruitment fit), these across-

task effects will enable examination of whether it is the previous trial (or sequence) that 

exerts these particular effects or if it is the current trial that dictates what effects will 

manifest. The design of Experiment B, with no intervening number task and no 

instruction screens, maximized the potential of observing any across-tasks effects that 

might exist. 

We expect to replicate the resource exhaustion effects on the N – 1 analyses of 

both tasks. Regarding spatial latencies, it is uncertain whether we will replicate the 
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recruitment high-fit effects. We expect to replicate the buildup findings from 

Experiments A1 and A2 showing minimal effect of buildups on easy trials but a resource 

depletion effect of difficult sequences on difficult trials; we expect this for both tasks. We 

do not expect these results to be different in the spatial-only run, though, if anything, they 

will be exaggerated, as resources become even more exhausted, since, across the run, 

participants will not experience reprieve from using the task-specific resources. 

Assuming that some domain-general resources are used, we expect to find evidence of 

SDEs across tasks, though we do not know whether it will be previous trial or sequence 

or, rather, the current trial, that will be most determinative of the effects are observed. 

Methods 

Participants 

There were 87 subjects (32 male, 82 right-handed). The mean age was 19.6 years 

(SD = 2.1) and the mean for years of formal education was 13.4 (SD = 1.4). All subjects 

were compensated with course extra credit points. 

Materials 

The same metaphor stimuli were used as in the norming experiment, except only 

144 were used (72 of each level), all in the mixed run. 

The same spatial stimuli (though more of them) were used. In the mixed run, there 

were 192 trials in total: 48 trials of each difficulty level; 64 trials of each grid size. In the 

spatial-only run, there were 144 trials in total: 36 trials of each level; 48 trials of each grid 

size. 

The BFAS and the ATQ were administered in this experiment; both were 

administered on the computer using E-Prime. 
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Design 

 
Figure 4.1. Experimental paradigm from Experiment B, showing a mixed run with its various block types. 

 
Blocks were formed in an identical manner as in Experiment A1: four block 

types, with six metaphor trials per block and eight spatial trials per block. The only 

difference is that there were no additional target trials. Further, to enhance any task-

switching effects, and given there were now only two types of task, there were no 

instruction prompts at the beginning of each block. In the mixed run, metaphor and 

spatial blocks alternated; in the spatial-only run, spatial blocks were concatenated. Three 

versions of each run were created, systematically counterbalanced as in previous 

experiments to ensure that each stimulus appeared in different types of blocks across 

participants. As in the previous experiments, there were no ITIs, a design that serves to 

enhance any effects of resource exhaustion across trials, since there is no time for 
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resources to replenish when there is no ITI. A graphic of the experimental paradigm, 

showing the design of the blocks, can be seen in Figure 4.1. 

Procedure 

After providing informed consent, subjects gave some basic demographic 

information and completed the SAM. Then they read the instructions, which included 

several examples of each of the metaphor and spatial tasks so that experimenters could 

know that the subjects understood the tasks. After ensuring they understood the task, 

participants completed the practice run, which consisted of a couple blocks of each task 

type, ordered similarly to the experimental run. After that, they were asked to provide 

their interpretations on a subset of metaphor tasks to ensure they were completing the 

task as desired. At this point, their responses on the spatial task practice item were 

checked for adequate accuracy (i.e., to ensure they understood the different categories, 

and the corresponding mapping to the response keys). Once it was ensured that 

participants understood the task adequately, the mixed experimental run was 

administered. After that, they were asked to provide their interpretations to some of the 

metaphor stimuli (again, so it could be checked that they did the task as expected). Next, 

participants were encouraged to take a break, and were then given the spatial-only 

experimental run. After completing both runs, they completed the post-experiment 

questionnaire, trimmed from the norming study to reflect the lack of CC tasks. After that, 

they completed the BFAS and the ATQ. Finally, they were thanked and debriefed on the 

purpose of the experiment. 

Results 

Data Trimming 
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The same exclusion and screening criteria from the norming experiment were 

applied to the data to both runs of Experiment B. Two subjects had their spatial task 

responses inverted on both runs. The data (from both runs) for one participant were 

eliminated on account of having too many unreasonably fast metaphor trials. Across all 

participants, 48 unreasonably fast trials (0.20%) were eliminated from the mixed run and 

17 trials (0.18%) from the spatial-only run. Data from two participants were eliminated 

due to low accuracy on the spatial task in both runs. A total of 20 trials (0.08%) were 

eliminated as outliers from the mixed run and 7 (0.08%) from the spatial-only run. 

Finally, error and post-error trials were eliminated (5.3% for the mixed run, 9.0% for the 

spatial-only run). To look at task-switching and across-task effects, an additional data set 

was used that preserved the initial trials of each block, provided that these  there were 

reasonably fast, accurate, and not a post-error trial. 

Mixed Run, Within-Task N – 1 Analyses 

Figures 4.2 and 4.3 summarize the results of the N – 1 analyses within each of the 

metaphor and spatial tasks, respectively, from the mixed run. Figure 4.2 shows mean RTs 

for each level of current metaphor trial as a function of the level of the previous trial. 

Figure 4.3 shows mean RTs for each of the four levels of the current spatial trial as a 

function of the previous level, as well as mean RTs and mean error rates for both of the 

current levels (when using a binary difficulty categorization) as a function of the previous 

level. 

To examine SDEs on the metaphor task, a 2 x 2 repeated-measures ANOVA was 

conducted on metaphor latencies with level (2: easy, difficult) and N – 1 level (2: easy, 

difficult) as within-subjects factors. The main effect of level was significant, F(1, 73) = 
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82.34, p < 0.001, with mean lnRTs being faster for easy trials (8.395 (0.055); mean RT = 

4425 ms) than for difficult trials (8.609 (0.062); mean RT = 5481 ms). The main effect of 

N – 1 level was also significant, F(1, 73) = 32.70, p < 0.001: Mean lnRTs were faster 

after easy trials (8.452 (0.059); mean RT = 5684 ms) than after difficult trials (8.552 

(0.058); mean RT = 5177 ms), resulting in a positive DC. The interaction approached 

significance, F(1, 73) = 3.60, p = 0.06: The difficulty cost was greater for difficult trials 

(0.135; for RT = 740 ms) than for easy trials (0.066; for RT = 292 ms), yielding a 

negative DCA. 

 
Figure 4.2. Results of the N – 1 analysis on the metaphor task from the mixed run, showing mean RTs for 

easy (light) and difficult (dark) metaphor trials as a factor of the level of the previous metaphor trial.  

 
To examine SDEs on the spatial task, a 4 x 4 repeated-measures ANOVA was 

conducted on spatial latencies with level (4: 1, 2, 3, 4) and N – 1 level (4: 1, 2, 3, 4) as 

within-subjects factors. The main effect of level was significant, F(3, 111) = 82.79, p < 

0.001, with mean lnRTs increasing as level increased, resulting in a significant linear 

contrast, F(1, 37) = 228.06, p < 0.001. The main effect of previous level was also 

significant, F(3, 111) = 7.16, p < 0.001: Mean lnRTs overall increased as previous level 

increased, resulting in a significant linear contrast, F(1, 37) = 21.06, p < 0.001, indicating 
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a positive DC. The interaction was also significant, FG(5.71, 211.35) = 5.55, p < 0.001: 

Difficulty costs were, on average, greatest for level 3 trials, then 2, then 4, and were 

lowest for level 1 trials, which indicates an overall negative DCA. An identical ANOVA 

on error rates mostly paralleled the latency data, giving no evidence of speed-accuracy 

tradeoffs and generally exhibiting the same post-difficulty cost effects, though now level 

2 trials had the lowest difficulty cost. 

 

 
Figure 4.3. Results of the N – 1 analyses on the spatial task from the mixed run, showing mean RTs for 

each level of trial as a factor of the level of the previous trial when using the four-level categorization of 

difficulty (top) and showing the mean RTs (bottom left) and error rates (bottom right) for easy (light color) 

and difficult (dark color) trials as a factor of the level of the previous trial using the two-level 

categorization of difficulty. 
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To have comparable metaphor and spatial analyses, the two-level classification of 

spatial difficulty was again used, and a 2 x 2 repeated-measures ANOVA was conducted 

on spatial latencies with level (2: easy, difficult) and N – 1 level (2: easy, difficult) as 

within-subjects factors. The main effect of level remained significant, F(1, 73) = 285.23, 

p < 0.001: Mean lnRTs were significantly faster for easy trials (7.899 (0.031); mean RT = 

2695 ms) than for difficult trials (8.285 (0.034); mean RT = 3964 ms). The main effect of 

N – 1 level also remained significant, F(1, 73) = 23.53, p < 0.001: Mean lnRTs were 

significantly faster following easy trials (8.057 (0.031); mean RT = 3156 ms) than 

following difficult trials (8.127 (0.031); mean RT = 3385 ms), preserving the positive 

DC. Though the difficulty cost was greater for easy trials (0.079; for RT = 213 ms) than 

for difficult trials (0.060; for RT = 238 ms), indicating a positive DCA (for lnRTs; a 

negative DCA for RTs; but, given that group means were calculated on lnRTs, that value 

is more valid), the interaction did not reach significance, F(1, 73) = 0.44, p = 0.51. An 

identical analysis on error rates paralleled the latency data, though the non-significant 

interaction was trending toward a negative DCA. 

Mixed Run, Within-Task Buildup Analyses 

Because blocks consisted of halves that had homogenous difficulty, not every 

combination existed (difficulty only switched halfway through): A trial of a given 

difficulty could be preceded by one through five trials (in metaphor blocks) or one 

through seven trials (in spatial blocks) of the same level, but only by three (metaphor) or 

four (for spatial) trials of the alternate difficulty level. Thus, buildup analyses were 

limited to looking at only same-level effects: easy buildups on easy trials and difficult 

buildups on difficult trials. Figures 4.4 and 4.5 show the results of the within-task buildup 
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analyses for the metaphor and spatial tasks, respectively, from the mixed run, showing 

mean RTs for easy and difficult trials as a function of the difficulty and length of the 

preceding same-task sequences. 

Two one-way repeated-measures ANOVAs were conducted on latencies for 

metaphor trials with buildup length (5: 1, 2, 3, 4, 5) as the within-subjects factor, one on 

easy metaphor trials after an easy sequence and one on difficult metaphor trials after a 

difficult sequence. The analysis on easy trials yielded a significant main effect of buildup 

length, FG(2.68, 195.54) = 3.54, p = 0.02: Mean lnRTs generally decreased as buildup 

length increased, resulting in a significant linear contrast, F(1, 73) = 11.143, p = 0.001. 

The analysis on difficult trials also yielded a significant main effect of buildup length, 

FG(2.85, 207.76) = 5.33, p = 0.002: Mean lnRTs were fastest after buildup lengths of 2 

and 3, resulting in a significant quadratic contrast F(1, 73) = 7.16, p = 0.01. 

  
Figure 4.4. Results of the buildup analyses on the metaphor task from the mixed run, showing mean RTs for 

easy metaphor trials after an easy metaphor sequence (left) and for difficult metaphor trials following a 

difficult sequence. 

 
Two one-way repeated-measures ANOVAs were conducted on latencies for 

spatial trials with buildup length (7: 1, 2, 3, 4, 5, 6, 7) as the within-subjects factor, one 

on easy spatial trials after an easy sequence and one on difficult spatial trials after a 
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difficult sequence. The analysis on latencies of easy trials yielded a significant main 

effect of buildup length, FG(4.29, 312.84) = 2.74, p = 0.03, with mean lnRTs slowest 

after buildups of 3, 4, and 7 and fastest after a buildup of 6. This did not result in 

significant linear or quadratic contrasts. The cubic contrast was significant, but it’s hard 

to say what that might mean. An identical analysis on error rates found no significant 

effect, FG(4.21, 307.58) = 0.08, p = 0.99. Neither the linear nor the quadratic contrast for 

error rates was significant, Fs < 0.14, ps > 0.71. 

The analysis on latencies of difficult after difficult yielded a significant main 

effect of buildup length, FG(4.31, 306.03) = 3.73, p = 0.004: Mean lnRTs generally 

increased as buildup length increases, resulting in a significant linear contrast F(1, 71) = 

14.90, p < 0.001. An identical analysis on error rates found no significant effect, FG(3.67, 

267.85) = 0.26, p = 0.89. Neither the linear nor the quadratic contrast for error rates was 

significant, Fs < 0.18, ps > 0.67. 

 
Figure 4.5. Results of the buildup analyses on the spatial task from the mixed run, showing mean RTs for 

easy spatial trials after an easy spatial sequence (left) and for difficult spatial trials following a difficult 

spatial sequence using the two-level categorization of difficulty. 
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Cell sizes and the listwise N were small when using the four-level classification of 

difficulty, so results from that analysis are not reported (though they parallel the analysis 

using the two-level classification). Figure 4.6 presents the results of the within-task N – 1 

analyses on the spatial task from the spatial-only run, showing mean RTs and mean error 

rates for both of the current levels (when using a two-level categorization) as a function 

of the previous level. 

  
Figure 4.6. Results of the N – 1 analyses on the spatial task from the spatial-only run, showing mean RTs 

(left) and error rates (right) for easy (light) and difficult (dark) spatial trials as a factor of the level of the 

previous spatial trial. 

 
A 2 x 2 repeated-measures ANOVA was conducted on spatial latencies with level 

(2: easy, difficult) and N – 1 level (2: easy, difficult) as within-subjects factors. The main 

effect of level was significant, as seen before. The main effect of N – 1 level was also 

significant, F(1, 70) = 11.64, p = 0.001, with mean lnRTs being faster following easy 

trials (7.971 (0.020); mean RT = 2896 ms) than difficult trials (8.018 (0.030); mean RT = 

3035 ms), showing a positive DC. The interaction did not reach significance, F(1, 70) = 

2.61, p = 0.11, though there was a trend toward a positive DCA, with DCs being greater 

for easy trials (0.070; for RT = 170 ms) than for difficult trials (0.024; for RT = 87 ms). 
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Looking at error rates, the main effect of level was significant, as seen before. The main 

effect of N – 1 level was also significant, F(1, 70) = 6.52, p = 0.01, with mean error rates 

being higher following easy trials, resulting in a negative DC. The interaction was 

significant, F(1, 70) = 12.04, p = 0.001: The DC on error rates was almost zero for easy 

trials, but was negative for difficult trials, resulting in a positive DCA. 

Spatial-Only Run, Buildup Analyses 

Because of the way blocks were set up, not all combinations of buildup conditions 

occurred for both levels. Trials could be preceded by one through seven same-level trials, 

but only by four or seven alternate-level trials. Thus, as with Experiment A1, analyses of 

buildup length were conducted on trials preceded by the same-level sequence, and means 

are reported for trials preceded by opposite-level sequences. Figure 4.7 shows the results 

of the within-task buildup analyses for the spatial task from the spatial-only run, showing 

mean lnRTs for easy and difficult trials as a function of the difficulty and length of the 

preceding same-task sequences. 

 
Figure 4.7. Results of the buildup analyses on the spatial task from the spatial-only run, showing mean RTs 

for easy (light) and difficult (dark) spatial trials as a factor of the level and length of the preceding easy 

(left) or difficult (right) spatial sequence. 
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A one-way repeated-measures ANOVA was conducted on easy trial latencies 

after easy sequences with buildup length (7: 1, 2, 3, 4, 5, 6, 7) as the within-subjects 

factor. The effect of buildup length was significant, FG(4.77, 333.68) = 9.78, p < 0.001, 

with mean lnRTs generally decreasing as buildup length increased, resulting in a 

significant linear contrast, F(1, 70) = 51.39, p < 0.001. An identical ANOVA on error 

rates found no significant effect, FG(4.54, 317.44) = 0.69, p = 0.62, but does not suggest a 

speed-accuracy tradeoff. 

A similar one-way repeated-measures ANOVA was conducted on difficult trial 

latencies after difficult sequences with buildup length (7: 1, 2, 3, 4, 5, 6, 7) as the within-

subjects factor. The effect of buildup length was significant, FG(4.40, 308.03) = 5.26, p < 

0.001, with mean lnRTs generally increasing as buildup length increased, resulting in a 

significant linear contrast, F(1, 70) = 24.11, p < 0.001. The identical ANOVA on error 

rates did not find a significant effect, FG(4.72, 330.29) = 1.72, p = 0.14, but does not 

suggest a speed-accuracy tradeoff. 

Mixed Run, Across-Task Analyses 

N – 1 Analyses. Figures 4.8 and 4.9 summarize the results of the across-task N – 

1 analyses for each of the metaphor and spatial tasks, respectively, from the mixed run. 

Figure 4.8 shows mean RTs for each level of current metaphor trial as a function of the 

level of the previous spatial trial. Figure 4.9 shows mean RTs for each of the four levels 

of the current spatial trial as a function of the level of the previous metaphor trial. 

