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HASSINA PORTIA CARDER 

DECONSTRUCTING THE TOWER OF LONDON: 
RESOLUTION, ALTERNATIVES AND EXECUTIVE FUNCTION 

ABSTRACT 

Although widely employed as an executive task, the performance demands of the Tower of 

London task (TOL) are not well understood. The aim of this Thesis is to determine what TOL 

measures and seven studies are included that illustrate its performance demands. Much of the work 

is experimental and TOL is explored via a novel verification paradigm in which participants make 

speeded judgements about whether a demonstrated move is optimal or suboptimal. The 

deconstruction of the task to the level of the individual move indicated that the number of moves 

until a disk was placed in its goal position (resolution) and the number of legal alternative moves 

there were predicted performance. When the task was reconstructed to its original form where 

complete problems were issued, these performance demands continued to predict planning time, 

execution time and accuracy. These demands were characterised as involving a depth search 

(resolution) and a breadth search (alternatives) of the problem space. Several studies included 

individual difference measures or the dual-task paradigm to determine the cognitive processes that 

were involved in performance. It was argued that spatial processes are involved to manipulate disks 

in memory and it was argued that the resolution demands were closely related to planning and the 

alternative move demands to inhibition. These performance characteristics are involved in many 

real world tasks and may elicit the deficits observed in clinical samples. One study was presented 

in which the performance of older adults was compared to younger adults. It was shown that older 

adults had a particular deficit in their ability to consider alternative moves; a similar TOL deficit 

might be observed in other dysexecutive populations. This thesis provides recommendations and 

guidelines for using TOL in research and stresses the importance of the items used on performance. 
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CHAPTER ONE: EXECUTIVE FUNCTION 

1.1 GENERAL OVERVIEW OF TILE TIIESIS 

"I'his thesis examines the performance demands of the 5-disk, 3 peg Tower of London 

(TOL) task (Ward & Allport, 1997), which is illustrated in Figure 1. The task was originally 

developed by Shallice (1982) as one that could measure the planning abilities of frontal patients. 

The task is comprised of three pegs of equal length and five equally sized but different coloured 

disks. A start state and goal state are illustrated. The object is to move the disks, one at a time, in 

order to transform the start state into the goal state in the minimum number of moves possible. 

There are two rules to the task: (1) Only one disk at a time can be moved, and disks can not be 

stored off the pegs, and (2) Only the uppermost disk can be moved. Typically participants are 

asked to plan their solution in advance of moving disks. 

Goal State 

FIGURE 1: The 5-disk Three peg Tower of London Task (Ward & Allport, 1997). The 
starting configuration of disks is given in the lower portion while the upper portion contains 
the goal state. Disks should be moved one at a time to solve the problem in the most 
efficient solution. 

The aim of this thesis is to detennine precisely what the task measures. Shallice (1982, 

1988) developed the original task, which had three pegs of varying lengths (one long enough to 

hold a single disk, one peg could hold two disks and the third peg could hold all three disks). The 

task was administered by asking participants to pre-plan their moves in advance of executing their 
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solution. Since then a number of researchers have discussed the planning requirements of the task 

(e. g. Ward & Allport, 1997; Gilhooly, Phillips, Wynn, Logie & Della Sala, 1999), however, a 

number of observations have shown that planning manipulations have not affected performance as 

expected. For example, preventing planning does not seem to affect subsequent performance at 

execution (e. g. Phillips , Wynn, Gilhooly, Della Sala & Logie, 1999). Therefore, the performance 

requirements of the task are not well understood at the present time. 

The TOL task is thought to measure executive function (Shallice, 1982; 1988). It was 

originally administered to frontal patients whose executive functioning is impaired and other 

populations with an executive deficit. The most widely used conceptualisations of the executive 

comes from Baddeley and Hitch's (1974) Working Memory Model and Norman and Shallice's 

(1986) Control of Action Model. However, at the present time, the executive is poorly specified 

and there is a debate over whether it is a unitary and general-purpose resource (e. g. Turner & 

Engle, 1989) or one that can be fractionated into separate executive functions (e. g. Miyake, 

Friedman, Emerson, Witzki & Howerter, 2000). Baddeley, Della Sala, Papagno, and Spinnler 

(1997) noted that the executive system was poorly defined and argued that it should be fractionated 

according to the cognitive requirements of executive tasks. If a task analysis is used to construct a 

model of the executive then the task must be properly specified, but this is not yet the case with the 

TOL. 

This thesis presents seven experiments that aim to illustrate the aspects of performance on 

TOL that predict performance. In Chapter 3, two experiments are presented; the first explores 

several TOL paradigms (some of which are novel) that can measure TOL performance in some 

detail. It illustrates that moves in which a disk is placed in its goal position are easier than those 

where the disk is placed in an intermediate position. Experiment 2 manipulates the number of 

moves between the onset of an indirect move and its goal position (resolution gap) and shows that 

this predicts latency and errors on TOL. Furthermore, a post hoc analysis suggests that task 

difficulty is affected by the number of alternative moves there are to choose between. Chapter 4 

explores the resolution and alternative move demands of the task in some detail and illustrates the 

conditions under which they affect performance. Chapter 3, Chapter 4 and Chapter 5 employ 

individual difference methodology alongside the experimental manipulations to show the extent 

that overall performance can be predicted by spatial working memory and inhibition. Three of the 
15 



experiments contained in these chapters have been published (Carder, Handley & Perfect, in press) 

and illustrate the performance requirements of the task. A copy of this paper is given in Appendix 

12. Chapter 5 employs an experimental methodology to examine the cognitive processes that 

underlie successful performance on the resolution and alternative move demands of the task by 

comparing a group of participants that have impaired cognitive resources with normal participants. 

Finally, Chapter 6 brings the seven experiments together, providing a summary of the results 

contained in this thesis, and providing an account of what TOL measures. It also provides 

guidelines for the use of TOL in clinical neuropsychology and cognitive psychology. 

The thesis starts with two chapters that review the literature. Chapter 1 explores the 

executive, its functions and the unitary/separability debate in preparation for the works contained in 

this thesis. Chapter 2 focuses on planning and the TOL, providing an overview of previous 

research that has been undertaken with this task. 

1.2. INTRODUCTION TO EXECUTIVE FUNCTION 

The Tower of London is believed to be an executive task, but the role of the executive in 

successful performance has not been established. The functions attributed to the executive system 

are diverse and one reason for this is that it has been investigated from a cognitive and 

neuropsychological perspective, which use different approaches and which have different 

objectives. In order that the executive requirements of TOL performance are specified, it is 

necessary that the task is deconstructed so that the potential contributions of executive, spatial and 

verbal components in successful performance can be determined. At present, little is known about 

what processes are involved in producing successful TOL performance. In this chapter, the 

theoretical underpinnings of this thesis are introduced. We start with an overview of Baddeley and 

Hitch's (1974) working memory model. Then there follows a discussion of the executive function 

and dysfunction from theoretical and neuropsychological perspectives. This includes an 

introduction to the concept of inhibition, which is proposed as a possible executive function and 

which is a cognitive process thought to underlie TOL performance. Finally, we consider the 

evidence that the executive can be characterised as a general-purpose resource or one that can be 

fractionated into specific executive functions. 
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To consider the content and structure of this chapter in more detail, and in preparation for 

later discussion of the cognitive process involved in the TOL, this chapter starts with a brief review 

what is known about the executive system. This knowledge has largely been derived from two 

areas of research. The first is cognitive psychology where the executive system is the focus of a 

good deal of recent research. The second is from the neuropsychological literature where frontal 

patients who have damage or injury to the frontal lobes show a range of symptoms that are thought 

to be due to an impaired executive system. The proposed functions of the executive are diverse and 

are closely linked to emotional, social and behavioural factors. Various populations such as normal 

older adults, Alzheimer's disease patients, schizophrenia patients, Parkinson disease patients, 

ADHD and Aphasic populations have exhibited deficits that are said to be due to an executive 

dysfunction (Miyake, Emerson, & Friedman, 2000). Much of the research is based on data 

collected from frontal patients, and normal participants. The aim is to link these executive functions 

to successful and unsuccessful performance on TOL in order to elucidate the functions attributed to 

the executive. 

One reason for the diversity is that the executive is not directly observable and so methods 

employed in executive function research have been diverse, ranging from the case studies and 

clinical interviews that are employed by neuropsychologists; individual difference and dual-task 

methodology employed by cognitive psychologists; and computer simulations of model 

architecture in cognitive neuroscience. These different lines of research have both contributed 

towards and complicated the understanding of the executive system and of executive functions. 

For example, in neuropsychology, the emphasis is on diagnosis of deficits and on clinical 

rehabilitation; its purpose is applied and the methods used are largely based on observation. 

However, the descriptions of executive function that have been derived are very general and 

descriptive using terms such as "distractibility" and "impaired attention". In contrast, the cognitive 

psychological research is largely experimental and theoretical, employing operational definitions 

such as "inhibition". However, in cognitive psychology even the term inhibition is debated, with 

argument over whether this is a unitary or a fractionable construct. Some key points of these 

different perspectives are introduced in this chapter. It is important that any future specification of 

the executive is useful to all lines of research. Therefore, the characterisation of the performance 
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demands of TOL that are developed in this thesis must be in a form that is relevant to all 

disciplines. 

One of the key debates in the literature is the extent to which the executive can be 

characterised as a general-purpose resource. This debate may make different predictions as to 

whether the executive component of TOL performance draws on a unitary resource or on a number 

of separate cognitive processes and is a recurrent theme in the interpretation of the results of this 

series of studies Although there is some evidence that the executive is a unitary construct (e. g. 

Turner & Engle, 1989), there is increasing evidence that there are clear separable executive 

functions, which have led many researchers to argue that the unitary specification is insufficient 

(e. g. Baddeley et al., 1997; Shallice, 1988; Miyake et al., 2000). For example, while some research 

argues that the executive is closely linked to general intelligence (e. g. Turner & Engle, 1989), 

others argue that the executive system can be characterised by specific cognitive processes such as 

inhibitory demands (e. g. Miyake et al., 2000). 

This chapter starts by introducing the theoretical perspective that is commonly used to 

understand TOL performance, namely Baddeley and Hitch's (1974) tri-partite working memory 

model. This chapter reviews the main tenets of the model and introduces its three components: the 

executive, the visual spatial sketch pad (VSSP), and the phonological store. However, the concept 

of the executive exists beyond the working memory framework. For example, Norman and Shallice 

(1986) discuss executive control from the perspective of their Control of Action model, which has 

been derived from models of artificial intelligence and the study of attention, and therefore the 

theoretical underpinnings of this work is wide-ranging and not limited to a discussion of the 

working memory model. 

1.3 BADDELEY AND HITCH TRI-PARTITE MODEL 

The original Baddeley and Hitch (1974) working memory model is illustrated in Figure 2. 

Working memory "comprises those functional components of cognition that allow humans to 

comprehend and mentally represent their immediate environment, to retain information about their 

immediate past experience, to support the acquisition of new knowledge, to solve problems, and to 

formulate, relate and act on current goals" (pp. 28-9 Baddeley & Logie, 1999). More simply it has 

been conceptualised as a workspace for on-line cognition by Salway and Logie (1995), which 
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captures the simultaneous storage and processing functions that are required during moment to 

moment cognitive activity very appropriately. 

Central 
Executive 

f/ýýý\ 
Phonological Loop 

Visuospatial 
Sketchpad 

FIGURE 2: A schematic diagram of Baddeley & Hitch's (1974) multiple component 
working memory model 

The model is comprised of an executive, which is responsible for the control and regulation 

of the system and two supporting slave systems; namely the phonological store (PS) and 

visuospatial sketchpad (VSSP). Performance is constrained by a limited-capacity and it has been 

argued that overloading a component results in performance breakdown in the form of processing 

slowing or errors (Shah & Miyake, 1996). 

Span measures represent individual differences in capacity. For example, simple working 

memory span measures require participants to hold a number of items in memory in the correct 

serial order for immediate recall and performance will break down once the capacity of the 

phonological loop is exceeded. Complex span measures are said to involve both the executive and a 

slave system and have simultaneous storage and processing requirements. For example, reading 

spans require that the participant remember words whilst processing sentences for meaning, the 

complex spatial spans usually require spatial manipulation whilst remembering spatial locations, 

and the operation span requires remembering numbers whilst performing mathematical 

calculations. The complex span tasks require some storage, but the executive system is not thought 

to have any storage and these tasks rely on the slave systems for this function. The measures that 

are employed are measures of storage capacity, under the assumption that processing will also fail 

upon saturation. 

19 



However, Logie and Duff (1996, cited by Baddeley & Logie, 1999) have shown that 

storage and processing requirements are independent and that increasing storage does not affect the 

ability to process, and that increasing the processing requirement does not affect the capacity for 

storage. As a result there may be less difference between simple and complex span measures than 

first thought. Related to this issue, Miyake, Friedman, Rettinger, Shah and Hegarty (2001) argued 

that much of the research suggest that complex span tasks tap something different to simple span 

tasks has come from studies using verbal and numerical tasks that rely on the phonological loop for 

rehearsal. In contrast they argue that in the spatial domain even simple tasks implicate the 

executive system. A latent variable modelling technique supported the proposal that the two span 

measures are equally related to working memory functioning and that the maintenance of spatial 

representations and executive functioning is essentially the same thing. This work was supported 

by Bayliss, Jarrold, Gunn and Baddeley (2003) who assessed the degree to which independent 

measures of processing and storage ability could predict performance on complex span tasks, and 

argued that there were separate processing and storage functions. In addition, there is some lack of 

clarity in the literature, with "verbal" and/or "spatial" working memory often implicating executive 

resources despite the fact that the executive is not split into verbal and spatial systems. 

1.4. THE EXECUTIVE 

It is believed that slave systems play only a limited role in performance on higher-level 

cognitive tasks. For example, it has been shown that the passive verbal storage performed by the 

phonological loop plays only a limited role in language comprehension (Just & Carpenter, 1992). 

Baddeley has described the executive as being involved in the control and regulation of the 

working memory system. The executive is responsible for switching attention and for activating 

representations within long-term memory, and it co-ordinates the functions of the slave systems 

(Baddeley & Logie, 1999). In the original specification of the model, the executive (or central 

executive as Baddeley & Hitch, 1974 called it) was characterised as a module that sits at the top of 

the hierarchy of cognitive functions. Recent research has, however, turned its attention to 

supplying a more detailed specification of the executive system. 

It is thought that the executive is located in the prefrontal cortex/area of the brain, which is 

situated in the most anterior portion, right under the forehead. This is an area of the brain that has 

enlarged a great deal in proportional terms compared to the rest of the brain in humans, such that it 
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now comprises just under one third of the cortex. The left hemisphere is involved in controlling 

language and the right hemisphere is essentially non verbal (Parkin, 1996). 

In the working memory model, the executive is thought to play a crucial role in many 

complex cognitive activities including planning, problem-solving, language comprehension, mental 

arithmetic and reasoning tasks. These executive tasks are complex and as such are likely to require 

multiple components of the working memory model. For example, language comprehension 

requires the reader to store pragmatic, semantic and syntactic information from the preceding text, 

integrate this with subsequent text and determine the meaning of the sentence (Daneman & 

Carpenter, 1980). However, most complex cognitive tasks have not been deconstructed in this way; 

specifically the different aspects of performance in executive tasks are not determined and little is 

known about how cognitive processes are controlled and co-ordinated during performance. Without 

a good understanding of the cognitive processes involved in performance at the level of the slave 

systems, it is very difficult to understand the executive demands of a task. 

The executive is closely linked to Norman and Shallice's (1986) Control of Action model 

which is largely derived from frontal lobe lesion studies and is consistent with artificial intelligence 

models. The model states that actions can be controlled in two ways. The first, the Supervisory 

Attentional System (SAS) comes into effective operation when conscious attention is required to 

conduct behaviour. Thus, the executive is thought to be particularly important during functioning in 

novel situations where a process or set of processes has the primary purpose of facilitating 

adaptation to those situations. Norman and Shallice outline five types of situation that require the 

function of the SAS. These involve 1) planning or decision making. 2) Error correction or 

troubleshooting. 3) Situations where responses are not well learned or contain novel sequences of 

actions. 4) Dangerous or technically difficult situations. 5) Situations where the overcoming of 

habitual responses or resisting temptation is required (Norman & Shallice, 1980,1986). The 

second part of the model, contention scheduling, deals with routine behaviours for which responses 

are largely automated. If a set of action and thought schemas are activated by well learned triggers 

then the contention scheduling system can take-over behaviour and carry out specific behaviours 

within a novel situation. Therefore, Norman and Shallice's (1986) model describes when the 

executive is likely to be employed more precisely than Baddeley and Hitch's (1974) model. 
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1.4.1. EXECUTIVE FUNCTION AND DYSFUNCTION 

The working memory model has been particularly influential in neuropsychology where 

behavioural deficits that result from injury or trauma to the frontal lobes are commonly associated 

with the dysfunction of the executive system. Parkin (1996) notes that the functions of the frontal 

lobes are complex, and they are also believed to house our emotional centre and personality. It is 

not surprising then that the symptoms resulting from damage or trauma to the frontal lobes can be 

diverse, but nevertheless they may provide an insight into normal cognitive functioning. 

One of the earliest case studies comes from the renowned neurologist Wilder Penfield who 

discussed the effect of the removal of the frontal lobes on his sister. Penfield and Evans (1935) 

describd how she was a perfectly able cook prior to the operation, but was unable to cook a meal 

for six people 15 months after. Although there was no change in her capacity for insight or 

personality, Penfield argued that she now had a lack of capacity for `planned administration'. To 

illustrate this, he described how his sister had all the necessary food in the home so it was not that 

she was incapable of planning the dinner party. However, when it came to implementing her plan 

she could not co-ordinate the activities to get the meal together and much to her distress, she was 

overwhelmed by the tasks before her, and was unable to get the whole meal cooked and ready at 

the same time. For example, only one or two dishes had been cooked, but the meat had not even 

been prepared at dinner time. 

However, Parker and Crawford (1992) note that the behavioural symptoms that are 

observed in frontal lobe patients often vary greatly, especially when compared to damage in other 

parts of the brain, which tend to produce more consistent deficits. Bigler (1988) has noted that 

frontal lobe syndrome (or dysexecutive syndrome as it is also called) usually consists of all or a 

combination of various deficits. These include changes in emotional regulation, changes in drive, 

changes in creativity and originality, poor impulse control, distractibility and impaired attention, 

and diminished flexibility in thinking and perseveration. There are also changes in remembering 

(most strikingly confabulation, which is the tendency to produce fabricated accounts of past 

events). Disturbed social behaviour is also often observed (Parkin, 1996; Baddeley et al., 1997). It 

is not surprising that there is often deterioration in quality of life of the patient. To add to the 

diversity of deficits, not all patients exhibit the symptoms which are commonly labelled 
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dysexecutive syndrome and not all patients have the cognitive deficits that result in failure on 

executive tasks. 

Experimental study in dysexecutive groups is less common but has been useful for 

bridging the gap between cognitive psychology and neuropsychology research. For example, 

Baddeley et al., (1997) compared two frontal groups (that did or did not exhibit dysexecutive 

syndrome behavioural deficit) on their dual-task performance. They showed that some executive 

tasks (Wisconsin Card Sort Task and verbal fluency) did not differentiate between the two groups, 

whereas a dual-task manipulation showed the dysexecutive group to perform more poorly. 

The range of possible deficits highlights the fact that clinical observations are less 

constrained than the concepts and definitions that cognitive psychologists work with. Clinical tests 

and interviews might predict the real life problems patients might have, but the use of different 

tasks and examination procedures make the comparison with results obtained from cognitive 

psychology problematic. However, there are a few tasks that are used by both disciplines, and the 

Tower of London (Shallice, 1982) which is thought to measure planning is one such example. It is 

examined in some detail in Chapter 2. 

1.4.1.1. INIHIBITION; A CORE EXECUTIVE FUNCTION? 

In recent years in cognitive psychology, terms such as `planning' which can not be 

operationally defined have been passed-over in favour of more simple descriptions of executive 

function that can. Miyake et al. (2000) argue that executive tasks are a function of three key 

executive processes: shifting, updating and inhibition. Shifting between tasks or mental sets has 

been assumed to be an important aspect of executive control in brain damaged patients and in the 

laboratory. Updating and monitoring working memory representations ensure that relevant 

information is held in working memory and that information that is no longer relevant is dropped. 

Finally, inhibition of prepotent responses concerns the ability to consciously inhibit automatic or 

prepotent responses in favour of a more appropriate alternative response, and populations thought 

to have an executive deficit have been shown to have a deficit in inhibition. Miyake et al. (2000) 

distinguish between controlled inhibition which is an executive function, and automatic inhibition, 

such as that observed in the negative priming phenomenon. Automatic inhibition is not impaired in 

populations such as older adults that are said to have an executive deficit (Maylor, Schlaghecken & 

Watson, in press). Miyake et al. (2000) administered nine measures, three from each proposed 
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executive function and five executive tasks to 137 undergraduates and used structural equation 

techniques to construct a model of the executive. They argued that their results provided evidence 

that the executive is not a general-purpose resource since there were non significant correlations 

between performances on the different executive tasks. Miyake et al. 's (2000) model is illustrated 

in Figure 3 below. They argued that a model which incorporated all three factors fitted the data 

quite well, but the error terms ranged from . 78 to . 94 and revealed that a large amount of variance 

on the nine measured used to formulate the model was unexplained. 

Shifting 

Ae, 
"*56 

U. 42 

. 63 

Inhibition 

FIGURE 3: Miyake et al. 's (2000) model of executive function. The double headed 
arrows have significant correlation coefficients next to them, which indicate the 
relationship between the three functions. 

However, there is a good deal of other interest in inhibition, which is of particular 

relevance to this thesis for two reasons. First, populations with an executive dysfunction have 

exhibited deficits in inhibition (Morris, Miotto, Feigenbaum, Bullock & Polkey 1997a; Goel & 

Grafman, 1995); and second, some research has claimed that inhibitory demands are central to 

performance on disk-moving tasks such as the Tower of Hanoi (TOH) and TOL (Goel & Grafman, 

1995; Miyake et al., 2000; Welsh, Satterlee-Cartmell & Stine, 1999). For example, Miyake et al. 's 

(2000) administered two 15 move 4-disk TOH problems to participants and used the total number 

of moves taken to solve both problems as the dependent variable. Their structural equation model 

of TOH performance revealed that it was best explained by an inhibition factor. However, the only 

significant correlation with the inhibition tasks was r =. 21, p<. 05 between the antisaccade task and 

TOH, while that between the Stroop test and the stop signal test were not significant, (r =. 17 and r 

=. 08 respectively, p>. 05). These results question the validity of a description of TOH performance 

in terms of its inhibition demands; and is one in which other cognitive processes such as any spatial 

working memory and/or planning demands are not included. Surely executive tasks must have a 
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construct validity that comprises of all the processing requirements before its executive demands 

can be surmised. 

In a typical, controlled inhibition task, a response is set up as a prepotent response and this 

response is the correct response during the baseline condition. However, in a different condition 

the prepotent response should be inhibited and an alternative less dominant response should be 

produced. The Stroop test (Stroop, 1935) is a prototypical controlled inhibition task. In this task 

the words of colours are presented in a black ink or a congruent ink colour (eg "Blue" printed in 

blue ink). The prepotent response is to read the word that is spelled out. In the incongruent 

condition the word is presented in a different ink colour for example "Blue" printed in red ink and 

the participant has to ignore the prepotent response and instead name the colour of the ink. Stroop 

(1935) found that participants took longer to name ink colours on incongruent words than they did 

in words printed in black ink. One of the factors that complicates the use of terms such as inhibition 

is that inhibition tasks do not tend to correlate with each other. For example, Miyake et al. 's (2000) 

correlations were only between r =. 18 and r =. 20 (p>. 05). This has led to the suggestion that there 

are different types of inhibition, with argument over the unitary or fractionated nature of inhibition, 

so in the cognitive psychology domain even the term ̀ inhibition' is debated. Given that this is just 

one postulated executive function, one starts to consider whether it is possible to provide mutually 

exclusive and exhaustive categories of all executive functions at this level of description. Shilling, 

Rabbitt and Chetwynd (2002) have shown that even parallel forms of the same inhibition tasks do 

not correlate and they argue against any fractionation at the level of one executive function per 

task. Chapter 2 discusses the possible role of inhibition in the disk-moving tasks and examines the 

extent to which Miyake et al. 's (2000) model is a sufficient characterisation of performance. 

1.5. A GENERAL-PURPOSE VS A FRACTIONATED EXECUTIVE RESOURCE? 

When Baddeley and Hitch's (1974) model was originally specified, the executive was 

proposed as a general-purpose and unitary resource. However, following the detailed specification 

of the slave systems and a body of neuropsychological work, its characterisation as a homunculus 

has been heavily criticised. For example, Parkin (1998) argued that the Baddeley and Hitch's 

(1974) conception of the executive was little more than an "amorphous blob" (pp. 518). As a result 

the specification of the executive has become the subject of a good deal of current research. Certain 

clinical populations are thought to have impaired executive functioning as a result of damage or 
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trauma to the frontal lobes. He noted that they exhibit such a wide range of behavioural 

impairments that a unitary construct is unlikely. Baddeley (1998) responded by arguing that it is 

not necessarily the case that the executive maps onto a single anatomical location, and that areas of 

the human brain are unlikely to have isolated functions. He went on to say that his theoretical 

approach has been to allow the model to develop and be constrained by the data. He argued that the 

central executive is a conceptual structure and that current research will show how it may be 

fractionated into sub-components. Consequently this is the subject of much current research. 

There is evidence that the executive is a general-purpose resource, and this has often been 

derived from individual difference studies which have examined the correlation between measures 

of working memory and more complex tasks. For example, Turner and Engle (1989) argued that a 

general-purpose resource should result in a domain specific task being predicted equally well from 

both spatial and verbal memory spans. That is to say that if reading comprehension ability could be 

predicted by a verbal complex span or an operation complex span measure then it would be 

possible to argue that higher-level cognitive resources draw on a single general-purpose pool. The 

data supported the unitary theory. Likewise, Daneman and Tardif (1987) provided support for the 

unitary view as they found that both a word span and a digit span correlated with verbal 

comprehension. However, the fact that a complex spatial span which involved the processing and 

recall of a 3D noughts and crosses grid did not correlate with reading comprehension questions the 

extent to which this is supporting evidence for a general-purpose resource since, if it were, a 

relationship would be expected. It is likely that the operation span has a verbal component (e. g. 

rehearsal of computational sub products and/or numbers to be remembered) as well as an executive 

component (e. g. complex mathematical operations) which could be responsible for the correlation. 

Baddeley & Logie (1999) support the idea that mental arithmetic relies on the phonological loop 

for temporary storage and the executive for access and execution of computational algorithms or 

heuristics. They make no mention of VSSP involvement. 

More recently, Engle, Kane and Tuholski (1999) have continued to argue for a domain-free 

executive resource that is essentially the bridge between active trace activation (i. e. those above 

threshold) from long-term memory and limited-capacity controlled attention. Furthermore, Engle 

and colleagues argue that this controlled processing resource has a strong relationship to fluid 

intelligence (gF). Various working memory span measures (reading, operation, and counting 
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spans) and short-term memory tasks (forward/backward word span) were administered along with 

Raven's progressive matrices and Cattell's culture fair intelligence tests. A confirmatory factor 

analysis technique was employed and the resulting model required a strong connection between 

working memory and gF, but no such connection between gF and short-term memory. They 

subtracted what was common between the working memory and short-term memory components 

which left a residual variance in working memory that reflected controlled attention. This 

continued to show a high correlation between working memory and gF, leading the authors to 

conclude that working memory and short-term memory were highly related and that the residual 

suggested a link between working memory and gF, which was independent of general knowledge 

or task specific skills. 

On the other side of the debate there is increasing evidence for a non-unitary executive. 

Evidence from neuropsychological research shows that some frontal patients show impaired 

performance on one executive task, and not on another. For example, Shallice (1988) used two 

tasks that had similar processing sub-components and showed that some left anterior patients 

scored poorly on the Tower of London task and did well on a Block Design task while two right 

posterior patients showed the opposite pattern. Likewise, Baddeley et al. (1997) showed that 

frontal patients who exhibited dysexecutive behavioural disturbances performed more poorly in a 

dual-task situation than they did on other tasks (Wisconsin Card Sorting Task and verbal fluency), 

compared to those without dysexecutive symptoms. However, although these group dissociations 

can provide a useful tool to examine otherwise unobservable mental processes (Baddeley, 2003), 

they are not necessarily straightforward to interpret. For example, Chater (2003) points out a real 

world illustration of a double dissociation; if one person can eat prawns but is allergic to peanuts 

and another can eat peanuts but is allergic to prawns then we might conclude that they are digested 

by separate systems, but they are not. This evidence alone, then, is not independent evidence that 

separate executive processes exist. 

Shah and Miyake (1996) have systematically examined individual differences in working 

memory capacity and their relationship to performance on language and spatial tasks, including 

tests of spatial visualisation and perceptual speed. They determined that there was a non- 

significant correlation between spatial spans and reading spans, which is in contrast to Turner and 

Engle (1989) and Daneman and Tardif (1987), perhaps because different measures were used. 
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Shah and Miyake (1996) showed that the spatial span was significantly correlated with 

performance on spatial tasks, but not with language tasks, while the reading span correlated well 

with language tasks but not spatial tasks. This was taken as evidence for separate verbal and spatial 

stores, and consequently the separability hypothesis. 

Further, evidence for a non-unitary executive comes from Lehto (1996) who employed 

word and digit simple and span measures and found evidence of a significant correlation with 

WCST. However, there was no evidence of a relationship with either the Tower of Hanoi or the 

goal search task, and he argued that these were not related to working memory. It is worth noting 

that both of these executive tasks are clearly spatial and Lehto included no spatial measures. 

Furthermore, he argued that different executive processes were involved in the different executive 

functions as there was no correlation between them. In fact, low inter-task correlations have been 

demonstrated in a range of populations including normal older adults (Lowe & Rabbitt, 1997), 

brain-damaged adults (Burgess, 1997), and children with neurocognitive pathologies (Welsh, 

Pennington, & Groisser, 1991). 

However, although low inter-task correlations suggest a non-unitary executive, there are a 

number of complications in this interpretation. First, it relies on a null result and is not actually 

supporting evidence for the position. Second, as Chapter 2 shows many executive tasks have low 

reliability that will undermine any correlation. Third, executive tasks are only purported to 

measure executive functioning and without any established construct validity it is not certain that 

low correlations result from a non-unitary executive (Rabbitt, 1997; Miyake & Shah, 1999), they 

could easily be a result of differing non-executive demands. This is the task impurity problem. 

That is to say that executive tasks are complex and are likely to implicate cognitive processes that 

are not directly relevant to the function under investigation (e. g. Burgess, 1997). These issues are 

considered in more detail in Chapter 2 where the TOL is used as an example of how such issues 

can complicate interpretation of results. 

In conclusion, there is correlational evidence that the executive is a unitary system. 

However, there are a number of lines of research that suggest that executive processes can be 

fractionated. Although no one research method is capable of providing conclusive evidence for 

either position, the fact that the non-unitary position is supported by a range of research methods 

means that it is probably the stronger position. 
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1.6. CHAPTER SUMMARY 

This chapter has described the executive system as conceptualised by Baddeley and Hitch's 

(1974) working memory model and by Norman and Shallice's (1986) Control of Action model. 

The functions of the executive are diverse, and populations that are believed to have an executive 

impairment have demonstrated various cognitive, behavioural and emotional deficits. One of the 

reasons for the diversity in executive function may be a product of the different approaches of 

cognitive psychologists and neuropsychologists. However, among the symptoms is 

acknowledgement that there is impairment in planning that is evident in the laboratory and in 

descriptions of patients everyday lives. However, planning is a complex activity that is not easily 

defined. Nevertheless, in both cognitive psychology and neuropsychology planning is measured by 

examining TOL performance. 

Recent research has sought to specify the executive system more precisely, and controlled 

inhibition has been cited as one specific executive function. Furthermore, inhibition deficits are 

observed in a range of dysexecutive populations, and it has been suggested that this may provide 

explanation for poor performance. However, this position requires that the executive system is one 

that can be fractionated into subsystems. The extent to which the executive system is a unitary or 

general-purpose resource has been considered and there is evidence for both positions. However, 

nearly all of the evidence supporting a unitary position has been derived from individual difference 

methodology, which is limited in its explanatory power. The non-unitary position has the 

advantage of employing a range of research methods including the comparison of different groups, 

individual difference analysis, dual-task methodology and individual case studies. This suggests 

that concepts such as inhibition, updating and shifting (Miyake et al., 2000) may be distinct 

executive functions, but the extent to which these are sufficient to explain performance on all 

executive tasks, such as TOL, may be limited, because spatial factors are clearly integral to 

performance. 

Chapter 2 examines planning in some detail and explores how this research has contributed 

to the debates contained within the current chapter. It also considers specific issues that have been 

raised through the use of the TOL as an executive task. Therefore, it includes a detailed review of 

TOL research in preparation for the works contained within this thesis. 
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CHAPTER TWO: THHE TOWER OF LONDON TASK 

2.1. INTRODUCTION 

This chapter is concerned with the TOL and the executive function of planning that it is 

purported to measure (Shallice, 1982,1988). Cohen (1989) provides a good general description of 

planning; "before embarking on an action sequence which is novel or complex, we usually spend 

some time thinking about what we are about to do, how best to achieve the goal, in what order to 

perform the individual actions, and how much time and effort will need to be allocated to the task. 

Memory is involved in formulating such plans, holding the elements and sequence in mind while 

the plan is being assembled, evaluated, revised and implemented" (p 17-18). Commonly used 

planning tasks in the neuropsychological and cognitive psychology literatures are the Tower of 

London (TOL) and the Tower of Hanoi task (TOH). Frontal patients, for example show impaired 

performance on the disk-moving tasks compared to patients with damage to other areas of the brain 

and compared to normal participants (e. g. Morris et al., 1997a). However, not all frontal patients 

exhibit this deficit and some patients only exhibit the deficit on difficult problems (Morris Miotto, 

Feigenbaum, Bullock & Polkey, 1997b). Therefore, the source of poor performance in TOL is not 

straightforward but planning deficits and difficulty in resolving goal/subgoal conflict have been 

suggested as possible explanations (e. g. Shallice 1982,1988; Goel & Grafman 1995). So despite 

widespread use as a planning task, the performance demands of the disk-moving tasks may be more 

complex. 

The disk-moving tasks usually require some pre-planning of moves. Several theories have 

tried to establish the cognitive processes involved in pre-planning on TOL (the time between the 

presentation of the problem and the execution of the solution) and specify its planning demands in 

more detail than Cohen's (1989) somewhat general description (e. g. Ward & Allport, 1997; 

Gilhooly et al, 1999). One issue that arose from this research has been the extent to which memory 

limits planning performance with particular interest on how cognitive processes are organised to 

produce successful performance. However, some administrations and measures focus on the plan 

execution stage of performance (i. e. the solution), which has been argued to be more a more 

reliable measure than pre-planning latency. It has been shown that certain features of problems, 

such as the presence of indirect moves (a. k. a. goal/subgoal conflict moves) affect the difficulty of 
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problems (e. g. Ward & Allport, - 1997). These are moves where the disk is placed in an 

intermediate position prior to its final positioning. Both normal participants and frontal patients 

have difficulty with these moves and they have been isolated as a key performance function. Some 

research has argued that performance on these moves is related to inhibition ability (e. g. Goel & 

Grafman, 1995; Morris et al., 1997a). 

However, the factors that affect difficulty on the disk-moving tasks have not been clearly 

defined and given the move away from characterising TOL as a planning task, the cognitive 

processes involved in TOL performance have not been established. Although it is commonly 

employed as an executive task, the executive demands of the task are in fact unclear. In addition 

there are a number of methodological and theoretical research issues that may complicate the 

interpretation of data from the disk-moving tasks and these are also reviewed in this chapter. For 

example, there are various versions of the disk-moving tasks and with these come different 

administration and scoring methods. These make comparison of different results problematic and it 

is unclear what executive demands are shared by all versions, and which are unique to a particular 

apparatus structure. A second issue is that individual difference methods are often used to specify 

the executive, but the reliability and validity of executive tasks is generally low and this may 

undermine any correlation that may exist between tasks. Such issues have meant that research 

which uses executive tasks to specify the executive system does not have a clear picture of the 

performance demands of the disk-moving tasks on which to base this specification. Baddeley 

(1996) and Baddeley et al. (1997) have argued that a more reliable way of constructing a model of 

the executive is to systematically examine the cognitive requirements of executive tasks, and use 

the task analysis to specify the executive. Therefore, this chapter examines planning and 

performance on the disk-moving tasks in some detail in preparation for establishing the 

performance demands of TOL in this thesis. 

2.2 PLANNING 

There are a number of tasks that are used in cognitive psychology and in neuropsychology 

that are believed to measure executive function. As Chapter 1 has described the functions that are 

associated with the executive are varied and therefore it is perhaps not surprising that the term 

`executive task' is very general. The tasks tend to be complex and incorporate various different 

processes, some of which may be executive and some of which are likely not to be. For example, in 
31 



language comprehension the executive demands may be to integrate meaning while the storage of 

particular semantic information is not an executive function because the executive has no storage 

facilities of its own (Baddeley & Logie, 1999). In fact the main evidence that these tasks measure 

the executive at all is usually based on their face validity, because they are complex. In reality 

there is very little empirical evidence regarding what these tasks actually measure (Miyake et al., 

2000). 

Chapter 1 has described how patients with frontal damage and other groups with an 

executive deficit such as older adults tend to perform more poorly on executive tasks than normal 

participants. One deficit that has been reported has been that of planning. Planning is associated 

with the frontal lobes and Penfield and Evans (1935) reported a case study of a female who was 

unable to cook a meal after having her frontal lobes removed. Specifically it was noted that she 

had a lack of capacity for planned administration. Likewise, Phinias Gage who had severely 

damaged frontal lobes (Harlow 1848,1868, cited in Goel & Grafman, 2000) made many plans for 

the future, but discarded them before they were executed. Other evidence that planning functions 

are associated with the frontal lobes has come from imaging studies in which the prefrontal cortex 

has been activated during planning tasks (e. g. Morris, Ahmed, Syed & Toone, 1994; van den 

Heuvel, Groenewegen, Barkhof, Lazeron, van Dyck & Deltman, 2003). The fact that planning is 

associated with the frontal lobes supports the claim that planning is an executive function. It is also 

a key function of Norman and Shallice's (1986) Supervisory Attentional System, but "planning" is 

a general term and it is unclear what cognitive processes are involve in planning. 

Goel (2002) defines planning as involving the mental formulation of future states of affairs. 

It is a form of problem-solving which can be defined as situations that have two distinct states of 

affairs where the agent wants to get from one state to the other, but it is not clear how the gap is to 

be bridged. Planning requires the modelling of path from A to B such that the planner wants to 

assess the consequences of action choices before any action is selected and executed. If the 

consequences are not satisfactory, plans can be revised until effective actions are decided upon that 

avoid errors. 

Goel (2002) argues that there are two broad kinds of planning tasks; those that are well- 

structured and in which the start state, the goal state and the transformation function are completely 

specified and ill-structured tasks where the start state, the goal state and the transformation function 
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are not specifically defined. Goel argues that laboratory tasks are generally well-structured but that 

real life planning tasks are ill-structured. An example of a well-structured task is the TOL 

(Shallice, 1982,1988). The start state and the goal state are clearly defined, and the planner knows 

that they have to transform the problem by moving disks. An example of an ill-structured task is 

planning a meal for a guest since the host can choose the amount of food they provide, the time 

spent preparing the meal and the money that is spent on it. The goal state is also variable; how 

many courses are provided, where it should be served and how satisfaction is measured. The 

transformation function is also unspecified; should you go out to a restaurant, cook at home or have 

a barbeque? 

Another difference between ill-structured and well-structured tasks is that well-structured 

tasks have logic and rules whereas real world planning situations have constraints that might be 

social or cultural (for example) or have no rules. Goel (2002) argues that there are greater 

differences than there are similarities between real world and laboratory planning tasks. Further, he 

argues that the deficits observed in frontal patients may relate to structure; the left prefrontal cortex 

may be involved in well-structured problems while the right prefrontal cortex is associated with ill- 

structured problems. In supporting evidence for this position, Goel and Grafman (2000) present a 

protocol analysis of an ill-structured planning task completed by a former architect PF who had a 

right prefrontal lesion. Compared to normal participants (who were matched for IQ and education) 

PF showed a deficit in the task in which a work space had to be designed. His specialist 

architectural knowledge was intact and he was able to gather the information he required to 

formulate the problem but was unable to solve it. His preliminary planning was delayed and was 

minimal and erratic consisting of fragmented ideas rather than a progressive development and he 

did not reach the stage where he was meant to detail his plans and specify the final form of his 

design. However, Goel and Grafman (2000) did not test PF's abilities on well-structured tasks so it 

is uncertain if his deficit was specifically related to structure. Goel and Grafman (2000) argued that 

there were other cases of right frontal patients having particular difficulty with real world 

problems. In independent support of this theory, Morris et al. (1997a) found that patients with left 

hemisphere damage were more impaired during the planning stage on the well-structured TOH 

than those with right hemisphere damage and Shallice (1982) found they were more impaired than 

right frontal groups on TOL. 
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However, in a subsequent study, Morris et al. (1997b) found that right but not left 

prefrontal patients were impaired in the accuracy of their TOH plans so the hemispheric distinction 

suggested by Goel (2002) may not be straightforward. Both Penfield's sister and Phineas Gage 

were capable of making plans, but they were unable to execute them and so an alternative view 

may be that the deficits observed in frontal patients may be observed when solving problems on- 

line, or during `planned administration' as Penfield called it. 

Goel (2002) also distinguishes between making plans and executing plans and argues that 

the former relies on successful cognitive activity and the latter on affective traits such as 

determination and staying power. He argues that the dorsolateral prefrontal cortex is involved in 

the cognitive components of a task while the medial ventral prefrontal cortex plays a more affective 

role. In support of this claim, Goel refers to Phineas Gage, who discarded his plans before 

execution and who had medial ventral prefrontal damage while PF, who couldn't pre-plan, had a 

frontal dorsal lesion. Likewise, Goel argues that neuroimaging studies of the tower tasks attribute 

plan formation to the dorsolateral and rostral prefrontal cortex. However, in most research it is 

usually preplanning activity that is focused on, while the execution stage has been neglected. For 

example, PF never had to execute his room design plans and he may have been impaired here too. 

Likewise, imaging studies such van den Heuvel et al. (2003) that have concluded that plan 

formulation is attributed to the dorsolateral prefrontal cortex did not require participants to actually 

carry out their plans and solve the TOL problems, and so there is no evidence for the functional 

location of plan execution. Although certain affective traits such as motivation are required to 

execute plans, cognitive activity is also required. Evidence for this include the fact that harder 

moves on TOL take longer to complete then easier moves (e. g. Morris et al., 1997a; Ward & 

Allport, 1997; Phillips et al., 1999) and there is no reason why affective factors should vary within 

problems. In addition researchers who use TOL have concluded that its execution demands are 

actually more important than its pre-planning demands (e. g. Phillips, Wynn, McPherson & 

Gilhooly, 2001). 

The disk-moving tasks are frequently employed in cognitive psychology and 

neuropsychology. In addition these and the Water Jug Task are often employed in artificial 

intelligence accounts of planning where problem-solving strategies employed by the models have 

been used to describe human performance. These and are reviewed briefly here. 
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2.2.1. COMPUTER MODELS OF PLANNING AND PROBLEM-SOLVING 

Norman and Shallice's (1986) theory of the Supervisory Attentional System (SAS) was 

derived from the artificial intelligence literature. This literature has made use of the TOH to 

simulate human problem-solving. The problem should be solved by decomposing the task into sub- 

goals, but if these are tackled in the wrong order a deficit will be observed. Sussman's (1975) 

problem-solving program HACKER which has a general-purpose programming unit was tested 

successfully on TOH. Simon (1975) argued that the means-ends heuristic or goal recursion 

strategy is used to solve TOH. In this heuristic, a series of subgoals are set up to bridge the gap 

between the current position and the goal state. However, he identifies other potential problem- 

solving strategies for solving TOH including a perceptual strategy which is defined by Atwood and 

Polson (1980); in this strategy, information about the current state and the next possible successive 

states are compared and a move is selected which takes the participant closer to the goal state. 

Many researchers have argued that humans use a perceptual strategy to solve TOH (e. g. Goel & 

Grafman, 1995). This has less memory demands than the strict means-ends heuristic (Simon, 

1975) and is therefore less demanding. 

Ernst and Newell (1969) developed a general problem solver (GPS) that could apply a 

means-ends heuristic to solve water jug and TOL problems. Again, subgoals were established that 

satisfied progress between the current state and the goal state. GPS could successfully solve TOH 

with this strategy but failed to solve the water jug task. They argued that GPS was ineffective at 

forward planning and that this was the source of the performance failure of their model. 

However, Colvin, Dunbar and Grafman (2001) argued the failure in GPS was due to over- 

dependence on the subgoal strategy when a more flexible approach would have been more 

successful. Atwood and Polsen (1976) had built an alternative model that could solve the water jug 

task, but it employed processes which were not capable of forward planning. Rather the model had 

two sets of processes, one of which used means-ends processes while the second process was a 

memory function that allowed this information to be stored in short-term memory along with 

information about previous states that had been evaluated. Atwood and Polson's (1976) model 

solved the water jug task because, after other moves had been determined as ineffective, a 

counterintuitive move was selected as a possible new route through the problem space. As such no 

planning of future actions was required. 
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The water jug task is similar to TOL and TOH as both require the participant to move from 

an initial start state to the goal state and both require the manipulation of material (i. e. water/disks) 

between three different regions (jugs/pegs). It is similar to TOL because it does not require 

recursion or the maintenance of a subgoal stack in memory, and is similar to TOH because both 

tasks include a counterintuitive move (Colvin et al., 2001). Given these similarities it is likely that 

artificial intelligence approaches can provide some insight into the problem-solving strategies 

employed by normal participants and frontal patients. Indeed, direct application has been provided 

by Ward and Allport (1997) and Goel and Grafman (1995) and is discussed in the sections that 

follow. The application to frontal patient performance is provided by Colvin et al. (2001). 

Colvin et al. (2001) predicted that frontal patients would fail at the task compared to 

normal participants when a counterintuitive move was the optimal move because this would require 

a shift in strategy away from the basic means-ends or hill-climbing heuristic. That is to say that 

frontal patients would fail to inhibit the dominant move in favour of the less dominant but more 

effective counterintuitive move. Furthermore working memory deficits might prevent them 

retaining representations about previous and future problem states which might prevent them 

recalling previous states and moves. The results supported the argument and fewer frontal patients 

were able to solve the task than normal controls. They did not make significantly fewer 

counterintuitive moves (presumably because of a high overall failure rate) but they did make more 

moves which they reversed and made more looping moves that returned them to an earlier state. 

Left frontal damage was associated with poorer performance than right frontal damage. In addition 

16 of the 27 patients had completed Goel and Grafman's (1995) TOH study, but there were no 

significant correlations between any water jug measure and TOH score. Colvin et al. (2001) 

attributed this to a small sample size and scoring differences between the two tasks. Perhaps this is 

also due to the fact that there are only one or two counterintuitive moves in each task and the 

performance measures were not focused on these. 

2.2.2. SUMMARY 

The planning deficit that is observed in frontal patients has been said to be a deficit in 

executive processes. Planning tasks can be divided into those tasks that are well-structured and 

those that are ill-structured. The disk-moving tasks are examples of well-structured problems while 

real world tasks (such as cooking a meal) are ill-structured tasks. Computer models of human 
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planning performance show that tasks such as the Tower of Hanoi, the Tower of London and the 

Water Jug task can be completed when subgoals are derived in a means-ends analysis that close the 

gap between the current state and the goal state. Humans tend to use a simplified version of this 

strategy in which information about the current state and all possible successive states are 

determined, and a move is selected which takes the participant closer to the goal state. In some 

situations in these tasks it is necessary to select a move which is counterintuitive and deviates from 

these strategies. This move has been said to be related to inhibition processes in which it is 

necessary to inhibit a prepotent but incorrect move in favour of a correct less dominant alternative. 

Frontal patients have been shown to have a deficit in problems requiring such moves. 

2.3 TOWER OF LONDON TASK (SIIALLICE, 1982,1988) 

Shallice developed the task known as the Tower of London that is most frequently used as 

a planning task in cognitive psychology and neuropsychology. He used it to test his ideas about the 

SAS and its involvement in planning. It is the subject of the thesis and is described in considerable 

depth in the sections that follow. 

Whereas the TOH has three pegs of equal length and three disks of different sizes, TOL 

traditionally has three pegs of different lengths and three disks of equal size. In both tasks 

participants are given a start position and a goal state and they have to move disks in order to 

transfer the start state into the goal state in the minimum number of moves. In TOH there are three 

rules. 1. A disk cannot be placed on top of one that is smaller. 2. Disks can not be held temporarily 

outside of the apparatus while another disk is moved. 3. Only one disk can be moved at a time. A 

fourth rule is implicit from that apparatus and that is that only the uppermost disk on any peg can 

be moved. In the conventional version of the Tower of London rules 2 and 3 are identical but rule 1 

is implicit in that one peg is short and can hold only one disk, one can hold two disks and one can 

hold all three disks. In order to achieve the most efficient solution, the participant has to generate 

the most efficient move sequence and monitor the effectiveness of this sequence, revising it as 

required whilst solving the problem (Humes, Welsh, Retzlaff & Cookson, 1997). 

The TOL is a widely used tool both in cognitive psychology and in a clinical setting. 

However, little is known about the cognitive functioning involved in performance. It is largely 

assumed in the literature that the task is one that is capable of measuring executive function, 

particularly that relating to planning ability. 
37 



2.3.1. EXECUTIVE DYSFUNCTION 

Shallice (1982) administered TOL to 61 patients with left or right anterior or left or right 

posterior lesions and 20 control participants. The performance measure was the number of 

problems solved on the first attempt within 60 seconds. It was shown that the left anterior group 

performed significantly more poorly than any other group. Furthermore, a planning measure was 

taken (the latency from the first presentation of the goal position until the first disk was moved) and 

again the left anterior group were slowest to plan out their moves. Shallice called his task a 

planning task and noted that it shared processing components with a block design task in that both 

concerned visual motor processing. However, some patients performed well on the block design 

task and poorly on the TOL, and for some their performance on the TOL was good and their 

performance on the block design was poor. Shallice argued that this double dissociation suggested 

that the two tasks differentially loaded on two different cognitive factors, which were selectively 

deficient in the left anterior group, and Shallice thought that these were a planning factor and a 

spatial processing one. 

Shallice (1982) also thought that the task could have a verbal process as left anterior 

patients often have some deficit here so normal participants were asked to complete an articulatory 

suppression task whilst doing the Tower of London. However, the effect of suppressing inner 

speech had a negligible effect on errors, suggesting there is no verbal role to successful 

performance. However, in a later study Shallice (1988) failed to replicate the double dissociation in 

in patients whose verbal IQ as measured by WAIS was unaffected by frontal damage. In this study 

the left frontal group's performance was not impaired compared to a normal control group which 

again offered the possibility that verbal processes are involved in planning. 

The proposition that TOL was a planning task created a flurry of research into mental 

planning in different populations. For example, Hughes, Russell and Robbines (1994) examined it 

in an autistic population, Watts, MacLeod and Morris (1988) examined a depressed sample, 

Andreason, Rezai, Alliger, Swayze, Flaum, Kirchner, Cohen and O'Leary (1992) examined it in a 

schizophrenic population while Baddeley and Wilson (1988), Morris, Ahmed, Syed & Toone 

(1994) and Owen Downes Sahakian Polkey and Robbins (1990) all studied planning ability in 

frontal patients (all cited in Ward & Allport, 1997). 
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There is considerable evidence' that frontal patients exhibit a deficit on TOL. Owen, 

Downes, Sahakian, Polkey and Robbins (1990) administered TOL and other spatial tests to 26 

patients with frontal lobe excisions and compared them with controls who were matched for age 

and IQ. Frontal patients took more moves to solve problems than normal controls and solved fewer 

problems in the most efficient solutions, providing supporting evidence for executive involvement 

in TOL accuracy. However, when a motor speed initiation time was subtracted from the plan time, 

no difference between groups was observed suggesting that the pre-planning deficit was 

confounded by a motor initiation deficit. However, frontal patients spent longer thinking while 

problems were being executed even when base motor speeds were subtracted, again illustrating the 

potential executive role in plan execution. Unlike Shallice (1982) there were no effects of 

laterality, lesion location or lesion size however. 

