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Abstract:

A range of evidence supports the view that processes underlying high-leve cognitive
tasks are diverse. Miyake et d (2000) offer the possbility of grounding some of these
notions in three mechaniams. inhibition, shifting and updating. Indeed, numerous
cdams indicating a key role of inhibition in problem solving tasks such as the Tower
of London (ToL) has accrued. But, explicit accounts of the roles such mechanisms
assume are lacking. Using the data from a behaviourd study concerned with the
problem solving performance of 3-4 and 5-6 year olds on the ToL, a series of four
computationd models are developed. Their overdl am is to develop and explore one
role of inhibition in accounting for differences of performance in younger and older
children on the ToL. Performance is evauaed againg four criteria (1) the number of
moves made (2) the number of colour bdls in the correct place (3) whether the
configuration was achieved and (4) whether rule bresks were committed. These
measures afford the bass for further specific improvements to be proposed for each
successve modd and comparisons made agangt the behaviourd data reved each
modd to provide a grester degree of fit. The peformance of the find two models is
found to mirror important qudities of the younger and older children. This paper
agues that these daa indicate the possbility that younger children's poorer
performance on ToL tasks may be a result of ther falure to inhibit basc moves,
rather than the absence of specific cognitive strategies.
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1 Introduction & Motivation

Our ability to reason, plan and solve novel and complex problems is often deemed as
what sets us gpat from other animas. The study of these behaviours has led to the
development of a number of specific questions such as. What are the processes or
mechanisms that underlie these abilities? How do they function? Does some unitary
component control these processes, or is control distributed? The study of these issues
isreferred to asthe study of executive functions (EF).

A subgtantid amount of research atention has focused on the role of three possble
mechanisms of EF: (1) inhibition of prepotent responses (‘inhibition’), (2) shifting of
mental sets (‘shifting’) and (3) updating of working memory (‘updating’). However,
the exact conceptudisations of these underlying mechanisms and ther leves of
theorised involvement in cognition have been open to interpretation and the source of
much contention. Miyake, Friedman, Emerson, Witzki, Howerter & Wager (2000)
offer one platform from which notions of these mechaniams can be firmly grounded,
but sudiesthat explicitly test the roles these mechanisms assume are lacking.

Drawing on a sdection of research, the primary god of this paper is to provide a
detaled account of one possble role of inhibition in one commonly used test of
problem solving (PS) — the Tower of London (ToL). The view from which this
account of inhibition develops is based on a number of influences that exigt within the
literature on PS and EF that may be consdered complementary. This paper will
highlight some of these. It will further am to demondrate how a combingtion of ther
magor features can lead to a broader theoretica framework within which the process
of PS can be explored and hypothesised mechanisms be assessed more completely. To
these ends the use of computational methods are employed.

Within the approach set out here an assumed link between age and the increased
ability to inhibit actions is adopted. Examining how these factors interact is not the
focus of this paper. Rather, it is to explore the role inhibition may take in accounting
for the differences in PS ability a two stages of development. Thus, the account of
inhibition offered is functional but some of its ratonde is deived from
developmentd literature.



Four computational modes of the ToL are developed to explore inhibition with the
objective of amulating performance of children in two age groups (3-4 year olds and
5-6 year olds). These models am to examine how the development of inhibition can
account for improved performance on the ToL. The modes are therefore motivated
by the interests of (@ moving towards a fuller underganding of how underlying
processes in cognition may be organised within the mind (b) exploring how these
processes may be controlled to produce action and (c) illugtrating the effects that

meaturation of these processes may bring on PS performance.

This paper will begin by offering a generd account of what is often meant by the term
‘executive functions and discuss ways in which different gpproaches have attempted
to ducidate our underganding of higher cognitive processes. It will then briefly
review some of the man computationd approaches to PS before introducing the
models of the ToL.

2 Executive functions and Cognition

Broadly spesking, there is little dispute with the view that executive functions (EF)
can be described as a set of “generad purpose control mechanisms that modulate the
operation of various cognitive subprocesses and thereby regulate the dynamics of
cognition” (Miyake e d, 2000). Though agreement exids a this generd levd
consensus a a more detailed level has not been established. One source for this
dissgreement sems from the exact role given over to the ‘executive. Specificaly, a
fundamenta difference in the way EF has been characterised reates to the gplit
between those theorists who argue a view of the executive as a unitary component
(controlling and regulating behaviour) and those viewing the processes as diverse
(with the executive merdy carying out insructions it receives)! These differing
points of view are found expressed in the early writings of Teuber (1972) in his paper
Unity and diversity of frontal lobe functions; within the influentid theories of eg.,
Schneider and Shiffrin (1977); and Norman and Shdlice (1980). Support for both
positions can be found within the literature.

1 Zelazo, Reznick & Frye (1997) illustrate this distinction as the difference between the chief executive
officer of acompany and the executor of awill.



Given the broader, more open definition of Miyake et d, the sudy of EF has been
avalable to and associated with a number of gpproaches, such as cognitive and
developmental psychology, neuropsychology and computer science. Each of these
disciplines have been influentid in shgping the way cognition has been understood
and some of the key contributions to this underganding are consdered within the

following subsections.

2.1 Experimental evidence for EF

A number of teds exis that are believed to load heavily on different cognitive
functions. These in turn ae taken to conss of various underlying mechanisms. The
assumption that these tests measure specific cognitive components is derived from
observed dissociations of performance on them. Tests of EF frequently used include,
the Stroop test, the Wisconsin Card Sorting Test (WCST), the Tower of Hanoi (ToH)
and its variant the Tower of London (ToL), Memory Cards, Random Number
Generation, the A-not-B task and the Day-Night task.

Inhibition is typicadly consdered demondrable by superior performance on tasks
where an automatic or dominant response should be suppressed. For ingtance, this
may be the successful inhibition of the tendency to process the semantics rather than
the actud colour of word items on the Stroop test. Conversdy, a lack in the ability to
inhibit is inferred by poorer performance. For example, in a study using the Day-
Night task Diamond, Kirkham & Amso, (2002) reported that even when four year
olds were given a drategy (eg., say “opposte’) performance did not improve. The
concluson they reached was that younger children's performance was adversdy
affected by their inability to inhibit prepotent responses.

Theorigs arguing both sdes of the ‘unity vs. divergty debate have used these tests in
attempts amed a explicating the role of EF (see eg., Rogers & Monsdl, 1995; and
then, Miyake et d, 2000). However, disputes over ther interna validity (see eg.,
Phillips, 1997; Rabbit, 1997) and the multitude of possible interpretations that may be
taken towards the resulting data have hindered progress. Miyske et d dsate, “[the]
interpretations given to obtained factors often seem quite arbitrary and post hoc” and,
given for example the plethora of labes used to describe key factors determining
performance on WCST and ToH this appears a vdid point. Within the literature terms



such as “mentd flexibility”, “inhibition”, “mentd st shifting”, “planning”, “problem
solving” and “categorisation” (see eg., Bull & d 2001; Miyake et d, 2000) are
amongst some of the terms intended to describe the same or smilar processes.

With the objective of claifying some of these issues, Miyake et d (2000) detall a
Sudy amed a determining the extent to which mechanisms of EF are dependent or
independent. Using sophisticated andyses?, Miyake et d find support for the view
that the mechaniams of inhibition, shifting and updating are separable thus, bolstering
the case for diverdty accounts of EF. Consgent with many previous studies and of
gpecid relevance to this paper were ther findings that inhibition was more strongly
asociated with performance on the ToH than on a range of other EF tasks. Miyake et
a offer one plausble interpretation of these findings, reasoning thet in usng a smple
perceptud drategy in the ToH one is influenced by the tendency to move towards
greater perceptud dmilarity rather than move away. This interpretation fits with
numerous other studies in which moves that take the configuration of te current state
away from the goa date are described as ‘counter-intuitive’, or undesirable whilst in
fact they are necessary for task completion (Gilhooly, 2002). Thus, the ability to
inhibit the tendency to be influenced by such perceptual properties may account for
correct performance on tasks where such conflict exists. Equaly o, the lack of ability

to inhibit this tendency may then account for incorrect performance.

2.2 Localisation: Structural evidence of EF in the brain

Though issues rdating to sructurd accounts of EF are heavily contended, the
prefronta cortex (PFC) has frequently been associated with problems in high-leve
cognition. Many of the early influences from the modern scientific era on Sructurd
accounts of EF came from single case studies of the neurologicdly impaired 2 and
through observing the amnormd behaviour of a patient in life and examining ther
brain post-mortem. Nowadays, smilar ams to locdise functions are achieved more
effidently through bran imaging techniques, such as with functiond magnetic

2 Miyake et a (2000) use confirmatory factor analyses, arguing it is more sensitive than typical

correlational and regressional techniques, at identifying the range of possible underlying relationships.

