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Research with young children can yield important information on both developmental 

processes and trajectories.  This study was comprised of three primary components: a) examining 

the influence of sleep on executive function and strategy usage, b) utilizing a microgenetic 

approach to study executive function and strategy use, and c) evaluating the development of 

executive function and strategy use.  This study longitudinally assessed the ability of 67 children 

that were tested in kindergarten and then again in the 1st grade to utilize high level problem 

solving strategies on the Tower of London (TOL), an effective neuropsychological task, and 

what impact their sleep has on their performance.  Novel methods were employed to objectively 

quantify the planning and strategy use following a microgenetic approach.  Results revealed that 

nap duration, the number of nighttime awakenings, and sleep quality rating had significant 

impacts on children’s TOL performance.  Additionally, children showed significant 

improvements in both executive functioning performance and strategy usage.  Specifically, 

children benefited from increased task exposure and showed improvements with age.  The 

findings from this study indicate that sleep, task experience, and development have an impact on 

executive functioning.   
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CHAPTER 1 
INTRODUCTION 

Executive functions are higher-order cognitive processes that can affect all aspects of life, 

such as planning and initiating tasks; shifting of thought, strategy or attention; organization of 

actions; inhibiting inappropriate thoughts and behavior; and carrying out efficiently sustained 

and sequenced behavior (Nigg, Blaskey, & Huang-Pollock, 2002).  The current study consists of 

three main components that are all related to executive function:  a) investigating the impact of 

sleep on executive function and strategy use, b) evaluating strategy use change, using a 

microgenetic methodology, and c) examining the development of executive function and strategy 

use. 

The rationale for examining sleep in this research was provided by a variety of studies that 

found sleep quality rating influences executive functioning, both in adults (Drummond, Brown, 

Salamat, & Gillin, 2004; Harrison & Horne, 1999) and children (Sadeh, Gruber, & Raviv, 2002).  

The study of strategy in problem solving has a long history, and the present study will extend this 

with a microgenetic evaluation of strategy use (Siegler, 1995).  Finally, examining these issues 

developmentally will shed additional light on the developmental processes of cognitive 

development.  Each of these points will now be discussed in turn. 

Sleep and Executive Function 

Many factors can affect children’s problem solving and strategy usage.  One of the most 

understudied of these factors is how well a child sleeps.  Given this, it is surprising that the most 

common referral to mental health professionals for young children is related to complaints of 

dysregulation of sleep (Devera, 1997).  Studies examining the influence of young children’s 

sleeping behavior on executive functioning are especially sparse.  Normative developmental data 

on children's sleep and executive functioning is still lacking (Sadeh, Raviv, & Gruber, 2000).  
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Existing sleep studies have focused on infancy and adolescence (Sadeh & Gruber, 1998). 

Furthermore, most research on children's sleep patterns have focused on sleep disturbances or 

populations with diagnosed disorders, such as ADHD.   

Results from adult studies suggest a link between executive functioning and sleep.  Bastein 

and colleagues (2003) found that in older adults, those with insomnia perform worse on attention 

and concentration tasks compared to those who were good sleepers.  Furthermore, studies 

conducted with college age adults by Horne (1988; 1993) show that deductive reasoning tasks 

are greatly affected by sleep deprivation.  These deficits are reversed after recovery sleep. The 

findings of these two Horne studies strongly suggest that the prefrontal cortex obtains a 

particular benefit from sleep, as sleep deprivation leads to degraded cognitive functions that are 

regulated by the prefrontal cortex (Horne, 1993).  Harrison and Horne (1999) conducted an 

experimental study with two counterbalanced groups (sleep vs. no sleep) and found that the 

effects of sleep deprivation on graduate students led to more rigid thinking, increased 

perseverative errors, and marked difficulty in adapting to novel information.   

Drummond and colleagues (1999, 2001, 2004) conducted fMRI studies on brain 

functioning during executive functioning tasks in sleep deprived participants.  They found that 

when participants are sleep deprived and performing an executive functioning task, their parietal 

lobes show increased activation to maintain task performance.  Based on their findings, 

Drummond and colleagues hypothesize an adaptive cerebral response during cognitive 

performance following sleep deprivation during which the pattern of adaptation depends on the 

specific cognitive demands of the task.  They explained that neuroimaging data revealed a linear 

increase in cerebral response with a linear increase in task demands in several brain regions after 

normal sleep. They found even more pronounced or steeper linear responses after total sleep 
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deprivation in several brain regions, including bilateral inferior parietal lobes, bilateral temporal 

cortex, and left inferior and dorsolateral prefrontal cortex (Drummond, Brown, Salamat, & 

Gillin, 2004), which is critically involved in planning efficiency (Unterrainer, et al, 2004).  

Despite these compensatory mechanisms, executive functioning performance was still 

significantly worse. 

Muzur, Pace-Schott & Hobson (2002) found that sleep deprivation influences frontal 

executive functions (planning, logical reasoning, temporal memory, inhibition and decision 

making) in particular, which further emphasizes the sensitivity of the prefrontal cortex to sleep.  

Furthermore, Pilcher and Huffcutt (1996) found that sleep deprivation results in poorer reaction 

times, less vigilance, an increase in perceptual and cognitive distortions, and changes in affect in 

adults.  In their meta-analysis, they report that partial sleep deprivation meaning less than 5 hours 

of sleep per day resulted in performance two standard deviations below non-sleep deprived 

participants.  Long-term sleep deprivation (more than 45 hours awake without sleep) and short-

term sleep deprivation (less than 45 hours awake without sleep) resulted in performance one 

standard deviation below non-sleep deprived participants.  Their findings suggest that partial 

sleep deprivation leads to greater impairments of performance than total sleep deprivation.  This 

is important because partial sleep deprivation is likely the type of deprivation that both adults 

and children would experience in real life 

While the previously reviewed studies were conducted with adults, one would logically 

expect that poor sleep in children would have very large impacts on their executive functioning.  

Upon reviewing the literature, the impact of poor sleep on executive function with normally 

developing early elementary school children has not been thoroughly examined.  However, many 

studies have found a link between ADHD symptoms (such as poor inhibitory control and set 
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shifting) and sleep disruption.  For example, Gruber, Sadeh, and Raviv (2000) found that 

instability of the sleep-wake system of children significantly predicted ADHD symptoms, such 

as poor inhibitory control, inattention, difficulty in regulating behavior, and hyperactivity.  

Additionally, Steenari and colleagues (2003) found that lower sleep quality ratings, lower sleep 

efficiency or the proportion of time spent sleeping in comparison to the time attempting to sleep, 

and longer sleep latency have a negative impact on working memory performance in school age 

children. 

Very little data exists on the normal development of sleep-wake patterns in the school-age 

period (Wolfson, 1996).  The exception to this is the work of Sadeh and colleagues (1998, 2000, 

& 2002) who have conducted studies examining the sleep of children ranging in age from four to 

12.  In one of their studies examining 2nd, 4th, and 6th graders; they found significant correlations 

between sleep quality measures and executive functioning measures, especially among 2nd 

graders. Children with fragmented sleep performed more poorly on executive functioning 

measures, especially the more complex tasks such as a continuous performance task (a test of 

sustained attention) and a symbol-digit substitution test (a test of working memory). These 

results suggest an association between sleep quality ratings and executive functioning in children 

(Sadeh, Gruber, & Raviv, 2002).  Additionally, their results raise important questions about the 

nature of these relationships and their developmental and clinical importance.   

Taken together these data suggest that sleep quality and quantity are important factors in 

executive functioning in adults, and the limited evidence available suggests the same may be true 

for children.  However, additional research is needed to specifically examine the relationship 

between sleep and children’s executive functioning and strategy use on complex tasks, such as 
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the Tower of London.  The proposed study’s goal is to begin this process.  As discussed next, an 

effective procedure for examining this relationship in young children is the microgenetic method. 

Microgenetic Method 

Determining the course of change of performance is possibly the most fundamental issue 

in the study of cognitive development (Miller & Coyle, 1999; Siegler, 1995).  Typical cross-

sectional studies allow researchers to determine age differences, and longitudinal studies allow 

researchers to determine what changes have occurred over a more extended time period but do 

not yield shorter term information on the progression of change occurring as a child develops the 

ability to solve particular types of problems (Siegler & Stern, 1998). However, the microgenetic 

method can yield such information (Siegler & Chen, 1998).  Therefore, the microgenetic method 

is an effective technique for examining executive functioning and strategy usage.  Furthermore 

this data can be used to examine the relationship between sleep and executive functioning and 

strategy usage.  According to Siegler (1995,) strategies could be uncovered by analyzing the 

path, breadth, rate, variability, and sources of change of the attempted solutions by using the 

detailed analysis of responses during the period of problem solving.  This study will use the 

microgenetic method to examine children’s executive functioning performance and strategy 

usage on the Tower of London (TOL) task (description below).   

The microgenetic method has been suggested as a way to directly observe changes in 

behavior (Kuhn & Phelps, 1982).  It has been defined as a technique that covers the entire period 

of change, contains frequent testing sessions relative to the period of change, and involves in 

depth, trial-by-trial analyses (Siegler & Crowley, 1991).  Kuhn and Phelps (1982) advocated 

increasing the rate of change by giving the participants many opportunities to engage in the 

behavior being studied over a brief period of time. Concentrated exposure to a task may improve 

the likelihood of observing the process of change if it occurs (Kuhn, 1995).   



 

15 

The microgenetic method is valuable for understanding variability and consistency in 

patterns (Siegler & Crowley, 1992).  For example, McNamara (2000) tested preschool children’s 

problem solving ability microgenetically using the TOL task.  The 20 children who completed 

the study significantly improved over the course of 6 sessions, solving 44% of the problems in 

the first session and 80% in the last session.  Individual participants’ patterns of change fell into 

3 categories: 1) gradual improvement; 2) abrupt, marked, and sustained improvement; and 3) 

little improvement.  The comparison of the three groups seemed to indicate that some children 

were utilizing more complex strategies more quickly and more consistently, as indicated by 

solving more complex problems in earlier sessions, than were other children.  Alibali (1999) also 

found varying patterns of acquisition using the Tower of Hanoi.  Strategy response patterns will 

be carefully examined in the proposed study. 

Strategy 

Many different researchers have studied executive functioning using problem solving and 

proposed theories to explain the strategies used in problem solving (e.g., Coyle & Bjorkland, 

1997; Paiget 1976; Siegler, 1995). Defining a strategy is difficult because strategies can be task 

specific or more general.  However, strategy use involves a combination of an individual’s 

knowledge, conscious mental operations, and automatic processes (Bjorklund & Harnishferger, 

1990).  An additional difficulty is developing a procedure for studying strategy.   

The microgenetic method provides an effective way to study strategy and has given 

interesting insights into young children’s strategy use.  Research has consistently found 

variability in a child’s strategy selection (Siegler, 2007).  Siegler (1994) argued that conflicts 

between new strategies and older strategies explain the large amount of variability previous 

studies have found because children have access to and employ several strategies.  With 

increasing experience on a problem, some strategies are used more, and other strategies are used 
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less and eventually not at all (Siegler, 1994, 2007).  This results in increased variability as the 

strategies shift over time.  

An example of this is Shrager and Siegler’s (1998) study that found preschool children are 

competent at choosing among competing strategies and discovering new strategies.  They report 

that most 4- and 5-year-olds use at least six strategies to add numbers and that children use 

available strategies that are the most effective depending on the problem.  The discovery of one 

strategy can play a transitional role in the discovery of a more advanced strategy.  Additionally, 

strategy discovery can occur following correct answers, incorrect answers, easy problems, or 

difficult problems (Shrager & Siegler, 1998).  Once this new strategy is discovered, it does not 

typically replace all previous strategies immediately, but rather the new strategy’s usage 

gradually increases.  Presenting children with “challenge problems” can increase the new 

strategy’s usage (Shrager & Siegler, 1998).  

Strategy variability tends to be high in young children because children utilize different 

paths, rates, and generalizations to solve problems (Chen & Siegler, 2000; Siegler, 2006; Siegler 

& Svetina, 2006).  Coyle and Bjorkland (1997) found that when children used an unsuccessful 

strategy on a multi-trial sort recall task, they were more likely to switch strategies.  When a 

strategy is no longer successful, many children revert to previously used strategies, even other 

unsuccessful ones.  However, if this alternative strategy is still unsuccessful, children may 

discover a new strategy that is necessary to solve the task (Siegler & Crowley, 1991). Thus, 

strategy variability, and the exploration of strategies involved, is an important way in which new 

successful strategies can be uncovered.  Strategy variability has also been found on complex 

executive functioning tasks like the Tower of London (McNamara, Berg, & DeLucca, in 

preparation).   
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The Tower of London, a task widely used in neuropsychological testing, is a well known 

executive functioning task that is useful for studying strategy (McNamara, 2003; Shallice, 1982).  

The current study will incorporate a new procedure for objectively assessing strategy use in the 

Tower of London task. 

Tower of London 

The TOL (Figure 1-1), a problem solving task similar to the Tower of Hanoi, is a spatial 

problem solving task in which a set of three balls are arranged on three pegs of differing height.  

The balls must be rearranged to match another configuration presented to the participant 

(Shallice, 1982).   The Tower of London is an effective neuropsychological task because 

participants with lesions in the frontal lobes have been shown to not perform as well on the task 

which indicates that the frontal lobes are heavily utilized (e.g. Shallice, 1982).  In addition, 

children whose frontal lobes are not fully developed can resemble lesioned adults in the TOL 

performance. 

The TOL provides a test with more graded levels of difficulty than does the Tower of 

Hanoi (Shallice, 1982). This task has been used to investigate aspects of problem solving, such 

as planning ability (Owen, Downes, Sahakian, Polkey, & Robbins, 1990).  Furthermore, the TOL 

requires a variety of approaches to plan different problems which allow for strategy usage and 

development to be examined more thoroughly. (Shallice, 1982).  The TOL assesses planning and 

flexibility of thought which are important elements of executive functions (Shallice, 1982). The 

TOL significantly correlates with a variety of other executive function tasks including the 

Wisconsin Card Sort task (Farro, 2001), the Continuous Performance Task (Farro, 2001), the N-

back (Farro, 2001), the Stroop task (Welsh, Satterlee-Cartmell, & Stine, 1999), the Tower of 

Hanoi (Welsh, et al., 1999), the Trail Making test (Anderson, Anderson, & Lajoie, 1996), and the 

Rey-Osterreith Complex Figure  (Anderson, et al., 1996).  Furthermore, Culbertson and Zillmer 
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(1998) found that the TOL variables had significant factor loadings on the executive planning 

and inhibition factor ranging from 0.63 to 0.93.  They also found that this factor was 

significantly correlated with executive concept formation and flexibility factor.  These findings 

suggest that the TOL contains aspects that require problem solving, inhibition, and working 

memory.   