A 2 x 4 repeated-measures ANOVA was conducted on mean latencies of the first 

trial of a metaphor block with level (2: easy, difficult) and level of the previous spatial 

trial (4: 1, 2, 3, 4) as within-subjects factors. The main effect of level was significant, as 
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seen before. The main effect of previous level was not significant, F(3, 123) = 1.55, p = 

0.21, with mean lnRTs being slowest following level 2 and level 3 trials, resulting in a 

significant quadratic contrast, F(1, 41) = 6.12, p = 0.02. The interaction was not 

significant, FG(2.44, 100.25) = 1.27, p = 0.29, though, averaging across previous levels, 

there was a trend toward higher difficulty costs for easy items than for difficult items, 

resulting in a positive DCA. When the two-level categorization of spatial trials was used, 

there was a non-significant overall negative DC, and there was a significant interaction, 

F(1, 73) = 17.037, p < 0.001, where DCs for easy trials (0.085; for RT = 407 ms) were 

greater than DCs for difficult trials (-0.099; for RT = -570 ms), yielding a positive DCA. 

 
Figure 4.8. Results of the across-task N – 1 analysis on the metaphor task from the mixed run, showing 

mean RTs for easy (light) and difficult (dark) metaphor trials as a factor of the level of the previous spatial 

trial using the four-level categorization of difficulty. 
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easy, difficult) as within-subjects factors. The main effect of level was significant, as seen 

before. The main effect of previous metaphor level was also significant, F(1, 66) = 20.23, 

p < 0.001: Mean lnRTs for spatial trials were slower following difficult metaphors (8.330 

(0.035); mean RT = 4146 ms) than easy metaphors (8.224 (0.038); mean RT = 3729 ms), 

4000

4400

4800

5200

5600

6000

6400

1 2 3 4

M
ea

n
 R

T
 (

m
s)

N – 1 Spatial Trial

Easy

Difficult



151 

  

yielding a positive DC. The interaction was also significant, F(3, 198) = 2.92, p = 0.04: 

Post-difficulty slowing was greatest for level 4 trials and smallest for level 2 and level 3 

trials, showing a negative DCA. An identical ANOVA on error rates found a significant 

main effect of level, as seen before. The main effect of previous metaphor level 

approached significance, F(1, 73) = 3.54, p = 0.06, with a trend toward higher mean error 

rates following a difficult metaphor trial, suggesting a positive DC. The interaction was 

not significant, FG(2.43, 177.70) = 1.02, p = 0.39. Using the two-level classification of 

spatial difficulty did not much change the findings: The interaction on latency data was 

not significant, but trended toward a negative DCA, and the main effect of previous level 

on error rates was no longer significant and the values of the DC and DCA were much 

smaller. 

 
Figure 4.9. Results of the across-task N – 1 analysis on the spatial task from the mixed run, showing mean 

RTs for each level of spatial trial as a factor of the level of the previous metaphor trial using the four-level 

categorization of difficulty. 

 
Discussion 

Consistent with Experiments A1 and A2, metaphor latencies from the N – 1 

analyses from this experiment support the resource exhaustion hypothesis, with positive 
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negative difficulty cost asymmetry (DCA); this time, the DCA interaction was large and 

almost statistically significant. This could be due to resources being exhausted, though it 

could also be a result of other processes. This will be addressed more fully in Chapter 6. 

The results of the N – 1 analyses on spatial latencies from both runs are consistent 

with Experiment A1, showing positive DCs, with the DC being greater for easy trials, 

resulting in a positive DCA. This supports a combination of the resource exhaustion and 

recruitment fit hypotheses. Perhaps one of the processes resulting in the recruitment high-

fit effect is a solution heuristic. It could be that vertical and diagonal spatial trials most 

benefit from a particular way (i.e., a heuristic) of solving them that isn’t needed—and is, 

perhaps, inefficient—for the easier levels. Such a shortcut could involve paying attention 

only to particular unique section of the left grid pattern to see where that section is 

located in the right grid pattern. Given people’s default assumption that trial N will be 

similar to trial N – 1, they will apply that same heuristic to trial N if it was effective on 

trial N – 1. If trial N is another difficult trial, then performance should be enhanced (or, at 

least, some of the post-difficulty slowing will be offset), since the helpful heuristic will 

already be operating. However, if trial N is easy, then performance will be further 

hindered, because such a detail-focused shortcut would slow down processing on a trial 

that may rather benefit from a quick, holistic comparison. If this is the case, it might be 

expected that latencies and latency DCAs relate to the attentional control subscale of the 

ATQ, assuming this heuristic is as explicitly based in top-down attentional control as just 

described. The results of individual differences analyses exploring this possibility will be 

reported in the subsequent chapter. 
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Looking at the buildup data, the effect of an easy metaphor buildup on easy 

metaphor trials showed a minimal effect, which is similar to the results of Experiments 

A1 and A2. Additionally, there was a trend towards decreasing latencies (i.e., a warm-up 

effect and/or a continuity effect) across increasing buildup lengths, as shown by the 

significant linear contrast, which is consistent with and extends the warm-up effect 

observed in Experiment A1. For difficult metaphor trials after a difficult buildup, the 

results replicated the effects of A1 and A2, showing a short warm-up effect (here, from 

buildup lengths 1 to 2), with a trend thereafter towards increasing latencies with 

increasing buildup length. This is consistent with resource depletion, but (again) may be a 

result of other processes, which will be discussed in Chapter 6. 

For an easy spatial buildup on easy spatial trials, the results from both runs of the 

current experiment replicated the results of Experiments A1 and A2, showing a generally 

minimal effect. However, the mixed run shows a continuity effect across the buildup 

lengths, which was found neither in the mixed run nor in the previous experiments. Since 

this was not observed anywhere else, it is most likely a statistical fluke. 

For a difficult spatial buildup on difficult spatial trials, the current results again 

replicate the previous results, showing a general (though not significant in the mixed run) 

increase in latencies across buildup lengths. Consistent with the results from Experiment 

A2, there was no initial warm-up, suggesting that the brief and minimal warm-up 

observed in A2 may have been a fluke. Interestingly, this lack of a warm-up effect in the 

mixed run indicates that the same lack of warm-up effects in Experiments A1 and A2 do 

not reflect a high similarity in neural resources between the spatial and number tasks, 

since the spatial and metaphor task are not so similar. Instead, this finding suggests that 
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the spatial task does not exhibit a warm-up, perhaps because the necessary task resources 

or processes are fully engaged from the first trial. In short, like with the metaphor buildup 

data, the spatial buildup data support the resource depletion hypothesis. Thus, the 

resource exhaustion effects observed at the N – 1 level may be accumulating, which 

further depletes resources and hinders performance after extended difficult sequences. 

Other possibilities for these results will be addressed in the general discussion (Chapter 

6). 

Looking at across-task SDEs, interesting findings emerge. For metaphors 

preceded by spatial trials, there is an overall neutral (though trending toward negative) 

DC on latencies and a positive DCA, with negative DCs for difficult trials and positive 

DCs for easy trials. This is consistent with the recruitment high-fit hypothesis, with 

possible additional resource exhaustion (though minimal). Thus, metaphor trials preceded 

by spatial trials exhibited similar SDEs as spatial trials preceded by other spatial trials, 

suggesting that it is trial N – 1 that drives and determines how SDEs will be manifested. 

Given the general disparity between the spatial and verbal domains and their underlying 

neural correlates, it is not surprising that an exhaustion of task-specific resources in one 

domain has minimal effect on the other domain. But, given that any SDEs were observed, 

it might be inferred that whatever affects are going on must be rather abstract and/or 

domain-general to be able to cross between such different tasks—such as relational 

reasoning. 

For spatial trials preceded by metaphor trials, a significant positive latency DC 

was observed, and DCs were higher for more difficult trials, suggesting a trend toward a 

negative DCA. (Using the two-level categorization of difficulty yielded the same effects.) 
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This is consistent with resource exhaustion, with its hallmark of positive DCs and 

secondary mark of negative DCAs. Thus, spatial trials preceded by metaphor trials 

exhibit the same SDEs as metaphor trials preceded by metaphor trials, again suggesting 

that the N – 1 trial dictates how SDEs will manifest and that these effects must be quite 

abstract and/or domain-general. 

The design of this study did not allow a fuller examination of buildup lengths—in 

particular, various buildup lengths on trials of an opposite-level sequence (e.g., easy 

buildup on a difficult trial) and various buildup lengths in across-task analyses. This will 

be something to pursue in future research. Nonetheless, the results of this study do shed 

some valuable light on across-task SDEs, namely, that the SDEs observed will be 

determined by the nature of the N – 1 trial, not the N trial. This then extends to within-

task SDEs, arguing the same point: Performance on trial N will be highly affected by its 

preceding context. Further study of these effects, using new tasks and, therefore, new task 

transitions, will be needed to corroborate this conclusion.  
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CHAPTER 5: CROSS-EXPERIMENTS ANALYSES 

As discussed in the main introduction, there is a large literature showing how 

performance on tasks is affected not only by task difficulty, but also by individual 

differences in personality, available cognitive resources (e.g., WM capacity), arousal 

(which affects the availability of resources and is connected to personality), and skill. In 

particular, it has been shown that there is an inverted “U” function between performance 

and the factors of arousal and difficulty, manifesting even with personality-measured 

arousal levels based on extraversion and neuroticism (Allsopp & Eysenck, 1975). 

Difficulty has also been shown to lead to an inverted “U” with performance on conflict 

tasks (van Steenbergen et al., 2015), where moderate levels of difficulty yielded the 

largest SDEs (i.e., sequential modulations). However, given that these were subjective 

ratings of difficulty, it is almost more of a measurement of skill than of difficulty. In 

other literature, greater availability of resources (i.e., WM resources) has been shown to 

mediate SDEs (i.e., lower them), leading to better performance in the face of difficulty 

(Uittenhove & Lemaire, 2013b). Finally, higher skill equates to better performance and 

greater adaptability on tasks related to that skill (Prat et al., 2007; Prat et al., 2012). 

Given the consistency of the findings in these literatures, we expect to similarly 

find effects of individual differences on performance data with our tasks. To do so, we 

compared the questionnaire data from participants across all three experiments (A1, A2, 

and B) to the performance data, in particular, mean latencies, error rates, and recall 

proportions, as well as DCAs for those same metrics. To measure personality-based 

levels of arousal, we looked at the data from the BFAS (specifically, the dimensions of 

extraversion and neuroticism, which have been shown to relate to baseline internal 
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arousal; Allsopp & Eyesenck, 1975), which was given to participants in Experiments A1 

and B. Similar to Allsopp and Eysenck, we expect to find an inverted “U” relationship 

between arousal and performance. The exception is that we expect highest recall in the 

high-arousal group, since, as has been shown previously, moderate arousal is optimal for 

short-term recall, but high arousal is optimal for long-term recall (Berry, 1962; 

Kleinsmith et al., 1963). 

As a secondary measure of personality, participants in Experiments A1 and A2 

were given the ATQ, which measures extraversion/surgency (ES) and negative affectivity 

(NA), which somewhat correspond to extraversion and neuroticism, respectively, on the 

BFAS. In addition, the ATQ measures effortful control (EC) and its two sub-dimensions, 

inhibitory control (IC) and attentional control (AC). Since the results thus far suggest that 

SDEs might related to effort or attention, and since SDEs in conflict tasks are related to 

inhibitory control, this questionnaire may be able to determine if trait differences in 

ability to regulate effort, inhibition, and/or attention predict performance. We again 

expect to find an inverted “U” relationship between performance and the ES and NA 

dimensions, similar to what is expected to be found using the BFAS. We expect to find a 

positive relationship between EC/AC/IC and DCAs, since, with greater regulatory ability, 

participants should be better able to maintain effective levels of attention and/or effort on 

sequences of difficult trials, resulting in lower DCs for difficult trials (and, therefore, 

positive DCAs). In particular, we expect to find such a relationship on the number task, 

with its presumed reliance on engagement of attentional resources. 

Finally, to assess skill, participants in Experiment A2 were given an analogical 

reasoning, a type of verbal skill. Scores on this test should predict better verbal 
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performance, being negatively related to metaphor latencies (i.e., indicating more 

efficient comprehension) and positively related to recall. 

Methods 

The questionnaires were scored as per their respective scoring instructions, 

resulting in each participant having a score for each sub-dimension (e.g., IC from the 

ATQ EC factor; volatility from the BFAS neuroticism factor) and a composite score for 

each dimension (the total of the scores of the sub-dimensions). 

Behavioral data were obtained from the trimmed data sets used for each of the 

Experiments A1, A2, and B. Mean latencies, accuracies, and recall proportions were 

calculated for each subject for each level (e.g., each participant had a mean latency for 

easy metaphors). (Accuracies were used instead of error rates so that a higher score 

would indicate better performance and be akin to recall accuracy for the metaphor task.) 

For all analyses, the two-level classification of difficulty was used for spatial trials and, 

for across-task comparability, level was used instead of distance for the number task (i.e., 

distance of 1 is a level 4, as it was the hardest distance). Looking only within task and 

using the formulas described earlier, each participant’s mean DCA was calculated (i.e., as 

the difference between mean DCs or easy trials and mean DCs for difficult trials) for 

metaphor latencies, metaphor recall accuracy, spatial latencies, and spatial accuracy. 

Given the high accuracy rate on the number task, DCs were not calculated for number 

accuracy. 

Results 

Arousal and Performance 
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Using a median split, participants were categorized as low (below the median) or 

high (equal to or above the median) on each of the five aspects of the BFAS; then, using 

only neuroticism and extraversion, three groups were created, representing different 

levels of supposed baseline internal arousal (cf. Allsopp & Eysenck, 1975): at the lowest 

level of arousal, stable extroverts (low N, high E; N = 50); at intermediate levels of 

arousal, neurotic extroverts (high N, high E) and stable introverts (low N, low E; total N 

for both = 54); at the highest level of arousal, neurotic introverts (high N, low E; N = 46). 

Figures 5.1, 5.2, and 5.3 summarize the results of these analyses of the effects of 

personality-based arousal level on performance on the metaphor, spatial, and number 

tasks, respectively. Figure 5.1 shows mean RTs and mean recall proportions for each 

level of current metaphor trial as a function of arousal level. Figure 5.2 shows mean RTs 

and mean error rates for each of the four levels of current spatial trial as a function of 

arousal level. Figure 5.3 shows mean RTs and mean error rates for each of the four levels 

of current number trial as a function of arousal level. 

A 2 x 3 mixed-measures ANOVA was conducted on mean metaphor lnRTs with 

level (2: easy, difficult) as a within-subjects factor and personality-based arousal level (3: 

low, intermediate, high) as a between-subjects factor. The main effect of level was 

significant, F(1, 147) = 272.12, p < 0.001. The main effect of arousal group was not 

significant, F(2, 147) = 0.65, p = 0.52. There was a trend toward lower lnRTs for the 

intermediate group, which, if lnRTs are plotted in reverse (with lower lnRTs, indicative 

of better performance, at the top; see Figure 5.2, top panel), would yield an inverted “U”, 

but that quadratic contrast was not significant, p = 0.27. The interaction approached 

significance, F(2, 147) = 2.98, p = 0.054, with the trend toward an inverted “U” being 



160 

  

stronger for the difficult items. It would seem that easy metaphors are easily processed 

regardless of internal arousal, but for difficult metaphors, an intermediate level of arousal 

is more beneficial. 

 

 
Figure 5.1. Results of the arousal analyses on the metaphor task, showing mean RTs (top) and composite 

recall (bottom) for easy (light) and difficult (dark) metaphors based on arousal level as measured by 

personality. The axis for latencies is inverted such that higher performance is at the top. 

 
A corresponding analysis was conducted on composite metaphor recall (Ns of 28, 

27, 26 in the low, intermediate, and high arousal groups, respectively). The main effect of 

level was not significant, F(1, 78) = 0.48, p = 0.49. The main effect of arousal level was 
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also not significant, F(2, 78) = 0.43, p = 0.65, but there was a trend towards higher recall 

for the high arousal group, with lowest recall in the intermediate group, resulting in a 

trend toward a non-inverted “U:, but the quadratic contrast was not significant, p = 0.42. 

The interaction was not significant, F(2, 78) = 0.60, p = 0.55. 

 
Figure 5.2. Results of the arousal analyses on the spatial task, showing mean RTs (top) and error rates 

(bottom) for each of the four levels of spatial trial as a factor of arousal level as measured by personality. 

The axis for latencies is inverted such that higher performance is at the top.  

 
Corresponding analyses were conducted on the spatial data (Ns of 50, 54 and 46 

for the three arousal groups). Looking at spatial mean lnRTs, the main effect of level was 
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significant, FG(2.78, 408.28) = 473.92, p < 0.001, with significant linear and quadratic 

contrasts, as seen in the individual experiments. The main effect of arousal group was not 

significant, F(2, 147) = 0.53, p = 0.59, though there was a slight trend towards higher 

lnRTs with higher levels of arousal. This did not lead to a quadratic, inverted “U” 

contrast, p = 0.89. The interaction was not significant, FG(5.56, 408.28) = 1.51, p = 0.18. 

Looking at accuracy data, the main effect of level was significant, FG(2.61, 383.83) = 

48.48, p < 0.001, with significant linear and quadratic contrasts, as seen in the individual 

experiments. The main effect of arousal level was not significant, F(2, 147) = 0.94, p = 

0.39. This did not lead to a quadratic, inverted “U” contrast, p = 0.19. The interaction was 

not significant, FG(5.22, 383.83) = 1.19, p = 0.32. 