3 E.g., the story of Phineas Gage, (a railway worker in the mid-1800's, injured by an explosion that
caused the tool he was using to shoot through his face and out of the top of his head) provided one
early source from which notions of localisation devel oped.



reonance imaging (fMRI), podtron emisson tomography (PET), single photon
emission computed tomography (SPECT) and computerised tomography (CT).*

Use of these more recent techniques has produced evidence supportive of a @mplex
and dynamic interaction of mechaniams underlying high-level cognitive processes
(Carpenter, Just, & Reichle, 2000). For example, converging evidence for separable
and differentid levels of involvement of EF mechanisms, as espoused by Miyake et d
(2000) has been clamed in a number of fTMRI studies (though, see Reitan & Wolfson,
1994). Also focusng on examining the mechanisms of inhibition and shifting, and
mirroring those earlier findings, Syvester e d (2003) report a fMRI gtudy in which
they found combined and separate patterns of activation within numerous brain areas
(eg. in aress of bilaterd parietd cortex, left dorsolatera prefronta cortex, premotor
cortex and media fronta cortex). These data are condgtent with the Miyake et d
agument. While the PFC may play a mgor role in some aspects of EF a range of
other diverse processes dso appear to contribute to overdl functioning within EF
tasks.

Though bran-imaging dudies may be regarded usgful in that they offer further
detalled insights into the possble involvement of bran aeas in cognition, caution
must aso be gpplied. A problem associated with fMRI and other such second order
measurements is that areas showing high levels of activity cannot be assumed to be
directly involved in the process under study. That is, areas that show activation might
only be ‘ligening’ to other areas that are involved directly. The difficulty with this so-
cdled “impurity problem” in discriminating between aress just ligening and aress
directly involved may be amdiorated by converging evidence from other
methodologies.

2.3 Development and deficits of executive functions

A growing body of work focusng on the development of EF points towards the view
that EF emerges sooner in childhood than was previously supposed. For example, 2
year olds competence on the Anot-B task is often taken as evidence suggesting early
rliance on EF (see eg., Lehto, Juujarvi, Kooistra & Pulkkinen, 2003; Espy,

* For general descriptions of the science behind these techniques the reader is referred to Gazzaniga,
Ivry & Mangun, (2002), or the excellent online services of www.psychcentral.com or,
www.wikepedia.org.




Kaufmann, McDiarmid, & Glisky, 1999), which extends throughout development (see
eg., Hughes, 1998; Zdazo, Carter, Reznick, & Frye, 1997). The importance of EF in
cognitive behaviour has also been adopted within more traditional approaches to the
sudy of development. For ingtance, Russel (1999) proposed a theory of the
executive-Piagetian in which desriptions of inhibition and working memory
mechanisms closaly resemble those of Miyake et d, (2000) and occupy centra roles
in influencing the cognitive development of the child.

Studies of brain maturation dso lend themsdlves to a developmenta view of EF. The
process of mydinatior? that begins in early childhood and continues into adolescence
is found to differ between children of different ages (see eg., Anderson, 1998) and
children of the same ages (GoldmanRekic, 1987) and is associated with EF
performance. Welsh and Pennington (1988) argue tha factors controlling myelination
in the frontd lobes may therefore be a critica determinant in on€'s overal cognitive
development.

Developmental accounts of EF can be combined with findings from sudies of various
neurological disorders (see, Shdlice & Burgess, 1991). For example, it is frequently
reported that patients with damage to the fronta lobes often display no apparent
deficits in tests of 1Q, or routine actions, but do show ggnificant problems with the
regulation and control of behaviour (see eg., Damasio, 1994; Ozonoff & Jensen,
1999). In these patients, performance may be found to be particularly poor on tasks of
EF where a heavy requirement for strategic planning is assumed.

The rdationship between deficits in EF and frontd lobe damage has thus been
rdlevant to the study of a number of disorders. For example, the involvement of
inhibition, shifting and updating has been dudied in autism (e eg., Griffith,
Pennington, Wehner, & Rogers, 1999; Ozonoff & Jensen, 1999; Hughes & Graham,
2002; Mundy, 2003; Hill, 2004), attentiondeficit and hyper-activity disorder (see eg.,
Houghton, Douglas, West, Whiting, Wdll, Langsford, Powdl & Carrall, 1999; Kozidl
& Stout, 1992; Harris, Schuerholz, Singer, Reader, Brown, Cox, Mohr, Chase &
Denckla, 1995), learning difficulties (eg., Bull & Scerif, 2001; Ozonoff & Jensen,
1999), depresson (Harvey, Le Bastard, Pochona, Levy, Allilare, Dubois & Fossti,

® Myelination refers to the process by which neuronal axons become sheathed in a fatty covering and
resultsin increased speed of transmission between neurons.



2004) and conduct disorder (see eg., Charman, Carroll & Sturge, 2001). One
motivation within the sudy of these disorders is to establish a better underganding of
EF processes. The sdective impairment of some functions and the sparing of others
may help shed light onthisissue.

2.4 Summary

Notions of EF have been shgped by evidence from a number of approaches. This
section provides a flavour of some of the key gpproaches taken to the study of EF and
how it rdates to complex cognitive behaviour. In light of the variety of studies that
have been caried out, the question of the unity vs. diversity of EF mechanisms can be
revigted. We may ask “given the range of evidence on offer, are high-levd cognitive
tasks likely to be undertaken by a single unified mechanism?’ This paper argues they
are not. Rather it gppears tha the weight of evidence fdls in favour of a view in
which components of EF are differentidly involved in tasks of high-leve cognition.
Miyake et d provide the foundations on which notions of separable mechanisms can
be based, thus dlowing the mechanisms of EF to be conceptuaised more clearly and
the nature of ther rdaionships examined more thoroughly. It is from this postion
that this paper explores notions of EF with relaion to one aspect of high-levd
cognition, that of problem solving.

3 Approachesto problem solving

In this section, discussions of psychological and computationa approaches to problem
solving are presented. In the case of the former, a sdection of research aimed at
edablishing a quditative understanding of the processes that underlie our ahility to
plan, reason and solve novel and complex problems are considered. In the case of the
latter, key dements of computational methods used to explore problem solving are
discussed and arationde for the adoption of one particular gpproach for modeling the
ToL is put forward.

3.1 Psychological approaches

A magor contributor to psychological theories of PS was Newdl and Smon's semind
work on the Genera Problem Solver (GPS; Newel & Simon, 1972; see also, Ernst &



Newdl, 1969). GPS took the form of a program, however it was initidly developed as
a theory of human PS. Within the theory, means-ends andysis assumed a key role as a
mechanism underlying PS and it worked to reduce the differences between the current
and desred dates of a problem. The GPS introduced the concept of problem spaces
(states in which differences could be examined) and operators that could be applied to
modify these dates. All of this was accomplished by smple If-Then rules — caled
production rules.

The idea that problem spaces could be used to represent problems took hold within
cognitive theory as it was demondraed that through expanding the number of
posshle states contained within the problem space the desred state could eventudly
be reached. Fig 31 illustrates an expanding problem space in which the initid
problem state (box 1) can be modified to produce one of three possible outcomes.
Each of the three second-levd dates dso yidds the posshility for a further three
outcomes. The tree grows like this until a branch is found to hold the correct end-state
and behaviour can then be guided in order to reach that Sate.

Fig. 3.1 A state space depicting a growing number of possible outcomes by the third level

Though a reliable method for finding a desred gate, condraints placed on this type of
processing by memory limitations have encouraged researchers to consder the
dterndtive of heuridics — drategies that ad PS and yet impose fewer demands on
cognitive resources. Some of the heurigics examined include eg., memory
manipulation drategies that minimise the cost of switching tasks (Altman & Gray,
1999), god recurson (Smon, 1975; Altman & Trafton, 1999), smple perceptud
drategies (see eg., Smon, 1975; Altman & Trafton, 1999; Bull, Espy, & Senn, 2004)
and look-ahead drategies (Klahr, 1985). The implications some of this work has had
for the study of EF are considered next.
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3.1.1 Strategies, goals and subgoals

In a forma asessment of the possible processes of PS on the ToH in young children,
Klahr & Robinson (1981) report performance differences on tasks ending in different
configurations. Specificdly, these differences were between tasks ending in a tower
configuration (tower-ending) and those ending in a flat configuration (flat-ending). In
these, overdl performance was found adversdly affected in the latter. One explanation
that emerged for these findings related to the degree to which a problem could be
broken neatly into unambiguous subgods. On tower-ending tasks, there is dways one
disk/bdl that must be placed firg on the target peg, whereas on flat-ending tasks,
there is not necessarily aways a particular order for placement of diskg/bdls. For this
reason the subgod ordering of flat-ending tower tasks has been referred to as
ambiguous (see eg., Klahr & Robinson, 1981; Zelazo, Carter, Reznick & Frye, 1997).