Goel and Grafman (1995) administered the four-disk TOH to 20 patients with prefrontal 

lesions and found that the patients performed more poorly than normal controls. Neither IQ, 

memory or volume loss could account for the difference. By studying the solution path that patients 

had taken Goel and Grafman were able to determine that most participants had used a perceptual 

strategy. This is one where the largest disk not yet placed in its final position is moved to the target 

peg. The strategy does not usually lead to the shortest solution but it makes few demands on short- 

term memory (STM) and is very easy to discover. In order to determine if the source of the deficit 

in the frontal group was a short-term memory disorder or the inability to overcome goal-subgoal 

conflict Goel and Grafman administered an easier 3-disk TOH in which STM is not stretched, as 

the maintenance of a subgoal stack is not required. The fact that patients still performed more 

poorly than normal participants suggested that a counterintuitive move was the source of the 

deficit. We consider this argument in more detail later in the chapter. 

Although there are some reports in the literature that frontal patients perform less 

accurately on TOL than controls it is more usual that frontal patients and controls do not differ in 

their accuracy on TOL until more difficult problems are administered. For example, Morris, et al. 

(1997a) administered TOH to 59 patients who were divided into left frontal (LF), right frontal, left 

temporal and right temporal (RT) groups and a control group. There was no effect of group on the 

number of moves made, the time spent planning or problem execution latency. However, when 

problem difficulty was taken into consideration deficits in accuracy did emerge with the right 
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temporal and left frontal groups. When differences in spatial ability were partialled out, the deficit 

in the RT group disappeared, but it did not in the left frontal group suggesting it was a spatial 

working memory deficit that was responsible in the RT group. Morris et al. (1997a) argued that 

routine responses (such as to move disks to their goal position) are not sufficient when there is 

conflict between a goal and a local subgoal, and they hypothesised that a deficit in inhibition was 

responsible for poor performance in the LF group. 

In a subsequent study Morris et al. (1997b) increased problem difficulty by administering 

problems with several competing solutions of similar or different lengths to the same 59 patients. 

In this study there were also no main effects of planning time but the execution thinking times (i. e. 

when motor speed was subtracted) revealed an effect of group with the RF and LF groups being 

significantly impaired on problems with competing different length solutions (and similar length 

solutions in the RF group approached significance, p=. 068). In terms of accuracy the right frontal 

but not the left frontal group was impaired on similar length and different length competing 

solutions. Morris et al. (1997b) hypothesised that ineffective strategies leading to faulty spatial 

strategies in the right frontal group may have been responsible for the deficit. The study supports 

the proposal that the prefrontal cortex and executive processes are involved in TOH performance, 

particularly during plan execution and particularly when problem difficulty is manipulated. 

Likewise, Andres and Van der Linden (2001) administered TOL to 13 patients with strictly 

focal frontal lesions and control patients who were matched for age, sex and education. Frontal 

patients were as accurate as controls, spent a similar amount of time pre-planning and executing 

TOL problems when differences in processing speed were accounted for. However, when a 

difficulty variable was included in the analysis it was shown that frontal patients took longer to 

execute solutions than normal controls. In addition, Shallice and Burgess (1991) have shown that 

when a general cognitive impairment is controlled for frontal patients perform as well as controls 

on TOL. 

Therefore, although there is some evidence that frontal patients are impaired on the disk- 

moving task the source of the deficit is not clear; planning, motor speed and processing speed 

deficits and difficulty in resolving goal/subgoal conflict are all cited as possible reasons. These 

cognitive processes have also been examined in normal participants. 
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2.3.2. PLANNING IN NORMAL ADULTS 

Much neurological research using the TOL/TOH has focused on the role of planning. 

Shallice (1982) designed the Tower of London Task in its original 3-disk, 3 unequal-sized pegs 

form (research by Shallice and McCarthy cited in Shallice, 1982). We have seen that Shallice 

(1982) found that left anterior frontal patients solved fewer problems on the first attempt than left 

posterior, or right anterior/posterior patients while Shallice (1988) did not include patients with a 

verbal deficit and failed to find a significant difference between frontal patients and controls. 

Shallice considered his task was a planning task and argued that performance was a specific 

function of the Supervisory Attentional System in his Control of Action model. Subsequent 

research has developed a specification of the planning requirements of TOL. 

Ward and Allport (1997) presented an alternative perspective of executive function derived 

from the problem-solving literature that may explain the lack of correlation between the Water Jug 

task and memory that was reported by Colvin et al. (2000). It was noted that TOL performance is 

unlikely to be limited by working memory capacity because the model did not require a 

specification of the storage capacity of working memory. Rather, performance is limited by the 

ability of the system to select one action from all possible actions, especially if potential moves can 

satisfy competing subgoals to the same extent. For example, if there are two equally efficient 

solutions then performance is likely to be constrained because it is hard to choose between them. 

This is not a function of memory, but of move selection. Ward and Allport (1997) report 

behavioural data from normal participants and argue against the position that working memory 

limits performance on the Tower of London task. That is to say that when participants could work 

out their pre-plans by using TOL apparatus rather than holding disks in memory planning times 

were not reduced compared to a group that was asked to pre-plan their moves in memory. The 

position has been criticised by Gilhooly et al. (1999) who argued that solving a problem on-line has 

the additional requirement of manipulating disks, and that this might balance the reduced time 

spent planning. A third condition in which the solution did not require any re-enactment and 

therefore did not need to be remembered showed that earlier moves in the problem increased with 

the number of subgoals in the subsequent solution. That is to say that there was no accumulated 

load of moves held in memory in earlier moves, yet latency was increased. Therefore, Ward and 

Allport's (1997) position also assumes that memory for past cognitive activity and those resources 
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required for selecting future action are interchangeable, but the executive as characterised by 

Baddeley and Logie (1999) is said to have no storage capacity so this is unlikely. 

Ward and Allport (1997) recognised that the term planning usually involved only a general 

description of cognitive processes and that it lacked precision. They also recognised that the 3-disk 

version was too simple to investigate normal subject's planning ability, and so developed the task 

to a 5-disk 3 equal-sized peg version (See Figure 1, page 13) which could accommodate longer 

problems than Shallice's (1982,1988) task. Ward and Allport (1997) determined that planning 

time (from presentation until the first disk was moved) and playing time (time from first disk was 

moved until problem was complete) increased monotonically with the number of moves that each 

problem could be solved in. Further investigation using a multiple regression technique showed 

that the planning time was predicted from three variables; the number of moves in the problem, the 

number of subgoal moves (i. e. those moves that are essential to the optimal solution but do not 

place a disk in its goal position, also known as an indirect move) and the number of subgoal 

chunks. These are defined as a consecutive series of subgoal moves that transfer disks to and from 

the same pegs; they assume that the initial subgoal move is more difficult than the subgoal move 

that follows it. This illustrated that although planning time was correlated with the number of 

moves, the number of subgoal chunks was the best predictor of planning time and error rates. 

Ward and Allport (1997) reported a strategy employed by participants in which moves 

were evaluated for their ability to satisfy the goal state. Derived from accounts of executive 

processing where performance limitations reflected difficulties in prioritising competing goals, a 

specific prediction was that performance should decrease with increased difficulty in subgoal 

management. ̀The Move Selection Framework' stated that all possible moves would be evaluated 

and the best move would be selected. It recognised that in situations where a forward move (disk 

moves to goal position) is possible the choice is unequivocal. Likewise, if disks are already in their 

goal position they should never be selected. However, if two or more moves satisfy one goal at the 

expense of another, the move choice was said to be equivocal and performance is impaired. In 

order to test the Move Selection Framework matched pairs of problems in which the start and goal 

state were reversed were generated. In each case one state was a single tower configuration (all the 

disks stacked on one peg) and the other consisted of the disks being more evenly spread between 

pegs. Ward and Allport (1997) predicted that assembling a tower of disks onto one peg would be 
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quicker than disassembling them onto multiple pegs because there is no competition between 

subgoals. This is because building a single tower provides an unambiguous goal priority, which is 

to build the tower from the bottom upwards. However, disassembling a tower has competing goal 

priority, because a number of smaller towers have to be built and the order in which these should 

be achieved is not clear. Therefore, even though both problems have the same number of moves 

and subgoal chunks the former problem is likely to be easier than the latter. Twelve participants 

completed 11 pairs of matched problems and latency measures and error rates were recorded. 

Participants solved each problem on-line (i. e. without preplanning) in a computerised version of the 

task. It was shown that disassembling towers took longer than assembling towers and were also 

harder, supporting The Move Selection Framework. A key proposal of the theory is that all 

available moves are considered for their ability to satisfy currently active goals and that 

competition between move choice limits performance. 

Gilhooly, Phillips, Wynn, Logie and Della Sala (1999) also examined the cognitive 

processes involved during planning. However, in their view the role of memory in planning is 

important as setting up, maintaining and executing a multi-step plan is likely to be limited by 

working memory resources. Furthermore, they regarded Ward and Allport's (1997) Move Selection 

Framework as being underspecified because its evaluation between different moves were given on 

an ordinal scale ranging from "best" (e. g. forward move available), to "good" (e. g. clears a current 

goal location), to "bad" (e. g. blocks access to a current goal location), to "worst" (e. g. moves a disk 

away from its goal position) and it was not clear how conflicts between evaluations of the same 

rating should be resolved. Their approach was to administer TOL to 20 older adults, who are 

known to have a working memory deficit and to compare performance with that of 20 younger 

adults who were matched for IQ. The participants completed the task while thinking aloud. There 

were no interactions between age and verbalising TOL plans and the two groups did not differ in 

the number of moves that problems were solved in but the older group was slower on most 

problems. The verbal protocol analyses illustrated that the first move considered was very 

selective and usually involved consideration of one or two moves. This led to the rebuttal of Ward 

and Allport's (1997) claim that an exhaustive search of all alternative moves is carried out by 

participants. These and other analyses led Gilhooly et al. (1999) to provide a `Goal Selection' 

theory. They agreed with Ward and Allport (1997) that the solver first identifies the current goals 
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and from this select an active goal. The selected goal is the disk that has the fewest obstructions 

between the current and goal position. The solver then clears the obstructions and when it is 

possible the solver places the active goal disk in its goal position. Gilhooly et al. (1999), however, 

disputed the claim that all alternative moves were considered; advocating a position in which 

memory limitations does constrain planning, they argued that those with better spatial memory (i. e. 

the younger participants) would have been more likely to report more alternative moves if this were 

true, but they did not. However, this argument also supports the claim that working memory does 

not limit performance. 

Despite Shallice's (1982) original characterisation of TOL as a planning task there have 

been some studies that have questioned the importance of pre-planning TOL moves on subsequent 

performance and the view that poor performance on the task can be interpreted as poor planning 

ability. For example, Phillips, Wynn, McPherson and Gilhooly (2001) administered 20 TOL 

problems to 94 participants. There were a minimum total of 118 moves in the problem set with one 

to ten moves in each problem. There were three conditions. In the control version, participants 

were just told to transfer the start state to the goal state. In the plan condition, participants were 

given the instruction to make a complete plan of moves before moving disks, and then to execute 

their plan when it was ready; and in a third condition (informed condition) they were given the plan 

instructions plus they were given the minimum number of moves for each problem. When 

performance was analysed across all 20 problems it was shown that the control group spent less 

time planning than either the plan or the informed group, but there was no difference between the 

plan and the informed group. Despite this there was no difference between the groups in move 

times or in the number of problems solved in the minimum number of moves suggesting that time 

spent preplanning is unproductive in TOL. This argument is further supported because performance 

was also compared across sets of problems which varied in difficulty as determined by the number 

of moves, the number of indirect moves, and the number of subgoal chunks. Increased trial 

difficulty increased planning time in the two pre-plan conditions, but not in the control condition. 

In terms of move times, trials with no indirect moves were quicker than those with indirect (or 

conflict) moves suggesting on-line demands do effect performance. Complex problems also 

resulted in a higher number of excess moves than simpler problems. 
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Experiment 2 compared performance on the ability to identify the penultimate move in a 

group that was asked to pre-plan their moves thoroughly and one that was given a maximum of five 

seconds to pre-plan. There were four penultimate moves to choose between, but only one was a 

consequence of the most efficient solution path. The group not asked to pre-plan was told that they 

would have to guess the penultimate move. Subsequently participants were asked to move the disks 

to convert the start state to the goal state. Performance was compared over 4 levels of problem 

difficulty. In the planning condition, plan times increased with problem difficulty. The planning 

group were more likely to correctly identify the penultimate move than the non-plan group, but 

only in problems with up to seven moves, and not in nine move problems. Move times were not 

affected by the planning manipulation and neither were the number of excess moves recorded. The 

authors summarised that people can mentally construct a TOL plan of up to 7 moves (or two 

subgoals) ahead if specifically asked to do so. However, preplanning did not improve the 

subsequent performance. Phillips et al. (2001) concluded that accurate performance on TOL 

depends on on-line planning rather than pre-planning. 

2.3.3. WORKING MEMORY AND PLANNING 

A key distinction between Ward and Allport's (1997) theory and Gilhooly et al., 's (1999) 

theory of TOL performance is the extent to which working memory limits performance. We have 

seen that in artificial intelligence performance on TOH can be explained without recourse to 

working memory limitations by the application of procedures such as the hill-climbing strategy, but 

to what extent is human performance on TOH and TOL likely to be related to working memory 

capacity? Several studies have examined this proposition from an experimental dual-task 

perspective and from individual difference analysis. 

Chapter 1 has shown that the executive is involved in coordinating cognition and behaviour 

in complex tasks and frontal patients, who are believed to have an executive deficit, have shown 

disorganised and disinhibited behaviour. Given the obvious spatial nature of the disk-moving tasks 

it is likely that successful performance on the disk-moving task is constrained by the limitations of 

the working memory system. A role of inhibition has also been proposed and may be related to the 

executive demands of the task (e. g. Miyake et al., 2000). But lack of empirical evidence 

concerning the construct validity of the disk-moving tasks has meant that there has not been much 

progress in knowledge. As Miyake et al., (2000) put it "there is a paucity of rigorous theoretical 
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analysis and independent empirical evidence regarding what these executive tasks really measure" 

(pp. 5). The following reviews consider the role of spatial, verbal and executive processes in TOL. 

We have seen that Shallice (1982) questioned whether there was a verbal factor involved in 

planning in the Tower of London task. Lehto (1996) examined the role of working memory in 

various executive tasks, including the Tower of Hanoi. Lehto got thirty-five 15- or 16-year olds to 

complete a series of measures comprising some simple span tests (digit span, word span), five 

complex span measures (2 x sentence-word span, 2x operation-word span, and an odd/even span) 

and two other executive tasks (memory updating and backward digit span). Lehto also got his 

participants to complete three executive tasks, one of which was a manual version of the 3-disk 

Tower of Hanoi. He used a combined experimental and correlation design in which the working 

memory tasks were correlated with performance on puzzles which had a tower-ending solution and 

problems with flat-ending solution. As observed in Ward and Allport (1997) tower ending 

problems were easier than flat-ending problems. A latency measure for all problems, the easiest 

problem and the most difficult problem were correlated with working memory measures but no 

significant relationships were observed. Neither were significant relationships observed with an 

error measure. Therefore, Lehto concluded that TOH had no relationship to working memory 

measures. However, Lehto's sample was small and his working memory tasks included no 

obviously spatial measures. It does, however, suggest that verbal working memory is not a limiting 

factor in performance. 

A series of studies by Phillips, Wynn, Gilhooly and colleagues continued to explore the 

role of working memory in the 5-disk, three peg Tower of London task (Ward & Allport, 1997). 

Phillips, Wynn, Gilhooly, Della Sala and Logie (1999) investigated the role of spatial and verbal 

memory and executive function in TOL using a dual-task method in order to address the question 

as to whether working memory constrained planning performance. Thirty-six normal participants 

completed eight TOL problems during four dual-task conditions (there were two verbal tasks; 

articulatory suppression, verbal random number generation (RNG), and two spatial tasks; spatial 

pattern tapping and spatial random pattern tapping). Participants were told to plan their moves 

before executing their solution. Plan time latency, problem execution latency and the number of 

excess moves were used as dependent variables. Each participant completed the TOL and either 

the verbal secondary tasks or the spatial secondary tasks both alone and in dual-task conditions. It 
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was shown that preplanning was reduced during dual-tasks. In contrast, during a control condition, 

planning increased with more difficult problems suggesting that participants did not or could not 

plan when their working memory resources were limited. 

In terms of the execution of plans, spatial dual-tasks did not significantly affect move times 

compared to control conditions, however, during articulatory suppression move times were 

significantly quicker than during verbal RNG and control conditions. This suggests that spatial 

working memory resources are not involved in TOL execution. The fact that verbal dual-tasks 

speeded problem execution is counterintuitive. Phillips et al. (1999) considered whether ineffective 

verbal strategies on spatial tasks might impair performance. However, RNG did not improve 

performance suggesting that only simple secondary tasks would promote spatial strategies in favour 

of verbal strategies. Executive secondary tasks (RNG and random pattern tapping) did, however, 

adversely affect the quality of solutions, where articulatory suppression and spatial tapping did not, 

although spatial tapping did approach significance, suggesting that an impaired executive results in 

reduced quality in TOL solutions. Phillips et al. (1999) concluded that these results suggest that the 

executive processes involved in TOL seem to related more to on-line planning than preplanning 

processes. However, Hegarty, Shah and Miyake (2000) have warned that the bottleneck in 

responses could be responsible for primary task decrements in performance; that is to say that the 

effects could be explained in terms of response generation rather than competition for executive 

resources. Phillips et al. (1999) did note that TOL performance was prioritised to the detriment of 

the secondary tasks; participants responded less frequently, responded less steadily and were less 

random during dual-task performance. This trade-off may have affected the ability of the 

secondary tasks to load working memory resources in accordance with the dual-task logic. 

In a subsequent study, Gilhooly et al. (1999) investigated the role of working memory in an 

older sample and showed that they took longer to produce plans, and that these were less complete 

than those generated by younger adults. They proposed that the older adults were less able to plan 

ahead in the task due to working memory limitations compared to younger adults, and that their 

plans were more prone to errors, such as failing to accurately maintain future disk positions in 

memory and suggesting impossible moves during verbal protocols. However, the two groups did 

not differ in their accuracy on problems executed, and Gilhooly et al. (1999) argued that this was 
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because in the moving phase of TOL the working memory load is reduced by the presence of the 

apparatus. 

Following Lehto's (1996) claim that the TOH has no relationship to working memory, 

Handley, Capon, Copp and Harper (2002) assessed the role of verbal working memory in a manual 

3-disk Tower of Hanoi task, but unlike Lehto (1996) also considered the role of spatial working 

memory. Seven problems were taken from Lehto (1996) and were administered and scored using 

his procedure. Seventy undergraduates participated in the study. Significant relationships were 

observed between the spatial tasks and TOH performance (simple arrow span r=-. 38, p<. 001, 

complex spatial span r=-. 39, p<. 001), together accounting for 18% of the variance in TOH 

performance. However, the relationship with the verbal span measures was not significant (simple 

word span r=-. 12, complex reading span r=-. 19, p>, 05). A second executive task (conditional 

reasoning performance), correlated with the verbal measures but not the spatial measures. A 

confirmatory factor analysis tested the extent to which spatial and verbal factors were separable and 

this showed that these resources were distinct, but had some common processing requirements. 

This illustrates that Lehto's (1996) failure to find a relationship with working memory was due to 

the tasks that he included, and that TOH does have a spatial WM component but no verbal WM 

component. 

Gilhooly, Wynn, Phillips, Logie and Della Sala (2002) continued to investigate the role of 

spatial and verbal working memory in TOL but also took speed and ability measures in 60 

participants ranging from 17 to 74 years old. Gilhooly et al. (2002) used a factor analytic approach 

to determine how the accuracy of TOL solutions loaded onto the different working memory factors 

and the extent to which each component was involved. A total of 9 measures were taken and it was 

shown that TOL performance correlated with visuo-spatial performance but not with the verbal 

tasks suggesting a role for spatial but not verbal working memory. Exploratory factor analysis 

revealed that three factors were yielded and that the loading of TOL on the visuo-spatial factor was 

-. 404 and most closely related to TOL accuracy, However, the other two factors did not play a 

important role in TOL performance (-. 068 with a speed/age factor and . 023 with the verbal factor). 

Taken together these studies suggest that verbal working memory is not a limiting factor in 

the execution of disk-moving problems, however, it may play a role during the pre-planning stages 

of the task. However, evidence for the role of spatial working memory in the disk-moving tasks is 
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prevalent during both the pre-planning and execution stages of the task. The disk-moving tasks are 

very likely to have a spatial component because of the manipulation of spatial representations in 

working memory. Clearly any consideration of potential or future moves is almost certain to 

involve the active mental manipulation of disks and the temporary storage of future disk positions. 

There has been some evidence for an executive role in TOL, most notably from the fact that 

prefrontal areas of the brain are almost certainly involved in TOL performance and the observation 

of disruption that has been observed when executive dual-tasks are performed alongside TOL. 

The executive nature of the task seems to be related to some of the behavioural 

impairments observed in some patients with frontal lobe damage. For example, Bigler (1988), 

Goel and Grafman (1995) and Morris et al. (1997a) describe performance detriments in goal- 

orientated behaviour that are reflected in poorer performance on the TOH. It has been argued that 

patients may not appear to be impaired on specific functions but they have problems co-ordinating 

and controlling cognitive functions to reach a goal. The ability to remain flexible in their strategies 

is also in question and consequently the role of inhibition, which can be defined as the "deliberate, 

controlled suppression of prepotent responses" (pp. 8 Miyake et al., 2000) is one topic of study. 

Likewise, an inability to make behavioural adjustment after explicit request (Parker & Crawford, 

1992) could be related to impairment in inhibition, which may be linked to sub goal conflict moves 

in the TOL/H. In the TOL this might be elicited by the ability to use moves that are apparently 

incongruent with the final goal state. Such a move will serve the long-term goal but does not 

appear to be consistent with the short-term goal. 

2.3.4. INHIBITION IN THE DISK-MOVING TASKS 

The role of inhibition in the disk-moving tasks has often been discussed (e. g. Goel & 

Grafman, 1995, Morris et al., 1997a), particularly in relation to inhibiting particular moves in 

favour of others. Given that Chapter 1 has shown that inhibition has been closely linked to 

executive control processes we now consider the evidence that inhibition is involved in the disk- 

moving tasks. 

Goel and Grafman (1995) administered the four-disk TOH to 20 patients with prefrontal 

lesions and found that the patients performed more poorly than normal controls. Although no other 

measures were taken Goel and Grafman (1995) did report an unspecified but "reasonable degree of 

correlation" (pp. 631) with the Wisconsin Card Sorting Task. The perseveration responses that are 
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often observed on this test in frontal patients are said to be related to inhibition (but see Miyake et 

al., 2000 who argued it was more closely related to updating). Goel and Grafman (1995) 

determined that most participants had used a perceptual strategy, where the largest disk not yet 

placed in its final position is moved to the target peg. However, it is not always an effective 

strategy, for example when there are four or more disks then clearing the source peg will block the 

target peg and clearing the target peg will block the source peg, so the participant has to interrupt 

the perceptual strategy at certain times and retain a stack of Subgoals in STM, completing and 

undoing them before proceeding. In addition, a second complication to the perceptual strategy is 

that certain moves involve a goal/subgoal conflict dilemma in which it is necessary to make a 

backward, counterintuitive move which superficially takes you away from the goal state, but in fact 

leads to the most efficient solution. For example, in the 3-disk TOH a possible start state is all the 

disks stacked on the leftmost peg, and the goal state is all the disks stacked on the rightmost peg. 

The first move, according to the global goal, is to move the smallest disk onto the middle peg, so 

that the leftmost peg is free to accept the largest disk. However, the best move is to accept a local 

sub-goal and to place the smallest disk on the leftmost peg. This way, the middle disk can be 

placed onto the middle peg and then the smallest disk can be placed on top of it, leaving the 

leftmost peg free to accept the biggest disk. Goel and Grafman (1995) argued that in the backward 

counterintuitive move it is necessary to inhibit the global goal temporarily and move disks 

according to the local goal. In order to determine if the source of the deficit in the frontal group 

was a STM disorder or the inability to overcome goal/subgoal conflict Goel and Grafman 

administered an easier 3-disk TOH in which STM is not stretched as the maintenance of a subgoal 

stack is not required. The fact that patients still performed more poorly than normal participants 

suggested that the backward counterintuitive move was the source of the deficit. 

Goel and Grafman argued that TOH has little to do with planning for two reasons. First a 

computer model can solve the task without any looking ahead, and second they argue that it is 

necessary to see the `trick' behind the backward counterintuitive move, and planning ahead will not 

teach a participant this. They argued then that their explanation for the backward counterintuitive 

move deficit was independent of the planning explanation, but was consistent with inhibition 

accounts of frontal deficits, which have been known to cause particular problems to frontal groups. 

That is to say that Goel and Grafman argued that in these moves it is necessary to inhibit a 
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prepotent response (to strive for the global goal) in favour of an alternative and appropriate 

response (to pursue a local goal). As we have seen Morris et al (1997a) have also hypothesed about 

the role of inhibition in the TOH after ruling out spatial working memory cause for the deficit in a 

left frontal group. 

The argument that the disk-moving tasks involve inhibition is based on the notion that at 

certain points an incorrect but dominant move should be suppressed in favour of a less dominant 

but effective alternative move. However, the concrete evidence for a correlation between 

inhibition and the disk-moving tasks is scarce. Neither Goel and Grafman (1995) or Morris et al 

(1997a) report any evidence that inhibition is related to TOH performance. Miyake et al., (2000), 

however, reported a significant correlation of only r= . 21 between TOH and an antisaccade test of 

inhibition, but non significant correlations with the Stroop test and the stop signal tests of 

inhibition. One of the few studies that has directly examined inhibition correlations and TOL 

performance comes from Welsh, Satterlee-Cartmel and Stine (1999). 

Welsh et al. (1999) assessed the contributions of working memory ability (as measured by 

a visual naming span and a spatial sequence generation task) and inhibition (as measured by the 

Stroop test and contingency naming test) to performance on both the TOH and TOL in 37 normal 

participants in order to determine if the two tasks were isomorphic, as is commonly assumed. They 

found that 55% of the variance in performance on TOL could be explained by spatial working 

memory and inhibition; while performance on TOH was harder to predict suggesting the two tasks 

may tap different cognitive processes. In fact the reported correlation of the inhibition tasks with 

TOH was . 
25, while the correlation with TOL was . 4. In their view, however, the demands of 

working memory and inhibition were not independent and shared a common resource, which is 

more in keeping with arguments for a unitary resource than one postulating separable executive 

functions. This view is derived from Roberts and Pennington (1996) who presented an argument 

for the overlapping contribution of working memory and inhibition to performance on a range of 

executive tasks including the TOH and from Roberts, Hager and Heron (1994) who have suggested 

that errors similar to those observed in frontal patients are observed in inhibition tasks in normal 

participants who hold a concurrent working memory load. However, although Welsh et al. (1999) 

argue that the source of the relationship with inhibition is in the presence of counterintuitive moves, 

they fail to provide any explanation for the absence of a correlation between inhibition and TOH in 
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their study. They simply used this evidence to determine that the two tasks required different 

cognitive processes. It may for example, be the case the tasks they used (the Stroop and the 

Contingency Naming Test) were related to the inhibition that is required by TOL; for example, 

both require the suppression of colours, which is one way of labelling different disks in TOL, but is 

not a way of distinguishing between TOH disks. However, this explanation depends on the position 

that inhibition tasks do not load on a unitary factor because it assumes that the suppression of 

colours is different to the suppression of (say) motor responses or spatial material. The question as 

to whether inhibition can be considered a unitary construct or not was discussed in Chapter 1, but 

the construct validity of inhibition is not determined. An alternative explanation is that these shared 

perceptual features caused the correlation. 

The role of inhibition in the disk-moving tasks is not entirely clear, but it does raise the 

possibility that particular types of move are more difficult than others and may be the cause of the 

deficit that is observed in frontal patients. The next section reviews the literature that has discussed 

this observation. 

2.3.5. INDIRECT MOVES 

The tower tasks are often used as a test of executive dysfunction and several theorists have 

noted that patients with frontal lobe injury appear to have particular difficulty with indirect moves 

(e. g. Morris et al., 1997; Goel & Grafman, 1995). Normal participants also find indirect moves 

harder than forward moves in TOH (Miyake et al., 2000). The observation that pre-planning does 

not have a beneficial effect on performance on TOL and that its on-line demands are a better 

indicator of performance have led to the suggestion that the assumption that TOL is a planning task 

is unproductive (Phillips et al., 2001). In addition defining exactly what is meant by a higher-level 

construct such as planning has been problematic and suggests the characterisation of performance 

in simpler terms would be advantageous if it is possible. The observation that humans have had 

particular difficulty on conflict moves has led to this alternative line of research strategy which 

may be more fruitful. Understanding why an indirect move is difficult may be informative of the 

cognitive processes involved in TOL performance and the deficits in frontal populations. 

A congruent move or forward move (known from now on as a forward move) is one where 

the disk moved to its final or goal position. However, there are variations in the literature about 

what defines an incongruent, conflict, Subgoal conflict or indirect move, hence the many names. 
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For example, Morris et al. (1997a) define it as one where the movement of the disk is away from a 

target arrangement in perceptual terms, for example when a disk is moved from the middle peg 

onto the left hand peg when its final position is on the right most peg. The perceptual strategy has 

been determined as that which most frontal patients use when solving TOH (Goel & Grafman, 

1995). However, it relies on the assumption that participants think that a move which positions a 

disk physically closer to its goal position is better than one which is just as effective in terms of the 

quickest solution path, but takes it physically further away. This may be true for frontal patients, 

but is unlikely in normal participants since logically the physical distance a disk has to move, and 

the direction in which it travels has no bearing on the number of moves it will take. In contrast 

Goel and Grafman (1995) describe a sub goal conflict move as any move which does not place a 

disk in its final goal position. Not all indirect moves in TOL involve a goal/ sub goal dilemma as 

the term has been derived from TOH which has different apparatus and rules. Therefore, we have 

called any move which does not place a disk in its goal position an "indirect move". This 

terminology has been employed in this work because it is more flexible than Morris' term, does not 

suggest a reason for the difficulty like Goel and Grafman's (1995) term and every move in any 

problem in any version of the Tower tasks can be categorised as either forward or indirect. 

Evidence that indirect moves are particularly difficult in normal participants comes from 

Ward and Allport (1997). As described above it was shown that problems with a number of indirect 

moves or a number of subgoal chunks result in longer planning time and higher errors than 

problems without them on the 5-disk, 3 peg version of TOL. Phillips, Wynn, Gilhooly and 

colleagues (e. g. Phillips et al., 1999,2001, Gilhooly et al., 1999) also noted that problem difficulty 

was affected by the number of indirect moves. Evidence that normal participants found indirect 

moves hard in TOH also came from informal analysis by Miyake et al. (2000) who noted that it is 

usually the source of the first error. However, at the present time the only explanation for the 

difficulty of the indirect move is given in terms of a conflict between a sub goal and the goal state. 

However, some indirect moves in TOL may not generate a conflict between the goal and the 

subgoal, for example when a disk is moved to its goal destination peg temporarily to satisfy a sub 

goal and therefore an alternative explanation is required. 

As explained above Goel and Grafman (1995) administered a 5-disk Tower of Hanoi task 

to 20 patients with prefrontal lesions and 20 normal controls that were matched for age and 
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education and argued that the deficit in frontal patients was due to them failing to see the trick 

behind a counterintuitive backward move on TOH. Goel and Grafman (1995) argued that in TOH 

preplanning is not necessary and that the deficit was elicited by the indirect move. 

We have also seen that Morris et al. 's (1997a) study in which they manipulated the first 

move as one that was forward or indirect to 59 patients with left or right frontal or temporal lesions 

and a control group. As described above performance in the left frontal group was said to be due to 

a difficulty in making an indirect move. Morris et al. (1997a) noted the equivocal results observed 

between different frontal patient studies using TOUTOH and argued that their results were 

important because their problems were split into two types. Further, they argued that if they had 

not distinguished the problems, the cause of the impairments would not have been illustrated. 

These results suggest that performance on indirect move may be the source of the deficit in 

dysexecutive groups and may also be informative of executive functioning in normal participants. 

However, there is no independent demonstration of what factors affect the difficulty of indirect 

moves in TOL, beyond the goal/subgoal dilemma that has been extrapolated from the 

computational model literature on problem-solving. Therefore, this thesis examines performance 

on indirect moves in some detail in order to determine whether indirect moves are a homogenous 

group that all have equal difficulty, or can have independent factors that can be manipulated to 

produce indirect moves that vary in difficulty. In addition, we examine evidence that explores the 

cognitive processes involved in their performance. 

2.3.6. SUMMARY 

The disk-moving tasks are widely used in cognitive psychology and neuropsychology. In 

some studies, frontal patients and other groups with an executive deficit have shown impaired 

performance on these tasks and this has been interpreted as a planning deficit. However, a number 

of studies have shown there is no difference between the performances of frontal patients and 

controls unless more difficult problems are administered. Explanations for the deficit have largely 

been couched in terms of an inhibition deficit where there is a particular difficulty in resolving a 

goal/subgoal conflict move. 

In normal participants it has been argued that planning performance is limited by selecting 

a move from competing alternative choices (Ward & Allport, 1997). An alternative perspective is 

that memory limits performance (Gilhooly et al., 1999). Although TOL was originally designed as 
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a planning task it has been shown that preventing planning does not adversely affect performance 

(Phillips et al., 2001) and this has led to increased interest in the on-line problem execution 

demands of the task. It has become clear that the construct validity of the task is not established. 

Despite some claims that there is no relationship between working memory and TOLITOH 

performance (e. g. Letho, 1996) some research has shown that spatial processes are involved in 

performance, but verbal processing is unlikely (e. g. Gilhooly et al., 2002). The data from patient 

studies and dual-task methodology suggests that executive processes are also involved in 

performance. In addition the role of inhibition has often been noted as a possible explanation for 

the poor performance that is observed in frontal groups where it has been argued that sometimes it 

is necessary to inhibit the dominant move in favour of a less dominant but correct alternative move. 

However, evidence of a correlation between inhibition tasks and the disk-moving tasks is very 

weak. It has been noted, however, that moves that place a disk in an intermediate position prior to 

its final positioning (indirect move) are harder than forward moves (where it is immediately placed 

in its goal state. This appears to be a robust finding with both normal participants and frontal 

patients finding these moves difficult. 

2.4. THEORETICAL ISSUES AND PROBLEMS WHEN USING TIIE TOWER TASKS 

We have seen in Chapter 1 that the executive system is poorly understood and the 

executive functions associated with the executive are diverse. This chapter illustrates that the 

Tower of London task is itself poorly understood and despite widespread use, it is not clear what 

the task measures. It is perhaps not surprising then that results generated from research have 

produced a number of inconsistencies. Differences in the structure of the disk-moving apparatus 

are likely to be associated with differences in the cognitive processes involved in their satisfactory 

performance. In addition, differences in task administration and the problems administered may 

affect the strategies that are employed and differences in the measures taken may affect the 

interpretation of the findings. Finally, low reliability and poor construct validity may have an 

effect on the magnitude of the correlations that are reported in individual difference research. 

Several pieces of research that consider these issues are described below in order to generate a 

research strategy for our own use of TOL in the experiments that follow. 
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2.4.1. RELIABILITY AND VALIDITY ISSUES 

Both TOL and TOH are employed in individual difference research. However, the disk- 

moving tasks are associated with low reliability and this could be a reason for some of the 

contradictory findings in the literature (Schnirman, Welsh, & Retzlaff, 1998). For example, Lehto 

(1996) tested 35 secondary school students on TOH problems and reported low internal 

consistency in the latency taken to solve items from initial presentation until the problem was 

solved correctly (Cronbach's alpha was 0.53). This measure includes planning and execution time 

and if a mistake was made the task was restarted and the timer was paused. Humes et at. (1997) 

administered TOH and TOL to 61 undergraduates and a points system was employed in which 

problems were awarded points depending on how many trials it took to solve problems. They 

demonstrated that TOL had a split half of . 19 (alpha=. 25) while TOH had a split half of . 87 

(alpha=. 90). However, Humes et al. (1997) argued that the standard administration of TOH had 

inflated the reliability because when two consecutive problems were failed, the session was 

terminated. In contrast, in TOL all problems were administered and when they administered all 

TOH trials regardless of previous trial performance reliability was only reported as alpha=. 40. 

These small samples may be partly why reliability has been so low. A second reason is that these 

reliability statistics are largely based on a points system and global latency measures, which 

perhaps oversimplify performance. 

It is also assumed that the two tasks have convergent validity, but this may not be the case. 

For example, Humes et al. (1997) also assessed convergent validity as measured by the inter-task 

correlation which would indicate the shared variance between the two tasks. The results suggested 

that the two tasks were significantly but only moderately intercorrelated, r(61)=. 37, p<. 05 

indicating only 14% of the variance was shared. Humes et al. (1997) argued that this may have 

been due to the low reliability of TOL. However, the TOH problems had between 5 and 15 moves, 

while TOL had between 2 and 6 moves, which is considerably simpler. At least some of the 

unshared variance may have been due to differences in difficulty which may have altered the 

strategies that were employed by participants. 

In a bid to improve the psychometric properties of a version of the Tower of London 

Schnirman et al. (1998) gave 50 undergraduates a selection of 3-6 move problems and computed 

item-total correlations when participants were informed of the minimum number of moves in a trial 
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and given up to 120 seconds to pre-plan their moves. They had to solve the problem without error 

when executing their plan. They then administered those items with the best item total correlation 

and re-evaluated reliability. In this case Cronbach's alpha was . 79. Finally, a test-re-test procedure 

was used to examine the stability of performance over a 5-7 week interval. A significant 

correlation was obtained r(32) = . 70, p<. 001 which is substantially greater than that reported by 

Humes et al. (1997). Unfortunately, Schnirman et al. (1998) do not list the problems used for other 

research to employ these more reliable problems. 

The reasons for the low reliability of executive tasks is not straightforward. It might be the 

case that participants adopt different strategies intra-individually or between individuals when 

performing the tasks (Miyake et al., 2000, p. 4). A second reason for the low inter-task reliability 

may be due to the differences in apparatus and task administration. Below we review two studies 

that have examined these factors. 

2.4.2. DIFFERENCES IN APPARATUS AND TASK ADMINISTRATION 

There are several versions of both the TOL and the TOH. The TOH usually involves 3 

equal-sized pegs with three or four disks of graduated diameter while the TOL is more variable in 

structure. Shallice's (1982) Tower of London task has three pegs of different sizes and three 

equally sized beads or disks. One peg can hold three disks, one can hold two and the final peg is 

only long enough to hold one disk. Shallice's procedure was to administer 12 problems with 

between 1 and 5 moves to frontal patients. The start configuration of beads was presented on a 

wooden apparatus and a printed illustration of the goal state was shown to the participant. 

Participants were told the minimum number of moves in each problem and each problem was 

presented and represented as necessary until the participant solved it correctly, or until they gave 

up, or until 60 seconds had elapsed. The planning time for all attempts was summed and used as a 

dependent variable, and a total solution time was also calculated. Participants were awarded three 

points if the problem was solved in less than 15 seconds, 15-30 second solutions were given 2 

points and 30-60 second solutions were given 1 point. The number of problems completed was also 

used as a dependent variable. However, there are neuropsychological versions of TOL that consist 

of three snooker-like pockets of variable depth and three balls (e. g. Morris et al. 1997a/b) and of 

course the TOH has been employed and this has three or four disks of graduated diameter and three 

equal-sized pegs (e. g. Goel & Grafman, 1995). The neurological version of TOL only consists of 
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problems with between 1 and 5 moves and so is too simple for most normal participants. 

Consequently a version in which there are five different coloured disks of equal sizes and three 

equal-sized pegs has been developed by Ward and Altport (1997). This version does not have the 

same restrictions for moving disks around on the apparatus resulting from unequal peg or disk 

sizes. It enables problems ranging from 1 to 13 moves and a large number of similar but unrelated 

trials are possible. This is the version employed in this thesis because the experiments are 

conducted on normal participants and the range of difficulty will suit their ability. 

In addition structural differences tend to be accompanied by differences in task 

administration, instructions administered, timings allowed and taken, scoring procedure and items 

used (Schnirman et al., 1998). This is in addition to the fact that sometimes the tasks are 

administered on computer and sometimes manually. These differences have made the comparison 

of different studies difficult. A reported 64-86% of the variance in performance between the Tower 

of London Task and the Tower of Hanoi task is not shared (Welsh, Revilla, Strongin & Kepler, 

2000). 

In order to clarify the implications of administration and scoring differences Welsh et al. 

(2000) administered the traditional TOH, a slightly modified TOL and a version of TOH in which 

the administration and scoring was matched to the TOL. The first Tower of Hanoi (TOH-6) had 

four disks and three pegs and is the TOH administration that is most frequently employed in the 

literature. Thirty-nine college students were given six trials at each of 12 problems. Participants 

earned more points the earlier they solved the problem. The test was terminated if they failed to 

solve two consecutive problems. In the Tower of London task (TOL-R) there were three disks and 

3 differently-sized pegs and participants were told how many moves each of 30 problems could be 

solved in, and they were given 2 minutes to solve each problem on the first trial. Scoring was 

dichotomous, and a point was earned if a problem was correctly solved. In the revised version of 

TOH (TOH-1) participants were given only one trial at each task and 12 problems (the same 

problems as in TOH-6, but testing order was counterbalanced and sessions were spaced five to 

seven weeks apart) were administered regardless of the quality of performance on earlier trials. 

Participants were also told the number of moves that the problem could be solved in and scoring 

was dichotomous, with one point earned if a problem was solved correctly. Participants were 

administered the tasks over two sessions comprising one version of TOH and a TOL in each 
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session. Correlation analysis showed that in session one there was no significant correlation 

between TOH tasks and TOL. However, in session two TOH-1 and TOL-R were significantly 

correlated (r16=. 66, p<. 001) but TOL-R and TOH-6 were not (r14=. 26, p>. 05). These inter-task 

correlations were in the region of those previously reported (e. g. Humes et al., 1997; Welsh et al., 

1999). The authors had aimed to eliminate administration and scoring differences but, despite this, 

the non-shared variance between the two tasks remained. They concluded that differences between 

TOH and TOL are a function of measurement error or differential cognitive demands. 

The variation in task structure within the different version of the tower tasks results in a 

different problem space, so it is likely that the apparatus used determines the kind of strategies 

required to solve the problem and this may be related to any differential cognitive demands. For 

example, in versions where there are different peg/ pocket sizes, there are physical restrictions in 

the number of disks that can be placed on the smallest peg or shallowest pocket. This means that a 

likely strategy would be for participants not to place disks on the smallest peg except as a 

temporary measure or when the end of a solution is very close, otherwise the freedom to move 

disks around is restricted. In contrast, it may be fine to `hold' disks on the longer/deeper pegs as 

these pegs/pockets would still be available for use. The structural differences also affect the rules. 

For example, in the Tower of Hanoi a larger disk can not be placed above a smaller one, but in the 

equal size disk versions there is no such restriction. As a result of these differences it may be that 

there are differential cognitive demands in efficient problem-solving between the different 

versions. There may also be differences in the problems that are employed that may reduce the 

correlation between different versions. We have seen that tower-ending solutions are easier than 

flat-ending solutions (Ward & Allport, 1997) and that indirect moves are difficult for normal 

participants and dysexecutive patients (Miyake et al., 2000; Morris et al., 1997a). If some 

problems in a problem set are very easy (e. g. 2 move problems) and some are very hard (e. g. 15 

move problems) it is not surprising that the correlation between the two sets is low, especially 

when it has been argued that most problems with more than 7 moves are beyond the planning 

capability of normal participants (e. g. Phillips et al., 2001) and may require different strategies. 

All versions of the Tower of Hanoi and London involve the shuffling of disks around the 

apparatus until they match a particular goal state, and so the cognitive processes involved in these 

aspects of performance may be responsible for the variance that is shared. That is to say, that all 
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versions of the Tower tasks include moves where a disk is placed in its goal position and moves 

where it is not, so the disk will have to be moved again before the problem is solved. Therefore, 

the distinction between different move types (that is explored in this thesis) applies to all versions 

of the disk-moving tasks. There may also be other, as yet undiscovered, ways that problem 

difficulty can be manipulated. For example, some moves immediately reveal effective progression 

towards the goal state (for example, in a forward move), but in others it may not be as obvious and 

subsequent moves may require consideration before the effectiveness of a move is clear. This 

factor is not dependent on different apparatus or rules; they are a function of differences in 

problems that might appear of similar difficulty. A second common factor that is likely to affect 

move difficulty is that moves with more alternative moves are likely to be harder than moves where 

there are less alternative move choices to choose from. For example, in some problems there may 

be only two legal moves to choose between at each point in the solution; in another there could be 

four or six, and this may affect difficulty. In all versions of the disk-moving tasks at any given 

point in the solution there are a number of possible moves to choose between, however, the precise 

number and range of these will be determined by the apparatus and the configuration of disks on 

pegs. These consistencies are important because they may account for the shared variance between 

different versions of the task. In fact, the effect of manipulating these factors is explored in this 

thesis. 

An additional strategy that has been taken to simplify interpretation of TOL performance 

has been to measure performance with much more sensitive dependent variables than have been 

previously employed. Many studies have used a single performance measure (e. g. latency or 

points) over all the problems in an experiment, but clearly such global scoring methods are likely to 

obscure those aspects of the task that best reflect executive functioning. In contrast this set of 

studies measures performance at the level of the individual move and this is likely to improve 

reliability of TOL and ensure that the most sensitive performance measures possible are used in the 

analysis that follows. 

2.5. CHAPTER SUMMARY 

TOL is a well-structured planning task, in that the start state, how the problem is solved 

and the goal state are clearly defined. In addition the problem space and the rules of the task are 

explicit. Other real world planning tasks are not so clearly defined. Performance on the disk- 
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moving tasks has been explained in the artificial intelligence literature. This has shown that a 

means-ends heuristic can explain performance in that a series of sub goals are set up to bridge the 

gap between the current position and the goal state. In some cases in the TOH task a move that is 

not consistent with this strategy is required, and in these cases a counterintuitive move is required. 

It is thought that TOL does not share this feature of performance (Goel & Grafman, 1995). 

The TOL is a widely used task in cognitive psychology and neuropsychology. Patients with 

an executive deficit perform more poorly on the task than control patients. Processing speed and 

short-term memory disorders have been discounted as possible explanations for the deficit. 

However, indirect moves are thought to elicit the deficit. Ward and Allport (1997) and Gilhooly et 

al. (1999) have developed theories of planning in the TOL. The key differences between these 

theories are the extent to which memory limits performance and the extent to which alternative 

moves are considered, with Ward and Allport (1997) arguing memory does not limit performance 

and multiple alternative moves are considered, and Gilhooly et al. (1999) arguing memory does 

limit performance and few alternative moves are considered. The importance of preplanning in 

TOL has been questioned, but interest has increased in its execution demands. The clear spatial 

demands of the task have been the focus of the cognitive processes involved in performance along 

with the relationship between inhibition ability and performance on indirect moves which has been 

noted as a likely source of executive involvement. However, evidence for correlation between 

performance on the disk-moving tasks and inhibition is weak in spite of the face validity of the 

explanation. 

There are a number of theoretical issues that make comparison of different studies 

problematic. For example, different apparatus and procedures are employed and different scoring 

methods are taken. This also results in different problems being employed, which are not defined. 

One factor that these task structures seem to have in common is that some moves take a disk to its 

goal position and some moves place it in a position where it will have to be moved again (indirect 

move). In addition, at any point in the solution there are a number of alternative moves to choose 

between, but these are determined by the peg and disk apparatus. A second problem with the 

interpretation is derived from the frequent use of a single measure which represents performance 

over the experimental session. Finally, the disk-moving tasks are associated with low reliability, 

although it is not clear why this should be the case. 
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Chapter 3 begins-the empirical work of this thesis. Specifically, it concentrates on the 

differential performance demands of forward and indirect moves. In addition, performance is 

measured at the level of the individual move, which should focus the dependent variable 

specifically at this aspect of performance. The aim of Chapter 3, therefore, is to explore TOL 

performance on individual moves that should vary in difficulty. 
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CHAPTER THREE: EXPLORING THE TOWER OF LONDON TASK 

3.1. GENERAL INTRODUCTION 

In Chapter 2, it was argued that the cognitive processes that underlie performance 

characteristics in the Tower of London (TOL) task are not well understood. Traditional 

characterisations of the task as a planning measure are problematic because manipulations such as 

preventing planning do not adversely effected performance (e. g. Phillips et al., 2001) and defining 

planning has been problematic. However, a second line of research has suggested that the difficulty 

of indirect moves (i. e. those in which the disk is moved to an intermediate position prior to its final 

positioning) is a key factor influencing performance. This suggests that indirect moves should be 

examined in detail, and this is the starting point for the thesis. 

The broad objective of the current chapter is to perform a preliminary exploration of TOL 

to determine which factors affect performance. Most previous TOL research has derived a single 

dependent variable that has incorporated performance over all problems presented. However, a 

single performance measure is not sensitive enough to explore TOL because executive tasks are 

complex and as Shallice and Burgess (1991) have pointed out, are likely to reflect the interplay of a 

number of different cognitive processes over an extended period of time; in the case of TOL these 

have not yet been established. Consequently, the strategy of taking gross performance measures 

and making inferences about the cognitive processes that underlie performance is questionable. In 

contrast item-specific measures are likely to be simpler and less a function of extraneous factors, 

such as distraction. They might enable the identification of the individual cognitive processes that 

are combined to produce performance. Sensitive measures (e. g. individual move latencies and 

errors) are likely to be more responsive to the independent variables under investigation. TOL is 

easily divided into individual moves, and this is the level of performance examined in this thesis. 

This is achieved by asking participants to undertake TOL problems under various novel 

administration paradigms that allow this level of analysis. This will allow the identification of 

specific features of the task that contribute to difficulty. Specifically, performance during indirect 

moves is compared with that on forward moves to determine if move type is a reliable indictor of 

difficulty across different TOL paradigms. Second, the features of indirect moves are manipulated 

to determine if they affect difficulty. By determining which features affect move difficulty it may 
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be possible to identify exactly what factors make this executive task difficult and consequently gain 

some insight into the cognitive processes that the task draws upon. 

The second way of determining the cognitive processes underlying TOL performance is to 

employ individual difference measures alongside the experimental manipulations. This will assist 

the identification of the cognitive resources that TOL draws upon, and identifying executive 

processes are of particular interest. Given previous evidence for SWM and inhibition in TOL (e. g. 

Welsh et al., 1999), we might expect a correlation with either or both of these measures. 

Furthermore, arguments that have contributed to the separability hypothesis have been largely 

derived from individual difference measures, and so we can evaluate the evidence that inhibition 

and SWM draw on a unitary resource as suggested by Roberts and Pennington (1996) or whether 

these are separable cognitive processes as suggested by Miyake et al. (2000). 

This chapter includes two experiments. Experiment 1 compares TOL performance on 

indirect and forward moves over different paradigms and includes a battery of seven individual 

difference measures to assess the relationship with working memory and inhibition. Experiment 2 

manipulates the features of indirect moves to determine which factors affect their difficulty. 

3.2 EXPERIMENT 1 

Given that global performance measures may obscure those aspects of performance on 

TOL that are related to executive function, Experiment 1 simplifies the measures employed by 

measuring performance on individual moves. The main aim of the experiment is to determine if 

indirect moves are more difficult than forward moves, as has been reported in the literature (e. g. 

Goel & Grafman, 1995; Morris et al., 1997a; Ward & Allport, 1997; Gilhooly et al., 1999). 

Examining individual moves is not always practical in the conventional TOL paradigm 

where participants move disks to solve problems themselves because solution paths vary. So as to 

prevent having to restrict the analysis to correct solutions and so discard data where errors are 

made, an alternative way forward was required. Nevertheless, computerised version of the TOL 

was employed that recorded individual move latencies. Participants developed their own solution 

paths and during a preliminary analysis these moves were categorised as forward or indirect. This 

is time-consuming and will require a post hoc categorisation rather than an experimental 
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manipulation. There are also considerably more forward than indirect moves in complete problems 

that will contribute to the overall task means. 

In addition, two novel versions of TOL were developed that would allow the moves the 

participant experienced to be experimentally manipulated. In the `verification' TOL the participant 

watched the computer demonstrating TOL moves up to and including a focal move, which was 

either forward or indirect. They were asked to decide if each move was correct, in order to solve 

the problem in the minimum number of moves. A `take-over' version also included a computer 

demonstration of some initial moves in the problem, up to but not including a focal move, which 

was either forward or indirect. Participants were asked to execute the focal move themselves. 