Finally, corresponding analyses were conducted on the number data (Ns of 28, 27, 

and 26 for the three arousal groups, respectively). Looking at number mean lnRTs, the 

main effect of level was significant, FG(2.40, 186.83) = 171.26, p < 0.001, with 

significant linear and quadratic contrasts, as seen in the individual experiments. The main 

effect of arousal group was not significant, F(2, 78) = 0.25, p = 0.78, though there was a 

trend towards lower lnRTs with higher levels of arousal. This did not lead to a quadratic, 

inverted “U” contrast, p = 0.96. The interaction was not significant, FG(4.79, 186.83) = 

0.82, p = 0.54. Looking at accuracy data, the main effect of level was significant, 

FG(1.74, 136.07) = 38.33, p < 0.001, with significant linear and quadratic contrasts, as 

seen in the individual experiments. The main effect of arousal level was not significant, 

F(2, 78) = 1.18, p = 0.31. This did not lead to a quadratic, inverted “U” contrast, p = 0.14. 

The interaction was not significant, FG(3.49, 136.07) = 0.86, p = 0.48. 
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Figure 5.3. Results of the arousal analyses on the number task, showing mean RTs (top) and error rates 

(bottom) for each of the four levels of number trial as a factor of arousal level as measured by personality. 

Levels are the inverse of distance (e.g., distance of 1 is a level 4 trial). The axis for latencies is inverted 

such that higher performance is at the top. 

 
Personality and Performance 

Since personality dimensions—and, therefore, the arousal that is presumably 

based on them—are continuous variables, it’s sensible to do regression analyses of those 

variables on the behavioral measures. Plus, this would better capture any inverted-“U” 

effect that might be present in the data. Therefore, regressions of various personality 

500

520

540

560

580

600
Low Intermediate High

M
ea

n
 R

T
 (

m
s)

Arousal Level

1 (Dist 4)

2 (Dist 3)

3 (Dist 2)

4 (Dist 1)

0.96

0.965

0.97

0.975

0.98

0.985

0.99

0.995

1

Low Intermediate High

M
ea

n
 A

cc
u

ra
cy

 (
P

ro
p

o
rt

io
n

)

Arousal Level

1 (Dist 4)

2 (Dist 3)

3 (Dist 2)

4 (Dist 1)



164 

  

measures from the BFAS and the ATQ were conducted on the various performance 

measures. Linear functions were analyzed, since they could capture the leftward or 

rightward portion of an inverted “U”. Importantly for the assumptions of the presence of 

an inverted “U” relationship between arousal and performance, quadratic functions were 

also analyzed. 

BFAS-Measured Personality. Previous work looking at personality-based 

arousal and behavioral performance has found and argued for effects of neuroticism 

and/or extraversion on performance (Allsopp & Eysenck, 1975; Cassidy & MacDonald, 

2007; Eysenck, 1979), so only those two aspects of the BFAS were examined. Because 

the BFAS was not administered in all experiments, the number task was not used in all 

experiments, and metaphor recall was not tested in all experiments, the number of 

experiments represented and the total Ns vary across the measures. Analyses of 

personality aspects as measured by the BFAS, latencies and latency DCAs for the 

metaphor and spatial tasks, along with accuracies and accuracy DCAs for the spatial task, 

are based on Experiments A1 and B, with a total N of 150; latencies for the number task, 

recall accuracies for the metaphor task, and metaphor accuracy DCAs are based on 

Experiment A1, with a total N of 81.  

There was a significant negative linear relationship between extraversion and 

lnRTs on difficult metaphors, β = -0.180, p = 0.03. (Note: ps for regression analyses are 

for the model as a whole, not for specific βs). The negative linear relationship between 

extraversion and lnRTs on easy metaphors approached significance, β = -0.153, p = 0.06. 

Thus, as extraversion increases (i.e., internal arousal decreases), latencies decrease (i.e., 

performance increases) on metaphor comprehension. There was a significant negative 
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quadratic function (i.e., an inverted “U”) between extraversion and metaphor latency 

DCAs, β2 = -1.876, p = 0.04. These effects can be seen in Figure 5.4. 

 

 
Figure 5.4. Results of the regression analyses of BFAS extraversion on metaphor task data, showing linear 

(solid line) and quadratic (dashed line) fit curves for mean RTs for easy trials (top left), mean RTs for 

difficult trials (top right), and mean RT DCAs for the metaphor task (bottom). 

 
There were no other linear or significant quadratic fits of either extraversion or 

neuroticism to any of the other performance measures. 

ATQ-Measured Personality. The ATQ was given in both Experiments A1 and 

A2, in which all the performance data were collected, giving a total N of 169 for all 

analyses. 
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Looking at EC and its facets, there were significant negative linear functions 

between AC and latencies for all levels of the number task, βs < -0.16, ps < 0.04. 

Consequently, there were significant or nearly significant negative linear functions 

between composite EC and latencies on all the levels of number task, βs < -0.14, ps < 

0.06. Moreover, the quadratic functions between AC and EC and number latencies were 

significant or nearly significant for all levels of the number task, β2s < -0.08, ps < 0.09 

(except two β2s < -0.07, with ps < 0.15). Thus, performance increased (i.e., latencies 

decrease) as AC (and, therefore, EC) increased, but eventually tapered off or reverted. 

Additionally, there was a significant negative quadratic function of AC on 

accuracies for level 2 spatial trials, β2 = -1.16, p = 0.02. As this was the only significant 

effect on spatial accuracies, this may be a statistical artifact of having run so many 

analyses. There was also a significant positive quadratic function of IC on DCAs for 

metaphor recall accuracies, β2 = 1.67, p = 0.009. There were no other significant effects 

of EC or its facets, so those two findings are likely statistical artifacts. 

Looking at NA and ES, there were no significant linear or quadratic functions on 

any of the performance measures. However, the positive linear effect of ES on latencies 

of easy and difficult metaphors approached significance, βs > 0.13, ps < 0.08. 

Interestingly, it is in the opposite direction of the relationship between BFAS-measured 

extraversion and metaphor latencies, which were negative. 

Skill and Performance 

Using a median split with MAT-60 accuracies, participants were categorized as 

low (below the median; N = 49) or high (equal to or above the median; N = 39) on 

analogical reasoning. The MAT-60 was only given in Experiment A2, so analyses are 
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only conducted on latency, recall, and MAT-60 results from A2 (total N = 88). Figure 5.5 

summarizes the results of the analyses of analogical reasoning skill (high vs. low) on 

metaphor task performance, showing mean RTs and mean recall proportions for easy and 

difficult metaphor trials as a function of skill group. 

A 2 x 2 mixed-measures ANOVA was conducted on mean metaphor lnRTs from 

Experiment A2 with level (2: easy, difficult) as a within-subjects factor and analogical 

reasoning ability (2: low, high) as a between-subjects factor. The main effect of level was 

significant, F(1, 86) = 223.89, p < 0.001, with longer latencies for difficult items. The 

main effect of skill group was not significant, F(1, 86) = 2.26, p = 0.14, though there was 

a trend for longer mean lnRTs in the high skill group. The interaction was significant, 

F(1, 86) = 8.83, p = 0.004: The increase in latency from easy to difficult trials was greater 

for the high skill individuals. 

 
Figure 5.5. Results of the skill analyses on the metaphor task, showing mean RTs (left) and mean composite 

recall (right) as a factor of analogical reasoning ability (low [light] or high [dark]) based on scores on the 

MAT-60. 
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main effect of group was significant, F(1, 86) = 4.53, p = 0.04: Mean recall was higher 

for the high skill group (0.623 (0.028)) than the low skill group (0.543 (0.025)). The 

interaction was not significant, F(1, 86) = 2.59, p = 0.11, though there was a trend toward 

a greater recall advantage for high skill individuals on easy compared to difficult items. 

Discussion 

The results of the ANOVA of arousal level on metaphor latencies support the 

expectations of an inverted “U” between arousal and performance. The quadratic contrast 

did not reach significance, but it showed an inverted “U”, with lower latencies (i.e., better 

performance) found in the intermediate arousal level group, an effect that was most 

pronounced for the difficult items. Thus, it could be that the easy metaphor trials were so 

easy that personality-based arousal levels were not able to affect them much, their 

optimal arousal being much higher than personality measures could measure. Also, the 

BFAS focuses mostly on the sociability, enthusiasm, and assertiveness aspects of 

extraversion, not as much on the impulsivity aspects, which are arguably more linked to 

internal arousal (cf. Anderson, 1994). For the recall data, as expected, the inverted “U” 

was not observed; instead, recall was highest for the high-arousal group. This is 

consistent with what has been shown before regarding arousal and short- vs. long-term 

memory (Berry, 1962; Kleinsmith et al., 1963). 

The ANOVA of arousal level on spatial latencies and accuracies did not show the 

expected inverted “U” function. It would seem that this task does not lend itself to being 

moderated by personality-based arousal. However, there was a slight overall trend to 

higher latencies (i.e., worse performance) with high levels of arousal, which could 

suggest that this spatial task is hard (at all levels), such that added arousal is not 
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beneficial. That is, this task could lie on the rightward, decreasing part of the inverted 

“U”. Similarly, and yet conversely, arousal level did not seem to have an effect on 

performance on the number task, yet there was a slight overall trend toward lower 

latencies (i.e., better performance) with higher levels of arousal, suggesting that this task 

is easy (at all levels), such that higher levels of arousal facilitate performance. That is, 

this task could lie on the leftward, increasing portion of the inverted “U”. However, the 

differences between personality groups on performance for both tasks were quite 

minimal, which could be due to a difference in the measurements of extraversion. The 

BFAS focuses mostly on the sociability, enthusiasm, and assertiveness dimensions of 

extraversion. It could be that previous studies looking at extraversion as an indicator of 

arousal used questionnaires that assessed more of the impulsiveness aspects of 

extraversion, which would understandably be more closely related to arousal. 

The regression analyses, which rightly consider the personality measures as 

continuous variables, revealed that extraversion was a negative predictor of latencies on 

both levels of the metaphor task, suggesting that, as internal arousal increases (i.e., 

extraversion decreases), performance decreases (i.e., latencies increase); this could 

indicate that this task is hard, lying on the rightward, increasing portion of the inverted 

“U”, where further increases in arousal are detrimental to performance. Or it could 

merely reflect extraversion-related differences in the use of figurative language, wherein 

figurative processing is somewhat lessened in individuals high on extraversion (Beaty & 

Silvia, 2013). This is an especially compelling argument, given that the BFAS did not 

strongly measure impulsivity factors of extraversion. Extraversion also exhibited a 

negative quadratic relationship with metaphor latency difficulty cost asymmetries 
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(DCAs), with DCAs being highest at moderate levels of extraversion. This suggests that 

individuals low and high on extraversion (and, by implication, high and low on arousal, 

respectively) are more susceptible to SDEs, where their performance on difficult tasks is 

more hindered by previous difficulty than is their performance on easy tasks, suggesting 

that they are more prone to resource exhaustion. Thus, it seems that with moderate levels 

of arousal, there is enough arousal to make performance in the face of difficulty more 

adaptable, but not enough so as to become distracting or hindering. 

This finding is similar to what van Steenbergen et al. (2015) found, where, as they 

hypothesized, SDEs exhibited an inverted “U” with respect to difficulty. Since difficulty 

and arousal are so tightly linked in the inverted “U” literature, with difficulty eliciting 

arousal and arousal moderating effects of difficulty, it’s not unsurprising to find that 

SDEs also exhibit an inverted “U” with arousal. Extraversion did not relate to any other 

measures of task performance, making these isolated findings potentially speculative. 

However, given that the BFAS did not give a strong measurement of impulsivity and 

given that extraversion has otherwise been shown to relate to metaphor processing (Beaty 

& Silvia, 2013), this pattern of significant effects isn’t all that surprising. 

Looking at ATQ-based personality dimensions, the findings of ES did not 

replicate the relationships of BFAS extraversion. In fact, there was a trend towards the 

opposite effect: ES was positively predictive of metaphor latencies at both levels, with 

both linear regressions almost reaching significance. Thus, in contrast with the findings 

with BFAS extraversion, these results indicate that lower arousal (i.e., higher 

extraversion) is related to worse performance (i.e., higher latencies). What could account 

for this discrepancy? Looking at the items used to test extraversion on both tests, it 
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becomes clear that the BFAS extraversion items measure enthusiasm, sociability, 

assertiveness, and persuasiveness, whereas the ATQ measures sociability, preference for 

seeking stimulation, and enthusiasm. Thus, it appears that the ATQ items—particularly 

those assessing preferences for stimulating experiences—would be a better measure of 

internal states of arousal. This, then, corresponds with the assumptions that the metaphor 

task is the easier task: Increased arousal (i.e., decreased extraversion) is related to better 

performance (i.e., faster latencies). There were no other effects of ATQ-measured 

extraversion. Similar to BFAS neuroticism, ATQ NA did not yield any significant 

relationships. This is consistent with previous literature, which shows a much stronger 

emphasis on using extraversion (or, more specifically, impulsivity), and not neuroticism, 

as a predictor of internal arousal (Anderson, 1994; Allsopp & Eysenck, 1975; Eysenck, 

1979). 

The AC facet of the EC dimension of the ATQ showed consistent negative 

relationships with latencies on the number task. This suggests that, as trait-based abilities 

of attentional control increase, performance on the number task increases (i.e., latencies 

decrease). This supports the earlier suggestion that the negative DC observed on the 

number task is due to some sort of attentional priming, whereby the difficulty of the 

previous task, which required attention to small-magnitude differences, facilitates 

performance on subsequent tasks. Thus, an ability to recruit and sustain (i.e., control) 

attention would lead to better performance on this task, which is what these negative 

relationships find. Furthermore, the quadratic relationships between AC and number 

latencies were all negative and nearly all significant, suggesting that performance 

increases more markedly at higher levels of AC. As a result of these relationships, 



172 

  

composite EC was also negatively related to number latencies, but that is due to the 

relationships with AC (since AC scores contribute to the composite EC score), since 

latencies did not relate to IC, the other dimension of EC. 

The only other findings of relationships between EC (or its sub-dimensions) and 

performance measures was a significant positive quadratic relationship between IC and 

metaphor recall DCAs, a significant negative quadratic relationship between AC and 

level 2 spatial latencies, and an almost significant negative linear relationship between IC 

and level 1 spatial latencies. Given that the latter two findings weren’t significant at other 

levels of the spatial task, and given that the effect was not significant as a linear 

relationship or for other measures of metaphor performance, it is likely that the 

significance of these results is a statistical fluke—an artifact that is inevitable when doing 

so many analyses. 

No relationships were found between any of the spatial task performance metrics 

and scores on either the AC or EC subscales of the ATQ (save the negative linear 

relationship between level 1 accuracies and EC, which approached significance). Thus, it 

is unlikely that trait effortful and attentional control relate to performance on the spatial 

task. This casts some doubt on the earlier arguments about causes of spatial SDEs, both 

the argument that it might be an effect carrying over or of an attention-based solution 

heuristic carrying over. However, the absence of evidence is not the evidence of absence. 

It could be that the effort or attention that carries over is not of the kind measured by the 

ATQ. Or it could be that whatever solution heuristic is in play is not as attentionally-

based as thought. In short, contrary to what was hoped, the individual differences data do 

not help to disambiguate the spatial SDE data. However, given that the same pattern of 
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SDEs was observed for metaphors following spatial trials, the heuristic account is less 

compelling, because it is hard to believe that any heuristic used to solve a spatial 

reasoning task would translate to completing a metaphor comprehension task. On the 

other hand, paying attention to detail in the spatial domain could generally prime 

processes of paying attention, and, as such, may result in more detailed processing of 

subsequent metaphors, which could benefit difficult metaphors with their greater reliance 

on feature-mapping processes (Bowdle & Gentner, 2005). Furthermore, spatial processes 

have been shown to cross domains, albeit in a very abstract form, such as visual space 

clustering behavior on a visual search task leading to phonological clustering on a lexical 

search (generation) task (Hills et al., 2015). Thus, it could be possible that some sort of 

spatial-based heuristic relying on fine-grained attention to details of the grid patterns can 

broadly prime detail-oriented attention, even in the verbal domain. Spatial attention can 

also be the recipient of such transfer effects (Chakravarti, Fang, & Shapira, 2011), 

providing an explanation for why the metaphor-to-spatial SDEs were observed. 

The findings on skill and performance, using the MAT-60 as a measure of verbal 

skill, were as expected. The results of the ANOVA show that individuals higher on 

analogical reasoning ability showed a trend toward higher latencies than individuals low 

on analogical reasoning skill, and a greater increase in latencies (relative to low-skill 

individuals) on difficult relative to easy trials. Normally, longer latencies would be 

considered an indicator of poor performance, which would be inconsistent with higher 

latencies in the high-skill group. However, the recall data show the same effects: higher 

recall in the high-skill group (significant this time) and a trend toward a greater advantage 

for higher skill on easy items. This suggests two things. First, the high-skill individuals 
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exhibit a behavioral equivalent to the neural efficiency discussed in the section on the 

neuroscience of difficulty, whereby they have greater recall for easy items, despite 

minimally different latencies. That is, they have higher baseline efficiency and ability. 