Differences of subgod ordering in PS have been damed in a number of sudies. For
example, saverd neuroimaging sudies have made links between levels of activation
and the number of subgoals needed to solve a task (see e.g., Cohen & O’ Leary, 1992;
Baker, Rogers, Owen, Frith, Dolan, Frackowiak & Robbins, 1996; Morris, Ahmed,
Syed & Toone, 1993). Also, Gunzelmann & Anderson (2003) reported that
participants increased their planning as it becomes agpparent that planning improves
their chances of obtaining a correct solution. However, Kotovsky, Hayes & Simon
(1985) argued that the effects of task-specific learning and familiarisstion may have
been overlooked, and Phillips, Wynn, Gilhooly, Della Sda & Logie, (1999) showed
that reducing the opportunity for planning did not have a negative effect on PS
performance. More importantly, it is unclear how these findings necessarily implicate
the use of subgoas and not for ingtance, increased use of inhibition. Carder, Handley
& Perfect, (2004) extend this argument assarting “problem difficulty is a function, not
of planning efficency, but of the ability to successfully inhibit ingopropriste move
sections a specific points within a solution path” (p1460).

The assortment of results that are reported with regard to the observed patterns of
activation indicates tha on novel and complex PS tasks there is no consstent
involvement of any particular brain area. Ingead, activation can be found laterdly and
bilaterally, and in prefrontd and parietd areas (Carpenter, Just & Reichle, 2000).
These conclusons are consdered to strengthen the case for diversity views of BF.
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Though the use of high levels of resources is required in some novel and complex
dtuations, subgoding appears too intensve and prescribed a drategy to consder
judified. Raher than totd rdiance on high-resource dependent drategies, a
framework that can encompass the range of cognitive tasks we engage in a a number
of levels is needed. This is in part what the work of Norman and Shdlice atempts to
provide.

3.1.2 Integrating a framework of behavioural control (SASand CS)

Norman and Shallice's (1986) theory of willed and autometic action is perhagps one of
the best-known examples to embody the diversty view of cognition. Shalice (1982)
consders “modds that have only a sngle sdection or generd executive component
insufficiently powerful to help explain high-level cognitive disorders’ (p199).

Originating from research on bran damaged paients the Norman and Shdlice
framework is one of few grand attempts to provide a complete account of how various
diginct cognitive components may interact in producing a range of complex
behaviour. It is divisble into two didinct, but ggnificantly related processes that
operate according to specific parameters. It comprises a contention scheduling (CS)
sysem and a supervisory attentiond sysem (SAS). Briefly, the CS organises routine
behaviours in the form of schemas and is characterised by low-leve, predominantly
autonomous processes that control everyday actions (for example, in making coffee,
see Reason, 1984). The SAS imposes a heavy top-down influence by way of
generating goals, creating schemas for CS to cary out and monitoring behaviour. PS
and behaviour in generd is thus, held to be the product of the influences of these two
interrdlated systems, with the SAS more involved in novel tasks, but the CS taking
over in when tasks become familiar.

The depth and breadth of behaviour the CS-SAS theory is intended to account for has
made it a suitable darting point for a number of computationad models and its key
characteridtics  find important pardlds within severd aess. For indance, the
diginction between the CS and SAS is roughly andogous to the diginction made
between ‘Procedurd’ and ‘Declarative knowledge within cognitive psychology — a
digtinction often used to reflect the difference between knowing that and knowing

12



how. Similarities aso extend to the fidd of Al. For ingtance, the layered structure of
Norman and Shdlices framework is dso found within many ‘intdligent agent’
architectures (see, Glasspoal, 2005).

3.2 Computational approaches

Computationa approaches dlow models to be developed that can provide accounts of
cognitive proceses a a number of levds The gpecific methodologies that
computationa gpproaches assume vary though they share in common the requirement
to specify exactly how a mode functions. For example, modds can be expressed in
the form of a spreadsheet, or written as an executable program (e.g., developed in C,
or BASIC). Here, one would specify relationships between variables and a st of
procedures and then ‘run’ the program in order to derive vaues for those variables.
The modd’s peformance can thus be evduated for its overdl levd of fit with
experimentd  daa In making explict a modes functioning, computationa
gpproaches represent an  improvement over verbd modds, providing a way of
evauating competing theories.

Other methods extengvely used include dynamicd and connectionist, or neurd
network approaches (see eg., Levine, 2000). The advantages of each of these
approaches to the study of cognition are debated (see, eg., Fodor & Pylyshyn, 1988;
and, Rumehart, 1989). However, within the sudy of high-level cognitive processes
the use of production sysems have been particularly influentid in pat because of
gmilarities the production sysgem is assumed to share with the human mind (for
example, in terems of supposed smilarities in the use of declarative and procedura
processes and parallels between stimulus-response and condition-action rules).?

In the following sections a brief andyss of the key features of two prominent
production system approaches to cognitive processes and one process-driven

%1t is noted that other approaches aimed at the study of high-level processes have been implemented
with some success. E.g., Neural networks have been used to simulate performance on PS tasks by
Parkinson's patients (Simen, Polk, Lewis & Freedman, 2004); Piagetian tasks (McClelland, 1995;
Schultz, 2003); the Stroop task (Cohen, Dunbar and McClelland, 1990); semantic priming and lexical
decision tasks (Plaut and Shallice, 1993); and analogica reasoning (Gentner et a., 1995; Thomas,
Mareschal and Hinds, 2001).
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gpproach are offered. Next a short introduction to COGENT a non-theoretica
gpproach to modeling high-level processes, is presented.

3.21 Soar

Soar is a symbolic goproach to deding with problems within a production system
architecture and is a direct descendent of the early work of Newel and Simon's
(1972) GPS. Soar’ was developed from the desire to construct a unified theory of
cognition — one that included and could account for the wide range of processes that
humans engage in (Newdl, 1990). It has been regarded as more than a highly efficient
way of organisng intdligent action. According to Newdl (1990) Soar represents a
modd of human intdligence.

As with the GPS, the problem space occupies a centra postion within Soar. Here,
edements of a problem ae represented, organised and andysed through the use of
production rules within ‘long-term memory’. When production rules do not cover
some part of atask, Soar is said to have reached an impasse and attempts to overcome
this through a process referred to as universal-subgoaling. Here, subgoas are created
each with its own problem space and additional searches performed on these,

In its more recent form (see, Newell, 1990) Soar attempts to escape criticiams relating
to implausble computationd demands (brought on by universd subgoding) by
adopting the single state principle. This maintains that only one date is represented in
working memory @ any one point in time. Thus rdieving working memory of the
dran of dfting through multiple problem date spaces. A process of progressive
deepening in which firgd superficid and then more intensve searches are performed,
guides analyss of this Sete.

Yet, Soa has faled to convince many of its ressmblance to human cognition and a
number of serious methodologicd and theoretical criticisms have been raised (for
detalled critque see Cooper & Shdlice, 1995). Perhaps the most obvious problem

" Soar (originally an acronym that good for State, Operator And Result) functioned by performing
extensive searches through problem-spaces and using operators to locate results. Although Soar
evolved and its architecture changed, leaving the problem space with less of a significant role, its name
remained.
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relates to the grest number of theoretical assumptions that underlies it (see table 3.2
below).

Table 3.2. Hypotheses underlying Soar

* Physical symbol svstem hypothesiss A peneral intelipsnce must be realized
with a symbal syster

»  oal struchwe bypothesis: Coatrol n 8 general mielbgence is maintained by a
symiolic goal svstem

* Unform  el=mentary-representation  hypothesis: There &5 a sigle  sl=mentary
representation for declarative knowledge

=  Poobletn space bvpothesis: Problem spaces are the fimdamental organizational
units of oll goal-directed behaviour

* Production  systemn  hypothesis:  Production  systems  are  the  appropriate
organization for encoding all bong-term knowledge.

»  Umiversal-subgoalng  bypothesis: All goals arise dyvoamically in fesposse to
impasses and are zenerated momabically by the architecore

# Control-knowledae hypothesis: Any decsion can be controlled by mdefiute
wmounts of kmowledge, both domatn dependent and indepeadent.

= Weak-method hvpothesis: The weak methods form the basic methods of
inrellizence

®  Weak method =mergence hypothesis: The weak methods anse direcily from
the system responding based on s knowledge of the msk.

»  Upform-learning  hvpothesis:  Goal-based  chinking is the general learmng
mechanism

(Taken from Laird, Newell & Rosenbloom, 1987.)

322 ACT-R

Anderson (1983) and Anderson & Lebiere's (1998) ACT-R is a cognitive architecture
that assumes the digtinction characterised by declarative vs. procedurd knowledge
(often asociated with explicit vs. implicit memory). That is, the dructure of ACT-R
dictates that a mix of declarative and procedura processes underlie cognitive
behaviour. In ACT-R, declaaive knowledge conssts of a collection of facts or
knowledge about things, objects and places. For ingance it might consst of the fact
that Paris is the capitd of France® Procedural knowledge corresponds to knowledge
of how something is done, but is assumed to take a different form. For instance, we
may have the ability (and knowledge) of how to ride a bike yet this knowledge is
difficult to trandate, or articulate explicitly.