Although the TOL was originally developed for testing adults (Shallice, 1982,) children 

have also been tested with the task.  Few TOL studies have been conducted with young children, 

the focus of the present study.  Luciana and Nelson (1998) found that 5- to 8-year old children 

did not perform significantly differently on the number of moves required to solve problems.  

Furthermore, these age groups were reported to not perform as well as young adults.  However, 

performance on difficult problems and the number of perfect solutions improved with age.  In 

contrast, McNamara (2000; 2003) who utilized multiple testing sessions found that children 

when given intense exposure to the TOL can perform at levels similar to adults on most 

measures but tend to have difficulty maintaining optimal performance.  However, these studies 

did not address developmental changes that occur with age.  The TOL’s flexibility of 

measurement and the multitude of tasks that significantly correlate with TOL measurements 

suggest significant benefits and understanding from employing it to examine performance and 

strategy development. 

Given these interests and aims, children were tested in two sessions separated by a year, in 

kindergarten and then again in 1st grade.  Each session consisted of repeated sets of Tower of 

London problems.  The computerized task assessed move-by-move information allowing for 

careful assessment of strategy use as well as providing basic performance information.  

Evaluation of the children’s sleep was provided by parent-provided sleep logs and interviews.   
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Hypotheses 

The proposed study has three primary aims: 1) to explore the relationship between sleep 

and executive function in early elementary school children, 2) to explore how executive function 

and strategy usage will improve with increased task exposure, and 3) to explore the impact of 

developmental changes on executive functioning performance.  Hypotheses related to each of 

these aims follow:  

Hypotheses based on aim 1.  Based on the work of Horne and colleagues (1988, 1993, 

1999), Drummond and colleagues (1999, 2001, 2004), and Sadeh and colleagues (1998, 2000, 

2000, 2002), it is hypothesized that longer total sleep times, shorter total wake times, and 

increased sleep efficiency will significantly be associated with better task efficiency and strategy 

usage.  Specifically, better sleep is expected to be associated with increased Proportion of 

Problems Solved, longer Goal Paths, increased Optimal Move Score, faster First move-times, 

and faster Solution times.  Furthermore, better sleep is expected to be associated with increased 

Holding Peg strategy and Complex Matching strategy usage.  Better sleep is expected to be 

associated with less Simple Matching strategy, Searching strategy, and the Random/None 

strategy usage. 

The examination of other sleep variables such as the number of awakenings, bed and wake 

times, and the number of naps is exploratory, because these topics have not been explored in 

previous research.  However, it is tentatively hypothesized that more frequent awakenings, more 

naps, and later bed times will be associated with less efficient performance and poorer strategy 

use. 

Hypotheses based on aims 2 and 3.  Based on the work of Byrd, van der Veen, McNamara 

and Berg (2004) and McNamara (2000), it is hypothesized that children’s optimal strategy use 

and planning performance will significantly improve with increased task exposure. Finally, 



 

20 

based on the work of Hughes (1998), it is hypothesized that children’s optimal strategy use and 

planning performance will show significant improvement on the task during the second testing 

session, occurring 1 year after the initial testing session.  The examination of potential changes in 

specific strategy use with age will also be of considerable interest, but lack of previous data here 

prohibits specific hypotheses at this point. 
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Figure 1-1.  The Tower of London as presented to the participant. 
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CHAPTER 2 
METHODS 

Participants   

Participants were tested in accordance with the “Ethical Principles of Psychologists and 

Code of Conduct” (American Psychological Association, 2002).  In the first year of the study, 

137 children in kindergarten were tested and then 72 were tested again in first grade.  Analyses 

did not reveal any significant year 1 performance differences between the children who 

completed the first year and those that completed both the first and second years.  In an attempt 

to maintain a high retention rate for the longitudinal sessions, contact information from the 

parent or legal guardian was acquired when he or she first agreed to allow his or her child to 

participate as well as a release of information for contact information to be acquired from the 

school board.  Furthermore, contact information from additional family and friends was also 

obtained.   

Of this sample of 72, sleep information was obtained on 67 participants.  Furthermore, four 

participants’ data was excluded because their one day of sleep diary information was reported to 

be inconsistent with their typical sleeping patterns.  Three participants’ data was excluded 

because parents were not able to provide information on all of the sleep variables.  Therefore, the 

final sample consisted of 60 participants.   

Every effort was made for the sample to be representative.  The final sample was 45% 

female and 55% male.  The racial/ethnic background of the participants was 3% Asian or Asian 

American, 32% Black or African American, 11% Latino/Latina American, and 54% 

White/Caucasian American. 
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Procedure 

The goal for approximate time between the two testing sessions was 12 months (±2 

months).  However, the actual time between sessions averaged one year and 66.79 days with a 

standard deviation of one year and 152.27 days.  The range was 219 to 855 days with a median 

of 28.  Participants were tested using a laptop which ran the customized TOL software, and the 

child sat next to the experimenter.  The experimenter was the author of this paper, a trained 

graduate student, or trained undergraduate students.  The testing protocol was manualized, and 

the author of this paper trained all of the experimenters.  The testing sequence for each session is 

outlined in Figure 2-2.  The children were given a warm-up task (drawing a “smiley” face).  

Before beginning the TOL task, participants were given a computerized version of the Peabody 

Picture Vocabulary Test (PPVT- III), which correlates strongly with IQ (Williams & Wang, 

1997).  Then the experimenter explained the TOL task and rules to the participant after which 

participants were given 1-move practice TOL problems to make sure they understood the rules 

and goal of the task. Participants were instructed to move the balls using a computer mouse with 

the click and drag method.  Primary testing involved three sets of 10 TOL problems separated by 

short breaks when children were allowed to watch a brief cartoon on the laptop.  The exact script 

is in Appendix A.  Sixty seconds were allowed to solve each TOL problem.  After completion of 

each problem or expiration of the time limit, children were given graded feedback, which has 

been found to help facilitate strategy improvements (Chen & Siegler, 2000).  This graded 

feedback consisted of 1 of 4 animated characters that informed children about the efficiency of 

their performance.  The “Give-me 5 guy” indicated that the child solved the problem in the most 

efficient way with no extra moves, the “Dancing guy” indicated that the child solved the problem 

efficiently but took 1 or 2 extra moves, “Good Job!” indicated that the child solved the problem, 

but took more than 2 extra moves, and “The clock” indicated that the child ran out of time before 
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solving the problem.  See Appendix B for the script.  Each of the animated feedback characters 

was illustrated and explained prior to testing.  Each of the 10 problem sets included two 

problems at each of five difficulty levels: 3-move (problems requiring a minimum of 3 moves to 

solve), 4-move, 5-move, 6-move, and 7-move.  Each set of 10 problems was a color 

transformation of other sets but otherwise identical (cf. Berg & Byrd, 2002).  Color 

transformations make the problem look different but leave the difficulty level and optimal 

solution path unchanged.   

Measures  

Sleep Diary   

The sleep diary is a self-report daily log of sleep habits, which is completed for 14 days 

upon awakening and required approximately 3 minutes/day to complete (Lichstein, Riedel, & 

Means, 1999).   

In the study, the child’s primary caregiver filled out the sleep diary (Corkum, et al., 2001).  

Sadeh and colleagues’ (2000) review of the literature stated that sleep assessment based on 

subjective reports is by far the most frequently utilized approach.  However, despite the 

informative value of this data, it is limited by the restricted parental awareness of night 

awakenings and awake time after sleep onset (Sadeh, 1994).  Despite this limitation, this was the 

most feasible method for the present study. 

 The primary caregiver was asked to provide subjective estimates of seven sleep-wake 

parameters, including (1) sleep onset latency, defined as the time from initial lights-out until 

sleep onset; (2) number of awakenings during the night, defined as the number of total 

awakenings during the night; (3) wake time after sleep onset, defined as the time spent awake 

after initial sleep onset until the last awakening; (4) total sleep time, computed by subtracting 

total wake time from time in bed; (5) number of awakenings; (6) sleep quality rating, scaled from 
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1 (very poor) to 5 (excellent); and (7) total nap time, defined as the total amount of time spent 

sleeping prior to bedtime.  An additional variable of sleep efficiency percentage was calculated, 

defined as the ratio of total sleep time to total time spent in bed × 100.  A mean was computed 

for each of these variables for the 2-week recording period.  When compared to the data yielded 

by polysomnography or sleep EEG, considered to be the “gold standard” in the objective 

measurement of sleep, the sleep diary provides a reliable and relatively accurate index of sleep 

behavior (Espie, 2000).  Additionally, in year 2 children were asked the questions from the sleep 

diary on the day they were tested. However, this data was not analyzed because children were 

not able to provide appropriate answers to questions regarding time.  Parents were given the 

option to answer these questions on a website, a hard copy of the form, or over the phone. 

Unfortunately parents did not generally complete two weeks of sleep diaries, so sleep diary 

variables were averaged for the analyses meaning that only between person differences could be 

examined. 

Traditional Tower of London Variables  

To examine children’s planning and executive functioning performance, the following 

dependent variables were examined: proportion of problems solved, Optimal Move Score, Goal 

Path (for solved problems only), First move-time, and Solution time (Berg & Byrd, 2002; 

McNamara, 2003).   

Proportion of problems solved is the number of problems the child solved correctly 

divided by the total number of problems.  The Optimal Move Score is a measure that evaluates 

participants’ moves to determine overall strategy effectiveness.  This formula takes into account 

both optimal moves, moves that get the participant closer to solving the problem, and non-

optimal moves, moves that do not get the participant closer to solving the problem.  The measure 
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is obtained by subtracting the number of non-optimal moves from the number of optimal moves, 

and then dividing the difference by the total number of moves.  This score can potentially range 

from -1 (all non-optimal) to + 1 (all optimal).  Computer-created random move solutions 

produces OMS scores of approximately -0.15 to -0.20.   First-move time is the time from when 

the problem is presented to when the participants complete their first move.  Solution time is the 

total time spent on a problem minus the first move time.  The last traditional variable is Goal 

Path, the number of moves made by the participants in which they are getting consistently closer 

to the goal and eventually solve the problem.  The goal path is the number of consecutive moves 

in which the participant is only making optimal moves prior to reaching the goal.  An optimal 

solution would have a goal path length equal to the minimum number of moves required to reach 

a solution.  Thus, on problems with more required moves, longer goal paths are suggestive of 

more effective strategy use because the participant is required to use the most effective strategy 

for a greater duration of moves. 

Tower of London Strategy Variables   

To determine strategy usage, performance patterns were assessed by examining each move 

to determine the type of move made using a new classification system.  Every possible TOL 

move can be classified into one of several mutually exclusive types of moves (Table 2-1).  This 

system was influenced by Phillips and colleagues (1999) move classification system of direct 

and indirect or counterintuitive moves on the 5-disc TOL task. The classification system (Table 

2-1) in the current study is more complex because it adds additional characteristics to the direct 

and indirect or counterintuitive moves. The move classification system is basically a 2 by 2 

factorial combination of two orthogonal dichotomies: 1) Optimal/Non-Optimal – is the position 

after the move closer to (Optimal) or not closer to (Non-Optimal) the goal in terms of the 

minimum number of moves now needed to reach the goal, and 2) Goal or Non-Goal – was the 
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ball placed in a position which matches that of the goal position for that color ball (Goal) or in 

some other position (Non-Goal). In addition to this basic classification, one of the four move 

types, the Non-Optimal, Non-Goal move, is subdivided into two types based on the moves that 

were possible other than the one that was made.  In one case, the alternative move could have 

placed a ball into a final goal position and would constitute an optimal move (but the current 

move did not do that), and for the other case, no possibility of moving the ball optimally into a 

goal position occurred.  These two subsets of Non-Optimal, Non-Goal moves are labeled, 

respectively: a) Missed Goal Chance, and b) No Missed Goal Chance.  Every possible legal 

move can be exclusively classified into one of these move types. 

Sequences of the five types of moves can be associated with a proposed strategy use, and 

these strategies can also be arranged hierarchically in terms of their level of sophistication and 

complexity (Table 2).  The most complex would be use of the holding peg strategy, and at the 

least complex level, no evident strategy use – an apparent random move pattern.  Between these 

extremes are two levels of matching strategies and a searching strategy.  Matching refers to 

putting a ball in a location that matches the goal.  A matching strategy will work for simple 

problems, not more complex ones that require some use of holding peg moves.  Searching is a 

strategy where the participant appears to be attending to the goal opportunities but is still 

exploring the problem space.  All possible move sequences that end in a solution can be 

exclusively classified into one of these strategies.  The sequence of moves could involve one or 

more of these strategies. 

No single move, in isolation, can provide clear evidence of strategy use.  Rather, the 

sequence and combination of moves and the consistency over a predetermined period provides 

strong evidence of a strategy’s use.  To provide a more concrete example, consider the 
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distinction between two types of strategies, the highest level of strategy, Holding Peg strategy, 

and a lower level strategy, the Matching strategy.  A solution to any problem with a goal path 

length of four or more moves requires using a combination of both types of optimal moves – the 

non-goal optimal move (holding peg) and the optimal goal moves (Table 2-2).  In contrast to 

this, consistent Non-Optimal goal moves indicate a matching strategy, where the participants are 

matching their ball to the goal without regard to whether this is optimal. Further, a distinction is 

made between simple matching strategy (matching that is not optimal) and complex matching 

(optimal matching).  Other strategies lower on the hierarchy are presented in Table 2-2. 

It is important to note that as participants search for a solution to a problem, they might 

engage in a variety of different strategies within that single solution.  Thus, they may start with 

simple searching, switch to a matching strategy, and finally to achieve a solution use the holding 

peg strategy.  They may also switch back and forth between strategies within a single solution.  

The dependent variables for the strategy analyses are the frequency of use for each of the five 

different possible task strategies, the holding peg strategy, the complex matching strategy, the 

simple matching strategy, the searching strategy, and the random/none strategy.   