Therefore, Experiment 1 employed three versions of TOL which each compared performance on 

forward and indirect moves. 

The executive system is believed to be most important during novel encounters with a task 

and therefore it may be possible to detect a reduction in executive involvement as familiarity 

increases. Consequently, a second aim of Experiment 1 was to examine TOL performance as 

participants became more practiced. Therefore, participants performed three matched sets of TOL 

problems within the conventional administration and performance was compared across different 

levels of familiarity. 

One reason given for the difficulty of indirect moves has been that they cause a conflict 

between a local and global goal. For example, it has been argued that indirect moves require the 

inhibition of incorrect moves in favour of less dominant but correct alternatives in the Tower of 

Hanoi (TOH) (e. g. Goel & Grafman, 1995; Morris et al., 1997a) and in TOL (Welsh et al., 1999). 

In contrast other research has found little evidence of a correlation between TOH and inhibition 

(e. g. Miyake et al., 2000). Evidence that SWM is involved in TOL is prevalent (e. g. Phillips et al., 

1999; Gilhooly et al., 2002), and it is likely that indirect moves require more spatial manipulation 

than forward moves since in a forward move the disk is immediately placed in its goal position 

while in an indirect move it is not. The extent to which SWM and inhibition are separable is not 

clear as some positions argue they are separate (e. g. Miyake et al., 2000) and some argue they are 

unitary (e. g. Roberts & Pennington, 1996). 

Therefore, in parallel to the experimental manipulations, four SWM and three inhibition 

measures were administered so that performance could be explored from an individual difference 
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perspective. These measures included spatial tasks with similar perceptual demands as TOL and 

measures with different perceptual demands. The simultaneous storage and processing demand 

also varied between the tasks. The inhibition tests included two tests of controlled inhibition, which 

is thought to be an executive function and a measure of automatic inhibition which is not (Miyake 

et al., 2000). Performance on these tasks was correlated with measures of TOL performance in 

order to determine the involvement of working memory and inhibition in forward and indirect 

moves. In addition, given that the executive is thought to be most important during novel 

encounters the correlation was examined as task familiarity with TOL increased. We might expect 

the relationship with SWM and/or inhibition tasks to reduce with familiarity if participants' 

performance becomes more practiced. 

In summary, Experiment 1 examined the latency and error differences on three different 

versions of the 5-disk 3 peg Tower of London task (Ward & Allport, 1997) which included one 

paradigm that examined performance during complete problems and two that examined 

performance on individual moves. In all versions, latency measures at the level of the individual 

move were taken and performance was compared between forward and indirect moves. In 

addition, performance on the conventional TOL paradigm was examined as familiarity increased 

via three sets of problems at the beginning of the experimental session that were matched for 

difficulty, so as to examine performance improvements with practice. In parallel to the 

experimental manipulations three tests of inhibition ability were employed along with four tests of 

SWM. It was therefore possible to determine the relationship between these cognitive processes 

and TOL performance, and to determine if they differed between forward and indirect moves. 

Finally, the correlation was compared at different levels of familiarity with TOL to determine if 

task novelty had an effect on the degree to which these cognitive processes were involved. 

3.3 METHOD 

3.3.1 PARTICIPANTS 

Sixty-nine undergraduates of the University of Plymouth participated in the experiment for 

course credit or a £10 payment. All had normal colour vision. None were familiar with the TOL 

task. No other details were recorded. 
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3.3.2. MATERIALS 

All the tasks were presented on Hewlett Packard Vectra PCs. The resolution was set at 800 

x 600 high colour (16 bit) via Windows 98. The programs were written in Visual Basic and the 

participants interacted with the computer via a computer mouse. 

3.3.3. DESIGN 

The three versions of TOL were analysed separately. In the conventional TOL version 

performance on forward and indirect moves was compared at three levels of practice in a within 

subjects design. Therefore, it was a3 (levels of familiarity) x2 (type of move: forward/indirect) 

within subjects design over planning time, forward move execution, indirect move execution, and 

accuracy dependent variables. 

The verification version demonstrated correct or incorrect moves and so consisted of a2 

move demonstrated (optimal/suboptimal) x2 move type (forward/indirect) within subjects design 

on latency and error data. 

In the take-over version of TOL a repeated measure design assessed the latency and error 

measures of forward and indirect moves. 

In addition to the experimental manipulations, individual difference measures consisting of 

four tests of SWM, and three tests of inhibition were conducted. 

3.3.4. PROCEDURE 

Participants were run in groups of up to six participants and were seated in individual 

computer booths. They were given a general introduction to the experiment that told them that the 

study examined individual differences in working memory functioning. Following their informed 

consent they were presented with 10 tasks in the following order: conventional TOL (Set A), 

simple spatial span, conventional TOL (Set B), complex spatial span, conventional TOL (Set C), 

Tower of London memory span, the Brooks matrix, Take-over TOL, The Stroop test, negative 

priming, the Verification TOL, and finally the antisaccade task. The experiment took 

approximately two hours and included a ten minute break after the Brooks Matrix task. Each task 

was conducted as follows. 
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3.3.4.1. TowFR OF LOI\DON' TASKS 

THE CONVENTIONAL 5-DISK, 3 PEG TOL (WARD & ALLPORT, 1997) 

In this version of the TOL participants were told that they would be shown a start state 

configuration of TOL disks on three pegs and that a goal state was given in the top half of the 

screen. They were told that they should move disks on the bottom apparatus until they matched the 

goal state, and that they should make as few moves as possible. They were given two rules: (1) 

Only the uppermost disk on a peg can be moved, and (2) Only one disk at a time can be moved. 

Participants were told that their responses were being timed so they should work as quickly as 

possible, but that they should avoid making errors (in this case detours from the most efficient 

solution path) wherever possible. They were told to compare the start and goal state and then press 

a "ready to move" on screen button when they were ready to start moving disks and solve the 

problem. The computer program is illustrated in Figure 4. 

I. 1 

Ready to Move... 

FIGURE 4: Screen shot from the conventional administration of the Tower of London task 
(Ward & Allport, 1997) demonstrating the initial presentation of a problem. 

They were initially given a three peg apparatus containing just one disk, so they could 

practice moving disks using a drag and drop function of the mouse. When they were familiar with 

disk-moving they had to click an on-screen button reading "Start the experiment" with the mouse. 

No practice trials were issued. Fach TOL problem had three equal-sized pegs and contained live 

equal-sized but different coloured disks (Ward and Allport 1997). The disks were moved using a 

drag and drop function with the mouse, and any illegal operations caused the disks to remain 
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unmoved. When the participant had matched the start state to the goal state an on screen message 

read "well done, you have completed the problem", and they had to click an onscreen button 

reading "next problem" to continue. 

Participants were given three sets of 5 problems in three blocks of trials. In between each 

set they completed a SWM task (see procedure) taking between 5-10 minutes. Each set of 

problems in the conventional paradigm contained five problems with 6,7,8,9 or 10 moves. These 

were presented in a unique random order to each participant. Each problem had between 2 and 5 

indirect moves. Sets A and B had a total of 17 indirect moves and set C had a total of 16 indirect 

moves. The order of presentation of each set was counterbalanced. The problems are detailed in 

Appendix 1. 

Scoring 
The computer recorded the following information. 1. The Planning time: the time from 

presentation of the problem until the "Ready to Move" button was clicked. 2. The positions that 

any disks were moved to in terms of the peg and its position on that peg. 3. The latency for each 

individual move. 4. The total time taken to complete the problem from its initial presentation until 

completion. All latencies were recorded to the nearest millisecond. 

The mean latency per problem set spent planning was calculated for each problem set. In 

each problem, the participant's moves were tracked and categorised as a forward (if moved to its 

goal position) or indirect (if not yet in its final position). For each move type, the mean latency 

was calculated across all forward and indirect moves in a set as a function of experience with the 

task. Each problem set had a minimum number of 40 moves, and the number of moves in excess of 

the minimum per set was also calculated. 

TAKE-OVER TOL PARADIGM 

In this version of the TOL, participants watched the computer make any moves up to but 

not including a focal move, that was either a forward or indirect move, and they then had to take 

over from the computer and make the target move themselves. The instructions told them that the 

top half of the screen contained the goal state, and that the bottom half contained the start state. 

They were told that they would watch the computer complete part of the problem and make the 

next move when instructed. Figure 5 provides an illustration taken from the computer program. 
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FIGURE 5: Screen shot from the Take-Over TOL illustrating that moves were 
demonstrated and then the participant had to select and make a move when instructed. 

"I'hey had to make a move which should be consistent with the most cllicicnt solution. 

They were given two rules: (1) Only the uppermost peg can be moved, and (2) Only one disk at a 

time can be moved. Participants were told they were being timed and should work as quickly as 

possible, but should avoid making mistakes wherever possible. Upon clicking an on-screen button 

reading "Start" they were issued one practice trial, which was followed by eight experimental 

problems which were presented in a unique random order. The computer made the initial moves, 

taking 2500ms to complete each move. Meanwhile, an on-screen message read "'I'he computer is 

making its moves". While the final move was being demonstrated Now you take over" appeared 

on screen. When it had finished your turn" appeared and the participant moved a disk using a drag 

and drop mouse function. 

Each problem had only one correct move that would solve the problem in the minimum 

solution. Of the eight problems administered, the solution path of three problems required the 
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participant to make a forward move and the remaining five required indirect moves. The problems 

used are illustrated in Appendix 2. 

Scoring 
The computer recorded the following information for use as dependent variables: 1) the 

move that the participant made and whether it was correct or incorrect. 2) If the move the 

participant chose was correct, the latency in milliseconds was recorded measured from the time the 

participant was instructed it was their turn, until their move was completed. A mean latency 

measure for both forward and indirect moves was determined. 3) The number of errors over the 

problems set for forward and indirect moves was calculated and converted to a percentage 

VERIFICATION TOL PARADIGM 

In this version of the TOL (illustrated in Figure 6) participants were asked to judge if the 

move that the computer demonstrated was correct to solve the problem in the most efficient 

solution. Participants were told that the top half of the screen contained the goal state and that the 

bottom half contained the start state. They watched the computer make the initial moves in 16 

TOL problems up to and including a crucial move (see Appendix 3) and had to click an on-screen 

button with the mouse to judge each move as "correct" or "incorrect". 

i, 
_, rcp rig., 
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FIGURE 6: Screen Shot from the Verification TOL. The computer has demonstrated a 
move and the participant has to judge if it was correct or incorrect. 

Participants were told there were two rules to the task: 1) Only the uppermost disk on a 

peg can be moved, and (2) Only one disk at a time can be moved. Participants were told to work as 

quickly as possible as their responses were being timed, but that they should avoid making errors 

wherever possible. One practice trial was issued tollowed by 16 experimental problems, which 

were presented in a unique random order to each participant. The computer took 2,500 nos to make 
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each move. In 9 of the problems the computer demonstrated the correct move (optimal trial) and in 

the remaining 7 the computer demonstrated an incorrect move (suboptimal trial). Five optimal 

trials correctly demonstrated a forward move and 4 correctly demonstrated indirect moves. Three 

suboptimal trials demonstrated a move in which a forward move could have been made, but was 

not, and the remaining four demonstrated a move in which a correct indirect move could have been 

made but was not'. All moves prior to the crucial moves were correctly demonstrated. 

Scoring 
The computer recorded the decisions made by the participant for every move. The number 

of errors made in each of the four types of trial (optimal forward, optimal indirect, suboptimal 

forward, suboptimal indirect) were calculated and converted to a percentage. In addition, where 

the participant had got the judgement correct, a latency (in milliseconds) was recorded for each trial 

type, as measured from the final placing of the demonstrated move until the on-screen decision 

button was clicked with the mouse. 

3.3.4.2. SPATIAL WORKING MEMORYMEASURES 

SIMPLE SPATIAL SPAN (SHAH & MIYAKE, 1996) 

In this task participant were shown a series of arrows pointing in various directions and 

were asked to remember which direction each had pointed. The task has no simultaneous 

processing demands beyond memory for spatial directions and is designed to measure passive 

short-term spatial memory (Shah & Miyake, 1996). Participants were shown a set of arrows (see 

Figure 7) that each pointed in one of eight possible orientations (0,45,90,135,180,225,270 or 

315 degrees). Each arrow remained on screen for 1000ms, with a delay of 250ms between each 

arrow. After the set of arrows (starting with two and increasing to six) had been presented a screen 

appeared which contained a diamond shaped ̀button' in each of the eight possible orientations. The 

participant was asked to reproduce the orientation of each arrow they had been shown, by clicking 

the appropriate diamond with a mouse. The orientations of the arrows had to be reproduced in the 

order that they were shown. 

cells were not balanced because of human programming error 
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FIGURE 7: The Simple Spatial Span task (Shah & Miyake, 1996). The upper illustration 
shows one of the arrows presented on screen and the lower illustration shows the recall 
grid that appeared at the end of each sequence of arrows. 

When a button was pressed it disappeared while the mouse button was held down, but then 

reappeared in its original form upon release, so the participant's selections were not displayed. Two 

practice sets were issued consisting of two 2-arrow sets. On the start of the experiment proper, a 

set consisted of two arrows followed by a recall grid. Then the number of arrows in a set increased 

by one until the maximum presentation of six arrow sets. "Three attempts at each set level were 

presented, resulting in a total of 60 arrows. Participants were asked to respond as quickly and as 

accurately as possible. 

Scoring: 

Two scoring measures were employed as Shall and Miyake (1996); a span score and a 

global score. A span score was defined as the maximum level that a participant correctly recalled 

the orientation of all the arrows in the correct serial order in at least two out of three trials. The 

score was calculated from the lowest level upwards, so that the participant had to successfully 

achieve all the successive levels without error, for example if they completed level 2 successfully, 

failed to complete any of level 3, but got one set right at level 4, their span score was 2. If in 

concurrent performance only one out of three trials was recalled correctly then lialf a point was 

added to the score. The maximum score was six. A global score was also calculated in which the 
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participant received one point for each arrow in a set successfully reproduced in the correct serial 

order, regardless of performance on other levels. The maximum score was 60. The two scoring 

methods correlated at r =. 871, p<. 001 suggesting they both measure the same underlying construct, 

however, the range of the global method allows for more variability in participants and is used in 

the individual difference analysis that follows. 

COMPLEX SPATIAL SPAN (SHAH & MIYAKE, 1996) 

This is a complex spatial span that was designed as a measure of simultaneous storage and 

processing of spatial representations in working memory. In each trial participants were shown a 

series of letters (F, J, L, P or R), that were each presented in one of seven orientations excluding the 

upright orientation (i. e. 45,90,135,180,225,270 or 315 degrees) and which were either presented 

in mirror or normal image (see Figure 8). The same letter was used in each set and the participant 

was advised which letter this would be via an onscreen message prior to commencement of the set. 

In each set no orientation was used more than once and each of the 70 possible combinations 

(letters x orientation x normal/mirror imaged) appeared once in an experimental session. 

After each letter had been presented participants had to press one of two onscreen buttons 

with a mouse, reading "mirror" or "normal" to indicate their decision and at the same time 

remember the orientation in which it had been presented. The initial response was made by clicking 

an onscreen button with a mouse, reading "mirror" or "normal". The letter remained on screen for 

1000ms after the participant had made their response. After a delay of 250ms the next letter 

appeared on the screen until the complete set (ranging from two to five letters) had been presented. 

At the end of each set the participant had to recall the orientations of the letters on a recall 

grid that automatically appeared on the screen (see Figure 8). This consisted of eight on-screen 

`buttons', each of which corresponded of one of the seven possible orientations of the top of the 

letter, plus the upright position. The participant had to recall the orientation of the top of each letter 

in the set in the order that they were shown. Their responses were recorded when the clicked the 

appropriate button with the mouse. When a button had been clicked it flashed once in recognition 

of the response. When the correct number of buttons had been pressed the recall grid disappeared 

and the next set of letters appeared. 
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FIGURE 8: The Complex Spatial Span task (Shah & Miyake, 1996). The upper illustration 
shows a letter presented in mirror image for the processing component of the task and the 
lower illustration shows the recall grid that appeared at the end of each set of letters. The 
participant had to indicate the orientation of the top of the letter. 

Participants were given two 2-letter sets as practice. Participants were warned that the 

number of letters in a set would increase throughout the experiment. The number of letters in a set 

started with two and increased incrementally by one additional letter until each set included live 

letters. The participant was given five attempts at each set and therefore there were 20 sets in total. 

Participants were told that their responses were being timed so they should respond as 

quickly and accurately as possible. 

Scoring 

A span measure was calculated in which the complex span was defined as the highest 

successive set of spatial orientations of letters that were recalled in the correct sequences, fier at 

least three out of five sets. I lalf a point was awarded if recall was accurate on two out of five sets 

on the next level up. The maximum score was 5. A global scoring method was also calculated. 

participants were shown 70 letters in total, and for each letter orientation correctly recalled in the 

correct serial position they were awarded one point. The two span measures correlated at r- . 
845, 
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<. 001, but given the increased range of the global span measure, it was used in the analysis that 

follows. 

TOWER OF LONDON MEMORY SPAN 

This task employed a modified version of the conventional TOL computer program 

featuring the 5-disk, three peg TOL (Ward & Allport, 1997). The task is based on a measure used 

by Morris et al., (1997), and is designed as a measure of storage with similar perceptual demands as 

TOL. No practice trials were issued. The participant witnessed the start state, but not the goal state 

and was asked to watch the computer perform the necessary moves to solve the problem, starting 

with a two move problem. 

Each computer move took 2500ms to move a disk from its original to the destination peg 

and meanwhile the message "the computer is making its moves" appeared on screen. When all 

moves have been demonstrated the apparatus returned to the start state and the message "copy that 

sequence" appeared on screen. The participant then reproduced the series of moves they had 

witnessed using a drag and drop function with the mouse. When the participant thought they were 

finished they were asked to press a "submit" button that remained on screen throughout their turn. 

The participant was told via an on-screen message if they had completed the trial correctly. Each 

trial consisted of a problem with between 2 and 10 moves and there were up to three trials at each 

level, starting with a 2-move problem and increasing by one additional move at each level. The 

participant had to correctly reproduce at least one of three of these trials correctly before the 

difficulty increased by one additional move. Participants were warned by an on-screen message if 

the number of moves would increase in the next trial. However, if the participant did not get any 

trial correct at a given level the task ended. 

Scoring: 
A global score was calculated where one point was awarded for each trial successfully 

reproduced. The maximum score obtainable was 27. 

BROOKS MATRIX (BROOKS 1968, CITED IN HANLEY ET AL., 1991) 

This task is a computerised version of the Brooks Matrix task and it is thought to be a 

complex spatial measure that has simultaneous storage and processing demands. The specification 

was based on that outlined in Hanley, Young and Pearson (1991) and Morton and Morris (1995). 
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The participant was shown an illustration of a 4x4 matrix (size = 8cm x 8cm, each box therefore 

2cm x 2cm) and is told to form a mental image of it (see figure 9). They were told they would be 

shown a list of instructions for moving around the matrix and that they would have to remember 

these and recall them onto a copy of it. 

From the starting square go LEFT one and entere I 

Go UP one and enter a2 

Go RIGHT one and enter a3 

Click here when Finished! 

FIGURE 9: Screen shot of the Brooks Matrix task (1968). The upper portion shows some 
directions of a trial that should be visualised and reproduced on a recall matrix that 
appears later (lower illustration). The starting square is the grey shaded square. 

In every case the starting square was the box that was in the second row from the bottom, 

in the second square from the left. This square was shaded in grey (see Figure 9). The instructions 

started with a position that should be moved to from the starting square (up, down, left or right) and 

then continued with subsequent instructions. The first level contained 2 lines of instructions. The 

digits to be recalled were always sequential and the instructions always involved moving only one 

square. The participant was given 2.5 seconds for every line of instruction that was included. After 

each set of instructions a recall grid (which was a blank matrix) appeared and the participant had to 

type the appropriate digits in the appropriate positions on this ºnatrix, using a mouse click to select 

a position and the keyboard to type in the digit. For example, the participant might be instructed 

"from the starting square go left one and put aI in the box. Then go up one and put a2 in the 

box". This instruction has 2 lines and so the participant would have been given 5 seconds to 
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visualise this progress around the grid before the recall matrix automatically appeared. When the 

participant had filled in all the instructions in a set they had to press `return'. An on-screen 

message remained in view to remind them to state when they were finished. The participant was 

given two practice trials at the 2 instruction level before the experiment proper commenced. There 

were three attempts at each level starting with two lines of instruction (level 2) and each recall 

attempt was marked "correct" or "incorrect" via an onscreen message. If the participant got any one 

of these three correct the participant was given a 10 second break before moving up a level so that 

an additional line of instruction was presented, up to a maximum of 12 lines. If none of the three 

were correctly recalled the experiment ended. 

Scoring 
One point was recorded for each matrix successfully reconstructed. The maximum score 

obtainable was 33. 

3.3.4.3. INHIBITION MEASURES 

THE STROOP TEST (STROOP, 1935) 

This task is a computerised version of the Stroop Task (Stroop 1935) and is believed to be 

a measure of controlled inhibition (Miyake et al., 2000). Participants were shown a series of word 

in 18pt Times New Roman on a white background. There were two conditions; a colour naming 

condition, which consisted of 60 trials of "XXXXXX" printed in either red, green, blue, yellow or 

purple. The participant's response was to press a key on the key pad which was labelled with the 

appropriate sticker in each response colour. In the interference condition the participant was 

presented with 60 words that read either "red", "green", "blue", "yellow" or "purple", but that were 

presented in an incongruent colour. For example, the word "red" was presented in green. In this 

case the participant had to respond by naming the colour in which the word was presented by 

pressing the appropriately labelled key on the keyboard. The presentation of all trials was 

randomised, regardless of condition. The selection of stimuli within each condition was also 

randomised. In the interference condition any colour that was suppressed was not presented as a 

to-be-reported colour in the next trial to minimise negative priming effects. The order of trials was 

the same for all participants and after every 20 trials a rest of 10 seconds was given while the words 

"rest" appeared on screen. Each trial remained on screen until the participant had responded. The 

computer presented a blank white screen for 3 seconds in between each trial. Participants were told 
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they were being timed so should work as quickly as possible but that they should avoid errors 

wherever possible. If an error was recorded the participant was told they had got the trial wrong via 

an on-screen message. Ten practice trials from each condition were presented before the 120 

experimental trials were presented. 

Scoring 
The computer recorded the reaction time from the onset of the stimuli until the relevant key 

was pressed. A mean reaction time for each condition was calculated. Errors for each condition 

were also recorded. 

THE ANTISACCADE TASK 

This test is a measure of controlled inhibition (Miyake et al., 2000) and the specification is 

based on that provided by Roberts et al., (1994). For each trial a black fixation cross is presented in 

the centre of the white screen for a duration between 150-3000ms. The presentation of which was 

of variable duration at 250ms increments. It then extinguished leaving a blank white screen for 

lOms. There were two conditions; Condition A) distracter condition, and Condition B) no 

distracter condition that followed. In the distracter condition a small black square (5mm2) appeared 

on the screen 8cm to the left or the right of where the fixation point had been for 225 ms. It then 

vanished and a small arrow (3.5mm long) appeared on the opposite side of the screen for 150ms, 

before being masked by a grey square of 6.5 mm2 so it was no longer visible. Participants were 

warned that if they were distracted by this black square they would miss the arrow that appeared on 

the opposite side of the screen. In the no distracter condition the black square did not appear, but 

the arrow did appear either to the left or right of and 8cm away from, the fixation cross. 

Participants had to respond by indicating the direction in which the arrow had faced by pressing the 

appropriate key, which was labelled with an appropriately facing arrow (up, down, left or right). 
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FIGURE 10: Diagram of the Antisaccade Task. Top left hand box illustrates the fixation 
cross, the right top hand box shows the distracter. The lower left hand box illustrate an 
arrow that the participant should respond to and the lower right hand box illustrates the 
mask that covered the arrow after 150 ms. 

Trials from the two conditions were not separated. The orientation of the arrow and its 

position to the left/right of the fixation cue was fully randomised, and the same trial order was 

presented to every participant. Participants were told they were being tined but that they should 

avoid errors wherever possible, participants were given feedback about each decision via an 

onscreen message, which remained on screen for 300nis. 20 practice trials were issued, and were a 

randomised selection of 10 from each condition. Then 90 randomised experimental trials were 

presented (i. e. 45 trials from each condition), with a break of 10 seconds in between every 10 trials. 

Scaring 

The computer recorded a mean reaction time from the onset of the grey mask until a 

response was recorded for both conditions. An error score for each condition was also recorded. A 

difference score was calculated for both response latency and error measures such that the trials 

without the distracter were subtracted from trials with the antisaccade distracter. 
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NEGATIVE PRIMING TASK 

This negative priming task was based on a specification provided by Tipper (1985) and is 

believed to be a measure of automatic inhibition (Miyake et al., 2000). Participants were first 

primed by being shown a fixation cross for 1000ms, which informed them the location of which of 

the two words that appeared next, they should attend to. A pair of words then appeared for 1000ms 

and they had to decide if the primed word was a manmade or natural object. They were instructed 

to ignore the other word that was there to distract them. They did not have to respond to this first 

stimulus pair. Then a second fixation cross appeared which again indicated which of the two 

words that followed they should attend to. This second pair of words appeared as the probe section 

of the trial until the participant had responded. Participants had to respond to this stimulus by 

pressing F if the word was a natural object and J if it was manmade. These keys were labelled 

appropriately. The position of the attended word was randomised completely between the left and 

right position in both the probe and prime sections of each trial. There were three conditions. 

Condition A was a control condition in which the primed words and probe words were all different 

from one another. For example, the prime section might require them to fixate on "shirt" and ignore 

"clock" in the prime section, and then ignore "house" and report "bread" in the probe section. A 

neutral condition (condition B) contained words that were matched with those in the control 

condition, except the ignored word in the probe section of the trial was a meaningless anagram of 

the ignored word in the control condition. For example, in the prime section participants might 

have to ignore "clock" and fixate on "shirt", while in the probe section they might have to ignore 

"sohue" and report "bread". In Condition C the ignored word in the prime part of the trial became 

the word to be reported in the probe section. For example, in the prime section participants might 

have to ignore "Shirt" and fixate on "Bread" then in the probe section they might have to report 

"shirt" and ignore "towel". There were 30 trials in each condition totalling 90 trials. The 

presentation of trials all was randomised and presented in the same order to all participants. There 

were 26 man-made items and 26 natural items. They were presented in 16 point Times New 

Roman font in black on a white screen in lower case letters. Words were taken from a selection 

given by Morrison, Chappell and Ellis (1997) that were rated equally for frequency on a 1-5 scale 

(between 3.0 and 4.0). Each word appeared only once in the prime and once in the probe part of 
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each trial. An exception to this was that any word that was ignored did not appear at all in any of 

the following five trials as suggested by May, Kane and Hasher (1995). Nine practice trials were 

issued (a randomised presentation of three words from each condition) followed by 90 

experimental trials, that contained 30 words from each condition, the presentation of which was 

randomised. In between each trial was a 3000ms white screen. After every 30 trials the word 

"Rest" appeared for 10,000 ms to give participants a break. Participants were told that their 

responses were being timed so they should respond as quickly as possible, but that they should 

avoid making errors wherever possible. 

Scoring 
A comparison of neutral and control condition provides a measure of interference. 

Comparison of the control and ignored repetition conditions gives the negative priming effect. The 

computer recorded the reaction time in milliseconds to the response to the probe display and a 

mean reaction time for each condition was calculated. The numbers of errors in each condition 

were also recorded. 

3.4 RESULTS 

As the different versions of the Tower tasks are not statistically compared, the results from 

each Tower task are considered independently. 

The raw data showed some deviation from a normal distribution. However, in line with 

other studies in this thesis data were not transformed or otherwise treated prior to analysis, given 

the robustness of ANOVA to the normality assumption. In tasks in which latency was reported for 

correct trials only there were occasional missing values (3 in dispute forward, and 1 in dispute 

conflict conditions in the verification TOL). These were replaced by a regression calculation on 

existing (optimal or suboptimal) latency values. All the variables in the TOL were used as 

predictor variables. Data treatment did not alter the pattern of results that were observed. There 

were also missing values in one participant in the conventional TOL, and in one additional 

participant during only the first session of conventional TOL task and in another in the third 

session. These were due to a computer recording failure. These data were left as missing values. In 

addition some individual difference measures were lost due to a computer recording failure (full 

details are given in Appendix 11). 
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3.4.1. EXPERIMENTAL RESULTS 

CONVENTIONAL ADMINISTRATION OF THE TOWER OF LONDON 

The primary interest of the latency measure was to examine the time spent planning moves 

prior to moving disks, the time taken to execute forward and indirect moves and to assess the 

number of excess moves recorded in each problem set as experience with the task increased. Table 

1 gives descriptive statistics for this version of TOL. 

1st session with TOL Mean SD 
Mean time spent pre-planning the problem set (ms) 10,939 8740 
Mean latency for moves categ orised as forward (ms) 1627 636 
Mean latency for moves categ orised as indirect ( ms) 2406 1133 
Total number of excess moves in problem set 1 8.2 7.0 
2nd Session with TOL 
Mean time spent pre-planning the problem set (ms) 6676 5323 
Mean latency for moves categ orised as forward (ms) 1282 490 
Mean latency for moves categ orised as indirect (ms) 1765 695 
Total number of excess moves in problem set 2 6.4 4.1 
3rd Session with TOL 
Mean time spent pre-planning the problem set (ms) 7683 9767 
Mean latency for moves cate gorised as forward (ms) 1226 427 
Mean latency for moves cate gorised as indirect ms 1729 699 
Total number of excess moves in problem set 3 5.7 4.4 

TABLE 1: The effect of familiarity and move type on conventional TOL performance. The mean 
(and SD) are given for response latency in (ms) for planning time, execution time and excess 
moves in Experiment I (n=69) 

PLANNING TIME 

Figure 11 illustrates the time spent preplanning before executing a solution. A one way 

ANOVA of the mean latency spent preplanning a problem as participants became increasingly 

familiar with TOL was conducted. It was shown that as participants became familiar with TOL 

they spent less time preplanning moves before executing their solutions, F(2,130)=11.7, 

MSe=30404751, p<. 001, Eta2=. 146. Post hoc LSD tests revealed that in session 2 participants 

planned for significantly less time than in session 1 (p<. 001) however, there were no significant 

differences between sessions 2 and 3 (p=. 254). It is not possible to distinguish between the 

planning time of forward and indirect moves. 
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FIGURE 11: The mean time in milliseconds spent preplanning before moving disks on the 
conventional TOL by familiarity (Experiment 1) 

PROBLEM EXECUTION 

In a3 (levels of familiarity) x2 (forward/indirect move) ANOVA of mean response latency 

for time spent executing forward and indirect disk moves it was shown that participants moved 

disks quicker as they became more practised at TOL; F(2,130)=61.58, MSe=205854, p<. 001, 

Eta2=. 484. Figure 12 illustrates the time spent moving forward and indirect moves across the three 

levels of familiarity. 
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FIGURE 12: The mean time in milliseconds spent moving disks on forward and indirect 
moves in the conventional TOL by familiarity (Experiment 1) 
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Post hoc tests using LSD revealed that the difference between sessions 1 and 2 was 

significant (p<. 001) but that between sessions 2 and 3 was not (p=. 173). There was also evidence 

that forward moves were executed quicker than indirect moves, F(1,65)=113, MSe=292950, 

p<001, Etat=. 635. Finally, there was evidence of an interaction between familiarity and move 

type, (F(2,130)=11.55, MSe=87.837, p<. 001, Etat=0.151). Post hoc tests revealed that indirect 

moves become much quicker with familiarity, F(2,130)=118.2, p<. 001 than did forward moves, 

F(2,130)=37.67, p<. 001, although the effects were significant in both types of move. 

SOLUTION LENGTH 

In a one way ANOVA on the number of moves in excess of the minimum number per set 

of problems, it was shown that participants became increasingly efficient in their solution paths as 

familiarity with TOL increased, F(2,130)=5.79, MSe=18.43, p=. 004, Eta2=. 082. Post hoc LSD 

tests revealed that the difference between the first and second sets was significant (p=. 043) while 

between the second and final set of problems, accuracy did not significantly improve (p=. 214). 

The improvement in solution length is illustrated in Figure 13. 
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FIGURE 13: The mean number of excess moves recorded in each problem set as 
familiarity increased in the conventional TOL (Experiment 1) 
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VERIFICATION TOL 

The primary interest of the latency measure was to compare if the time taken to judge 

whether forward moves were correct differed from indirect moves; descriptive statistics are given 

in Table 2. Only correct judgements were included in this measure. The error data compared 

difficulty between each type of move. A comparison was also undertaken between the two types of 

move demonstrated resulting in a2 move demonstrated (optimal/suboptimal) x2 move type 

(forward/indirect) ANOVA. 

Optimal moves Suboptimal moves 
Mean SD Mean SD 

Response latency for 1915 854 2437 936 
forward moves (ms) 
Response latency for 2579 897 2360 924 
indirect moves (ms) 
Percentage errors on 2.32 6.45 3.86 13.45 
forward moves 
Percentage errors on 18.11 18.13 9.42 17.73 
indirect 
I AULt z: the effects of move type and move demonstrated on performance on the verification 
task. The mean (and SD) are given for response latency (in Ms) for correct trials and errors during 
optimal and suboptimal trials in Experiment 1 (n= 69) 

LATENCY DATA 

Figure 14 illustrates the response latency data on the verification TOL. 
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There was no effect of move demonstrated (optimal/suboptimal) although the statistic did 

approach significance; F(1,68)=3.5, MSe=450993, p=. 066, Eta2=. 049, suggesting that the decision 
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latency did not vary according to whether the correct or an incorrect move is demonstrated by the 

computer program. However, forward moves did take less time to verify than indirect moves; 

F(1,68)=15.3, MSe=387973.922, p<. 001, Eta2=. 184. An interaction between the move 

demonstrated and move type was also significant, F(1,68)=21.4, MSe=444368, p<. 001, Etat=. 239 

illustrating that during optimal trials, forward moves are much quicker to judge than indirect 

moves, F(1,68)=36.3, p<. 001, but in suboptimal trials there is no difference in latency between the 

two types of judgement, F(1,68)=0.46, p>. 05. When a forward move is correctly demonstrated a 

disk is placed in its goal position and can be quickly judged as optimal, however, suboptimal 

forward move looks like indirect move, hence there is no difference in difficulty. 

ERROR DATA 

In the error data there was evidence of a main effect of move demonstrated, such that there 

were higher errors on optimal trials than on suboptimal trials, F(1,68)=6.3, MSe=12.87, p=. 014, 

Eta2=. 085. There were also higher errors on indirect trials than there were on forward trials, 

F(1,68)=43.4, MSe=11.75, p<. 001, Etat=. 389 illustrating that these were more difficult. The 

pattern of errors is illustrated in Figure 15. 
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FIGURE 15: The proportion of errors made in verification TOL (Experiment 1) 

Furthermore, an interaction between the two variables was also significant; F(1,68)=8.646, 

MSe=9.43, p=. 004. Etat=. 113 and post hoc analysis showed that on optimal trials there were much 
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greater error rates on indirect trials compared to forward trials, F(1,68)=52.95, p<. 001, suggesting 

these are harder because no disk is placed in its goal position. On suboptimal trials the difference 

was significant, but not as large, F(1,68)=9.72, p<. 01, and it is likely that although neither move 

places a disk in its goal position, the forward move is more easily corrected than an indirect move 

because the move of the disk to the alternative peg places it in its goal position. 

TAKE-OVER ADMINISTRATION OF THE TOL 

The primary interest of this version of TOL was to determine the extent to which 

performance on forward moves compared with that on indirect moves. A paired sample t-test was 

employed and descriptive statistics for correct moves selected and errors are given in Table 3. 

Mean SD 
Response latency for forward moves 2335 1294 
(ms) 
Response latency for indirect moves 3601 1931 
(ms) 
Percentage error rates on forward 1.93 7.84 
moves 
Percentage error rates on indirect 8.96 11.65 
moves 

TABLE 3: The effects of move type on performance in the take-over TOL. The mean (and SD) are 
given for response latency (in Ms) for correct responses and errors in Experiment 1 (n=69) 

A paired sample t-test revealed that it took longer to make indirect moves than forward 

moves, t(68)=7.084, p<. 001 (2-tailed). In addition significantly more errors were made on indirect 

moves than forward moves, t(68)=5.213, p<. 001 (2-tailed), suggesting these were harder. 

EXPERIMENTAL SUMMARY 

All versions of TOL agree that forward moves are quicker to implement than indirect 

moves. This difference has been between 600 ms and 1265 ms above a baseline RT of 1500- 

2000ms, and appears to be a robust finding which is maintained even after practice. Errors on 

forward moves are also lower than they are on indirect moves. In the conventional TOL less time 

was spent preplanning as participants became more experienced with the task. Less time was also 

spent executing solutions and those solutions became more efficient with practice. In the two novel 

paradigms no time was provided for preplanning because the initial TOL moves were demonstrated 

without delay. However, this did not appear to have affected accuracy, which was generally high. 

3.4.2. CORRELATIONAL RESULTS 

The reliability of each of the individual difference measures was determined by 

calculating Cronbach's Alpha statistic. According to Rust and Golombok (1999) if an alpha is over 
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. 7, reliability it is satisfactory, if it is over . 50 it is adequate and if it is below . 50 it is inadequate. 

Table 4 below rates the measures in accordance with these guidelines. They show that all of the 

measures used in the individual difference assessment are reliable, except the conventional TOL 

plan time measure. 

Conventional TOL 
Cronbach's 
Alpha 

Reliability 
judgement 

planning time . 01 inadequate 
_ forward move execution latency . 64 adequate 

Indirect move execution latency . 86 satisfacto 
Excess moves . 75 satisfactory 
Verification TOL 
Latency of judgement . 85 satisfactory 

_ Errors . 73 satisfacto 
Take over TOL 
Latency of move . 74 satisfacto 
Errors . 68 adequate 
Spatial Working Memory Tasks 
Simple span measure . 88 satisfactory 
Complex span measure . 96 satisfactory 
Brooks Matrix . 91 satisfactory 
TOL memory span . 87 satisfactory 
Inhibition Tasks 
Antisaccade test errors . 89 satisfacto 
Negative priming (ms) . 84 satisfactory 
The Stroop Test (ms) . 84 satisfactory 

TABLE 4; Cronbach's Alpha reliability statistics for each of the tasks used in Experiment 1. A 
reliability judgement is also given, based on Rust and Golombok's (1999) adequacy categorisation. 

In addition the inter-task correlations were determined between the different SWM and 

inhibition tasks. These showed that the spatial measures were correlated at between r=. 43 to r=. 63 

(p<. 05), suggesting that they measured the same underlying process. The inhibition measures, 

however, did not correlate with one another, (r=-. 024 to r=-. 158, p >. 05), except for one significant 

correlation between the negative priming latency and the antisaccade error measures (r=. 251, 

p=. 044). Given that these measures are reliable, this is in keeping with those that suggest 

inhibition is a fractionable cognitive process (e. g. Maylor, Schlaghecken & Watson, in press). The 

SWM and inhibition tasks did not correlate with each other generally (p>. 05) suggesting they draw 

on separate cognitive resources, which is in contrast to Roberts et al, (1994) and Roberts and 

Pennington's (1996) argument that inhibition and SWM draw on the same resource. However, this 

conclusion relies on a null result and therefore the position must be interpreted with caution. In 

addition the lack of correlation between the inhibition measures is likely to result in no consistent 

correlation with other measures because the construct validity of inhibition tasks is not established. 
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The different TOL tasks were also correlated so that the validity of the novel versions 

could be assessed. Latency judgements on correct indirect moves were correlated as this measure 

applies to all three versions. The conventional and verification versions correlated (r=. 34, p<. 05) 

but the conventional and the take-over versions did not (r=. 12, p>. 05). The verification and take- 

over versions did not correlate, r=. 147, >. 05. This suggests that performance on the conventional 

version of TOL and the verification version share common processing requirements, but that the 

take-over version measures something different. 

THE SPATIAL SPAN MEASURES 

The means and standard deviations of performance on the spatial span measures are given 

in Table 5. As detailed in Appendix 11, data recording failures meant that the data from four 

participants were lost in the TOL span and the Simple Span tasks, that from three participants were 

lost in the Complex Spatial Span, and that from two were lost in the Brooks Matrix task. 

Measure Mean Standard Deviation 
Complex Span global score 30.51 18.08 
Simple Span global score 40.21 10.71 
Brook's Matrix global score 22.19 5.91 
TOL global memory span score 9.88 3.90 

AäLt 5: means and standard Deviations of Spatial Span measures (Experiment 1) 

The degree of relationship between the spatial span measures and the four TOL versions 

were determined and are given below in Tables 6,7 and 8. 

CONVENTIONAL TOWER OF LONDON 

Simple Span Complex Span Brooks Matrix TOL Span 
Time spent pre-planning the -. 06 . 26 + . 15 . 08 
problem set (ms) 
Mean latency for moves -. 33* -. 34** -. 26* -. 43** 
categorised as forward (ms) 
Mean latency for moves -. 31 * -. 31 * -. 27* -. 42* 
categorised as indirect (ms) 
Mean number of excess moves -. 09 -. 24+ -. 12 -. 26* 
in problem 

_set correiation is sigmticant at the u. level (2-tailed) 
**= correlation is significant at the 0.01 level (2-tailed) 
+= correlation is significant at p<. 07 (2-tailed) 

TABLE 6: Pearson's correlation between conventional TOL and SWM tasks in Experiment I 

The correlations with the conventional version of TOL revealed no difference between the 

three sets of problems so all the sessions were collapsed into one, however, these are reported 

separately in Appendix 4. This illustrates that the relationship with working memory does not 
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diminish with familiarity and that executive involvement remains high at this level of experience. 

Table 6 shows there is evidence of a negative correlation between the conventional TOL and the 

SWM tasks, such that better span scores are associated with quicker move execution and more 

efficient solution paths. There is no evidence of a relationship between SWM and planning time, 

which is expected given the low reliability of this measure. Neither is there evidence that the 

relationship differs between forward and indirect moves, and therefore there is no evidence that the 

immediate placement of the forward move and the delayed positioning of indirect moves are 

related to different cognitive processes. These are likely to be concerned with the active 

manipulation of spatial representations in working memory. 

VERIFICATION TOWER OF LONDON 

Simple Span Complex 
Span 

Brooks 
Matrix 

TOL Span 

Latency for forward moves (ms) -. 12 -. 12 -. 11 -. 23 
Latency for indirect move (ms) -. 35** -. 16 -. 16 -. 40** 
Errors for forward moves -. 09 . 05 . 02 . 13 
Errors for indirect moves -. 09 -. 04 . 02 -. 04 
**= correlation is significant at the . 01 level 

TABLE 7: Pearson's correlation between spatial working memory tasks and correct latency 
responses and errors on the verification TOL 

Table 7 shows limited evidence of a relationship between the verification TOL and SWM. 

There is some evidence of a relationship between SWM and latency. This evidence is sparse but 

illustrates that those with a better ability to activity manipulate spatial information in memory are 

quicker to react on the verification TOL than those with poorer spatial memory. In contrast there is 

no evidence of any relationship between errors on either forward or indirect moves or related to the 

type of move demonstrated (optimal or suboptimal) and SWM. Given the fact that these are reliable 

measures these results suggest that the verification paradigm draws less on spatial resources than 

the conventional TOL paradigm in which significant correlations were obtained between the 

execution of TOL moves and all SWM measures. This may be a function of the paradigm itself or 

the problems used, and the correlation will be re-examined in subsequent experiments. 

TAKE-OVER TOWER OF LONDON TASK 

Table 8, below shows very little evidence of a relationship between the take-over TOL and 

their SWM ability. Given that this is a reliable measure, the fact that this paradigm did not correlate 
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with the conventional TOL performance may demonstrate the paradigm measures different 

cognitive processes to that version. 

Simple Span Complex Span Brooks Matrix TOL Span 
Latency for forward -. 01 . 07 -. 19 -. 02 
moves (ms) 
Latency for indirect -. 15 -. 14 -. 14 -. 18 
moves (ms) 
Errors in forward . 29* -. 03 . 16 . 11 
moves 
Errors in indirect . 10 -. 03 -. 01 -. 21 
moves 
* =correlation is significant at the . 05 level 

TABLE 8: Pearson's correlation between spatial working memory tasks and correct latency 
responses and errors on the take-over TOL 

INIHIBITION MEASURES 

Table 9 shows the means and standard deviations of the three tests of inhibition. Where a 

difference score was calculated a t-test was performed to ensure the standard effects were observed. 

As shown in Appendix 11 the data of two participants in the antisaccade task, one participant in the 

Stroop test, and two participants in the negative priming task were lost due to computer recording 

failure. These t-tests revealed that the standard effects were demonstrated in the difference 

between trials with/without a distracter in the Antisaccade task in latency, t(66)=17.730, p<. 001, 

and errors, t(66)=14.319, p<. 001; in the difference scores of the incongruent trials/ control trials in 

the Stroop test in latency, t(67)=30.649, p<. 001, and errors, t(67)=4.700, p<. 001; and in the 

difference between control/ignored conditions in the negative priming latency, t(67)=20.540, 

p<. 001, and errors, t(67)=7.877, p<. 001. 

Task and Measure Mean Standard 
deviation 

Antisaccade (with distracter - without distracter in ms) 13.30 252.01 
Antisaccade (with distracter - without distracter in 
errors) 

-0.80 13.45 

Stroop test incon ruent - control in ms) 38.75 71.19 
Stroop test (incongruent - control in errors) 0.04 2.05 
Negative priminq (control - ignored in ms) 45.41 158.17 
Negative priming (control - ignored in errors) -0.27 1.863 
TABLE 9: Means and Standard Deviations of Inhibition task measures (Experiment 1) 

The degree of relationship between the spatial span measures and the four TOL versions 

were determined and are given below: 
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CONVENTIONAL ADMINISTRATION OF TOL 

Antisaccade Negative priming Stroop Test 

ms error ms errors ms errors 
Time spent pre- . 02 . 08 . 15 . 14 . 03 -. 06 
planning (ms) 
Mean latency for -. 11 . 13 -. 15 -. 04 -. 12 . 19 
moves categorised 
as forward (ms) 
Mean latency for -. 13 . 15 -. 14 -. 03 -. 12 . 19 
moves categorised 
as indirect (ms) 
Mean number of . 08 . 24* -. 04 . 05 . 12 -. 05 
excess moves 
*= correlation is significant at the . 05 level (2-tailed) 

TABLE 10 Pearson's correlation between inhibition measures and the latency (in Ms) of plan time, 
execution time and excess moves on the conventional TOL in Experiment I 

In the inhibition measures there were no differences in correlations at different levels of 

familiarity (See Appendix 5) and therefore the problems were collapsed into one set. Table 10 

shows very little evidence of a relationship between the conventional TOL and inhibition measures. 

Furthermore, there is no evidence of a relationship with indirect moves, and given these measures 

are reliable this compromises the generalisation of claims from the TOH task which argue that 

performance on indirect moves in TOL are difficult because they require the inhibition of moves 

that satisfy the global goal in favour of moves that satisfy a local sub goal. There has been no 

evidence for either controlled or automatic inhibition. These measures are not unreliable and 

therefore the role of inhibition in the conventional version of TOL is questioned. 

VERIFICATION TOL 

Antisaccade 
ms error 

Negative Priming 
ms errors 

Stroop Test 
ms errors 

Latency for forward moves (ms) . 03 . 21 . 00 . 11 . 06 -. 02 
Latency for indirect moves ms . 14 . 19 -. 29* . 11 -. 00 . 12 
Errors on forward moves . 03 . 07 . 04 . 11 . 02 . 09 
Errors on indirect moves . 13 . 16 . 10 -. 03 . 33** -. 23 

=correlation is significant at the . 05 level 
** = correlation is significant at the . 

01 level 

TABLE 11: Correlation between inhibition tasks and response latency for correct judgements and 
errors on the verification TOL 

In summary, Table 11 shows that there is very little evidence of a relationship between 

performance on the verification task and inhibition ability. 

93 



TAKE-OVER TOWER OF LONDON 

Antisaccade Negative priming Stroop Test 

ms error ms errors ms errors 
Latency of forward . 12 . 11 -. 04 -. 10 -. 08 . 10 
moves (ms) 
Latency of indirect . 03 . 29* -. 08 -. 05 -. 03 . 09 
moves (ms) 
Errors during . 09 -. 24+ -. 05 . 04 -. 18 . 06 
forward moves 
Errors during -. 05 . 01 -. 15 . 18 -. 17 . 10 
indirect moves 
* =correlation is significant at the . U5 level 
+= correlation is significant at p<. 07 (2-tailed) 

TABLE 12: Pearson's correlation between inhibition tasks and correct moves and errors on the 
Take-over TOL 

In summary, Table 12 shows that there is limited evidence of a relationship between 

performance on the take-over version of TOL and inhibition ability. 

3.5 DiscussioN 

The aim of Experiment I was to explore TOL performance and this was achieved across 

several TOL paradigms through the use of sensitive performance measures taken at the level of the 

individual move. The experiment showed that indirect moves took longer than forward moves in 

all TOL paradigms. In addition, indirect moves were more likely to result in an error than forward 

moves. The correlational analyses showed some evidence that SWM was involved in TOL 

performance, but there was little or no evidence for the role of inhibition, as measured here. 

The difference in response latencies between forward and indirect moves is robust. The 

magnitude of the difference accounts for up to 63% of the variance in latency performance on the 

conventional version of TOL, although is lower in other versions and measures (up to 18% of 

latency on the verification task and 38% of errors). In real terms, the difference in move type is 

between 600 ms to 1265 ms, which is quite substantial. 

There are several explanations for the move type difference following the observation that 

frontal patients are more impaired than controls on indirect moves in TOH (e. g. Goel & Grafman, 

1995; Morris et al., 1997a, 1997b) and that normal subjects also find them difficult (e. g. Ward & 

Allport 1997; Miyake et al., 2000). The main account has been that when a means-ends or 

perceptual strategy is employed, participants fail to deviate from the strategy when necessary, for 

example to make a counterintuitive move on TOH. Furthermore it has been argued that in these 

cases it is necessary to inhibit the dominant but incorrect move in favour of a less dominant but 
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correct alternative. However, TOL does not contain this counterintuitive backward move (Goel & 

Grafman, 1995) and so the generalisation of this argument is limited, especially as some TOL 

moves do not involve a discrepancy between the local subgoal and the global goal that is suggested 

by the means-ends strategy. Given the lack of evidence of relationship with inhibition measures it 

may be that a different account is required to explain why indirect moves are difficult on TOL. In 

Experiment 2 this question is addressed and the factors that influence difficulty are explored. 

We also explored the role of SWM in the two move types because it seemed likely that 

they might require different cognitive processes, or may have a differential relationship with the 

same cognitive process. However, although indirect moves seem more likely to involve SWM than 

forward moves, there was no evidence that this was the case; they both draw on spatial resources. 

Understanding TOL performance by distinguishing between forward and indirect moves 

appears to be a better way of understanding the demands of the task than its traditional 

characterisation as a planning task (e. g. Shallice, 1982,1988; Ward & Allport, 1997). Indeed, the 

evidence illustrates that planning time is an unreliable measure. It has also been shown that time 

spent preplanning is reduced with familiarity with TOL but the efficiency of solutions improves. 

This supports arguments that pre-planning demands are not as informative as the on-line 

performance demands of TOL (e. g. Phillips et al., 2001). Furthermore, in the two novel paradigms 

employed no time was provided for pre-planning yet performance has been generally accurate, with 

less than 8% errors. Although these are single move trials, performance has been influenced by the 

same factors as the conventional TOL administration. This raises the question as to what 

participants are doing when they plan. The execution measures of forward and indirect moves have 

proven reliable and it may be that these bring more fruitful progress in the experiments that follow. 

The analysis of the conventional TOL has shown that participants spend less time planning, 

less time executing solution and are more efficient as they become practised at the task. Baddeley 

and Hitch's (1974) working memory model states that the executive is more involved during novel 

encounter with a task and this suggests reduced executive involvement over time. However, it is 

important to note that no feedback on performance was provided and no training was provided. 

This, along with the fact that performance was still error prone and the fact that there was no 

evidence of a reduced relationship with SWM suggests that performance did not become 

automated. In any event, the working memory model lacks specification in this respect whereas 
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Norman and Shallice's (1986) model is detailed in describing when and how performance becomes 

automated. To recap, the supervisory attentional system is said to be required during planning and 

decision making, in novel situations, when performance errors are being detected and when the 

suppression of a prepotent response is required. Even if this task was no longer novel for 

participants, we can still conclude that on-line planning was taking place, for example when moves 

were being considered. This would involve evaluating prospective moves to avoid errors and 

organising the order of moves taken rather than just moving disks to their goal pegs, which could 

be the dominant response. This implies that the supervisory attentional system remained involved 

in this experiment. 