Second, the high-skill individuals exhibit a behavioral equivalent to adaptable 

recruitment, whereby they adapt their processing abilities (i.e., increase their latencies) in 

the face of difficulty, which enhances their comprehension of those items and, thereby, 

maintains high recall. To confirm these effects and see if neural efficiency and/or 

adaptable recruitment effects are present, future research can use neuroimaging methods 

to measure brain activity during these tasks. 

In sum, there would seem to be slight effects of arousal on performance, at least 

with metaphor comprehension and recall, with moderate arousal leading to better 

comprehension performance, and with higher arousal leading to better long-term recall. 

This is consistent with the previous findings showing enhanced short-term performance 

with moderate levels of arousal and showing hindered performance but heightened long-

term recall with high levels of arousal (Berry, 1962; Kleinsmith et al., 1963). This effect 

was not seen with performance on the other tasks, suggesting that the previous results do 

not extend to the spatial and number tasks we used. It could be the case more generally 

that those findings will not extend to spatial or numerical tasks of any kind, but further 

research would need to be conducted to test that. 

Why not these tasks? Why only the metaphor task? Perhaps arousal most 

dominantly affects verbal tasks and, specifically, memory for verbal stimuli. Or, more 

likely, extraversion as assessed by the BFAS does not relate to arousal as much as 

thought, so these findings merely reflect the relationship between extraversion and 
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metaphor processing. To find an effect on other types of tasks (e.g., spatial and number 

tasks), and to determine if it’s an arousal effect or an extraversion effect, arousal will 

need to be assessed in other ways, such as with measures of physiological arousal. Since 

arousal is argued to exert its effects via moderating available resources, perhaps such 

effects could be better observed if resources are measured more directly, such as by 

measuring WM capacity.  
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CHAPTER 6: GENERAL DISCUSSION 

Explaining the Findings 

Support for each of the various hypotheses was found, with different tasks 

exhibiting different effects. I will discuss the primary results that were found and which 

hypothesis best explains them, offering arguments as to why those particular conditions 

on those particular tasks exhibited such effects. Then, I will connect those various 

findings and theoretical underpinnings together via the bigger picture of the inverted “U” 

and cognitive resources literatures. Finally, I will discuss some limitations of the current 

results and provide suggestions for future research, ending with the main takeaways and 

potential applications of the current research. 

Table 6.1 displays a summary of the results of all comparable analyses for all 

three experiments, excluding the cross-experiment individual differences analyses. It 

displays the value (or direction, if a polynomial contrast for a multi-level variable), effect 

size (Cohen’s d), and significance (p) of the difficulty costs (DCs) and difficulty cost 

asymmetries (DCAs) for N -1 analyses on latencies (all three tasks), error rates (spatial 

and number tasks), and recall accuracy (metaphor task), using the two-level difficulty 

classification for the spatial task. It also displays value, effect size, and significance of the 

DCs and DCAs of the across-task N – 1 analyses for metaphor latencies and spatial 

latencies and error rates (again, using the two-level classification of difficulty for the 

spatial task. Finally, it displays the directions, effect size, and significance of each 

buildup sequence from the buildup analyses. 
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 Table 6.1. Summary of Comparable Analyses across the Three Experiments 

Design Effect D.V. SDE 
Experiment A1 Experiment A2 Experiment B,  Mixed Exp. B, Spatial-Only 

Value d p Value d p Value d p Value d p 

Within-

Task 
N – 1 

Metaphor 

Latencies 

DC 479 ms 1.01  < 0.01     278 ms 0.46 0.03 493 ms 1.34  < .01 — — — 

DCA -301 ms 0.21 0.32 -215 ms 0.07 0.74 -448 ms 0.44 0.06 — — — 

Metaphor 

Recall 

DC 0.01 0.07 0.74    0.032 0.28 0.19 — — — — — — 

DCA 0.03 0.19 0.38   -0.034 0.17 0.43 — — — — — — 

Spatial 

Latencies 

DC 331 ms 1.46  < 0.01 140 ms 0.58 < .01 229 ms 1.14  < .01 139 ms 0.82 < 0.01 
DCA 29 ms 0.35 0.11 -261 ms 0.41 0.05 -25 ms 0.16 0.51 83 ms 0.39  0.11 

Spatial 

Error 

Rates 

DC < 0.01 0.10 0.64 > -0.01 0.16 0.44 0.01 0.51 0.03 -0.02 0.61  0.01 

DCA 0.03 0.49 0.02 < 0.01 0.10 0.63   -0.01 0.24 0.31 0.04 0.83 < 0.01 

Number 

Latencies 

DC 
(-)* 

  (+)** 
1.02* 

 0.67** 
< 0.01* 

  < 0.01** 
(-)* 1.07* < .01* — — — — — — 

DCA (-)* 
Not 

tested 
Not 

tested 
(-)* 

(-)** 
Not 

tested 
Not 

tested 
— — — — — — 

Number 

Error 

Rates 

DC 
(-)* 

  (+)** 
0.38* 

 0.48** 
0.08* 

0.03** 
(-)* 

(-)** 
n.s. n.s. — — — — — — 

DCA 
(-)* 

  (-)** 
Not 

tested 
Not 

tested 
(-)* 

(-)** 
Not 

tested 
Not 

tested 
— — — — — — 

Across-

Task 
N – 1 

Metaphor 

Latencies 

DC — — — — — — -37 ms 0.07  0.76 — — — 

DCA — — — — — — 977 ms 0.97 < 0.01 — — — 

Spatial 

Latencies 

DC — — — — — — 405 ms 1.15 < 0.01 — — — 

DCA — — — — — — -326 ms 0.18  0.43 — — — 

Spatial 

Error 

Rates 

DC — — — — — — 0.01 0.23  0.34 — — — 

DCA — — — — — —   -0.01 0.10  0.66 — — — 

DC and DCA values are reported based on RTs, though the d and p values come from the analyses on the lnRTs. 
All spatial analyses are those using the two-level classification of difficult and all number analyses are reported using level instead of distance. 
* indicates a linear contrast; ** indicates a quadratic contrast 
“n.s.” indicates the contrast was not significant 
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Table 6.1 (cont’d) 

Design Effect D.V. SDE 
Experiment A1 Experiment A2 Experiment B,  Mixed Exp. B, Spatial-Only 

Value d p Value d p Value d p Value d p 

Within-

Task 

Buildup 

(Increas-

ing 

Buildup 

Length by 

Current 

Level and 

Previous 

Sequence 

Level) 

Length 

Metaphor 

Latencies 

Easy af. 

Easy 
~0* n.s n.s. 

(-)* 
  (+)** 

2.04* 
  0.42** 

 < 0.01* 
    0.05** (-)* 0.78* < 0.01* 

— — — 

Easy af. 

Diff. 
— — — 

(-)* 
  (+)** 

0.73* 
0.46* 

 < 0.01* 
    0.03** 

— — — — — — 

Diff. af. 

Easy 
— — — 

~0* 
  (+)** 0.76*   < 0.01** 

— — — — — — 

Diff. af. 

Diff. 

(-)* 
(+)* 

0.48* 
 1.01** 

0.03* 
< 0.01* 

(+)* 
  (+)** 

0.74* 
1.21* 

< 0.01* 
  < 0.01** 

~0* 
(+)** 0.63** < 0.01** 

— — — 

Metaphor 

Recall 

Easy af. 

Easy 
— — — 

~0* 
  (-)** 0.52** .02** 

— — — — — — 

Easy af. 

Diff. 
— — — 

~0* 
  (-)** 1.60**   < 0.01** 

— — — — — — 

Diff. af. 

Easy 
— — — 

(-)* 
  (+)** 

1.04* 
  0.70** 

< 0.01* 
  < 0.01** 

— — — — — — 

Diff. af. 

Diff. 
— — — 

~0* 
  (+)** 0.68** < 0.01** 

— — — — — — 

Spatial 

Latencies 

Easy af. 

Easy 

~0* 
 (+)** 

 
0.06** 

 
0.07** 

~0* n.s. n.s. ~0* n.s. n.s. (-)* 1.71 < 0.01* 

Easy af. 

Diff. 
— — — ~0* n.s. n.s. — — — — — — 

Diff. af. 

Easy 
— — — (+)* 0.87* < 0.01* — — — — — — 

Diff. af. 

Diff. 

(+)* 
 (-)** 

1.14* 
 0 .39** 

< 0.01 
0.06** 

~0* 
  (+)** 0.64**  < 0.01** 

(+)* 0.92* < 0.01* (+)* 1.17 < 0.01* 

Spatial 

Error 

Rates 

Easy af. 

Easy 
~0* n.s. n.s. 

(-)* 
  (-)** 

n.s. n.s. ~0* n.s. n.s. (-)* n.s. n.s. 

Easy af. 

Diff. 
— — — (+)* 0.36* 0.09* — — — — — — 

Diff. af. 

Easy 
— — — 

~0* 
  (+)**  0.42**  0.05** 

— — — — — — 

Diff. af. 

Diff. 
(+)* n.s. n.s. 

~0* 
  (+)** 

n.s. n.s. ~0* n.s. n.s. 
 ~0* 
 (+)** 

 
0.43** 

 
0.08** 

DC and DCA values are reported based on RTs, though the d and p values come from the analyses on the lnRTs. 
All spatial analyses are those using the two-level classification of difficult and all number analyses are reported using level instead of distance. 
* indicates a linear contrast; ** indicates a quadratic contrast. 
“n.s.” indicates the contrast was not significant 
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N – 1 Analyses 

Looking at the metaphor task, the latency data consistently support the resource 

exhaustion hypothesis. Across all three experiments, metaphor latencies consistently 

showed positive DCs (the hallmark of resource exhaustion) and negative DCAs, though 

the DCAs were usually not statistically significant. Thus, for the metaphor task, a 

previous difficult trial seems to exhaust resources needed for metaphor comprehension, 

making performance on the next trial slower. This exhaustion seems to be slightly more 

pronounced for difficult trials, suggesting that those trials which already require more 

resources in order to be successfully completed suffer more from the exhausted state. 

That is, it could actually be the case that resources are exhausted. Such resources could 

be those required for language processing and/or, more specifically, those required for 

metaphor comprehension, which requires analogy-like relational reasoning (cf. Bowdle & 

Gentner, 2005; Glucksberg, 2003). After all, difficult metaphor trials, being more 

unfamiliar, are more likely to engage the more computationally costly feature-mapping 

process of comprehension (Bowdle & Gentner, 2005), which will likely use up resources 

more quickly than the simpler categorical comparison (Glucksberg, 2003). However, 

given the short timescale on which these effects were observed, it is unlikely that this is 

the case, as it’s hard to imagine a neural mechanism that could be exhausted after one 

short trial. Exhaustion effects tend to build up over time (Langner et al., 2010; Persso et 

al., 2013; Plukaard et al., 2015; and others). 

Instead, perhaps this has to do with semantics. One aspect of metaphors that is 

argued to make them more difficult is their novelty or, in other words, the distant 

semantic relatedness of their vehicle and topic (Diaz et al., 2011; Mashal & Faust, 2009; 
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Schmidt et al., 2007). This is the same feature that is argued to require use of the feature-

mapping process (Bowdle & Gentner, 2005). Thus, on a more difficult item, one can 

imagine individuals will have to travel further through or delve deeper into semantic 

space in order to find meaningful relationships between the metaphor’s components and, 

so, achieve a sensible understanding of the statement. Perhaps such distance or depth 

makes it harder for the individual to resurface for the next item and approach it from a 

fresh perspective; instead, the individual is still stuck in the “semantic gravity” of the 

previous item. Thus, maybe it has less to do with exhausted resources and more to do 

with limits on semantic flexibility. For easy (i.e., more familiar) metaphors, the figurative 

meaning of the metaphor vehicle is more readily accessible, so there will likely be less 

need to explore semantic space in order to find the overlapping features; thus, there will 

be less likelihood of getting stuck in the semantic gravity of the item. This could explain 

why easy-to-understand metaphors are less affected by the resource exhaustion effect. 

Future research could control for the semantic similarity across metaphor trials to see 

how much of an effect such semantic processes exert across items. 

The resource exhaustion-like effects could also be due to some sort of effect of 

prolonged processing. Even though participants have pressed the space bar and moved on 

to a new metaphor, presumably actively processing that one, on some level, perhaps—

and most likely—a subconscious one, they are still ruminating on the previous metaphor. 

This continued rumination could be using up task-specific resources, or, via the spreading 

activation of semantic information, further keep participants in the semantic gravity of 

the previous item. Either of these processes would result in longer latencies on the current 

trial. 
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Or the observed outcomes could be due to some much more domain-general 

effect, such as the expected value of control (Shenhav et al., 2013). According to this 

theory, task performance is continually monitored for how much cognitive control (which 

could extend to cognitive effort, more generally) is being employed and how valuable 

that cost is—that is, how much of a reward it’s producing relative to the cost of its being 

employed. Based on this theory, it could be that difficult trials, by nature of requiring 

more effort, signal that more effort is needed; however, that effort is deemed disutile, so 

it is not fully employed, leading to insufficient effort on the subsequent trial and, 

therefore, worse performance. 

Looking at the number task, the latency data show (largely paralleled by the error 

rate data) negative DCs and positive DCAs, suggesting that some kind of task-relevant 

resources may have been engaged by a difficult (i.e., low distance) N – 1 trial that 

enhanced performance for subsequent trials and that this effect was more pronounced on 

the more difficult subsequent trials, as those are the trials that have the most potential 

gain to be had in terms of performance. That is, this task exhibited results consistent with 

the resource engagement hypothesis. As suggested earlier, this could be due to some sort 

of engagement of attentional resources, whereby the comparatively small (i.e., fine-

grained) distance of the comparison (e.g., judging if a 4 or a 6 is greater than or less than 

a 5, both having a distance magnitude of only one) requires the participant to pay closer 

attention to the value of the stimulus so as to make an accurate judgment; that fine-

grained (or “high-resolution”, if you will) attention is then, in a sense, primed, and carries 

over to the next trial. Thus, on the subsequent trial, the participant is already more 

focusedly attentive, so performance will be better—at least on trials that can most benefit 
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from that additional attention. Higher-distance trials (i.e., distances of 3 and 4) seem easy 

enough so as to be largely unaffected by the previous trial, suggesting they have little 

further room for improvement (error rates were about 0.3% for those trials). Or, rather 

than priming attentional focus to make fine-grained distinctions, perhaps attention is 

focused around the number 5, learning to distinguish it from other digits. Since larger 

distances are sufficiently far from 5, they don’t have much to gain from this greater 

attention to 5; however, learning to distinguish 5 from near neighbors will serve to 

enhance trials with a distance of 1. Since 5 was always the target value, this possibility 

cannot be ruled out; future research could vary the target number to test this possibility. 

Neurally, one possibility to explain these engagement effects is the recruitment or 

engagement of the MD system (Duncan, 2010). This system, which is known to be 

engaged by attentional processes, is a distributed network that responds to task demands 

across a variety of domains. As such, it would be a powerful resource to be able to tap 

into. The attentional demands might be engaging this network, which then allows this 

system to be brought to further aid in processing solving the task, particularly as it gets 

harder. Another possibility, one that more directly can explain the role of attentional 

focus, is that a difficult, low-distance trial signals the need for attentional resolution; in 

turn, the neuronal gain of the relevant neurons is increased, thereby enhancing their 

ability to respond to the stimuli. Such gain (upregulation of firing rates) has been 

observed in other visual attention processes (Chen, Hoffman, Albright, & Thiele, 2012). 

Or, more simply, it could just be an effect of more neurons being engaged, which could 

allow for greater computational power so as to complete subsequent trials more quickly. 
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Alternatively, similar to the metaphors, the observed number task outcomes could 

be due to a more domain general process, such as expected value of control. However, in 

the case of the number task, the effort employed on a difficult trial is deemed utile and so 

is further engaged, thereby enhancing subsequent performance. However, given the 

negative relationships observed between the attentional control dimension of the ATQ, 

the more compelling case is one that attributes the effects to attentional processes, such as 

the above argument about attentional resources and resolution. Furthermore, in terms of 

underlying neural resources, number tasks (similar to the one used in the present 

research) have been shown to activate regions of the parietal lobe (Hiwaki, Takae, 

Hashizume, & Kurisu, 2002; Pinel et al., 2001), an area argued to be related to attentional 

processes (along with frontal areas; Markett et al., 2014) and part of the MD system 

(Duncan, 2010). Thus, given reliance on similar neural substrates, it is reasonable to 

believe that the number task would be engaging attentional processes. 

An additional possible confound to consider with the number task data has to do 

with response-switching (i.e., whether the current trial and previous trial are both greater 

than trials or both less than trials, or if they are different, thereby requiring a different key 

press on each trial). Response repetition trials are associated with faster responding than 

switch trials, even in tasks that do not involve conflict (Fairweather, 1978). A 

complication with looking at response-switching in our task is that numbers never 

repeated in a block, so in situations where participants had two successive trials with a 

distance of 1 (either 4 then 6, or 6 then 4), response always switched. As such, not all 

conditions could be represented amongst only repeat trials (i.e., all trials—and only the 

trial—where the response repeated from N – 1 to N), so analyses could not be conducted 
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comparing the patterns between switch-only trials and repeat-only trials. However, when 

visually comparing the patterns between the two sets of trials across all subjects (still 

separated by experiment), the same pattern of a negative DC and negative DCA seems to 

be preserved in both switch and repeat trials, though perhaps to a lesser degree in switch 

trials. Future research should address this concern more rigorously, ensuring that all 

distances are represented for both switch and repeat trials, perhaps by allowing fully 

randomized number blocks where numbers are allowed to repeat within a block. 