8 |t is noted that declarative knowledge does not necessarily represent truths, but rather true beliefs. For
instance, the wrong belief that the capital of France is Lyon, would also constitute ‘knowledge' within
this distinction.
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To represent knowledge about things in declarative knowledge, chunks are used to
encode informaion and a sysem of activation whereby information aout when the
chunk was lagt used and how it fits with the current Situation is accessed. These and
levels of activation govern the process of retrieval of individud chunks. It is due to
these properties that ACT-R is conddered a hybrid sysem, combining eements of
symbolicism and connectionism.  Within  procedural  knowledge, ‘production rules
condging of condition and action sdes are used to represent procedural knowledge.
The firing of an action (the ‘then’ component of the rule) is rdiant upon any
associated conditions being met.

For example,

If the Goal is to give the capital of F
And P is in the database of facts as the capital of F
Then, give P as the answer

In declarative knowledge, the following chunk that encodes the fact that Paris is the
capitd of France might exig.

isa capital fact
country France
city Paris

ACT-R has been used to modd a vast number of cognitive phenomena, within areas
such as perception and attention, learning and memory, problem solving and decisont
meking and language processing.’ However, a key structure within ACT-R, referred
to as the goal stack which functions to hierarchicaly store the goad and subgoals of a
problem, has been chalenged (see eg., Altman & Trafton, 1999).

Some specific criticisms relate to the efficiency with which the god stack enadbles PS
to be carried out and ACT-Rs lack of ability to account for forgetting of old gods.
That is, as subgods are identified they are ‘pushed’ to the goad stack and once dl the
necessary subgods have been edtablished it is amply a matter of sdecting the top
item to ded with. As each item is completed, it is ‘popped’ off the stack to reved the
next subgod to complete. Thus, the goa dack predicts minimum reiance on
reources and maximum effidency on problems and this is often what is
demonstrated.

9 See http://act-r.psy.cmu.edu/publications for amore detailed list of topicsinvestigated.
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For these reasons it is argued the goad stack is too good a mechanism to be considered
plausble in human PS. Altman and Trafton (1999), dam “evidence suggests that
memory for pending goas is drategic and effortful rather than perfect and autometic’
(p2) arguing a more parsmonious limited stack (maximum of two items) is equdly
afficient to enable accurate PS.1°

3.2.3 Thedomino mode

Fox and Das (2000) domino model (see figure 3.3) has been used extensvey in Al
work on expet sysems. Its relevance here is due to both genera and specific
amilaritiesit shares with the work of Norman and Shdlice (1986).

Figure 3.3. The generalised domino model of Fox & Das (2000)

goal generation monitoring
goals e  Dbeliefs €  actions
solution selgot & plan
3 dete : )
generalion l T i ; T execufion
beliefs
options ———= decisions ——»  plans
sofution evaluaiion select & commit plan

Glasspool (2005) and Glasspool and Cooper (2002) highlight a number of similarities
between surface features and the tasks that components are engaged h. For example,
in eech modd the top levd pursues god generation, monitoring and evaduation of
behaviour and the middle layers are each given over to triggering actions.

The domino mode is not assumed to be a modd of human PS as it was developed
outsde of condraints imposed by psychologica theory. As a process however it
represents a highly organised and efficient way of tackling problems and has been
utilised within a number of applications (e.g., in medica decison support).

10 This point is echoed by Fox (2005) who argues that not only does ACT-R remain too firmly rooted
in explanations at the production rule level, but that none of the supposed mechanisms underlying
ACT-R have been proved necessary.
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3.24 COGENT

Developed by Cooper and Fox (1998) and Cooper (2002) COGENT (an acronym for
Cognitive Objects in a Grgphica EnviroNmenT) provides a bridge between ‘box-and-
arrow’ type representations of cognitive processes and the typica computer languages
used to implement them (eg., Lisp or Prolog). COGENT combines qualities of both.
That is, the graphical environment enables flow diagrams of a process to be
congtructed and a rule-based language, employing Prolog then used to flesh out each
components functioning.

Within the COGENT environment a number of dandard boxes ae avalable
(discernible by ther different shapes). These include for example, buffers, rule-based
processes, connectionist networks and data and table sinks that can be dropped onto a
cawas and their connections to other boxes specified through ‘read” and ‘writ€

arrows.,

The point of emphasis here is tha in contrast to Soar and ACT-R, COGENT does not
specify any particular theoretica architecture within which models must be placed. It
supports the exploration of different computational perspectives and is capable of
incorporating both connectionis and symbolic features within the same modd (see
Cooper, 2002; Cooper & Fox, 1998). Thus, the subject of PS can be taken up within
COGENT without importing unwarted or additiond theoretical influences.

3.25 Summary

The am of this section was to present key strengths and wesaknesses of some of the
computational approaches taken towards the study of PS. Whilst throughout Soar’'s
development efforts have been made to avoid problems of memory limitations, it
remans too heavily dependent on a number of assumptions. The concerns of ACT-R
on the other hand, geared more towards the use of semantic learning is argued fails in
part because of the implausble demands it makes on resources. The domino modd,
dthough an efficient way of tackling decison-making clams no direct psychologica
links. COGENT however offers the posshility of developing a modd without caling
on any impliat, built-in assumptions. For these reasons t is considered that COGENT
offers the mogt auitable environment within - which the objectives discussed
throughout this paper can be implemented in amode of the ToL.
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4 Problem solving and the Tower of London: empirical findings

Derived from the Tower of Hanoi and origindly introduced by Shdlice (1982), the
ToL has become a popular tool for measuring PS abilities of children and the
neurologicadly impared. The number of possble saes and the physcd condraints
imposed by the apparatus of the two tasks indicate they are not isomorphic (see eg.,
Bull, Espy & Senn, 2004). However, they have both been held to load heavily on EF
and, in the case of the ToL in particular, on inhibition (Miyake et d, 2000; Bull, Espy
& Senn, 2004).

Figure 4.1 beow provides two examples of a 3-move problem, on the ToL task.
Figure 4.1a illusrates a typicd tower-ending problem, figure 4.1b a flat-ending
problem.

Figure 4.1. Tower-ending and flat-ending 3-move ToL problems

o8|l 18
0dd

A brif summary of some key, consstent findings from a sdection of Sudies are
presented here as the basis from which the computationd models are developed. This

necessarily includes a range of influences that address (1) the behaviours and
drategies assumed to be employed by children, and (2) the criteria applied to assess
performance. Each of these is considered next.
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A consderable amount of research has focused on edtablishing the extent to which
ether more smple drategies (such as direct perceptud biases) or, more eaborate
drategies (such as means-ends andyss and look-ahead n-moves) influence PS
behaviour. The generd patern of findings suggests means-ends anayss is too
sophigticated and intensve a drategy to consder plausble for PS in children. Look-
ahead moves gppear to gain more credibility within the literature. This is evidenced
by observations that children are able to move one object to an dternate location in
order to reach a second (eg., Klahr & Robinson, 1981; Gratch, 1975; Klahr &
Walace, 1976). Another feature of younger children's performance is the apparent
difficulty they display on more complex problems. A trait that Klahr and Robinson
(1981) suggest is a product of being overly influenced by superficid feetures of the
problem.

Running the six ToL tasks™ on 17 children aged 34 and 19 children aged 56 years
produced the following findings
(1) Older children produced more complete solutions compared to the younger
children
(2) Within each age group there was little difference in performance on tower-
ending vs flat-ending tasks
(3) Increase in age was associated with increase in performance on tower-ending,
but not flat-ending tasks

From the research on the TolL it is posshble to extract two srategies that young
children may use in PS. These ae used to form specific components within the
computational models developed here. The drategies suggested by previous work
include (1) an immediate-hit drategy (the tendency to place a bal in its target postion
immediately if the target-podtion is free and the target-bdl is free to move) and (2) a
one-move |look-ahead drategy (the ability to plan moves up to one-move away). See
eg. Bull et d, 2004; God, Pullara & Grafman, 2001.

A second issue of importance in developing these computation modes is to specify

the criteria that are to be used to evaduate their performance. On this, the literature
reveds the TolL is typicdly measured udng daa on () whether the correct solution
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was reached and (b) whether the solution was achieved within the minimum number
of moves (and quite often this does not include a record of the actud number of
moves made. See eg., Bull, 2004). However, re-andyds of the experimentd data
used within the origind sudy reveds these may not be the best nor, the only
measurements  of peformance. Specificaly, two features of young children's
behaviour appear to have often been over-looked. These are rule breaks (eg., moving
two bdls a a time) and partial-completion (eg., only one or two bdls are in ther
correct postions). Incorporating these variables into an assessment of PS may dlow a
more detailed understanding of young children’s abilities on the ToL and provide for
afuller mode of behaviour.