There was evidence of a relationship between SWM and the TOL tasks, which is in 

keeping with previous research (e. g. Phillips et al., 1999; Gilhooly et al., 2003). It is likely 

successful TOL performance is related to the spatial manipulation of disks in memory. However, 

there has been limited evidence that TOL requires the inhibition of dominant inappropriate 

responses in favour of less dominant but more appropriate alternatives. The evidence of a 

correlation provided by Welsh et al. (1999) is not supported. One difference is that they used 

Shallice's (1982,1988) version of TOL and here Ward and Allport's (1997) version has been 

employed. In addition it has been argued that inhibition is not a unitary construct (Maylor et al., in 

press) and so we will continue to search for evidence of a role with inhibition in TOL with different 

inhibition tasks. 

Some discussion of the novel TOL paradigms that have been introduced is required. In the 

conventional paradigm it was only possible to manipulate the move type factor quasi- 

experimentally and it is not possible to manipulate individual moves within problems. The use of 

two new TOL paradigms has proven fruitful. They avoid the difficulty of interpreting data based 

upon individual variation in solution paths and they allow the experimental manipulation of the 

moves experienced. The verification paradigm was correlated with performance on the 

conventional TOL while the take-over version was not. In the verification version of the task, 

latency measures is not confounded by the physical distance that the disk has to travel and motor 

skills do not affect the measure. However, the take-over version and the conventional TOL have 

this disadvantage. An advantage of the take-over paradigm and conventional TOL is that the data 

collected is richer because the participant demonstrates their preferred move(s), but the simplicity 
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of the verification data is not a disadvantage. Unlike the take-over paradigm, the verification TOL 

and the conventional TOL both correlated with SWM suggesting they measure similar underlying 

cognitive processes. The clear advantages of the novel paradigms over the conventional 

administration and the lack of obvious disadvantages suggested that they should be pursued to 

allow a fresh examination of TOL performance. The verification paradigm was selected as the best 

paradigm to deconstruct TOL performance in Experiment 2. 

Experiment 1 explored TOL performance. The general conclusion is that forward moves 

are easier than indirect moves and the effect is large and robust. Experiment 2 evaluates the 

performance demands of indirect moves at a finer level of detail and explores what features affect 

difficulty. 

3.6 EXPERIMENT TWO 

Experiment 1 showed differences in response latency and errors between forward and 

indirect moves over the three different versions of TOL. Experiment 2 asks "why are indirect 

moves difficult? " There are several reasons why this is an important question. First, both normal 

participants and frontal groups make mistakes on indirect moves (e. g. Morris et at, 1997a; Miyake 

et al., 2000) and this may indicate that they are a key function of the executive demands of TOL. 

Second, previous accounts of the difficulty of indirect moves have been derived from computer 

models of problem-solving, which have employed TOH which has differential demands to TOL 

(Goel & Grafman, 1995; Welsh et al., 2000). Ward and Allport (1997) have suggested that indirect 

moves are difficult because they involve the organisation of goal-directed processes in cognition, 

such that the onset of an indirect move requires the evaluation of competing alternative move 

choices based on how well they satisfy currently active goals. However, in the Move Selection 

Framework, moves are evaluated according to their ability to gain access to the currently active 

goal (e. g. the lowest disk in a stack not currently in position) but there may be other factors that 

contribute to difficulty that are concerned with more immediate goals. 

When the solution paths were being tracked (i. e. moves being categorised as forward or 

indirect) in the conventional TOL, it was noted that some indirect moves took much longer than 

others and there seemed to be a relationship between move latency and the placing of the focal disk 

in its goal position. It was observed that those moves with the longest response latencies had a 

larger number of intermediate moves before they were resolved compared to those with more 
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average response latencies. The same was true in the verification paradigm. That is to say that 

when making a judgement about the efficacy of an indirect move it seemed that participants needed 

to think ahead and imagine the moves that were needed to place the disk in its goal position; we 

refer to this as disk resolution. For example, the problem illustrated below in Figure 16 is taken 

from the verification task used in Experiment 1, and was typical. It has seven moves but 

participants decide if moves one to four are optimal or suboptimal. The seven moves are listed 

along with the mean response latency across participants in Table 13, below. It is shown in Table 

13 that the mean response latency is longer when the disk is placed in its final position after five 

intermediate moves (move 1) than it is in move 2, when the disk is resolved after one intermediate 

move. This pattern was observed regardless of the position in the move sequence. This observation 

led to the experimental manipulation in Experiment 2. It may be that an indirect move's difficulty 

is related to the immediacy of the resolution of the focal disk such that moves in which there is 

quick positive outcome are likely to be easier than those when there are more intermediate moves. 

Therefore, Experiment 2 manipulated the resolution gap of individual conflict moves in the 

Verification TOL. The resolution gap is defined as the number of intermediate moves following 

the initiation of an indirect move until the focal disk is placed in its final position. Individual 

moves were selected that had either a zero resolution gap (i. e. a forward move), or had one, three, 

or five intermediate moves before the final placement of the disk. I lalf of the demonstrated moves 

were correct (optimal trials) and hail were incorrect (suboptimal trials). 

Peg I Peg 2 Peg 3 

Start State 

Peg I Peg 2 Peg 3 

Goal State 
FIGURE 16: Example of a problem from the Verification problem set. The moves that 
were demonstrated are given in Table 13 below 
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Move # Disk moved 
To 
peg # 

e. g. 6 
resolution 

a 

e. g. 2 
resolution 
gap 

Mean response 
latency (ms) Move type 

1 Yellow 2 4724 optimal indirect 
2 Blue 2 2798 optimal indirect 
3 Green x 3* 2092 optimal forward 
4 Blue 3* 1905 optimal forward 
5 Yellow 3 Not required indirect 
6 Pink 1- Not required forward 
7 Yellow 1" Not required forward 
TABLE 13: The move sequence for the problem illustrated in Figure 16. Individual moves are listed 
in rows. When a disk is placed in its goal position it is marked by an asterisk in the "to peg" column 
Two resolution examples are marked by the arrows, illustrating 5 intermediate moves for the yellow 
disk and one intermediate move for the blue disk. The mean response latency for verifying all 
moves that were demonstrated are provided. 

Experiment I showed that performance on TOL was related to SWM. In order to examine 

this relationship further the TOL memory span is included alongside the experimental 

manipulation. If the resolution manipulation is successful it suggests that when participants 

evaluate an indirect move they do so by manipulating the next few moves in memory, until the disk 

in question is finally placed. This suggests a role for SWM, which is concerned with the 

manipulation of spatial information. 

In summary, Experiment 2 manipulates the resolution gap of individual TOL moves in the 

verification paradigm. Where the demonstrated move immediately places a disk in its goal position 

the resolution gap is zero (forward move). Other levels of the manipulation include 1,3 and 5 

intermediate move problems. A SWM measure in the form of the TOE. span was also taken and 

correlated with latency and errors in order to further examine the role o1' SWM in the verification 

TOL. 

3.7 Maiion 

3.7.1. PARTICIPANTS 

Forty-eight undergraduates of the University of Plymouth participated in the experiment 

for course credit or a £5 payment. All had normal colour vision and none were familiar with the 

TOI, or had participated in Experiment 1. No other details were recorded. 

3.7.2. MATERIALS 

The tasks were presented on I lcwlett Packard Vectra PCs. The resolution was set at 800 x 

600 high colour (16 bit) via Windows 98. The programs were written in Visual Basic and the 

participants interacted with the computer via a computer mouse. 
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3.7.3. DESIGN 

The experiment consisted of a2 decision type (optimal/suboptimal) x4 resolution gap (0, 

1,3 and 5) within subjects design. A TOL span measure was also taken and performance was 

correlated with the verification task performance. 

3.7.4. PROCEDURE 

Participants were run in groups of up to six and were seated in individual booths. They 

were given a general introduction to the experiment, informed of their ethical rights and told the 

research examined TOL performance. The verification task was presented followed by the TOL 

memory span. The experiment took approximately half an hour. Afterwards, participants were 

debriefed. What follows is a description of the tasks employed. 

VERIFICATION TOL PARADIGM 

Participants were asked to judge if TOL moves demonstrated by the computer were correct 

to solve the problem in the most efficient solution. The program used in Experiment 1 was 

modified so that the computer scrolled though all the moves before the judgement was required. 

This removed the complication of errors before the focal disk judgement. The instructions were 

changed accordingly. So that the participant was ready to respond, an on-screen message told them 

in how many moves their decision was required. Upon the move prior to the focal move it read 

"you must make your decision after this move" and when the disk was moved the message read 

"judge this move". All other details were as given in Section 3.3.4.1. 

One practice trial was issued followed by 32 experimental problems, which were presented 

in a unique random order. The computer took 2,500ms to make each move. In half of the 

problems, the computer demonstrated the correct move (optimal trial); and in the remaining half, it 

demonstrated an incorrect move (suboptimal trial). For optimal trials, there were four problems in 

each resolution condition (i. e. 4x 0-resolution, 4x 1-resolution, 4x 3-resolution and 4x 5- 

resolution problems). The digit determines the number of intermediate moves until the focal disk is 

placed in its goal position. There are two possible pegs to which a disk can move, so suboptimal 

trials were matched to the optimal trials by moving the focal disk onto the wrong peg. In addition 

the peg order and disk colours were changed resulting in a problem that appeared different but was 

logically identical. The problems used for Experiment 2 are defined in Appendix 6. 
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Scoring 
The computer recorded the latency in milliseconds of correct decisions (as measured from 

the final placing of the demonstrated move until the onscreen button was clicked), and the errors. 

TOL SPAN 

The task was used in Experiment 1 and is described fully in Section 3.3.4.2. 

3.8 RESULTS 

The data showed some deviation from a normal distribution. There were 26 (6.7%) missing 

latency values (see Appendix 11 for details) in the verification task because all judgements were 

incorrect. These were treated as described in Section 3.4. Data treatment did not alter the pattern of 

results that were observed. 

3.8.1. EXPERIMENTAL ANALYSIS 

The first interest was in the latency data to determine if increasing the resolution gap from 

0-resolution to 1-resolution, to 3-resolution to 5-resolution increased the time taken to respond 

separately for optimal and suboptimal trials. This was analysed using a4 (resolution gap) x2 

(decision type) within subjects ANOVA. Second the accuracy of decisions was assessed using the 

same form of analysis in order to determine if accuracy decreased with the resolution gap 

manipulation. Descriptive statistics are given in Table 14. 

O timal Trials Suboptimal trials 
Mean SD Mean SD 

Latency for 0 resolution 1999 1587 1882 1184 
trials (ms) 
Latency for 1 resolution 3126 2004 2905 1972 
trials (ms) 
Latency for 3 resolution 4020 2401 3303 2121 
trials (ms) 
Latency for 5 resolution 3843 2957 3159 2873 
trials (ms) 
Errors for 0 resolution 0.27 (6.77%) 9.49 (12.36%) 0.98 (24.48%) 1.14 (28.48%) 
trials out of 4 
Errors for 1 resolution 1.62 (40.63%) 1.36 (34.06%) 0.77 (19.27%) 0.97 (24.32%) 
trials out of 4 
Errors for 3 resolution 2.06 (51.56%) 1.35 (33.98%) 0.77 (19.27%) 0.97 (24.32%) 
trials out of 4 
Errors for 5 resolution 1.68 (42.19%) 1.33 (33.48%) 1.12 (28.13%) 1.10 (27.59%) 
trials out of 4 

AbLI 14: The effects of resolution gap and efficiency of move demonstrated on latency and 
errors. Mean (and SD) response latency in milliseconds for correct responses and errors in 
Experiment 2 (n=48) 
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A4 (resolution) x2 (optimal/suboptimal) ANOVA on the latency data showed a main 

effect of resolution, F(3,141)=30.23, MSe=1913044, p<. 001, Eta 2 =. 391, indicating that increasing 

the number of moves until a disk is resolved increases latency. The effects are illustrated in Figure 

17. 
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FIGURE 17: Mean decision latency of judgments in milliseconds in Experiment 2. 

Pairwise comparisons using the Bonferroni adjustment revealed a significant difttrcnce 

between 0-resolution and 1-resolution (p<. 001), and between I-resolution and 3-resolution 

(p=. 00I), However, the decrease between 3-resolution and 5-resolution problems was not 

significant (p=. l ). As 'Fable 14 shows, this reflects the tact that decision latency increased with the 

resolution gap between zero and three intermediate moves, but the difference between 3 and 5 

intermediate moves was due to a reduction in latency. There was a main effect of the type of Hove 

demonstrated, F(1,47)=5.76, MSe=3148233, p=. 020, Etat=. 109, with suboptimal moves that were 

demonstrated being significantly quicker than optimal moves. There was no interaction between 

the two factors, Fß, 141)=1.87, MSc=1235384, p=. 138, I: ta'=. 038. 

For the error data, the 4x2 within-subjects ANOVA showed a main effect of decision type, 

I'(1,47)=8.94, MSe=2.69, p=. 004, Etat=. 160 revealing a more accurate response on suboptimal 

102 



trials, suggesting a bias toward disputing a move during novel encounter. There was also evidence 

for an effect of resolution, F(3,141)=17.88, MSe=. 741, p<. 001, Eta`'=. 276 such that increasing the 

number of moves until a disk is resolved increased errors. Figure 18 illustrates the effects. 
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FIGURE 18: Percentage Errors in Experiment 2. 
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Pairwise comparisons using the I3on(erroni adjustment revealed that there were significant 

differences between 0-resolution and 1-resolution gaps (p<. 001) while an increase in the resolution 

gap between 1-resolution and 3-resolution was not significant (p-=. 525) and neither was that 

between 3-resolution and 5-resolution conditions (p=1). There was evidence of a resolution x 

decision interaction, F(3,141)=21.45, MSe=. 827, p<. 001, Eta=. 313 such that on optimal trials the '` 

errors generally increased with the widening of the resolution gap, while on suboptimal trials there 

was a slight reduction. Post hoc tests using the ßonferroni adjustment revealed that in optimal 

moves the difference in errors between 0 and I resolution was significant (p<. 001) and that 

between I and 3 resolution approached significance (p=. 07). Ilowever, the difference between 3 

and 5 resolution judgements was not significant (p=. 257). On suboptimal trials none of the 

conditions were significantly different from any other (p>. 05). A similar effect was observed in 

Experiment 1. One interpretation of this finding is that as an item becomes more difficult as a result 

of the resolution gap, there is a tendency to dispute a move. Such a strategy will result in greater 
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errors on optimal trials as a function of the resolution gap. However, on trials in which a dispute 

response is correct, more accurate performance will be exhibited as problem difficulty increases. 

3.8.2. POST HOC ANALYSIS 

The results of Experiment 2 provide partial confirmation that the difficulty of indirect 

problems is a function of the resolution gap. This suggests that participants are engaging in a form 

of on-line planning in which the assessment of a move is evaluated by looking ahead and 

considering subsequent moves that would allow the goal position for that disk to be achieved. 

The latency data suggests that the experimental manipulation was successful in increasing 

the difficulty of the problems during optimal trials, at least up to the resolution gap of three. 

However, some effects were not as expected, most notably the drop in both latency and error rates 

between the 3-resolution and 5-resolution conditions. It is likely that are other features here that 

affect difficulty. For example, it is generally agreed that problems requiring a large number of 

moves are harder than shorter problems. Likewise, given that participants are trying to find the 

most efficient solution, moves where there are a large number of legal alternative moves are likely 

to be harder than those in which there is only one other legal alternative. Ward and Allport (1997) 

have argued that all possible moves are evaluated and this suggests participants check all possible 

moves at any point in the solution before deciding which the best move is. In order to define the 

key characteristics of problem difficulty, all focal moves were defined in terms of the total number 

of moves in a problem, the number of remaining moves in the problem, the number of intermediate 

moves before the focal disk is finally placed (resolution) and the number of legal alternative moves 

there are to choose between. The means for each level of resolution are given in Table 15 and 

clearly show that the 3-resolution problems had more alternative moves than the 5-resolution 

problems, which could account for the reduced difficulty of the latter type. 

Mean moves 
until resolution 
per set 

Mean moves 
until problem 
end per set 

Mean total 
moves in 
problem 

Mean. legal 
Alternative 
moves to that 
demonstrated 

0 resolution problems 0.0 3.0 5.0 1.0 
1 resolution problems 2.0 4.7 6.5 2.0 
3 resolution problems 4.0 6.0 7.7 4.0 
5 resolution problems 6.2 7.7 9.0 1.5 
I l1DLC w: tnaracteristics OT [ne tocai moves administered in Experiment 2.4 optimal trials the 
four matched suboptimal trials were included in the analysis. 

The characteristics of the focal move were analysed using multiple regression across items 

in order to determine which factors best predicted performance. A backward elimination multiple 
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regression technique shows that 69.5% of the variance in the latency data was predicted by the 

decision type, resolution gap and alternative moves. This suggests, as is shown in Table 16, that 

these factors are independent predictors of performance and are the characteristics of a move that 

affect problem difficulty. For the error data the decision type and resolution gap proved to be the 

only independent predictors of performance, explaining 41 % of the variance in errors. 

Decision Resolution Alternatives Model F Value R 
Beta 
weight 

t value Beta 
weiht 

t value Beta 
weight 

t value 

Latency -0.297 -2.83** 0.587 5.51 ** 4.28 4.03** 21.24, p<. 001 . 695 
Errors -0.428 -3.00 ** 0.. 502 3.51 ** 0.224 1.58 10.10, <. 001 . 411 
** = significant at p<. O1 
TABLE 16: Multiple regression for Experiment 2. The nature of the decision (optimal/suboptimal) 
the resolution gap, the number of legal alternative moves, the number of moves in the problem and 
the number of moves from the demonstrated move until the end of the problem were entered into 
the regression and a backward elimination technique was used. 

3.8.3. CORRELATIONAL ANALYSIS 

Descriptive statistics for the TOL span measure are given in Table 17. There were no 

missing data for this task. 

Measure Mean Standard Deviation 

TOL global memory span score 9.17 3.35 

TABLE 17: Means and standard deviations for the TOL span employed in Experiment 2 

We examined the relationship between the SWM task and performance on the TOL 

verification paradigm and the correlations are given. No consistent relationships were established 

with the latency data, but there were significant relationships with the error data. There was no 

difference in the magnitude of the correlations as a function of differing resolution gap values, but 

all these correlations are given in Appendix 7. However, overall performance revealed a 

correlation of r=-. 48, p<. 01 between errors on the verification TOL and the TOL span illustrating 

that that participants with better SWM are less likely to make an error on the verification task than 

those with poor spatial memory. In contrast to Experiment 1, there was no correlation with the 

speed of participants decisions (r=. 02, p>. 05). 

3.9. DISCUSSION EXPERIMENT 2 

In summary, Experiment 2 has shown that one reason why indirect moves are difficult is 

because it is necessary to think ahead in order to evaluate if a move will solve the problem in the 

most efficient solution. Hence, forward moves are easiest because they are resolved immediately 
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and indirect problems are harder because they require the participant to track additional moves, 

which is time-consuming and likely to result in error. We have also demonstrated a significant 

negative relationship between errors and TOL span, suggesting that the task involves SWM. 

These results replicate the effect found in Experiment 1 that forward moves are quicker and 

easier than indirect moves. The magnitude of the difference between forward and indirect moves is 

large, incorporating up to 2021 ms on correctly demonstrated trials. The difference is smaller on 

ineffective move judgements (1421 ms) perhaps because a move can be disputed as soon as it is 

found to be suboptimal, which may occur at any point during the evaluation. 

The results support Ward and Allport's (1997) and Gilhooly et al. 's (1999) arguments that 

goal-directed processes affect the evaluation of moves in TOL. However, in the verification 

paradigm we have asked participants to judge a single focal move. The increase in response 

latency with an increased resolution gap suggests this response is not based on actions such as 

clearing access to a disk below the focal disk (based on a prediction in personal communication 

from Gilhooly, 2003). A more probable explanation is that participants evaluate moves after that 

demonstrated up until the focal disk is finally placed; so the proposed move is treated as a local sub 

goal. This is in contrast to Gilhooly et al. 's (1999) argument that a sub goal which has the fewest 

obstructers between the current and goal position is selected as the active goal. 

However, some of the results were surprising. The 5-resolution problems, for example, 

revealed a drop in error rates compared to the 3-resolution problems. Further analysis revealed that 

the 5-resolution problems were characterised as having an average of only 1.5 alternative moves 

whereas the 3-resolution problems had an average of four, and were actually more difficult in this 

respect. This suggests that both the resolution and alternative moves factors contribute to difficulty 

and therefore that indirect moves are not a homogeneous category of move type. This finding is 

also supporting evidence for Ward and Allport's position that competing alternative moves affect 

TOL difficulty and is evidence against Gilhooly et al. 's (1999) position that they are not. 

Responses were faster and more accurate during suboptimal trials than optimal trials. There 

appears to be a preference to dispute a move in the verification paradigm during a novel encounter. 

One reason for this is that there are many reasons to dispute a move in TOL other than that the 

correct disk has been moved to the incorrect peg. For example, the participant may think that a 

different disk should have been moved. There is, however, only one reason to agree with a move. 
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In any event this effect is particular to the verification paradigm as in the conventional TOL the 

participant selects their moves. 

The individual difference analysis has demonstrated a relationship between the resolution 

gap and the TOL span such that better spatial ability is associated with less errors on the 

verification TOL. This suggests that the evaluation of subsequent moves after the focal disk 

involves the manipulation of spatial representations in working memory. It is also presumably 

necessary to compare the outcome of this activity with the goal state and to assess how effective 

the move is to solve the problem in the minimum number of possible moves. However, there was 

no evidence that the correlation varied with different levels of the resolution gap, and therefore no 

evidence of increased advantage as problems became more difficult. This proposition supports the 

suggestion that the cognitive processes involved in TOL are concerned with SWM. 

In summary, Experiment 2 has shown that indirect moves are difficult because participants 

think ahead in order to evaluate if a move will solve the problem efficiently. A multiple regression 

analysis suggested that alternative moves also contribute to difficulty, such that problem difficulty 

increases with increasing numbers of competing alternative moves. However, this analysis was 

post hoc and requires experimental confirmation. Chapter 3 pursues this end. We have also 

demonstrated a significant negative correlation between errors and TOL span and this suggests that 

the cognitive processes involved in TOL performance are concerned with the on-line manipulation 

of disks in spatial memory. 

3.10. GENERAL DISCUSSION 

This chapter has performed an exploration of TOL performance in order to determine its 

key performance demands. We have shown in Experiment 1 and Experiment 2 that forward moves 

are easier than indirect moves, which can increase the response latency by as much as two seconds. 

It has also been shown that increasing the number of intermediate moves until a focal disk is placed 

in its goal position increases difficulty. This suggests that forward moves are easy because it is 

immediately clear that problem-solving progression has been made. However, in indirect moves it 

is necessary to look ahead and determine subsequent moves in the problem up until the focal disk is 

finally placed, and this is time consuming and likely to result in error. This position suggests that 

indirect moves are not difficult because they are counterintuitive, in contrast to those on TOH 

(Goel & Grafman, 1995) and furthermore a discrepancy between a local subgoal and the goal state 
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is not required before difficulty is increased in TOL. However, the argument is consistent with that 

presented by Ward and Allport (1997) and Gilhooly et al. (1999) that indirect moves are evaluated 

on their ability to satisfy currently active goals. However, there is no evidence that moves are 

being evaluated for their ability to clear the path of future moves because this would not result in 

the relationship between latency and the resolution factor that has been observed. Rather it has 

been argued that in verification TOL the focal disk is treated as a subgoal and moves are evaluated 

for their ability to resolve that subgoal. Ward and Allport (1997) also argue that all alternative 

moves are considered and although we have presented post-hoc evidence for this position, it is an 

issue that will continue to be addressed in subsequent chapters. Ward and Allport (1997) argue that 

performance on TOL is limited by competing alternative moves. For example, in problems with 

two solutions, the point where they diverge will lead to conflict over which is the best move. 

However, a consistent but alternative explanation is that an effect of alternatives might simply 

suggest that participants are considering different solution paths. 

The planning characterisation of TOL has been difficult to interpret in previous literature. 

We have provided evidence that planning time is reduced with familiarity with the task and that 

planning time is an unreliable dependent variable. Furthermore, in the verification paradigm and 

take-over paradigm no time was provided for pre-planning and performance was reasonably 

accurate. Given the evidence that time spent planning is unproductive (e. g. Phillips et al., 2002) it 

is not certain what participants are doing when they plan. It seems likely that they are trying to 

solve TOL by manipulating moves in working memory. In fact it is hard to imagine preplanning 

activity that does not involve manipulating moves in memory. However, we have found no 

evidence that planning time is related to SWM, although it should be noted that as the planning 

time measure was unreliable it is unlikely to correlate with anything. However, the characterisation 

of the resolution gap demands does sound like on-line planning, and may be more reliable because 

memory demands are reduced by stimulus support or because performance is measured over a 

single move rather than over a multi-step plan. We return to this issue in later chapters. 

The individual difference analysis in this chapter suggests that SWM is involved in TOL 

performance, such that better spatial memory is related to better performance (i. e. quicker or more 

accurate responding). These cognitive processes seem to relate to the on-line planning demands of 

the task. There was no evidence of a difference between different levels of the resolution gap. 
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Neither was there any evidence that the correlation diminishes with familiarity with the task, and 

this suggests that practice does not reduce the need to manipulate moves in memory. There is very 

little evidence of a relationship with inhibition. This suggests that it is not necessary to inhibit a 

dominant response in favour of a less dominant alternative on TOL. This evidence is in line with 

that reported by Miyake et al. (2000) who found no evidence of a significant correlation between 

TOH and inhibition. It also compromises arguments that suggest that any competition between 

subgoals and the goal state on TOL is due to the inhibitory demands of the task. Finally, there was 

no evidence of a correlation between SWM and inhibition, suggesting they may be derived from 

separable cognitive processes. 

Finally, it is worth noting that the evidence here has been collected from several novel 

TOL paradigms. The verification paradigm appears to be a particularly fruitful resource as it 

allows for experimental manipulation of individual moves at any point within the solution path and 

it simplifies the response required by the participant. A disadvantage, however, is that the 

conventional administration of TOL provides a rich source of data on participants preferred moves 

and solution paths. The binary response required by the participant also introduces new issues into 

performance, for example those required by disagreement with a move. It also results in a high 

possibility of getting the answer correct simply by guessing. TOL performance will continue to be 

investigated via the verification paradigm in the chapters that follow, however, the standard 

paradigm will also be employed to test its predictions in later experiments. 
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CHAPTERN0. F0UR: TIIE PERFORMANCE REQUIREMENTS OF 

THE TOWER OF LONDON 

4.1 GENERAL INTRODUCTION 

In Chapter 3, performance on the TOL was examined via several different paradigms. A 

new verification TOL was introduced that allowed performance to be examined at the item level 

and enabled the experimental manipulation of problem characteristics. Chapter 3 showed 

substantial differences in the latency and errors of forward and indirect moves, such that indirect 

moves took longer and caused more errors. In order to examine if there was variation in the 

difficulty of different indirect moves, the number of intermediate moves there were until a focal 

disk was placed in its final position (resolution gap) was manipulated. Longer resolution gaps 

resulted in slower and more error-prone judgements, suggesting that this is one way in which 

indirect moves can vary in difficulty. Furthermore, a multiple regression analysis across items 

predicted that the number of alternative moves there were to choose between also affected 

difficulty, and suggested that the more legal alternative move choices there were, the harder the 

problem. Chapter 3 has therefore suggested there are two features of a move that contribute to 

TOL difficulty and the aim of the current chapter is produce experimental evidence that this is the 

case and to explore the conditions under which the resolution and alternative move demands of 

TOL predict performance. An additional aim is to examine the cognitive processes that underlie 

TOL performance and to suggest how these relate to the performance requirements that have been 

illustrated. 

Therefore, Chapter 4 continues to employ the verification paradigm to explore TOL 

performance. In Experiment 3, the resolution and alternative move demands are independently 

manipulated to determine if they affect performance. Given the relationship between executive 

function and novel situations, the effect of novelty and practice on the resolution and alternative 

move demands of TOL are then explored in Experiment 4 to determine if these factors remain 

important predictors of performance as practice increases. Finally, in Experiment 5, the TOL is 

reconstructed to its original form where participants select and make their own move choices. The 

resolution and alternative moves of complete problems are manipulated in order to determine the 
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extent to which they can predict performance and the extent that the verification paradigm captures 

a valid aspect of TOL performance. 

The original TOL task was developed by Shallice (1982) to test neuropsychological 

patients for a planning deficit, as we have seen. His administration involved instructing participants 

to mentally pre-plan their solution before moving disks and executing their plan. However, 

planning manipulations have produced surprising results, for example preventing planning does not 

impair performance as it should if the task is a measure of planning ability (Phillips et al., 1999). 

Such findings have led researchers to conclude that TOL performance is a function of its on-line 

planning demands, arguing that pre-planning latency is an unreliable measure. This is why in this 

thesis the task is largely explored without pre-planning requirements. However, there is a good 

deal of previous research that has administered TOL with planning instructions and it may be 

useful to retain pre-planning measures so that results are comparable with this research. 

Experiment 5 therefore considers the extent to which the pre-planning and on-line planning 

demands of TOL can be predicted by the same aspects of performance; the resolution and 

alternative move demands. This is achieved by comparing the performance of those asked to pre- 

plan moves with those asked to solve problems on-line. Inconsistencies in pre-planning research 

have been largely attributed to differences in scoring methods and administration (Humes et al., 

1999), however, it is very likely that the items used may be partly responsible for inconsistency. If 

pre-planning latency can be manipulated like on-line performance, the resolution and alternative 

demands of TOL might provide a way forward for future pre-planning research. 

Whilst the main focus of this chapter is in the experimental manipulation of problem 

characteristics this is complemented by an individual difference approach, and the role of spatial 

working memory (SWM) and inhibition ability is further explored. Using this methodology, the 

cognitive processes underlying the resolution and alternative move factors are considered. The 

second experiment in this chapter employs both SWM and inhibition measures in order to replicate 

the correlation between TOL and SWM that were reported in Experiment 1 and to once again try to 

determine if a correlation between TOL and inhibition exists. Given the fact that the executive is 

thought to be most involved during novel encounters these practice effects are examined in the 

verification paradigm in order to evaluate the evidence that there might be greater executive 

involvement during unpracticed encounters than during practiced encounters. 
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Additionally, the evidence is considered as to whether the cognitive processes involved in 

TOL performance are part of an executive system which is fractionable into separable resources. 

An experimental methodology employed by Beveridge, Jarrold and Petit (2002) independently 

manipulated the memory and inhibitory demands of three typical executive function tasks. The 

authors argued that the presence of main effects of these factors, in the absence of an interaction, 

suggested independent contributions of inhibition and memory to difficulty and consequently that 

they were dissociable executive functions. In contrast, an interaction would have suggested that 

memory and inhibition were drawing on the same executive resource. The same rationale is 

applied here. If resolution gap and alternative moves make independent contributions to TOL 

difficulty then we would expect main effects of these variables. Alternatively an interaction, 

particularly one that demonstrates a multiplicative relationship between the two factors, would 

suggest that they are drawing on the same resource. 

4.2 EXPERIMENT 3 

Experiment 2 suggested that the resolution gap and the number of legal alternative moves 

predict performance on the verification TOL task. However, the regression analysis was post hoc 

and so the prediction requires experimental confirmation and consequently the current study 

manipulates resolution and alternative difficulty in a factorial design. Both Ward and Allport 

(1997) and Gilhooly et al. (1999) have provided accounts of how moves are selected in TOL. Ward 

and Altport (1997) have argued that all alternative moves are considered and Gilhooly et al. (1999) 

have argued that only one or two alternative moves are considered. 

Ward and Allport (1997) report three experiments. In the first, 10 participants were 

presented six 4-disk TOL problems with 1,2,3,5,7 or 10 moves, which were randomly presented. 

The aim was to determine the appropriate planning unit so that the functional elements of a novel 

and complex plan in TOL could be determined. In trials that were correctly completed it was 

shown that pre-planning time increased with the number of moves in the problem, suggesting that 

each move was a planned unit, but Ward and Allport (1997) argued that a subgoal chunk, which is 

a consecutive series of subgoal moves that transfer disks to and from the same pegs, might be a 

better predictor of planning time. In Experiment 2, twelve participants completed 5-disk, 3 peg 

TOL problems and the number of moves in a problem, the number of indirect moves and the 
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number of Subgoal chunks were entered into a multiple regression. All variables were highly 

correlated (r=. 78), but an unforced stepwise multiple regression indicated that planning time and 

errors were best predicted by the number of subgoal chunks in a problem suggesting that this was 

the most plausible candidate for the mental planning unit. The argument was consistent with 

theories of executive control that emphasise the importance of goals and subgoals in higher order 

cognitive operations. Ward and Allport (1997) argued that executive processes were not limited by 

memory but by difficulty in prioritising competing goals; noting that some computer simulations of 

human cognition set no limit on the storage capacity of working memory and citing unpublished 

research in which reduced working memory demand did not reduce pre-planning time. Ward and 

Allport (1997) argued that performance was limited by the ability of the participant to choose 

between different goals. Experiment 3 tested this idea by administering matched pairs of TOL 

problems where the start and goal state were reversed. One of the pair had a tower-ending solution 

(all the disks on one peg) and in the other the disks were distributed between two or three pegs. 

These problems had the same number of subgoal chunks, but the tower solution had a single active 

goal, which was to place the lowest disk in the tower in its goal position while the flat-ending 

solution had less constrained goal priority. Twelve participants completed the problems and it was 

shown that it was more difficult to assemble multiple towers than single towers, as predicted. 

According to Ward and Allport's (1997) Move Selection Framework, all disks not in their 

final position are goals and moves are selected to satisfy the currently active goals. Each goal 

requires its own combination of moves. When a forward move is available the choice between 

alternative moves is said to be unequivocal as this move should always be preferred to other 

moves. Moving the same disk on the consecutive moves is inefficient and should never be chosen; 

again the choice is unequivocal. If there is only one move from those available that efficiently 

places a disk in its final position then this move will be chosen. However, if it is not clear which 

move is best, for example when a move satisfies one subgoal at the expense of another then goal 

conflict arises and the longest move latencies are recorded. 

Gilhooly et al. (1999) employed Ward and Allport's (1997) 5-disk, 3 peg TOL to show that 

working memory is important in formulating, retaining and implementing plans and arguing that 

research (e. g Phillips et al., 1999) has shown that executive and visuo-spatial components of 

working memory play a major role. Gilhooly et al. (1999) therefore produced their own account of 
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TOL performance, the Goal Selection Framework, according to which the TOL solver identifies 

the current goals as in the Move Selection Framework. However, only one disk not finally in its 

goal position is the current active goal and this is the disk that has the fewest obstructers between it 

and its goal position. The solver then clears access to this disk and moves obstructing disks to a peg 

that is not the target peg so that the current goal can be satisfied and continues this way until the 

problem is solved. Gilhooly et al. (1999) reported a study in which 40 participants completed 20 

TOL problems that were tackled in ascending order of difficulty. Whilst they completed problems, 

participants verbalised what they were thinking during pre-planning and execution stages. An 

analysis was carried out in which verbal protocols of two problems were categorised into 10 

different codings including goal statements, mental moves, descriptions of the current state, and 

progress statements. The final planned sequences of moves were also extracted. The results 

showed that the search for different solutions was selective and that only one or two starting moves 

were considered although there were up to six possible first moves. Furthermore, whereas the 

Move Selection Framework predicted that the product of number of alternative first moves and first 

goals predicted difficulty, the Goal Selection Theory which argued not all alternative moves were 

considered predicted that the number of first goals alone should predict difficulty, and correlation 

analysis showed that this was indeed the case. 

In the current experiment, each problem selected had only one efficient solution therefore 

there is a single optimal move, which is always indirect. An effect of resolution will replicate 

Experiment 2 and will suggest that the focal move (rather than any subsequent move) is the current 

subgoal, and will also suggest there are multiple active goals. An effect of alternatives will suggest 

that multiple solution paths are considered. The presence of both effects will support The Move 

Selection Framework while their absence will support the Goal Selection Theory. 

Individual moves were taken from problems provided by Phillips et al. (1999) and 

Gilhooly et al. (1999) that had a resolution gap of either one (low resolution) or three (high 

resolution), and that had either one or five alternative moves. Alternative moves are defined as 

follows shortly, and Figure 19 illustrates examples of problems used in this experiment. Because 

the verification paradigm demonstrates a move, the illustrations show the apparatus after a correct 

move has been demonstrated. If there is only one alternative move, then the focal disk could only 

be moved onto the alternative peg to that demonstrated. Under this category there can be no other 
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legal moves possible either because of the way that the disks are stacked (e. g. all the disks may be 

on the same peg) or because the remaining disks are in their final position. As illustrated in the 

upper portion of Figure 19, because it would be inefficient to move the same disk on two 

consecutive moves, the disk that was moved before the focal move is not included as an alternative. 

Conversely, if there are five alternative moves, the focal disk could move to the alternative peg, but 

in addition there are two other disks that are free to move to either of the two pegs on which they 

are not currently placed and an example is illustrated in the lower portion of Figure 19. 

Peg 1 Peg 2 Peg 3 

Move 1 vertical striped disk moved to peg 2 
Move 2 (judged move) 

Peg 1 Peg 2 Peg 3 

Move 1 (judged move) 

GOAL STATE 

FIGURE 19 Alternative moves in the Tower of London Task: The arrow illustrates the 
outcome of the move that the participant is asked to judge. The upper illustration 
illustrates a low alternative move problem as only the chequered disk can move from peg 
3 to peg 2 or 1; the vertical striped disk was moved in the previous move and is not 
counted (neither are disks in their final position although there are none in this example). 
In the lower illustration a high alternative move is illustrated; no disks are finally placed 
and there are no previous moves. The correct move is the chequered disk from peg 1 to 
peg 3 as illustrated, but it could have legally moved to peg 2. In addition the diagonal 
striped disk and the vertical striped disk could have moved to either of the two pegs on 
which they are not currently placed. 

Data from this experiment is also compared with performance during a spatial dual-task. 

In this context, the data is examined in a between-subjects design that is described and discussed in 

Chapter 5. 
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4.3 METHOD 

4.3.1. PARTICIPANTS 

Twenty-six undergraduates of the University of Plymouth participated in the experiment 

for course credit. All had normal colour vision. None were familiar with TOL. None had 

participated in Experiments 1 or 2. No other details were recorded. 

4.3.2. MATERIALS 

These were the same as previously described in Section 3.3.2. 

4.3.3. DESIGN 

The experiment consisted of a2 move demonstrated (optimal/suboptimal) x2 (low/high 

resolution gap) x2 (low/high alternative moves) within-subjects design. 

4.3.4. PROCEDURE 

Participants were run in groups of up to six participants and were seated in individual 

computer booths. They were given a general introduction to the experiment that told them we were 

studying TOL performance, and outlined their ethical rights and what was required of them. They 

completed the 5-disk 3 peg TOL. The experiment took approximately ten minutes. Following the 

experiment participants were debriefed. The verification task was conducted as follows. 

VERIFICATION TOL PARADIGM 

In this version of the TOL, participants were asked to judge whether the moves that the 

computer demonstrated would correctly solve the problem in the fewest number of moves. The 

program was the same as that described in Section 3.7.4. (Experiment 2) and illustrated in Figure 

6, except that the instructions were amended so that participants were explicitly told that they could 

assume that all moves up until the crucial move were correct. All other details were as given 

previously. 

One practice trial was issued, followed by 32 experimental problems, which were 

presented in a unique random order to each participant. The computer took 2,500 ms to make each 

move. In half of the problems, the computer demonstrated the correct move (optimal trial); and in 

the remaining half, the computer demonstrated an incorrect move (suboptimal trial). For the 

optimal trials, four correctly demonstrated a low resolution/low alternative move, there were four 

low resolution/high alternative moves, four high resolution/low alternative moves and four high 

resolution/high alternative moves. Suboptimal trials were matched to optimal trials. That is to say, 
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that there are two possible pegs to which a disk can move, so in suboptimal trials, the focal disk 

was moved onto the wrong peg. In addition, the peg order and disk colours were changed resulting 

in a problem that appeared superficially different but was logically identical. The problems used 

for Experiment 3 are given in Appendix 8. 

Scoring 
The computer recorded the decision made by the participant and the errors were calculated. 

In addition, where the decision was correct, a latency (in milliseconds) was recorded as measured 

from the final placing of the demonstrated move until the on-screen decision button was clicked. 

4.4 RESULTS 

Descriptive statistics are given in Table 18 and Table 19. The main interest in the analysis 

was to determine if increasing the resolution gap and alternative moves increased response latency 

and errors. This was addressed via a2 (move demonstrated) x2 (resolution gap) x2 (number of 

alternative moves) within subjects ANOVA. 

There were 8 (7.6%) missing values (see Appendix 11 for details). In addition the raw data 

showed some deviations from a normal distribution. In line with other studies in this thesis the data 

were treated as described in Section 3.4. This did not alter the pattern of results that were observed. 

OPTIMAL TRIALS SUBOPTIMAL TRIALS 

Latency (and Latency (and Latency (and Latency (and 
SD) of low SD) of high SD) of low SD) of high 
alternative trials alternative trials alternative trials alternative trials 
(ms) (ms) (ms) (ms) 

Latency (and 3130 (2454) 3394 (2234) 3593 (3290) 4504 (2901) 
SD) of low 
resolution trials 
ms 

Latency (and 3975 (3595) 4158 (3054) 4128 (3235) 4504 (3191) 
SD) of high 
resolution trials 
ms 

TABLE 18: The effects of the resolution and alternative move demands on response latency. The 
mean (and SD) are given in Ms for correct trials during optimal and suboptimal conditions in 
Experiment 3, N=26 

Table 18 gives descriptive statistics for the latency judgements. A2 (move demonstrated) x 

2 (resolution) x2 (alternatives) ANOVA on the mean response latency showed marginal evidence 

for an effect of move demonstrated which was very close to significance, F(1,25)=4.10, 

MSe=3408095, p=. 054, Eta2=. 141. There was also a marginally significant effect of resolution, 

F(1,25)=3.86, MSe=3871035 p=. 061, Eta2=. 134, which is consistent with the effect observed in 
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Experiment 2 and is also consistent with the multiple regression in Experiment 2. There was a main 

effect of alternatives, F(1,25)=6.10, MSe=1605235.6, p<. 021, Eta2=. 196, showing that moves with 

high alternatives took longer to evaluate than low alternative judgements, providing experimental 

confirmation of the prediction of the multiple regression in Experiment 2. These effects are 

illustrated in Figures 20 and 21. 
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FIGURE 20 The effect of resolution on correct decision latency in Experiment 3 
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FIGURE 21: The effect of alternatives on correct decision latency in Experiment 3 

None of the interactions were significant; decision x resolution 1(1,25)= 1.48, 

MSe=2522248, p= . 235, Etat=. 056; decision x alternatives F(1,25)= 1.73, MSc=1328863, p= . 
301, 
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Eta'=. 065; resolution x alternatives F(1,25)=0.94, MSe=13099523, p=. 342, Eta`=. 036, and decision 

x resolution x alternatives F(1,25)=0.39, MSe=1727152, p=. 538, Etat=. 015. 

OPTIMAL TRIALS SUBOPTIMAL TRIALS 

Errors (and SD) Errors (and SD) Errors (and SD) Errors (and SD) 
of low of high of low of high 
alternative trials alternative trials alternative trials alternative trials 
(out of (out of (out of (out of 

Errors (and SD) 0.8 (1.0) 1.7 (1.2) 1.8 (1.1) 1.2 (1.1) 
of low 
resolution trials 20.19% 42.31% 44.23% 30.77% 
(out of 4) (25.51%) (28.96%) (26.75%) (26.76%) 
Errors (and SD) 1.1 (1.0) 1.4 (1.1) 1.6 (1.0) 1.4 (1.2) 

of high 
resolution trials 27.88% 33.65% 39.42% 35.58% 
out of 4 (25.81% (27.33%) (25.66%) 29.30% 

TABLE 19: The effects of the resolution and alternative move performance demands on errors. 
The mean (and SD) are given during optimal and suboptimal conditions in Experiment 3, N=26 

Table 19 gives descriptive statistics for the error data. A2 (move demonstrated) x2 

(resolution) x2 (alternatives) ANOVA showed no evidence of an effect of the move demonstrated, 

F(1,25)=1.144, MSc=3.1, p=. 295. Eta2=. 044, suggesting that whether optimal or suboptimal, there 

was no effect on error rates. This was in contrast to the prediction of multiple regression in 

Experiment 2. Neither was there evidence of an effect of resolution, 1, (1,25)=0. O1, MSe=O. 6, 

p=. 928, Etat<. 001, illustrating that high resolution judgements were no less accurate than low 

resolution judgements. There was no evidence of a difference between low and high alternative 

moves, F(1,25)=1.26, MSe=0.5, p=. 272, LtaI=. 048. The effects of resolution and alternatives on 

errors are illustrated in Figures 22 and 23. 
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FIGURE 22: The effect of the resolution manipulation on errors (Experiment 3) 
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FIGURE 23: The effect of alternative move manipulation on errors (Experiment 3) 

However, the decision x alternative interaction was significant, F(1,25)-11.3, MSe= 0.9, 

p=. 002, Etat=. 311, and simple main effects revealed a significant effect of alternatives on optimal 

trials, F(1,25)=14.24, p=. 001, with high alternatives resulting in more errors (mean ==1.51) than low 

alternative judgements (nmean = 0.96). In contrast there was a marginal effect of alternatives on 

moves that were suboptimal, l, (1,25)=3.73, p=. 065 demonstrating that low alternative judgements 

resulted in more errors (mean = 1.67) than high alternative judgements (mean = 1.33). It is likely 

that participants were more likely to dispute a move if there were a high number of alternative 

choices, leading to more errors when alternatives were high on correctly demonstrated moves, but 

fewer errors on suboptimal trials when this was the correct response. The decision x resolution x 

alternatives interaction was also significant, 1, (1,25)=4.58, MSc=0.76, p=. 042, l; ta2=. 155. This 

showed that optimal low alternative judgements were more accurate than suboptimal low 

alternative judgements, regardless of the resolution demands. However, at high alternatives, 

optimal low resolution judgements attracted more errors than suboptimal low resolution trials, 

while at high resolution optimal trials were more accurate than suboptimal trials. None o1' the 

remaining interactions were significant: decision x resolution I'(1,25)=0.01, MSe=0.78, p=. 938, 

Eta' =000; resolution x alternatives F(1,25)=0.52, MSe=0.46, p=. 479,1; ta2=. 020. 
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4.5 DISCUSSION EXPERIMENT 3 

The results of Experiment 3 provided evidence that the resolution gap and the number of 

alternative moves make independent contributions to the processing demands in the verification 

task. The number of alternative moves there were to choose between affected decision latency, but 

not errors. However, a move demonstrated x alternatives interaction indicated that when optimal 

moves were demonstrated, the number of alternative moves affected errors but there were no 

effects when an incorrect move was demonstrated. In contrast to Experiment 2, the effect of 

resolution in response latency was marginal and the effect requires replication. Errors were not 

affected by the resolution demands of TOL. Nevertheless, it is clear that indirect moves cannot be 

viewed as a homogeneous group with a single defining characteristic. Instead they vary as a result 

of the degree of processing required, which is a function of the number of moves that must be 

planned ahead until a disk is resolved and the number of competing alternative moves there are to 

choose between. The effects in the latency data, and the absence of an interaction in which the two 

factors had a multiplicative effect on latency, is consistent with an account that ties these factors to 

distinct cognitive operations (Beveridge, Jarrold & Petit, 2002). We will continue to assess the 

degree to which these factors draw on separable cognitive processes in the following experiments. 

The effect of resolution that was observed in the latency data is consistent with account in 

which all disks not in their goal positions are active goals. The effect of alternatives is consistent 

with accounts of TOL performance that include the consideration of multiple alternative moves. 

As a result these effects provide supporting evidence for Ward and Allport's (1997) Move 

Selection Framework, which argues that all alternative moves are considered. The evidence is not 

consistent with Gilhooly et al. 's (1999) Goal Selection Framework, which was derived from verbal 

protocols that suggested very little consideration of alternative moves leading them to argue that 

only one or two alternative moves are considered. The Experiment 3 latency data showed that it 

took longer to evaluate moves with five alternative moves to choose between than it did to consider 

moves with only one other alternative. Thus, more alternative moves may have been considered 

than were reported in Gilhooly et al. 's (1999) `think aloud' data. However, the actual difference 

between low and high alternative move judgements was only 434 ms and therefore the 

thoroughness of the search is not clear. The evidence that alternative moves contribute to problem 

difficulty in these problems is in some respects surprising. During both optimal and suboptimal 
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trials the demonstrated move always involved the correct disk selection. In optimal trials it was 

moved to the correct peg and in suboptimal trials to the incorrect peg. There is only one optimal 

solution and hence the movement of a different disk is never valid. Despite this fact they 

nevertheless influence participants' response latency. It may, however, be the case that alternatives 

are a less important predictor when participants are more experienced with the task and learn that it 

is not necessary to consider all possible alternative moves and we return to this question in 

Experiment 4. 

The effects in the error data were unclear and did not follow the effects of Experiment 2 or 

its prediction from the regression, which suggested that the resolution gap would affect errors. One 

reason for this inconsistency is that harder problems (those with a resolution gap of five 

intermediate moves) and easier problems (those with forward moves) were not included; neither 

was the difference between these two conditions that are included significant in Experiment 2. 

Alternatively, participants may simply be guessing as the verification TOL is a two-choice task and 

error rates have approached chance. If this were true then there would be additional noise in the 

latency data, and power would be reduced. Yet the effects in the latency data were systematic and it 

is likely they are valid, however, the results should be treated with some caution at this stage. We 

return to this issue in Experiment 4. 

Assuming for now that the participants were not guessing, one notable effect in the error 

data was the interaction between the type of move demonstrated and the number of alternative 

moves. There is only one reason to confirm a move, but there are many reasons to dispute a move 

(for example, when a different peg or disk is preferred) and this interaction can be interpreted as 

resulting from a tendency to dispute a move when there are a high number of alternatives to choose 

between. It seems likely that participants were responding to the specific trial characteristics. 

However, because the verification task requires a binary response, it is not possible to infer reasons 

why moves are disputed, regardless of whether the decision is correct, and this may lead to 

interpretation problems. In some respects this variant paradigm of TOL has different performance 

requirements to the conventional paradigm. If an optimal move is rejected or a suboptimal move is 

accepted this would result in excess moves in complete TOL problems. However, while the 

acceptance of an optimal move equates to an optimal solution, the rejection of a suboptimal move 
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does not necessarily do so. This, also, may make errors on the verification paradigm hard to 

interpret. 

In Experiments 2 and 3 participants were unfamiliar with the task and it may be that the 

resolution gap and/or alternative factors are a function of this novelty. Executive functioning is 

thought to be most important in novel situations and it would be interesting to see how these 

characteristics effect performance as the participant becomes more practiced. Consequently 

Experiment 4 explores the effect of the resolution gap and alternatives move factors as participants 

become more familiar with the task for two reasons; first to determine if the executive demands of 

TOL reduce with practice and second to determine if the effects in the latency data hold when error 

rates are reduced. 

4.6 EXPERIMENT 4 

The aim of Experiment 4 is to examine the resolution and alternative factors as participants 

gained experience with TOL. The motivation for this is two-fold. First the resolution and/or 

alternative move factors may lose their predictive power as experience with TOL increases. 

Second, success rates in the previous two experiments have approached chance, and guessing may 

have made the effects observed in the latency data unreliable. 

Consequently in Experiment 4, the importance of accuracy was emphasised. Participants 

completed a block of 32 trials as naive subjects, so replicating Experiment 3 and then undertook a 

block of training trials in which they were given feedback about their performance and were asked 

to try to understand why they had got any problems wrong. They then completed a second set of 

32 trials without feedback and then had a second training session. Finally, they completed a final 

block of 32 problems without feedback as experienced participants. 