Analyses  

The current study used data from the sleep measures to predict the TOL variables by 

utilizing conditional growth models using a multi-level modeling (MLM) approach. MLM, also 

referred to as hierarchical linear modeling (HLM, Bryk & Raudenbush 1992), is an extension of 

the general linear model, and does not require observations to be independent. Thus, MLM is 

very flexible and especially suited for repeated data because of its autoregressive nature and 

hierarchical structure with repeated observations nested within each participant (Singer et al. 

1998; Singer et al. 1998; Willett et al. 1998; Zautra et al. 2005). 
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Because of the hierarchical nature of the data (set and years nested within participants) and 

in order to increase the precision of predicting fluctuations in TOL variables with changes in 

sleep patterns, we modeled the data with an MLM approach. This provided the opportunity to 

examine how well sleep predicted TOL performance for both within-persons and between-

persons.  

Sleep measures were used to predict the TOL variables using the MIXED procedure in 

SPSS 15.0. All models were estimated using the Maximum Likelihood (ML) method. The ability 

of a model to predict TOL performance better than a baseline (null) model was used as an index 

of Goodness of Fit. Improvements in predictability were determined by the proportional 

reduction of within- and between-person residual variances compared to this baseline model 

(Bryk & Raudenbush 1992). Decreases in residual variances represent a proportional reduction 

of the prediction error, which is analogous to R2, and used as an estimate of effect size. One issue 

that has received substantial attention in work on longitudinal MLM is the issue of optimal 

modeling of repeated measures error structures (e.g., Singer & Willet 2003).  The effect of 

different error structure specifications on model fit was tested and had little effect on the fixed 

and random parameter estimates or their pattern of significance (Singer & Willet 2003).  

Several features of the modeling are briefly described here. First, between-person effects 

were estimated using predictors which varied between persons (the sleep variables), and for 

which there was only one value per person. Second, within-person effects were estimated using 

predictors which varied within persons, and for which there was a new value at each occasion of 

measurement (both sets and years).  

Models were built in a series of steps. Sleep diary data from year 1 was used for all 

analyses unless data was not collected during that year.  If this occurred, data from year 2 was 
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utilized which occurred for three participants.  In this statistical approach both sets and years are 

repeated variables.  The sleep variables were used as the covariates along with the difference of 

days from the 365 days between year 1 and year 2 (a between-person variable).  The 5 traditional 

TOL variables and the 5 TOL strategy variables were the dependent variables.  Because of the 

lack of previous literature in this area, all 11 sleep variables were used in initial models until the 

best fitting model for all dependent variables was established, and this model was run for all 

dependent variables.  The criteria for selection in the final overall model was that a predictor 

needed to significantly predict two or more TOL variables at a significance level of p<.05.  The 

only exceptions to these criterion were the apriori decisions to include the Difference of Days 

(the deviation in days from the intended 365 day interval between year 1 and year 2 test dates), 

years (1, 2) and sets (1, 2, 3).  For example, someone tested 5 days before 1 year would receive a 

score of -5 and someone tested 75 days after1 year would receive a score of 75.  This allows for 

a more accurate examination of the impact of development (comparison between year 1 and year 

2). Years and Sets were included because of the specific hypotheses regarding development and 

task experience.  See Tables 2-3 through 2-12 for the steps of the model construction for each 

variable.  The final model consisted of several components: 1) the Difference of Days, 2) years 1 

and 2, 3) sets, 4) nap duration, 5) number of night awakenings, and 6) sleep quality rating. 

To further examine the second and third aims of the proposed study, the impact of task 

exposure and the development of executive functioning and strategy usage, follow up 

ANCOVAs were utilized to pursue evidence of significant relationships in within-person results.  

Specifically, a repeated measures 2 (years: 1, 2) X 3 (sets: 1, 2, 3) ANCOVA for each of the 

significant models and any needed follow-up analyses was conducted.  Follow-up tests to these 
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ANCOVAs used the Bonferonni correction.  Both linear and quadratic trends were examined on 

sets.   

The proportion of problems solved, goal path, and optimal move score were expected to 

increase in a linear fashion for both task exposure and development.  For the development 

hypotheses, linear changes are the same as looking at differences because there are only two data 

points.  Based on McNamara (2000), first-move time and solution time were expected to change 

in a quadratic fashion for task exposure (sets: 1, 2, 3).  For all variables, performance during the 

second year was expected to be significantly better than performance in the first year: higher 

proportion solved, longer goal paths, higher optimal move score, and faster move times.  

Additionally, the analyses for the TOL strategies will parallel the analyses for the 

traditional variables discussed in the previous paragraph if the within-person results of the MLM 

analyses suggest a significant relationship.  Linear and quadratic trends were examined on sets.  

Based on McNamara (2003), the holding peg strategy is expected to improve in a linear fashion 

across sets.  The searching strategy is expected to decrease in a linear fashion across sets.  The 

other three strategies are not expected to significantly change across sets because of limited 

usage.  For all strategies, performance during the second year is expected to be significantly 

better than performance in the first year meaning more usage of the holding peg strategy and 

complex matching strategy usage and less usage of simple matching, searching, and the random 

strategy.  
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Table 2-1.  Move classification system for the Tower of London 
 Optimal* Non-optimal* 
Goal** Optimal/goal move 

–The ball is correctly placed  
  in a goal position and never   
  needs to be moved again.  

Non-optimal/goal move  
–The ball is incorrectly placed in a goal position. 
  The ball must be moved to solve the    
  problem. 
 

Non-
goal** 
 

Optimal/non-goal move  
–The ball is correctly placed  
  in a non-goal position, it  
  later needs to be moved to a 
  goal position.    
 

Non-optimal/non-goal/ move  
–The ball is incorrectly placed in a non-goal  
  position.  There was not an opportunity to put it  
  into a final goal position. 
 
Missed goal chance 
–The ball is incorrectly placed in a non-goal  
  position and could have been placed in a final    
  goal position.  

* Optimal – refers to a move that is one move closer to the final goal board configuration.  Non-
optimal refers to a move that moves no closer or even farther away from the final goal 
configuration.  
 
** Goal – refers to a move that places a ball in the same place as the corresponding ball for the 
goal board configuration.  Non-goal refers to a ball placed anywhere else. 
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Table 2-2.  Conceptual definitions of strategies and major rules 
Strategy Basic concept Major rule for strategy  
Holding peg  Removing obstacle balls so 

that others can be placed in 
final goal positions.  Moves 
one consistently closer to goal 
 

One or more optimal/non-goal moves 
followed by one or more 
optimal/goal moves 

Complex matching Places a ball in a final goal 
position but not immediately 
preceded by at least one 
removal of an obstacle ball.  
Moves one closer to goal 
 

One or more optimal/goal moves not 
preceded by an optimal/non-goal 
move 

Simple matching Places ball in a goal position.  
Does not move one closer to 
goal 
 

Non-optimal/goal move 

Searching Exploring of the problem 
space without clear use of 
strategies above 
 

Non-optimal/non-goal/no missed 
goal chance   

Random/none Failing to place a ball into a 
final goal position when it is 
the optimal move.  Evidence of 
not attending to the goal board. 

Non-optimal/non-goal/ missed goal 
chance   

Notes: Appendix C describes the specific rules. 
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Table 2-3.  Model construction procedure for proportion solved 

Models -2LL ∆-2LL r2
b r2

w

Null 9873.38 -- -- --

Difference of days added 5709.49 4163.89 0.49 -0.07

Year added 5561.40 148.09 -0.21 0.33

Set added 5488.79 72.62 -0.04 0.17

Nap duration added 2560.78 2928.01 0.03 0.03

Bedtime added 2567.13 -6.35 0.02 0.00

Wakeup time added 2574.50 -7.37 -0.04 0.00

Sleep onset latency added  2571.52 2.99 -0.04 0.00
Number of nighttime  
  awakenings added  2556.59 14.92 0.15 0.00
Waketime after sleep onset  
  added  2550.92 5.67 -0.03 0.00

Terminal wakefulness added 2546.74 4.18 -0.05 0.00

Time in bed added  2546.74 0.00 0.00 0.00

Total sleep time added  2546.74 0.00 0.00 0.00

Sleep efficiency added  2526.16 20.58 -0.03 0.00

Sleep quality rating added 2509.32 16.84 0.27 0.00

Set*year added  2501.23 8.09 0.00 -0.01

Reduced forma 2530.23 7343.15 0.58 0.43
Notes:  a reduced model retained Difference of days, Years, Sets, Nap duration, Number of nighttime awakenings, 
and Sleep quality rating. -2LL = -2 log likelihood;  ∆-2LL = change in –2LL relative to preceding model;  r2

b = 
between-subjects pseudo R-squared, an estimate of the amount of  between subjects variance (estimated from null 
model) explained by fixed predictors; r2

w  = within-subjects pseudo R-squared, an estimate of the amount of  within 
subjects variance (estimated from null model) explained by fixed predictors.  Difference of days – the number of 
days from the 365 days between the test dates in year 1 and year 2; Year – TOL performance during years 1 and 2; 
Set – TOL performance during each set; Nap duration – how long did the nap last; Bedtime – what time did the 
participant go to bed; Wakeup time – what time did the child wakeup in the morning; Sleep onset latency – the time 
from initial lights-out until sleep onset; Number of nighttime awakenings – the number of total awakenings during 
the night; Wake time after sleep onset – the time spent awake after initial sleep onset until the last awakening; 
Terminal wakefulness – the time between waking up in the morning and getting out of bed; Time in bed – the total 
number of minutes spent in bed during the night; Total sleep time – the total number of minutes spent asleep during 
the night; Sleep efficiency – the ratio of total sleep time to total time spent in bed × 100; Sleep quality rating – 
scaled from 1 (very poor) to 5 (excellent).  
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Table 2-4.  Model construction procedure for goal path 

Models -2LL ∆-2LL r2
b R2

w

Null 1484.85 -- -- --

Difference of days added 855.02 629.84 0.01 0.04

Year added 858.71 -3.69 0.00 0.00

Set added 828.69 30.02 -0.04 0.09

Nap duration added 378.75 449.95 -0.20 0.18

Bedtime added 397.91 -19.16 -0.04 0.00

Wakeup time added 414.87 -16.96 0.04 0.00

Sleep onset latency added  423.45 -8.58 -0.05 0.00
Number of nighttime  
  awakenings added  416.21 7.24 0.29 0.00
Waketime after sleep onset  
  added  422.30 -6.09 -0.04 0.00

Terminal wakefulness added 429.60 -7.30 -0.05 0.00

Time in bed added  429.60 0.00 0.00 0.00

Total sleep time added  429.60 0.00 0.00 0.00

Sleep efficiency added  419.81 9.78 0.00 0.00

Sleep quality rating added 417.34 2.47 0.18 0.00

Set*year added  420.32 -2.98 0.00 -0.01

Reduced forma 371.09 1113.77 0.17 0.29
Notes:  a reduced model retained Difference of days, Years, Sets, Nap duration, Number of nighttime awakenings, 
and Sleep quality rating. -2LL = -2 log likelihood;  ∆-2LL = change in –2LL relative to preceding model;  r2

b = 
between-subjects pseudo R-squared, an estimate of the amount of  between subjects variance (estimated from null 
model) explained by fixed predictors; r2

w  = within-subjects pseudo R-squared, an estimate of the amount of  within 
subjects variance (estimated from null model) explained by fixed predictors.  Difference of days – the number of 
days from the 365 days between the test dates in year 1 and year 2; Year – TOL performance during years 1 and 2; 
Set – TOL performance during each set; Nap duration – how long did the nap last; Bedtime – what time did the 
participant go to bed; Wakeup time – what time did the child wakeup in the morning; Sleep onset latency – the time 
from initial lights-out until sleep onset; Number of nighttime awakenings – the number of total awakenings during 
the night; Wake time after sleep onset – the time spent awake after initial sleep onset until the last awakening; 
Terminal wakefulness – the time between waking up in the morning and getting out of bed; Time in bed – the total 
number of minutes spent in bed during the night; Total sleep time – the total number of minutes spent asleep during 
the night; Sleep efficiency – the ratio of total sleep time to total time spent in bed × 100; Sleep quality rating – 
scaled from 1 (very poor) to 5 (excellent). 
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Table 2-5.  Model construction procedure for first move time 

Models -2LL ∆-2LL r2
b r2

w

Null 3632.17 -- -- --

Difference of days added 2051.37 1580.80 0.45 0.09

Year added 1944.95 106.42 -0.17 0.26

Set added 1903.18 41.77 -0.04 0.12

Nap duration added 899.39 1003.79 -0.06 0.04

Bedtime added 915.54 -16.15 -0.03 0.00

Wakeup time added 930.78 -15.24 -0.01 0.00

Sleep onset latency added  936.56 -5.78 -0.04 0.00
Number of nighttime  
  awakenings added  934.88 1.68 -0.03 0.00
Waketime after sleep onset  
  added  932.92 1.96 0.19 0.00

Terminal wakefulness added 937.37 -4.45 -0.05 0.00

Time in bed added  937.37 0.00 0.00 0.00

Total sleep time added  937.37 0.00 0.00 0.00

Sleep efficiency added  924.58 12.79 0.01 0.00

Sleep quality rating added 920.21 4.37 0.12 0.00

Set*year added  916.12 4.09 0.00 0.02

Reduced forma 895.61 2736.56 0.29 0.43
Notes:  a reduced model retained Difference of days, Years, Sets, Nap duration, Number of nighttime awakenings, 
and Sleep quality rating. -2LL = -2 log likelihood;  ∆-2LL = change in –2LL relative to preceding model;  r2

b = 
between-subjects pseudo R-squared, an estimate of the amount of  between subjects variance (estimated from null 
model) explained by fixed predictors; r2

w  = within-subjects pseudo R-squared, an estimate of the amount of  within 
subjects variance (estimated from null model) explained by fixed predictors.  Difference of days – the number of 
days from the 365 days between the test dates in year 1 and year 2; Year – TOL performance during years 1 and 2; 
Set – TOL performance during each set; Nap duration – how long did the nap last; Bedtime – what time did the 
participant go to bed; Wakeup time – what time did the child wakeup in the morning; Sleep onset latency – the time 
from initial lights-out until sleep onset; Number of nighttime awakenings – the number of total awakenings during 
the night; Wake time after sleep onset – the time spent awake after initial sleep onset until the last awakening; 
Terminal wakefulness – the time between waking up in the morning and getting out of bed; Time in bed – the total 
number of minutes spent in bed during the night; Total sleep time – the total number of minutes spent asleep during 
the night; Sleep efficiency – the ratio of total sleep time to total time spent in bed × 100; Sleep quality rating – 
scaled from 1 (very poor) to 5 (excellent). 
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Table 2-6.  Model construction procedure for solution time 