The spatial data tell a story that is more complex. In all three experiments 

(including both runs of Experiment B), latency DCs were positive, both overall and for 

individual levels, particularly when using the two-level categorization of difficulty, but 

also for all (or almost all) four levels when using the four-level categorization. Given that 

this positive DC was always significant using the two-level categorization, this gives 

strong support for the resource exhaustion hypothesis, with its hallmark of positive DCs. 

However, this hypothesis also predicts negative DCAs, which were rarely observed in the 

spatial task. In all but Experiment A2, spatial latencies exhibited positive DCAs, with 

those effects being significant in Experiment A1 and the spatial-only run of Experiment 

B. These positive DCAs support the recruitment high-fit hypothesis, which predicts 

positive DCAs (the high level of effort recruited by a previous difficult trial facilitates 

performance on a subsequent difficult trial, but not for a subsequent easy trial) and allows 

for positive DCs. As noted when these hypotheses were introduced, given that they are 

argued to be due to different sets of processes and/or resources, the recruitment fit 

hypothesis can combine with the resource engagement and resource exhaustion 

hypotheses. This is the case with the spatial task: a difficult trial seems to exhaust some 
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resources (probably more task-specific), but also recruits something else (e.g., effort) that 

offsets some of that exhaustion, at least for a subsequent difficult trial. 

What might these exhausted resources be? It certainly is possible that the 

resources that are exhausted are task-specific resources involved in spatial reasoning and 

pattern comparison, which is a spatial type of relational reasoning. Again, as with the 

metaphor task, it’s hard to think of a neural mechanism that would exhaust after a single 

trial. However, it is possible to think of resources being occupied, which would give rise 

to a similar behavioral effect. The most likely candidate for this process is visuospatial 

WM (VWM), the cognitive mechanism that allows for temporary storage and 

manipulation of visuospatial information (cf. Baddeley, 2010) and, therefore, is an 

important contributor to spatial problem solving. It could be that VWM is occupied with 

traces of the previous trial, thereby reducing the amount of available WM resources for 

the present trial: Even though participants are focused on the stimulus on the screen, their 

VWM resources are cluttered with visual information from the previous grid patterns. 

This is similar to the arguments given for the SDEs observed with mental arithmetic 

(Uittenhove & Lemaire, 2013b; Uittenhove et al., 2013). Yet, countering this suggestion, 

there’s no reason to expect that traces of difficult trials would be more likely to linger in 

VWM than would traces of easy trials (they are the same type of grid pattern), so it is 

unclear why this would uniquely arise following previous difficult trials. 

Another option is that, similar to the case with the metaphor task, these effects 

have nothing to do with resources, but represent a more general effect, such as expected 

value of control, wherein it is no longer deemed utile to invest effort, so performance 

suffers. Or, conversely, it could be that it is deemed useful to engage more effort, but of a 
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particular kind: carefulness. Though often non-significant and inconsistent, the error rate 

data for the spatial task do show a rather consistent trend towards lower error rates 

following a difficult trial, at least for current difficult trials. Thus, it could be the case that 

a difficult trial signals the need for greater care in solving the problem; that greater care 

then manifests in slower, but generally more accurate, responding. 

And what about the recruitment high fit? What might be the nature of what’s 

recruited? Again, it could be the case that additional neural processing resources are 

brought online to facilitate performance, though it would seem odd that those resources 

would differentially affect easy and difficult trials. Thus, a more compelling case is that 

effort is what is recruited, since effort has been argued to differentially affect tasks 

(Chrysikou et al., 2014). However, given that no relationship was observed between 

effortful control (from the ATQ) and performance on the spatial task, this argument is 

lacking support; though it could be that the ATQ simply does not measure such types of 

effort. Similarly, effort in the sense of the effects of expected value of control may also 

not be amenable to being measured via questionnaire. Neurally, however, this is a 

plausible possibility. Difficult trials might elicit arousal, which, as has been discussed 

earlier, can result in the release of catecholamines (stress hormones). For example, 

dopamine, one of the catecholamines, has been shown to enhance performance in 

visuospatial attention tasks (Christian et al., 2006; Prinzmetal et al., 2010). Thus, it could 

be that the arousal/effort elicited by a difficult spatial trial is underlain by catecholamine 

neurotransmitters, which, as discussed earlier, are related to arousal and show an inverted 

“U” with performance, hence the recruitment fit finding, with a benefit to subsequent 

difficult trials but not subsequent easy trials.  
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As discussed earlier, another possibility is that, rather than resources or effort 

being recruited, what is going on is that a solution heuristic is applied, a heuristic that is 

selectively beneficial to difficult trials. A potential issue with this argument is that a 

similar recruitment high-fit effect was observed when going from spatial trials to 

metaphors. Such a task-specific heuristic would seem unlikely to apply to a metaphor 

comprehension task. However, as noted earlier, the abstract idea behind the heuristic 

could be primed and so transfer across tasks. Processes as abstract as search processes 

have been shown to transfer from the visual domain to the verbal domain (cf. Hills et al., 

2015), so perhaps the attentional resolution process behind this heuristic could transfer to 

the metaphor task, facilitating processing on subsequent difficult metaphors, which are 

argued to benefit from a more detail-oriented comprehension process of feature-napping 

(Bowdle & Gentner, 2005). 

Finally, as with the number task, response-switching is an issue with this task, 

especially when using the two-level classification of difficulty, since there are two 

responses associated with each level (for easy, “I” for identical and “H” for horizontal; 

for difficult, “V” for vertical and “D” for diagonal). To run an analysis on switch vs. 

repeat trials would result in disconcertingly small cell sizes. Instead, for each of the four 

runs (Experiments A1 and A2 and both runs from Experiment B), participants’ switch 

costs (SCs) and DCs (using the two-level difficulty classification) for each spatial trial 

were calculated, and an average was obtained for each participant for each of the four 

levels of difficulty. Then, for each level, SCs were subtracted from DCs to see how much 

of a DC remained when switching effects were factored out. This value was then 

averaged across subjects. For all four runs, this value was negative for level 1 trials, 
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which is not surprising and not informative: Given that it’s the easiest level, all switches 

are going to be from a more difficult trial; but, when using the two-level classification of 

difficulty, some of the DC calculations don’t include switches, so later factoring that out 

will reduce the DC relative to the SC, leading in a negative average. Otherwise, with one 

exception for level 2 trials and one exception for level 3 trials, these averages were 

always positive for the other levels, suggesting that, even in the presence of SCs, DCs 

still exert a measurable effect. Thus, our calculations of DCs and DCAs, while potentially 

minimally confounded by SCs, are in fact a measurement of SDEs. Nonetheless, future 

studies would do well to control for these switching effects more rigorously. 

Buildup Analyses 

Regardless of the differences in effects found at the N – 1 level, both the metaphor 

task and the spatial task showed evidence consistent with resource depletion after 

sustained engagement in difficult trials. Even in cases where there may have been an 

initial warm-up effect after a few trials, both tasks showed that latencies for difficult trials 

preceded by difficult sequences increased as the length of the preceding sequence 

increased. This suggests that as individuals continue to encounter difficult trials, that 

difficulty could be continuing to rely on and use up (i.e., deplete) the task-necessary 

neural resources, thereby hindering (i.e., slowing) subsequent performance. In this case, 

as opposed to the N – 1 effects, depletion effects are more likely, given than they take 

time to build up. Thus, while the N – 1 effects may reflect other processes, after a few 

difficult trials in a row, resources actually begin to be exhausted or depleted. Similar 

depletion-like effects are observed when using repetitive transcranial magnetic 

stimulation (rTMS; Ko, Monchi, Ptito, Petrides, & Strafella, 2008), suggesting that over-
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activity of a particular neural area results in a loss of functionality of that area, perhaps 

through a depletion of stores of neurotransmitters or other cellular molecules that regulate 

the ion levels that enable action potentials. In other words, these depletion effects could 

be due to depletion of molecules at a cellular level, resulting in a loss of functionality. 

Resource depletion has been studied and observed in a variety of domains, such as 

cognitive control (Persson, et al., 2013; Thompson, Sanchez, Wesley, & Reber, 2014; for 

a review, see Inzlicht & Schmeichel, 2012), perceptual effort (Langner et al., 2010), 

mental arithmetic (which could be considered to rely upon executive resources; Wright et 

al., 2007), and even questionnaires (Thoman, Smith, & Silvia, 2011), so finding it in 

verbal comprehension and spatial reasoning tasks should not be considered all that 

surprising. Generally, depletion is manipulated in terms of engaging in a depletion task 

for minutes at a time, with performance effects not being reported on a short-term, trial-

by-trial basis. Thus, if the present study’s results are in fact due to resource depletion, this 

would be one of the few—if not only—studies to look at and find evidence of the 

accumulation of depletion effects on a trial-by-trial basis. However, it must be noted that 

resource depletion is only one possible explanation for these increasing latencies with 

increasing difficulty; other processes could be causing these effects. 

For the spatial task, given that resource exhaustion-like effects were manifested at 

the N – 1 level, depletion-like effects could be due to the continuation of the processes 

that caused the exhaustion-like effects; additionally, since there was no warming up 

period, all of the arguments for what might have been causing the exhaustion effects also 

apply to describing the depletion effect, with the further claim that there is no need to 

warm up on this task. Furthermore, the lack of warm-up effect observed in Experiments 



190 

  

A1 and A2 cannot be attributed to the similarity of the spatial task to the preceding 

number task, since the same absence of a warm-up effect was observed in the mixed run 

of Experiment B, when it was preceded by the very different metaphor task. So why does 

this task not exhibit a warming up period? Perhaps the necessary relational and 

visuospatial reasoning processes necessary for the task need no warming up, coming 

online in full force with the first trial of the task. So why might these easily engaged 

processes begin to deplete so quickly? Well, as with the exhaustion effects, it could be 

that the depletion effects are due to expected value of control: After a sequence of effort-

requiring difficult trials (of either task), participants may find further effort to be costly 

and no longer sufficiently valuable; as such, they may ramp down the expended effort 

and, so, have slower performance. For the spatial task, it could instead be an effect of 

VWM being filled up with traces from the previous trials (but, again, it isn’t clear why 

only difficult trials would seem to leave traces in VWM) or an effect of greater care being 

taken in solving the problem, manifesting in longer latencies (although error rates did not 

overall improve, suggesting that this carefulness did not manifest in greater accuracy, the 

greater care may have preserved accuracy in the face of difficulty). 

For the metaphor task, the case is a little more complicated, since there was a 

consistent initial warming up period observed on difficult trials (following difficult 

sequences, that is) before latencies began to increase. What might be causing this? 

Perhaps the necessary task processes need a little practice before becoming fully effective 

(e.g., people need to get comfortable with how to do the more effortful feature-mapping 

comprehension process); but, once they achieve peak effectiveness after a few trials, the 

exhaustion effects begin to exert their influence, manifesting in depletion-like effects. 
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Thus, it could be that people need a few trials to get comfortable with difficult metaphor 

trials (because of the processes required to solve them; and/or because, unlike the spatial 

task, with its limited response options and single correct answer, the metaphor task—

especially difficult, unfamiliar metaphors—allows for flexible responding, so people 

need time to get the feel of what it means to provide a satisfactory response), and then 

something like demotivation (i.e., the expected amount of required effort is no longer 

deemed worthwhile) or semantic gravity begins to slow down responding. 

Finally, it is worth addressing why easy trials—of both tasks types—consistently 

failed to show resource-depletion type effects. First of all, the block designs in 

Experiments A1 and B did not allow for testing parametrically the length of difficult 

sequences on easy trials; instead, only two (or no) data points were available, making 

observation of trends highly speculative, if not impossible. The design of Experiment A2 

did not allow for testing long buildup lengths of difficult sequences on easy trials, 

meaning that extended trends could not be observed. Future research will need to address 

this gap to see if easy trials are similarly affected by previous difficult sequences. 

However, the designs of all three experiments did allow for testing the effects of easy 

sequences on easy trials, finding that, with rare exception (indicating a potential statistical 

fluke), there was little to no effect; if an effect was observed, it was a continuity or warm-

up effect. This finding is consistent with the above arguments for depletion-like effects: 

Requiring fewer resources, easy trials are less likely to deplete those resources; being 

easy, they don’t signal that the amount of effort expended is too costly; for the metaphor 

items, being easy and familiar, they can be interpreted via the easier categorical 

comparison process, which likely circumvents the need for deeper exploration of 
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semantic space (since there will be no need to discover and match semantic features), 

thereby staying clear of semantically gravitationally dense areas; for the spatial items, the 

easier trials, being easy and highly accurate, don’t elicit the engagement of greater 

carefulness in examining the stimuli. The only argument it poses a problem for is the 

VWM argument for spatial trials. As already addressed, there is no reason to expect that 

traces of previous easy trials would somehow not remain in VWM when traces of 

previous difficult trials would, making that argument highly untenable. 

Across-Task Effects 

The most intriguing finding from the across-task analyses is the finding that trial 

N – 1—and not trial N—seems to determine the nature of the SDEs manifested on trial N. 

Given that the tasks represent very different domains, which are argued to rely on quite 

distinct neural substrates, this suggests that the effects are likely not due to task-specific 

resources being exhausted; instead, it indicates that these effects must either be due to 

rather domain-general resources or must represent effects of rather abstract, high-level 

processes. Furthermore, given what is known about the importance of across-trial featural 

similarity in modulating sequential modulation effects (Akçay & Hazeltine, 2007), the 

same consideration should be given to featural similarity across trials when looking at 

SDEs. Higher similarity of features across trials will enhance sequential modulation 

effects (Akçay & Hazeltine, 2007), so it can be expected that SDEs will be exaggerated 

within a task (i.e., when features are highly similar) than across tasks. This is what was 

found across Experiments A1, A2, and B: Looking at significance values and effect sizes 

(see Table 6.1), DCs and DCAs were generally larger and more significant within tasks 

(Experiments A1 and A2) than across tasks (Experiment B), suggesting that featural 
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similarity is important. However, some significant effects were still observed across 

tasks, suggesting that SDEs are, in some way, domain-general. In other words, these 

findings suggest that, similar to conflict adaptation, featural similarity is important for 

SDEs to manifest: The more similar the tasks and the processes and neural mechanisms 

they rely, the more likely performance on one task is going to affect performance on the 

next task, presumably by moderating something at the process or mechanism level. 

However, something about difficulty or motivation or effort is domain-general enough 

(or, there is something similar enough between the metaphor and spatial tasks chosen) 

that it can manifest, at least to some degree, even when there is such minimal featural 

similarity. In other words, these across-task effects from Experiment B, being 

unconfounded by featural similarity, give the strongest evidence for a view of SDEs as an 

abstract, domain-general phenomenon. This has profound implications for how we draw 

distinctions and boundaries between tasks, for how we construe domain-generality and 

domain-specificity, and for how much we consider tasks to be independent from their 

contexts. 

Given this seemingly highly domain-general nature of SDEs observed, most of 

the arguments given earlier for the within-task N – 1 effects are hard to apply to these 

across-task effects: the occupation of VWM by the spatial task is unlikely to affect or be 

affected by a metaphor task, since the metaphor task, being verbal, would rely on 

different WM stores (Lycke, Specht, Ersland, & Hugdahl, 2008); semantic gravity is 

unlikely to affect the spatial task, since the latter does not involve semantic processes; the 

fact that subjects might continue to subconsciously ruminate on a no-longer-present 
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metaphor is unlikely to interfere with the spatial task, given its reliance on largely distinct 

task-specific resources. Thus, that leaves more general and/or abstract processes. 

One option is that these effects are due to relational reasoning processes and their 

underlying resources. The spatial task has been presented as an analogical reasoning task 

(cf. Wartenburger et al., 2009), and rightfully so, for the task does indeed involve finding 

the proper relationship between two stimuli. Similarly, metaphors involve aspects of 

analogical reasoning, for they require finding a meaningful relationship between the topic 

and vehicle of the metaphor. Such relational processes have been argued to be supported 

by the middle frontal gyrus, which even shows adaptable recruitment to difficulty on a 

relational analogy task (Hampshire, Thompson, Duncan, & Owen, 2010). This same area 

has been shown to respond—and adaptively so—to metaphor comprehension (Prat et al., 

2012) and the spatial task we used (Wurtenburger et al., 2009). Thus, it could be these 

relational reasoning resources get exhausted by a difficult trial of either task type; since 

both tasks rely on these resources, the exhausted state caused by a difficult metaphor (or 

spatial trial) will affect subsequent trials of the other task. 

These across-task outcomes could also be an effect of the expected value of 

control. Since participants were not warned when the task would switch, they had no 

reason to expect the subsequent trial to be different than trial N – 1. Thus, trial N – 1 

would be used to compute the utility of exerted effort and, based on that, make 

adjustments regarding how much effort to apply to the next trial, which just so happens to 

be of a different task. If the effort is deemed disutile, less effort will be engaged, and 

performance will be slower. Another option would be that a difficult trial prompts greater 

carefulness on a subsequent trial, which would lead to slower and more accurate 
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responding. Both tasks showed a general post-difficulty slowing; however, error rates on 

the spatial task increased following a difficult metaphor trial, suggesting that responses 

were not more careful, but just slower. 

