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Abstract

The developrnent of children’s reasoning has often been associated nvith the
attainment of strategiee, higher-order concepts, or a broéder knowledge-base.' Several
researchers have argued that these achievements are parallelled and influenced by a
child’s canacity to process a fixed amoont of. information in the context of a reasoning
task. It is assumed that children’s processing resourcesAi‘ncrease with age and thaf this
' increase allo’v‘ve children to acquire the more complex forms of reasoning, advanced
strategies, etc. insufﬁcient resources, on the other nand, prevent children from
perfonning at a higher level.

The presen't study nad two goals: (1) to provide evidence for the increase of
resources with age, and (2) to explore the effects arsociated wirh the limited-capacity of
the processes involved in reasom'ng. ‘Two dual-task paradigms were combined in the
pursuit of tnese goals. One paradigm allowed for identifying the level of a taSk; at which
performance wes capacit&-limired. Age-groups with oifferent amount of resoU.rces were
- expected to exhibit capacity-limited performance at different task-levels. The second |
approacn, based on introducing additional processing load,vallowed for comparing the
 effects of charging the capacity-limits of different processes rnvolved in reasoning.

. Eighty-six children from fhree age-groups were given a matrices-completion task at four
levele of difficulty. The task was performed either alone or concurrently With a second
task. The secondary task was administered in the_beginning or in the rnidole of sorne
trials, thus disruoting processes at the initial stage and processes at the executive part of

the solution.




i

Capacity-limited perfofmance was detected at the third and fourth level of the task

for the first two age-groups, respectively. There was an indication that the oldest subjects

would exhibit capacity-limited performance at levels beyond the fourth one. Reasqning
performance deteriorated when the secondary task disrupted‘the bperation 6f the
exécutive processes. The additio'nai load introdu;ed in the beginﬁing of a trial, héwever,. '
-did not affect the lev‘el of reasoﬁing perfdrmance or resulted in impfoyement ih Certaiﬁ

conditions. The results were interpreted as supporting the hypothesis that the capacity

factor operates as a necessary but not a sufficient condition for the development of

reasoning.




Table of Contents

Abstract
List of Tables:

List of Figures

Chapter 1: Introduction

. The Problem

The Concept of Capacity: Information-Processing Perspective

Chapter 2: Review
Neo-Piagetian Models of the iRelation between Reasoning and Capacity
The Relation between Reasoning and Capacity in Neo-Piagetian ‘

‘theory: Evidence and Problems

Chapter 3: Hypotheses and Method
" Objectives >and Hypothéses
'Metl.140d
Farticipants
Equiprﬁenf
| Tasks
Measures and Design

Procedure

iv

il

vi

viii

23

23

33

51
51
55

55

. 56

57
60

71




Chapter 4: Reéults

Association between Concurrent Performance_ on the ‘Secondarjy
Task and Primary Task Perfofmance

Grbup 1 |

Groilp 2

Group 3 _
’Eﬁ‘ects of Distraction on Reasoning Performance

Group 1

Group 2

Group 3

Chapter 5: Discussion
Age-Differences in Capacity

Effects of Cdpacity Limits on Reasbning Performance

References

74

74

76

91

101

108

109

116

120

123

123

129

134



List of Tables
1. Summary of the émpirical évidénce
2. 'Trials for the one-attribute lev;el of the reasoning task: conditions,
attributes‘, shapes, and correct responses |
3. Trials for thé two-attribute le_velm.of the reasoning ta§k: cohditioﬁs, |
attributes, shapes? and corre;:t respoﬂses
4. Trials for the three-attribute level of the reasoning task: conditions,

attributes, shapes, and correct responses

(9,

. Trials for the four-attribute level of the reasoning task: conditions,
attributes, shapes, and correct reSponses

6. Capacity-limited performance tests for Groui) 1: perception conditibn

- 7. Capacity-limited performance tests for Group 1: memory condition

8. Groﬁp 1: Means and standard deviations for the two measures of bfima_.ry task
performance (no-distraction trials) across task conditions and ieveis of task'-
difﬁcﬁlty |

9. GrQub 1: Means and standard deviations for the secondary task
performance measures

10. Capacify-limited performance tests for Group 2: perception condition

11. Capacity-limited performance tests for Group 2: memory condition

12. Group 2: Meaﬁs and standard deviations for the two measures of pﬁmary task

performance (no-distracfidn trials) across task conditions and levels of task

!
{

difficulty

. vi

50

66

67

68

69

777

78

84

86

92

93

96



vii
13. Gr.oup,l2: Means and standard deviaﬁoﬁs f;)r the s.f:(;ondgry task
performance measures : : : : 99
14. Grbup 3: Means and étaﬁdard deviations for the two measures of primary task
- performance (no-distraction tfials) acros‘s‘task conditions and levels of task -
difficulty | | 1 O3>

15. Group 3: Means and standard deviat_ions for the secondary task

performance measures B : ' 105




List of Figures -

. Hypothetical performance-resource function

| Sharing of resources between two concurrent tasks

. Unobservable parameters, measures, and their interrelations according

to Hunt and Lansman’s (1982) model

. An example of a trial for the “perception” condition

. An example of a trial for the “memory” condition |

Group 1: Secondary task performance by task condition, level
of difficulty, and distraction condition.