Models -2LL ∆-2LL r2
b r2

w

Null 4369.22 -- -- --

Difference of days added 2546.37 1822.86 -0.06 0.03

Year added 2536.97 9.40 -0.03 0.02

Set added 2531.76 5.21 -0.01 0.01

Nap duration added 1193.55 1338.21 0.01 0.02

Bedtime added 1207.78 -14.24 0.05 0.00

Wakeup time added 1221.57 -13.79 0.04 0.00

Sleep onset latency added  1226.19 -4.62 -0.03 0.00
Number of nighttime  
  awakenings added  1222.95 3.24 0.08 0.00
Waketime after sleep onset  
  added  1225.43 -2.48 -0.07 0.00

Terminal wakefulness added 1229.20 -3.77 -0.10 0.00

Time in bed added  1229.20 0.00 0.00 0.00

Total sleep time added  1229.20 0.00 0.00 0.00

Sleep efficiency added  1215.12 14.07 0.07 0.00

Sleep quality rating added 1208.74 6.38 0.39 0.00

Set*year added  1207.39 1.35 0.02 -0.01

Reduced forma 1185.68 3183.54 0.19 0.09
Notes:  a reduced model retained Difference of days, Years, Sets, Nap duration, Number of nighttime awakenings, 
and Sleep quality rating. -2LL = -2 log likelihood;  ∆-2LL = change in –2LL relative to preceding model;  r2

b = 
between-subjects pseudo R-squared, an estimate of the amount of  between subjects variance (estimated from null 
model) explained by fixed predictors; r2

w  = within-subjects pseudo R-squared, an estimate of the amount of  within 
subjects variance (estimated from null model) explained by fixed predictors.  Difference of days – the number of 
days from the 365 days between the test dates in year 1 and year 2; Year – TOL performance during years 1 and 2; 
Set – TOL performance during each set; Nap duration – how long did the nap last; Bedtime – what time did the 
participant go to bed; Wakeup time – what time did the child wakeup in the morning; Sleep onset latency – the time 
from initial lights-out until sleep onset; Number of nighttime awakenings – the number of total awakenings during 
the night; Wake time after sleep onset – the time spent awake after initial sleep onset until the last awakening; 
Terminal wakefulness – the time between waking up in the morning and getting out of bed; Time in bed – the total 
number of minutes spent in bed during the night; Total sleep time – the total number of minutes spent asleep during 
the night; Sleep efficiency – the ratio of total sleep time to total time spent in bed × 100; Sleep quality rating – 
scaled from 1 (very poor) to 5 (excellent). 
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Table 2-7.  Model construction procedure for optimal move score 

Models -2LL ∆-2LL r2
b r2

w

Null 9813.77 -- -- --

Difference of days added 5635.21 4178.56 0.24 0.10

Year added 5623.88 11.32 -0.01 0.01

Set added 5594.88 29.01 -0.01 0.06

Nap duration added 2592.38 3002.49 0.01 0.13

Bedtime added 2599.65 -7.27 -0.02 0.00

Wakeup time added 2606.72 -7.07 -0.03 0.00

Sleep onset latency added  2603.60 3.12 -0.03 0.00
Number of nighttime  
  awakenings added  2588.02 15.57 0.17 0.00
Waketime after sleep onset  
  added  2581.69 6.33 0.00 0.00

Terminal wakefulness added 2577.53 4.16 -0.05 0.00

Time in bed added  2577.53 0.00 0.00 0.00

Total sleep time added  2577.53 0.00 0.00 0.00

Sleep efficiency added  2557.20 20.33 -0.05 0.00

Sleep quality rating added 2542.14 15.06 0.22 0.00

Set*year added  2532.48 9.66 -0.01 0.00

Reduced forma 2560.96 7252.81 0.5 0.28
Notes:  a reduced model retained Difference of days, Years, Sets, Nap duration, Number of nighttime awakenings, 
and Sleep quality rating. -2LL = -2 log likelihood;  ∆-2LL = change in –2LL relative to preceding model;  r2

b = 
between-subjects pseudo R-squared, an estimate of the amount of  between subjects variance (estimated from null 
model) explained by fixed predictors; r2

w  = within-subjects pseudo R-squared, an estimate of the amount of  within 
subjects variance (estimated from null model) explained by fixed predictors.  Difference of days – the number of 
days from the 365 days between the test dates in year 1 and year 2; Year – TOL performance during years 1 and 2; 
Set – TOL performance during each set; Nap duration – how long did the nap last; Bedtime – what time did the 
participant go to bed; Wakeup time – what time did the child wakeup in the morning; Sleep onset latency – the time 
from initial lights-out until sleep onset; Number of nighttime awakenings – the number of total awakenings during 
the night; Wake time after sleep onset – the time spent awake after initial sleep onset until the last awakening; 
Terminal wakefulness – the time between waking up in the morning and getting out of bed; Time in bed – the total 
number of minutes spent in bed during the night; Total sleep time – the total number of minutes spent asleep during 
the night; Sleep efficiency – the ratio of total sleep time to total time spent in bed × 100; Sleep quality rating – 
scaled from 1 (very poor) to 5 (excellent). 
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Table 2-8.  Model construction procedure for holding peg strategy usage 

Models -2LL ∆-2LL r2
b r2

w

Null 9668.45 -- -- --

Difference of days added 5619.73 4048.72 0.37 -0.11

Year added 5565.37 54.36 -0.07 0.12

Set added 5498.30 67.07 -0.05 0.16

Nap duration added 2556.62 2941.68 -0.23 0.11

Bedtime added 2564.01 -7.40 -0.02 0.00

Wakeup time added 2571.19 -7.17 -0.03 0.00

Sleep onset latency added  2568.45 2.73 -0.04 0.00
Number of nighttime  
  awakenings added  2552.76 15.70 0.18 0.00
Waketime after sleep onset  
  added  2547.55 5.20 -0.04 0.00

Terminal wakefulness added 2543.37 4.18 -0.04 0.00

Time in bed added  2543.37 0.00 0.00 0.00

Total sleep time added  2543.37 0.00 0.00 0.00

Sleep efficiency added  2523.03 20.34 -0.04 0.00

Sleep quality rating added 2510.45 12.58 0.10 0.00

Set*year added  2499.91 10.54 -0.01 0.01

Reduced forma 2529.28 7139.17 0.33 0.27
Notes:  a reduced model retained Difference of days, Years, Sets, Nap duration, Number of nighttime awakenings, 
and Sleep quality rating. -2LL = -2 log likelihood;  ∆-2LL = change in –2LL relative to preceding model;  r2

b = 
between-subjects pseudo R-squared, an estimate of the amount of  between subjects variance (estimated from null 
model) explained by fixed predictors; r2

w  = within-subjects pseudo R-squared, an estimate of the amount of  within 
subjects variance (estimated from null model) explained by fixed predictors. Difference of days – the number of 
days from the 365 days between the test dates in year 1 and year 2; Year – TOL performance during years 1 and 2; 
Set – TOL performance during each set; Nap duration – how long did the nap last; Bedtime – what time did the 
participant go to bed; Wakeup time – what time did the child wakeup in the morning; Sleep onset latency – the time 
from initial lights-out until sleep onset; Number of nighttime awakenings – the number of total awakenings during 
the night; Wake time after sleep onset – the time spent awake after initial sleep onset until the last awakening; 
Terminal wakefulness – the time between waking up in the morning and getting out of bed; Time in bed – the total 
number of minutes spent in bed during the night; Total sleep time – the total number of minutes spent asleep during 
the night; Sleep efficiency – the ratio of total sleep time to total time spent in bed × 100; Sleep quality rating – 
scaled from 1 (very poor) to 5 (excellent). 
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Table 2-9.  Model construction procedure for complex matching strategy usage 

Models -2LL ∆-2LL r2
b r2

w

Null 8877.25 -- -- --

Difference of days added 5167.27 3709.97 0.31 -0.04

Year added 5151.14 16.14 -0.04 0.02

Set added 5138.36 12.77 -0.03 0.02

Nap duration added 2411.11 2727.25 0.37 -0.06

Bedtime added 2420.66 -9.56 -0.08 0.00

Wakeup time added 2427.82 -7.16 0.10 0.00

Sleep onset latency added  2425.90 1.93 0.02 0.00
Number of nighttime  
  awakenings added  2417.23 8.67 0.01 0.00
Waketime after sleep onset  
  Added  2413.26 3.97 -0.06 0.00

Terminal wakefulness added 2409.66 3.60 0.06 0.00

Time in bed added  2409.66 0.00 0.00 0.00

Total sleep time added  2409.66 0.00 0.00 0.00

Sleep efficiency added  2391.38 18.28 -0.15 0.00

Sleep quality rating added 2383.57 7.81 -0.11 0.00

Set*year added  2375.43 8.14 -0.01 0.00

Reduced forma 2395.51 6481.74 0.47 -0.06
Notes:  a reduced model retained Difference of days, Years, Sets, Nap duration, Number of nighttime awakenings, 
and Sleep quality rating. -2LL = -2 log likelihood;  ∆-2LL = change in –2LL relative to preceding model;  r2

b = 
between-subjects pseudo R-squared, an estimate of the amount of  between subjects variance (estimated from null 
model) explained by fixed predictors; r2

w  = within-subjects pseudo R-squared, an estimate of the amount of  within 
subjects variance (estimated from null model) explained by fixed predictors. Difference of days – the number of 
days from the 365 days between the test dates in year 1 and year 2; Year – TOL performance during years 1 and 2; 
Set – TOL performance during each set; Nap duration – how long did the nap last; Bedtime – what time did the 
participant go to bed; Wakeup time – what time did the child wakeup in the morning; Sleep onset latency – the time 
from initial lights-out until sleep onset; Number of nighttime awakenings – the number of total awakenings during 
the night; Wake time after sleep onset – the time spent awake after initial sleep onset until the last awakening; 
Terminal wakefulness – the time between waking up in the morning and getting out of bed; Time in bed – the total 
number of minutes spent in bed during the night; Total sleep time – the total number of minutes spent asleep during 
the night; Sleep efficiency – the ratio of total sleep time to total time spent in bed × 100; Sleep quality rating – 
scaled from 1 (very poor) to 5 (excellent). 
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Table 2-10.  Model construction procedure for simple matching strategy usage 

Models -2LL ∆-2LL r2
b r2

w

Null 9050.64 -- -- --

Difference of days added 5248.80 3801.84 -0.10 0.04

Year added 5240.73 8.07 0.00 0.00

Set added 5232.38 8.35 -0.01 0.01

Nap duration added 2434.46 2797.92 0.33 0.05

Bedtime added 2443.87 -9.42 -0.08 0.00

Wakeup time added 2451.24 -7.37 0.03 0.00

Sleep onset latency added  2450.15 1.09 -0.09 0.00
Number of nighttime  
  awakenings added  2441.61 8.54 -0.04 0.00
Waketime after sleep onset  
  Added  2436.78 4.82 0.00 0.00

Terminal wakefulness added 2434.13 2.65 -0.09 0.00

Time in bed added  2434.13 0.00 0.00 0.00

Total sleep time added  2434.13 0.00 0.00 0.00

Sleep efficiency added  2415.41 18.72 -0.09 0.00

Sleep quality rating added 2405.38 10.03 0.11 0.00

Set*year added  2397.72 7.66 0.01 -0.01

Reduced forma 2417.11 6633.53 0.26 0.09
Notes:  a reduced model retained Difference of days, Years, Sets, Nap duration, Number of nighttime awakenings, 
and Sleep quality rating. -2LL = -2 log likelihood;  ∆-2LL = change in –2LL relative to preceding model;  r2

b = 
between-subjects pseudo R-squared, an estimate of the amount of  between subjects variance (estimated from null 
model) explained by fixed predictors; r2

w  = within-subjects pseudo R-squared, an estimate of the amount of  within 
subjects variance (estimated from null model) explained by fixed predictors. Difference of days – the number of 
days from the 365 days between the test dates in year 1 and year 2; Year – TOL performance during years 1 and 2; 
Set – TOL performance during each set; Nap duration – how long did the nap last; Bedtime – what time did the 
participant go to bed; Wakeup time – what time did the child wakeup in the morning; Sleep onset latency – the time 
from initial lights-out until sleep onset; Number of nighttime awakenings – the number of total awakenings during 
the night; Wake time after sleep onset – the time spent awake after initial sleep onset until the last awakening; 
Terminal wakefulness – the time between waking up in the morning and getting out of bed; Time in bed – the total 
number of minutes spent in bed during the night; Total sleep time – the total number of minutes spent asleep during 
the night; Sleep efficiency – the ratio of total sleep time to total time spent in bed × 100; Sleep quality rating – 
scaled from 1 (very poor) to 5 (excellent). 