The Supervisory Attentional System (SAS) within Norman and Shallice's (1986) Control 

of Action model is utilised during planning and decision making, error detection, novel situations, 

and when a prepotent response requires conscious suppression. The contention scheduling part of 

the model takes control of behaviour when the SAS is not required. Alternative moves may be 

related to SAS function. Given that the latency difference was only 434ms between the two levels 

of alternatives in Experiment 3 and given any consideration of alternative disks can only be a 

distraction in these problems because the correct disk always moves, the search of alternative 

moves may be an unreliable effect that does not replicate. Alternatively, if a search is necessary for 
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the most efficient solution to be found, the alternative effect should emerge in this experiment. In 

these terms, Norman and Shallice's (1986) SAS might suggest that checking alternative move helps 

to prevent errors and/or may be related to inhibition, since both require choosing between 

alternative actions. Equally, the resolution factor may be closely related to planning as both are 

concerned with considering future actions. Finally, both may more or less involved in novel 

situations and therefore the examination of the two factors as a function of practice might be 

informative of the executive demands of TOL. 

In addition to the experimental manipulation, a number of individual difference measures 

were administered. The TOL memory span has shown a consistent moderate correlation with TOL 

performance and we continued to employ this SWM measure in Experiment 4. However, the 

relationship with TOL might be due to shared superficial task demands, such as the same 

perceptual display. Therefore, a spatial task that did not share these superficial demands (the Tic- 

Tac-Toe, or TTT) which requires participant to spot and remember the placement of winning lines 

on a 3-D noughts and crosses board was also selected. 

Experiment 4 also re-examines the relationship between TOL and inhibition. There was 

little evidence of a relationship in Experiment 1, but Welsh et al. (1999) have reported evidence of 

a relationship with inhibition that we will attempt to replicate again. Welsh et al. (1999) reported a 

correlation between a manual Stroop test and Shallice's (1982) original TOL apparatus, and no 

correlation between TOH and the inhibition tasks. However, although they noted that the disk- 

moving tasks have obvious but incorrect moves that must be inhibited in favour of a 

counterintuitive move, they did not explain how TOH and TOL differ in this respect or explain 

why TOH did not correlate with inhibition. Indeed, previous research has argued that TOH has a 

counterintuitive move that TOL does not share and that this is the source of a relationship with 

inhibition (Goel & Grafman, 1995). Welsh et al. (1999) simply claimed that the relationship with 

inhibition was the source of the unshared variance between TOH and TOL. However, the search 

for alternative moves may relate to inhibition because TOL and inhibition tasks require choosing 

between alternative responses and if this is true some relationship with inhibition should be 

observed. Both the SWM and inhibition measures were examined as participants became more 

practiced with TOL. Changes in the correlation as a function of practice may provide additional 
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evidence for the executive processes involved in TOL and their relationship to the alternative move 

and resolution factors. 

In summary, Experiment 4 examines performance on low (1 intermediate move) and high 

(3 intermediate moves) resolution, and low (1) and high (5) alternative moves, verification 

problems as participants become more familiar with TOL. This was achieved by including training 

blocks in which participants were given feedback about the accuracy of their performance and 

asking them to improve their error rates. In addition, two tests of SWM and one test of inhibition 

were included and correlations with TOL performance as a function of practice were determined. 

4.7 METHOD 

4.7.1. PARTICIPANTS 

Forty-seven undergraduates of the University of Plymouth participated in the experiment 

for course credit or a £5 payment. All had normal colour vision. None were familiar with TOL. 

None had participated in Experiment 1,2 or 3. No other details were recorded. The data from three 

participants had to be dropped, one because of computer malfunction and two because they were 

not administered all the problems in the first or final TOL session due to an administration error. 

The data from a further 2 participants were lost in the intermediate stage due to a computer 

recording failure, leaving 42 participants that were included in the analysis. 

4.7.2. MATERIALS 

As previously described. See section 3.3.2. 

4.7.3. DESIGN 

The experiment consisted of a3 familiarity (unpracticed/intermediate/practiced) x2 move 

demonstrated (optimal/suboptimal) x2 resolution gap (low/high) x2 alternative moves (low/high) 

within-subjects design. 

Two spatial span measures and an inhibition measure were also employed and performance 

was correlated with the verification TOL task. 

4.7.4. PROCEDURE 

Participants were run in groups of up to six participants and were seated in individual 

computer booths. They were given a general introduction to the experiment that told them we were 

studying TOL performance and working memory functioning, and outlined their ethical rights and 

what was required of them. 
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The importance of reducing errors with practice was emphasised by asking participants to 

attend to feedback during practice sessions. The tasks were administered in the same order to each 

participant. This order was: Verification TOL (set 1), feedback version A, verification TOL (set 2), 

feedback version B, Verification TOL (set 3), TOL memory Span, Tic-Tac-Toe, and finally the 

computerised Stroop test. The experiment lasted approximately an hour and half. Following the 

experiment participants were debriefed. What follows is a description of the tasks employed. 

VERIFICATION TOL PARADIGM 

In this version of the TOL were asked to judge if the moves that the computer 

demonstrated were correct to solve the problem in the most optimal solution. The program was 

exactly the same as that described in Experiment 3. 

One practice trial was issued followed by three sets of 32 problems that were presented in a 

unique random order to each participant. They are given in Appendix 8 and are identical problems 

to those used in Experiment 3. For each problem in Set 1, matched versions for Sets 2 and 3 were 

created by changing peg orders and disk colours, so superficially changing the problem but 

maintaining the same underlying structure. The TOL has three pegs and by swapping the peg 

positions there are six unique peg orders and each was given a different relationship between disk 

and colour. A matched pair of problems was given to each of the three problem sets. Each pair 

consisted of an optimal trial and a matched suboptimal trial where the disk was moved to the 

alternative but incorrect peg. The set used at each stage of familiarity was fully counterbalanced. 

Each set of problems had 16 optimal and 16 suboptimal moves that were administered in a unique 

random order to each participant. For optimal trials there were four low resolution/low alternative 

judgements, four high resolution/low alternative judgements, four low resolution/high alternative 

judgements and four high resolution/high alternative judgements, with the same for suboptimal 

trials. 

Scoring 
The computer recorded the errors and the response latency for correct judgements (in 

milliseconds) as in Experiments 1 to 3. 

FEEDBACK VERSION OF THE VERIFICATION TOL 

The 5-disk, three peg (as Ward & Allport, 1997) computerised verification TOL task 

described above was modified so that the participants were given feedback via an on-screen 
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message as to whether they got each problem right or wrong, after they had given their response. 

All program details were as previously described in the standard verification paradigm. If the 

participant got a judgement wrong, an on-screen button allowed them to replay the move as many 

times as they wished in order to give them the opportunity to work out why they had made a 

mistake, as illustrated in Figure 24. 

Desm d Ena condmorý 

t_ 

You Are Wrang - Try to Work Out Wiry Before Continuing! 

FIGURE 24: Screen shot taken from the feedback version of the verification TOL. 
Participants were informed when they made an error and could replay the trial to work out 
why. 

Two sets of 16 previously unused problems were used, eight of which were optimal trials 

and eight were matched suboptimal trials. Problems were administered in the same order to each 

participant and were given in order of increasing difficulty (to train them up) as determined by their 

resolution gap (and number of moves). The results ofthis task were not formally analysed. 

TOL SPAN (BASED ON MORRIS ET AL. (1997) 

As described in experiment 1 (See section 3.3.4.2. ) 

TIC TAc TOE TASK (DANEMAN & TARDIF, 1987) 

The procedure followed was as reported in Daneman and 'l'ardil's (1987) study. In a three- 

dimensional version of Tic Tac Toe, participants had to select the icons (noughts or crosses) which 

made a winning line on a grid. Each grid consisted of three planes (upper, middle and lower) as 

shown in Figure 25. Each plane was divided into time equal-sized squares. Each grid contained 

some red and blue tokens representing the pieces of the two players in the game. Embedded in the 

grid was one winning line, i. e. three tokens of the same colour that formed a line that ran 
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horizontally, vertically or diagonally over a single plane or could be spread across three planes. The 

participant's task was to locate the winning line by clicking on the appropriate tokens with a 

mouse. After two grids participants were given two recall grids, one after the other and they had to 

reproduce the positions of the winning lines in the order in they were shown by using the mouse to 

click where the winning lines had appeared. Participants were given several practice items at the 

two winning lines level prior to the test starting. When the experiment proper started participants 

were warned to expect the winning lines per set to increase during the course of the test. 

XO 

ý: ýý� 

FIGURE 25: The TTT task. The upper screen shot is an example of a winning line of X's 
that has to be clicked with the mouse later reproduced on a recall grid, given in the lower 
illustration (Experiment 4) 

There were three sets at level 2 and then the level increased by one, up until three trials of 

five grids had been administered, resulting in a total number of 42 grids. For every winning line the 

participant had to remember its orientation and later point out its position, then the next grid 

showing the next winning line in the set is issued and so forth. Following the presentation of all 

lines in a set a 3-dimensional recall grid is given and the participants points out the positions of the 

winning lines in the order that they were shown. 
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Scoring 

A global scoring method was used in which 1 point was awarded for each winning line the 

participant correctly recalled, provided it was recalled in the correct sequential position. The 

maximum score obtainable was 42. 

COMPUTERISED STROOP TEST (BASED ON STROOP 1935) 

The Stroop test (Stroop 1935) is thought to measure controlled inhibition (Miyake et al. 

2000). This version was a computerised version in which participant responded using the mouse to 

click the appropriate on-screen button that appeared throughout the duration of the experiment in 

the top half of the screen. It is different to the Stroop test described for Experiment 1. Participants 

were required to complete three conditions. In the colour naming condition, participants had to 

name the colour of a rectangular-shaped colour patch that appeared on the screen (sec Figure 26). 

Each colour patch was 4cm high x 8cm wide. In an interference, condition participants were 

shown words that were presented in an incongruent colour (e. g. the word red presented in blue ink). 

In this condition, the participant had to name the colour that the word was presented in. In a word 

reading, condition the participant had to read a word that was printed in black ink and respond by 

selecting the on-screen button that the word read the appropriate colour. 

BI Yd- 

........ 

Red 

. _.. 

ý 
Green 

. -Pople 

I_ Orange 

BLUE 

FIGURE 26: Screen shot of the Stroop test illustrating the interference condition 
(Experiment 4) 

The stimuli colours were blue, red, yellow, orange, purple and green. Fach condition 

contained 10 practice trials and 40 experimental trials. Each trial appeared on screen until the 
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participant had responded. After each response a short interval of 500ms was given before the next 

trial was presented. The presentation of the three conditions were blocked, but presented in a 

random order. The participant was asked to respond to each trial as quickly as they could by 

clicking an on-screen button with a mouse. All six response colours appeared on screen throughout 

the duration of the experiment. They were randomly positioned in a circle and their location 

remained constant throughout the experiment. 

Scoring 
Response latency in milliseconds was recorded for correct responses in each condition and 

errors were also recorded. The Stroop score was calculated by subtracting the word reading 

condition from the interference condition. 2 

4.8 RESULTS 

4.8.1. EXPERIMENTAL ANALYSIS 

The main interest of the present study was to explore the effect of the resolution gap and 

alternative moves on reaction times and errors, as participants became increasingly familiar with 

TOL. The data were analysed with a3 (familiarity) x2 (move demonstrated) x 2(resolution) x2 

(alternatives) within-subject ANOVA. The latency descriptive statistics for Experiment 4 are given 

in Table 20, while the error descriptive statistics are given in Table 21. 

The raw data showed some deviations from a normal distribution and was treated as 

described in Section 3.4, which did not alter the pattern of results that were observed. Some of the 

latency data was missing because participants failed to get a trial correct. Full details are given in 

Appendix 11, but in summary there were less than 1% missing values. 

2 Footnote: there was a technical problem with the programming of this task; 
unintentionally, errors were recorded as missing trials. Hence the latency measure was for correct 
trials only. 
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OPTIMAL TRIALS SUBOPTIMAL TRIAL S 

Latency (and Latency (and Latency (and Latency (and 
SD) of low SD) of high SD) of low SD) of high 
alternative trials alternative trials alternative trials alternative trials 
(ms) (ms) (ms) (ms) 

UNPRACTICED 
Latency (and 4635 (3369) 5466 (3084) 4115 (2888) 6963 (5174) 
SD) of low 
resolution trials 
(ms) 
Latency (and 6160 (5738) 6298 (3817) 6298 (6115) 5948 (3055) 
SD) of high 
resolution trials 
(ms) 

INTERMEDIATE 
Latency (and 3327 (1543) 5526 (3814) 3318 (2354) 5539 (3106) 
SD) of low 
resolution trials 
(ms) 
Latency (and 5468 (3830) 5793 (4074) 5167 (4116) 6305 (3905) 
SD) of high 
resolution trials 
(ms) 

PRACTICED 
Latency (and 3055 (2263) 4683 (2926) 3020 (2849) 5345 (3339) 
SD) of low 
resolution trials 
(ms) 

Latency (and 4655 (2987) 4936 (2060) 4573 (2942) 5250 (2534) 
SD) of high 
resolution trials 
ms 

TABLE 20: The effects of the resolution gap and alternative moves during unpracticea ana 
practiced conditions. The table shows the mean (and SD) response latency for correct responses 
for optimal and suboptimal trials in Experiment 4. n=42 

A3 (familiarity) x2 (move demonstrated) x2 (resolution) x2 (alternatives) within- 

subjects ANOVA on the response latency data showed a main effect of familiarity, F(2,82)= 9.87, 

MSe=13746832, p<. 001, Eta2=. 194 indicating that as participants become increasingly familiar 

with TOL, they responded quicker. Pairwise comparison using the LSD method showed that this 

difference was significant between the unpracticed and intermediate stage (p=. 016), and between 

the intermediate and practiced stage (p=. 029). Figure 27 illustrates the decision latency at the three 

levels of familiarity for correct responses. 
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FIGURE 27: Latency of correct responses in milliseconds for the resolution and alternative 
move factors at the three levels of familiarity (Experiment 4) 

There was no evidence of a difference between optimal and suboptimal trials; 

F(1,41)=0.49, MSe=8469507, p=. 489, Eta2=. 012. There was, however, a large effect of resolution 

gap, F(1,41)=33.2, MSe=7067226, p<. 001, Eta2=. 447 replicating the effect demonstrated in 
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Experiment 2 and the trend observed in Experiment 3. There was also evidence of a very large 

main effect of alternatives, F(1,41)=57.02, MSe=6181749, p<. 001, Eta2 =. 582 and this indicated 

that decision latencies were slowed by an increase in the number of legal alternative moves 

possible. The lack of an interaction between familiarity x resolution (2,82)=1.31, MSe=5617240, 

p=. 277, Eta2=. 031 and between familiarity x alternatives, F(2,82)=1.57, MSe=4825906, p=. 214, 

Eta2=. 037 indicated that the main effects were maintained with practice. These main effects were 

in line with the multiple regression in Experiment 2 and replicated the results of Experiment 3 with 

a larger sample size and problem set. We will shortly present the error rates (which are now low) 

and these latency effects therefore are valid and demonstrate that the resolution gap and alternative 

move factors remain clear predictors of performance. In addition, the resolution x alternatives 

interaction was significant; F(1,41)=17.38, MSe=9611075, p<. 001, Eta2= . 298 and this was in 

contrast to Experiment 3. This was caused by the presence of a large effect of alternatives at low 

resolution (means=3620 ms and 5616 ms), F(1,41)=87.88, p<. 001, and no effect of alternatives at 

high resolution, (means = 5399 and 5767), F(1,41)=1.69, p=. 20. It is worth noting that this pattern 

does not reflect the multiplicative relationship between the two factors that one might expect if they 

are drawing on a unitary construct and may suggest that they a drawing on separate resources. 

Finally, there was evidence of a decision x alternatives interaction: F(1,41)=5.37, MSe=4091863, 

p=. 026, Etat=. 116, such that the effect of alternatives is smaller (but still substantial) on optimal 

trials, F(1,41)=20.52, p<. 001, than on suboptimal trials, F(1,41)=50.61, p<. 001. This may reflect 

the fact that when an incorrect move is demonstrated participants need to determine which of the 

other legal alternatives is more satisfactory in order to prove the move incorrect, whereas in 

optimal moves this may not be so thorough because the best move has been demonstrated. None of 

the remaining 2 or 3 way interactions were significant (p>. 05). Familiarity x decision, F(1,41)=. 18, 

Decision x resolution F(1,41)=1.39, Familiarity x decision x resolution, F(2.82)=1.67, familiarity x 

decision x alternatives, F(2,82)=. 20, Familiarity x resolution x alternatives, F(2,82)=. 29, decision x 

resolution x alternatives, F(2,41)=2.78. However, the 4 way interaction was significant; familiarity 

x decision x resolution x alternatives F(2,82)=3.71, MSe=4716663, p=. 029, Etat=. 083, but the 

effect is small and difficult to interpret. 

Table 21 provides descriptive statistics in the error data. The main interest here was to 

explore the effect of the resolution gap and alternative moves on errors, as participants became 
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increasingly familiar with TOL. The data were analysed with a3 (familiarity) x 2(decision type) x 

2 (resolution gap) x 2(alternative moves) ANOVA. 

OPTIMAL TRIALS SUBOPTIMAL TRIA LS 
Errors (and SD) Errors (and SD) Errors (and SD) Errors (and SD) 
of low of high of low of high 
alternative trials alternative trials alternative trials alternative trials 
(out of 4) (out of 4) (out of 4) (out of 4) 

UNPRACTICED 
Errors (and SD) 0.8 (1.2) 
of low 
resolution trials 19.1% (30.6%) 
(out of 4) 
Errors (and SD) 1.3 (1.1) 
of high 
resolution trials 32.1% (27.8%) 
(out of 
INTERMEDIATE 
Errors (and SD) 0.3 (0.5) 
of low 
resolution trials 6.6% (12.4%) 
(out of 4) 
Errors (and SD) 0.8 (0.7) 
of high 
resolution trials 19.6% (17.1%) 
(out of 4) 
PRACTICED 
Errors (and SD) 0.1 (0.4) 
of low 
resolution trials 2.9% (9.8%) 
(out of 4) 
Errors (and SD) 0.7 (0.8) 
of high 
resolution trials 19.1% (18.9%) 
out of 4 

1.3 (1.1) 

30.9% (26.9%) 

1.2 (1.1) 

31.6% (27.1%) 

1.0 (0.9) 

25.0% (22.7%) 

0.5 (0.8) 

11.9% (18.5%) 125.0% (23.4%) 

0.7 (0.7) 

17.9% (17.7%) 

0.5 (1.0) 

13.1% (26.1%) 

0.3 (0.6) 

8.9% (15.4%) 

1.0 (1.1) 

32.7% (29.5%) 

1.3 (1.0) 

32.7% (29.4%) 129.8% (29.3%) 

0.8 (1.2) 

20.2% (30.9%) 

1.0 (0.9) 

1.3 (0.8) 

31.5% (19.2%) 

0.7 (0.9) 

17.3% (24.9%) 

0.6 (1.0) 

16.1% (24.6%) 

0.7 (0.9) 

16.6% (21.9%) 

0.5 (0.7) 

11.9% (18.5%) 

1.3 (1.2) 

32.1% (25.5%) 

1.1 (1.2) 

IAÖLt Z1: The effects of the resolution gap and alternative moves during unpracticed and 
practiced conditions. The table shows the mean (and SD) errors for optimal and suboptimal trials in 
Experiment 4. n=43 

The error data were also analysed in a3x2x2x2 repeated measures ANOVA. There was 

evidence of an effect of familiarity F(2,82)=27.37, MSe=1.09, p<. 001, Etat=. 400, demonstrating 

that practiced participants made more accurate judgements than unpracticed participants. This 

shows that the training has been successful, with errors reducing from 29% to 15%. Pairwise 

comparison using the LSD method indicated that the difference in errors between unpracticed and 

intermediate exposure was significant (p<. 001) while the difference in errors between intermediate 

and practiced stages was not significant (p=. 154). The percentage errors at the three levels of 

familiarity are given in Figure 28. 
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FIGURE 28: Proportion of errors on the resolution and alternative move factors across the 
three levels of familiarity (Experiment 4) 

The effect of move demonstrated failed to reach significance, F(1,41)=3.28, MSe=1.839, 

p=. 077, Eta2=. 074. There was a main effect of resolution F(1,41)=5.43, MSe=. 896, p=. 025, 

Eta2=. 117, with high resolution judgements attracting more errors than low resolution judgements. 
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However, there was no effect of alternatives F(1,41)=0.04, MSe=0.87, p=. 840, Etat=. 001, 

replicating the findings from Experiment 2. These main effects do not suggest that guessing 

underlies the error pattern and so suggests that the patterns observed in the latency data were 

reliable. 

There was evidence of a significant decision x alternatives interaction F(1,41)=7.88, 

MSe=0.89, p=. 008, Eta2=. 161 this being similar to the pattern of means for this interaction that was 

observed in Experiment 3. Low alternative moves resulted in fewer errors than high alternative 

moves for optimal judgements (. 66 Vs . 84), F(1,41)=6.44, p=. 015, whereas the opposite pattern 

was evident when suboptimal moves were demonstrated but the difference was not significant (. 98 

Vs . 83), F(1,41)=2.67, p=. 110, which implies a preference to dispute a move when alternatives are 

high, leading to fewer errors when this is the correct response. 

There was a familiarity x alternatives interaction, F(2,82) = 3.95, MSe=0.41, p=. 023, 

Eta2=. 080, and the resolution x alternatives interaction was also significant, F(1,41)= 48.32, 

MSe=0.607, p<. 001, Eta2=. 541. Both of these 2 way interactions were subsumed by a significant 3- 

way interaction between familiarity, resolution and alternatives, F(2,82)=3.53, MSe=0.415, p=. 034, 

Eta2=. 079. This illustrated that in the unpracticed condition there was an effect of alternatives at 

low resolution, F(1,43)=11.83, p=. 001, but not at high resolution (F(1,43)=0.55, p=. 46. In the 

intermediate stage there was also an effect of alternatives at low resolution, F(1,43)=8.06, p=. 007, 

but the significant effect observed at high resolution, F(1,43)=7.86, p=. 008, was due to a reduction 

in errors as alternative moves increased (. 89 Vs. 56), and is considered in the discussion that 

follows. Likewise, in the practiced condition, there was also a significant effect of alternatives at 

low resolution, F(1,43)=20.24, p<. 001, but again, surprisingly, at high resolution more errors were 

made with low alternatives than high alternatives (1.0 Vs . 40), F(1,43)=37.52, p<. 001. None of the 

remaining interactions were significant (p>. 05). Familiarity x decision F(2,82)=0.58, familiarity x 

resolution F(2,82)=1.14, decision x resolution F(1,41)=0.00, familiarity x decision x resolution 

F(2,82)=1.50, familiarity x decision x alternatives F(2,82)=1.46, decision x resolution x alternatives 

F(1,41)=2.24, Familiarity x decision x resolution x alternatives F(2,82)=2.11 

4.8.2. CORRELATIONAL RESULTS 

The reaction time and errors for odd trials and even trials were determined for all 

individual difference measures and the reliability of the measures were established with Cronbach's 
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Alpha statistic. In each case this was calculated by analysing the problems in the order in which 

they were administered with the exception of the TOL verification paradigm where problems were 

first grouped by condition before being sorted in order of presentation. As Table 22 shows, the 

alpha statistic was adequate to satisfactory for every measure (Rust & Golombook, 1999). 

Cronbach's Alpha Reliability judgement 
Verification latency judgements . 84 satisfactory 
Verification error judgments . 96 satisfactory 
TOL span . 84 satisfactory 
Stroop test (interference - control ms) . 68 adequate 
TABLE 22. Cronbach's Alpha reliability statistics for each of the tasks used in Experiment 4. A 
reliability judgement is also given, based on Rust and Golombok's (1999) adequacy categorisation. 

The data from one participant that completed the TOL span was lost due to a computer 

malfunction. Due to technical problems, the data from 9 participants was not collected for the 

Stroop test. The means and standard deviations of the individual difference measures are given in 

Table 23. For the Stroop test, a t-test revealed that the interference and control conditions were 

significantly different from one-another, demonstrating the Stroop effect, t(36)=26.5, p<. 001. 

Measure Mean Standard Deviation 
TOL global memory span score 9.21 2.99 

TTT global span score 11.62 7.56 

Stroop test (interference - control ms) 215.4 166.0 

TABE 23: Means and standard deviations for the individual difference measures (Experiment 4) 

TOL errors were examined at the three stages of familiarity to examine the role of SWM 

and inhibition in the verification task as participants became more practiced. There were no 

significant correlations between the latency for the verification TOL and any of the individual 

difference measures (see Appendix 9 for details). However, the relationship between errors and the 

task is given in Table 24. 

Stroop interference - word TTT global span TOL Global span 
reading ms 

Unpracticed TOL . 35* -. 17 -. 43** 
errors 
Intermediate TOL . 15 . 07 -. 28 (p=. 081) 
errors 
Practiced TOL . 06 -. 31 * -. 27 (p=. 082) 
errors 
_ uorreiatlon is signiticant at the 0.05 level (2 tailed) 

** = Correlation is significant at the 0.01 level (2 tailed) 

TABLE 24: Pearson's correlation statistics between the three individual difference measures used 
in Experiment 4 and TOL errors 

137 



Table 24 shows some evidence of a moderate positive correlation with the Stroop test, such 

that the greater the interference effect, the more errors are likely on the verification task during the 

first encounter. However, once participants are practiced, there is no evidence of any relationship. 

Both of the spatial span measures were correlated with errors on the verification task, supporting 

the position that a correlation is due to SWM ability rather than shared perceptual demands 

between the tasks. In the TOL span, the correlation was negative and consistent although it failed 

to reach significance in the latter two sessions. This illustrates that better spatial spans are 

associated with fewer errors on the verification task. The correlation between TOL and the M 

span, however, did not emerge until participants were practiced, when it also emerged as a negative 

correlation. 

4.9 DISCUSSION EXPERIMENT 4 

The main purpose of Experiment 4 was to examine the effects of resolution and 

alternatives amongst participants as they gained familiarity with the verification TOL. The training 

manipulation significantly reduced error rates and yet the main effects of Experiment 3 have been 

replicated and the resolution and alternatives task demands remain predictors of move latency on 

the verification task. Furthermore, the correlation data showed that performance was related to 

SWM and there was evidence of a correlation with inhibition during novel encounter. 

In line with Norman and Shallice's (1986) characterisation of executive function, the 

resolution of disks seems to be closely related to planning, since both require the consideration of 

future moves and the number of future moves that must be considered is measured by the 

resolution demands. This occurs during problem execution in the verification paradigm. The 

alternatives move search is likely to be a form of error correction or related to inhibition. That is, 

considering alternative moves can be used to ensure the most efficient moves are being taken and 

that sometimes a move that is preferred might need to be inhibited in favour of a less dominant but 

correct alternative. However, it is worth noting that although the two aspects of performance can be 

independently manipulated, the alternatives factor is very likely to involve some resolution 

function on at least some of the alternative moves as a method of choosing between different 

moves. The aspects of performance are therefore likely to overlap and may be difficult to tease 

apart in TOL. 
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The fact that alternative moves were still considered after practice in this experiment is, 

again, inconsistent with Gilhooly et al. 's (1999) Goal Selection framework, which argued that only 

one and occasionally two alternative moves are considered. It is, however, consistent with Ward 

and Allport's (1997) Move Selection account of TOL performance. In fact the magnitude of the 

effect increased (in unpractised participants the difference was 866 ms and in practised participants 

it was 1228 ms) and this may suggest that determining different solution paths was a conscious 

strategy. This was despite the fact that in these problems (but not in all TOL problems) the 

consideration of any alternative moves other than the focal disk was fruitless, and despite the fact 

that by the time participants were practised they had already been presented with two logically 

identical problems. This might suggest an increased awareness of the importance of considering 

different alternative moves and a more thorough examination of the problem space with practice 

because this increases the likelihood of completing problems efficiently. Indeed, there was a 

familiarity x alternatives interaction in the error data, with less errors when practiced. This may 

also indicate less incorrect distraction with practice. 

The effect of alternatives and resolution remain robust even amongst participants who have 

experienced many trials, explaining a large amount of the variance in performance. This fact raises 

'certain issues that require further discussion, given that the executive is thought to be evoked 

during novel situations (e. g. Baddeley & Logie, 1999, Norman & Shallice, 1986). It may be 

possible to argue that these factors are not executive in nature, but it is difficult to imagine what 

other factors might better summarise the executive demands of the task. It is more likely that each 

problem has to be considered on its individual characteristics, and that automatic performance 

along the lines envisaged by Norman and Shallice's (1986) contention scheduling system is 

unlikely. 

In contrast to Experiment 3, in Experiment 4 an interaction between the resolution and 

alternatives factors has emerged. This could indicate that the same underlying process can explain 

the effects of resolution and alternatives. However, this interpretation depends upon an interaction 

in which the effects of alternatives are exacerbated by high resolution and vice-versa. The 

interaction in the latency data is carried by a different pattern, where the effects of alternatives, are 

substantial at low resolution, but there is no effect at high resolution. Therefore, the latency 

findings are consistent with the view that the two factors are drawing on distinct resources. 
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However, it is also worth noting that a non-multiplicative relationship could result from low 

processing demands, and this could be the case in these verification problems because the correct 

disk is always salient, whereas in complete problems it is not. 

The pattern of findings in the error data are difficult to interpret. The alternatives x 

decision interaction replicated Experiment 3, but the interaction between resolution and alternatives 

(and familiarity) is unique to Experiment 4. At low resolution this interaction reflects more errors 

for high alternative problems than low alternative problems at all three stages of familiarity, 

suggesting that alternative moves are distracting here. However, at high resolution the errors 

associated with high alternative move problems are lower than they are for low alternative 

problems, particularly during the intermediate and familiar conditions. A number of potential 

explanations for the interaction can be discounted. It is probably not a peculiarity of the problems 

used in Experiment 4 as these were structurally identical to those used in Experiment 3. However, 

in Experiment 3 high error rates may have obscured the effect. The interaction cannot be explained 

in terms of a speed error trade-off since there is no evidence of a complementary effect in the 

latency data and there is no correlation between overall latency and error measures (r = -. 076, 

p=. 62). Indeed, the contrast between the interactions in the error and latency data makes it 

particularly difficulty to provide a consistent explanation of both effects. We have noted that the 

verification error data may be difficult to interpret, for example the rejection of a suboptimal move 

does not equate to participants preferring the correct move. Whether this resolution x alternatives 

interaction is peculiar to the verification paradigm may become clearer in Experiment 5 when we 

re-employ the conventional TOL where participants solve complete problems. In addition it is 

important to emphasise that the error rates in Experiment 4 are low, particularly in practiced 

participants. Consequently, any effects in error rates need to be interpreted with some caution and 

additional research is needed in order to examine whether these findings are replicable. 

The individual difference analysis has once again illustrated a role for SWM in the 

verification TOL. Therefore, although the experimental data is consistent with Ward and Allport's 

(1997) theory the correlation data is evidence against the part of their argument that argues that 

working memory limitations do not constrain TOL performance. The spatial measures were 

moderately negatively correlated with errors, such that higher spans were related to fewer errors on 

TOL. This supports previous findings (e. g. Phillips et al., 1999; Gilhooly et al., 2002) and suggests 
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a spatial memory component to TOL. Some evidence for a positive correlation between inhibition 

and TOL has also been reported here, which supports previous research (Welsh et al., 1999). This 

has illustrated that those who are slower to resist a prepotent response are more likely to make 

errors on TOL. It might be the case that the alternatives factor is related to inhibition because the 

selection of the best move requires that ineffective moves are inhibited while optimal move choices 

should be acted upon. This would be more apparent in unpracticed participants because they are 

more likely to make a mistake, and because they are more likely to prefer ineffective moves. 

However, as noted previously the consideration of alternative moves is also likely to include a 

resolution action, and therefore may require both spatial and inhibition resources. 

The validity of the alternatives and resolution factors has been established in the 

verification paradigm. It is now necessary to see if they have the same effect in the conventional 

administration when participants solve problems themselves. Experiment 5 examines this issue. 

4.10 EXPERIMENT 5 

We have shown that, through the deconstruction of TOL, the resolution and alternative task 

demands are important determinants of performance at the level of the individual move in the 

verification paradigm. The main aim of Experiment 5 was to reconstruct the task to the 

conventional administration and determine the effect of these characteristics in complete problems. 

All previous TOL research from cognitive psychology and neuropsychology is based on 

the conventional administration of the task. If the resolution and alternative move demands of the 

task can predict performance in complete problems then this will determine if the verification 

paradigm provides a valid description of performance on the standard task administration, or 

whether the factors that are important in this version capture a minor or irrelevant component of 

TOL performance. For example, the resolution effect may be a result of the participant attending to 

a specific TOL move but a more global strategy may be preferred in complete problems. Strategies 

for selecting moves are detailed in Ward and Allport's Move Selection Framework (1997) and 

Gilhooly et al. 's Goal Selection Theory (1999), both of which focus on how moves are selected. 

Both accounts agree that goals are identified and that these are the positioning of disks not in their 

goal positions. Consequently moves that enable the current goal to be satisfied are preferred. 

Gilhooly et al. (1999) argue that there is only one active goal; usually the placement of a disk with 
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the fewest obstructions between it and its target position, and the participant selects moves to clear 

access to the source and target pegs. This would predict the quick selection of some indirect moves 

that clear access to an active goal (Gilhooly, 2003, personal correspondence with author). 

However, Ward and Allport (1997) argue that there are multiple goals because each disk not in its 

final position is a goal. In Experiment 3, it was argued that the active goal was the focal disk in the 

verification paradigm. The effect of resolution is found in every disk requiring indirect moves 

suggesting there are multiple subgoals, supporting Ward and Allport's (1997) argument. If the 

resolution demands of complete problems predict performance this will provide further evidence 

that this is the case. An effect of alternatives will also support Ward and Allport's (1997) account 

because Gilhooly et al. 's (1997) account argues that only a small number of alternative moves are 

considered. 

Previous TOL problem selection has been somewhat crude in previous research. It has 

been generally agreed that problems with a greater number of moves are harder than those with 

fewer moves. This is undoubtedly true because on average longer solution paths are bound to 

require greater cognitive effort. For example, Miyake et al. (2000) employed two 15-move TOH 

problems to demonstrate that performance is related to inhibition. However, although there is a 

greater probability that longer problems will contain more inhibitory demands than shorter 

problems, it is unlikely that all of the moves make the same inhibitory demands. Likewise, there is 

also a greater probability that longer problems contain more noise. Furthermore, the use of very 

long problems may alter the strategies employed by participants. For example, Phillips et al. (2001) 

have shown that most participants can only pre-plan a maximum of seven moves. Therefore, it is 

futile to characterise TOL as a task that measures pre-planning while employing problems that are 

beyond their planning capabilities. With these issues in mind, the problems selected for 

Experiment 5 had an equal number of moves (six) but they varied in their alternative move and 

resolution demands. 

A slightly more refined method of selecting problems is by the number of indirect moves, 

or subgoal chunks (Ward & Allport, 1997) that are necessary. This information is often recorded 

as a defining feature of the first move (Morris et al., 1997) or total moves (Philips et al., 1999). 

However, we have shown that indirect moves are not a homogenous type. Consequently we 
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predict that two problems with an equal number moves and indirect moves may vary in difficulty 

as a function of the number of alternatives and resolution demands of their constituent moves. 

LOW RESOLUTION/LOW ALTERNATIVES PROBLEM 

Start Goal 

N 
5 ----> a*1 

-* 
m 

move 1 (0/2) move 2 (0/2) move 3 (0/2) 

__ __ 

F 

move 4 (2/2) move 5 (0/2) move 6 (0/2) 

HIGH RESOLUTION/ HIGH ALTERNATIVE PROBLEM 

ML m 
0, 

tart 

move 1 (5/4) 

G al 

f- 

move 2 (2/2) 

1 

move 3 (0/2) 

-i -00.10 

move 4 (0/4) move 5 (0/4) move 6 (0/2) 

FIGURE 29: Examples of two six move problems in Experiment 6. The resolution/ 
alternative of each individual move are given in brackets (Key: resolution/alternatives). 
The upper illustration is a low/low problem, and the lower illustration is a high/high 
problem 

In order to test this prediction in Experiment 5 we categorised complete problems as 

having a high or low resolution and alternative demands based upon the sum of individual moves. 

Figure 29 illustrates two problems (low/low and high high) with the same number of moves but 
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different resolution and alternative move demands. The difficulty of the two factors are defined on 

a ratio scale which varies between two and six moves to choose between for the alternatives factor 

while the resolution factor has been varied between zero (where the optimal move is a forward 

move) and six (the optimal move is resolved after five intermediate moves) in the deconstructing 

experiments. It is legitimate therefore to calculate the overall task demands by summing the 

resolution and alternative move values of individual moves and categorising problems as low or 

high based on a mean split (see Table 25). Of those problems in Figure 29, we would argue that 

although both have six moves, the first problem should be less demanding than the second. 

Another factor that has determined task difficulty has been the finding that tower-ending 

solutions are easier than flat-ending solutions. Ward and Allport (1997), for example, reversed the 

start and goal state of problems to match problems to illustrate that participants find it easier to 

assemble a tower (all the disks on one peg) than to disassemble a tower to two or three pegs. They 

argued that this was evidence that competing alternative goals make a problem harder because 

tower solutions have a single goal, which is to start building the tower from the lowest peg up 

where as flat-ending solutions there are several competing goals to choose between. The current 

analysis of problem difficulty has not included a consideration of the configuration of disks, 

although various tower-ending and flat-ending problems have been included in Experiment 5. We 

will assess the evidence that the resolution and alternative move demands of TOL are sufficient to 

predict task performance. 

In the conventional administration of TOL, participants are often instructed to plan their 

moves in advance of moving the disks. Given the fact that the on-line planning demands are said to 

be the crucial performance variable (Phillips et al., 2001), and given that in the verification 

paradigm no pre-planning time was allowed, the effects of resolution and alternative moves may be 

best explored in Experiment 5 when participants were encouraged not to spend time pre-planning 

moves. However, as most researchers, including those in the clinical dysexecutive literature (e. g. 

Shallice, 1982,1988) tend to ask participants to pre-plan their moves it may be possible to predict 

planning time based on the resolution and/or alternative demands of a problem. This is because it is 

very likely that participants manipulate possible moves in memory and find efficient solutions 

when planning TOL moves, and that these performance demands affect planning latency. 
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Consequently, two groups of participants were employed, one of which was asked to pre-plan 

moves and then execute their solution as quickly as possible, while the other was asked to solve the 

problem without pre-planning their solution. 

In summary, Experiment 5 assesses the effects of resolution and alternative demands in 

complete problems in the conventional administration of TOL where participants make moves 

themselves. A second set of aims determines how pre-planning and disk move times were affected 

by the resolution and alternative move manipulation and examines the effect of pre-planning moves 

on accuracy and latency measures. 

4.11 METHOD 

4.11.1. PARTICIPANTS 

Forty-seven undergraduates of the University of Plymouth participated in the experiment 

for course credit. All had normal colour vision. None were familiar with TOL and none had 

participated in Experiments 1-4. No other details were recorded. 

4.11.2. MATERIALS 

As described in section 3.3.2, but using Windows XP as an operating system. 

4.11.3. DESIGN 

The experiment involved a2 planning manipulation (pre-plan/on-line plan) x2 resolution 

gap (low/high) x2 alternatives (low/high) design, with the planning requirement as a between- 

subjects factor, and the resolution and alternatives as within-subjects factors. 

4.11.4. PROCEDURE 

The participants were run in groups of up to six participants and were seated in individual 

computer booths. They were given a general introduction that stated that problem-solving in TOL 

was being explored and detailed what was required of them. An illustration of the task was 

provided. Their ethical rights were outlined and informed consent was obtained. Then participants 

completed 16 TOL problems, which took about 10-15 minutes. Following completion the 

participants were debriefed. What follows is a description of the tasks employed. 

THE CONVENTIONAL TOL (WARD & ALLPORT, 1997) 

This version of the TOL task is described section 3.3.4.1. in Experiment 1. Participants 

were randomly assigned to the planning condition resulting in half of the participants being told 
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that all problems had six moves and being asked to pre-plan their moves prior to pressing a 'ready 

to move' on-screen button and then immediately execute their solution as quickly as possible 

without errors. An on-screen illustration is provided in Figure 30. 

This Problem Can Be Solved in 6 Moves 

FIGURE 30: Screen shot from the conventional TOL for participants asked to pre-plan 
their solution. This group was informed of the number of moves in the problem. 

The other half were not given the minimum number of moves (sec Figure 4) so as to avoid 

any temptation to pre-plan (on-line group), and were told to view the start state and the goal state 

and then immediately press the `ready to move' on-screen button and commence their solution, 

without preplanning moves, as quickly but as accurately as possible. All other experimental details 

were identical between the two conditions and are previously given in Section 3.3.4.1., except that 

participants were given practice at moving the disks with the mouse and two 3-Hove practice trials 

were presented. 

To generate the experimental materials all problems with only one solution from those 

provided by Phillips et al. (1999) and Gilhooly et al. (1999) were characterised in terms of the 

resolution demands and alternative move demands of each individual move. For both the factors an 

average value per move was determined to account for differences in problem length. In the 

problem set the mean resolution value was 0.78 per move, while the mean alternative move value 

was 2.77 per move. Then a set of problems were edited and/or developed by the experimenter until 

16 problems with only one 6-move solution had been generated, and are illustrated in Appendix 10. 

Problems that had a resolution value of less than 0.78 were characterised as having a low resolution 

demand, while problems with greater than or equal to a 0.78 demand were defined as high 
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resolution demand problems. Low alternative problems had less than an average of 2.77 

alternatives per move, while high alternative problems had greater than or equal to this amount. 

Table 25 shows that the resolution average demand per move varied between 0.33 and . 50 for low 

resolution problems and between 1.00 and 1.67 for high resolution problems. 

Problem 
No 

MOVE 
1 

MOVE 
2 

MOVE 
3 

MOVE 
4 

MOVE 
5 

MOVE 
6 

RES/N ALTS/N 

R A R A R A R A R A R A 
LOW/LOW PR OBLEMS 
1 0 2 0 2 0 2 2 2 0 2 0 2 . 33 2.00 
2 2 2 0 2 0 4 0 2 0 2 0 2 . 33 2.33 
3 2 4 0 2 0 2 0 2 0 2 0 2 . 33 2.33 
4 3 4 0 2 0 4 0 2 0 2 0 2 . 50 2.67 
LOW/HIGH PR OBL EMS 
5 2 6 0 2 0 4 0 4 0 2 0 2 . 33 3.33 
6 0 4 0 4 3 4 0 2 0 4 0 2 . 50 3.33 
7 0 4 2 2 0 4 0 4 0 2 0 2 . 33 3.00 
8 2 6 0 2 0 4 0 4 0 2 0 2 . 33 3.33 
HIGH/LOW PR OBL EMS 
9 4 4 2 2 0 2 0 2 0 2 0 2 1.00 2.33 
10 4 2 4 2 2 4 0 2 0 4 0 2 1.67 2.67 
11 0 2 4 2 2 2 0 2 0 2 0 2 1.00 2.00 
12 5 4 3 2 0 2 0 4 0 2 0 2 1.33 2.67 
HIGH/HIGH PROBLEMS 
13 5 4 2 2 0 2 0 4 0 4 0 2 1.17 3.00 
14 4 4 2 4 0 2 0 4 0 4 0 2 1.00 3.33 
15 5 4 3 4 0 2 0 4 0 2 0 2 1.33 3.00 
16 4 4 2 2 0 2 0 4 0 4 0 2 1.00 3.00 
TABLE 25: The resolution (R) and alternative move (A) values for individual moves in proniems in 
Experiment 5. The mean resolution value per move (res/n) and the mean number of alternative 
moves (alts/n) are also given 

The average number of alternatives per move varied from between 2.00 and 2.67 for low 

alternative problems and between 3.00 and 3.33 in high alternative problems. Participants were 

administered 16 six-move, single optimal solution problems that were presented in a unique 

random order to each participant. Four problems had low resolution/low alternative move 

demands, four problems had high resolution/low alternative move demands, four problems had low 

resolution and high alternative move demands and four problems had high resolution and high 

alternative move demands. 

Scoring 

The computer recorded the number of moves made by the participant for each problem, 

which was translated into a zero if the problem was solved in the most optimal solution and an 

error score of 1 if it was not. The planning time was also recorded and measured the time in 
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milliseconds from the initial presentation of a problem until the "ready to move" button had been 

pressed. Finally, the time taken to move the disks and execute the solution was measured from the 

pressing of the "ready to move" button until the problem had been successfully completed. 

4.12 RESULTS 

Our main interest was to determine if increasing the overall resolution and alternative 

move demands increased problem difficulty as measured by the time take to plan and execute 

complete TOL problems, and by the accuracy of the solution. The performance of the group that 

had been asked to pre plan was compared with that which was asked not to pre-plan their moves 

via 2 (plan type) x2 (resolution) x2 (alternatives) Mixed ANOVA on the latency data. Descriptive 

statistics are given in Table 26, which describe the latency prior to moving disks, Table 27 which 

describe the disk move time from pressing "ready to move" until the problem was complete and 

Table 28 which describes the errors (i. e. the number of problems solved with excess moves) in each 

group (planning or on-line). The data showed some deviation from a normal distribution and were 

treated as described in Section 3.4. Data treatment did not alter the pattern of results. 

PLANNING GROUP ON LINE GROUP 

Latency (and Latency (and Latency (and Latency (and 
SD) of low SD) of high SD) of low SD) of high 
alternative trials alternative trials alternative trials alternative trials 
ms ms ms ms 

Latency (and 7036 (3468) 7351 (3436) 5500 (2637) 6625 (2781) 
SD) of low 
resolution trials 
ms 

Latency (and 7996 (5516) 10335 (6828) 5775 (2618) 7732 (5379) 
SD) of high 
resolution trials 
(MS) I 
TABLE 26: The effects of the resolution and alternative move factors on'the latency prior to moving 
disks. The mean (and SD) are given for planning time (in Ms) for groups asked to pre-plan and the 
time between presentation of the problem and pressing 'ready to move' for those asked to solve 
problems online in Experiment 6, N=47 

A2x2x2 ANOVA on time between the initial presentation of a problem and the start of 

the solution (as measured by pressing the "ready to move" button) showed that participants that 

were asked to pre-plan moves waited significantly longer before moving disks than the group asked 

to solve the problems on-line, F(1,45)=12.11, MSe=61837728, p<. 001, Eta2=. 212 indicating that 

the former group did engage in more planning prior to moving disks. We simply asked the on-line 
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group to view the start and goal state and Table 26 shows that they spent five to seven seconds 

doing do. The latency may represent the time it took them to view disks and select their first move. 

pre-planing group 
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FIGURE 31: Delay between problem presentation and solution execution (Experiment 5) 

As shown in Figure 31, there was evidence for a main effect of resolution, F(1,45)=21.42, 

MSe=8471983, p<. 001, Eta2=. 505, such that problems with a high overall resolution resulted in 

longer planning times than problems with a low resolution and there was also evidence of a 

resolution x condition interaction, F(1,45)=7.37, MSe=8471983, p=. 009, Eta2=. 141. Simple main 

effects revealed that the effect of resolution was significant in the group asked to pre-plan 

problems, F(1,21)=26.60, p<. 001, but not in the group asked to plan on-line, F(1,24)=2.34, p>. 05. 

The effect of alternatives was also significant, F(1,45)=10.18, MSe=8094986, p=. 003, Eta2=. 185 
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indicating that a high number of alternative moves resulted in slightly longer planning times than 

low alternative move problems but this did not vary between the two groups, F(1,45)=. 001, 

MSe=8094986, p=. 974, Etat=. 000. There was, however, an interaction between resolution and 

alternatives, F(1,45)=6.45, MSe=7827642, p=. 015, Eta2=. 125. Simple main effects show that there 

was no effect of alternatives at low resolution, F(1,45)=0.30, p>. 05, although there was an effect at 

high resolution, F(1,45)=16.43, p<. 001. This effect was carried by the pre-disk move latency 

during the high/high condition, and it suggested that when the processing demands of the task were 

high, the effect on latency was cumulative. This was apparent in both groups as the three way 

interaction was not significant; condition x resolution x alternatives, F(1,45)=1.07, MSe=1.07, 

p=. 37, Eta2=. 023. These results may support the argument that the on-line group were viewing the 

disks in the starting configuration as instructed because the time spent thinking before moving 

disks was influenced by the number of alternative move choices there were in the first move (see 

Table 25), with more distributed starting disk configurations taking longer to view than those with 

less available starting moves. It is unlikely they were considering moves beyond the first, as there 

was no effect of resolution in the on-line planners. However, the resolution by alternatives 

interaction, carried by the high resolution/high alternative problems, may suggest that in these 

difficult problems some additional processing occurred, although only for an additional 1000ms, 

compared to 3000ms in the group asked to pre-plan moves. In contrast, the group asked to pre-plan 

were influenced by the resolution demands of problems and the number of alternative moves. 

PLANNING GROUP ON LINE GROUP 
Latency (and Latency (and Latency (and Latency (and 
SD) of low SD) of high SD) of low SD) of high 
alternative trials alternative trials alternative trials alternative trials 
ms ms ms ms 

Latency (and 11481 (4753) 10566 (3708) 11805 (3187) 11993 (3399) 
SD) of low 
resolution trials 
ms 

Latency (and 11590 (3632) 13866 (5626) 11276 (2920) 14130 (3565) 
SD) of high 
resolution trials 
ms 
l- DLC Li; ne eiiecis or the resolution and alternative move demands on disk move latency. 1 he 

mean (and SD) are given for problem execution time (in Ms) for groups asked to pre-plan and 
those asked to solve problems online in Experiment 6, N=47 

Next the disk move latency was considered from the pressing of the "ready to move" 

button, until the problem was solved correctly, as illustrated in Figure 32. 
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FIGURE 32: Mean solution execution latency (ms) in Experiment 5. 

Given the fact that the plan group spent longer pre-planning their moves than the non-plan 

group, the main interest in this measure was to determine the effect of pre planning on the solution 

execution latency, and to determine if the resolution and alternatives factors influenced this 

execution. However, surprisingly, as Table 27 suggests, the between subjects effects revealed no 

significant difference between the disk move time in the two groups; F(1,45)=. 22, MSe=37585976, 

p=. 641, Eta2 =. 005. This suggests that those who pre-planned either abandoned their plan or were 

slowed during the execution stage, perhaps by checking their solution. There was a main effect of 

resolution, F(1,45)=9.36, MSe=9695150, p=. 004, Etat=. 172, suggesting that the resolution 

demands of problems had an effect on the time taken to move disks, such that increasing the 

resolution demands slowed disk move latency, which would not be expected if the plan group were 

simply executing their solution. In addition, the lack of a condition x resolution interaction, 

F(1,45)=1.22, MSe=7929922, p=. 275, Eta2=. 026, illustrated that move times of both groups were 
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affected by the resolution factor to a similar degree. There was also an effect of alternatives, 

F(1,45)=7.15, MSe=7999040, p=. 010, Eta2=. 137 which illustrated that increasing the number of 

alternative moves there were to choose between throughout the solution slowed solution execution, 

but there was no evidence of an alternatives x condition interaction, F(1,45)=1.01, MSe=7999040, 

p=. 321, Eta2=. 022, suggesting that both groups' move times were affected by the number of 

alternative moves to a similar degree. Research by Phillips et al. (2001) has also shown that pre- 

planning did not speed problem execution. Finally, there was an interaction between the resolution 

and alternatives factors, F(1,45)=13.88, MSe=7281356, p=. 001, Etat=. 236. In contrast to the 

interaction in Experiment 4, there was no effect of alternatives at low resolution, F(1,45)=0.45, 

p=. 507, but there was a very large effect at high resolution, F(1,45)=18.56, p<. 001. Again there 

was no evidence of a three way interaction with the condition factor, F(1,45)=. 119, MSe= 7281356, 

p=. 731, Eta2=. 003. This suggested that during the high resolution/high alternative condition there 

was a multiplicative effect compared to the two factors independently, and is in contrast to the 

interaction observed in Experiment 4. Alternatively longer solution paths may account for the 

effect. 

ERROR DATA 

PLANNING GROUP ON LINE GROUP 
Errors (and SD) Errors (and SD) Errors (and SD) Errors (and SD) 
of low of high of low of high 
alternative trials alternative trials alternative trials alternative trials 
(out of 4) (out of 4) (out of 4) (out of 4) 

Errors (and SD) 0.6 (. 8) 0.5 (. 6) 1.2 (1.0) 1.3 (. 9) 
of low 
resolution trials 14.7% (19.9%) 1.3% (3.0%) 30.0% (26.0%) 6.3% (5.4%) 
out of 4) 

Errors (and SD) 0.5 (. 7) 1.9 (. 9) .9(. 8) 2.8 (1.1) 
of high 
resolution trials 12.5% (16.8%) 46.6% (22.2%) 24.0% (21.0%) 70.0% (27.0%) 
out of 4 
AäLt 28: The effects of the resolution and alternative move demands on solution accuracy. An 

error is a problem that is not solved in the minimum solution, and these (and SD) are given 
problems for groups asked to pre-plan (N=22) and those asked to solve problems online (N=25) in 
Experiment 5. 