5 Modelling the ToL
5.1 A brief preface to the models

In the remainder of this paper | will set out to achieve the following:
1) Condruct a series of modds within which the ToL can be caried out. The
influences of which are derived mainly from the following work:
i) Norman and Shdlices (1986) framework of automatic and
controlled behaviour
i) The Fox and Das (2000) domino model
2) Use these modds to demondrate the effects of smple and eaborate strategies
on PS performance and assess the degree to which they sufficiently account
for children’s actud behaviour
3) Provide a role of inhibition within a modd that accounts for the differences in
performance observed between children aged 34 and children aged 56 years
old.
Performance will measured againg the following four criteria
Tota number of moves
Correct solutions
Number of balsin place
The proportion of rule breaks committed

1 Each problem within the two sets of three required a minimum of 3, 4, & 5 moves, respectively to
complete the task. Increased number of minimum moves being roughly equated with increased level of
difficulty (see Shallice, 1982).
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5.2 A COGENT approach to the ToL

Displayed below a the Programme Manager levd in COGENT are the series of
models of PS on the ToL (figure 5.1). They are (1) a Smple Contention Scheduling
(CS) modd, (2) a Contention Scheduling ‘plus (CS+) modd (3) a Younger Child
mode and (4) an Older Child modd. As in the behaviourd study each modd was run
on al six tasks for a total of 17 pseudo-subjects. They each take as their problem:set
the 3 tower-ending and 3 fla-ending tasks? used in the origind study (Waldau,
1999).

Figure5.1 Thefour COGENT models
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The overdl am for the firg two modds is to varioudy demondrate performance of
two PS sysdems that rey exclusvely on direct perceptua processes. The latter two
models are amed a smulaing more completely the data of 3-4 and 5-6 year olds
(eg., incduding rule bresks) and integrating a mechanism of inhibition (Miyske & 4d,
2000), within a framework based on the work by Norman & Shalice (1986) and Fox
and Das (2000).

12 Tasks areincluded for reference, in appendix 2
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5.3 Simple Contention Scheduling (CS) model

The Smple CS model was developed to operate solely on information derived from
gross physical properties of the ToL. Because no drategies adorn this modd it is
capable only of picking up and moving bals at random. As per the rules of the task
the modd is condrained to moving one bal a a time. At the top level (and common
to each modd), the main components are presented in figure 5.2. They are the
Experimenter and Subject and the Current State and Desired State.

Figure 5.2 The main experimental components
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The Experimenter sets up and analyses each ToL task. Thus, the Experimenter must
send, or ‘write information to the Current and Desred states so that the start state and
end date are available to the Subject. On completion, the Experimenter aso ‘reads
those states to assess how close each PS attempt was at reaching the goal state.’

The Subject need only read from the Desred State, but because it acts directly on the
environment, it must aso be able to read and write to the Current State. Findly, it
must be able to send a message to the Experimenter to signal completion of atask.

13 Standard arrow heads represent a ‘write’ process, the filled triangular heads represent a ‘read’
processes. For further specific detail relating to COGENTSs design environment the reader is referred to
Cooper (2002) and Cooper & Fox (1998).
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5.3.1 The Experimenter

The internd dructure of the Experimenter is shown in figure 5.3. At the centre of this
figure Present and Collate serves as the input/output process for the Experimenter’s
interaction with the Subject and the environment. It takes problems from Tasks and
sends them to the Current and Desred states. On completion of a task, it feeds data
through to two buffers (Subject Database and Average Scores) that caculae
information pertaining to:

The number of moves taken to complete the problem
The number of ballsin correct place

Whether the end configuration was correct

Whether the Subject performed any rule breaks

Figure 5.3 The Experimenter components
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5.3.2 The Current Sate and Desired Sate

The physcd atributes of the ToL are represented in visud form in the Current and
Desred dates (see figure 5.4). The Current State (pictured left) shows the darting
position. Throughout each task, the Dedred State remains datic, as the Subject is
peforming no actions on it. But, whenever actions such as teking away or putting
down abdl are performed, the contents of the Current State are instantly updated.

Figure 5.4 Current and Desired states
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5.3.3 The Subject

In figure 5.5, the Subject derives representations of the Current and Desred dates
through Perception of World. This process deds with extracting smple properties of
the task and maintaining representations of these states in Working Memory.

Processes within Contention Scheduling identify (1) the balls that can be moved and
(2) the pegs that have space, by reading from the Current State. The find outcome of
which bal to move and which peg to place it on is the result of competition between
nodes within an interactive activation-based network in Contention Scheduling.
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Figure5.5 The Subject
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Figure 56 bdow illusrates the processes within Contention Scheduling in which
action schemas (such as ‘pick up green’ and ‘put down on centre peg’) are ultimately
produced. For each bal that can be moved, Trigger Schemas sends an excitatory
message to the corresponding node in Shared Schema Hierarchy. When the leve of
activation for a node reaches its threshold (0.75) that action is selected and carried out

through Act.

Figure 5.6 The contention scheduling process
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The role of Trigger Schemas is to sdlect bals that are free and place them on pegs that
have space. This is achieved through Rules 2 and 4, 5, and 6 respectively, of excerpt
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57 bdow. For example, in figure 5.4 above, ether the red or green bal can be

moved. Thus, excitatory messages are sent to Shard Schema Hierarchy that activate
nodes for ‘pick up red” and ‘pick up green’.

Excerpt 5.7 Excitation rules

Rula 2 juniefractadl: Ruke
IF taskiincorrplete] is in Wioking Memony
hioldsthand, rothing) 1= in Curend Stata
ball_can_mowaiBall)
THER: zand axcite(pick_up(Ball J lewsl(l), 0 20) to Shared Scherna Herarchy

Rlllu F unnefracted); F the hands emply, aucie pick 4p fam am; non-emg e aeg
taskiincorrplete] 18 in Wiotking Memony
hioldschand, rathing) 1= in Curenl Slata
any_peg(Peg)

THER: send inkibit[put_down(Peg) ¢ les2], 06D 10 Skhared Schama Higrsrchy

Candition Definidon: any_peg'l. Names of gpgs
any_pegflef)

any_peg(middle].

any_pag(right).

Fule 4 juniefracted): Rue
IF: hinldsthand, Ball) iz in Curant State
niot holdsfhard | nothing) i= in Curent State
lefi_has_space
THEM: zand axritalpot_dmwrilety { levedZ), 0200 10 Shared Schema Hisrarchy

Foale & (uingefiacted): Huks
IF: hnldsihand, Ball) iz in Curant State
niot holds{hard | nothingiis in Curent Stale
certer_has_cpace
THEM: sand excitaiput_dmwricerier ¢ leval(2], 0.20) to Ehered Bchama Higrarchy

Foale 6 unnefracted): Suke
IF: holdshand, Balll iz in Curant State
niot holdsf{hard , nothing) is in Curent Stata
righl_hag_space
THEHM: zend s=rite(put_dmeriright) £ bwel[Z], 0.20] 10 Shared Schama Hisrarchy

The accumulated levels of activation for the red and green bdls are captured in the
graph below (see Fig 5.8). Each node within a level competes for control of behaviour
by inhibiting the other nodes. This process of lateral inhibition ensures only one
node wins and thus only one action carried out.

Figure 5.8 The activation of schema nodes
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Once the threshold is reached and the sdected action carried out, the contents of
Current State and Working Memory is updated to reflect the new postions of bals
and the process of determining the next possible move begins.

5.3.4 Mode summary

The key features of the Smple CS modd ae (d) moves are peformed a random,
subject only to the physca condraints imposed by the ToL apparatus and (b) a
process of latera inhibition ensures only one action a a time is ever sdected. A rule
in Perception of World terminates processing and triggers the Experimenter to score
performance on the task according to the four criterion measures. These data are
presented below in Table 5.9 & 5.10 with the comparison data from the experimentd

study.

Table 5.9 Tower-ending problems collapsed across task difficulty.
Computational models

Model Avg. no. Totd proportion | Total no. correct Totd
moves coloursin configuration proportion
correct place rule bregks
SmpleCS 499 100% 100.00 0.00
Experimental data
Children Avg. no. Total proportion | Tota no. correct Totd
moves coloursin configuration proportion
correct place rule breaks
3-4 year olds 9.23 58.33 95.83 43.75
5-6 year olds 7.73 98.24 97.37 22.79

Table 5.10 Flat-ending problems collapsed across task difficulty.