 

42 

Table 2-11.  Model construction procedure for searching strategy usage 

Models -2LL ∆-2LL r2
b r2

w

Null 9369.23 -- -- --

Difference of days added 5452.36 3916.87 0.17 -0.04

Year added 5437.27 15.09 -0.01 0.02

Set added 5431.28 5.99 0.00 0.00

Nap duration added 2539.59 2891.69 0.35 -0.03

Bedtime added 2548.23 -8.64 -0.06 0.00

Wakeup time added 2555.64 -7.41 -0.01 0.00

Sleep onset latency added  2552.62 3.02 0.02 0.00
Number of nighttime awakenings   
  Added  2543.08 9.54 -0.06 0.00

Waketime after sleep onset added  2538.07 5.01 -0.03 0.00

Terminal wakefulness added 2534.79 3.28 -0.07 0.00

Time in bed added  2534.79 0.00 0.00 0.00

Total sleep time added  2534.79 0.00 0.00 0.00

Sleep efficiency added  2514.46 20.32 0.00 0.00

Sleep quality rating added 2502.83 11.63 0.18 0.00

Set*Year added  2494.65 8.19 0.01 -0.01

Reduced forma 2518.40 6850.84 0.52 -0.05
Notes:  a reduced model retained Difference of days, Years, Sets, Nap duration, Number of nighttime awakenings, 
and Sleep quality rating. -2LL = -2 log likelihood;  ∆-2LL = change in –2LL relative to preceding model;  r2

b = 
between-subjects pseudo R-squared, an estimate of the amount of  between subjects variance (estimated from null 
model) explained by fixed predictors; r2

w  = within-subjects pseudo R-squared, an estimate of the amount of  within 
subjects variance (estimated from null model) explained by fixed predictors. Difference of days – the number of 
days from the 365 days between the test dates in year 1 and year 2; Year – TOL performance during years 1 and 2; 
Set – TOL performance during each set; Nap duration – how long did the nap last; Bedtime – what time did the 
participant go to bed; Wakeup time – what time did the child wakeup in the morning; Sleep onset latency – the time 
from initial lights-out until sleep onset; Number of nighttime awakenings – the number of total awakenings during 
the night; Wake time after sleep onset – the time spent awake after initial sleep onset until the last awakening; 
Terminal wakefulness – the time between waking up in the morning and getting out of bed; Time in bed – the total 
number of minutes spent in bed during the night; Total sleep time – the total number of minutes spent asleep during 
the night; Sleep efficiency – the ratio of total sleep time to total time spent in bed × 100; Sleep quality rating – 
scaled from 1 (very poor) to 5 (excellent). 
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Table 2-12.  Model construction procedure for random/none strategy usage 

Models -2LL ∆-2LL r2
b r2

w

Null 9280.18 -- -- --

Difference of days added 5382.16 3898.03 0.14 0.00

Year added 5369.99 12.16 0.00 0.01

Set added 5364.19 5.80 0.00 0.00

Nap duration added 2483.97 2880.22 0.50 0.07

Bedtime added 2488.27 -4.30 0.30 0.00

Wakeup time added 2493.10 -4.83 0.21 0.00

Sleep onset latency added  2491.64 1.46 -0.11 0.00
Number of nighttime awakenings  
  Added  2479.90 11.74 0.08 0.01

Waketime after sleep onset added  2470.33 9.57 0.48 0.00

Terminal wakefulness added 2467.33 3.00 -0.12 0.00

Time in bed added  2467.33 0.00 0.00 0.00

Total sleep time added  2467.33 0.00 0.00 0.00

Sleep efficiency added  2448.42 18.91 -0.10 0.00

Sleep quality rating added 2435.69 12.73 0.53 0.00

Set*year added  2426.48 9.21 -0.13 0.00

Reduced forma 2462.23 6817.95 0.62 0.09
Notes:  a reduced model retained Difference of days, Years, Sets, Nap duration, Number of nighttime awakenings, 
and Sleep quality rating. -2LL = -2 log likelihood;  ∆-2LL = change in –2LL relative to preceding model;  r2

b = 
between-subjects pseudo R-squared, an estimate of the amount of  between subjects variance (estimated from null 
model) explained by fixed predictors; r2

w  = within-subjects pseudo R-squared, an estimate of the amount of  within 
subjects variance (estimated from null model) explained by fixed predictors. Difference of days – the number of 
days from the 365 days between the test dates in year 1 and year 2; Year – TOL performance during years 1 and 2; 
Set – TOL performance during each set; Nap duration – how long did the nap last; Bedtime – what time did the 
participant go to bed; Wakeup time – what time did the child wakeup in the morning; Sleep onset latency – the time 
from initial lights-out until sleep onset; Number of nighttime awakenings – the number of total awakenings during 
the night; Wake time after sleep onset – the time spent awake after initial sleep onset until the last awakening; 
Terminal wakefulness – the time between waking up in the morning and getting out of bed; Time in bed – the total 
number of minutes spent in bed during the night; Total sleep time – the total number of minutes spent asleep during 
the night; Sleep efficiency – the ratio of total sleep time to total time spent in bed × 100; Sleep quality rating – 
scaled from 1 (very poor) to 5 (excellent). 
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Figure 2-1.  The order of events presented to the participant.

Warm-up task 

3rd set of 10 TOL Problems

Cartoon Break

2nd set of 10 TOL Problems 3-move, 4-move, 5-move, 6-move, 7-move
problems

3-move, 4-move, 5-move, 6-move, 7-move
problems 

TOL Instructions and Practice 

Cartoon Break

1st set of 10 TOL Problems 3-move, 4-move, 5-move, 6-move, 7-move 
problems  

Peabody Picture Vocabulary Test
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CHAPTER 3 
RESULTS 

Aim 1: The Impact of Sleep on Executive Function and Strategy Use 

Table 3-1 shows the means and standard deviations for the sleep variables for the 60 

participants with sleep data.  Table 3-2 shows the correlations between the sleep measures.  This 

data indicates that while some of the sleep variables are significantly correlated, a large amount 

of variance still needs to be explained. 

Multilevel Modeling Results 

An initial step in Multilevel Modeling (MLM) is determining how much variance can be 

accounted for by improving upon the null (baseline) model of predicting executive functioning 

performance with the sleep variables; which includes estimates of between and within person 

variability. Intraclass correlation coefficients (ICC) serve as an index of these variability 

estimates (Bryk & Raudenbush, 1992). For each variable, the between-person and within-person 

variability is presented in Table 3-3. This initial analyses revealed that there was a significant 

amount of variability at both the between and within person levels which could be explained by 

the models.  

Models 

An overview of the model results can be found in Table 3-4.  This table shows the model 

fit results for the final and null models for each TOL variable, the between-subjects pseudo R2 

(an estimate of the amount of between subjects variance), and within-subjects pseudo R2 (an 

estimate of the amount of within subjects variance).  The final models resulted in a reduction in –

2LL, a measure indicating fitness, for the model indicating better fit. The between subjects 

pseudo R2 ranged from 0.17 to 0.62 for the 10 models.  The within subjects pseudo R2 ranged 

from -0.06 to 0.43 for the 10 models.  Overall, the models explained a larger portion of the 
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between-person variance.  Interestingly, the models explained a larger portion of the within-

person variance for the traditional TOL variables (within: 0.09 to 0.43 versus between: -0.06 to 

0.27).  In contrast, the models explained a larger portion of the between-person variance for the 

TOL strategy variables (within: 0.15 to 0.58 versus between: 0.23 to 0.62).   

More specific information on the models for each TOL variable are shown in Tables 3-5 

through 3-14 and will now be discussed in turn.  Table 3-5 shows the predictor variables and 

significance for the model predicting proportion solved.  Between person results suggested 

significant negative relationships for nap duration, number of nighttime awakenings, and sleep 

quality rating indicating that as ratings increased the proportion of problems solved decreased.  

The direction of the associations between nap duration and number of nighttime awakenings and 

proportion solved were in the expected direction.  However, the direction of the association 

between sleep quality rating and proportion solved was in the opposite direction.  Within person 

results suggested a significant positive relationship for both years and sets indicating that as 

years and sets increased the proportion of solved problems increased.  The followup analyses to 

further examine this relationship will be discussed in the sections for Aims 2 and 3 of the results 

section. 

Table 3-6 shows the predictor variables and significance for the model predicting goal 

path.  Between person results suggested a significant negative relationship for number of 

nighttime awakenings indicating that as the number of nighttime awakenings increased the 

length of the goal path decreased.  The direction of the association between the number of 

nighttime awakenings and goal path was in the expected direction.  Within person results 

suggested a significant positive relationship for sets indicating that as sets increased the length of 
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the goal path increased.  The followup analyses to further examine this relationship will be 

discussed in the section for Aim 2 of the results section. 

Table 3-7 shows the predictor variables and significance for the model predicting first 

move time.  Between person results suggested a no significant relationships.  Within person 

results suggested significant negative relationships for both years and sets indicating that as years 

and sets increased the first move time decreased.  The followup analyses to further examine this 

relationship will be discussed in the sections for Aims 2 and 3 of the results section. 

Table 3-8 shows the predictor variables and significance for the model predicting solution 

time.  Between person results suggested no significant relationships.  Within person results 

suggested no significant relationships. 

Table 3-9 shows the predictor variables and significance for the model predicting Optimal 

Move Score.  Between person results suggested significant negative relationships for nap 

duration, number of nighttime awakenings, and sleep quality rating indicating that as nap 

duration, number of nighttime awakenings, and sleep quality rating increased Optimal Move 

Score decreased.  The direction of the associations between nap duration and number of 

nighttime awakenings and proportion solved were in the expected direction.  The direction of the 

association between sleep quality rating and Optimal Move Score was in the opposite direction.  

However, when controlling for the number of analyses only the relationship between the number 

of awakenings and Optimal Move Score remained significant.  Within person results suggested a 

significant positive relationship for sets indicating that as sets increased Optimal Move Score 

increased.  The followup analyses to further examine this relationship will be discussed in the 

section for Aim 2 of the results section. 
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Table 3-10 shows the predictor variables and significance for the model predicting Holding 

Peg strategy usage.  Between person results suggested significant negative relationships for nap 

duration and number of nighttime awakenings indicating that as nap duration and number of 

nighttime awakenings increased the Holding Peg strategy usage decreased.  The direction of the 

associations between nap duration and number of nighttime awakenings and proportion solved 

were in the expected direction.  However, when controlling for the number of analyses neither of 

these relationships remained significant.  Within person results suggested a significant positive 

relationship for both years and sets indicating that as years and sets increased the holding peg 

strategy usage increased.  The followup analyses to further examine this relationship will be 

discussed in the sections for Aims 2 and 3 of the results section. 

Table 3-11 shows the predictor variables and significance for the model predicting 

Complex Matching strategy usage.  Between person results suggested no significant 

relationships.  Within person results suggested a significant positive relationship for years and a 

negative relationship for sets indicating that as years increased Complex Matching strategy usage 

increased and as sets increased Complex Matching strategy usage decreased.  However, when 

controlling for the number of analyses neither of these relationships remained significant. 

Table 3-12 shows the predictor variables and significance for the model predicting Simple 

Matching strategy usage.  Between person results suggested no significant relationships.  Within 

person results suggested no significant relationships. 

Table 3-13 shows the predictor variables and significance for the model predicting 

Searching strategy Usage.  Between person results suggested no significant relationships. Within 

person results suggested a significant positive relationship for years indicating that as years 

increased Searching strategy usage increased.  However, when controlling for the number of 
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analyses this relationship did not remain significant but this relationship will be further discussed 

in the section for Aim 3 because p=.005. 

Table 3-14 shows the predictor variables and significance for the model predicting 

Random/None strategy usage.  Between person results suggested a significant positive 

relationship for number of nighttime awakenings indicating that as the number of nighttime 

awakenings increased the Random/None strategy usage increased.  The direction of this 

association was in the expected direction.  However, when controlling for the number of analyses 

this relationship did not remain significant.  Within person results suggested no significant 

relationships. 

In summary, these 10 analyses revealed numerous significant predicative relationships 

with both the traditional and strategy TOL variables.  Specifically, nap duration showed 

significant relationships with proportion solved, length of goal path, and optimal move score 

(Table 3-15).  Nap duration also showed a significant relationship with Holding Peg strategy 

usage (Table 3-15).  All of these relationships indicate that as nap duration increases, TOL 

performance becomes worse meaning that fewer problems are solved, goal paths become shorter, 

move efficiency decreases, and Holding Peg strategy usage decreases. 

The number of nighttime awakenings showed significant relationships with proportion 

solved, length of goal path, and optimal move score (Table 3-15).  Number of nighttime 

awakenings also showed a significant relationship with Holding Peg strategy usage and 

Random/None strategy usage (Table 3-15). Like nap duration, all of the relationships between 

nighttime awakenings and TOL performance indicated that as the number of nighttime 

awakenings increased, TOL performance becomes worse.  Specifically fewer problems are 
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solved, goal paths become shorter, move efficiency decreases, Holding Peg strategy usage 

decreases, and Random/None strategy usage increases. 

The sleep quality rating showed significant relationships with proportion solved, length of 

goal path, and optimal move score (Table 3-15).  No significant relationships between sleep 

quality rating and the TOL strategy variables existed (Table 3-15).  Unlike nap duration and 

number of nighttime awakenings, all of the relationships between sleep quality rating and TOL 

performance indicated that as sleep quality rating increased, TOL performance becomes worse.  

Specifically fewer problems are solved, goal paths become shorter, and move efficiency 

decreased.  The year and sets variables presented in this table will be discussed in each of the 

following sections. 

Aim 2: Evaluating Executive Functioning and Strategy Use Changes with Experience 

In this study, experience was manipulated by looking at the effects of repeated exposure to 

TOL problem, identified here as problem Sets.  Being that the MLM analyses yielded 

information on the relationship between sets and the TOL performance variables, only 

significant findings will be further explored to determine the nature of differences among the 

sets.  Follow up repeated measures ANCOVAs for each of the significant findings for sets will 

now be discussed.  For all analyses, independent variables were Years (1 and 2) and Sets (1, 2 

and 3), and the covariate was the Difference of Days.  In summary, the MLM analyses revealed 

sets had a significant relationship with the following dependent variables: proportion solved 

(positive relationship), goal path (positive relationship), first move time (negative relationship), 

optimal move score (positive relationship), and holding peg usage (positive relationship). 

Because the present study required 10 different MLMs, as well as a number of follow-up 

tests, the critical level for significance has been reduced to .005.  Interactions for all variables 

were all non-significant, F<1, unless otherwise specified. 
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Proportion Solved 

Participants’ performance clearly improved across sets.  Participants showed dramatic 

improvement across the sets improving from solving 66% of the problems in the first set to 

solving 77% of the problems in the second set and 79% in the third set (figure 3-1). 

Both significant linear and quadratic trends occurred for proportion solved across the three 

sets, F(1,65)=66.358, p<.001, ηp
2= .505 and F(1,65)=11.705, p=.001, ηp

2= .153, respectively.  

Followup tests using the Bonferonni correction revealed the first set was significantly lower than 

the second and third sets (p’s<.001).  There was not a significant difference between the second 

and third sets (p=.468).  This leveling off of the proportion solved by the third set is what led to 

the significant quadratic sets effect. 

Goal Path 

As with proportion solved, participants’ goal path performance clearly improved across 

sets.  Participants showed improvement across the sets with goal paths that in comparison with 

the first set were 7% longer in the second set and 9% longer in the third set, respectively (figure 

3-2). 

Both significant linear and quadratic trends occurred for length of goal path across the 

three sets, F(1,63)=20.378, p<.001, ηp
2= .244 and F(1,63)=9.465, p=.003, ηp

2= .131, 

respectively.  Followup tests using the Bonferonni correction revealed the goal path length in 

first set was significantly shorter than the second and third sets (p’s<.001).  There was not a 

significant difference between the second and third sets (p=.127).  Again, the evidence of a 

leveling off of the impact of sets was the source of the quadratic trend over sets. 
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First Move Time 

Participants clearly improved across sets.  Participants showed faster first move times 

across the sets with the second set being 16% faster than the first set and third set being 22% 

faster than the first set (figure 3-3).  