However, the metaphor task also exhibited recruitment high-fit, while the spatial 

tasks did not. What accounts for this? One way to explain this finding, as well as the 

within-task N – 1 effects, is to implicate both effort and task-specific processes. The 

spatial task affects both the expected value of control/effort and prompts greater care on 

subsequent trials. This explains the increased latencies and generally lower error rates on 

a spatial trial following a difficult spatial trial: Effort is deemed not only utile, but 

necessary, given how difficult the task is, so more effort is recruited. On a subsequent 

spatial trial, this effort manifests as greater carefulness, which leads to longer latencies 

and slower responding. On a subsequent metaphor trial, there is no accuracy, so the effort 

manifests instead as simply that: effort—effort which follows the matched filter 

hypothesis (Chyrisikou et al., 2014), thereby benefitting difficult trials and not easy trials. 

Hence the recruitment high-fit effect observed on metaphor trials following spatial trials. 

In contrast, the metaphor task does not elicit such expected value of control/effort, as 

evidenced by the lack of a recruitment high-fit effect on spatial (and metaphor) trials 

following metaphor trials, though those same trials can exhibit that effect when preceded 

by effort-eliciting spatial trials. Alternatively, as has been discussed, these recruitment fit 

patterns could be a result of the spatial task solution heuristic carrying over to the 

metaphor task at a rather abstract level (i.e., attention to detail) and facilitating 

performance, particularly on difficult metaphors. Meanwhile, the feature-mapping 

process of metaphor comprehension is unlikely to carry over to a subsequent spatial trial 



196 

  

in abstract form. Indeed, it doesn’t even carry over to subsequent metaphors in a concrete 

form, perhaps because feature-mapping is the least preferred or “last case scenario” for 

metaphor comprehension and, as such, is unlikely to ever be the first process applied to a 

metaphor, so it may never be likely to carry over from any trial on which it was used. 

Hence the recruitment fit is unlikely to be found in that direction. Future research is 

needed to corroborate these arguments. 

These findings also raise new questions for future research. How different can 

tasks be and still manifest such carry-over? Must there be some processes held in 

common across tasks for carry-over effects to be observed? Is expected value of effort a 

strong and common enough phenomenon to cross between other tasks? What might be 

observed on more similar tasks (i.e., similar in the sense of having more neural substrates 

in common), such as the spatial task and the number task? Do buildup effects similarly 

transfer across tasks? Given the domain-generality of these resources, are there ways to 

train our brains to be more resilient to the hindering aspects of difficulty? Regardless of 

what the answers to these questions will be, these current findings suggest an important 

takeaway: A task’s context is more important than the task itself in determining 

performance. This has important applications to the realms of education, test design, and 

workplace efficiency, providing suggestions for how diverse activities as how to design 

lesson plans, how to organize a daily schedule, and how to order items on a test. 

Recall 

The recall data are challenging to interpret and would benefit from further study. 

One unsurprising and consistent effect was the effect of recall type, wherein accuracy 

was highest when measured as metaphorical similarity and lowest when measured for 
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verbatim accuracy. When learning is only incidental, material is seemingly best retained 

at a high, gist-like level, preserving the meaning of the metaphor, but not necessarily the 

exact words themselves or their meanings. Whether or not this trend holds when 

individuals know they will be tested for recall is a matter for future studies. Related to the 

effect of accuracy type, there was a consistent finding that, despite non-significant main 

effects of level (with trends towards better recall for difficult items), there was a stronger 

advantage of difficulty for the more specific levels of recall (i.e., verbatim accuracy and 

similarity). Thus, the effort required to comprehend a difficult metaphor requires that 

more attention be focused on the individual words and their meanings, leading to better 

retention of the metaphor’s component words and their meanings—all without sacrificing 

retention of the metaphorical meaning itself. 

Beyond these effects, there was a consistent overall trend towards a difficulty 

benefit on recall, with the main effects of level trending towards a benefit for difficult 

items. The main effects of N – 1 level also trended towards a post-difficulty benefit. 

Experiment A2 showed that the beneficial effect of interpreting metaphors was more 

pronounced in the condition when interpretations were given after a delay, wherein 

subjects would have to exert more recall effort to remember how they initially understood 

and interpreted the metaphor. However, looking at Figure 3.18, this interaction is also 

highly driven by the poorer memory for the items in the delay condition that had not been 

interpreted. This could be an issue of the task design misleading participants: The 

participants interpreted metaphors from the short practice run, priming their expectations 

of doing the same for the experimental run; but, after going through many blocks of the 

experimental run without giving interpretations, they may have forgotten that they would 
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have to do that (even though they were told they would be asked to give their 

interpretations), so they no longer made a concerted effort to remember the stimuli so as 

to be able to interpret them. Then, when they were finally prompted at the end of the run 

to provide their interpretations for a subset of the stimuli, they had to work extra hard to 

remember how they initially understood these items. That extra effort substantially 

boosted recall for those interpreted items. 

Thus, the delayed condition may reflect how memory would be if there were no 

indication that subjects would be tested on the metaphor items in any way, whether via 

interpretations or recall. In the condition where recall was immediate, subjects were 

continually reminded that they needed to remember the stimuli sufficiently well so as to 

give their interpretation. That intention to remember may have been sufficient to provide 

an overall boost in recall for all items. However, recall was still highest for the items that 

were interpreted, which is consistent with previous literature showing that repeated 

exposure to stimuli (i.e., encoding) enhances recall (Unsworth, 2015). But, as shown in 

the delay condition, which may more accurately reflect true incidental learning, the effect 

of interpretation was more pronounced, suggesting that the added effort of revisiting and 

re-encoding proved more effective at enhancing recall. Similarly, difficult items benefited 

more from interpretation than did easy items, and the benefit of difficulty over easy items 

was stronger in the delayed condition, further suggesting that added effort at time of re-

encoding enhances recall. 

In sum, though the recall DCAs fluctuated across the two experiments and the 

buildup data on recall accuracies don’t show consistent or meaningful patterns, there is a 

consistent picture that emerges from the recall data: Added effort during encoding, 
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whether initial encoding or re-encoding, enhances later recall. Further support for this 

comes from the recall and latency data in combination, which show that recall was higher 

in conditions where latencies were longer. This suggests that the amount of time spent 

during encoding, which may indicate greater effort, which could lead to deeper 

comprehension, is a crucial factor affecting recall. What is still unknown is whether it is 

the encoding time or the effort that plays the larger role. And if it’s the effort, what kind 

of effort is most effective? Is simply trying hard sufficient? Or does it need to be effort 

that leads to meaningful comprehension? Future analyses can look at the interpretation 

data to help answer these questions, looking at whether or not recall is better for items 

that were interpreted more deeply and elaboratively, or if the quality and completeness of 

the comprehension is unrelated to recall. Understanding the various components of effort 

and fullness of comprehension will prove invaluable in their applications to the realm of 

education. 

Individual Differences 

The analyses looking at individual differences did not provide as much evidence 

as hoped in favor of the role of arousal and the inverted “U”, nor did they offer as much 

clarity and disambiguation between hypotheses as had been hoped. However, they do 

confirm other findings and suppositions, lending further support to several earlier 

arguments. First among these is the relationship between attentional control (AC) on the 

ATQ and latencies on the number task. Given that latencies from the number task show 

resource engagement, and given what has been shown about how this task activates 

parietal areas also implicated in attention (Markett et al., 2014), it is reasonable to assume 

that the resources engaged by difficult number trials are, in fact, attentional resources. 
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Thus, the ability to regulate and recruit these attentional resources should correspond to 

better task performance, which was observed in the negative regression slope of AC on 

latencies, indicating better performance (i.e., faster responding) in individuals with higher 

AC. 

Another of these confirmatory findings is the relationship between verbal 

analogical reasoning abilities (as measured by scores on the MAT-60) and metaphor 

recall. The ANOVAs found higher recall (especially for easy items) in the high-skill 

group. Given the higher analogical abilities of the individuals with higher scores on the 

MAT-60, and given that metaphors are understood as a figurative analogy (Bowdle & 

Gentner, 2005; Glucksberg, 2003), it is not at all surprising that these more skilled 

individuals showed better recall (presumably because of better comprehension) for 

metaphor stimuli. More surprising, however, was that nearly identical relationships were 

found between verbal analogical reasoning ability and latencies on the metaphor task 

(except for a weaker relationship with latencies for easy metaphors). If faster latencies are 

generally taken to indicate better performance and higher skill, why are the high-skill 

individuals showing slower latencies? As was argued earlier, it could be that these 

individuals are simply engaging in deeper, more elaborative interpretations of the 

metaphor stimuli. This is a very likely interpretation, given that individuals higher in 

fluid intelligence have been shown to produce more creative metaphors (Beaty & Silvia, 

2013), and that analogical reasoning is highly related to and an important component of 

fluid intelligence (Bornemann et al., 2010; Prabhakaran, Smith, Desmond, Glover, & 

Gabrieli, 1997). 
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Most of the results examining individual differences were non-significant, 

including those that it was hoped would help to clarify other findings (e.g., spatial N – 1 

effects) or to give evidence of the inverted “U” (i.e., with personality-based arousal). 

Save one significant regression with level 2 error rates, none of the individual differences 

effects on spatial latencies or error rates (or their DCAs) was significant. Beyond the 

relationship with AC, the number task also did not show any relationships to any of the 

individual differences measures (save EC, but that is because AC is a component of EC). 

Contrary to expectations, neither spatial nor number task performance exhibited the 

inverted “U” based on levels of arousal as assessed by BFAS extraversion and 

neuroticism scores. It was argued earlier that this could be due to the spatial and number 

tasks lying on the rightward and leftward portions of the inverted “U”, respectively. 

While it’s not possible to rule this out, given the small magnitude of the trends, it is more 

likely that these tasks simply do not show effects of personality-based arousal or that, as 

mentioned earlier, the BFAS-measured extraversion does not assess the aspects of 

extraversion that are related to arousal, namely impulsivity. 

The metaphor task showed a few more interesting effects and trends. Regarding 

the effects of personality-based arousal, there was a trend towards an inverted “U” on 

latencies for difficult trials, such that moderate level of arousal resulted in the fastest (i.e., 

best) performance. Easy trials showed no such effect, suggesting that they are easy 

enough to show minimal effects of arousal. However, when tasks are easy enough, they 

should continue to show increases in performance with increases in arousal; since easy 

trials did not show this, it is hard to make strong claims about the role arousal has in 

moderating performance on metaphor comprehension. Yet the recall data showed what 
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would be expected if the task were susceptible to the effects of arousal: Even though not 

significant, there was a trend towards higher recall in the high-arousal group, which is 

consistent with Kleinsmith et al.’s (1963) findings that high levels of arousal hinder 

current performance but facilitate long-term recall. That is largely what was found in our 

data: slower latencies (i.e., hindered current performance) but higher recall in the high-

arousal group. Thus, our findings are consistent with previous literature, and give further 

support to Davis’ (2008) assertions that surprising language, which would be effortful 

and could elicit cognitive arousal, could enhance comprehension and retention. 

Most of the other effects found on the metaphor data were either non-significant 

or likely statistical flukes. However, two final findings were significant. First, there was a 

negative quadratic (i.e., inverted “U”) relationship of extraversion on metaphor latency 

DCAs, suggesting that individuals either low or high on extraversion are more 

susceptible to resource exhaustion on this task, whereas individuals with moderate levels 

of extraversion (and, perhaps, moderate levels of arousal) are better able to process a 

difficult trial after a previous difficult trial, perhaps because they have more adaptably 

recruitable resources. Any claims that I can make would be speculative, given the 

crudeness of our measures. To have more definitive answers, future research will need to 

look at the effects of personality and arousal on metaphor comprehension more carefully, 

using more precise and varied measures of arousal and skill. 

Second, there was a significant negative linear relationship between metaphor 

latencies and BFAS extraversion, which shows that as extraversion (potentially an 

inverted proxy for arousal) increases, latencies decreased. It was earlier mentioned that 

this could reflect an interaction of difficulty and arousal on performance. However, 
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interpreting it that way would require concluding that this is a hard task, such that further 

increases in arousal are detrimental to performance, and that the BFAS accurately 

measures arousal, which may not be the case. Thus, these linear trends may instead 

reflect extraversion-related differences in figurative language use. In a recent study, 

Beaty and Silvia (2013) found a not-quite significant relationship between extraversion 

and creativeness of generated metaphors indicating that individuals with higher 

extraversion generated less creative metaphors. If this reflects a broader tendency for 

individuals higher on extraversion to less fully process figurative language, then the 

faster latencies we observed with higher extraversion could be a result of the fact that 

these individuals comprehended metaphors less deeply and so were able to achieve 

comprehension more quickly. 

In conclusion, we observed no strong evidence for the effects of arousal on task 

performance, save maybe metaphor comprehension and arousal, but we observed a few 

other meaningful effects of personality on performance. Future research should look 

more carefully and exhaustively at different personality measures in relation to metaphor 

comprehension to clarify the opposing results we observed of BFAS extraversion and 

ATQ extraversion on metaphor latencies. Similarly, to more clearly determine how 

arousal affects performance on these tasks, future research will need to use more 

thorough measures of arousal, such as physiological measures and/or manipulations via 

stimulants (e.g., caffeine). Until then, broad, definitive claims cannot be made, though 

there are suggestions—consistent with previous literature—that arousal positively affects 

recall and that extraversion is associated with less thorough metaphorical processing. 
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Conclusions 

SDEs and Cognitive Resources: A “U”nifying Account 

Through the consistency of the arguments heretofore presented, and through the 

compelling support of the findings from the present research as well as previous studies, I 

hope I have made it clear that effects of and effects on cognitive resources are important 

factors affecting the behavioral SDEs examined in the present studies. These SDEs are 

persistent, sometimes exerting effects after a couple of trials or even long sequences of 

trials. SDEs are pervasive, too, appearing consistently in a wide variety of tasks and 

domains. They are also protean: The exact manifestation of SDEs is a complex 

interaction of task, difficulty, preceding context, and individual differences. Each of the 

tasks in the present experiments displayed a unique set of SDEs based on the previous 

trial. The metaphor task consistently displayed positive DCs and negative DCAs (i.e., 

larger DCs for easy trials), which is consistent with resource exhaustion. The spatial task 

mostly consistently displayed positive DCs and positive DCAs, consistent with a 

combination of resource exhaustion and recruitment high-fit. The number task 

consistently displayed negative DCs and negative DCAs, consistent with resource 

engagement. Despite differences between tasks regarding the effects of the preceding 

trial, there is a consistent finding that, at the level of a preceding sequence of trials, 

difficult trials exhibit resource engagement. However, it could be the case that effects are 

due to other aspects of the cognitive processes involved in the task and are not due to 

underlying resources, per se, being exhausted, engaged, or depleted. The behavioral 

nature of our data do not allow us to definitively conclude one way or the other. 

However, as has been argued, based on the correlations with questionnaire data and the 
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findings of across-task SDEs, the most sensible and explanatory argument is that 

resources and effort are involved in these SDEs. 

As has been shown in many tasks, difficult trials will recruit additional neural 

resources in order to enable an individual to successfully complete the trial (Christova et 

al., 2008; Prat et al., 2007; Prat et al., 2012; Wartenburger et al., 2009; and others). Yet, 

as helpful as these additional resources may be on the current trial, it may mean that 

fewer resources will be available for the next trial, resulting in worse performance, as in 

the case with metaphor and spatial trials. However, sometimes, those resources may 

remain activated and engaged into the next trial and so facilitate performance on the 

subsequent trial, as in the case of the number task. In the case of the number task, there is 

good reason to believe that these resources that can be sustainably engaged are attentional 

resources. Whether other types of resources are also able to be sustainably engaged is a 

question for future research, as is the question of whether such resources that remain 

engaged on a trial-to-trial basis will also show exhaustion effects after a series of difficult 

trials. That is, do all tasks eventually show resource exhaustion? The evidence from the 

resource depletion literature would suggest so (Langner et al., 2010; Persson et al., 2013; 

Plukaard et al., 2015; and others). 

However, these depletion effects are only temporary; with time, those resources 

will replenish, with recovery being able to be enhanced by engaging in activities 

(different from those that were depleted) that people find interesting (Thoman et al., 

2011). When those resources do return, depending on how they were engaged and used, 

they may actually be augmented in capacity. Unsurprisingly, training on a task will 

increase skill and performance on that task (Jaeggi et al., 2008 2011; Stroop, 1935), but 
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that doesn’t say much beyond practice leading to better performance. More compellingly, 

training on WM tasks has been shown to increase fluid intelligence abilities and/or WM 

capacity (WMC; Jaeggi et al., 2008, 2011), suggesting that repeated training (which will 

undoubtedly use and temporarily deplete resources) can lead to larger capacity. Not 

everyone has found such generalizable gains to fluid intelligence, however, instead 

finding that such gains only seem to transfer to other tasks that rely on WM (Beatty et al., 

2015; Harrison et al., 2013). It is not surprising that the transfer effects are restricted to 

the same domain as the training task. The same is true in other domains of life; you can’t 

expect to get much better at playing the clarinet by practicing the piano. However, if 

there are similarities, some transfer effects might be observed. There is high similarity 

between WMC and fluid intelligence (Martínez et al., 2011), which could explain why 

transfer gains are sometimes observed in fluid intelligence after WM training. Further, 

the transfer gains of WM are associated with greater neural activity on the transfer task, 

suggesting that adaptable recruitment develops quickly with increases in skill (Beatty et 

al., 2015). In other words, the mind is like a muscle, and training a particular ability can 

result in increased mental muscle mass for that ability. This is the effect underlying the 

skill effects of neural efficiency and adaptable recruitment. 