Computational models

Model Avg. no. Totd proportion | Total no. correct Totd
moves coloursin configuration proportion
correct place rule bregks
SmpleCS 308.47 100% 100.00 0.00
Experimental data
Children Avg. no. Total proportion | Tota no. correct Totd
moves coloursin configuration proportion
correct place rule breaks
3-4 year olds 13.29 74.30 95.83 60.42
5-6 year olds 11.84 91.23 94.73 21.05
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The assessment of this modd is somewhat podtive on two criterion measures.
Namely, the modd achieves 100% success for both configuration and the number of
colours in place. This bears some resemblance to the peformance of both
experimenta groups. However, the modd fails to smulate ether of the groups on the
total number of moves made and the gevadence of rule breaks (i.e. many hundreds of
moves were necessary to achieve the solution and the mode did not pick-up with
‘two-hands’). These falings suggest two modifications. (1) to introduce a dSrategy
that organises behaviour more efficently ad (2) to reduce the influence of laterd
inhibition.

5.4 Contention Scheduling ‘plus (CS+) model

The CS+ modd embedlishes on the Smple CS modd by introducing a direct
perceptual strategy and by reducing the influence of laterd inhibition within Shared
Schema Hierarchy. The direct srategy implemented congsts of a bias for organising
problem-elements according to the configural similarity of the Current and Desired
states and is amed to reduce the totd number of moves made!® Reducing latera
inhibition is amed to dlow more than one action schema (eg., picking up two bdls at

atime) to occur.

5.4.1 Organising behaviour

Configurd smilarity refers to the degree to which the Current and Dedred States
gopear dmilar (see figure 5.11). In addition to maintaining representations of the
environment in Working Memory, Perception of World functions to provide
information that dlows the levd of configurd sSmilarity to be determined. In this way
a number of possble action schemas can emerge that are based upon direct perceptual
features,

14 A hill-climb’ strategy was also considered. This entails random moves of balls but allows a gradual
progression towards the successful solution by leaving a ball once it has been correctly placed.
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Fig 5.11 Configural similarity of three problems

T = St e B = al configural similarify =fwo

B e ) W b) configural similarity=one

$e | see S0 3 4 : : ¢} comfl gural similarifp=none
a) b ¢}

The firg gep the CS+ modd takes is to identify the number of bals that are out of
configura pogition. For each bdl that is out of place, a schema is proposed to move it.
E.g., in Figure 5.11.a above, the blue and red balls are in correct configurad postions
(only red in its actua colour postion) but the green bal is out of place. Thus in this

example, only one schemawould be generated — to move the green to the left peg.*®

The second gep is in determining the amount of activation each schema should
recave. In line with the hypothess that the ample features of a given problem overly
influence children it was consdered that the amount of activation should be relétive to
the degree of perceptud smilarity that exids a any one time. To achieve this a
basdine level of 0.22 was st to interact with the leve of configurd smilarity. That
is, if the levd of configurd amilaity is high, the level of activaion (or influence) to
complete that particular configuration is dso high. So, for indance based on Fig
5.11.a above, the schema to move the green to the left peg would produce an
excitation of 0.66 within Shared Schema Hierarchy. Two rules in Trigger Schemas
(rules2 & 3 of excerpt 5.12 below) implement these steps.

Although fewer moves overall would have been made it would still require a great many to reach the
desired state.

5 In other circumstances, there may be as many as three possible schemas (no balls in correct
configural position) or, no possible schemas (the Current and the Goal match in terms of their
configurations) being offered.
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Excerpt 5.12 Rules for exciting and inhibiting action schemas

Rule 1 {refracted): Ruwiz
IF task(complete) is in Working Memory
THEM: send stop to Shared Schema Hierarchy

Comment:

Rule 2 {unrefracted; once): Rule
IF: holdsthand, nothing) is in Current State
level_of_config_similarity{[Level, L]) is in Working Memaory
free_to_rmove([Ball, FromPeqg, FromPos, ToFPeg, ToPos]) is in Temporary Schemas
node(pick_up(Ball) / level(1), &) is in Shared Schema Hierarchy
the value of the "Selection Threshold" property is T
Aig less than T
Qis022*L
THEM: send excite(pick_up(Ball) / level(1), @) to Shared Schema Hierarchy
Rule 3 {unrefracted; once): Ruie
IE: haoldsthand, Ball) is in Current State
not holds(hand, nothing) is in Current State
level_of_config_similarity{[Level, L]) is in ¥Working Memory
free_to_rmove([Ball, FromPeqg, FromPos, ToFeg, ToPos]) is in Temporary Schemas
node(pick_up(Ball) / level(1), A) is in Shared Schema Hierarchy

the value of the "Selection Threshold" property is T
Qis022*L

THEM: send excite(put_down(ToPeg) £ level(2), ) to Shared Schema Hierarchy
send inhibit(pick_up{anyBall) / level(1), Q) to Shared Schema Hierarchy

5.4.2 Rulebreaks

Latera inhibition was reduced between competing nodes in Shared Schema
Hierarchy. By changing this congraint the mode was dlowed to exhibit acommon

rule bresk performed by both experimenta groups - namdy, picking up two balsa a
time.

The example below in Fig 5.13 (Task 3, a 5move, tower-ending problem) illustrates

one ingdance in which two possible moves are proposed and which results in this rule
break.

Fig 5.13 Committing a rule break (holding two balls)
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In the absence of strong latera inhibition between nodes, the activation of both *pick-

up red and ‘pick-up blue reach threshold and result in both actions being taken. The
addition of the configura drategy results in both bdls being placed on the left peg
(the correct configuration, but only one correct colour position).

5.4.3 Mode summary

The Smple CS modd suggested two improvements. the introduction of an organising
drategy and the reduction of laterd inhibition. These were implemented in this CS+
mode and contributed to a grester fit with the experimental data on: (1) the number of
correct configurations (2) the totd number of moves made and (3) the gppearance of
rule-bresks (in the form of picking-up with two hands). These closdly resembled data
from the experimenta groups (seetable 5.14 & 5.15).

Table 5.14. Tower-ending problems collapsed across task difficulty.

Computational models

Model Avg. no. Totd proportion | Total no. correct Totd
moves coloursin configuration proportion
correct place rule breaks
CS+ 7.58 26.79 98.03 58.82
Experimental data
Children Avg. no. Totd proportion | Total no. correct Totd
moves coloursin configuration proportion
correct place rule breaks
3-4 year olds 9.23 58.33 95.83 43.75
5-6 year olds 7.73 98.24 97.37 22.79
Table 5.15 Flat-ending problems collapsed across task difficulty.
Computational models
Model Avg. no. Totd proportion | Total no. correct Totd
moves coloursin configuration proportion
correct place rule breaks
CS+ 3.80 12.94 99.30 47.27
Experimental data
Children Avg. no. Totd proportion | Total no. correct Totd
moves coloursin configuration proportion
correct place rule bresks
3-4 year olds 13.29 74.30 95.83 60.42
5-6 year olds 11.84 91.23 94.73 21.05
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However, the modd faled to smulate the data on the tota number of colours in the
correct podtion. This observation suggests the necessity for more complex strategies.
These draegies should enable planning of moves of specific bdls to specific
locations.

5.5 TheYounger Child’ model

The Younger Child model retains the structure and processes within the CS+ modd
and adds a diginct SASdomino fed (see figure 3.3 above) in the role that the
processes and buffers take. Based on the previous mode’s failings and derived from
research (see above), the two additiona strategies: immediate-hits and one-move |0ok-
ahead, are implemented. It is intended these will enable the planning of moves of
balsto their target locations.

5.5.1 The Subject: introducing supervisory components

Figure 5.16 shows the processes within Subject. CS on the right hand side is carried
over from the previous model and a number of new processes ae added. Perception
of World offers representations of the Current and Desred dates to Working
Memory. The left-hand dde of the modd is given over to ‘decisonmeking as
drategies are generated and analysed by Evaluate Solutions. For each Selected
Strategy action schemas are created (via Schema Condgruction) and fed into
Temporary Schemas, sarving to excite e ements within Contention Scheduling.

Figure5.16 The Subject level illustrating a generalised domino approach
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5.5.2 Monitoring and Goal Generation

Problems are recognised as problems by Monitoring and Goal Generation
(Monitoring), if the Current and Desred dates do not exactly match. When there is a
discrepancy between these two states, a message is produced and sent to Goals that
triggers the production of two Strategies aimed at reducing the difference.

55.3 Srategies

The immediae-hits drategy trandates to: the immediate placement of a bal & its
target pogtion, if (a) it is free to move and (b) its target pogtion is free. The one-move
look-ahead drategy is dightly more complex and corresponds to: the ability to
evduate the resultant dtate of a possble move (i.e, is one move ahead). These
srategies are produced by Strategies and sent as Candidate Strategies where they
are fed into Evauate Solutions.

5.5.4 Evaluate Solutions

Evduate Solutions provides intensve processng of information represented within
Working Memory and to a lesser extent Sdected Strategies. As its name implies, the
primary objective for this process is to evauate the outcome of proposed solutions, or

moves.