Both significant linear and quadratic trends occurred for first move time across the three 

sets, F(1,63)=44.914, p<.001, ηp
2= .416 and F(1,63)=4.055, p=.048, ηp

2= .060, respectively.  

Followup tests using the Bonferonni correction revealed the first set was significantly longer 

than the second and third sets (p’s<.001).  The third set was also faster than the second faster 

(p=.030).  Although the changes in this variable continued into the third sets, unlike that for 

proportion solved and goal path, the increase from set 2 to 3 was smaller than for that between 

sets 1 and 2.  Hence, the quadratic as well as linear trends over sets. 

Optimal Move Score 

Participants clearly improved across sets.  Participants showed dramatic improvement 

across the sets with the Optimal Move Scores that in comparison with the first set were 26% 

higher in the second set and 22% higher in the third set, respectively (figure 3-4).  

Both significant linear and quadratic trends occurred for Optimal Move Score across the 

three sets, F(1,65)=18.941, p<.001, ηp
2= .226 and F(1,65)=11.874, p=.001, ηp

2= .154, 

respectively.  Followup tests using the Bonferonni correction revealed the first set was 

significantly lower than the second and third sets (p’s<.001).  There was not a significant 

difference between the second and third sets (p=1.000).  As before, this latter finding is the cause 

of the quadratic trend seen. 
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Holding Peg Strategy Usage 

Participants clearly improved across sets.  Participants showed dramatic improvement 

across the sets with the Holding Peg strategy usage increasing by 16% in the second set and 24% 

in the third set (figure 3-5).  

A significant linear trend occurred for Holding Peg strategy usage across the three sets, 

F(1,65)=32.084, p<.001, ηp
2= .330.  Followup tests using the Bonferonni correction revealed the 

first set was significantly lower than the second and third sets (p’s<.001).  The third set was also 

higher than the second faster (p=.017). 

In summary, for all of the variables presented performance in the second and thirds sets 

were significantly improved over the first set.  Specifically, participants solved fewer problems, 

showed less depth of planning, initiated ball movement more slowly, solved problems less 

efficiently, and used the holding peg strategy less in the first set than they did in either the 

second or third set.  Lastly the second and third sets did not show any significant differences.  

However, the initiation of ball movement and holding peg strategy usage did approach 

significant improvements. 

Aim 3: Examining the Development of Executive Function and Strategy Use 

Being that the MLM analyses yielded information on the relationship between years and 

the TOL variables only significant findings will be further explored to determine the nature of 

differences between the years.  Follow up repeated measures ANCOVAs for each of the 

significant findings for years will now be discussed.  All analyses will parallel the analyses on 

sets discussed in the previous section.  In summary, the MLM analyses revealed years had a 

significant relationship with the following dependent variables: proportion solved (positive 

relationship), first move time (negative relationship), holding peg usage (positive relationship), 

and searching strategy use (positive relationship). 
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Proportion Solved 

Participants clearly improved across years.  Participants showed dramatic improvement 

across the two years improving from solving 65% in the first year to solving 84% in the second 

year (figure 3-1).  A significant difference occurred for proportion solved across years, 

F(1,130)=113.870, p<.001, ηp
2= .637.   

First Move Time 

Participants clearly improved across years.  Participants showed faster first move times 

across the two years with the second year being 30% faster than the first year (figure 3-3).  A 

significant difference occurred for first move time across the years, F(1,126)=43.089, p<.001, 

ηp
2= .406.   

Holding Peg Strategy Usage 

Participants clearly improved across two years.  Participants showed dramatic 

improvement across the years with the Holding Peg strategy usage increasing by 19% in the 

second year (figure 3-5).  A significant difference occurred for Holding Peg strategy usage 

across the years, F(1,130)=32.084, p<.001, ηp
2= .330.     

Searching Strategy Usage 

Participants had increased Searching strategy usage across two years.  Participants showed 

a difference across the years with the Searching strategy usage increasing by 6% in the second 

year (figure 3-6).  No significant difference occurred for Searching strategy usage across the two 

years, F(1,130)=3.865, p>.05, ηp
2= .056.   

In summary, for all of the variables presented except the searching strategy performance in 

the second year was significantly improved over performance in the first year. Specifically, with 
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the additional year of development participants solved more problems, initiated ball movement 

more quickly, and used the holding peg strategy more often.
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Table 3-1.  Means and standard deviations of sleep variables 
Measure Mean Std   

Nap duration (minutes) 9.43 25.43   

Sleep onset latency (minutes) 16.05 14.15   

Number of nighttime awakenings (count) 0.18 0.40   

Waketime after sleep onset (minutes) 1.39 4.37   

Time in bed (minutes) 597.89 62.40   

Total sleep time (minutes) 573.81 62.09   

Sleep efficiency (ratio) 96 3   

Sleep quality rating (scale) 4.51 0.57   

Notes: Nap duration – how long did the nap last; Sleep onset latency – the time from initial 
lights-out until sleep onset; Number of nighttime awakenings – the number of total awakenings 
during the night; Wake time after sleep onset – the time spent awake after initial sleep onset until 
the last awakening; Time in bed – the total number of minutes spent in bed during the night; 
Total sleep time – the total number of minutes spent asleep during the night; Sleep efficiency – 
the ratio of total sleep time to total time spent in bed × 100; Sleep quality rating – scaled from 1 
(very poor) to 5 (excellent).
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Table 3-2.  Correlations between the sleep measures for the 60 participants 
Measure 1 2 3 4 5 6 7 8 

Nap duration -- .25 -.17 -.12 -.09 -.17 -.30 * .07 

Sleep onset latency  -- .21 .23 .08 -.15 -.83 ** -.23 

Number of nighttime awakenings   -- .67 ** -.05 -.18 -.42 ** -.30 * 

Waketime after sleep onset    -- .07 -.06 -.40 ** -.30 * 

Time in bed     -- .96 ** -.06 -.07 

Total sleep time      -- .23 .04 

Sleep efficiency       -- .35 ** 

Sleep quality rating       . -- 

Values in bold and with * refer to a significant value at p<.05, ** refer to a significant value at p<.01. 
 
Notes: Nap duration – how long did the nap last; Sleep onset latency – the time from initial lights-out until sleep onset; Number of 
nighttime awakenings – the number of total awakenings during the night; Wake time after sleep onset – the time spent awake after 
initial sleep onset until the last awakening; Time in bed – the total number of minutes spent in bed during the night; Total sleep time – 
the total number of minutes spent asleep during the night; Sleep efficiency – the ratio of total sleep time to total time spent in bed × 
100; Sleep quality rating – scaled from 1 (very poor) to 5 (excellent). 
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Table 3-3.  The between-person and within-person intraclass correlation coefficients for 
each variable 

TOL variable Between person variability Within person variability 
Proportion solved 0.44 0.56 
Goal path 0.26 0.74 
First move time 0.33 0.67 
Solution time 0.09 0.91 
Optimal move score 0.38 0.62 
Holding peg 0.40 0.60 
Complex matching 0.13 0.87 
Simple matching 0.12 0.88 
Searching 0.21 0.79 
Random 0.25 0.75 
Notes: Proportion of problems solved – the number of problems solved correctly divided 
by the total number of problems; Goal path – the number of moves made by the 
participants in which they are getting consistently closer to the goal and eventually solve 
the problem; First-move time – the time from when the problem is presented to when the 
participants complete their first move; Solution time – the total time spent on a problem 
minus the first move time; Optimal move score – a measure that evaluates participants’ 
moves to determine overall strategy effectiveness; Holding peg strategy – Removing 
obstacle balls so that others can be placed in final goal positions getting consistently 
closer to the goal; Complex matching strategy – places a ball in a final goal position but 
not immediately preceded by at least one removal of an obstacle ball moving closer to the 
goal; Simple matching strategy – places ball in a goal position but does not move closer 
to the goal; Searching strategy – Exploring of the problem space while attending to goal 
opportunities; Random/none strategy – not attending to the goal board.
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Table 3-4.  Null and final models for each Tower of London variable  
Models  -2LL ∆-2LL r2

b r2
w

Proportion solved Null 9873.38 -- --
 Final 2530.23 7343.15 0.58 0.43
Goal path Null 1484.85 -- --
 Final 371.09 1113.77 0.17 0.29
First move time Null 3632.17 -- --
 Final 895.61 2736.56 0.29 0.43
Solution time Null 4369.22 -- --
 Final 1185.68 3183.54 0.19 0.09
Optimal move score Null 9813.77 -- --
 Final 2560.96 7252.81 0.50 0.28
Holding peg Null 9668.45 -- --
 Final 2529.28 7139.17 0.33 0.27
Complex matching Null 8877.25 -- --
 Final 2395.51 6481.74 0.47 -0.06
Simple matching Null 9050.64 -- --
 Final 2417.11 6633.53 0.26 0.09
Searching Null 9369.23 -- --
 Final 2518.40 6850.84 0.52 -0.05
Random Null 9280.18 -- --
 Final 2462.23 6817.95 0.62 0.09

Notes:  -2LL = -2 log likelihood;  ∆-2LL = change in –2LL relative to preceding model; 
r2

b = between-subjects pseudo R-squared, an estimate of the amount of  between subjects 
variance; r2

w  = within-subjects pseudo R-squared, an estimate of the amount of  within 
subjects variance. Proportion of problems solved – the number of problems solved 
correctly divided by the total number of problems; Optimal move score – a measure that 
evaluates participants’ moves to determine overall strategy effectiveness; First-move time 
– the time from when the problem is presented to when the participants complete their 
first move; Solution time – the total time spent on a problem minus the first move time; 
Goal path – the number of moves made by the participants in which they are getting 
consistently closer to the goal and eventually solve the problem; Holding peg strategy – 
Removing obstacle balls so that others can be placed in final goal positions getting 
consistently closer to the goal; Complex matching strategy – places a ball in a final goal 
position but not immediately preceded by at least one removal of an obstacle ball moving 
closer to the goal; Simple matching strategy – places ball in a goal position but does not 
move closer to the goal; Searching strategy – Exploring of the problem space while 
attending to goal opportunities; Random/none strategy – not attending to the goal board. 
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Table 3-5.  Sleep variables, years, and sets predicting proportion solved 
 Proportion solved 
Predictor variable B SE df t p
Within-person   
  Year 199.30 18.47 166.12 10.79 0.000
  Set 61.28 11.23 164.46 5.46 0.000
Between-person   
  Difference of days -0.03 0.12 29.66 -0.28 0.782
  Nap duration -3.03 1.04 29.59 -2.93 0.007
  Number of nighttime awakenings -165.12 49.56 32.38 -3.33 0.002
  Sleep quality rating  -98.93 34.15 29.91 -2.90 0.007

Notes: Proportion of problems solved – the number of problems solved correctly divided 
by the total number of problems; Difference of days – the number of days from the 365 
days between the test dates in year 1 and year 2; Year – TOL performance during years 1 
and 2; Set – TOL performance during each set; Nap duration – how long did the nap last; 
Number of nighttime awakenings – the number of total awakenings during the night; 
Sleep quality rating – scaled from 1 (very poor) to 5 (excellent) 
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Table 3-6.  Sleep variables, years, and sets predicting goal path 
 Goal path 
Predictor variable B SE df t p
Within-person  
  Year 0.04 0.07 165.49 0.55 0.586
  Set 0.18 0.04 163.66 4.00 0.000
Between-person  
  Difference of days 0.00 0.00 29.41 1.20 0.239
  Nap duration -0.01 0.00 29.89 -2.57 0.015
  Number of nighttime awakenings -0.62 0.17 32.84 -3.61 0.001
  Sleep quality rating -0.26 0.12 29.72 -2.22 0.034

Notes: Goal path – the number of moves made by the participants in which they are 
getting consistently closer to the goal and eventually solve the problem; Difference of 
days – the number of days from the 365 days between the test dates in year 1 and year 2; 
Year – TOL performance during years 1 and 2; Set – TOL performance during each set; 
Nap duration – how long did the nap last; Number of nighttime awakenings – the number 
of total awakenings during the night; Sleep quality rating – scaled from 1 (very poor) to 5 
(excellent) 
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Table 3-7.  Sleep variables, years, and sets predicting first move time 

 First move time 
Predictor variable B SE Df t p
Within-person  
  Year -2.55 0.28 165.60 -9.23 0.000
  Set -0.84 0.17 164.15 -4.98 0.000
Between-person  
  Difference of days 0.00 0.00 30.26 -0.22 0.831
  Nap duration 0.03 0.02 30.60 1.86 0.073
  Number of nighttime awakenings 0.74 0.76 32.84 0.97 0.341
  Sleep quality rating  0.74 0.52 30.50 1.41 0.168

Notes: First-move time – the time from when the problem is presented to when the 
participants complete their first move; Difference of days – the number of days from the 
365 days between the test dates in year 1 and year 2; Year – TOL performance during 
years 1 and 2; Set – TOL performance during each set; Nap duration – how long did the 
nap last; Number of nighttime awakenings – the number of total awakenings during the 
night; Sleep quality rating – scaled from 1 (very poor) to 5 (excellent) 
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Table 3-8.  Sleep variables, years, and sets predicting solution time 

 Solution time 
Predictor variable B SE df t p
Within-person  
  Year -1.15 0.64 167.63 -1.81 0.073
  Set -0.58 0.39 165.05 -1.49 0.138
Between-person  
  Difference of days 0.00 0.00 29.50 0.86 0.395
  Nap duration 0.03 0.02 30.68 1.21 0.236
  Number of nighttime awakenings -0.15 1.04 36.18 -0.14 0.889
  Sleep quality rating  1.39 0.70 30.07 2.00 0.055

Notes: Solution time – the total time spent on a problem minus the first move time; 
Difference of days – the number of days from the 365 days between the test dates in year 
1 and year 2; Year – TOL performance during years 1 and 2; Set – TOL performance 
during each set; Nap duration – how long did the nap last; Number of nighttime 
awakenings – the number of total awakenings during the night; Sleep quality rating – 
scaled from 1 (very poor) to 5 (excellent) 
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Table 3-9.  Sleep variables, years, and sets predicting optimal move score 