The accuracy of solutions were also determined and it was shown that those who pre- 

planned their moves were more likely to be accurate in their solution paths than those who did not 

pre plan, F(1,45)=17.62, MSe=1.369, p<. 001, Eta2=. 281. 
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FIGURE 33: Proportion of solution errors in pre-planners and on-line planners 
(Experiment 5) 

Figure 33 illustrates a main effect of resolution illustrated that problems with greater 

resolution demands were more likely to result in incorrect moves than problems with lower 

resolution demands, F(1,45)=39.46, MSe=. 485, p<. 001, Etat=. 467. This affected both groups to a 

similar degree, F(1,45)=0.03, MSe=. 485, p=. 849, Etat=. 001. There was also an effect of 

alternatives, such that solutions that incorporated a high number of alternative moves were more 

likely to result in deviation from the optimal solution than those problems with fewer alternative 

moves, F(1,45)=52.03, MSe=. 571, p<. 001, Eta2=. 536. Once again this did not affect planners and 

non-planners to a different degree, F(1,45)=2.75, MSe=. 571, p<. 104, Etat=. 058. There was also an 

interaction between the resolution and alternatives factors, F(1,45)=42.48, MSe=. 714, p<. 001, 

Eta2=. 468. Simple main effects showed that at low resolution there was no effect of alternatives on 
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the efficiency of solution, F(1,45)=. 003, p=. 957, while at high resolution the effect was substantial 

F(1,45)=78.96, p<. 001. However, the two conditions were not affected differentially as there was 

no evidence of an interaction between condition, resolution and alternatives, F(1,45)=. 198, 

MSe=. 714, p<. 658, Eta2=. 004. 

4.13 DISCUSSION EXPERIMENT 5 

Experiment 5 has shown that the resolution and alternative move task demands affect the 

difficulty of complete TOL problems. Problems with a high overall resolution demand are likely to 

be harder than those with a low overall resolution demand because they require more extensive 

manipulation of disks in memory to determine if the moves are effective, which is time consuming 

and likely to result in error. Problems with a high number of alternative moves are also harder than 

those problems with fewer alternative moves to choose between. This is perhaps because in order 

to be sure that the problem is solved in the most optimal solution, the movement of disks free to 

move and the positions to which they can be moved to have to be considered and the best route 

through the problem space selected. This may also include some resolution of preferred moves. The 

more alternative moves there are, the more likely an incorrect solution path will be preferred. 

The results of Experiment 5 suggest that the results established via the verification 

paradigm provides a valid analysis of the performance demands of TOL, and that the salience of 

the focal disk did not promote a local strategy that differs from performance in complete problems. 

The effects of the verification paradigm can therefore be generalised to the traditional 

administration used in the literature. Further, evidence has been provided that multiple alternative 

moves are considered, and that there are multiple active goals in TOL and that these are the 

positioning of disks not yet in their goal positions, supporting Ward and Allport (1997). It is likely 

all disks that are not finally positioned are active goals that are organised simultaneously, rather 

than any focus on the disk with the fewest obstructers between its current and goal position (which 

is not always the same thing) as argued by Gilhooly et al. (1999). However, Ward and Allport's 

(1997) and Gilhooly et al. 's (1999) theories of how moves are selected have discussed how and 

why disks are selected during TOL, whereas the current level of description is underdeveloped in 

this respect. The current research has been concerned with the factors that effect problem difficulty 

rather than move selection. All of the problems used in this thesis have only one optimal solution. 

The best disk to move at any point in the solution is pre-determined, therefore although this might 
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include the placing of the lower disk, all moves prior to this also have to be organised effectively 

and moved to the correct positions. 

The main difference in resolution between the two TOL paradigms is that in the 

conventional TOL the satisfactory resolution of all consecutive moves have to be considered, 

whereas in the verification paradigm the participant need only manipulate the focal disk to 

determine if a move is valid. The conventional TOL therefore requires the satisfactory resolution 

of disks within the resolution gap of the initial indirect move, resulting in simultaneous evaluations. 

It is therefore more demanding than the verification TOL and if there are a series of indirect moves 

then problems are probably particularly demanding. This is a similar argument to Ward and 

Allport's (1997) claim that a problem can be split into subgoal chunks; except that the resolution 

demands of consecutive moves is more easily understood and calculated than their definition which 

focuses on the dynamics of solutions. The alternatives factor is concerned with selecting the most 

optimal solution path in the conventional TOL administration. In both TOL paradigms the 

participant has to determine which is the best disk to move and the best position to move it to, 

However, the probability of an error attributable to the alternative factor is higher in the current 

paradigm (hence the emergence of the effect of alternatives) because if any alternative move is 

preferred at any point in the solution path then an excess move will be recorded. Another difference 

in the alternative demands of the two tasks is that the verification paradigm demonstrates a move, 

and participants must put this move back to consider alternative possibilities but in the 

conventional administration alternatives are probably considered before a move is actually made. 

A discussion of the use and application of the different paradigms is given in Chapter Six in the 

general discussion to this thesis. 

We have also demonstrated an interaction between the two factors such that there is a 

greater effect of alternatives (indicated by an increase in move latency, planning time and excess 

moves) when the resolution is high compared to when it is low in the conventional TOL 

administration. This pattern is different to that observed in the verification paradigm where there 

was a greater effect of alternatives at low resolution than there was at high resolution. One 

explanation for this pattern is that the resolution and alternative move factors draw on a single 

executive resource, or that they share common cognitive processes. Indeed, having argued that the 

alternatives factor is likely to contain some resolution function it is likely this is the case and it may 
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be that neither of these paradigms can separate these two factors to determine if they draw on 

separate resources. If they are both served by the same cognitive process the lack of effect of 

alternatives at high resolution in the verification paradigm may have been due to low task demands. 

A second reason for the different interactions may be that when a particular move is being focussed 

on, a high resolution problem will take the participant closer to the end of that problem than a low 

resolution problem. When the participant is closer to the end of a problem there are likely to be 

more forward moves and most disks have already fallen into place or are about to. Therefore, it is 

easier to choose between alternative moves in high resolution problems compared to low resolution 

problems because a forward move is quickly resolved and is likely to be preferred to any 

alternative move choice. However, in the conventional TOL no single move is salient and all 

problems have the same number of moves but they vary in their resolution and alternative move 

demands. In fact it turned out that the resolution demands differed quite considerably between 

complete low and high resolution problems because low resolution problems had one (and 

occasionally two) easy indirect moves whereas the high resolution problems had two or three 

indirect moves. There was a greater effect of alternatives at high resolution than low resolution 

because there were more forward moves in low resolution problems, and these were always 

preferred to any alternative move choice, whereas the alternative moves required consideration if 

the resolution was higher and only indirect moves were available because it is not obvious this is 

the best move. Indeed, Ward and Allport (1997) argue that a move that places a disk in its goal 

position is always preferred over other moves. 

The current experiment revisited the TOL administration in which participants were asked 

to pre-plan their moves and compared performance with a group asked to solve the problems on- 

line. The evidence suggests that the resolution and alternative factors affect planning time, move 

execution and overall accuracy. Planning time was affected by the resolution factor suggesting that 

when participants planned TOL they manipulated disks in memory until goal positions were 

reached. The alternatives factor also affected planning time suggesting a number of possible 

moves were tested. 

The evidence suggested that although the total time taken to solve problems was increased, 

preplanning led to more accurate performance because more problems were solved in the most 

efficient solution, however, in the current experiment the preplanning group not only pre-planned, 
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but were told the minimum number of moves. Phillips et al. (2001) in contrast separated out these 

two factors but did not find evidence supporting the idea that preplanning led to more optimal 

performance, while Ward and Allport (1997), who required preplanning but did not inform their 

participants of the minimum number of moves, found that it did. The effect of preplanning on TOL 

accuracy is therefore unclear. 

The resolution and alternative factors affected problem execution in both groups. This is 

perhaps surprising because pre-planning did not lead to any advantage in subsequent execution of 

problems. Phillips et al. (2001) also found evidence that this was the case and was one of the key 

factors that led to the question as to whether TOL can actually be characterised as a planning task 

when it is the on-line planning demands that have a greater effect of performance. Although the 

resolution and alternative factors predicted planning time, this research agrees that TOL is more 

reliably characterised by its execution demands because in execution there is concrete evidence of 

the moves that are selected, and so the completeness and the efficiency of performance. 

The TOL is a well-structured problem, and unlike many real world problems, no 

unexpected events can occur (Goel, 2002). A predetermined correct solution is guaranteed to work 

in practice, and indeed in this study the planners were more accurate than the on-line planners. Yet 

problem execution was no quicker and this was surprising. Phillips et al. (2001) argued that the 

reason for this was that verbal pre-plans had to be translated into visuospatial execution. Our lack 

of interaction suggests that both groups were performing the same operations during problem 

execution. In line with Norman and Shallice's (1986) Control of Action model an alternative 

explanation is that the presence of the apparatus was used to check for errors in the plan or that on- 

line planning requires the SAS so any use of contention scheduling to simply execute the solution 

were over-ridden. Case study evidence from frontal patients has also shown that plan execution is 

problematic, for example Penfield's sister could plan a dinner party but could not execute the plan, 

and Phineas Gage made many plans that he failed to execute. 

Finally, we have demonstrated that problems with an equal number of moves and indirect 

moves can vary in their difficulty, supporting the claim that indirect moves can vary in difficulty. 

This variability may account for a good deal of the inconsistency in previous research that has 

employed TOL and may provide a framework by which problems may be selected. It has also been 

argued in the literature that tower-ending solutions are easier than flat-ending solutions (e. g. Ward 
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& Allport, 1997). Does the configuration of disks on pegs determine difficulty beyond the 

alternative move and resolution demands? One problem (number 5) transferred a flat starting 

position to a tower but it was in the low/high condition and not one of the most difficult problems. 

Four transferred a tower into a flat-ending solution (problems 1,2,9 and 10); the first two were 

low/low problems (and therefore in the easiest group of problems) and the latter two were high/low 

problems. It is unlikely therefore that the configuration of disks is a sufficient predictor of problem 

difficulty. One reason for this discrepancy is that reversing a problem's start and goal states can 

alter its resolution and/or alternative demands, meaning that Ward and Allport's (1997) solution 

paths were not matched in this respect 3. When they were matched an explanation is that in a 

tower-ending solution the movement of disks on the peg that holds the lowest disk of the tower is 

likely to be the only viable starting point, so the competition between alternative moves is reduced 

whereas a in a flat-ending solutions the intermediate position that disks are moved to must be 

organised to produce the most efficient overall solution, so choosing between alternative moves is 

harder. 

In summary, we have shown that the resolution and alternative move factors are important 

determinants of TOL difficulty when participants solve complete problems. This suggests that the 

results of the verification paradigm can be generalised to the version of TOL that is traditionally 

administered in the literature. It also suggests that problems should be selected according to their 

resolution and alternative move demands, rather than by the number of moves in a problem or the 

number of indirect moves. 

4.14 GENERAL DISCUSSION 

In this chapter the performance demands of TOL have been examined. In Chapter 3 there 

was evidence from a post hoc analysis that the resolution demands and the number of legal 

alternative moves there were to choose between contributed a significant amount of the variance in 

response latency. The analysis also suggested that the resolution gap would contribute to a 

significant amount of the variance in errors. In Chapter 4, these predictions were observed as trends 

in the means in Experiment 3 and as main effects in Experiment 4. Experiment 4 also showed that 

3 Footnote: Some of Ward and Allport's problems (1997) were categorised under their resolution and 
alternative move demands. We found that reversing solution routes can vary the problem demands (e. g. it 

can vary from 9r/20a to 9r/26a). In this example the easier route was the tower ending solution and the harder 

route was the flat ending solution, which could account for the effect. 
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the effect size increased as participants become more practiced at the task. Both of these 

experiments employed a novel verification paradigm and Experiment 5 illustrated that its findings 

could be generalised to the conventionally administered version of the task, where participants 

make moves and solve complete problems themselves. Therefore, the effects have been 

demonstrated in all three experiments reported in this chapter and show they are reliable. 

We have also provided evidence for the factors that affect pre-planning latency. The 

analysis seems to suggest that it involves the manipulation of disks in memory and the 

consideration of alternative solution paths. This is noteworthy because planning has been defined 

as a key function of Norman and Shallice's (1986) SAS, but it is not clear what is meant by 

`planning'. It is likely that this involves SWM because on-line and pre-planning seem to be 

affected in differences in problems to a similar degree and we have demonstrated a role for SWM 

in TOL. The finding that pre-planning does not speed subsequent execution replicates previous 

research (e. g. Phillips et al., 2001). They argued that this was because verbal pre-plans had to be 

translated into visuospatial execution as verbal processes result in inefficient problem execution. 

However, although pre-plans may be supported by verbal processes, particularly when they have to 

be reported to the experimenter, it is unlikely that TOL can be exclusively controlled by verbal 

processes. We have argued that contention scheduling is not sufficiently cued to instigate 

automatic problem execution because the SAS is employed to check for errors in the plan; hence 

disk execution speed is slower than it would be if a plan was simply executed. 

This research suggests that the resolution demands of the task contribute to difficulty 

because in order to determine if a proposed move is correct it is necessary to evaluate the outcome 

of that move by tracking future moves until its final resolution. The resolution demands indicate 

how many moves are planned ahead before a decision concerning the focal disk is made. The more 

intermediate moves there are between the onset of an indirect move and the positioning of the focal 

disk in its goal position (resolution gap) the harder a move is. This is time-consuming and more 

likely to result in error than shorter resolution gaps. A key difference between single moves (as 

employed in the verification paradigm) and complete problems (as employed in the conventional 

administration of TOL) is that the latter has greater storage and processing demands because the 

participant must not only determine if an individual move is effective but also that each 
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intermediate move can be efficiently resolved. It is therefore likely to involve the simultaneous 

resolution processing of consecutive moves. 

Alternative moves contribute to difficulty because they offer alternative paths through the 

problem space and the participant must determine the best disk to move and the position it should 

be moved to at each point in the solution. Considering alternative moves is likely to involve testing 

different moves and reinstating them if they are not effective. The more legal alternative moves 

there are, the harder the problem. These are likely to be easier to choose between when there is a 

forward move available so a disk can be immediately placed in its goal position and are likely to be 

harder to choose between when only indirect moves are available. However, in order to evaluate if 

a preferred alternative is the best move it is also necessary to perform some kind of resolution 

analysis on any competing alternative choices. In the verification paradigm it is necessary to select 

the best possible move from those available and this is not likely to be a source of errors because 

the correct disk always moves and is therefore salient; there is only one optimal solution and other 

alternatives are simply a distraction. In complete problems, however, alternative moves are a 

source of errors because the correct disk is not salient and has to be discovered by the participant, 

as does the position to which it should be moved. The effect is cumulative because the best move 

must be selected at each move in the problem and if at any point an incorrect move is preferred 

then excess moves will be recorded. 

The effect of alternatives has been demonstrated in all three experiments in this chapter and 

is observed in participants that are unfamiliar with TOL and in those that have practiced TOL. It 

has been demonstrated in both the verification paradigm the conventional administration of TOL. 

Therefore, the evidence in the current chapter supports Ward and Allport's (1997) Move Selection 

Framework which argues that that multiple alternative moves are considered in TOL and it is 

evidence against Gilhooly et al. 's (1999) position (The Goal Selection Theory) which suggests that 

only one and possibly two starting moves are considered. Gilhooly et al. (1999) have also argued 

that the active goal is the disk with the fewest obstructers between its current and goal position and 

that moves are selected to satisfy this goal, predicting that in high resolution trials the focal disk 

might be moved comparatively quickly if it paves the way for a forward move that follows 

(Gilhooly, 2003). In the verification paradigm the effect of resolution suggested that the focal disk 

was the active subgoal as response latency increased as the number of moves until resolution 
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increased. It is hard to envisage this relationship if disks are simply being cleared to pave the way 

for a subsequent move as suggested by Gilhooly et al. (1999). Ward and Allport (1997) have 

argued that the most difficult moves are those that initiate a subgoal chunk when there are 

alternative competing moves available, but that at other points alternative moves are easy to choose 

between. According to our analysis at any given point in the solution two or more alternative move 

choices are considered and the move choices are likely to be harder when it is less clear which is 

more effective to solve the problem in the minimum solution, for example when there are only 

indirect moves to choose between. This is a similar position to Ward and Allport (1997), but it 

illustrates that alternative moves affect difficulty at all points in the solution, not just on the onset 

of a subgoal chunk. Although this is in conflict with Gilhooly et al. (1999), we have not 

determined the extent to which each alternative move is considered, but in high resolution trials an 

average of four extra alternative moves increased a problem's execution latency by nearly 3 

seconds in the on-line group suggesting this is not simply a passing glance. It may have been that 

Gilhooly's et al. 's (1999) data collection method was not very sensitive and that the participant's 

vocalisations only poorly summarised their cognitive activity and that more alternative moves were 

considered than were explicitly stated. 

The two factors interact on most measures. In the verification paradigm there was a greater 

effect of alternatives at low resolution than at high resolution, while in the conventional 

administration there was a greater effect of alternatives at high resolution than low resolution. This 

difference has been explained in terms of the focus on a correct disk in the verification paradigm 

which takes the participant closer to the end of a problem in high resolution problems compared to 

low resolution problems, where there are forward moves available that make the choice between 

alternative moves easy. While in the conventional paradigm there were more forward moves 

available in low resolution problems compared to high resolution problems, resulting in an effect of 

alternatives at high resolution and indicating that when there are only indirect moves to choose 

between the choice between alternative moves is more difficult. It is very likely that when 

alternative moves are considered some moves are resolved, so alternative move evaluation is not 

independent of the resolution factor. If some of the cognitive processes involved with the two 

factors overlap then an interaction is quite likely. For example, it is quite likely that both the 

resolution and alternative move demands have a spatial component, such as when manipulating 
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disks in memory when imagining future problem states. We started to evaluate interactions for 

their support for a unitary or separable executive system. However, like the interpretation of the 

double dissociation, this is not straightforward. Beveridge et al. (2002) suggested that an interaction 

that was non-multiplicative might suggest that two separate factors were involved in performance. 

However, our interpretation also indicates that it could be due to low task demands. That is to say 

that the verification paradigm's focus on a single move may have not produced the multiplicative 

interaction that was observed in complete problems. It seems there are a number of complications 

in trying to determine if the cognitive processes in TOL are separable by the analysis of 

interactions. 

However, the resolution and alternative demands of problems do provide a way of 

quantifying the components of planning in TOL and provide a succinct description of TOL pre- 

planning and on-line planning operations which can be clearly related to Norman and Shallice's 

(1986) model and the function of the SAS. Planning is concerned with imagining future problem 

states, error correction is the consideration of alternative solution paths and checking that potential 

moves will be resolved satisfactorily, and inhibition may be concerned with selecting the best 

possible alternative move, which is not necessarily the dominant choice, or related to ignoring 

moves that have been tried but are not effective and reinstating earlier positions in memory. We 

have also examined performance during novel encounter and after practice. We have argued that 

TOL performance remains a conscious activity with practice. It seems unlikely that contention 

scheduling is employed and if anything SAS involvement is likely to increase, as participants are 

more thorough and accurate in this solutions. 

The evidence so far suggests that the task reliably involves SWM processes. This is not 

the case according to Ward and Allport's (1997) Move Selection Framework, and therefore 

although we agree that alternative moves are considered, we do not agree that working memory 

limitations do not constrain performance since it is clear that those with poorer spatial memory 

make more errors on TOL. It is likely that the manipulation of disks (in memory) around the 

apparatus during the resolution and alternative move analysis are a function of SWM, as are 

imagining future problem states. Those with better spatial working memory are less likely to make 

an error while performing these operations than those with poor spatial memory, as the negative 

correlation illustrates. Additionally there is some evidence, albeit weak, of a relationship with 
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inhibition, and this supports previous reported evidence (Welsh et al., 1999). They argued that the 

presence of inhibition in TOL and not in TOH was the source of the unshared variance between the 

two tasks. However, according to most other research TOH is related to inhibition and it has been 

noted that TOL does not have the counterintuitive backward move that is proposed as the source of 

the relationship (e. g. Goel & Grafman, 1995; Miyake et al., 2000). Welsh et al. (1999) did not 

discuss the circumstances under which this relationship occurs in TOL or why it was not observed 

. in TOH, although a general theory of the inhibition demands in the disk-moving tasks was given in 

their introduction, where the relationship was proposed to be due to suppressing incorrect dominant 

move choices. The current research can clarify this relationship. It is not possible to determine a 

characteristic of the resolution demands that is related to the inhibition of a prepotent but incorrect 

response in favour of a less dominant but correct alternative. However, the relationship with 

alternative moves is clear as both tasks involve choosing between alternatives responses, and those 

with better inhibition may be better able to inhibit moves that they tested that turned out to be 

inefficient, or to continue to evaluate other alternatives when a preferred move (and therefore 

dominant move) is incorrect. The relationship with the verification task may have also emerged 

because a particular move was salient but if this was incorrect those better at inhibition may more 

easily consider other moves and avoid errors. The relationship is not very strong because it is likely 

that the dominant response is correct, or the one that is selected. 

In summary, the current chapter has described how the resolution and alternative demands 

of TOL problems contribute to their difficulty in the verification paradigm and in complete 

problems; when the demands are high, difficulty is increased. The two aspects of performance 

remain important predictors when participants have practised TOL. The resolution and alternative 

demands of the task predict pre-planning time, execution time and solution accuracy in complete 

problems. We have also discussed the executive processes involved in TOL and considered the 

role of spatial working memory and inhibition in successful performance. Correlation analysis 

showed that SWM is correlated with errors on TOL and it is likely that the manipulation of disks in 

memory and the consideration of future states in the problem space is a function of this process. 

Some limited evidence of a correlation with inhibition has been presented and it may be that this is 

related to suppressing moves that turn out to be ineffective. Poor TOL performance has been 

observed in clinical populations. Therefore, Chapter 5 further explores the cognitive processes 
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underlying performance via an experimental method where between group differences are explored 

and normal participant's performance is compared with samples with less efficient cognitive 

processes. We might expect a manipulation that limits SWM resources in normal participants to 

selectively increase the effect of those performance demands that utilise spatial processes. Second, 

populations such as older adults are said to have deficits in SWM and inhibition (e. g. Salthouse & 

Ferrer-Caja, 2003). If SWM is involved in the resolution demands of TOL and if inhibition is 

related to the assessment of alternative moves, then we might expect older adults to be more 

affected by these manipulations than normal participants. Chapter 5 therefore asks if a cognitive 

deficit produces poor performance in the resolution or alternative move demands of TOL 

performance. 
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CHAPTERFIVE: EXECUTIVE DYSFUNCTION AND TIIE TOWER OF 
LONDON TASK 

5.1 GENERAL INTRODUCTION 

Chapter 4 has demonstrated that the performance demands of the Tower of London (TOL) 

task can be characterised in terms of its resolution gap and alternative move characteristics. In 

addition evidence has also been provided that suggests that TOL performance is related to spatial 

working memory (SWM) and there is some evidence of a relationship with inhibition. This chapter 

employs an experimental methodology to examine the cognitive processes underlying TOL. It 

presents two experiments that compare performance between groups that have less efficient 

working memory resources and normal participants. An increased effect of alternative moves or 

the resolution gap in the experimental group might provide additional evidence for the cognitive 

processes that serve them. Planning and inhibition have been argued to be separate executive 

functions (Norman & Shallice, 1982,1986) and both have been said to be measured by TOL 

(Gilhooly et al. 1999; Phillips et al. 1999, Welsh, Satterlee-Cartmell and Stine, 1999). This 

chapter, therefore, evaluates the extent that planning (i. e. pre-planning and on-line planning 

processes) and inhibition can account for TOL performance and determines if the resolution and 

alternative move demands of the task relate to these functions. 

Deficits on TOL are common in populations said to have impaired executive functioning. 

For example, frontal lobe patients, older adults, schizophrenics, Alzheimer's disease patients and 

an autistic sample have all exhibited deficits in the disk-moving tasks (Ward & Allport, 1997), and 

this has usually been interpreted as planning deficit (Shallice, 1982,1988; Morris et al. 1996,1997) 

or due to an inhibition deficit (Goel & Grafman, 1995). The planning demands of TOL have been 

related to the cognitive processes involved in "forward thinking" (Owen, 1997, p432). Owen 

(1997) notes that successful TOL performance involves the following sequence of cognitive 

processes; 1) The overall situation is assessed by comparing the start state and the goal state. 2) A 

series of subgoals are defined. 3) A sequence of moves is generated in memory which will attain 

the Subgoals. 4) The sequence is rehearsed and revised as necessary. 5) The correct sequence is 

executed. Owen et al. (1990) also note the importance of the search for alternative solutions. We 

have argued in Chapter 4 that each disk not yet in its current position is a viable candidate for a 
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subgoal, and that alternative routes though the problem space are considered to obtain these 

subgoals. It is therefore likely that the resolution demands of TOL are closely related to any 

planning requirement because of the two performance demands this is the one that takes the 

participant deeper through the problem space and considers future moves. Planning has been 

related to spatial working memory processes (e. g. Phillips et al., 2001) and we have shown that the 

resolution demands affect both pre-planning and on-line planning. So it is likely therefore that the 

planning demands of TOL can be examined by exploring the effect of limited working memory 

resources on the resolution demands of the task. 

We have argued that the alternative move demands of TOL involve inhibitory cognitive 

processes. This is an aspect of performance in which all possible moves are considered and the 

best move is selected. It is likely that the relationship with inhibition is due to the requirement to 

choose between alternative responses. In TOH, the inhibition deficit has been determined as being 

due to the backward counterintuitive move, which TOL does not share (Goel & Grafman, 1995). 

In contrast, other research has discussed the general role of inhibition in TOL, and has argued that 

there are counterintuitive moves in TOL (Welsh et al., 1999). The present research has shown that 

it is the indirect nature of a move that affects difficulty rather than any demands that are 

counterintuitive. It has also been shown that the relationship between TOL and inhibition is not 

consistent. This might suggest that it only occurs under certain circumstances or involves a 

particular type of inhibition, such as the suppression of spatial representations. If a population with 

an inhibition deficit produces a greater effect of alternative moves, then this will support the 

argument that choosing between alternative responses involves inhibitory processes. In contrast, if 

there is no evidence that an inhibition deficit causes a deficit a greater effect of alternative moves in 

TOL then these demands are unlikely to be related to inhibition. 

Throughout this thesis, the argument that TOL involves separate cognitive processes has 

been evaluated. There is some evidence for a unitary position because a multiplicative relationship 

between the resolution and alternative move demands was observed in the conventional TOL 

administration. However, the results from the verification paradigm have suggested that the 

resolution and alternative move demands of TOL draw on separate resources. Whilst it is possible 

that this effect was due to the fact that the demands of the task were low because the correct disk 

always moved, it is also possible that spatial planning and inhibitory processes underlie successful 
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performance on the task. The current chapter therefore examines support for the conceptualisation 

of the executive as a system comprising of separate functions. 

Therefore, in this chapter, two research strategies have been adopted to simulate executive 

dysfunction. In the first of two studies presented here TOL performance is examined under dual- 

task conditions when SWM resources are occupied by a secondary task and therefore are not 

available for the TOL. The effect on the resolution and alternative move aspects of performance 

can be determined in order to elucidate their spatial nature. The final study in this thesis examines 

performance in a group often said to have impaired executive resources, namely, older adults, in 

order to determine the executive nature of these demands, particularly those related to inhibition. 

The theory developed in this thesis predicts that planning is more closely related to bridging the 

resolution gap of TOL moves and that inhibition is related to choosing between alternative moves. 

In line with other experimental studies in this thesis, some individual difference measures of spatial 

working memory and inhibition have also been employed in the aging study. This will once again 

evaluate the extent to which these are involved in TOL, and it has the added benefit of providing 

additional information as to the extent in which these cognitive processes are impaired in the aged 

sample. 

5.2 EXPERIMENT 6 

One of the arguments set out in Chapters 3 and 4 is that SWM has a role in successful TOL 

performance. It has been argued, that the relationship arises because the task involves the 

manipulation of spatial information (i. e. disks) in memory. Evidence for this position has been 

demonstrated via the observation of significant negative correlations between SWM measures and 

the verification version (Experiments 1,2 and 4) and the conventional administration of TOL 

(Experiment 1). However, the individual difference analyses has provided only a moderate 

negative correlation between measures, suggesting spatial processes may only play a small role in 

successful TOL performance. Furthermore, this method has not been capable of determining any 

differential role of SWM in underlying the resolution and alternative factors. One reason for this is 

that the method has been limited by small sample sizes which may have reduced the reliability of 

the correlation. A second reason is that only a limited number of measures have been employed. 

However, an alternative demonstration of the spatial requirements of TOL can be derived through 

the dual-task paradigm, as this may cause a greater effect of resolution or alternatives if spatial 
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resources are required for successful performance, or it may even illustrate that one component 

requires spatial resources while the other does not. Experiment 6 therefore employs a dual-task 

method. 

Given that WM processes are not directly observable the dual-task method is one of most 

frequently used experimental methodologies in working memory research. According to Baddeley 

and Hitch's (1974) working memory model, its three components are independent and each module 

has a limited capacity. Articulatory suppression is thought to selectively disrupt the phonological 

loop component and has been shown produce selective impaired performance on the serial recall of 

items and simple mental arithmetic. Spatial tapping selectively disrupts the VSSP and has been 

shown to impair performance on various visuospatial tasks, particularly those related to spatial as 

opposed to visual aspects of performance (Hegarty et al., 1999). Random number generation is 

thought to disrupt the central executive and has been shown to impair performance on complicated 

mental arithmetic, syllogistic reasoning and other complex tasks such as playing chess. 

The dual-task logic has been influential in the specification of the spatial and verbal 

working memory stores, since the occupation of a component of working memory will result in a 

performance impairment on any task that requires that cognitive process for successful 

performance. Furthermore the degree of disruption should correlate with the extent to which the 

primary task involves the component of working memory in question. However, dual-task 

performance can result in a performance bottleneck (Hegarty, Shah & Miyake, 2000). Hegarty et 

al. (2000) note that this consideration is particularly important when the logic is applied to the 

executive as some executive tasks and most executive secondary tasks require rapid response 

selection and the degree of disruption may be a product of this rather than executive involvement. 

Another criticism is that when two tasks are performed concurrently the cost of attending to two 

tasks at once may simply represent divided attention; hence it is necessary to show that this is not a 

viable explanation by demonstrating successful performance on some tasks. 

Phillips, Wynn, Gilhooly, Della Sala and Logie (1999) employed the dual-task method to 

examine the role of working memory in the conventional administration of TOL. Specifically, they 

wanted to determine whether the preplanning and plan execution demands of TOL load executive, 

verbal or visuospatial memory resources. Thirty-six participants completed a TOL under single 

task conditions and two dual-task conditions. These were either verbal (verbal random number 
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generation and articulatory suppression) or a spatial (random tapping and spatial pattern tapping). 

Random generation is a function of the executive and articulatory suppression and spatial pattern 

tapping are functions of the phonological loop and visuospatial sketchpad, respectively. 

Participants were asked to complete eight TOL problems that varied in difficulty (as measured by 

the number of indirect moves) under each condition and measures of planning time, execution time 

and excess moves were taken. The results showed that when a secondary task was required, 

participants spent less time pre-planning their solution than they did under single task conditions. 

Likewise, more difficult problems did not result in longer planning times, unlike in single task 

conditions. Phillips et al. (1999) argued that people do not or cannot plan whilst dual-tasking. 

However, problem execution latency was not affected by visuospatial secondary tasks and actually 

became quicker under articulatory suppression. However, an effect of both the executive dual- 

tasks on excess moves performance suggested that executive processes were involved in plan 

execution, perhaps during opportunistic bursts of planning rather than a as a separate phase where 

entire plans are generated before execution (Hayes-Roth & Hayes-Roth, 1979). The difference 

between pattern tapping and the control task approached significance (p<. 06), but the contrast with 

articulatory suppression did not (p>. 05). Phillips et al. (1999) concluded that TOL requires 

executive processing in its on-line planning demands and that visuospatial memory was also 

involved in performance. 

The current study extends Phillips et al. 's (1999) study to the verification paradigm. 

Specifically, the aim is to explore TOL's on-line planning demands and to determine if spatial 

working memory processes are involved in the resolution and/or alternative move aspects of 

performance. If pattern tapping selectively disrupts performance on either or both of these 

performance characteristics, so increasing the effect of high resolution/alternatives, this may 

elucidate the cognitive processes that underlie that aspect of performance and will suggest that 

these processes are served by SWM processes. 

In summary, this experiment employs a spatial secondary task during verification TOL 

performance. Apart from this the design, problems employed and administration are identical to 

that described in Experiment 3 apart from this. Both sets of data were collected at the same time, 

but from different participants. Consequently the analysis here then focuses on the between group 

differences and any group interactions that arise. The experiment predicts that those aspects of 
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verification TOL performance that involve spatial memory will be disrupted and this will elucidate 

those features of performance that are related to SWM. As a consequence the focus is on any 

overall performance decline and to any selective impairment of the resolution and alternative move 

demands of the task. 

5.3 METHOD 

5.3.1. PARTICIPANTS 

Twenty-five undergraduates of the University of Plymouth participated in the dual-task 

experiment for course credit. All had normal colour vision. None were familiar with TOL. None 

had participated in any other experiment contained in this thesis. No other details were recorded. 

These data are compared with that collected in Experiment 3 comprising an additional 26 

participants. 

5.3.2. MATERIALS 

All the tasks were presented on Hewlett Packard Vectra PC's. The resolution was set at 

800 x 600 high color (16 bit) via Windows 98. The programs were written in Visual Basic and the 

participants interacted with the computer via a computer mouse. 

5.3.3. DESIGN 

The experiment consisted of a2 (group; dual-task/single task) x2 (move demonstrated 

type; optimal/suboptimal) x2 (low/high resolution gap) x2 (low/high alternative moves) mixed 

design. 

5.3.4. PROCEDURE 

Participants were run in pairs and were seated in individual computer booths. They were 

given a general introduction to the experiment that told them the experimenter was studying Tower 

of London performance and working memory functioning. Their ethical rights were outlined and 

they were informed of what was required of them. They completed the 5-disk 3 peg TOL with the 

secondary spatial tapping task. The experiment took approximately ten minutes. Following the 

experiment, participants were debriefed. A description of the tasks administered follows. 

VERIFICATION TOL PARADIGM 

In this version of the TOL, participants were asked to judge if moves that the computer 

demonstrated were correct to solve the problem in the most optimal solution. The program was 

exactly as used and described in Section 4.3.4. (Experiment 3) and illustrated in Figure 6. 
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One practice trial was issued followed by 32 experimental problems as described in 

Experiment 3. They are given in Appendix 8. 

Scoring 

The computer recorded the decisions made by the participant for each move. The number 

of errors made in each of the trial types was calculated. In addition, where the participant had 

made the correct judgement a latency (in milliseconds) was recorded as measured from the final 

placing of the demonstrated move until the on-screen move demonstrated button was pressed, 

providing a latency measure for each type of trial. 

SPATIAL TAPPING TASK 

Participants were given a piece of A5 (210mm x 148mm) paper on which 4 rectangles 

were printed, one in each corner of the page. Each rectangle was 65mm x 45mm and they were 

spaced 35mm apart. Participants were given a felt tip pen and asked to hold it in their non- 

preferred hand. They were told to place dots in each of the four boxes in sequence, starting in the 

top left hand box and working in a clockwise direction. They were told they should mark dots at 

the rate of one per second and they should familiarise themselves with the layout of the page so 

they did not have to look at it frequently and were given some practise at this. They were told that 

they would do this spatial task at the same time as they solved the verification TOL problems. The 

experimenter monitored their response rate on the spatial task so that it was delivered constantly 

and at the appropriate rate. Several participants stopped tapping and were asked to continue with 

the secondary task. The results of this task were not formally analysed. 

4.5 RESULTS 

Descriptive statistics were calculated on the data and these are recorded in Table 29 and 30. 

The main interest in the analysis was to determine if the dual-task group suffered a significant 

performance decline in terms of response latency or errors compared to the group that performed 

TOL without a secondary task (Experiment 3). Specifically it was determined if the dual-task 

group performed more poorly as either (or both) of the number of steps to resolution/alternative 

moves increased. This was addressed via a2 (group: secondary task/TOL alone) x2 (move 

demonstrated; optimal/suboptimal) x2 (resolution gap; low/high) x2 (alternative moves: low/high) 

mixed ANOVA on the response latency and error data. 
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The raw data showed some deviations from a normal distribution and were treated in line 

with other studies in this thesis as described in Section 3.4. This did not alter the pattern of results 

that were observed. As detailed in Appendix 11, in the dual task group there were 17 missing data 

that were replaced by regression, using the method also described in Section 3.4. 

OPTIMAL TRIALS SUBOPTIMAL TRIALS 

Latency (and SD) Latency (and SD) Latency (and SD) Latency (and SD) 

of low alternative of high alternative of low alternative of high alternative 
trials (ms) trials ms trials (ms) trials (ms) 
Alone Dual- Alone Dual- Alone Dual- Alone Dual- 

task task task task 
Latency (and SD) 3130 3574 3394 5115 3593 2735 4504 4316 
of low resolution (2454) (2205) (2234) (2284) (3290) (1594) (2901) (3107) 
trials (ms) 
Latency (and SD) 3975 3695 4158 4430 4128 3817 4504 4464 

of high resolution (3595) (2558) (3054) (1885) (3235) (2739) (3191) (2449) 
trials ms 
TABLE 29: The effects of the resolution and alternative move factors on response latency in 
participants who performed the verification task with a secondary task and alone. The mean (and 
SD) are given in Ms for correct trials during optimal and suboptimal conditions in Experiment 6, 
N=51 

A2 (group) x2 (move demonstrated) x2 (resolution) x2 (alternatives) ANOVA on the 

mean response latency data showed no evidence of a between groups difference, F(1,49)=0.02, 

MSe=44803857, p=. 887, Eta2=. 001. Therefore, spatial dual-tasking did not significantly slow the 

group that was asked to dual-task whilst solving TOL problems. There was no evidence of a main 

effect of move demonstrated, F(1,49)=0.20, MSe=2844494, p=. 661, Eta2=. 004, however, there was 

a move demonstrated x group interaction, F(1,49)=7.08 MSe=2844494, p<. 011, Etat=. 126, such 

that during optimal trials those that performed the task alone were quicker than those in dual-task. 

however, during suboptimal trials the dual-task group were the quicker group, possibly indicating 

that this group disputed trials as soon as there was a reason to do so because dual-tasking is 

effortful. The effect of resolution was significant, F(1,49)=4.15, MSe=3032495, p=. 047 Etat=. 078, 

while the resolution x group interaction was not significant, F(1,49)=1.15, MSe=3032495, p=. 289, 

Eta2=. 023 (see Figures 20 and 34), illustrating that the two groups were not differentially affected 

by the resolution task demands. However, there was evidence of a group x move demonstrated x 

resolution interaction, F(1,49)=6.56, MSe=1994772, p=. 014, Etat=. 118. Simple main effects on 

this three way interaction revealed no move demonstrated x resolution interaction in the single task 

group, F (1,49)=1.48, p=. 235, but it was present in the dual-task group, F(1,49)=6.95, p=. 014. This 

revealed that at high resolution, optimal moves were quicker than suboptimal judgment in both 
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groups. However, at low resolution those who completed the task alone judged optimal trials 

quicker while the dual-task group judged suboptimal trials quicker. This effect is illustrated in 

Figure 34, while the single-task group is illustrated in Figure 20. 
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FIGURE 34 The effect of resolution on correct decision latency in the dual-task group in 
Experiment 6 

Both the alternatives main effect, F(1,49)=32.89, MSc=1886315, p<. 001, F, ta2=. 402 and 

the alternatives x group interaction were significant; lF(1,49)=6.48, MSe-1886315, p=. 014, 

Etat=. 117 as shown in Figure 35 in the dual-task group and in Figure 21 in the single-task group. 
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FIGURE 35: The effect of alternatives on correct decision latency in the dual-task group in 
Experiment 6 
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Simple main effects showed that although both groups were significantly affected by 

alternative moves, the dual-task group were affected to a greater degree, F(1,24)=29.11, p<. 001 

than the single task group, F(1,25)=6.10, p=. 021, which may suggest that considering alternative 

moves draws on spatial resources. This must be independent of the spatial demands in the 

resolution factor, since there was no evidence of a comparable resolution x group interaction. 

There was a significant interaction between resolution and alternatives, F(1,49)=5.31, 

MSe=1665515, p=. 026, Eta2=. 098 showing the same response pattern as demonstrated in previous 

verification experiments where there was a greater effect of alternatives at low resolution than there 

was at high resolution. However, the resolution x alternatives x group interaction was not 

significant; F(1,49)=1.21, MSe=1665515, p=. 276, Eta2=. 024 indicating both groups were similarly 

effected. None of the remaining interactions were significant; Move demonstrated x resolution, 

F(1,49)=. 49, MSe=827088, p=. 523, Eta2=. 008; move demonstrated x alternatives, F(1,49)=. 49, 

MSe=1261760, p=. 489, Etat=. 010; group x move demonstrated x alternatives, F(1,49)=. 61, 

MSe=2061760, p=. 439, Etat=. 012; move demonstrated x resolution x alternatives, F(1,49)=. 36, 

MSe=1493798, p=. 550, Eta2=. 007; group x move demonstrated x resolution x alternatives, 

F(1,47)=. 114, MSe=1493798, p=. 737, Eta2=. 002. 

OPTIMAL TRIALS SUBOPTIM AL TRIALS 

Errors (and SD) Errors (and SD) Errors (and SD) Errors (and SD) 
of low alternative of high alternative of low alternative of high alternative 
trials out of 4) trials out of 4) trials out of 4) trials out of 4) 
Alone Dual- Alone Dual- Alone Dual- Alone Dual- 

task task task task 
Errors (and SD) 0.8 (1.0) 1.5 (1.2) 1.7 (1.2) 2.2 (1.3) 1.8 (1.1) 1.2 (0.8) 1.2 (1.1) 1.5 (1.0) 
of low resolution 
trials (out of 4) 20.2% 37.0% 42.3% 55.0% 44/2% 30.0% 30.8% 37.0% 

(25.5%) (32.4%) (28.9%) (31.4%) 26.7% (20.4%) (26.7%) (25.1%) 
Errors (and SD) 1.1 (1.0) 2.3 (1.1) 1.4 (1.1) 1.9 (1.4) 1.6 (1.0) 1.6 (1.0) 1.4 (1.2) 0.8 (1.0) 
of high resolution 
trials (out of 4) 27.9% 47.0% 33.7% 47.0% 39.4% 41.0% 35.6% 21.0% 

(25.8%) (34.9%) (27.3%) (34.9%) (25.7%) (23.8%) (29.3%) 24.7% 
NbLC su: i ne erects of the resolution and alternative move factors on errors in participants who 

performed the verification task with a secondary task and alone. The mean (and SD) are given for 
errors during optimal and suboptimal conditions in Experiment 6, N=51 

A 2(group) x2 (move demonstrated) x2 (resolution) x2 (alternatives) ANOVA on the 

error data showed no evidence of a between groups difference, F(1,49)=3.42, MSe=1.94, p=. 07, 

Etat=. 065, although the difference approached significance, with slightly more errors being 

observed in the dual-task group, which in fact are at chance levels overall. There was no evidence 

of an effect of move demonstrated, F(1,49)=1.22, MSe=3.51, p=. 274, Eta2=. 274, however, there 
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was a move demonstrated x group interaction, F(1,49)=6.27, MSc=3.51, p=. 016, Etat=. 114. 

Simple main effects revealed there to be no effect of move demonstrated in the single task group, 

F(1,49)=1.14, p=. 295, however, in the dual-task group there was a significant effect, F(1,49)=5.64, 

p=. 026 with more errors on optimal than suboptimal trials. Once again this can he interpreted as a 

preference to dispute a move in participants, where this leads to more accurate responding on 

suboptimal trials because this was the correct response. The move demonstrated x alternatives 

interaction was also significant, F(1,49)=13.79, MSc=. 81, p<. 001, Eta2=. 220, and simple main 

effects revealed an effect of alternatives on optimal trials, IF(1,49)=4.05, p<. 05, but no effect in 

suboptimal trials, F(1,49)=2.89, p>. 05 because as argued previously moves were more likely to be 

disputed if there were a high number of alternative moves, leading to less errors when this was the 

correct response. The two groups were not different in this respect, move demonstrated x 

alternatives x group, F(1,49)=1.84, MSe=. 81, p=. 181, Eta2 =. 036. There was no evidence of a main 

effect of resolution, F(1,49)=1.73, MSe=0.16, p=. 679, Eta2 =. 004 or of a group by resolution 

interaction, F(1,49)=. 30, MSe=0.16, p=. 585, I ta`=. 006, and Figure 36 illustrates the effect in the 

dual task group, while Figure 22 demonstrates it in the single-task group. 
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FIGURE 36: The effect of resolution on % errors in the dual-task group in Experiment 6 

There was no effect of alternatives, F(1,49)=. 13, MSc=. 598, p=. 717, Eta2 =. 003 or of an 

alternatives x group interaction, F(1,49)=. 13, MSe=. 598, p=. 314, Etat= 
. 
021, as illustrated in Figure 

37 in the dual-task group and in Figure 23 in the single task group. 
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FIGURE 37. " The effect of alternatives on % errors in the dual-task group in Experiment 6 

There was, however, an interaction between resolution and alternatives, lF(1,49)-12.99, 

MSe=5.94, p=. 001, Etat=. 210, and a group x resolution x alternatives interaction, IF(1,49)-7.94, 

MSe=5.94, p=. 007, Eta2=. 139. The single task group is described in Experiment 3. In the dual-task 

group this interaction showed that at low resolution there were more errors on high alternative than 

low alternative trials, as might be expected. Ilowever, on high resolution trials the ohhusitc pattern 

was observed. This interaction takes the same shape as that observed in Experiment 4, which was 

discussed in Section 4.10. The re-emergence of the interaction in this dual-task work might suggest 

that the interaction may be a function of reduced spatial resources, fir example when these are 

heavily loaded participants (i. e. high/high trials) participants based their decision on the resolution 

of the focal disk, when they would normally try and consider other moves. Given that in these 

problems the focal disk was always the correct disk, they were therefore unlikely be to distracted 

by ineffective alternative moves. None of the remaining interactions were significant; Move 

demonstrated x resolution, 1, (1,49)=. 77, MSc=. 85, p=. 384, Etat=. 016; move demonstrated x 

resolution x group F(1,49)=. 970, MSc=. 848, p=. 330, Eta2=. 019; Move demonstrated x resolution x 

alternatives, F(1,49)=2.60, MSe=. 114, p=. 114, Etat=. 05; move demonstrated x resolution x 

alternatives x group, F(1,49)=. 142, MSe=. 714, p=. 142, Etat=. 043. 
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5.6. DISCUSSION EXPERIMENT 6 

In summary, the results of Experiment 6 suggest that the role of the spatial memory in the 

verification TOL is relatively small as the between groups analysis revealed little disruption while 

dual-tasking. However, pattern tapping during TOL did cause the latency of alternative move 

judgements to increase compared to the single task condition, but there was no comparable 

resolution by group interaction. In the error data no group interactions arose that were different 

from the patterns observed in previous experiments; that is to say that the dual-task group were 

more likely to dispute a move than the single task group, which was an effect observed in other 

studies in this thesis. 

The experiment shows the effects of the resolution and alternative move aspects of TOL 

performance were differentially affected by dual-tasking, which is interesting. Given that spatial 

pattern tapping has not disrupted TOL performance previously (Phillips et al., 1999) this suggests 

that separation of problems into low and high resolution and alternative demands, and the measure 

of performance at the level of the individual move are better targeted at spatial demands than the 

global performance measures used by Phillips et al. (1999). The fact that an increase in alternative 

moves slows performance during the dual-task suggests that spatial memory resources are required 

by both spatial tapping and the alternative move aspect of performance on TOL. The lack of 

interaction with resolution might suggest that this was not simply due to divided attention. It may 

be that the divided attention required by dual-tasking had a greater effect on assessing alternative 

moves than it did the resolution of disks. For example, dual-tasking may have meant that these 

fruitless alternative moves were a source of distraction when they would not otherwise be so. 

Supporting this claim there was a marginal effect of errors in the dual-task group, which may 

indicate more guessing. 

The fact that an increase in the resolution demands does not result in longer latency or 

more errors under dual-task compared to single task performance suggests that the alternatives 

performance feature has a spatial component that the resolution aspect of performance does not. 

Given that both aspects of performance involve manipulating disks, it may be that whereas the 

resolution demands advance the participant forward, the alternative move demands require that 

they first go back a move (because a move has been demonstrated) and then work from this 

position. It may be harder to manipulate moves from the previously demonstrated position when 
177 



spatial resources are loaded. Alternatively, when attention is divided, the on-screen representation 

is likely to be distracting and may need inhibiting. It is surprising, however, that despite the 

obvious spatial nature of the resolution demands, these were not magnified by the secondary task. 

One possible reason is that that the resolution factor may predominantly involve executive 

resources. Although some researchers have argued that spatial working memory and executive 

processes are closely related because the maintenance of spatial representations is essentially the 

same as executive processing (e. g. Miyake et al., 2001), there is evidence that spatial and executive 

secondary tasks do not disrupt performance on the same tasks, suggesting they can be 

distinguished. For example, spatial tapping disrupts simple spatial tasks such as mental rotation, 

but does not disrupt spatial visual processing (Hegarty et al., 2000) or more complex spatial tasks 

such as TOL disk move execution and accuracy (Phillips et al., 1999). However, more complex 

random spatial tapping does disrupt TOL performance (Phillips et al., 1999). This suggests that 

there is some continuum between spatial processes and executive functions and that spatial tasks 

such as pattern tapping, for which little mental representation of spatial information is required are 

at the simpler end of the scale. The tapping task was simple and repetitive; precision was not 

required as the boxes were quite large. As a result the spatial demands of the task were low. The 

resolution demands may be executive because they are about spatial planning and moving close to 

the goal position, whereas the alternative move demands may be concerned with testing different 

moves by manipulating disks and reinstating them if they are ineffective (and presumably deciding 

which move best). An alternative explanation for the lack of impairment in the resolution fact may 

be that spatial, but is easily served by verbal resources when spatial resources are occupied. For 

example, manipulation of a single disk sequence can be served by a verbal cue (e. g. "my plan is 

blue to peg 1, green to 2, blue to 3"), but the testing of alternative moves may be less efficiently 

supported because a verbal plan could get very unwieldy (e. g. "maybe green to peg 2 but it blocks 

the red. Not red to 3, but to 1 looks good. Maybe pink to peg 1 but that blocks access to that peg for 

the red"). 

It should be noted that the interpretation of the results may be not be straightforward. First, 

there has been no evaluation of the executive or the phonological loop and therefore whilst we can 

demonstrate what is spatial, what is left may be executive or verbal in nature but we can not 

determine if both components are involved or the extent to which either is involved. Second, the 
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secondary task was not performed on its own as a control measure and therefore we can not be 

certain that there was not a trade-off in performance on this secondary task to provide extra 

resources for the primary task. Likewise, neither was the inter-response interval analysed on the 

secondary task to ensure that the two tasks were both attended to more or less equally. 

Nevertheless, the results presented here are comparable with those presented by Phillips et al. 

(1999) with the same secondary task. For example, they reported no group differences in disk 

move execution latency in the conventional administration, which is similar to lack of between 

groups difference reported here. Likewise, they reported a marginal effect of secondary task on 

excess moves, which is identical to the effect reported here. These parallels suggest that this 

research, although not ideal, is consistent with previous research. 

In addition, it should be noted that error rates are very high in this experiment, and 

performance is almost at chance levels. This may be one explanation why there were few effects 

observed in the error data. We have shown previously that the effects in the latency data hold 

when error rates are reduced. This suggests that as a two choice task, errors on the verification task 

are not as good an indicator of performance as latency. Dual-task performance produced a 

marginal effect of overall errors compared to single task performance suggesting some evidence of 

VSSP involvement in the problem execution demands of TOL, for example limited spatial 

resources may result in increased judgement errors in those with poorer spatial memory. 