Evduate Solutions is respongble for identifying immediate-hits. In the event where
none exist Evauate Solutions dtarts a process whereby possible moves are proposed
to Working Memory. Evauate Solutions caculates what the resultant state would be
if that possble move was actioned. If an immediate-hit is possble given a resultant
date the possible move is initiated.’® For instance, in figure 5.17 below, one possible
move (move red to right peg) would lead to aresultant Sate where an immediate hit
(green to left peg) would be posshble This would represent a successful
implementation of the one-move |ook-ahead Srategy.

16 This tendency to abandon full searches of the problem space for other beneficial moves is consistent
with the literature (Gilhooly, 2002).
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If a possble move does not yiedd an outcome whereby an immediate hit is posshle
then it is temporarily ‘black liged’ in working memory and the next possble resultant
date is evauated. This process can be seen in the message log of Working Memory,
(figure 5.17).

Figure 5.17 Alog of the actions on Working Memory
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Messages 1-4 correspond to changes in Working Memory contents as the task is set
up. In message 7: a possble move of Red to the centre peg, postion 2 is proposed.
Message 9a returns a representation of what the resultant state would be. Because
Evduate Solutions does not then find this to produce the posshility of an Immediate
Hit, message 10a (of the form, “don’t try red to centre peg’) is sent to Working
Memory.
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5.5.,5 Schema Construction

Schema Congruction performs a limited but essentid role in this modd. Last in the
decisornrmaking chain, it creates and adds new temporary schemas on the bass of
results from Sdlected Strategies that are then fed into the CS system. It dso acts to
remove old schemas from Temporary Schemas thus improving the chance that only
relevant schemas remain to influence action.

5.5.6 Belief Update

Bdief Update sarves to action results from Evauate Strategies by modifying the
contents of Working Memory so that only task-rdevant information is incuded.
Specificdly, if a drategy has been adopted (e.g., to begin a one-move look-ahead),
then Working Memory is cleared of information relating to other possible moves.

5.5.7 Model summary

The need for drategic planning in increasing the numbers of colours that are placed in
their correct podtions was implemented in this modd in the form of (1) an
immediate-hits strategy and (2) a one-move look-ahead drategy. These supervisory
drategies were combined with the bias for configura Smilarity examined in CS+

model and influences of both systems were found on performance.

Assessment of this model reveds a reasonable fit for the data of the 34 year olds on
dl of the criterion measurements (see table 5.18 & 5.19). However, the modd fails to
gamulate the 5-6 year olds on number of colours in correct postion. One explanation
for this is that whilst the adoption of drategies within this modd incressed the
proportion of colours in correct postions the more direct the influence of CS went
unchecked. That is, the two systems are not co-ordinated n ther efforts. For example,
in the course of a task the perceptua festures of a problem are present before the
results of processng of the various drategies have been caried out. The CS
(containing the bias for configurd dmilarity) is dependant on perceptua information
only and thus has an early advantage at influencing the selection of schemas.
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Table 5.18 Tower-ending problems collapsed across task difficulty.

Computational models

Model Avg. no. Tota proportion | Total no. correct Totd
moves coloursin configuration proportion
correct place rule breaks
3) Younger Child 6.70 65.74 95.00 64.70
Experimental data
Children Avg. no. Totd proportion | Total no. correct Totd
moves coloursin configuration proportion
correct place rule breaks
3-4 year olds 9.23 58.33 95.83 43.75
5-6 year olds 7.73 98.24 97.37 22.79
Table 5.19 Flat-ending problems collapsed across task difficulty.
Computational models
Model Avg. no. Totd proportion | Total no. correct Totd
moves coloursin configuration proportion
correct place rule breaks
3) Younger Child 6.90 65.74 96.07 23.52
Experimental data
Children Avg. no. Total proportion | Tota no. correct Totd
moves coloursin configuration proportion
correct place rule breaks
3-4 year olds 13.29 74.30 95.83 60.42
5-6 year olds 11.84 91.23 94.73 21.05

The lack of co-ordination between CS and supervisory processes suggests the need for
greater monitoring and control to inhibit the influence of smple and direct perceptua
biases that originate from the CS+ sde of the modd. Introducing a mechaniamn that
achieves this may thus account for the differences between age groups.
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5.6 The ‘Older Child model

Usng the Younger Child modd as the initid plaiform, this modd extends upon the
previous mode by prioritisng higher-level drategies over those lower-level drategies
offered by CS. Thus, it ams to achieve correct configuration and correct colour
postions on the range of tasks offered on the ToL by inhibiting the influence of direct
perceptua biases.

5.6.1 Inhibition of immediate moves

In a strong top-down manner, Monitoring and Goad Generation intervenes directly in
the process of PS by temporarily suppressng a move if the pogtion to which the ball
is to be placed is above ancother bdl. Thus, either moves that are triggered by a
configural bias (within CS), or moves that are proposed by the immediate-hit Srategy
(via Evauate Solutions) are hdted until further checks are carried out.

This difference between the Younger Child modd and Older Child modd is
embodied within a dngle rule in Monitoring and God Generdtion. This rule, (see
excapt 520 below) triggers a more detalled examination of the podtions of other
bdls in the current date if an immediaie-hit has been triggered. If a bal under the
target pogtion for the immediate-hit is not in place, the drategy is terminated and a

new move considered.

Excerpt 5.20 Inhibiting immediate-hit if ball under is not in place

Rule 6 (refracted): iINAIBITING IMMEDIATE HITS IN EVALUATE STRATEGIES IF BALL BELOW IS5 NOT [N CORRECT POSITION
IF: selected{immediate_hit, [Ball, ToPeg, ToPos]} is in Selected Strategies

ToPos is greater than 1

Below iz a variable

Below is ToFos - 1

not ball_in_place([Ball_, ToPegy, Below])
THEM: add haltiimmediate_hit, [Ball, ToFeg, ToPos]) to YWorking Memory

add stop_check([Ball_, ToFPey, Below]) to Selected Strategies

delete selected{immediate_hit, [Ball, ToPeq, TaFos]) from Warking Memary

This rule can be seen operating in figure 5.21 below. Message 7 in Sdected Strategies
(top section) shows an immediate-hit for blue to the left peg is proposed. The Current
State (pictured bottom+-left) shows this to be the correct postion for blue, but would
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result in green under being blocked. Message 8, hdts the application of an immediate-
hit viarule 6 above,
Fig 5.2111lustration of inhibition of immediate move
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In the example above, the immediate-hit strategy is aborted because the move (blue to
left peg) would result in green being blocked.

5.6.2 Mode summary

Usng the Younger Child modd as a platform this find modd adds an important
feature that serves to inhibit actions that are based on smple and direct perceptua
biases. These biases are suppressed via a rule that triggers a deeper search of the
problem gate. Crucidly, this mechanism works by performing checks before alowing
schema nodes to be influenced.

The effects of this mechanism within the Monitoring process is in reducing the

chances of the modd being ‘led astray’ by superficid characterigtics of the problem
and increasing the proportion of bals being placed in their correct colour position.
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Table 522 & 5.23 reveds a good level of overdl fit on the criterion measures of this
modd to the data from the 5-6 year olds

Table 5.22 Tower-ending problems collapsed across task difficulty.

Computational models

Model Avg. no. Tota proportion Tota no. correct Totd
moves coloursin correct configuration proportion
place rule bregks
4) Older Child 6.45 95.43 98.00 28.22
Experimental data
Children Avg. no. Total proportion Total no. correct Totd
moves coloursin correct configuration proportion
place rule breaks
3-4 year olds 9.23 58.33 95.83 43.75
5-6 year olds 7.73 98.24 97.37 22.79
Table 5.23 Flat-ending problems collapsed across task difficulty.
Computational models
Model Avg. no. Totd proportion | Total no. correct Totd
moves coloursin configuration proportion
correct place rule bregks
4) Older Child 7.88 94.67 97.67 32.71
Experimental data
Children Avg. no. Total proportion | Tota no. correct Totd
moves coloursin configuration proportion
correct place rule breaks
3-4 year olds 13.29 74.30 95.83 60.42
5-6 year olds 11.84 91.23 94.73 21.05

5.7 Main summary of results

At a generd leve, the series of mode demondgrate a move towards a functiond
sysem tha dmulates the behaviour of children on ToL tasks (see figures 524 &
5.25). The fird two models each demondrated the necessty for the involvement of
drategic planning in PS on the ToL. Though the trangtion from the firg to the second
modd offered a better amulation of rule bresks for both groups the numbers of bdls
in place were condderably fewer than in ether of the experimental groups. The third
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model offered a better smulation of the 3-4 year olds and exhibits a mixture of
influences from (1) direct perceptud biases and (2) drategic planning on performance
that indicated the need to suppress perceptud biases. In the find modd, inhibition of
these biases is condgdered key in accounting for greetly improved performance and the
good fit with the datafrom the 5-6 year olds.

Table 5.24 Summary of computational models and the experimental data (tower -

ending problems collapsed across task difficulty).