 Optimal move score 
Predictor variable B SE df t p
Within-person  
  Year 24.04 20.31 166.42 1.18 0.238
  Set 41.40 12.35 164.52 3.35 0.001
Between-person  
  Difference of days -0.06 0.12 29.52 -0.47 0.645
  Nap duration -3.08 1.02 29.46 -3.01 0.005
  Number of nighttime awakenings -178.13 49.28 32.83 -3.61 0.001
  Sleep quality rating  -93.53 33.80 29.83 -2.77 0.010

Notes: Optimal move score – a measure that evaluates participants’ moves to determine 
overall strategy effectiveness; Difference of days – the number of days from the 365 days 
between the test dates in year 1 and year 2; Year – TOL performance during years 1 and 
2; Set – TOL performance during each set; Nap duration – how long did the nap last; 
Number of nighttime awakenings – the number of total awakenings during the night; 
Sleep quality rating – scaled from 1 (very poor) to 5 (excellent) 
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Table 3-10.  Sleep variables, years, and sets predicting holding peg strategy usage 

 Holding peg strategy usage 
Predictor variable B SE df t p
Within-person   
  Year 113.38 18.38 166.25 6.17 0.000
  Set 73.59 11.18 164.64 6.59 0.000
Between-person   
  Difference of days 0.07 0.13 29.86 0.57 0.571
  Nap duration -2.75 1.05 29.79 -2.63 0.014
  Number of nighttime awakenings -150.15 50.06 32.52 -3.00 0.005
  Sleep quality rating  -70.17 34.51 30.11 -2.03 0.051

Notes: Holding peg strategy – Removing obstacle balls so that others can be placed in 
final goal positions getting consistently closer to the goal; Difference of days – the 
number of days from the 365 days between the test dates in year 1 and year 2; Year – 
TOL performance during years 1 and 2; Set – TOL performance during each set; Nap 
duration – how long did the nap last; Number of nighttime awakenings – the number of 
total awakenings during the night; Sleep quality rating – scaled from 1 (very poor) to 5 
(excellent) 
 



 

66 

Table 3-11.  Sleep variables, years, and sets predicting complex matching strategy usage 

 Complex matching strategy usage 
Predictor variable B SE df t p
Within-person  
  Year 29.81 14.13 168.32 2.11 0.036
  Set -22.04 8.62 165.39 -2.56 0.012
Between-person  
  Difference of days -0.01 0.06 29.14 -0.14 0.890
  Nap duration 0.52 0.46 29.18 1.15 0.261
  Number of nighttime awakenings 13.36 22.79 36.11 0.59 0.561
  Sleep quality rating  8.63 15.16 29.76 0.57 0.574

Notes: Complex matching strategy – places a ball in a final goal position but not 
immediately preceded by at least one removal of an obstacle ball moving closer to the 
goal; Difference of days – the number of days from the 365 days between the test dates in 
year 1 and year 2; Year – TOL performance during years 1 and 2; Set – TOL 
performance during each set; Nap duration – how long did the nap last; Number of 
nighttime awakenings – the number of total awakenings during the night; Sleep quality 
rating – scaled from 1 (very poor) to 5 (excellent) 
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Table 3-12.  Sleep variables, years, and sets predicting simple matching strategy usage 

 Simple matching strategy usage 
Predictor variable B SE df t p
Within-person  
  Year 18.29 14.78 166.20 1.28 0.218
  Set 9.20 9.02 163.26 1.02 0.309
Between-person  
  Difference of days 0.04 0.06 27.36 0.63 0.536
  Nap duration 0.29 0.52 27.37 0.57 0.573
  Number of nighttime awakenings 3.17 25.49 33.27 0.13 0.902
  Sleep quality rating  21.08 17.08 27.89 1.23 0.227

Notes: Simple matching strategy – places ball in a goal position but does not move closer 
to the goal; Difference of days – the number of days from the 365 days between the test 
dates in year 1 and year 2; Year – TOL performance during years 1 and 2; Set – TOL 
performance during each set; Nap duration – how long did the nap last; Number of 
nighttime awakenings – the number of total awakenings during the night; Sleep quality 
rating – scaled from 1 (very poor) to 5 (excellent) 
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Table 3-13.  Sleep variables, years, and sets predicting searching strategy usage 

 Searching strategy usage 
Predictor variable B SE df t p
Within-person  
  Year 54.56 19.18 167.29 2.85 0.005
  Set -0.51 11.70 164.46 -0.04 0.965
Between-person  
  Difference of days 0.13 0.08 28.50 1.63 0.114
  Nap duration 1.15 0.67 28.51 1.72 0.097
  Number of nighttime awakenings 58.88 33.21 34.56 1.77 0.085
  Sleep quality rating  41.01 22.25 29.04 1.84 0.076

Notes: Searching strategy – Exploring of the problem space while attending to goal 
opportunities; Difference of days – the number of days from the 365 days between the 
test dates in year 1 and year 2; Year – TOL performance during years 1 and 2; Set – TOL 
performance during each set; Nap duration – how long did the nap last; Number of 
nighttime awakenings – the number of total awakenings during the night; Sleep quality 
rating – scaled from 1 (very poor) to 5 (excellent) 
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Table 3-14.  Sleep variables, years, and sets predicting random/none strategy usage 

 Random/none Strategy Usage 
Predictor variable B SE df t p
Within-person  
  Year 27.77 16.52 166.14 1.68 0.095
  Set 5.74 10.07 163.29 0.57 0.569
Between-person  
  Difference of days 0.00 0.07 27.50 0.06 0.956
  Nap duration 0.30 0.60 27.50 0.50 0.620
  Number of nighttime awakenings 64.81 29.44 33.10 2.20 0.035
  Sleep quality rating  34.35 19.78 28.01 1.74 0.093
Notes: Random/none strategy – not attending to the goal board; Difference of days – the 
number of days from the 365 days between the test dates in year 1 and year 2; Year – 
TOL performance during years 1 and 2; Set – TOL performance during each set; Nap 
duration – how long did the nap last; Number of nighttime awakenings – the number of 
total awakenings during the night; Sleep quality rating – scaled from 1 (very poor) to 5 
(excellent) 
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Table 3-15.  Summary table showing predictive significance of sleep variables, years, and sets on Tower of London traditional and 
strategy variables   

 Traditional TOL Measures Strategy TOL Measures 

Variable Proportion  
solved 

Goal 
path 

First 
move 
time 

Solution 
time 

Optimal 
move 
score 

Holding 
peg 

Complex 
matching 

Simple 
matching Searching Random 

Within-person           
  Year 10.79** 0.55 -9.23** -1.80 1.18 6.17** 2.11* 1.24 2.84* 1.68 
  Set 5.46** 4.00** -4.98** -1.49 3.35** 6.58** -2.56* 1.02 -0.04 0.57 
Between-person           
  Difference of days -0.28 1.20 -0.22 0.86 -0.47 0.57 -0.14 0.63 1.63 0.06 
  Nap duration -2.92* -2.57* 1.86* 1.21 -3.01* -2.62* 1.15 0.57 1.72 0.50 
  Number of nighttime   
  awakenings 

-3.33** -3.61** 0.97 -0.14 -3.61** -3.00* 0.59 0.12 1.77 2.20* 

  Sleep quality rating -2.90* -2.22* 1.41 2.00 -2.77* -2.03 0.57 1.23 1.84 1.74 
Values in bold and with * refer to a significant value at p<.05, ** refer to a significant value at p<.005. 
 
Notes: Proportion of problems solved – the number of problems solved correctly divided by the total number of problems; Goal path – 
the number of moves made by the participants in which they are getting consistently closer to the goal and eventually solve the 
problem; First-move time – the time from when the problem is presented to when the participants complete their first move; Solution 
time – the total time spent on a problem minus the first move time; Optimal move score – a measure that evaluates participants’ moves 
to determine overall strategy effectiveness; Holding peg strategy – Removing obstacle balls so that others can be placed in final goal 
positions getting consistently closer to the goal; Complex matching strategy – places a ball in a final goal position but not immediately 
preceded by at least one removal of an obstacle ball moving closer to the goal; Simple matching strategy – places ball in a goal 
position but does not move closer to the goal; Searching strategy – Exploring of the problem space while attending to goal 
opportunities; Random/none strategy – not attending to the goal board; Difference of days – the number of days from the 365 days 
between the test dates in year 1 and year 2; Year – TOL performance during years 1 and 2; Set – TOL performance during each set; 
Nap duration – how long did the nap last; Number of nighttime awakenings – the number of total awakenings during the night; Sleep 
quality rating – scaled from 1 (very poor) to 5 (excellent) 
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Figure 3-1.  Proportion solved for sets and years. 
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Figure 3-2.  Goal path length for sets and years. 
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Figure 3-3.  First move time for sets and years.   
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Figure 3-4.  Optimal move score for sets and years. 
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Figure 3-5.  Holding peg strategy usage for sets and years. 
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Figure 3-6.  Searching strategy usage for sets and years. 
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CHAPTER 4 
DISCUSSION 

The Impact of Sleep on Executive Function and Strategy Use 

Several hypotheses proposed in the introduction were supported and several were not.  The 

examination of sleep variables such as the number of awakenings, nap duration, and sleep quality 

rating had significant associations with TOL performance.  Specifically, the hypotheses that 

more frequent awakenings and nap duration would have significant negative associations with 

proportion solved, goal path, optimal move score, and holding peg strategy usage were 

supported.  Furthermore, number of night awakenings was positively associated with increased 

random/none strategy usage.  The findings that the number of night awakenings would have a 

negative impact on executive function is consistent with both Drummond and colleagues (1999, 

2001, 2004) and Sadeh and colleagues (1998, 2000, 2000, 2002) work.  As Sadeh (1994) 

discussed, parents’ awareness of night awakenings is limited; therefore, it should be noted that 

the awakenings variable in the present study indicates that this variable is parents’ awareness of 

the number of awakenings.  The finding that nap duration also has a negative impact on 

executive functioning has not been explored for young school age children in previous literature.  

This finding suggests that young school age children must get sufficient sleep at night in order to 

perform well in school and that napping is not a substitute for lost nocturnal sleep.   

The hypothesis about sleep quality rating having a positive association with better TOL 

performance was not supported.  In fact, this variable had significant negative associations with 

proportion solved, goal path, and optimal move score.  Sleep quality rating was reported by 

parents.  It seems likely that parents are reporting that their child slept well because their child 

fell asleep quickly and slept through the night which is supported by the relationships shown in 

the correlation table (Table 3-2).  Despite high sleep quality ratings by parents, it is also possible 
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that some of these children are also sleep deprived and not getting enough sleep which leads to 

poorer executive functioning performance. Basically, children are not getting enough sleep; even 

though, they are sleeping well according to sleep measures observed by their parents.      

The hypotheses that longer total sleep times, shorter total wake times, and increased sleep 

efficiency would be significantly associated with increased proportion of problems solved, 

longer goal paths, increased optimal move score, faster first move-times, and faster solution 

times were not supported.  Furthermore, longer total sleep times, shorter total wake times, and 

increased sleep efficiency were not significantly associated with any strategy usage variable.  

Bed and wake times were also not significantly associated with any TOL variable.  These sleep 

variables did not meet the criteria to be included in final overall models.  Several possible 

explanations of the lack of significant findings here exist.  The first is that these sleep variables 

do not have a significant relationship with executive functioning performance, specifically TOL 

performance.  The second possibility is that the TOL variables are not sensitive enough to detect 

the impact on executive functioning performance.  A third possibility is that parents are not able 

to provide accurate enough info about these variables to make them potentially good predictors.  

The findings regarding the relationship between sleep and executive functioning have 

numerous implications.  The results of the study indicate clinicians should be aware of the 

importance of the relationship between sleep and executive functioning.  This increased 

awareness could hopefully reduce the misdiagnoses of childhood disorders such as Attention 

Deficit Disorder (Wiggs, Montgomery, & Stores, 2005).  An additional implication is that 

parents should be encouraged to ascertain their children’s sleep needs and work to accommodate 

this need so that children are better able to fully reach their executive functioning potential.  
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Researchers examining executive functioning in children should also take sleep in account when 

trying to examine group or age differences. 

The sleep data in this sample was limited in several ways, 1) sleep data was not 

successfully collected over the two weeks so the impact of sleep variability could not be 

examined, 2) sleep information was limited to parental report which while common for sleep 

data for this age group has limitations in terms of accuracy, and 3) there was not much variability 

in the sample.  Despite this lack of variability with the sleep measures in this non-clinical 

sample, significant results were found.  Furthermore, the sleep data that was collected was from 

parents who were able to be contacted and agreed to participate which opens the possibility of a 

selection bias despite the attempt to make the sample representative.   

Several new directions should be explored with this data.  An important one would be to 

evaluate the utilization of actigraphy (Wiggs, Montgomery, & Stores, 2005).  Actigraphy, which 

is a device similar to a wrist watch, allows for the objective measurement of sleep for up to a 60 

day period.  Actigraphy would allow for multiple days of data to be collected before the testing 

date which would allow for the impact of sleep on executive functioning to be examined more 

thoroughly.  Additionally the concern about accuracy and objectivity would also be reduced.  As 

such, it would be a tool to help address several of the limitations outlined above. 

Another direction is suggested by Berg, Byrd, and McNamara (in preparation), who 

proposed that TOL variables can be combined into three factors: an “efficiency” factor, a 

“solution speed” factor, and a “planning speed” factor.  These factors were derived from a factor 

analysis of a larger set of variables with a moderately large data set, and found to be valuable in 

evaluating what characteristics of a problem helped determine what made some problems 

particularly difficult.  Therefore, exploring the impact of sleep on these factors rather than each 
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variable individually would be useful.  The impact of task experience and development on these 

factors could also be examined.  However, these factors were based on adult performance and 

would need to be established for children.   

Evaluating Executive Functioning and Strategy Use Changes with Experience 

Of the 7 proposed hypotheses about the impact of problem experience, five were 

supported.  The proportion of problems solved, length of the goal path, optimal move score and 

first move time all showed significant linear and quadratic changes with experience.  

Furthermore, holding peg strategy usage also showed a significant linear improvement across the 

sets.  These results indicated that improvement occurred with the biggest improvement occurring 

between the first and second set and then leveled off in the third set, producing the quadratic as 

well as linear changes with sets.  This leveling off is especially important because one of the 

criteria for a microgenetic examination of data is that the entire period of change be examined.  