In the verification task, no time for pre-planning is provided and the focus is on the tasks' 

on-line planning demands. The current study suggests that spatial processes play a small role in 

TOL execution, but are related to the alternative move demands of problems. We have argued 

previously that there is some overlap in performance between the resolution and alternative move 

features of TOL performance and that both involve manipulating disks, however, if this were the 

source of the disruption both performance demands would surely have been affected. It is likely 

that the resolution demands of the task require executive spatial processes, such as those required 

by planning the next few moves. Because spatial tapping does not disrupt visual processing it is 

unlikely that the visual search for alternative solutions has been disrupted in this experiment. This 

leaves the visualisation of sequences of disk moves in TOL (Joyce & Robbins, 1991), which is 

closely related to the resolution demands, which were not disrupted. An alternative explanation is 

that that in this experiment, the disruption that was caused by the salience of the on-screen display 
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had to be inhibited so the participant could visualise one move back and assess alternative moves. 

This paradox can be further investigated by comparing normal participants to a group said to have 

an executive impairment. 

5.7. EXPERIMENT 7 

Populations that are said to have an executive impairment exhibit a wide range of 

behavioural and cognitive symptoms (Parker & Crawford, 1992). These may range from reduced 

planning ability, distractibility and impairment in inhibition ability to name just a few of the range 

of deficits that are observed (e. g. Bigler, 1988). Older adults are said to have impaired executive 

functioning and they exhibit some of the deficits observed in frontal patients (e. g. West, 1996). 

The TOL is used in the assessment of executive deficits and therefore the performance of older 

adults may be informative of the executive demands of the task. However, while previous research 

has examined overall performance on TOL, the current study manipulates the resolution and 

alternative move demands, which allow better focus; one or other of these aspects of performance 

may be particularly susceptible to the deficit that is observed in dysexecutive populations. 

Several researchers have reported a deficit in planning in older adults (e. g. Robbins, James, 

Owen, Sahakian, Lawrence, McInnes & Rabbitt, 1998; Andres & Van der Linden, 2000; Gilhooly 

et al., 1999). For example, Robbins, et al. (1998) reported that older adults (aged 70-79) tended to 

be slower than a 50-59 year old group on TOL and they were less accurate. Gilhooly et al. (1999) 

examined the verbal protocols produced by older adults (aged 60-76) during planning and found 

that these took longer to produce and were less complete than those of younger adults (aged 17-25). 

Older adults were also slower to complete TOL problems. However, the ageing deficit is complex. 

Salthouse and Ferrer-Caja (2003) state that processing speed, working memory and inhibition 

deficits have been cited as possible cognitive effects of aging, although changes in visual acuity 

and less optimal motor skills, etc. are also likely to account for some of the age-related variance. 

Older adults are almost always slower than younger adults on cognitive tasks. Salthouse, 

Fristoe and lluun Rhee (1996) administered a range of executive tests to 259 adults aged between 

18 and 94. Salthouse et al. (1996) argued that much of the age-related variance in performance had 

a shared cause and that slow processing speed was responsible for the aging deficit. As a result they 

argued that age-related declines in performance should be distinguished as independent from a 
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general processing speed factor before conclusions can be drawn about other distinct functions 

which may be deficient. Andres and Van der Linden (2000) investigated age-related differences in 

three functions; planning (as measured by TOL), inhibition (as measured by the Hayling test) and 

abstraction of logical rules (as measured by the Brixton test) in 47 younger and 48 older 

participants, of 60-70 years old. Correlations between these tasks and age were observed. 

However, a measure of processing speed was also determined by administering a colour naming 

task in which colours had to be named aloud as quickly as possible, and when processing speed 

was taken into consideration, the correlation between the tasks and age decreased. It was no longer 

significantly related to TOL but they remained significant for the inhibition and logical reasoning 

measures. Although this study has considerably less power than Salthouse's et al. 's (1996) study 

and has only used a single measure of processing speed, it suggests that there may be an aging 

deficit in performance on executive tasks that is independent of processing speed. 

A second explanation of the TOL deficit in older adults is said to be due to poor working 

memory and inhibition (e. g. Hasher & Zacks, 1988). Indeed, TOL performance is said to be 

related to working memory and inhibitory processes (e. g. Welsh et al., 1999). Older adults are said 

to have a deficit in working memory capacity (Parkin & Walter, 1991; Phillips, Gilhooly, Logie, 

Della Sala & Wynn, 2003). For example, Phillips et al. (2003) administered TOL to 72 participants 

aged 18-30 or 60-76 in a dual-task paradigm with verbal secondary tasks (articulatory suppression 

and verbal random generation) or spatial secondary tasks (spatial pattern tapping and spatial 

random tapping). Both of the random generation tasks are executive secondary tasks. The older 

and younger group did not differ in terms of their performance cost during executive dual-tasks. 

However, in younger participants, random number generation resulted in poorer performance than 

less demanding secondary tasks, whereas in older participants there was no effect of the type of 

secondary task on TOL performance. This led Phillips et al. (2003) to argue that younger 

participants employ the executive to solve TOL with little involvement from the slave systems, 

while older adults employ executive, verbal and spatial resources while solving TOL problems 

because their WM resources are generally poorer. Phillips et al. (2003) concluded that the decline 

in WM resources in older adults may be responsible for poor performance that has been observed 

in the TOL. However, the executive is thought not to have any storage facilities of its own and so 

it is unlikely that TOL can be performed without the involvement of spatial or verbal memory, 
181 



indeed we have just shown that younger adults do employ spatial processes on TOL. Phillips et 

al. 's study may simply indicate that the older adults were unable to dual-task effectively. 

The inhibition deficit hypothesis of aging is another general resource account of the age- 

related declines in cognition (e. g. Hasher & Zacks, 1999). The consequences are that "older adults 

have less inhibitory control over the current contents of working memory than younger adults" (pp. 

656). This may manifest itself as a failure to prevent irrelevant information from entering working 

memory, a failure to suppress no longer relevant information and/or a failure to prevent prepotent 

responses from controlling thought and action. Chapters 3 and 4 have provided some evidence that 

TOL is related to inhibition ability and this may be the source of the deficit in older adults. 

However, a number of observations, for example from Maylor, Schlaghecken & Watson (in press), 

suggest that inhibition is not a unitary cognitive process and therefore a specific inhibition deficit 

that is related to TOL may be hard to detect and this could be one reason why the relationship 

between TOL and inhibition has been weak. Maylor et al. (in press) review examples of inhibitory 

processes: those associated with short-term memory, those concerned with prioritizing visual 

search, and those concerning suppression of motor responses. They found no evidence of reduced 

response suppression with aging in serial recall, but there were deficits in older adults' visual 

marking of moving but not stationary objects (i. e. suppression of information already present to 

decrease their competition for selection when new stimuli arrives) and in the inhibition of motor 

responses automatically triggered by subliminal primes. Maylor et al. (in press) concluded that 

there are probably multiple inhibitory mechanisms. Given that the verification TOL requires visual 

marking of moving disks, older adults might not be able to follow the series of moves that are 

demonstrated as well as younger adults. This would not apply in the conventional administration of 

TOL when participants make moves themselves. Likewise, they might not find it as easy to inhibit 

their motor responses and in the verification paradigm any click on an on-screen button will move 

them forward to the next problem, although in the conventional administration a series of motor 

actions is required to drag and drop a disk, and a move can be reinstated if this was done in error. 

In summary, previous research suggests that older adults have a processing speed deficit 

that may result in a performance deficit in TOL compared to younger adults. However, it is also 

possible that the processing speed explanation only partly accounts for the poor performance and 

that poor SWIFT or inhibitory processes might also produce deficits. A greater effect of resolution 
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and/or alternative move demands of TOL in older adults may therefore be a caused by inhibition or 

SWM if differences in processing speed are controlled for. If this were true, we would expect to 

find an interaction between age and either of the two factors and corresponding poorer performance 

on the cognitive process of interest in older adults. To this end, we have employed both the 

verification paradigm and the conventional administration of TOL in order to examine the TOL 

deficit that has been observed in older adults compared to younger adults. The reason for this is that 

we do not fully understand the nature of the deficit, and we know that there are differences between 

the two versions of the task. For example, the conventional TOL administration is likely to have 

greater processing demands due to the simultaneous demands of evaluating consecutive resolution 

and alternative moves than the verification version. By employing both versions we are more 

likely to observe the deficit. In addition, results of the two tasks can be compared in a within- 

subjects test of how the verification data and the conventional TOL data compare. An age x 

resolution interaction would be consistent with an explanation in which the TOL deficit is due to 

poor spatial working memory and an age x alternatives interaction would be consistent with a 

deficit due to inhibition. However, having just presented evidence that the alternatives demands of 

the task are based on spatial processes and with no evidence that the resolution demands of the task 

are spatial, a covariate analysis is employed to examine the role of spatial processes in the 

resolution and alternative move demands of TOL. A covariate analysis is also employed to 

examine if processing speed can account for any interactions with age that arise. 

It has been shown in this thesis that TOL engages SWM, which is consistent with previous 

research that has employed the disk-moving tasks (e. g. Goel & Grafman, 1995; Miyake et al., 

2000a; Owen, Doyon, Petrides & Evans, 1996; Owen et al., 1990; Welsh et al., 1999, Gilhooly et at, 

2000). Therefore, in addition to the experimental manipulations the experiment employs an 

individual difference measure of SWM as measured by a TOL span task (adapted from Morris et 

al., 1997) alongside the experimental design. The role of inhibition in the disk-moving tasks has 

also been reported here and in previous research (e. g. Goel & Grafman, 1995 and Miyake et at., 

2000 with the Tower of Hanoi and in the TOL by Welsh et at., 1999). Therefore, we also took 

individual difference measures of controlled inhibition as measured by the Stroop Test (Stroop, 

1935) and the Stop Signal test (Logan, 1994) alongside our experimental manipulation and the 
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relationship with TOL performance was determined. These individual difference measures may 

provide additional information on the source of the deficit in TOL performance in older adults. 

In summary, we examined TOL performance in an older sample and compared it to that of 

a younger sample. To this end we employed a verification version of TOL in which the resolution 

and alternative move demands of individual moves were manipulated. We also employed the 

conventional TOL administration and manipulated the overall resolution and alternative move 

demands in a set of one-solution, 6-move problems, as used in Experiment 5. Alongside the 

experimental manipulations, we took a measure of spatial working memory, and two inhibition 

measures. A correlation with each version of TOL was obtained in order to determine the role of 

working memory in the task. 

5.8. METHOD 

5.8.1. PARTICIPANTS 

Twenty undergraduates of the University of Plymouth participated for course credit or cash 

payment. Their age ranged from 18 to 30 and the mean age was 20.8 years. In addition 24 older 

participants participated for a cash payment. Their age ranged from 60 to 79 and their mean age 

was 68.6 years. All participants had normal colour vision. 

5.8.2. PROCEDURE 

Participants completed the tasks in one testing session of approximately M YS hour. The 

younger adults were administered the Stroop test first and the data from older participants was 

collected independently using the same method. Then the TOL memory span task was 

administered. This was followed by the administration of the conventional TOL paradigm and the 

verification task. Finally, participants completed the Stop Signal task. What follows is a summary 

of each task used in the experiment. 

Smxoop TEST 

This task was based on the traditional neuropsychological version of The Stroop Test in 

which participants were given a colour naming condition, a word naming condition and an 

interference condition. The order of presentation of conditions was counterbalanced in a balanced 

Latin square. For each condition participants were given 10 practice trials and were then asked to 

respond to 100 experimental trials. In each case, the participant was given an A4 laminated sheet 
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of paper in which the items were written. In the colour naming condition, they had to state the 

colour of red, yellow, green, blue and orange colour patches. In the word reading condition, the 

names of these colours were printed in black ink and the word had to be read aloud. In the 

interference condition the word that was read was incongruent with the colour of ink in which it 

was printed and the participant had to state the colour of the ink. To minimise a negative priming 

effect, in no case did the word that was to be inhibited become the word to be reported in the 

subsequent trial. The experimenter ensured that each of the 10 practice words was responded to 

correctly, and then asked the participant to complete all 100 trials as quickly as possible. The 

experimenter recorded the time taken to complete each condition and the number of errors made. 

Scoring 

The difference in response latency (in Ms) and errors between the interference condition 

and the colour naming condition provided a Stroop score. In addition, the time taken to complete 

the colour naming condition was used as a processing speed measure. 

THE STOP SIGNAL TASK (LOGAN, 1994) 

This task was based on Logan's (1994) specification of this inhibition task, in which 

participants responded to primary trials and stop-signal trials. Participants held two button boxes, 

one in each hand. One had an "X" on it and the other had an "0". The on screen display was 

simply an X or an 0 that were presented on the screen in 72pt type, one at a time. The first block 

of trials was a practice block that required the participant to respond by matching their response to 

the on-screen display in 32 trials (primary trials). Each trial started with a smiley face that appeared 

on the screen for 500 ms to focus the participants' attention. Immediately afterwards an X or an 0 

appeared on screen and disappeared upon the participant's response or after a maximum of 999 ms, 

at which point there was a blank screen for 1,500 ms before the next trial began. `X's and `O's 

were presented in a random order and there were an equal number in each block. The first block of 

trials set up a prepotent response and calculated the participants mean reaction time to these 

primary trials. In the second block, which was also a practice block, 48 trials were presented and 

participants are instructed to not respond if they heard a tone (stop signal trials). The tone occurred 

on 16 random trials and was presented via headphones that the participant wore. In order to 

minimise strategic slowing of the response, four stop-signal delays were employed at 150ms, 

250ms, 350ms and 450ms before each participant's mean reaction time and there was four trials at 
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each delay in each block. The remaining 32 trials were primary trials. Following these practice 

blocks four further blocks of 48 trials each consisting of 16 stop signal trials and 32 primary trials 

were presented in the same fashion as block 2. 

Scoring 

An error was recorded whenever the participant failed to inhibit their response in a stop 

signal trial (maximum 64). The total number of trials correctly inhibited was converted to a 

percentage and used as the dependent variable. 

TOWER OF LONDON MEMORY SPAN (BASED ON MORRIS ET AL., 1997) 

This task was administered as described and illustrated in Chapter 3, Section 3.3.4.2. 

except that no practice trials were issued to the younger participants but the older participants were 

given two practice trials at the lowest level (3 moves) as they got frequently got the first few trials 

wrong while they familiarised themselves with the task requirements. In addition, each computer 

move took 1500ms to move a disk from its original to the destination peg instead of 2500ms 4 

Scoring 

A global score was calculated where one point was awarded for each trial successfully 

reproduced. The maximum score obtainable was 24. 

CONVENTIONAL TOWER OF LONDON ADMINISTRATION (WARD & ALLPORT, 1997) 

A computerised version of the 5-disk, three peg TOL was administered as described and 

illustrated in Experiment 5, Section 4.11.4. Participants were informed of the minimum number of 

moves in which the problem could be solved but were not given any specific preplanning 

instructions except that when there were ready to solve the problem they should press a ready to 

move on-screen button. The problems were administered in a unique random order to each 

participant. These were also as given in Experiment 5 and are illustrated in Appendix 10. 

Scoring 

The computer recorded the number of moves that each problem was solved in. Problems 

not solved in the minimum solution were given an error score of 1. For each cell the maximum 

error score was therefore 4. 

Footnote: The default specification had changed, this was not intentional. 
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VERIFICATION TOWER OF LONDON TASK 

A computerised version of the 5-disk, three peg TOL was administered as described in 

Chapter 4, Section 4.3.4. and illustrated in Figure 6. Thirty-two problems were administered in a 

unique random order to each participant and these are given in Appendix 8. 

Scoring 

The computer recorded the number of errors and latency of participants' judgements in 

each of the 32 trials. Response latency (in milliseconds) for each judgement was measured from the 

time that the crucial move was finally placed until the participant had responded by clicking the on- 

screen button with a mouse. 

5.8.3. APPARATUS 

All the tasks were presented on a Hewlett Packard Vectra PC with a 17" screen. The 

resolution was set at 800 x 600 high colour (16 bit) and tasks were presented via Windows XP. The 

participants interacted with the computer using a computer mouse. 

5.8.4. DESIGN 

Participants were of two groups; younger participants and older participants. Both groups 

completed the verification TOL and the conventional TOL administration. In the conventional 

administration of TOL, the problems were split into low and high resolution and low and high 

alternatives in a2x2 design. There were three dependent variables and these were the number of 

problems solved with moves in excess of the minimum possible moves, the planning latency and 

the problem execution latency. The verification paradigm has an additional factor, which is the 

move demonstrated factor (optimal 1 suboptimal), leading to a2x2x2 design. There were two 

dependent variables and these were errors and the latency in milliseconds for correct decisions. 

Individual difference measures for the TOL spatial span, the Stroop test and the Stop Signal test 

were taken and performance was correlated with both versions of TOL. 

5.9. RESULTS 

5.9.1. EXPERIMENTAL ANALYSIS 

The main interest of the present study was to explore age-related performance differences 

in two different versions of TOL. In particular, the effects of the resolution gap demands and 
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alternative moves on reaction times and errors were determined. The raw data showed some 

deviations from a normal distribution, and in addition, the homogeneity of variance assumption 

was violated. Data was treated in line with other studies in this thesis, as described in Section 3.4, 

but this did not alter the pattern of results that were observed. 

The data from one older participant was dropped in the verification paradigm as they had 

disputed every move and clearly did not understand the task. The data from one younger participant 

was lost in the TOL span due to computer recording failure. Otherwise, as described in Appendix 

11, there were 4 missing data, which were replaced as described in Section 3.4. Descriptive 

statistics for the conventional version of TOL are given in Tables 31,32 and 33 and those for the 

verification paradigm are given in Tables 34 and 35. 

THE CONVENTIONAL TOL DATA 

YOUNGER ADULTS OLDER ADULTS 
Planning latency Planning latency Planning latency Planning latency 
(and SD) of low (and SD) of high (and SD) of low (and SD) of high 
alternative trials alternative trials alternative trials alternative trials 
(ms) (ms) (ms) (ms) 

Planning latency 9502 (6357) 9411 (6650) 18583 (13274) 18878 (12930) 
(and SD) of low 
resolution trials 
(ms) 
Planning latency 10289 (6360) 13696 (10300) 19032 (14574) 20672 (13211) 
(and SD) of high 
resolution trials 
ms 
AtiLt 31: i he effects of the resolution and alternative move task demands on pre-planning in 

younger and older adults. The mean (and SD) is given for Experiment 7, N=42 

A2 (resolution) x2 (alternatives) between subjects ANOVA on the planning time latency 

data showed evidence for an effect of group, F(1,41)=7.85, MSe=400027931, p=. 008, Etat=. 161 

representing the fact that older participants were much slower in formulating their plans. Figure 38, 

below, illustrates the effects. The effect of resolution was significant, F(1,41)=4.15, 

MSe=34520370, p=. 048, Eta2=. 092 as observed in Experiment 5, but unlike that experiment the 

effect of alternatives did not reach significance, F(1,41)=2.23, MSe=5105357, p=. 143, Etat=. 052. 

None of the interactions with age were significant: Resolution x age, F(1,41)=. 62, MSe=34520370, 

p=. 436, Etat<. 015; Alternatives x age, F(1,41)=. 15, MSe=3309789, p=. 697, Eta2=. 004. Neither was 

the resolution x alternatives interaction significant; F(1,41)=2.00, MSe=31377163, p=. 165, 

Etat=. 047 or the resolution x alternatives x age F(1,41)=. 39, MSe=31377162, p=. 533, Etaz=. 010. 
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FIGURE 38: The effect of resolution and alternatives on pre-planning latency in younger 
and older adults in Experiment 7. 

YOUNGER ADULTS OLDER ADULTS 

Disk move Disk move Disk move Disk move 
latency (and SD) latency (and SD) latency (and SD) latency (and SD) 
of low alternative of high alternative of low alternative of high alternative 
trials (ms) trials (ms) trials (ms) trials (ms) 

Disk move 9616 (2124) 10556 (2988) 25956 (6567) 28057 (8533) 
latency (and SD) 
of low resolution 
trials (ms) 
Disk move 9639 (1623) 12263 (2723) 26493 (8913) 33992 (12747) 
latency (and SD) 
of high resolution 
trials ms 
I IL 31: I he ettects of the resolution and alternative move task demands on disk execution 
latency in younger and older adults. The mean (and SD) for Experiment 7, N=42 
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FIGURE 39: The effect of resolution and alternatives on solution execution latency in 
younger and older adults in Experiment 7. 

As the descriptive statistics in Table 32 and Figure 39 suggest, a2 (resolution) x2 

(alternatives) between subjects ANOVA on the disk move latency data showed evidence for an 

effect of group. F(1,41)=125.59, MSe=112004168, p<. 001, Etat=. 754, representing the fact that 

older participants were much slower in moving disks to solve TOL problems. There was evidence 

for an effect of resolution, F(1,41)=5.15 MSe=35820860, p=. 029, Eta2=. 112, such that increasing 

the resolution demands of problems increased the time taken to move disks but the resolution x age 

interaction was not significant, F(1,41)=1.61, MSe=35820861, p=. 212, l: ta2=. 038; There was an 
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effect of alternatives F(1,41)=19.65, MSe=23938342, p<. 001, Etat=. 324 such that increasing the 

number of alternative moves to choose between increased the time taken to move disks. The age x 

alternatives interaction was very marginally significant, F(1,41)=3.94, MSe=23938342, p=. 054, 

Eta2=. 088 and showed that the older sample was slightly more affected by alternatives move 

demands of problems than the younger sample. A resolution x alternatives interaction revealed a 

greater effect of alternatives at high resolution than at low resolution; F(1,41)=4.18, 

MSe=31157750, p=. 047, Eta2=. 093 as observed in Experiment 5. The three way interaction was 

not significant: resolution x alternatives x age F(1,41)=. 1.248, MSe=31157750, p=. 270, Etat=. 030. 

YOUNGER ADULTS OLDER ADULTS 

Errors (and SD) Errors (and SD) Errors (and SD) Errors (and SD) 
of low alternative of high alternative of low alternative of high alternative 
trials (out of 4) trials (out of 4) trials (out of 4) trials (out of 4) 

Errors (and SD) 0.5 (. 6) 0.8 (. 9) .5 (0.7) 1.1 (. 8) 
of low resolution 
trials (out of 4) 11.3% (15.1%) 18.8% 22.8% 13.0% 16.6% 27.8% 19.8% 
Errors (and SD) 0.4 (. 6) 2.3 (1.3) .8(. 9) 2.5 (1.2) 
of high resolution 
trials (out of 4) 10.0% (15.0%) 57.5 31.5% 19.6% (21.2%) 63.0% 29.1% 
i ABLE: 33: The effects of the resolution and alternative move performance demands on solution 
accuracy (and SDs) In younger and older adults. An error is recorded when a problem is not 
solved in the minimum solution in Experiment 4, N=42. 

Descriptive statistics for errors are given in Table 33 and are illustrated in Figure 40. An 

error occurs when a problem is not solved in the most optimal solution. A2 (group) x2 

(resolution) x2 (alternatives) between subjects ANOVA on the excess move data showed no 

evidence for an effect of group, F(1,41)=2.89, MSe=. 949, p=. 097, Etat=. 066 representing the fact 

that older participants were as accurate in their solutions as younger participants. As observed 

previously, there was evidence for an effect of resolution, F(1,41)=38.66, MSC=. 707, p=<. 001, 

Etat=. 485 and evidence for an effect of alternatives F(1,41)=69.49, MSe=. 781, p<. 001, Etat=. 629. 

However, neither of these factors differentially affected the two groups; resolution x age 

interaction, F(1,41)=. 145, MSe=. 707, p=. 71, Eta2=. 004; alternatives x age, F(1,41)=. 037, 

MSe=. 781, p=. 848, Eta2=. 001. However, the resolution x alternative moves interaction was 

significant, F(1,41)=29.07, MSe=. 708, p<. 001, Etat=. 415, and is as observed in Experiment 5, 

However, there was no difference between the groups; resolution x alternatives x age F(1,41)=. 69, 

MSe=. 708, p=. 412, Eta2=. 016. 
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FIGURE 40: The effect of resolution and alternatives on solution execution accuracy in 
younger and older adults in Experiment 7. 

ANALYSIS OF COVARIANCE 

Performance on the conventional administration of TOL was further examined to see 

whether a processing speed deficit was responsible for the age effects. To this end, processing 

speed as measured by the colour naming condition in the Stroop test was used as a covariate, as 

employed by Andres and Van der Linden (2000). The two groups differed in their processing 

speed. t(41)=2.62, p=. 012, with older adults being slower then younger adults. In no case did the 
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covariate interact with the dependent latency variables, so the homogeneity of slopes assumption 

required by ANCOVA was satisfied. 

With ANCOVA when processing speed was a covariate the between groups difference in 

the planning time data disappeared, F(1,40)=2.64, MSe=319052587, p=. 112, Etat=. 062. The 

covariate was significant, F(1,40)=11.41, p=. 002. The resolution x age interaction did not change, 

F(1,40)=. 406, MSe=35340930, p=. 528, Etat=. 01, and neither did the alternatives x age interaction, 

F(1,40)=. 336, MSe=33643018, p=. 565, Etat=. 008. None of the other effects were significant. This 

suggests that the increased planning time that was observed in the older sample was due to reduced 

processing speed. 

Given the marginal interaction between age and alternatives in the move time data, this 

interaction was also assessed to determine if it were due to a processing speed deficit. When the 

colour naming speed measure was entered as a covariate, the size of the between groups effect 

increased, F(1,40)=109.70, MSe=114045925, p<. 001, Etat=. 733, However, the covariate was not 

significant; F(1,40)=. 27, p=. 609, suggesting that its inclusion did not increase the amount of 

variance that was explained. The age x resolution became more pronounced but just failed to reach 

significance, F(1,40)=3.71, MSe=33698750, p=. 061, Eta2=. 085 and the alternative x age interaction 

also got stronger and was now clearly significant; F(1,40)=5.42, MSe=23587727, p=. 025, 

Etat=. 12. None of the other effects were significant. These suggest that the deficit in the older 

sample observed in the move time analysis was not due to reduced processing speed. Therefore, 

there must be another explanation for the interaction. Therefore, the next logical step was to see if 

differences in SWM can account for the interaction with age that has emerged. 

Consequently ANCOVA was conducted when the SWM span as measured by the TOL 

memory span was entered as a covariate to the move latency analysis to determine if the deficit in 

older participants was due to a spatial working memory limitations. The covariate was significant, 

F(1,39)=5.75, p=. 021. The between groups effect became very large, F(1,39)=63.28, 

MSe=102558591, p<. 001, Eta2=. 619 suggesting the difference between the two groups was not due 

to SWM differences, However, the age x alternatives interaction disappeared, F(1,39)=. 462, 

MSe=23685969, p=. 500, Eta2=. 002, and the age x resolution effect did not change, F(1,39)=2.76, 

MSe=36531622, p=. 104, Etat=. 006, suggesting that poor SWM was responsible for the deficit on 

these measures in the older group. Interestingly the resolution effect also disappeared, 
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F(1,39)=. 071, MSe=36531622, p=. 104, Eta2=. 002, which suggests that performance on the 

resolution factor is strongly associated with SWM. However, the alternatives effect did not, 

F(1,39)=8.73, MSe= 23685969, p=. 005, Eta2=. 183 although the effect size reduced considerably. 

THE VERIFICATION DATA 

OPTIMAL TRIALS SUBOPTIMAL TRIALS 

Latency (and SD) Latency (and SD) Latency (and SD) Latency (and SD) 

of low alternative of high alternative of low alternative of high alternative 
trials (ms) trials (ms) trials (ms) trials (ms) 

Young Old Young Old Young Old Young Old 
Latency (and SD) 4540 14057 5277 13639 3746 13658 5045 15745 

of low resolution (1688) (7715) (2196) (8438) (1436) (9675) (2210) (7366) 

trials (ms) 

Latency (and SD) 5678 17433 6202 12234 4172 16980 5869 17565 

of high resolution (2958) (12503) (2317) (8220) (2016 (12441) (2672) (9125) 

trials (ms) 

I AULE 34: The effects of the resolution and alternative move performance demands on verification 
TOL performance in younger and older adults. The mean (and SD) are given for response latency 
(in Ms) for correct trials during optimal and suboptimal move types in Experiment 7, N=42 

A2 (group) x2 (move demonstrated) x2 (resolution) x2 (alternatives) Mixed ANOVA on 

the latency data provided evidence that older participants were much slower to judge moves than 

younger participants; F(1,40)=40.45, MSe=238209653, p<. 001, Etat=. 503. Figure 41 illustrates 

this. 

There was no evidence for an effect of move demonstrated, F(1,40)=. 14, MSe=14858396, 

p=. 706, Eta2<. 004 or an age x move demonstrated interaction, F(1,40)=1.75, MSe=14858396, 

p=. 194, Eta2=. 042. As observed previously there was a large main effect of resolution, 

F(1,40)=8.43, MSe=101422658, p<. 001, Eta2=. 174, but again no age x resolution interaction 

F(1,40)=2.75, MSe=101422658, p<. 105, Eta2=. 064. Surprisingly, there was no evidence of a main 

effect of alternatives, F(1,40)=1.66, MSe=315013455, p=. 205 Eta2=. 040, and again there was no 

age x alternatives interaction, F(1,40)=. 202, MSe=315013455, p=. 656, Eta2=. 005. 
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FIGURE 41: The effect of resolution and alternatives on response latency in the 
verification task in younger and older adults in Experiment 7. 

None of the remaining interactions were significant; resolution x alternatives, 

1, '(1,40)=. 059, MSe=26810057, p=. 810, Etat=. 001; Age x resolution x alternatives 1(1,40) .11, 

MSe=26810057, p=. 747, Etat=. 003; move demonstrated x resolution 1(1,40)--. 74, MSc 12312995, 

p=. 394, Etat=. 018; Move demonstrated x resolution x age F(1,40)=. 11, MSc=12312995, p . 742, 

Etat=. 003; move demonstrated x alternatives F(1,40)=1.14, MSe=29075173, p=. 293, Fta2-. 028; 

move demonstrated x alternatives x age, F(1,40)=. 1 1, M Se=29075173, p=. 743, l: ta' =. 003; move 

demonstrated x resolution x alternatives, F(1,40)=. 09, MSe=18050282, p=. 766, Etat= . 002, move 

demonstrated x resolution x alternatives x age F(1,40)=. 39, M Se=18050282, p=. 534, I., ta2 -- .0 1(). 
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OPTIMAL TRIALS SUBOPTIMAL TRIALS 

Errors (and SD) Errors (and SD) Errors (and SD) Errors (and SD) 
of low alternative of high alternative of low alternative of high alternative 
trials out of 4) trials (out of 4) trials out of 4) trials out of 4 
Young Old Youn Old Young Old Young Old 

Errors (and SD) 
.8 .5 1.8 1.1 

.2 .7 .5 .8 
of low resolution (. 5) (. 9) (1.1) (. 8) (. 5) (. 8) (. 7) (1.0) 
trials (out of 4) 
Errors (and SD) 1.6 2.0 1.3 1.0 

.8 .9 .5 .7 
of high resolution (. 9) (. 9) (1.3) (1.2) (. 8) (. 8) (1.0) (. 8) 
trials (out of 4 
I ABLE 35: 1 he effects of the resolution and alternative move factors on verification TOL 
performance in younger and older adults. The mean (and SD) are given for response latency (in 
Ms) for correct trials and errors during optimal and suboptimal move types in Experiment 7, N=41 

In the error data a2 (group) x2 (move demonstrated) x2 (resolution) x2 (alternatives) 

mixed ANOVA showed no evidence of an effect of group, indicating that the two age-groups were 

equally accurate on the verification task; F(1,40)=. 03, M Se=1.39, p=. 861, Etat=. 001. 
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FIGURE 42: The effect of resolution and alternatives on errors in the verification task in 
younger and older adults in Experiment 7. 
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There was evidence of an effect of type of move demonstrated, F(1,40)=33.02, MSe=. 99, 

p<. 001. Eta2=. 452, illustrating more accurate responding during suboptimal trials and suggesting a 

bias towards disputing trials. The move demonstrated x age interaction was also significant, 

F(1,40)=4.34, MSe=. 99, p=. 044, Eta2 =. 098. Simple main effects illustrated a much greater effect 

of move demonstrated in the younger group, F(1,40)=31.65, p<. 001 than the older group, 

F(1,40)=6.59, p=. 018, In both cases, there was more accurate responding on suboptimal trials 

representing a preference to dispute inefficient moves that was particularly prevalent in the younger 

participants. There was evidence of an effect of resolution F(1,40)=12.47, MSe=. 56, p=. 001, 

Etat=. 238, such that increasing the resolution gap of an individual move increased error rates. 

There was no resolution x age interaction, F(1,40)=. 61, MSe=. 560, p=. 441, Etat=. 015. However, 

the move demonstrated x age x resolution interaction was significant, F(1,40)=4.88, MSe=. 79, 

p=. 033, Etat=. 109. Simple effects illustrated an interaction between move demonstrated and 

resolution in the older sample, F(1,40)=4.81, p=. 040, but not in the younger sample, F(1,40)=. 70, 

p=. 413. In the older sample, there was a greater effect of resolution in optimal trials (mean=. 82 Vs 

mean=l. 5) than there was in suboptimal trials (mean=. 75 Vs mean=. 77). There was no evidence of 

a difference in errors between low and high alternative moves, F(1,40)=0.0, MSe=. 925, p=. 991, 

Etat=. 000. However, the resolution x alternative interaction was significant, F(1,40)=34.31, MSe = 

. 54, p<. 001, Eta2=. 462. This effect showed that during low resolution there were less errors when 

alternative moves were low than when they were high. However, when the resolution was high 

there were more errors on low alternative judgements than there were on high alternative 

judgements. This was observed previously, but did not differentially effect the two groups; 

resolution x alternatives x age F(1,40)=. 12, MSe=. 54, p=. 726, Etat=. 003. There was evidence for a 

move demonstrated x resolution x alternatives interaction, F(1,40)=9.54, MSe=. 559, p=. 004, 

Eta2=. 193. This interaction that was marginally significant in Experiment 3 was not observed in 

Experiment 4. It showed that on suboptimal trials the effect of alternatives was lower at low 

resolution than it was at high resolution, while on optimal trials the effect was greatest at low 

resolution. None of the remaining interactions were significant; Resolution x age F(1,40)=. 61, 

MSe=. 56, p=441, Eta2=, 015, alternatives x age F(1,40)=2.01, MSe=. 93 p=. 164, Etat=. 048, move 

demonstrated x resolution F(1,40)=1.39, MSe=. 79, p=. 245, Etat=. 034, Move demonstrated x 
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alternatives F(1,40)=. 26, MSe=. 73, p=. 613, Eta2=. 006, move demonstrated x alternatives x age 

F(1,40)=1.85, MSe=. 74, p=. 182, Eta2=. 044, Move demonstrated x resolution x age x alternatives 

F(1,40)=. 89, MSe=. 56, p=350, Eta2=. 022. 

ANALYSIS OF COVARIANCE 

When processing speed was entered as a covariate the between-groups latency effect 

reduced in size but remained significant, F(1,39)=28.74, MSe=232210900, p<. 001, Etat=. 424, 

suggesting that processing speed differences were not responsible for all of the age effects. 

However, the resolution x age interaction, F(1,39)=2.07, MSe=37850333, p=. 158, Eta 2=. 050 and 

the alternatives x age interaction, F(1,39)=. 27, MSe=32238041, p=. 604, Eta2=. 007 still failed to 

reach significance. None of the other effects or interactions were significant. The SWM Covariate 

did not explain the between subjects difference and the effect remained significant, F(1,39)=31.44, 

MSe=245313021, p<. 001, Eta2=. 453 

5.9.2. CORRELATIONAL ANALYSIS 

The reaction time and errors for odd trials and even trials were determined for all 

individual difference measures and the reliability of the measures were established with Cronbach's 

Alpha statistic. In each case this was calculated by analysing the problems in the order in which 

they were administered with the exception of the TOL problems that were first grouped by 

condition before being sorted in order of presentation. The reliability of each of the individual 

difference measures was rated according to Rust and Golombok (1999) guidelines, as in Chapter 3 

(Section 3.4.2. ). Some of these were calculated in Experiment 1. They show all of the measures 

used in the individual difference assessment are satisfactory, except that for Stroop errors. 

Cronbach's 
Alpha 

Reliability 
judgement 

Conventional administration TOL overall latency (Ex pt 1) . 75 Satisfactory 
Conventional administration TOL problems solved with 
excess moves (Ex pt 1) . 75 Satisfactory 

Verification Tasks response latency (Ex pt 1) . 85 Satisfactory 
Verification error judgments (Ex pt 1) . 73 Satisfactory 
TOL span (Ex pt 1) 

. 87 Satisfactory 
Stroop test latency between different conditions . 69 Satisfactory 
Stroop test errors between different conditions . 32 Inadequate 
Stop signal accuracy . 70 Satisfactory 
I AULt 36. cronbacnTs Aipna reliability statistics for each of the tasks used in Experiment 7. A 
reliability judgement is also given, based on Rust and Golombok's (1999) adequacy categorisation. 
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The means and standard deviations of the individual difference measures are given in 

Table 37 below. 

Younger Adults Older Adults 
Measure Mean Standard Mean Standard 

Deviation Deviation 
TOL global memory span 9.62 3.10 5.65 2.46 
score 
Stop signal % correct 56.62 11.12 53.87 12.45 
Stroop test (interference - 1.59 1.57 0.34 3.13 
control errors) 
Stroop test (interference - 34.42 12.21 61.01 22.78 
control ms 
TABLE 37: Means and standard deviations for the individual difference measures employed in 
Experiment 7 

The correlation with TOL was determined with all participants assessed as a single group. 

The results should be interpreted with caution because the two groups are significantly different on 

some of the individual difference measures illustrating a deterioration in inhibition ability and 

SWM with age. Specifically there were age effects for: Stroop interference latency, t(41)=4.871, 

p<. 001, TOL span score t(40)=4.447, p<. 001, and stop signal t(40)=2.928, p=. 006, but did not 

differ between groups on the Stroop test errors, t(41)=1.675, p=. 103. We have however, reported 

partial correlations when processing speed as measured by the colour naming condition of the 

Stroop test is controlled for, which may make these correlations a truer reflection of the 

relationship. The alternative was to report separate correlations for both groups, but given the lack 

of theoretical rationale for this approach and the fact that the resulting correlations would have had 

such a small n (20 or 23), they would have very limited power. 

Stroop Stroop errors Stop Signal accuracy TOL span 
interference 
latency 

Conventional . 29, p=. 07 -. 16 -. 19 -. 52'" 
TOL latency 
Conventional 

. 30 p=. 06 . 15 -. 01 -. 17 
TOL errors 
Verification TOL . 29, p=. 07 -. 11 . 01 -. 28 (p=. 08) 
latency 
Verification TOL . 55** 

. 12 . 22 -. 16 
errors 

**= correlation is significant at p<. 01 

TABLE 38: Partial correlations between the individual difference measures and the TOL task in 
adults when processing speed is used as a covariate. N=41 

The correlation analysis in Table 38 shows that there is evidence of an involvement with 

both SWM and inhibition in each version of TOL. The evidence of a correlation between SWM 

and TOL supports the idea of a spatial involvement in TOL during the manipulation of prospective 
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moves in working memory. However, in contrast to previous experiments where it has been TOL 

errors that have correlated with SWM, here the relationship is with response latency. This is 

despite the fact that processing speed of the participants was taken into consideration and may be 

due to the fact that in the current experiment the speed of the TOL span was 1000ms quicker per 

disk move, and that this correlation represents an advantage in those who are quicker and have 

better spatial memory in TOL. There is also evidence of positive correlation between the Stroop 

latency (interference - control ms) and TOL verification errors, with the other version of the TOL 

exhibiting some evidence. This then is some evidence that supports the notion that TOL has an 

inhibition requirement and may be due to the fact that both tasks require choosing between 

alternative responses. Those who are quicker to suppress the dominant but incorrect response in 

the inhibition task are also quicker and more accurate on TOL. However, there is no evidence of 

any correlation with the stop signal task, suggesting that the inhibition is more closely related to the 

Stroop test. It should be noted that that there was a difference in the performance of the two groups 

on several of the measures. Therefore, although this evidence supports that of previous research 

(e. g. Gilhooly et al 2002, Welsh et al., 1999, etc) this correlation data should be interpreted with 

some caution. 

5.9.3. COMPARISON OF THE VERIFICATION TOL AND TIIE CONVENTIONAL 
ADMINISTRATION 

A secondary aim of the current experiment was to determine if performance on the 

verification TOL and the conventional administration correlate in a within-subjects design. 

Pearson's correlations revealed there was a significant correlation between the total latency to 

complete a TOL problem in the conventional paradigm and move latency in the verification 

paradigm in younger adults, r(20) = . 61, p<. 004 suggesting that the two tasks had similar demands. 

This was a substantial increase in the correlation reported in Experiment 1, which was r(69)=. 34, 

p<. 05 which might suggest that the focusing on the demands in TOL that have been determined in 

this thesis has reduced the unshared variance between the two tasks, making the correlation 

stronger because the resolution and alternative move factors have been manipulated in both 

paradigms. There was no significant correlation between latency measures on the two tasks in older 

adults, r(22)=. 16, p=. 48. In the error data the correlation between different versions of TOL was 

not significant, r(20) = . 1, p=. 67 in younger adults, suggesting that that errors are caused for 
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different reasons. Perhaps this is not surprising given that the verification task requires the 

participant to judge a move that has been demonstrated while the conventional administration 

requires the participant to determine the best move; thus errors on a two choice task are compared 

with errors on a six choice task. The process of elimination and determination is surely much 

simpler in the verification task than it is on the conventional administration task. In the older adults 

However, the correlation between errors on the two tasks was significant, r(22)=. 512, p<. 015. This 

correlation could be due to shared deficits, for example in SWM, in older adults. 

5.10. DISCUSSION 

In summary, we examined the performance demands of two versions of the 5-disk, 3 peg 

TOL task (Ward & Allport, 1997) and compared the performance of older and younger adults on 

these tasks. The evidence showed that older adults were slower to pre-plan than younger adults and 

their problem execution was also considerably slower. However, they were no less accurate than 

younger adults. These results are consistent with previous research that has compared younger and 

older adults' TOL performance, and supports the position that age does not necessarily result in 

deterioration in accuracy on TOL despite any loss in speed. It was shown that in younger and older 

adults the resolution and the alternative move factors were predictive of most measures of 

performance on the verification version of TOL and on the conventional TOL task. One exception 

was that the effect of alternatives did not emerge in the planning latency of conventional TOL or in 

the latency data of the verification TOL. The problem execution latency analysis on the 

conventional TOL provided some evidence of an age x alternatives interaction, although this just 

failed to reach significance (p=. 054). This is particularly interesting as this research is the first that 

has deconstructed TOL performance systematically and it may be the source of the TOL deficit in 

dysexecutive populations such as older adults. Older adults took longer to inhibit responses on the 

two tests of inhibition and their SWM had a more limited-capacity than younger adults and there 

was some evidence of a correlation between TOL latency and these measures. 

The fact that the age interaction has arisen in the conventional TOL and not in the 

verification TOL may be due to the fact that the two tasks differ in their performance demands, 

with the conventional administration requiring the resolution and alternative move consideration of 

the preferred move and of intermediate moves within the resolution gap and the verification task 

having lower demands in this respect, only requiring an evaluation of a single demonstrated move. 
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The older sample had poorer SWM and inhibition than the younger adults, yet no interactions with 

age emerged in the verification task. One explanation for this is that participants in this study, 

having already completed whole problems by the time they do the verification paradigm, may have 

quickly realised that the correct disk was being moved. This would also explain the lack of effect of 

alternatives in the verification latency data, which has been a very consistent effect up until now. 

A second explanation is that these verification problems were not demanding enough to distinguish 

between the performances of high and low SWM and/or inhibition populations because they 

always focus on the correct disk. 

Despite the comparatively higher demands of the conventional TOL, there was no 

differential effect of resolution in older adults, even though they had poorer SWM than younger 

adults. Yet evidence from the covariate analysis suggests the resolution of disks is likely to be 

related to spatial processes because the effect disappeared when the TOL span measure was entered 

as a covariate. One possible explanation for this is that manipulating disks in spatial memory is 

only a small part of what the resolution effect measures. Because both measures involved 

remembering moves, but in the span task these were provided (i. e. the sequence is demonstrated), it 

may be that the construction of a plan (consisting of the next few moves that should be taken) may 

be the key spatial executive feature. Older adults were no worse than younger adults at this. An 

alternative explanation is that the resolution demands of the task are easily supported by verbal 

cues, if spatial memory is insufficient. 

The search for alternative moves may well have a spatial component, particularly given 

that it requires some disk manipulation to determine if proposed moves are effective or not. 

Indeed, the age x alternatives interaction disappeared when the spatial span was used as a covariate, 

suggesting that this was the source of the latency deficit in the older adults. SWM is likely to serve 

the mental manipulation of competing move choices in TOL. However, the spatial explanation for 

the alternative factor is unlikely to be sufficient because the main effect did not disappear when 

TOL span was included as a covariate. There is also a relationship between inhibition and TOL 

which would remain unexplained. An alternative explanation is therefore that in TOL participants 

try out different moves to evaluate possible actions. In some cases a preferred move will be 

incorrect and should be inhibited in favour of a less dominant but correct alternative move. Also 

when tested moves are ineffective or a new move requires consideration then the previous 
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manipulation may be dominant and must be inhibited. This may also mean that some of the 

variance in the TOL span task was explained by inhibition; Maylor et al. (in press) have argued that 

older adults have inefficient visual marking of moving objects so they might not be able to follow a 

series of demonstrated moves as well as younger participants. 

The correlation analysis suggests that TOL move latency is related to SWM. This is 

consistent with the argument that TOL requires the active manipulation of disks in memory and 

testing alternative move choices. A relationship has been observed with errors in Experiments 2 

and 5, and in Experiment 1 the relationship was with the errors and latency of individual moves in 

the conventional TOL and with latency in the verification paradigm. The fact that this relationship 

always emerges suggests that the relationship between TOL and SWM is robust. Some evidence of 

a relationship between TOL and inhibition has been reported several times in this thesis, but these 

have been infrequent. It may be that the inhibition which is most closely related to TOL, such as 

the suppression of spatial material has not yet been explored because the tasks used in this thesis 

have involved the suppression of colours, letters and eye movements. 

In summary, Experiment 7 has shown that like younger adults, older adults are affected by 

the resolution and alternative move demands of TOL problems. There is some suggestion that the 

alternatives factor may be the source of this deficit, and further research can explore this 

possibility. The evidence suggests that performance is related to spatial working memory and 

inhibition ability. 

5.11. GENERAL DISCUSSION 

This thesis has shown that the resolution and alternative move demands of TOL problems 

affect difficulty. Evidence has been presented that SWM is correlated with overall performance on 

the task, and there is some evidence of a relationship with inhibition. The aim of this chapter was 

to determine the extent that these factors reflect different cognitive processes; spatial planning and 

inhibition, which is consistent with an account of the executive which has specific cognitive 

functions. This chapter has illustrated that when spatial working memory resources are restricted 

through the dual-task method, a selective impairment of performance on the alternative move 

demands was observed in the verification paradigm. This chapter has also demonstrated that when 

the conventional TOL is administered to older adults that, again, there is a larger effect of 

alternatives during the execution of problems. 
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These results highlight the importance of alternative moves in TOL performance. This was 

first noted by Ward and Allport (1997) who argued that performance was not constrained by 

working memory demands, but by the ability to choose between competing moves. However, there 

is a good deal of evidence that memory demands are related to TOL performance here and 

elsewhere (e. g. Gilhooly et al., 2002; Phillips et al., 1999) and it is very likely that memory 

limitations are at least partly responsible for TOL performance. Nevertheless the current research 

support the idea that even when there is only a single efficient move, other less efficient alternative 

move choices affect problem difficulty. In this thesis, this factor has been described as one 

involving the assessment of different solution paths by the testing of available moves so fulfilling 

the broadening of the problem space rather than the deepening of it. It involves reinstating those 

moves that are inefficient so that other options can be tried, and determining which move of those 

available is best, which is not necessarily the most dominant move. 

In Experiment 6, the verification TOL was run with a spatial secondary task to limit the 

spatial resources available for TOL. It was shown that this resulted in a greater effect of alternative 

moves in the dual-task group, although the single task group were also affected by the number of 

alternative moves. In Experiment 7, there was also some evidence that older adults took longer to 

choose between alternative moves than younger adults, even when differences in processing speed 

were taken into consideration. The most parsimonious explanation for these results is that both 

experiments revealed the effects of poor SWM on TOL performance because both studies 

employed participants with inefficient SWM resources. That is to say that limited SWM resources 

made it difficult to manipulate disks in memory. However, there is some evidence that this 

argument is not sufficient. First, spatial manipulation is clearly involved in the resolution factor and 

there has been little deterioration in this aspect of performance. Second, there were no interactions 

with age in the verification paradigm, which would be expected if the same deficit was responsible 

for poor performance in both studies. Third, the relationship with inhibition remains unexplained. 

It is interesting that there has been no group by resolution interactions in these 

experiments, and the evidence suggests that performance here remains intact when working 

memory resources are restricted. It has been argued in previous chapters that the alternatives move 

demands overlap with the resolution demands because selecting the best move choice from those 

available involves some evaluation of the proposed moves, which must involve manipulating disks. 
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However, there is no reason to think that the resolution factor is concerned with assessing 

competing alternative moves, rather it is concerned with determining the next few consecutive 

series of moves and taking the participant deeper into the problem space. The ANCOVA in 

Experiment 7 showed the resolution demands of the task were related to SWM processes. One 

explanation for this discrepancy is that the resolution demands of a task equate to the effectiveness 

of a plan for the next few moves, and that this is served by executive spatial resources. Therefore, 

whilst this is generated from the manipulation of disks in memory, the plan contains information 

about a sequence of moves that advance towards the goal state. Indeed, previous research has 

emphasised the importance of goal-directed processing in executive performance (e. g. Ward & 

Allport, 1997; Colvin et al., 2001, Goel & Grafman, 1995). It may be that this plan is primarily a 

function of spatial processes, but can be easily supported by verbal processes such that the disk 

colours provide effective verbal cues for remembering the sequence of moves. Phillips et al. 

(1999) have argued that planning involves verbal processes and it may be that verbal cues can 

distribute TOL's working memory demands. An analogy can be derived from the following 

situation; My right hand is my preferred hand and if I want to write I have to use this hand, but if 

am trying to fix something I would use both hands because although my left hand is clumsy, I am 

more effective using two hands than one. This may have provided a crutch to prevent an age 

specific or dual-task performance breakdown on the resolution factor. 

In the verification paradigm, there was a group by alternative moves interaction in 

Experiment 6, but there was none in Experiment 7. One possible explanation for this is that in the 

conventional administration all the alternative moves were set out on the screen display prior to 

choosing the preferred move, however in the verification paradigm a move is demonstrated and the 

screen display progresses on a move while the participant decides if it was correct or not. To 

consider alternative moves the participant has to go back a move and consider alternative move 

choices from this position. The dual-task group may have been particularly distracted by the on- 

screen display because their spatial resources were occupied by the spatial tapping task, and they 

may have found it hard to reinstate this previous position and then manipulate moves forward. 

There was no interaction with age in the verification paradigm in Experiment 7. One reason for 

this may be that although a robust effect until now, there was no effect of alternatives in either 
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group, perhaps because they had completed the conventional TOL beforehand, and were quick to 

realise that the correct disk was moved. 

This reinstatement of the move demonstrated may place a demand on SWM, or it could 

require the inhibition of the on-screen display in the verification paradigm. It may also be that the 

age x alternatives effect in Experiment 7 was due to reduced SWM resources or poorer inhibition, 

as older adults exhibited deficits on both individual difference tasks compared to younger adults. If 

it was due to reduced SWM, why was the spatially based resolution factor not similarly affected? 

One explanation is that poor processing demands in older adults masked an age x resolution effect 

because the effect was marginally significant when the groups were matched on their processing 

speed. Alternatively, it may be that both performance demands involve the spatial manipulation of 

disks but the alternative move demands of the task also require that dominant or earlier moves are 

inhibited so that other moves can be tested, and it was this aspect that caused the age x alternatives 

interaction. This would provide a source of the relationship that has been observed with inhibition 

here and elsewhere (e. g. Welsh et al., 1999). 

The current chapter has developed our understanding of the cognitive processes that 

underlie successful TOL performance. The two experiments in this study suggest that TOL 

measures spatial resources because disks are manipulated in working memory. Beyond this the 

main difference between the resolution and alternative move demands is that the resolution 

demands require that a plan of the next few moves be derived, and the alternative move assessment 

requires that the best move, not the dominant move, is selected which may require the inhibition of 

some moves in favour of others. It is not easy to test this argument in TOL because the two 

performance characteristics are not easily separated. However, other methods such as verbal 

protocol analysis might be informative of any plan for future moves while instructions concerning 

the order that alternative moves should be considered might determine a stronger relationship with 

inhibition in later evaluations than initial evaluations. 