As discussed in Chapter 1, again, it would seem that the inverted “U” (along with 

the factors that go along with it: arousal, motivation, resources, skill, and effort) is able to 

“U”nify all these findings. Considering transient, trial-by-trial effects on resource use, 

engagement, and exhaustion, the concept of the inverted “U” predicts the SDEs that have 

been observed: After a difficult trial that uses up resources, people are less able to 

perform well, leading to positive DCs; after a difficult trial that engages resources, people 



207 

  

are better able to perform well, leading to negative DCs; after a difficult trial that engages 

effort, that effort will carry-over to the subsequent trial, which can either benefit from or 

be hindered by that additional effort based on its difficulty level, since optimal effort 

shows an inverted “U” in relation to difficulty. In other words, the current availability of 

cognitive resources largely determines performance on the current trial. Based on the 

difficulty of the previous trial, individual differences in arousal (which can augment or 

diminish available resources, depending on the nature of the arousal, as was discussed in 

Chapter 1), individual differences in resource capacity (which can be augmented through 

training), and individual differences in skill (which can also be augmented through 

capacity and will determine how difficult a task is perceived to be). In sum, the 

previously established findings of the inverted “U” hold up and, though not initially 

intended to predict sequential performance, also go a long way in predicting task 

performance in sequential paradigms. 

Limitations and Future Research 

There are some limitations of the methods used in the current research that are 

worth discussing. First, there are some challenges inherent to the stimuli themselves and 

so apply to all three experiments. One such challenge is word length for the metaphor 

stimuli, a factor known to affect response latencies. However, metaphors appeared in 

different places across the lists, so word length effects ideally were counterbalanced 

across subjects. The same can be said for other aspects of the metaphors, especially their 

inherent memorability and how that might affect the recall data. But, again, as with word 

length effects, these effects were effectively counterbalanced across subjects, with items 

appearing in different conditions across participants. 
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Similar to word length, grid size of the spatial stimuli is an added factor that 

affects response latencies. Cell sizes were too small to do analyses incorporating grid size 

to see exactly what kind of effect it exerted across participants; however, any of those 

effects were effectively counterbalanced within a run. Further, grid size was also always 

constant within a block, and all the analyses were conducted within a block, meaning 

grid-size-based difficulty did not switch between trials N – 1 and N (except in the spatial-

only run of Experiment B, which found the same effects, indicating that this isn’t an 

issue). Since this is a variable that was clearly related to latencies, similar to complexity 

and layout in Schneider and Anderson’s (2010) study on mental arithmetic, grid size may 

be considered a secondary difficulty manipulation and so would be worth looking at in 

future research. Does it yield the same SDEs as the primary difficulty manipulation of 

inversion orientation?  Similarly, secondary difficulty manipulations, such as perceptual 

fluency (cf. Dreisbach & Fischer, 2011), could be added to our tasks.  Does fluency yield 

the same SDEs in the context of other tasks? Can the resource engagement effects of the 

number task offset the fluency-related SDEs? From a broader perspective, these questions 

point toward a more fundamental question, one that is well worth pursuing: Do SDEs 

manifest as a function of a particular task, or specifically as a function of the difficulty 

manipulation used in that task? Answering this question could provide further insight into 

the nature of SDEs and the resources that underlie them and into the nature of difficulty 

itself and how it interacts with other features. 

Another shortcoming of the present study’s methods was the complexity of the 

experimental design and the sheer number of variables, ranging from using multiple tasks 

to having multiple difficulty factors within a task to having multiple types of blocks to 
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looking at previous trial and previous sequence effects. Because of this large number of 

variables, cell sizes became small—limitingly so at times. This precluded various 

analyses from being conducted and made other analyses cautionary. Future research 

would do well to focus on a few key manipulations at a time so as to ensure better cell 

sizes and so as to get a clearer picture of the effects. One such example concerns the 

buildup analyses. Because of the way blocks were designed, it was not possible to have 

each level of difficulty be preceded by all possible lengths of each level of preceding 

sequence. Such a design is possible, but would likely require a very long experimental 

session and/or a between-subjects design. 

A final limitation of the present research is that many arguments have been made 

about cognitive resources, but little was done to measure them directly. Yes, supposed 

arousal was measured via personality factors and verbal skill was measured with an 

analogical reasoning task, but, given the generally null effects found on these personality-

based arousal factors, personality seems to have been a rather crude and ineffective 

means of measuring how arousal pertains to these tasks. Future research should take more 

direct measures of arousal, such as skin conductance or cardiovascular metrics, and/or 

could manipulate arousal with hormones (e.g., cortisol, a glucocorticoid) or stimulants 

(e.g., caffeine). Similarly, future research could measure resource capacity (e.g., WMC) 

to see if that moderates task performance, as would be expected from the inverted “U”. 

Also, future research should apply neuroimaging techniques to observe what is—and is 

not—happening to neural resources on a trial-to-trial basis. This would provide clarity to 

the question of whether or not SDEs are due to effects of processes, of resources, and/or 

of effort. 
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Furthermore, tasks could be designed such that specific strategies do or do not 

work well on a particular trial. This could ensure greater experimental control over what 

cognitive processes are likely being engaged as participants perform the task. Similarly, 

participants could be instructed or trained to use a particular strategy to achieve greater 

experimental control over their cognitive processes and, correspondingly, their potential 

beneficial or detrimental carry-over effects across trials; participants could even be 

instructed or trained to use different techniques to see how performance varies with 

different processes being engaged. In other words, while the current research was 

designed to capture the generality—and, therefore, generalizability—of SDEs by 

avoiding particular instructed strategies and looking at effects across tasks, it would now 

be beneficial for future research to “backtrack” to get a better sense of what more specific 

cognitive processes may be underlying these general effects. 

Additionally, though not a weakness of the experimental design, the present 

studies did not include inter-trial intervals (ITIs). This design decision allowed for a 

maximization of any SDEs, since longer ITIs have been shown to reduce SDEs 

(Uittenhove & Lemaire, 2013b). As Uittenhove and Lemaire argued, this finding gives 

support for the role of WM resources in SDEs: The longer ITI allowed resources to 

replenish, thereby augmenting performance. To determine if WM resources are involved 

in metaphor, spatial, and number tasks we used—tasks that don’t explicitly seem to 

require WM, as does mental arithmetic (though the spatial task likely relies on some 

visual WM)—systematically manipulating the ITI would provide a simple behavioral 

measure of the supposed involvement of WM resources. 
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Aside from merely compensating for design shortcomings, the present 

experiments and findings raise additional questions. What effect does comprehension 

quality have on later metaphor recall? Do longer latencies correspond to better recall 

because those longer latencies allow for (and are presumably somewhat caused by) 

deeper, higher quality interpretations? Or do longer latencies merely reflect SDEs and 

correspond to later recall only by providing more time for initial encoding?  To 

disentangle these effects of latencies and comprehension quality on recall, the 

interpretation data, which we collected, will need to be analyzed; that was simply beyond 

the scope of the present research. 

Considering how the metaphor and spatial tasks consistently showed resource 

depletion effects after a sequence of difficult trials, it is reasonable to expect that the 

same might be true for the number task, even though it showed the opposite effect (i.e., 

resource engagement) at the N – 1 level. But this buildup effect could not be analyzed 

with our design. Future research can create number blocks so as to test this question. 

Relatedly, it would be valuable to present the metaphor and spatial tasks in blocks of 

randomized order (with respect of level), as this would further reduce any predictability 

and expectation of the level of the upcoming trial. Would the same N – 1 effects that we 

found in the present research be observed under such conditions? 

Relatedly, and finally, future research is needed to replicate and extend the current 

findings. Is resource exhaustion consistently observed in metaphor tasks? Might it be 

exhibited in all verbal tasks? Do all spatial reasoning tasks exhibit a combination of 

resource exhaustion and recruitment fit? Do all simple number tasks exhibit resource 

engagement? In other words, are the current findings limited to the specific tasks used, or 
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do they broadly capture the effects that are true for the broader task domains? What other 

tasks exhibit resource exhaustion? Resource engagement? Recruitment fit? Similarly, will 

the cross task effects we observed replicate? Is it always the case that the preceding task 

determines the SDEs that will be observed? Are there any task combinations where the 

current task determines what SDEs will be observed? Are there any task combinations 

where completely new patterns set of SDEs emerge that were present within neither of 

the component tasks? How similar do the tasks need to be in order to observe across-task 

effects? Our metaphor and spatial tasks were substantially different, but could still be 

argued to rely on some overlapping neural processing regions and cognitive sub-

processes. But how much overlap in resources is necessary to observe across-task SDEs? 

For example, given the suggestion of Pinel and colleagues (2001) that number 

comprehension involves many spatial processes, it would be interesting to see how SDEs 

emerge across these two tasks. Answers to these questions will help us to better 

understand the nature of difficulty and sequential effects and, as such, help us better 

organize our worlds so as to optimize our encounters with difficulty. 

Applications and Takeaways 

As mentioned previously, the results of the current experiments suggest some 

effective applications for several important domains. First and foremost, there are clear 

and important applications to the realm of education. Understanding how difficulty exerts 

effects on current and subsequent tasks will inform planning effective and optimal 

lectures and lessons. Difficulty can be an effective pedagogical technique, since it may 

lead to enhanced retention. Thus, key concepts and material can be presented in a 

strategically difficult manner so as to engage students in an optimally effortful way that 
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will maximize their comprehension and retention of those concepts. However, 

performance will often suffer after difficulty, so less crucial material should be planned 

after a difficult interlude. In particular, if the difficulty is of a verbal nature, people might 

be stuck in the semantic gravity of the previous task, needing more time to once again 

flow more freely in semantic space. Certain difficult tasks, however, may facilitate 

subsequent performance; knowing what these tasks are and how long-lasting their 

facilitative effects are will help educators maximize these beneficial effects for increasing 

learning. 

In the age of computerized adaptive testing, standardized tests are becoming 

increasingly predictive and accurate. However, for tests that don’t benefit from such an 

adaptive design, sequential effects of difficulty need to be considered in test design. It is 

unreasonable to expect optimal performance on an item that comes after a sequence of 

challenging items. Thus, items that are considered most diagnostic or otherwise important 

should not be placed after difficult sequences, but should be placed near the beginning or 

after an easy interlude. Failures to consider sequential difficulty effects in designing 

important tests can lead to results that are not as diagnostic as desired. Thus, it would also 

be valuable for adaptive test algorithms to consider such sequential effects when 

computing scores. 

Finally, there are valuable applications to not only workplace efficiency, but daily 

life efficiency and productivity. Knowing that difficulty requires effort, and that previous 

difficulty can exhaust available resources, people should undertake important and high-

priority tasks when they are optimally fresh, such as at the beginning of the day, after a 

break, or after an easy interlude. Similarly, people should avoid back-to-back tasks that 
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are highly challenging, because the sustained effort exerted on the first will likely exhaust 

resources, leading to poorer performance on the second. However, if external constraints 

require that such tasks get done within a short period of time, the present research, in 

conjunction with Thoman et al.’s (2011) findings about the resource-replenishing effects 

of engaging in interesting activities, suggest that the tasks should be separated by some 

sort of interesting activity, for that intervening activity will serve to replenish the depleted 

resources and so enhance performance on the subsequent task. Finally, given what has 

been discovered about how the brain can be augmented through training, future 

susceptibility to difficulty can be reduced and future performance in the face of difficulty 

can be enhanced through the kinds of training that can augment cognitive resources. 

Final Remarks 

Difficulty is a permanent fixture of our everyday lives, and not always a pleasant 

one. But knowing how to use it to our benefit can help us reduce its negative effects and 

maximize its beneficial effects. Engaging in a difficult task will use a greater amount of 

neural resources, but that effort may help us better remember the task. Depending on the 

task, those resources may also be able to remain engaged and so facilitate whatever task 

comes next. This is the case with a simple number comparison task that likely engages 

attentional resources. Knowing how to leverage these aspects of difficult tasks can 

enhance performance in a variety of domains. However, on other tasks, those recruited 

resources may actually diminish what remains that could be recruited on the subsequent 

task. This is the case with more demanding spatial reasoning and verbal comprehension 

tasks. Knowing when this exhaustion effect may occur will help us to, whenever possible, 

plan ahead so as to avoid having to do important tasks after engaging in such difficulty. 
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Also, knowing how to effectively train our minds unto greater skill and greater resource 

capacity can help preempt some of these adverse effects of difficulty—not all, but it can 

reduce the degree of the post-difficulty hindrance observed. 

In summary, difficulty can be adverse. But, that adversity can also be 

beneficial…if you know how to use it to your advantage. At the very least, even if you 

don’t know how to harness that adversity, the good news is that you can grow from that 

adversity, because it is very much true that (often) what doesn’t kill you makes you 

stronger. As the great Charles Dickens once penned, “suffering has been stronger than all 

other teaching […]. I have been bent and broken but—I hope—into a better shape” 

(1861). It’s true in fiction; it’s true in real life; it’s true in cognition.  
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APPENDIX A: REPORT ON THE CONCEPTUAL COMBINATION TASK FROM THE 

NORMING EXPERIMENT 

Conceptual combination (CC) stimuli consist of adjective-noun word pairs 
associated with a particular perceptual modality (i.e., auditory, gustatory, haptic, 
olfactory, or visual). The participant is asked to find a meaningful relationship between 
the given words. The pairs can either be familiar combinations (e.g., laughing audience) 
or novel combinations (e.g., echoing wheel), which is one manipulation of difficulty. 
Connell and Lynott (2011) found that, as expected, familiar combinations were 
comprehended more quickly than the difficult novel ones. A second difficulty 
manipulation comes from the interaction between trials: If the modality switches from 
trial N – 1 to N, it is more difficult to process trial N. After thinking in the visual realm, 
switching to the auditory realm requires a shift in processing and a change of neural 
resources used. Connell and Lynott also found evidence for this difficulty manipulation. 

Methods 

CC word pairs were taken from Connell & Lynott (2011), as their stimuli were 
already categorized as familiar and novel. These stimuli were trimmed down to 120 (60 
familiar and 60 novel) by, as with the metaphor stimuli, eliminating those that, based on 
the consensual judgment of a few raters, seemed weird or potentially unpleasant. Also, 
pairs of a gustatory modality were eliminated from the familiar pairs since there were no 
corresponding novel gustatory pairs. Twelve additional pairs were used for practice. Each 
stimulus was printed in large, white “Adobe Gothic Std B” font on a black background, 
with one word appearing above the other. 

CC blocks were always composed of three items (i.e., trials), with a modality 
switch always occurring between trials two and three. In weak blocks, trial one was 
always novel; in strong blocks, trial one was always familiar. In both types of blocks, trial 
two was familiar, and trial three was novel or familiar. Participants were instructed to 
press the spacebar once they achieved a comprehension of the on-screen text. 

Results and Discussion 
See the “Results” section of Chapter 2 for information about how the trials were 

trimmed. Figure A1 shows the mean RTs for the CC task as a factor of the difficulty 
levels: familiar (easy) and novel (difficult). A one-way repeated-measures ANOVA was 
conducted on CC latencies with level (2: familiar, novel) as a within-subjects factor. The 
effect was significant, F(1, 33) = 53.70, p < 0.001: Mean lnRTs were significantly faster 
for familiar trials (7.500 (0.065); mean RT = 1808 ms) than for novel trials (7.989 
(0.103); mean RT = 2948 ms), giving behavioral support that novel trials are more 
difficult, which is consistent with what Connell and Lynott (2010) found. 
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Figure A1. Mean RTs for the familiar (easy) and novel (difficult) trials of the CC task. 

 
Additionally, Connell and Lynott (2010) found a modality switching cost, in that 

RTs were slower on trials where the modality switched from the previous trial, and that 
this modality switching cost was greater when switching from a familiar trial than from a 
novel trial. They argue that this modality switch asymmetry is due to the fact that familiar 
trials, being familiar, don’t require much effort to interpret; they are things with which we 
already have experience. Novel trials, on the other hand, involve combinations of 
concepts that have not been experienced in real life, so that combination of concepts must 
be effortfully created during the trial. This effort means that performance on the next 
trial, assuming modality switches, will be slower. In other words, this task exhibits 
difficulty costs. (Alternatively, similar to the metaphor comprehension task, this could 
reflect a “perceptual gravity” effect, such that when individuals try hard to makes sense 
of a combination in a certain perceptual modality, it is hard to extricate themselves from 
that modality for a subsequent trial.) Arguably being due to effort, this is a fairly 
generalizable type of difficulty and, as such, it is not surprising that it is consistent with 
the other research showing post-difficult slowing. However, given the unique nature of 
this difficulty as due to the interplay of perceptual and conceptual processes, it makes for 
an intriguing task for further study. Furthermore, and finally, the difficulty cost 
associated with the modality switching has not been tested. That is, if modality switches 
between trials N – 1and N, how does that affect performance on trial N + 1? How does it 
affect modality switching from trial N + 1 to N + 2? Such combined-trial effects of 
difficulty have not, to my knowledge, been previously studied, so it would be beneficial 
to look at such effects in future research, for it would enhance our understanding of how 
SDEs work and whether they are based solely on trial-to-trial effects or if expectations 
and predictions are made based on conjunctions of previous trials. 
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APPENDIX B: METAPHOR STIMULI USED 

Table A1 contains a complete list of all the metaphor stimuli used in the experimental 
runs across the three experiments (plus the norming experiment). It also indicates the 
original ratings of ease of interpretation and of familiarity (each on a scale from 1 to 7) 
from the original Katz et al. study (1988). These are the ratings that were used classify 
the stimuli as easy or difficult. 
 