The quadratic trends in the data and the lack of significant differences between sets 2 and 3 for 

most measures indicate that this criterion was met.  The hypotheses regarding the effects of 

experience on solution time and searching strategy use while not significant were in the expected 

direction. 

The microgenetic method has several inherent problems.  One of these is that the 

microgenetic approach is inherently a time intensive process and typically means that sample 

sizes over 50 are quite rare.  This concern was avoided in the present study since the sample in 

the present exceeded this sample size by reaching 67.  Another problem inherit in the 

microgenetic method as with any repeated measures design is a confound of the familiarity with 

the test situation generally with the specific increased knowledge of the problem solving task as 

a result of repeated exposure.  However, the impact of this was minimized by the utilization of a 
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warm-up procedure, the presentation of the Peabody Picture Vocabulary Test, and TOL practice 

prior to assessing the TOL performance.   

The overall results of this study have a number of broad implications, some of which have 

already been addressed.  One that has not is that the TOL and the microgenetic technique seem to 

complement one another well.  The TOL has several different strategies that can be used and is a 

novel task for participants.  By using the microgenetic technique, these different strategies can be 

examined. 

Another implication is that as more is learned about how children solve problems, better 

methods can be developed to help children develop their problem solving skills. In the present 

study, problems were initially difficult for children but after repeated exposure their performance 

improved because of the scaffolding provided within the task presentation.  Using this method to 

teach children in specified topics for longer periods of time than is currently done in early 

elementary school to provide additional scaffolding which could help children more fully 

develop their capabilities.  This topic needs further exploration.  For example, a study using this 

approach could be utilized for teaching mathematics. 

Several other future directions are warranted.  To further examine strategy usage, the 

length of each strategy’s usage could be explored.  For example, at least two levels of this 

strategy might be proposed: a simple holding peg strategy and an advanced or complex holding 

peg strategy.  The simple holding peg strategy would consist of a single holding peg move 

followed by a goal optimal move.  The advanced or complex holding peg strategy would consist 

of at least two holding peg moves followed by a goal optimal move.  In the present study, both a 

2-move holding peg sequence was scored the same as, a six move holding peg sequence.  Each 

was scored as one instance of the use of the holding peg strategy.   
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Another possible future direction would be to explore some individual differences in 

“style” of strategy employment.  For example, one might compare children who did not give up 

(persisters) on problems when they ran into difficulty to children who did give up (non- 

persisters) on problems when they ran into difficulty (Diener & Dweck, 1978).  This could be 

possibly measured by examining the time between each move.  For example, if an abrupt 

lengthening in inter-move intervals occurred and the problem was not solved the participant 

would be considered a non-persister with the abrupt lengthening of the inter-move interval 

indicating the point where they gave up.  After this determination has been made, the two 

groups’ performance could be compared.  

Examining the Development of Executive Function and Strategy Use 

Several hypotheses regarding development proposed in the introduction were supported 

and several were not.  The proportion of problems solved, first move time, and holding peg 

strategy usage showed significant improvement with development.  Furthermore, searching 

strategy use increased in the second year but did not reach significance.  The increase of 

searching strategy use was not expected which possibly indicates children were more likely to 

use this exploratory strategy until a way to use the holding peg strategy became apparent.  The 

other hypotheses were generally in the expected direction but did not approach the .005 

significance level.   

An important contribution of this study is solidifying the usefulness of the Tower of 

London task with young children.  This is the fourth study conducted by Keith Berg’s research 

team and the first longitudinal study (i.e., Byrd, van der Veen, McNamara, & Berg, 2002) that 

has failed to replicate the findings of Luciana and Nelson (1998) and Hughes (1998) which 

argued that young children were not able to solve more complex problems of this sort.  However, 

the differences between our studies and theirs could have occurred because Luciana and Nelson 
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(1998) used a pocket version of the TOL and Hughes (1998) used the physical model.  

Interestingly, the present study used more difficult problems than either Luciana and Nelson 

(1998) or Hughes (1998).  If anything, this should have made it more difficult for the young 

children in this study than in the previous studies (Hughes, 1998; Luciana & Nelson, 1998).  This 

study’s findings appear to make it clear that young children are capable of solving quite 

complex, multi-step problems. 

An important implication of the present study is that young children’s performance as 

indicated by the goal path findings indicate that young children are capable of using optimal 

strategies effectively for almost 5 consecutive moves which is similar to the levels found in 

adults (Berg, Byrd, & McNamara, in preparation).  This is important because children are almost 

as capable as adults at successfully executing optimal strategies when provided with scaffolding.  

However, even though young children might be almost as capable as adults on the task, they are 

not as effective in consistently implementing their capabilities, as indicated by proportion solved 

which is significantly lower than for adults.   

The findings of this study support Klahr’s (1985) study using the Dog-Cat-Mouse problem 

to examine young children’ strategy usage on a task with ambiguous subgoal ordering.  Klahr 

(1985) reported three important findings: 1) young children reluctantly go back or undo previous 

moves, 2) young children are aware of their progress on the task, and 3) young children are 

capable of planning 2- to 3- moves ahead.  Klahr’s first finding cannot be easily supported 

empirically by the present study, but based on informal observation this certainly seems to be the 

case.  His second finding is supported in this study by the relative low frequency of the 

None/Random strategy usage.  Participants who were not aware of their progress on the task 

would be expected to use this strategy much more frequently than it was used in the present 
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study.  Klahr’s third finding regarding planning might be an underestimate of children’s abilities 

according to the present study, but this discrepancy between these studies may occur because of 

task differences, that goal path is only measured on solved problems, or that Klahr’s sample was 

younger. 

Several future directions are warranted.  The first would be to test an additional group of 

children that are first tested at the same age as the children tested in year 2.  This cross-lag design 

would allow for a more thorough examination of development.   More specifically this would 

allow an examination of development that would not be confounded with task experience. 

Another possibility would be to explore the impact of problem difficulty level.  This 

examination could examine potential interactions of difficulty with variables of interest in all 

three aims of the present study: the impact of sleep on executive functioning, the impact of task 

experience, and the impact of development.  According to Sadeh and colleagues (2000; 2002), 

McNamara (2003), and Hughes (1998) another alternative would be to examine the most 

difficult problems with sleep, task experience, and development.   

Another future direction would be to include physiological measures such as Respiratory 

Sinus Arrhythmia (RSA) since this measure has the potential to discriminate active processing of 

information from a passive, non-engaged manner.  RSA refers to the synchronization of heart 

rate with respiration.  When someone is in a relaxed state and breathes in and out, heart rate 

increases and decreases along with the breathing.  This situation seems to provide an index of the 

parasympathetic system being activated.  When someone is active, even if the activity is 

cognitively engaging, heart rate and respiration do not stay in synch, and the result is low RSA.  

This situation seems to result from a decrease in parasympathetic activity and perhaps an 

increase in sympathetic activity.  Ideally participants will start a session in a relaxed state with 
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RSA high, and then when the task begins the RSA would decrease indicating active cognitive 

processing.  A pattern such as this would likely result in optimal performance for the participant.  

When deviations occur, it suggests either stress about the task prior to beginning or a failure to 

engage in the task when it begins. 

On executive functioning tasks, it is believed that people will have lower RSA than they do 

when they are at rest.  This would indicate that the person is actively processing information.  

Participants’ RSA would be measured when they are at rest (Blair, 2003; Blair & Peters, 2003; 

Gianaros, Van Der Veen, & Jennings, 2004; Hansen, Johnsen, & Thayer, 2003).  Then the 

participants would be given the TOL task.  DeLucca, McNamara, and Berg (2006) found that as 

the difficulty of the Tower of London problems increased, RSA decreased in a linear fashion.  

However this has not been explored developmentally.  RSA provides excellent insight into 

executive functioning because it is responsive to inhibition, both spatial and verbal working 

memory, planning, and the impact of difficultly level. 

Overall Implications of the Study 

Broadly this study suggests that sleep, task experience, and development have an impact 

on executive functioning.  The implications for clinical assessment suggest that young children’s 

sleep should be assessed to determine if sleep problems are present that might be impacting their 

cognitive ability. The implications of this study for future research suggest that all three domains 

should be assessed when examining the executive functioning performance of young children.  

The implications for teaching indicate that children should be provided with challenge problems 

or scaffolding (Shrager & Siegler, 1998) to help them fulfill their potential.  Furthermore, the 

study suggests that the same scaffolding can be used to help young children approximately one 

year apart in age.  Another important aspect of this study is the utility of the TOL to evaluate 
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executive functioning with a task with minimal verbal requirements which makes the assessment 

less dependent on language skills. 
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APPENDIX A 
SCRIPTS OF THE TOWER OF LONDON RULES 

Experimenter instructions appear in parentheses. 
Rules for Tower of London instructions segment: 

We are going to be playing a game on the computer today and to play the game you will 
have to slide some balls across this screen using a mouse.  Sometimes this can be hard so we are 
going to practice sliding the balls before we play the game for real.   

All you have to do is slide the ball in the bottom picture so that it is sitting on the same 
place as the ball in the top picture.  Keep the arrow on the ball until it is on the peg where you 
want it, otherwise it will fall.  (Use 3-D apparatus to show that if you let go of a ball while 
moving it, it will fall.)  See, if I let go of the ball before I put it on a peg, it will just fall.  The 
same thing will happen with the computer balls.  Okay, we are going to practice now and you 
can ask me any questions that you have.  Do you have any questions? 

Rules for Tower of London practice segment: 
We are going to play this game on the computer (show 3D TOL).  It is called the Tower of 

London.  The way that you play this game is to move the balls from one peg to another (move a 
ball on 3D).  To win the game you move the balls to look just like a picture of the balls (show 3D 
picture of TOL). 

The rules are that you can only move one ball at a time.  Also, you can only put one ball on 
the small peg (point to peg), two balls on the middle peg (point) and three balls on the tall peg 
(point).  If you put too many balls on a peg they will fall off.  (Make a ball fall off the middle peg 
on the 3D).  See, the middle peg is only tall enough for two balls.  This ball can't fit on the peg.  
The last rule is that you can't move a ball if it has another one on top of it (try to move the 
trapped ball on the 3D).  See?  It is stuck under the other ball. 

(Put away 3D game) You will play the game on the computer.  Here is what the game will 
look like (point to the screen).  You will move the balls in the bottom picture (point to the bottom 
picture) by sliding them across the screen like we practiced before.  You win the game when you 
make the bottom picture (point) look exactly like the top picture (point to the top picture). This 
means that all of the ball colors in the bottom picture are on the same pegs and in the same place 
as the ball colors in the top picture. 
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APPENDIX B 
FEEDBACK SCRIPT  

The “Give Me Five Guy” means you solved the game in the fewest number of moves. 
The “Dancing Guy” means you solved the game very quickly but in an extra move or two. 
“Good Job” means it took you a little longer to solve the game, but you tried really hard 

and figured it out. 
The “Clock” means you tried really hard but just ran out of time. 
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APPENDIX C 
TOWER OF LONDON STRATEGY SCORING SUMMARY  

• Strategy scoring is done in two basic parts 
o Assign a “strategy category” to each move – strategies actually cover several 

moves but this is an initial step.  The assignment is often contingent on what 
happens with category assignments in subsequent moves. 

o Once all strategies categories have been assigned to moves, scan the strategies 
across moves from beginning to the end to look for changes in the type of strategy 
category.  A strategy is defined as a sequence of moves all of which fall into the 
same category.  Thus the following strategy statistics are calculated for each type 
of strategy: 

 The strategy can occur or not occur in any problem (strategy use) 
 The strategy can contain fewer or more moves (strategy run length),  
 The strategy can occur multiple times as it appears, say, initially, then 

changes to some other category, then reoccurs (strategy frequency) 
 The number of times there is a change from one strategy to a different one 

(Strategy Change) 
 The number of different strategies used on a problem (Number of 

Different Strategies) 
• Strategy categories 

o There are five strategy categories plus a category for occasional unscorable 
strategies – usually occurring at the end of unsolved problems 

 Holding peg strategy 
 Complex matching strategy 
 Simple matching strategy 
 Searching strategy 
 Random strategy 
 Unscorable 

o The assignment of a strategy category to a move is determined by the TOL 
strategy scoring macro by examining the Move type – previously assigned by 
previous macros.  These Move types are: 

 Optimal Goal (O/G) 
 Optimal Non-Goal (O/nG) 
 Non-Optimal, Goal(nO/G) 
 Non-Optimal, non-Goal with chance for final goal move (nO/nG/MGC) 
 Non-Optimal, non-Goal with no chance for final goal move 

(nO/nG/nMGC) 
o Note:  Strategy categories use the same names as the strategies themselves.  The 

only difference is the categories are assigned to single moves, and strategies to 
sequences of moves with same category names.   

 The word “category” is added to make it clear where there might be 
ambiguity – e.g., Holding Peg Category, rather than just Holding Peg. 

• Criteria for the strategy categories: 
o When the Move type is O/G 
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 Assign Holding Peg Category if the previous move was also Holding Peg 
category. 

 Otherwise assign Complex Matching Category 
o When the Move type is O/nG 

 Assign Holding peg if next move is an Optimal goal 
 Assign Holding peg to all moves of an unbroken series of O/nG moves 

which are followed immediately by an Optimal goal 
 Assign Simple Matching if this is the first move of the problem and next 

move is nO/G 
 Assign Searching if none of the above are true 
 Assign Unscorable to all moves of an unbroken series of O/nG moves 

which are the last moves of an unsolved problem 
o When the Move type is nO/G 

 Assign simple matching 
o When the Move type is nO/nG/nMGC 

 If not first move assign Searching 
 If first move and followed by nO/G assign Simple Matching 
 If first move and followed by nO/nG/MGC then assign Random 
 If first move and not followed by either of those, assign Searching 

o When the Move type is nO/nG/MGC 
 Assign Random 

o Note – each Move type is associated primarily with one single category, unless 
modified by moves that follow it.  Most of the complications of the above rules 
arise from these contingency modifications.  Searching is both a primary category 
for nO/nG/nMGC and is also usually the default category for sequences of O/nG 
when followed by anything other than O/G 

• As noted above, once each move is assigned a strategy category, then strategies 
themselves are simply sequences of identical strategy category assignments.  Typically 
these will be runs longer than one move, but not always.  Longer runs of Searching and 
of Holding Peg are more common, with the searching associated with not consistently 
moving toward the goal, and Holding peg in sequences moving toward the goal. 
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