The understanding that the resolution and alternative move factors overlap has confused 

the argument about whether the resolution and alternative moves factors draw in separate 

resources. In previous experiments, the lack of interaction, at least one that is not multiplicative in 

the verification paradigm, suggested the two factors draw on separate cognitive processes. 

However, the interaction observed in the conventional TOL paradigm has been multiplicative. This 
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might suggest a unitary position, in which the resolution and alternative move demands of TOL 

draw on a single executive function. However, there is little evidence that this is the case in the 

verification paradigm, although this could be due to low task demands that do not sufficiently tax 

this resource. An alternative explanation is that the resolution and alternative move demands share 

a common resource such as the visuospatial sketch pad, which can manipulate disks in memory, 

but also have executive functions that are separate and perform planning or inhibition operations. 

We will consider this argument for the final time in Chapter 6, the general discussion to this thesis. 

Finally, if the group x alternatives interaction is robust then it may provide a fresh 

examination of the performance deficits that are observed in executive dysfunction populations, 

such as frontal patients. The extraction of this performance characteristic might make TOL more 

sensitive to executive dysfunction and with the resolution demands, should certainly guide the 

selection of problems. If the arguments in the current chapter are applied to Penfield's description 

of his sister who could plan a dinner party but was unable to execute her plan it would argue that 

she could manage the resolution demands of TOL because she could perform a series of cooking 

actions that progressively took her deeper into the problem space towards completion of individual 

dishes. However, in TOL, she might suffer a bigger deficit in her consideration of alternative 

moves. That is to say that when faced with a number of different food items to prepare she found it 

hard to satisfy the breath of her plan, resulting in some dishes that had cooked while others were 

still unprepared. The TOL deficit in frontal patients might be a result of poor inhibition, 

distractibility or impaired attention, reduced flexibility in thinking or perseveration, but it is likely 

to be elicited by the alternative move demands and therefore this research provides a way forward 

for research that employs TOL as a clinical instrument. In addition, we have shown that even 

normal participants pre-planning does not lead to quicker problem execution; why do they not just 

execute their pre-plans if they know it is correct? This effect may be on a continuum with those 

deficits observed in dysexecutive populations, such that frontal patients or normal older adults may 

find the presence of alternative moves particularly problematic while normal younger adults are 

better equipped to evaluate and choose between alternatives, and so press forward thorough the 

problem space. The discussion chapter that follows examines the implications of this research in 

some detail. 
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CHAPTERS1X: GENERAL DISCUSSION 

6.1. INTRODUCTION 

This chapter provide a summary of all seven experiments contained in this thesis, and 

discusses their combined results. The aim of this thesis was to determine what the Tower of 

London (TOL) task measures, and here we consider this question in detail in this final chapter. The 

methodology employed and the results derived suggest recommendations for TOL use in research 

and these are summarised here. Finally, we discuss future directions for this line of work. 

6.2. SUMMARY OF RESULTS: WHAT TOL MEASURES 

The effects of resolution and alternative moves were collected in seven experiments. In 

order to establish the extent to which they predict performance overall these results are summarised 

in Table 39 below. We report the main effects of resolution and alternative moves, collapsed 

across other factors included in the design (such as familiarity) in order to calculate the average 

amount of variance that is explained by the resolution and alternative move demands. The results of 

Experiment 6 (dual task) are incorporated into the discussion of individual difference results below. 

Experiment Measure Notes Eta Eta Eta 
Resolution Alternatives Resolution x 

alternatives 
1 latency for Forward/indirect . 184 n/a n/a 

correct moves only 
judgements 

2 latency for Resolution only . 391 n/a n/a 
correct manipulated 
judgements 

3 latency for Resolution and . 134 . 196 . 036 
correct alternative move 
judgements manipulation 

4 latency for Novice, intermediate . 447 . 582 . 298 
correct and familiar 
judgements artici ants 

7 latency for Older adults Vs . 174 . 040 . 001 
correct younger adults 
judgements 

MEAN LATE NCY VARIANC E ACCOUNTED FOR 26.6% 27.2% 0.11% 
1 errors Forward/indirect 

. 389 n/a n/a 
moves only 

2 errors Resolution only . 276 n/a n/a 
manipulated 

3 errors resolution x <. 001 . 048 . 155 
alternatives 

4 errors as familiarity 
. 117 . 001 . 541 

increased 
7 errors Aging study . 238 . 000 . 462 
MEAN ERR ORS ACCOUNT ED FOR 20.4% 0.2% 38.6% 
I Abl-L 39: Summary of results from the verification paradigm. The experiment and measure 
reported are provided along with Eta 2 for the main effects of the resolution and alternative task 
demands, along with that for the resolution x alternative interaction. The mean variance accounted 
for across experiments is calculated. 

208 



To allow a comparison of the two main paradigms that were employed, Table 39 provides 

a summary of the experimental results from the verification paradigm, and Table 40 provides a 

summary of the experimental results from the conventional TOL. Table 39 shows that when a 

move is demonstrated and the participant has to assess if it is correct or not to solve a problem in 

the minimum number of moves, their errors and decision latency during correct trials are predicted 

by the resolution and alternative move demands of the task. 

Experiment Measure Notes Eta Eta Eta 
Resolution Alternatives Resolution x 

alternatives 
5 Planning . 505 . 185 . 125 

latency per 
problem 

7 Planning Aging study . 092 . 052 . 047 
latency per 
problem 

MEAN VARIANCE IN PLANNING LATENCY 29.8% 11.9% 0.1% 
ACCOUNTED FOR 
1 Execution forward/indirect . 635 n/a n/a 

Latency per moves only 
move 

5 Execution . 172 . 137 . 236 
latency per 
problem 

7 Execution Aging study . 112 . 324 . 093 
latency per 
problem 

MEAN SOLUTION EXECUTION LATENCY 30.6% 23.0% 16.4% 
VARIANCE ACCOUNTED FOR 
5 excess moves . 467 . 536 . 468 
7 excess moves Aging study . 485 . 629 . 415 
MEAN SOLUTION ACCURACY VARIANCE 47.6% 58.2% 44.2% 
ACCOUNTED FOR 

TABLE 40: Summary of results from the Conventional TOL paradigm. The experiment and 
measure reported are provided along with Eta 2 for the main effects of the resolution and alternative 
task demands, along with the resolution x alternative interaction, and the average variance for each 
is calculated. 

Table 40 shows that when participants pre-plan their solution and then solve the problem 

by selecting and executing moves themselves, that the pre-planning latency, problem execution 

latency and deviations from the optimal solution path are also predicted by the resolution and 

alternative move task demands. Experiment 1 is not included in the error data summary because 

errors for forward and indirect moves were not compared. The average amount of variance in 

performance across paradigms explained by the resolution and alternative move demands is quite 

consistent across similar measures, except in errors which we have discussed these previously. 

However, within each paradigm there was some inconsistency. For example, within the planning 
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latency of the conventional TOL, although this measure was an unreliable which could account for 

this inconsistency. Overall the resolution demands in the verification and conventional TOL 

accounted for about 30% of the variation in performance and the alternative move demands 

accounted for about 24% of the variance in performance. 

Previous research has determined that indirect moves are more difficult than forward 

moves in the disk-moving tasks (e. g. Goel & Grafman, 1995; Morris et al., 1997a; Ward & Allport, 

1997; Phillips et al., 1999). The explanation for this has usually been that these moves create a 

discrepancy between the global goal and a local subgoal, and so generate a conflict. We have 

shown that forward moves are most easy because they immediately place a disk in its goal position 

and that indirect moves get more difficult as the number of moves until the disk is finally placed 

increases. Furthermore we have shown there is a second characteristic of the indirect move that 

affects difficulty; the more legal alternative moves there are to choose between the more difficult 

an individual move or complete problem is. We have argued that the resolution demands of the 

task incorporate moves that advance the participant towards the goal state. The alternative move 

demands of the task are likely to involve a consideration of possible moves forward from the 

current position. The resolution by alternatives interaction is discussed in the sections that follow. 

We have argued that the resolution demands take a participant deeper into the problem and 

that the alternative moves result in a search of the breadth of the problem space. If a choice 

between these demands is required, the participant is likely to prefer to advance through the 

problem space rather than peruse its breadth because this is the goal of each problem. Previous 

research (e. g. Ward & Allport, 1997) has argued that when there is a forward move available it is 

likely that there is little deliberation over which legal alternative move is best. It therefore follows 

that when there are only indirect moves available, move choice is likely to be more difficult 

because the participant must determine which move is part of the optimal solution and will advance 

them forward towards the goal state. 

This thesis has also included a number of individual difference measures of Spatial 

Working Memory (SWM) and inhibition. The correlations with overall TOL performance are 

incorporated into Table 41, and illustrate the degree of relationship when TOL performance is 

collapsed across other conditions (such as familiarity). The correlation with a TOL span that 

measured the number of problems the participant could reproduce has been reported to summarise 
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the SWM measure as it was consistently employed and nearly always produced a significant 

correlation with TOL. The inhibition measure reported is from the Stroop test as measured by a 

difference score (interference - control condition in Ms). Although not always the inhibition test 

that yielded a significant correlation, it has been included in every experiment that took an 

inhibition measure. However, slightly different versions of the Stroop have been employed and this 

should be taken into consideration when making comparisons. Also we have had to report a partial 

correlation where differences in processing speed between older and younger adults (Experiment 7) 

were controlled for, as without this the correlations between TOL and inhibition were much larger 

than those reported here. To calculate the average correlation, the correlations were weighted by 

their sample size using Hunter and Schmidt's (1990) method. 

Experiment TOL paradigm/ Notes Correlation with Correlation with Stroop 
measure TOL span, r= interference measure 

(ms), r= 
1 Verification TOL n=68 -. 32* . 03 

latency 
2 Verification TOL n=47 . 02 n/a 

latency 
4 Verification TOL n=42 . 09 . 04 

latency (Appendix 11) 
7 Verification TOL n=41 -. 28 . 29 

latency (partial 
correlation) 

VERIFICATION LATENCY WEIGHTED MEAN -. 14 . 10 
CORRELATION 

1 Verification TOL errors n=68 . 05 . 18 

2 Verification TOL errors n=47 -. 48* n/a 

4 Verification TOL errors n=42 -. 32* . 18 

7 Verification TOL errors n=41 -. 16 . 55* 
(partial correlation) 

VERIFICATION ERRORS WEIGH TED MEAN -. 19 . 28 
COR RELATION 

1 Conventional TOL n=69 -. 42* . 12 
latency 

7 conventional TOL n=41 -. 52* . 29 
latency (partial 
correlation) 
CONVENTIONAL LATE NCY MEAN -. 46 . 18 

COR RELATION 
1 conventional TOL n=69 -. 26* . 19 

errors 
7 conventional TOL n=41 -. 17 . 30 

errors (partial 
correlation) 
CONVENTIONAL LATENCY MEAN -. 22 . 19 

CORRELATION 
l- DLC 4 1; summary or correiation witn inaividual difference measures and the Conventional TOL 

and verification TOL paradigms. The experiment and measure reported are provided along with 
Pearson's correlation with overall TOL latency and accuracy, and the weighted (for sample size) 
mean correlation (Hunter & Schmidt, 1990) between measures calculated. 
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Table 41 compiles the correlations that were reported across all 202 participants included 

in these studies. They show that the average correlation between SWM and TOL latency is r =-. 30, 

with an average correlation with accuracy of r= -. 21. The inhibition measures yielded an average 

correlation with r=. 14 with TOL latency and an average correlation of r=. 23 with errors. Table 41 

seems to show a clear relationship between SWM and TOL, with significant negative correlations 

evident in most measures. There is also some evidence of a positive relationship between the TOL 

and inhibition, which although rarely significant in individual studies is fairly consistent at around r 

= . 2. The results obtained in Experiment 6 suggested that the element of TOL most disrupted by a 

spatial dual-task was the search for alternative moves. It was also shown in Experiment 7 that 

older adults, who had impaired SWM and inhibition also performed more poorly than younger 

adults when considering alternative moves. An ANCOVA showed that the resolution effect was 

correlated with SWM, but the alternative move effect was not. In conjunction with the correlation 

analyses these data suggest that SWM and inhibition are involved in TOL performance. 

The negative correlation with the TOL memory span is likely to be due to the fact that both 

the resolution and alternative move demands involve the manipulation of disks in memory and 

those with better spatial memory are faster and less likely to make an error. It may also represent 

the involvement of spatial memory in a plan for future moves, which is required by both the TOL 

and the spatial span measure. This is consistent with an explanation in which executive spatial 

demands of TOL are related to the resolution demands of the task. The plan is likely to contain 

information about the next few most efficient moves. 

There is some evidence of a correlation between the TOL and inhibition. This suggests that 

with sufficient power, a significant relationship would be observed. This positive correlation is 

probably due to the fact that both tasks involve the suppression of a dominant response in favour of 

a less dominant alternative response and those who are slower to resist the dominant response take 

longer to respond and produce more errors in TOL. In the verification paradigm the dominant 

response is likely to be the demonstrated move, which should be suppressed so that other 

alternative moves can be considered. This explanation is consistent with our argument that the 

alternative move demands sometimes require the suppression of some moves in favour of another. 

Sometimes in the conventional TOL, however, the dominant or preferred move does not require 

suppression because it is correct or because other alternative moves have already been assessed. It 
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may be that the type of inhibition observed is related to the suppression of responses based on 

colour, and perhaps an inhibition task requiring the suppression of spatial material would provide 

stronger or more consistent correlations. 

6.3. TOL PERFORMANCE; PLANNING, WORKING MEMORY AND INHIBITION 

The findings that the TOL performance requirements are governed by the resolution and 

alternative move demands of problems appears to be a robust finding that is consistent across 

different levels of familiarity with TOL and across different TOL paradigms. That is to say that the 

more moves it is before disks not currently in the goal positions are finally placed and the more 

legal alternative moves there are to choose between, the harder the TOL problem. Previous 

characterisations of TOL performance have been based on the task's planning, spatial working 

memory and inhibition demands. These are now considered in turn. 

6.3.1. PLANNING 

Shallice's (1982; 1988) original TOL was administered to frontal patients who were asked 

to pre-plan their moves in advance of moving disks and he called his task a planning task. Several 

studies have shown that dysexecutive populations perform more poorly on the TOL than normal 

participants (e. g. Shallice, 1982,1988; Owen et al., 1990) particularly when more difficult 

problems are administered (Morris et al., 1997a/b). The present research has illustrated two main 

findings that can extend previous research. First, the planning demands of TOL can be measured 

by the resolution and alternative move demands of the task; both pre-planning latency, problem 

execution and solution accuracy are affected by these characteristics. Second, this research 

suggests that frontal populations might be particularly influenced by the alternative move demands 

of the task; the plan for the next few moves is probably determined by the outcome of a choice of 

all the alternative moves that are possible, and a greater number of alternative moves increases the 

difficulty of producing an efficient plan. An inhibition deficit may also produce a performance 

decline in choosing between alternative moves, because it may be difficult to suppress preferred 

but incorrect moves in favour of other alternatives. 

One debate in the literature has been that TOL performance is not well predicted by time 

spent pre-planning prior to the execution of a solution. The current research agrees with research 

that has argued (e. g. Phillips et al., 2001) that preplanning latency is an unreliable measure and that 

the execution demands of the task can capture TOL's planning requirements with measures that are 
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more reliable, plus there is evidence available concerning the accuracy of the plan. A second topic 

of debate in the literature has been that time spent pre-planning is futile because those who pre-plan 

moves are not speeded during subsequent problem execution (e. g. Phillips et al., 2001). We have 

found that pre-planning does, however, improve accuracy, which is in contrast to Phillips et al., 

2001. One reason for this may be because their problems had up to ten moves which was beyond 

the pre-planning capabilities of participants. It is not clear why pre-planning does not improve 

subsequent execution speed. Phillips et al. (2001) argued that it is because verbal pre-plans must 

be converted into visuospatial plans when problems are executed. Alternatively it may be that even 

though a (presumably successful) pre-plan has been derived, contention scheduling (Norman & 

Shallice, 1986) is not cued to automatically execute the solution because the on-line planning 

requirements and the desire to avoid errors retain supervisory attentional system involvement. For 

example, it may be the competing alternative moves are evaluated during solution execution to 

ensure the correctness of the plan whilst the on-screen apparatus serves as a more reliable problem- 

solving tool than human memory. 

Two theories that have detailed the planning requirements of TOL have been Ward and 

Allport's (1997) Move Selection Framework and Gilhooly et al. 's (1999) Goal Selection Theory. 

The key difference between the two theories is the extent to which alternative moves are 

considered with Ward and Allport (1997) arguing the search is extensive and Gilhooly et al. (1999) 

arguing it is limited to one or two moves. The current evidence supports Ward and Allport's 

(1997) theory. They argued that competition between alternative moves limit difficulty such that 

the more uncertainty there is over the best possible move, the more difficult TOL problems are. 

We agree with this position, and have argued that even when there is only one efficient solution the 

number of alternative moves still effects TOL difficulty. It is very likely that alternative moves are 

considered so that the most efficient progress through the problem space can be selected. It is 

possible that Gilhooly et al. 's (1999) use of verbal protocol to collect information about the 

alternative moves that were considered provided only an incomplete summary of those moves that 

were considered and almost certainly did not include alternative moves that were discounted. It is 

surely essential to the efficiency of a solution that alternative moves are considered; how else 

would the most efficient solutions be achieved most of the time? However, we have not determined 
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the extent to which different alternative moves are considered, and in some cases it may be very 

brief. 

6.3.2. WORKING MEMORY 

Although Shallice (1982; 1988) considered that there was a role for verbal memory in 

planning, other research has found little evidence of a correlation between TOL or Tower of Hanoi 

(TOH) performance and verbal tests (e. g. Lehto, 1995, Handley et al., 2002; Gilhooly et al., 2002). 

Phillips et al. (1999) did find that articulatory suppression speeded execution and have argued that 

this was because inefficient verbal strategies were limited. Furthermore, Phillips et al. (2001) 

argued that verbal processes are likely to be involved during TOL pre-plans. Clearly we have no 

evidence to demonstrate a role of verbal working memory in TOL, and have shown that the task is 

related to spatial resources. However, it is possible that these can be supported when necessary by 

verbal processes by reference to the colours of disks, for example. 

A good deal of research has shown that SWM is closely related to TOL performance (e. g. 

Gilhooly et al., 2002). We have reported a correlation with SWM and it seems likely that one of the 

cognitive processes that underlie successful performance on TOL is the manipulation of disks in 

memory. This is likely to be related to both the resolution and alternative move demands. Some 

researchers have argued that spatial working memory and executive function are essentially the 

same thing (e. g. Miyake et al., 2001). However, because tasks such as spatial tapping do not disrupt 

performance on all spatial tasks, there is likely to be a continuum of spatial resources from passive 

SWM involving the visuospatial sketch pad (VSSP) of working memory to executive function. It 

seems possible that these can be distinguished and that the manipulation of disks is a function of 

the VSSP while spatial TOL planning is more closely related to executive processes. Inhibition has 

been proposed as an executive function, and has also been reported to be involved in TOL 

performance (Welsh et al., 1999) 

6.3.3. INHIBITION 

Some research has provided evidence that the disk-moving tasks are related to inhibition 

(e. g. Miyake et al., 2000; Welsh et al., 1999). It has been said that the source of this relationship is 

due to the requirement to inhibit counterintuitive moves. We have also provided some evidence of 

a relationship with inhibition, Table 41 shows it is consistent although it has not been very strong. 

The moves that have been examined in this thesis have not been `counterintuitive' as such, they 
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have, however, been indirect. We have argued that the alternative move demands of the task 

require that the best move is selected and that this may sometime mean that a preferred but 

incorrect alternative move is inhibited. In the verification paradigm, this might also be a result of 

the fact that on half the trials an incorrect move was demonstrated and this was therefore dominant 

and had to be suppressed in favour of an alternative move. Another possible source is that when a 

move is demonstrated, the apparatus illustrates one move beyond the point where alternative moves 

are considered from, so that the demonstrated move must be inhibited or reinstated so that 

alternative moves are considered. In memory it is also possible that it is this reinstatement that is 

responsible for the relationship with inhibition such that every time a move is tried it has to be 

inhibited if it is incorrect or if other alternative moves require testing; again it is likely that the 

configuration of disks on the TOL apparatus must be inhibited so it does not distract the 

participant. Further research may wish to consider the relationship between alternative moves and 

inhibition directly. 

6.4. SEPARABLE OR OVERLAPPING PERFORMANCE DEMANDS? 

Baddeley et al. (1997) noted that the executive system was poorly defined and that it 

should be fractionated according to the cognitive requirements of executive tasks. If a task analysis 

is used to construct a model of the executive then the task must be properly specified and this thesis 

has made a significant contribution to the specification of the performance demands of TOL. 

Miyake et al. (2002) have provided a model of the executive, comprising inhibition, 

shifting and memory updating functions. They argued that TOH performance was best predicted 

by the inhibition factor. However, this thesis has provided a good deal of evidence that an 

explanation of performance which only incorporates inhibition is not a sufficient characterisation of 

the performance demands of TOL. For example, it does not explain performance on the resolution 

demands of the task and if the preferred and/or dominant alternative move is the optimal move then 

inhibition is not required. In fact, Miayke et al. (2000) did not account for a large percentage of the 

variance in TOH performance in their model. Any model of the executive should incorporate 

cognitive processes that can explain both the resolution and alternative move aspects of 

performance as we have argued that these are both served by executive resources. 

This thesis has considered the extent to which the resolution and alternative move demands 

of TOL draw on separate resources. Whist some evidence that they are distinct has been provided 
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via the verification paradigm there has also been some evidence from the conventional TOL that a 

combination of high alternative moves and high resolution demands can be very difficult, 

suggesting they draw on the same resource. One reason for the inconsistent evidence between the 

two paradigms is that there are number of differences between the verification TOL and the 

conventional administration that have made it difficult to determine if the resolution and alternative 

move demands draw on separate cognitive resources. For example, in the conventional TOL errors 

are easy to interpret; they result in a suboptimal solution and there is evidence of the preferred 

incorrect move. However, in the verification paradigm when a move is disputed there is no 

information as to why, and the recognition that a move is suboptimal does not necessarily mean 

that the optimal move has been identified. This is coupled with the fact that there has been a 

preference to dispute a move in several experiments, especially when the number of alternative 

moves there are to choose between is high. As a result errors were often hard to interpret in the 

verification paradigm. The interaction between resolution and alternatives that has emerged in 

errors in every verification experiment, except Experiment 3, that has manipulated those factors is 

one such example. An explanation that is consistent with the latency and error data has been very 

hard to provide. However, it is possible that this was a peculiarity of the problems used and further 

research might use different problems in order to determine if this is the case. 

TOL is a complex task and we have argued that the resolution and the alternative move 

demands overlap. That is to say, evaluating the outcome of an indirect move requires that disks are 

manipulated in memory until their final resolution, and when determining which of the alternative 

moves should be taken it must also be necessary to manipulate disks in memory to determine which 

is best. Therefore, both the resolution and alternative move demands require that disks are 

manipulated in memory. This memory requirement is probably a function of the VSSP. This may 

be a reason why a multiplicative interaction was observed in the conventional TOL; because the 

disk manipulation requirements of the resolution and alternative move aspects of performance were 

limited by the capacity of the VSSP. It may not have appeared in the verification TOL because the 

task demands were low as the correct disk always moved. However, sharing a resource at the level 

of Baddeley and Hitch's (1974) slave systems does not preclude an argument that there are 

separable executive resources employed in TOL. Whilst a number of issues have prevented a 

conclusion as to whether the performance demands are served by separable executive functions, the 
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evidence presented in this thesis is consistent with an account in which the planning requirements 

and the inhibition demands are separate executive resources. 

6.5. TOL AS A RESEARCII TOOL; RECOMMENDATIONS 

It is likely that the works conducted in this thesis provide a new direction for the study of 

executive function in normal and clinical populations. In previous research, TOL has been 

administered by putting together a set of problems that have been selected with a limited rationale 

and quite often a single performance measure is taken to represent performance. This has produced 

a number of inconsistent results, for example some research shows that pre-planning makes 

subsequent execution more accurate (Ward & Allport, 1997) while some research shows that it 

does not (Phillips et al. 2001). Likewise, some research shows that frontal patients perform more 

poorly on TOL than other patient groups (e. g. Shallice, 1982) whilst other research shows that this 

is not the case (e. g. Shallice, 1988; Andres & Van der Linden, 2001) or at least not until more 

difficult problems are administered (e. g. Morris et al., 1997a). Whilst the heterogeneity of the 

executive system is almost certainly partly responsible for these inconsistencies, different problem 

sets might also be partly responsible. The current research provides guidelines for selecting 

problems which are useful in several ways. First, problem difficulty can be manipulated in 

relatively simple problems. Whether the on-line execution demands of TOL or pre-planning 

demands are under investigation, shorter problems (or even individual moves) have a number of 

advantages over longer problems without restricting the variance in responses; they contain less 

noise than longer problems and they might be better targeted at specific cognitive deficits. They 

also save research time and are cheaper to administer. In addition problems that are within the pre- 

planning capacity of the population under investigation might result in better control over the 

performance strategies that are utilised (Phillips et al., 2001). Second, the difficulty of problems 

can be experimentally manipulated without being confounded by the number of the moves or being 

restricted to the first move in the problem and this is an improvement on the manipulation 

techniques used in the literature, such as employing the number of moves in a problem as a level of 

an independent variable (e. g. Ward & Allport, 1997, Morris et al., 1997a/b; Phillips et al., 1999), so 

simplifying the design of the experiment. Finally, problem difficulty can be manipulated in a 

specific way (i. e. by increasing the alternative move demands or the resolution demands) to focus 

on specific aspects of performance and on particular cognitive processes, which will develop a 
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better understanding of what the disk-moving tasks actually measure. We have shown that careful 

problem selection can mean that a single performance measure such as overall latency or errors 

might suffice. However, if required, we have also provided a paradigm which is capable of 

extracting an item-based measure that is considerably simpler than the global measures that are 

often employed. Therefore, the research in this thesis provides a framework for using TOL in a 

theoretical and clinical setting. 

The verification paradigm might be useful in either setting; we have shown that 

performance on a single move in TOL is comparable to that in a complete problem. We have 

argued that the demands of the conventional TOL are likely to be higher than those required by the 

verification paradigm because the participant must attend to all available moves to determine the 

optimal move choice, and has to complete a consecutive series of moves successfully. In the 

verification TOL the participant need only attend to a single move within a problem, and the 

computer always demonstrates the move of the focal disk. This is not necessarily a disadvantage 

and in clinical populations it may even be an advantage, especially as it can compensate for motor 

problems because a simple response is required. However, we have argued that the error data in 

the verification paradigm is hard to interpret. A simple solution to this is to ask participants to give 

a reason why they have disputed a move or to ask them to determine a replacement move. 

The findings also have implications for the executive function literature. The main 

recommendation for the theoretical application of TOL is that problems should be selected 

according to their resolution and alternative move demands rather than by the number of moves in 

a problem or the number of indirect moves in a problem. These are simple quantitative measures 

that provide a parsimonious summary of the performance demands which are easily calculated by 

counting the number of moves between the onset of a move and its final positioning, and by 

counting the number of disks that are free to move, and the number of positions they can be moved 

to, excluding any disks in their final position and the previous disk that was moved. Careful 

selection of problems has improved the reliability of TOL in the studies in this thesis, and 

improved reliability is desirable in individual difference research so that correlations between tasks 

are not undermined. Furthermore, the resolution and alternative move performance demands apply 

to all versions of the disk-moving tasks regardless of the apparatus, the number of disks, or the 

format of the disks. Future research might wish to re-examine the convergent validity of different 
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versions of the disk-moving tasks when these performance demands are matched as it is very likely 

that the variation in the resolution and alternative move demands is at least partly responsible for 

the unshared variance between the two tasks. Likewise, a reanalysis of disk-moving data when the 

resolution and alternative move demands are taken into consideration might reduce some of the 

inconsistency between different studies that has been observed when the same apparatus has been 

employed. 

These results also have application in a clinical setting as selecting problems based on their 

alternative move and resolution demands may make TOL more sensitive to executive dysfunction. 

One particular reason why this is useful is because at the present time there are not the clinical tests 

available that are sensitive to the full constellation of executive dysfunction that occurs (Bigler, 

1988) and any targeting of the TOL task towards specific deficits is likely to be very useful. For 

example, we have shown that the assessment of alternative moves is difficult for normal 

participants and older adults and this might suggest that in clinical research the problems selected 

should be scaled according to their alternative move demands. The problems encountered by 

Penfield's sister when preparing a meal for six people that he described as a deficit in `planned 

administration' (Penfield & Evans, 1935) have been used to illustrate this point; she could take 

certain dishes through to their final completion which is akin to the resolution demands of TOL, 

but some dishes had not even been started. This suggests a deficit in implementing the breadth of 

her plan that may be examined by exploring the effect of alternative moves in TOL. Given Goel's 

(2002) argument that the frontal deficit is related to task structure it might suggest that in ill- 

structured tasks this consideration of alternative actions is infinitely extensive and poorly defined. 

6.6. FUTURE RESEARCH 

One finding that has been surprising in the current research was the fact that in the 

verification paradigm, alternative moves were considered even when they provided no fruitful 

outcome. Even when participants were experienced with TOL and even when they had already 

completed two logically identical problems, they still had an effect on performance. One possible 

explanation is that participants did not realise that the focal disk was always the correct disk to 

move, but even when their accuracy was very good they still considered alternative moves. This 

might suggests that the consideration of alternative moves is elicited by their mere presence and 

may be unavoidable. Alternatively, we have argued that pre-planning does not speed subsequent 
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execution because even though a successful pre-plan might be derived, alternative moves are 

evaluated as a way of avoiding mistakes and this suggests that the search through alternative moves 

is a deliberate and conscious strategy. 

The effect of alternative moves is also interesting because executive tasks often require that 

a number of alternative responses are chosen between, and it is possible that this aspect of 

performance is closely related to executive function. Therefore, the extension of the current ideas 

to new executivelplanning tasks might be fruitful. For example, in the Water Jug task (Atwood & 

Polson, 1976) it has been argued that counterintuitive moves are responsible for the difficulty of 

individual moves, and this could be explored by examining individual moves using a verification 

paradigm. However, it is also likely that the number of alternative moves contributes to difficulty 

and this possibility could be explored to see if unfruitful distracters affect performance. 

6.7. CONCLUSION 

The aim of this thesis was to determine what TOL measures. We have provided a series of 

seven studies that illustrate that the difficulty of TOL problems is a function of the number of 

moves until disks are placed in their goal position (resolution demands) and the number of 

alternative moves there are to choose between. These two main effects have been consistently 

demonstrated and are robust. They provide ways of describing performance based on 

straightforward calculations that have meaningful definitions and provide a parsimonious account 

of TOL performance. The resolution and alternative move demands affect performance in novel 

participants and experienced participants, younger and older adults, and they are applicable in all 

the different versions of the disk-moving tasks. They therefore provide a way forward for 

executive function research. The TOL may be a well-structured laboratory task and some might 

argue that it has little relationship with real world problems, yet there are a number of activities that 

are carried out in every day life that require a resolution analysis to evaluate a potential action on 

the basis of its final outcome, and that require that different alternative options are considered. In 

fact although more simplistic, the aspects of performance that affect TOL are directly related to 

everyday life. 
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APPENDICES 

APPENDIX 1: Problems used in the conventional version of TOL, Experiment 
1 

Problems Taken from: 
Gilhooly, Phillips, Wynn, Logie & Della Sala (1999). 
Planning processes and Age in the 5 disk Tower of London Task 
Thinking & Reasoning 5(4), pp339-361. 

Key 

Y- yellow 
G- Green 
P-Pink 
B- Blue 
R -Red 

" Peg 1 is leftmost. Disks are ordered within pegs so that the leftmost is on top. Indirect moves = number 
of moves in which a disk is not placed in its goal position. No = computer trial number 

Start State Goal State No. Moves No Indirect 
PEG PE G PEG PEG PEG PEG in problem In problems 
1 2 3 1 2 3 
SET A 

B RGY P - BP YRG 7 2 
Y GRP B - P YBGR 6 2 
- GRB PY - P RGBY 8 4 
RGPB - Y - Y GPRB 9 4 

YPGBR RG Y PB 10 5 

SET B 

- BPYGR - PG YR B 6 2 
YBPG R - Y GBR P 7 3 
GP YBR - - - BGPYR 9 4 
G BRY P Y GP BR 8 3 

PRBGY - - BGPYR 10 5 

SET C 
BG PR Y PY R BG 6 2 
GPY RB - YB P RG 7 2 
RP BY G PY - GBR 8 3 
- - PGBYR Y - RPGB 9 4 
- PGYBR - PGR Y B 10 5 
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Appendix 2: Problems used in the take over version of TOL, Experiment I 

Problems Taken from: 
Gilhooly, Phillips, Wynn, Logie & Della Sala (1999). 
Planning processes and Age in the 5 disk Tower of London Task 
Thinking & Reasoning 5(4), pp339-361. 

Key 
Y- yellow 
G- Green 
P- Pink 
B- Blue 
R -Red 

" Peg 1 is leftmost. Disks are ordered within pegs so that the leftmost is on top. The initial moves in the 
problem are the moves that are demonstrated before the participant's turn. The best move is also 
indicated as the correct take over move. In both cases the disk colour and the peg number is indicated. 
The column headed Status indicates if the move the participant should make is forward (F) or indirect (I) 

Start State 
PEG PEG 
12 

PEG 
3 

GP BYR 

P BYR G 

RGB YP 

BPGRY 

GY RBP 

R BYGP 

YB RPG 

GRYBP 

Goal State 
PEG PEG PEG 
1 23 

YGP BR 

GYBP R 

BPYR G 

PYB 

BYGP R 

GBYR P 

BPGR Y 

PY G RB 

Initial moves Correct 
in problem take-over move 

B-1, 

R-1, Y-1 

B-1, Y-1 

P-3 

R-1 

Y-2, B-2, R-1 

G-1, R-1, Y-1, B-3 

1-1 

Y-1 

P-1 

P-1 

B-3 

B-2 

P-2 

G-2 

Status 

F 

F 

F 

I 

I 

I 

I 
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Appendix 3: Problems used in the Verification version of TOL, Experiment I 

Problems Taken from: 
Gilhooly, Phillips, Wynn, Logie & Della Sala (1999). 
Planning processes and Age in the 5 disk Tower of London Task 
Thinking & Reasoning 5(4), pp339-361. 

Key 
Y- yellow 
G- Green 
P- Pink 
B- Blue 
R -Red 

" Peg I is leftmost. Disks are ordered within pegs so that the leftmost is on top. The initial moves in the 
problem are the moves that are demonstrated before the focal move, which was of interest here. All of 
these moves should be judged as correct. The focal move is indicated along with whether it was optimal 
(0) or suboptimal (S). In both cases the disk colour and the peg number is indicated. The column headed 
Status indicates if the move the participant should make is forward (F) or indirect (I) 

Start State 
PEG PEG PEG 
12 3 

RBG YP 

GP BYR 

G BP YR 

YPB GR 

YR BPG 

P BYR 

BPGR 

GY RBP 

G BRY 

YB 

YPGBR 

R 

BG PR 

YPGBR 

G 

Y 

GRYPB 

P 

RPG 

PRBGY 

BYGP 

Y 

Goal State 
PEG PEG PEG 
1 2 3 

BPYR G 

YGP B R 

PBYG R 

GR B PY 

GPYR B 

GRBP R 

PYB RG 

R PYG B 

BYGP R 

PG Y BR 

BR Y GP 

P BRi 

Y BR PG 

R BY GP 

YP R BG 

R GBPY 

nitial moves 
in problem 

R-1 

NONE 

Y-1, B-1 

R-2, G-1, 

B-3 

B-1 

B-1 

G-2 

R-3 

P-1 

Y-2 

P-2, R-2 

Y-1 

R-1 

Y-2, B-2, 
G-3, B-3 

Y-1, P-2 

focal 
verification 

Y-1 (0) 

B-2 (0) 

P-1 (0) 

R-1 (0) 

P-1 (O) 

G-1 (S) 

Y-2 (S) 

R-2 (S) 

B-3 (O) 

B-1 (O) 

B-2 (0) 

B-1 (O) 

P-3 (S) 

B-2 (S) 

Y-1 (S) 

G-3 (S) 

Status 

F 

F 

F 

F 

F 

F 

F 

F 

I 

I 

I 

I 

I 

I 

I 

I 
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Appendix 4: Correlation between conventional TOL and Spatial Working 
Memory by Familiarity, Experiment 1 

TOL stage/measure Simple Span Complex Span Brooks Matrix TOL Span 
ls` Plan time -. 081 -. 235+ -. 112 -. 053 
ls` forward moves -. 294* -. 357** -. 272* -. 409** 
1 indirect moves -. 305* . 240 + -. 303* -. 396** 
1St errors (# solved correctly) . 082 -. 144 . 085 . 202 
2nd Plan time -. 066 . 041 . 051 -. 131 
2"a forward moves -. 311 * . 306 * -. 231+ -. 408** 
2"a indirect moves -. 289* -. 273* -. 201 -. 386** 
2'' errors (# solved correctly) -. 055 . 236 + . 118 . 204 
3`d Plan time . 136 . 014 . 205 . 067 
3rd forward moves -. 299* -. 323 ** -. 211 -. 454** 
3`d indirect moves -. 216 -. 244+ -. 173 -. 391** 
3'd errors (# solved correctly) -. 175 -. 212 -. 157 -. 220 

correlation is significant at the . 
05 level (2-tailed) 

**= correlation is signficant at the 0.01 level (2-tailed) 
+= correlation is signficant at p<. 07 (2-tailed) 

Pearson's Correlation between spatial working memory tasks and the conventional 
TOL by familiarity in Experiment 1 (n=69) 
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Appendix 5: Correlation between conventional TOL and inhibition measures 
by familiarity in Experiment 1 

Appendix X: Pearsons correlation between Standard TOL and inhibition tasks in Experiment 1 

TOL stage/measure Antisaccade Negative priming Stroop Test 
ms error ms errors ms errors 

ls` Plan time -. 048 . 112 . 066 . 257* . 130 -. 105 
1" forward moves -. 145 . 145 -. 157 -. 024 -. 105 . 247* 
1s` indirect moves -. 143 . 196 -. 150 . 019 -. 077 . 233+ 
ls` accuracy (# -. 053 -. 084 . 179 -. 224+ -. 105 . 055 
solved correctly) 
2"a Plan time . 192 -. 104 -. 197 -. 039 . 110 -. 082 
2"a forward moves -. 103 . 110 -. 148 -. 006 -. 132 . 124 
2nd indirect moves -. 154 . 126 -. 100 -. 024 -. 134 . 110 
2nd accuracy (# . 254* -. 141 -. 123 -. 105 -. 032 -. 053 
solved correctly) 
3`d Plan time -. 137 . 005 . 046 . 029 . 059 -. 033 
3`d forward moves -. 068 . 118 -. 145 -. 067 -. 048 . 064 
3`d indirect moves -. 060 . 038 -. 145 -. 067 -. 048 . 064 
3`° accuracy (# 

. 278* . 278* -. 017 -. 002 -. 035 . 049 
solved correctly) 

correlation is significant at the . 05 level (2-tailed) 

+= correlation is signficant at p<. 07 (2-tailed) 

Pearson's Correlation between inhibition tasks and the conventional TOL by 
familiarity in Experiment 1 (n=69) 
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Appendix 6: Problems used in the verification version of TOL, Experiment 2 
Problems Taken from: 
Gilhooly, Phillips, Wynn, Logie & Della Sala (1999). 
Planning processes and Age in the 5 disk Tower of London Task 
Thinking & Reasoning 5(4), pp339-361. 

Key 
Y- yellow 
G- Green 
P- Pink 
B -Blue 
R-Red 

" Peg 1 is leftmost. Disks are ordered within pegs so that the leftmost is on top. The initial moves in the 
problem are the moves that are demonstrated before the focal move. The focal move is indicated along 
with whether it was optimal (0) or suboptimal (S) in the Status column. In both cases the disk colour and 
the peg number is indicated. For each optimal trial, the matched suboptimal trial is given below it. 
Problems are organised by their resolution gap, which acts as a header for each set of problems 

Start State 
PEG PEG PEG 
123 

B 
B 
RP 
RP 
BG 
BG 
G 
G 

Y 
Y 
GP 
GP 
RGPB 
RGPB 
G 
G 

BPYGR - 
BPYGR - 
RGY P 
RGY P 

BY G 
BY G 
PR Y 
PR Y 
BRY P 
BRY P 

GRP B 
GRP B 
YBR - 
YBR - 
-Y 
-Y 
YRB P 
YRB P 

YBPG R- 
YBPG R- 

- PGYRB- 

- PGYRB- 
YPGBR -- 
YPGBR -- 
- GRB PY 

- GRB PY 

Goal State 
PEG PEG PEG 
123 

PG 
PG 

nitial moves 
in problem 

B-3, P-3 
B-3, P-3 
P-1 
P-1 

Y-2 
Y-2 
P-1 
P-i 

focal 
verification 

Y-3 
Y-1 
R-1 
R-3 
G-2 
G-3 
B-2 
B-3 
13-1 
13-3 

- BY RGP B-1 
- BY RGP B-2 
"- BGPY Y-1 
-- BGP Y-3 
-Y GPRB Y-2, R-2, G-2 P-2 
-Y GPRB Y-2, R-2, G-2 P-3 

GP YBR P-1 Y-1 
GP YBR P-1 Y-3 

PY 
PY 
PY 
PY 
Y 
Y 

YR 
YR 
BP 
BP 

R 
R 
GP 
GP 

B 
B 
YRG 
YRG 
GBR 
GBR 
BG 
BG 
BR 
BR 

Y 
Y 
PGR 
PGR 
Y 
Y 

GBR P 
GBR P 
YB -3 
YB -3 
PB RG -3, P-3 
PB RG -3, P-3 
P RGBY 
P RGBY 

Y-3 
Y-2 
G-3 
G-1 
G-3 
G-2 
G-3 
G-1 

Status 

0 
s 
0 
s 
0 
s 
0 
s 
0 
s 

0 
s 
0 
s 
0 
s 
0 
s 

0 
s 
0 
s 
0 
s 
0 
s 
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Appendix 7: Correlation between spatial working memory and the 
verification TOL by resolution gap 

TOL MEASURE 
PEARSON 
CORRELATION 

TOL4 Global 
Memory span 

score 
Confirm Forward errors Pearson Correlation -. 185 

Sig. (2-tailed) 
. 209 

N 48 
Dispute forward errors Pearson Correlation -. 357(*) 

Sig. (2-tailed) 
. 013 

N 48 
Confirm 2SGC errors Pearson Correlation -. 379(**) 

Sig. (2-tailed) 
. 008 

N 48 
Dispute 2SGC errors Pearson Correlation -. 058 

Sig. (2-tailed) 
. 696 

N 48 
Confirm 4SGC errors Pearson Correlation -. 338(*) 

Sig. (2-tailed) 
. 019 

N 48 
Dispute 4SGC errors Pearson Correlation -. 182 

Sig. (2-tailed) 
. 216 

N 48 
Confirm 6SGC errors Pearson Correlation -. 320(*) 

Sig. (2-tailed) 
. 027 

N 48 
Dispute 6SGC errors Pearson Correlation -. 125 

Sig. (2-tailed) 
. 399 

N 48 

Correlation is significant at the 0.05 level (2-tailed). 
** Correlation is significant at the 0.01 level (2-tailed). 

Pearson's Correlation between the vericiation TOL and spatial working memory, 
by resolution gap and type of move demonstrated in Experiment 2 (n=48) 
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Appendix 8: Verification problems used in experiments 3,4,6 and 7 

Key 

Y- yellow 
G- Green 
P- Pink 
B- Blue 
R-Red 

" Peg 1 is leftmost. Disks are ordered within pegs so that the leftmost is on top. The initial moves in the 
problem are the moves that were demonstrated before the optimal focal move or the matched suboptimal 
focal move (although in fact the relationship between disk and colour was changed in dispute trials as 
was the peg order). In both cases the disk colour and the peg number is indicated. 

" In experiment 4 each pair of problems listed here had 2 other matched sets so there were 3 optimal 
problems, and 3 suboptimal problems for each example, each with a different relationship between 
colour and disk, and each with a different peg order. One pair was put in Set A, one in set B and one in 
Set C. 

Start State Goal State Initial moves optimal suboptimal 
focal focal 

PEG PEG PEG PEG PEG PEG in problem move move (matched) 
123123 

B 

BG 

G 

RP 

P 

PRB 

YB 

Y 

G 

RBG 

G 

BPYGR 

RGY P 

PR Y 

BRY P 

RGBYP 

R YGPB 

RPGBR 

YBPGR 

BY G 

RG YB 

GY 

P GR 

GRP B 

YRG P 

PY 

PR BY 

PG YR B 

BP YRG 

PY R BG 

Y GP BR 

GRB PY 

R PGYB 

RG Y PB 

G YR PB 

YP BGR 

YGPR B 

BP R YG 

GPY RB 

P YBGR 

GB PYR 

YP BGR 

RPBYG 

B-3, P-3 

P-1 

Y-2 

P-1 

R-1 

Y-2 

Y-1 

Y-1 

Y-3 

R-1 

B-2 

B-1 

G-1 

G-1 

P-1 

B-3 

G-2 

P-3 

Y-1 

Y-2 

B-1 

P-1 

P-3 

B-2 

Y-1 

R-2 

B-3 

B-3 

G-3 

G-2 

P-3 

B-1 

G-1 

P-2 

Y-2 

Y-3 

B-2 

P-2 

P-2 

B-1 
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Appendix 9: Correlation between latency and the individual difference 
measures in Experiment 4 

TTT global 
score 

Stroop - 
interference 
minus word 

reading 
TOL Global 

span 
ALL unpracticed MS -. 214 -. 042 -. 016 

Sig. (2-tailed) . 162 . 815 . 920 

N 44 34 43 

ALL intermediate MS -. 150 . 064 -. 089 
Sig. (2-tailed) 

. 343 . 722 . 580 

N 
42 33 41 

ALL practiced MS -. 174 . 167 -. 024 
Sig. (2-tailed) 

. 260 . 344 . 877 

N 44 34 43 

correlation is significant at the 0.05 level (2-tailed). 
" Correlation is significant at the 0.01 level (2-tailed). 
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Appendix 10: Problems used for the conventional TOL, Experiments 5 and 7 

Key 
Y- yellow 
G- Green 
P-Pink 
B- Blue 
R- Red 

" Peg 1 is leftmost. Disks are ordered within pegs so that the leftmost is on top. 
" Each problem has 6 moves and the resolution value and the number of alternative moves of each 

individual move are given in sequence 

Start State Goal State no 
PEG PEG PEG PEG PEG PEG moves RESOLUTION / ALTERNATIVES OF 
123123 INDIVIDUAL MOVES 

1. YPGBR 

2. YPGRB 

3. RB YPG 

4. GP BYR 

LO W RESOLU TION/H IGH 
5. P GR YB 

6. RY GBP 

7. G BYRP 

8. P GB YR 

9. 

10. 

11. 

12. G 

BRG PY 

YBGPR 

BPYGR 

YRPB 

13. B 

14. G 

15. R 

16. R 

RGY P 

PRGY 

BP GY 

BGY P 

B PY RG 

RYP BG 

RYB GR 

P GBRY 

RNATIVES 
BRPG Y 

YR BG 

RBYG P 

YBPG R 

PGB RY 

BYG PR 

RG YR B 

GPR YB 

BP YRG 

PGR Y B 

R YG BP 

YR PBG 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

0/2 0/2 0/2 2/2 0/2 0/2 
2/2 0/2 0/4 0/2 0/2 0/2 

2/4 0/2 0/2 0/2 0/2 0/2 

4/3 0/2 0/4 0/2 0/2 0/2 

2/6 0/2 0/4 0/4 0/2 0/2 

0/4 0/4 3/4 0/2 0/4 0/2 

0/4 2/2 0/4 0/4 0/2 0/2 

2/6 0/2 0/4 0/4 0/2 0/2 

4/4 2/2 0/2 0/2 0/2 0/2 

4/2 4/2 2/4 0/2 0/4 0/2 

0/2 4/2 2/2 0/2 0/2 0/2 

5/4 3/2 0/2 0/4 0/2 0/2 

5/4 2/2 0/2 0/4 0/4 0/2 

4/4 2/4 0/2 0/4 0/4 0/2 

5/4 3/4 0/2 0/4 0/2 0/2 

4/4 2/2 0/2 0/4 0/4 0/2 
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appendix II : Missing Data by Experiment 

Experiment I (n=69) 
Verification task-1% missing data, replaced by regression 

No. Ppnts Condition Task Reason 
3 suboptimal forward Verification TOL No response in condition correct. 
1 suboptimal conflict Verification TOL No response in condition correct. 
1 All Conventional TOL Technical/admin error 
1 1St session problems Conventional TOL Technical/admin error 
1 3`d session problems Conventional TOL Technical/admin error 

Individual difference measures 

No. Ppnts Task Reason 
4 TOL span Technical/admin error 
2 Negative priming Technical/admin error 
3 Complex span Technical/admin error 
2 Antisaccade Technical/admin error 
1 Stroop test Technical/admin error 
4 Simple span Technical/admin error 
2 Brook's Matrix Technical/admin error 

Experiment 2 (n=48) 
6.7% missing data, replaced by regression 

No Ppnts condition Reason 
7 optimal 2 resolution No response in condition correct. 
10 optimal 4 resolution No response in condition correct. 
6 optimal 6 resolution No response in condition correct. 
1 suboptimal 2 resolution No response in condition correct. 
1 suboptimal 6 resolution No response in condition correct. 
1 suboptimal 0 resolution No response in condition correct. 

Experiment 3 (n=26) (also single task group in Experiment 6) 
7.6% missing data, replaced by regression 

No Ppnts condition F 
2 optimal low res/high alts 
2 suboptimal high res/high alts 
2 suboptimal high res/low alts 
1 suboptimal low res/high alts 
1 suboptimal low res/low alts 

season 
No response in condition correct. 
No response in condition correct. 
No response in condition correct. 
No response in condition correct. 
No response in condition correct. 

Experiment 4 (n=47') 
0.9% missing data, replaced by regression 

ALL conditions Reason 
1 Computer malfunction 
2 not administered all problems 
2 computer recording failure 

UNPRACTICED 
No P pnts condition Reason 
4 optimal low res/low alts No response in condition correct 
2 optimal high res/low alts No response in condition correct. 
1 optimal high res/high alts No response in condition correct 
2 suboptimal low res/low alts No response in condition correct 
3 suboptimal high res/low alts No response in condition correct. 
2 suboptimal low res/high alts No response in condition correct. 
3 suboptimal high res/high alts No response in condition correct. 

232 



INTERMEDIATE 
No Ppnts condition Reason 
2 optimal low res/low alts No response in condition correct 
2 optimal high res/low alts No response in condition correct. 
2 optimal low res/high alts No response in condition correct. 
2 optimal high res/high alts No response in condition correct 
5 suboptimal low res/low alts No response in condition correct 
3 suboptimal high res/low alts No response in condition correct. 
3 suboptimal low res/high alts No response in condition correct. 
2 suboptimal high res/high alts No response in condition correct. 

PRACTICED 
No Ppnts condition Reason 
2 suboptimal low res/low alts No response in condition correct 
1 suboptimal low res/high alts No response in condition correct. 

Individual difference measures 

No. Ppnts Task Reason 
1 TOL span Technical/admin error 
9 Stroop test Task could not be administered (technical problems) 

Experiment 5 (n=47) 
0 missing data (conventional TOL) 

Experiment 6 (dual task group. n=25) (also see single task group. Experiment 3) 
8.5% missing data, replaced by regression 

No Ppnts condition Reason 
3 optimal low res/low alts No response in condition correct 
6 optimal low res/high alts No response in condition correct 
4 optimal high res/low alts No response in condition correct. 
4 optimal high res/high alts No response in condition correct 

Experiment 7 n=44) 
1.0% missing data, replaced by regression 

No Ppnts condition Reason 
1 All participant misunderstood task (data not replaced) 
3 optimal high res/high alts No response in condition correct 
1 suboptimal high resthigh alts No response in condition correct 

Individual difference measures 

No. Ppnts Task Reason 
1 TOL span TechnicaUadmin error 
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