Table A1. Metaphor Stimuli Used across the Various Experiments 

Metaphor Level Type Ease Fam. 
Norming 

Exp. 

Exp. A1 Exp. A2 
Exp. B 

Run Recall Run Recall 

Honey is a bear's best friend. Easy Non-lit. 6.03 5.93 x x x x x x 
Nerves after a quarrel are frozen 

leaves in winter. 
Easy Lit. 4.73 4.80 x x x x x x 

Earth is a buzzing beehive grove. Easy Lit. 4.93 4.50 x x x x x x 
The body is a fading mansion 

taken on short lease. 
Easy Lit. 5.20 4.80 x x x x x x 

The soul is a rope that binds 

heaven and earth. 
Easy Lit. 5.83 5.23 x x x x x x 

Evolution is a lottery. Diff. Non-lit. 3.10 2.45 x x x x x x 

A forest is a harp. Diff. Non-lit. 3.57 2.04 x x x x x x 

History is an alarm clock. Diff. Non-lit. 3.57 2.10 x x x x x x 
Human beings are strips of stuff 

that tatter as they move. 
Diff. Lit. 3.40 3.23 x x x x x x 

The moon is a dancing cat. Diff. Lit. 3.43 2.33 x x x x x x 

Joy is a ribbon that slips. Diff. Lit. 3.53 3.27 x x x x x x 
Work is the opium of successful 

people. 
Easy Non-lit. 5.40 4.60 x x x x 

 
x 

Respect is a precious gem. Easy Non-lit. 6.20 5.00 x x x x 
 

x 

Conscience is a burrowing mole. Easy Lit. 4.57 4.70 x x x x 
 

x 

Silence is a black cavern. Easy Lit. 5.80 4.97 x x x x 
 

x 

Lust is anarchy. Diff. Non-lit. 3.10 2.50 x x x x 
 

x 

A zebra is a xylophone. Diff. Non-lit. 3.60 2.53 x x x x 
 

x 

Choppy waves are pale octopi. Diff. Lit. 2.03 1.57 x x x x 
 

x 
Prince's robes are toadstools on 

the miser's bags. 
Diff. Lit. 2.47 2.07 x x x x 

 
x 

The city is bait to catch all 

emerging days. 
Diff. Lit. 3.33 2.97 x x x x 

 
x 

Love is a flower. Easy Non-lit. 5.96 5.21 x x x 
  

x 

Hard work is a ladder. Easy Non-lit. 5.97 5.07 x x x 
  

x 
A dusty and crowded attic is a 

paradise to child. 
Easy Non-lit. 6.10 5.07 x x x 

  
x 

History is a mirror. Easy Non-lit. 6.42 5.03 x x x 
  

x 

Water is the blood of soft snows. Easy Lit. 4.83 4.57 x x x 
  

x 
Faithful love is a tree standing 

through the stormiest hour. 
Easy Lit. 6.30 6.30 x x x 

  
x 

Love is an antidote for the world's 

ills. 
Easy Lit. 6.50 5.90 x x x 

  
x 

A wave is a tick of a clock. Diff. Non-lit. 3.70 2.73 x x x 
  

x 

The subconscious is an arena. Diff. Non-lit. 3.73 2.63 x x x 
  

x 

The tomb is a dry Sargasso. Diff. Lit. 1.77 1.60 x x x 
  

x 

Death is a drummer. Diff. Lit. 3.27 3.33 x x x 
  

x 
Mankind is the preface to a 

preface. 
Diff. Lit. 3.43 2.43 x x x 

  
x 
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Metaphor Level Type Ease Fam. 
Norming 

Exp. 

Exp. A1 Exp. A2 
Exp. B 

Run Recall Run Recall 

A lover's hands are a flaming pyre. Diff. Lit. 3.47 3.33 x x x 
  

x 
Freedom is a huntress swifter than 

the moon. 
Diff. Lit. 3.77 3.50 x x x 

  
x 

Adventure is a rolller-coaster. Easy Non-lit. 5.93 4.73 x x 
 

x x x 

A pond is nature's mirror. Easy Non-lit. 6.07 5.00 x x 
 

x x x 
A garbage truck is a hungry 

scavenger. 
Easy Non-lit. 6.33 4.45 x x 

 
x x x 

The eager student is a sponge. Easy Non-lit. 6.40 4.83 x x 
 

x x x 
Courtesy is a sweet note in the 

noise of the city. 
Easy Non-lit. 6.41 4.83 x x 

 
x x x 

Migraine headaches are beating 

drums. 
Easy Non-lit. 6.43 4.69 x x 

 
x x x 

The desert is an oven. Easy Non-lit. 6.47 5.37 x x 
 

x x x 
Despair is a living tree feeding on 

death. 
Easy Lit. 4.47 4.67 x x 

 
x x x 

Fog is the shroud of the dead. Easy Lit. 4.50 4.90 x x 
 

x x x 

Regret is an all consuming fire. Easy Lit. 4.53 4.57 x x 
 

x x x 

Poetry is the palate of the mind. Easy Lit. 4.93 4.47 x x 
 

x x x 
Sleep is the soft embalmer of the 

still midnight. 
Easy Lit. 5.03 4.60 x x 

 
x x x 

Sunlight is a golden dust. Easy Lit. 5.97 5.33 x x 
 

x x x 

Creativity is a tower. Diff. Non-lit. 2.96 1.52 x x 
 

x x x 

A fisherman is a spider. Diff. Non-lit. 3.30 1.90 x x 
 

x x x 
A soft-boiled egg is a guillotined 

aristocrat. 
Diff. Non-lit. 3.48 1.57 x x 

 
x x x 

Mines are wooden statues. Diff. Non-lit. 3.60 2.27 x x 
 

x x x 

Beauty is the fitful tracing of a gate. Diff. Lit. 2.33 1.77 x x 
 

x x x 

Mysticism is a figleaf. Diff. Lit. 2.47 2.13 x x 
 

x x x 

The Abyss is a virginal kiss. Diff. Lit. 2.77 2.37 x x 
 

x x x 

Infancy is the green apron of age. Diff. Lit. 3.17 3.23 x x 
 

x x x 

Autumn trees are ruined choirs. Diff. Lit. 3.27 3.00 x x 
 

x x x 
Contemplation is a transparent 

spider web. 
Diff. Lit. 3.30 3.37 x x 

 
x x x 

Snow is the bread of water. Diff. Lit. 3.37 2.80 x x 
 

x x x 
Rocking buoys are lost cathedral 

chimes. 
Diff. Lit. 3.63 2.90 x x 

 
x x x 

The stars are a map to a ship 

captain. 
Easy Non-lit. 6.10 5.97 x x 

 
x 

 
x 

A rumour is a plague. Easy Non-lit. 6.13 4.62 x x 
 

x 
 

x 

Happiness is gold. Easy Non-lit. 6.30 5.03 x x 
 

x 
 

x 
Books are treasure chests of 

information. 
Easy Non-lit. 6.41 5.70 x x 

 
x 

 
x 

The family is a rock of security. Easy Non-lit. 6.43 5.33 x x 
 

x 
 

x 
Beavers are lumberjacks with fur 

coats. 
Easy Non-lit. 6.45 4.93 x x 

 
x 

 
x 

A friend is a ray of sunshine. Easy Non-lit. 6.60 5.83 x x 
 

x 
 

x 

The bird is nature's airplane. Easy Non-lit. 6.71 5.31 x x 
 

x 
 

x 

Some mouths are pieces of steel. Easy Lit. 4.57 4.70 x x 
 

x 
 

x 

Truth is a pair of eternal doors. Easy Lit. 4.62 4.60 x x 
 

x 
 

x 
The blushes of youth are roses 

spread by joy. 
Easy Lit. 5.23 4.87 x x 

 
x 

 
x 

The tongue is a bayonet. Easy Lit. 5.43 5.13 x x 
 

x 
 

x 
The mind is a mountainous 

landscape. 
Easy Lit. 5.57 5.17 x x 

 
x 

 
x 
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Metaphor Level Type Ease Fam. 
Norming 

Exp. 

Exp. A1 Exp. A2 
Exp. B 

Run Recall Run Recall 

An autumn storm is the funeral 

song of the dying year. 
Easy Lit. 5.77 5.33 x x 

 
x 

 
x 

The sun is the eye of heaven. Easy Lit. 5.80 5.60 x x 
 

x 
 

x 

Rain is a collection of sheeny tears. Easy Lit. 5.87 4.83 x x 
 

x 
 

x 
Tranquility is a woodland river 

winding through hills in solitude. 
Easy Lit. 6.13 5.93 x x 

 
x 

 
x 

A braggart is a snowman. Diff. Non-lit. 2.79 1.80 x x 
 

x 
 

x 

A dynasty is a play. Diff. Non-lit. 3.13 1.89 x x 
 

x 
 

x 

Featherweight boxers are wasps. Diff. Non-lit. 3.20 2.17 x x 
 

x 
 

x 

Wisdom is a foreigner. Diff. Non-lit. 3.23 1.90 x x 
 

x 
 

x 

A dog is a walking stick. Diff. Non-lit. 3.38 2.55 x x 
 

x 
 

x 

A dream is a solar eclipse. Diff. Non-lit. 3.52 2.30 x x 
 

x 
 

x 

Lies are shoals. Diff. Non-lit. 3.63 2.37 x x 
 

x 
 

x 
Sunbeams are the stretching of a 

warp without a woof. 
Diff. Lit. 1.93 1.47 x x 

 
x 

 
x 

Ignorance is a man on a toboggan. Diff. Lit. 2.73 2.07 x x 
 

x 
 

x 

Noon is a rising dolphin. Diff. Lit. 2.90 2.30 x x 
 

x 
 

x 
All prayers are the same grief 

flying. 
Diff. Lit. 2.93 2.47 x x 

 
x 

 
x 

Refusal the tolling of a bell under 

water. 
Diff. Lit. 2.93 3.00 x x 

 
x 

 
x 

The tide is a clean loom. Diff. Lit. 3.30 2.77 x x 
 

x 
 

x 
Evening is a patient etherised upon 

a table. 
Diff. Lit. 3.33 2.20 x x 

 
x 

 
x 

Night is a castle. Diff. Lit. 3.40 3.30 x x 
 

x 
 

x 

Love is the last light spoken. Diff. Lit. 3.77 3.40 x x 
 

x 
 

x 

A museum is a history book. Easy Non-lit. 6.48 5.73 x x 
   

x 

Fear of death is a rotting fruit. Easy Lit. 4.50 4.55 x x 
   

x 

Man is a box of nerves. Easy Lit. 5.10 4.70 x x 
   

x 

Life is truth. Easy Lit. 5.13 4.73 x x 
   

x 

Waves are the sailor's steed. Easy Lit. 5.17 4.60 x x 
   

x 
Books are the full-ripened grain of 

a poet's mind. 
Easy Lit. 5.17 4.90 x x 

   
x 

The soul is a voiceless thought. Easy Lit. 5.30 5.13 x x 
   

x 

Time is a transforming chisel. Easy Lit. 5.50 4.83 x x 
   

x 

Memories are the roots that clutch. Easy Lit. 5.52 5.17 x x 
   

x 

Clouds are tossed pillows. Easy Lit. 5.97 4.93 x x 
   

x 

A body is a prison for the soul. Easy Lit. 6.03 5.67 x x 
   

x 
Love is the star guiding every 

wandering ship. 
Easy Lit. 6.07 5.93 x x 

   
x 

Snow is winter's robes. Easy Lit. 6.60 5.70 x x 
   

x 

The wind is a cat. Diff. Non-lit. 2.80 1.66 x x 
   

x 

Wisdom is a weatherman. Diff. Non-lit. 3.30 1.80 x x 
   

x 

A forest is a harmonica. Diff. Non-lit. 3.37 2.03 x x 
   

x 

Time is the skin of an onion. Diff. Non-lit. 3.37 2.27 x x 
   

x 

Silence is an apron. Diff. Non-lit. 3.67 2.33 x x 
   

x 

Memory is a trash-masher. Diff. Non-lit. 3.70 1.93 x x 
   

x 
The wandering stars ate children 

who don't know arithmetic. 
Diff. Lit. 2.50 2.17 x x 

   
x 

The ocean is a face with slanting 

cheekbones. 
Diff. Lit. 2.60 2.27 x x 

   
x 

The earth is one fragrant mouth. Diff. Lit. 2.60 2.67 x x 
   

x 
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Metaphor Level Type Ease Fam. 
Norming 

Exp. 

Exp. A1 Exp. A2 
Exp. B 

Run Recall Run Recall 

Silence is the curved ear of a shell. Diff. Lit. 2.77 2.70 x x 
   

x 

Mourning is a sable web. Diff. Lit. 3.03 2.33 x x 
   

x 
The sky is a crystal tambourine 

chaken by fate. 
Diff. Lit. 3.37 2.03 x x 

   
x 

Life is a flood carrying all idols 

into the darkness. 
Diff. Lit. 3.53 2.67 x x 

   
x 

City windows are fire in the sun. Diff. Lit. 3.67 2.93 x x 
   

x 

Education is a lantern. Easy Non-lit. 6.07 4.67 x 
    

x 

The blackailer is a leech. Easy Non-lit. 6.10 4.73 x 
    

x 

Loneliness is a desert. Easy Non-lit. 6.20 4.93 x 
    

x 
The sea captain is the quarterback 

of his ship. 
Easy Non-lit. 6.33 4.53 x 

    
x 

Dreams are the movies of the mind. Easy Non-lit. 6.57 5.23 x 
    

x 

Doubt is a net. Easy Lit. 4.53 4.73 x 
    

x 

Tears are a mother's weakness. Easy Lit. 4.93 4.77 x 
    

x 
Sleep is a navigator through the 

tides of time. 
Easy Lit. 5.10 4.77 x 

    
x 

The brain is the prisoner of 

thought. 
Easy Lit. 5.23 5.03 x 

    
x 

Stars are dancers. Easy Lit. 5.30 4.80 x 
    

x 

Death is the great winter. Easy Lit. 5.60 5.57 x 
    

x 
A broken heart is a shattered 

mirror. 
Easy Lit. 5.93 5.60 x 

    
x 

An avalanche is a thunderbolt of 

snow. 
Easy Lit. 6.20 5.43 x 

    
x 

A flower is a grounded bird. Diff. Non-lit. 3.73 2.40 x 
    

x 

A camel is an ocean liner. Diff. Non-lit. 3.77 2.90 x 
    

x 

Insect flight is a green crystal. Diff. Lit. 2.33 1.97 x 
    

x 

History is a winter sport. Diff. Lit. 2.37 1.77 x 
    

x 

All song is sacrifice. Diff. Lit. 2.63 2.53 x 
    

x 

Man is a bit of shade in the shade. Diff. Lit. 2.93 2.87 x 
    

x 

The face is a nursery for rebellion. Diff. Lit. 3.07 3.27 x 
    

x 

Adoration is lightning. Diff. Lit. 3.07 3.37 x 
    

x 
Joy is a hand ever at the lips, 

bidding adieu. 
Diff. Lit. 3.17 3.17 x 

    
x 

Death is the coal-black milk of 

morning. 
Diff. Lit. 3.43 2.53 x 

    
x 

Hope is a splendour of dolphins. Diff. Lit. 3.73 2.93 x 
    

x 
Vain words are costumes cast aside 

from yesterday's revels. 
Diff. Lit. 3.80 2.77 x 

    
x 

The hastening minutes are waves 

making for the pebbled shore. 
Easy Lit. 4.83 5.00 x 

     
Man is the wandering outlaw of his 

own dark mind. 
Easy Lit. 4.87 4.67 x 

     
Age is the embers of a fire built on 

the ashes of youth. 
Easy Lit. 5.27 4.87 x 

     
Sorrowing moments are the ploughs 

that dig the heart's furrows. 
Easy Lit. 5.40 4.63 x 

     
Man is a hand's impression in an 

empty glove. 
Diff. Lit. 2.97 2.97 x 

     
Trees are mere perfumes in the 

sleeping night. 
Diff. Lit. 3.03 2.87 x 

     
The foods of nerve are the frigid 

threads of doubt and dark. 
Diff. Lit. 3.50 2.70 x 

     
Growing old is a thistledown fall 

towards anguish. 
Diff. Lit. 3.50 3.40 x 

     

 