'Group 2: Secondary task performance by task condition, level

of difficulty, and distraction condition.

9.

Group 3: Secondary task performance by task condition, level
of difficulty, and distraction condition.

Hypothetical data pattern

10. Group 1: Primary task performance (percentage correct) by performance

measure, task condition, level of difficulty, and distraction condition.

11. Group 2: Primary task performance (percentage correct) by performance

measure, task condition, level of difficulty, and distraction condition.

/

12. Group 3: Primary task performance (percentage correct) by performance

measure, task condition, level of difficulty, and distraction condition.

viii

- 13

15

19

61

62

87

100

106

110

112

117

122




Chapter -1
Introduction
The Problem
The purpose of this work is to explore the question of how children’s perfbrmance
\

on a reasoning task at different ages is influenced by limits on their processing capacity. In
bneﬁ itis hypothesized that: (1) there is an age-related incr_ease in the quantitative
characteristics of different processes involved in the eolution of a reasoning pfoblem, and |
(2) reasoning performance is constrained by the capacity characteristics of these processes
in that a lack of sufficient resources weuld prevent individuals ffrom performing at a higher
level. If these hypotheses are confirmed, the results will add to the description of a
developmental factor that parallels and 'inﬂuences the attainment qf more effective
strategies,‘ higher order concepts, or more complex forms of reasoning with development. -
This, in turn, can help the eXplanafion of a number of developmental phenomena.

To illustrate, an analogy can be made with adults’ performance on a six-term
tran§itive reasoning proialem. Adults will usually fail unless there is some way of
visualizing the elements and their relations. This failure will not bel due to an inability in
making\ transitive inferences; it is the number Aof elements or the number of intermittent
‘steps to_be cam'edvout that make this task difficult. By analogy, one may suppose that a
ﬁve-year-eld experiences sinlilar difﬂculties when confronted with e. three-term transitive
task. The child may be able to carry out ‘the. necessary cernparisens between the elements
of each pair but the number of required comparisons may exceed the child’s processing-

resources.




This explanation seems obvious and conSistent with the common-sense. It§
conceptualization and empirical test, howevef, have proved to be difficult. F irst, capacity
is not the 6nly factor that determines perférmance. Several common findings from the
are# of reasoning development suggest that there are important qualitative differences in
- the way ybunger and older subjects approach and solve a reasonihg _problem. For
example, young subjects often exhiéit systematic patterns of mistakes; older subjects (i.e.,
subjects with bresumably sufficient processing resources) sometimes fail to solve a
reasoning problem correctly; the influence on the so_lutiori process of domain—speciﬁ.c
knowledge and experience with the type of task is also well documented. Thus; one
source of difficulty is associéted with the need to distinguish between the effects of
capacity limitations and the effects of other factors on performance. Second, a number of
unresolved aﬁd controversial questions arise with respect to the notion of capacity: what |
is capacity; how is it QUantiﬁed; how is it rrieasuvred? In the context of the example above,
one may ask whether the inferior performance of younger subjects én £he three-term task
and older subjects on the six—terrﬁ task is due to inability to apprehend all necessary
components of the task, toa deficient merhory for the premises of the tasl’é or to a failure
to coordinate all premisés into a logical inference.

Several 'attempts to -answer these and similar questions have been made. Inthe
cOgnitive developmental literature these attempts are most'oﬁen assc;ciated with the so
call¢d “neo-Piagetian” tradition. The authors-from this tradition have either proposed
alternatives to Piaget"ian models of development by including .additional developmental

factors, or have tried to extend Piaget’s theory to areas not covered by empirical research




from a Piagetian perspective. These efforts of the ne'o-Piagetian theorists are aimed at
providing a more accurate and deteiled account of children’s cognitive development.

The assumption that an increase in individuals’ capacity underlies age-related
regularities in cognitive development has ‘been accepted as central by several theorists : o
(Case, 1985, Halford, 1982, 1993, faScuel-Leone, 1970, 1984). On the basis of this
assumption they have addressed important iesues and oﬁ’ered explanatio‘ns for a number
of developmental phenonnena. For example, Pascual-Leone and Sparkman (1980) have
argued for the advantages of Pascual-Leone’s theery in explaining the transitions between
Piagetian stages, tne phenomenon of horizontal decalage, and the effects of a task’s
infonnation-processing load on performance. Horizontal decalage is one of the
phenomena considered in Chapman’s (1987) stfuctural-ﬁanctional model. By assurning .
maturational capacity _constraints on cognitive development, Case (1985) offered an
explanation for a number of facts: the faildre of training studies to produce stage
advancement in sofne children; the considerable cross-task parallels in intellectual
development; the similerities in the rate in which cognitive and physical development
decelera.'te; the relativeiy universal character of cognitive development up to the ages of 16
- 18. To account fop these problems and phenomena, neoTPiagetian theorists have
proposed several lines of evidence for the role of capacity as a necessary but not a
‘sufficient condition for cognitive develdpment.