Computational models

Model Avg. no. Totd proportion | Total no. correct Totd
moves coloursin configuration proportion
correct place rule breaks
1) Smple CS 499 100.00 100.00 0.00
2) CSt 7.58 26.79 98.03 58.82
3) Younger Child 6.70 65.74 95.00 64.70
4) Older Child 6.45 95.43 98.00 28.22
Experimental data
Children Avg. no. Total proportion | Tota no. correct Totd
moves coloursin configuration proportion
correct place rule breaks
3-4 year olds 9.23 58.33 95.83 43.75
5-6 year olds 7.73 98.24 97.37 22.79

Table 5.25 Summary of computational models and the experimental data (flat-ending

problems collapsed across task difficulty).

Computational models

Model Avg. no. Totd proportion | Total no. correct Totd
moves coloursin configuration proportion
correct place rule bregks
1) SmpleCS 308.47 100.00 100.00 0.00
2) CS+ 3.80 12.94 99.30 47.27
3) Younger Child 6.90 65.74 96.07 23.52
4) Older Child 7.88 94.67 97.67 32.71
Experimental data
Children Avg. no. Tota proportion | Total no. correct Totd
moves coloursin configuration proportion
correct place rule breaks
3-4 year olds 13.29 74.30 95.83 60.42
5-6 year olds 11.84 91.23 94.73 21.05

With regard to differences on tower vs. flat-ending problems, these models show no
clear dissociation of performance. That is, their performance is noticesbly sable on
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ether of the two problem types. For example, the 3-4 year olds appear to do better at
matching colours on flat-ending tasks than on tower-ending tasks but in the process
adso commit a grester number of rule bresks. The Younger Child modd does not
capture this subtle pattern of behaviour.

Ovedl, from this data it may gppear inhibition holds a congderable influence on the
overdl behaviour of the Older Child modd. However, the find outcome on eech task
is reliant on a number of other processes. These interpretaions fit wel both with
diverdty accounts and dudies emphassng a drong involvement of inhibition on
tasks of EF, including the ToL (Miyake et d, 2000).

6 General discussion

The series of models presented here form an attempt to integrate a number of aspects
from related fields interested in the process of problem solving. In the find Older
Child modd one view of the possble role that inhibition may play in PS on the ToL
was edablished. This view was built on a platform from which conceptudisations of
EF mechanisms (offered by Miyake et d, 2000) were combined with generaised
frameworks of decison-making and problem solving (Norman & Shdlice, 1986; and
Fox & Das, 2000). The effects of these influences on the final two models can be seen
inanumber of key ways.

Firdly, effects may be seen a a dructurd leve. Here, the Younger Child and Older
Child models share characteristics common to both the CS-SAS and the domino with
anumber of direct one-to-one mappings being observable (see Glasspool, 2005).

Secondly, these models strongly favour diversty views of EF in the way component
processes interact in the process of PS. That is, behaviour is not guided through any
one single mechanism, but rather is the outcome of a range of processes. Although it
is agued a gpecfic roe given to inhibition is indrumenta in accounting for
differences between the Younger Child and Older Child modds, performance overdl
isaresult of anumber of influences.
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The work presented here argues the case that younger children’'s poorer performance
on the ToL is a product of ther falure to inhibit Smpler srategies. Furthermore, these
models are taken to suggest that in contrast to the view that younger and older
children posess quditatively different cognitive drategies, the lack of ability to
inhibit may mask the existence of more complex skills.

Work on the latter two modeds is not finished. There are a number of issues that
would benefit from further investigation that may be divided into & practica issues
and b) conceptual issues.

At the precticd leve, an important issue that these models do not atempt in thar
functioning is the ability to backtrack. As children mature and proficiency on PS
increases, the ability to make counter-intuitive moves (moves that appear to take the
current away from the goa date) appears. Backtracking was observed on very few
occasions by the 5-6 year olds, though this suggests the ability is perhaps only just
emeging a these ages. Combining this within an account of PS would provide a
fuller modd of behaviour and possbly highlight better the role of inhibition. For
indance, it is likdy that backtracking could be implemented by inhibiting smpler
drategies. Thisis something future work could investigate.

A second issue of practicaity relates to the actud tasks used. Andlyss of each of the
tasks adminigered in the origind sudy (and replicated here) reveded the solutions
were dl possble given a combination of immediate-hits and one-move look-ahead
strategies. In order to further tease gpart the kinds of Strategies that may exist in young
children, a broader range of tasks should be administered. These should include
problems requiring a look-ahead of two, three and four-moves. As problem difficulty
increases in this way, one might expect an increasng reliance on smple perceptud
drategies and a reduction in overdl correct colours by younger children. Thus, one
question raised is What role does inhibition play in later PS ability? And, if the
capacity for greater look-ahead moves increases with age, what function does
inhibition serve? It seems likdy that the role outlined within these models would be
insufficient in accounting for this behaviour.

At the conceptud leve, it is conddered that this paper alows for a description of the

process of PS in young children that fits with a number of views. The modes are not
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considered to contribute to questions on the development of mechaniams underlying
PS processes and no attempt is made to provide description of how, for example,
inhibition may emerge in the Older Child modd. However, as discussed ealier, links
between the development of frontal lobes and abilities on PS tasks provide some
degree of consstency between these models and existing developmenta literature
(though see, Happaney, 2004).

Lagly, one important criticiam that might be rased rdaes to the problem of
functional equivalence. That is, different implementations of the same process that
function in very different ways may produce equivdent behavioural outcomes. In this
paper the Younger Child and Older Child modd were identical with the exception of
a sngle rule that operated to inhibit certain types of actions. But, it is possble that the
same set of data could be produced, by manipulation of some other variable(s). For
example, in the representations the two models receive (eg., Getner, Ratterman,
Makmann & Kotovsky, 1995). Critical assessment of the raionde underlying each
dterndtive implementation is thus conddered key in disentangling quesions of
functiona equivaence.

Getting away from problems posed by functiona equivdence, is hoped will be
fadlitated in pat by greaster converging evidence from a range of disciplines and the
use of a range of tools. As evidence gathers within these other fidds and more
senstive measurements and descriptions are sought, the nature and interaction of
mechanisms underlying EF and behaviour in generd, is hoped will become cleerer.
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Appendix 1. Summary of Waldau’s (1999) study

The experimental data were obtained by consent from a previous study by Rikke
Waldau (see, Waldau, 1999).

Design

The experiment followed a mixed desgn, with the betweensubjects variable being
age (3-4 yr olds and 5-6 yr olds) and the within-subjects variables being the levd of
difficulty (3,4, or 5 moves) and target configuration (tower vs. flat).

Participants

Seventeen 34 year olds and seventeen 56 year olds from a sdection of inner-London
nurseries took pat in the study. Participants colour vison was assessed directly
before the starting the training task.

Materials and apparatus

Six colour photogrephs of each of the god daes were used to illustrate the
appropriate end-gate. The TOL apparatus was made according to standardised
specifications (see Krikorian, et a., 1994).

Procedure

Presentation of each set of sx problems were randomised and counter baanced for
paticipants. For each task, the experimenter began by setting up the problem by
placing the bdls in ther initid pogtions. The following rules were explained to the
child:

Only one ball could be picked up a atime, and

It had to be placed directly on to a peg (i.e., not placed on the table, or kept in
the hand)

Then the child was shown the desired, or god state and was free to dart. In the

training stage participants completed four TOL problems to a criterion leve. Subjects
were then required to solve sx criticd problems. Their performance was videotaped
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for later scoring. The familiarisation problems were dl two and three move problems

involving non-tower/non-flat god configurations.

Following the training date, paticipants were given the actud task problems
congging of one threeemove, one four-move, and one five-move tower-ending
problem, and one three-move, one four-move, and one five-move fla-ending
problem.

The problems were designed such that the same dart configuration was used for
tower-ending and flat-ending problems requiring the same number of moves. The
order of presentation of critical tasks was randomised.

Task completion was sgndled explicitly to the experimenter by means of shaking a
toy parot and making it squawk. [Pilot work reveded that it was not dways clear
when children fdt they had solved the tasks. The toy parrot proved to be a popular
and reliable way of dlowing the child to sgnd this]

Video Tape Analyss
Videotape data was re-anaysed for the current study to derive comparison data for the

current computer smulations. Performance was scored according to the four criterion
measurements. (1) the numbers of moves made on each task (2) the numbers of bals
in their correct place (3) whether the child achieved the correct configuration and (4)

whether any rule bresks were committed.
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Appendix 2: Thesix ToL tasks

Task 1: Tower-ending (min. 3 move problem) Task 2: Tower-ending (min. 4 move problem} Task 3: Tower-ending (min. 5 move problem)
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Task 4: Flat-ending (min. 3 move problem)
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Task 5: Flat-ending (min. 4 move problem)
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Appendix 3: A printout of the final Older Child mode
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