The general goal of the pfesent work is consistent with this line of research. The

proposed study, however, differs from the “mainstream” research in two important

aspects.




First, although the general hypothesis of neo-Piagetian theories that capacity acts

‘asa necessary but not sufficient condition fér the development of regsoning‘is preserved,
the approach to the test of the hypothesis is new. So far, the main body of empirical
evidencg comes ﬁom correlational studies, or studies where performance on tasks with
“established capacify demands has been predicted by subject‘s’ perf_ormanée on tasks
designed to measure capacity directly. Although the latter approach is more reliable than
the former, both types of cvidence rely heaviiy on task anaiytical procedurés ang_ “diréct”
measures of bapacity with questidnable validity. An exception is provided by several
studies by G. Halford and his colleagues (Halford, l1993; Halford, Maybery & Bain, 1986,
'Maybery, Bain & Halford, 1986). A dual-task procedure for detecting capacity-limited
pérfbnnanqg instead of direct measures of capacity have been' used in these studies. This
altgmative ‘ap;‘)_roach' is followed in the present work but it is applied to shbjects from
different ége groups. Itis argued thét if there are age-rélated changes in the arﬁoﬁnt of |
processing resources, then capacity-limi;ed performance will be detected at the easier

' f/ersions of the task for younger subjects _and at the more demanding task versions for
older subject;.

Second, it is assumed t'hat'reas.oning, as a complex acti’vity,v is conétrained by the
capacity limits of different .proeesses that comprise a particular task. So far, the studies |
have concentrated on a single process, according to the model of reasoning activity-
adopted by thg particular author. The prgseht study is aimed at exploring the capacity
characteristics of several component processes in the context of a réasox;ing task and their

relative influence on performance through the use of a dual-task methodology. .
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In what follows, the concent of cé;iacityi and capacit’yi limitations as used in the ,
adult_cog'nitivo literature is COnsidered first. ’i‘wo approachés to capacity, which the
: presentvworkv builds upon, are briefly reviowed and issues related to measuremont of
caipacity are discussed. The next chapter roviews four contemporary developmental
models of the relation between reasoning and capacityA and sumrnarizesl ihe empirical
evidence generated by the.se models in suoport of the neo-P_iagetian hypothesis that
capacity i.s a necessary but not a sufficient c_ondition for the development of reasoning.
The assu'_mptions that underlie the present study, the partioular hypotheses and tile
description of the method are outlined in Chapter 4. The final two chaiptors contain the

results of the study and their discussion in terms of the stated objectives and hypotheses.

The Concept of Capaoity.' Information-Processing Perspective

The idea that there are quantitative limits to the hurnan ability of processing |
infonnotion receives special attention wiihin the information processing perspective, where
the _viéw of the cognitive System asa channol through which information flows and is
tran.sfor'rned'makes the description .of tlic channel’s liniiiations an important study task.
Despite this importance, there is no comrnonly accepted approach to the concep’tuaiization
and study of capacity. Two approaches that are relevant to the goals of the present study
will be described briefly below. |

The ﬁist one depictsl capacity as a cha\racteristic of a mechanism. A particular

cognitive function is presented as carried out by a finite collection of elements, each

performing a well defined operation on the information. - The result is additive, failures of




a pa_rticulaf elgménf inﬂuepce thefove'ra_ll resuit in a specific way, with the magnitude of
the influence depending upon the role of the elemerﬁ in the mechanism. Explanation of
performance is in terms of the qualities of the participating structures.

Capabity, in this view, characterizes the elements (and the overall mechanisin) in
terms of the quantity of specific, concreté work that they pefform.i Thus, the capa;:ity‘of a
store is the number of items it can hold, the capacity of a filter is quantified as the numbet
of items it lets thfouéh, the 'capacity of a process is characterized by the numbef of iteﬁls
‘that can be manipulated for a certain amount of time. This approach to capapity will be
referred td here as .“spe‘ciﬁc” capacity view.

The important problem ih approaching the relation bétween reasoning and
capacity from this point of view is the (_:oncepfualization of the “workspace” of reasoning
and the particular processes involved in the reasoning activity. Two models of the
“workspace” ha\‘le prevailed in the field: Atkinson énd Shiffrin’s (1968, 1971) short-term
memory sfore model and Badd;:ley and Hitch’s (1974) workiﬁg memory rrvlodel.'

R.’ Shiffrin (1976) reviewed the capacity liniitations as rev.ealed. by studies in
several areas of memory research and concluded that all of them (excépt for the results on
masking) “can be traced to a relatively small set of limitations in a single system: the
- active memory system, called short-term étore (STS)” (Shiffrin, 1976, p.213). The
review is based on a versi(.)nr of a model proposed by Atkinson aﬁd. Shiffrin (1968, 1971).
According to the model the memory system consists of sensory input channels and two ' ‘

memory structures, an active but temporary structure called short-term store (STS) and a

pérmanént repository called long-term store (LTS). The STS is considered to be the ,




activated sﬁbSet of LTS. Sensory information enters the system and is‘ encoded in a series
of stages. The process of encoding is the'activation of the inactive features contained in
the LTS through their contact with the scnsory‘input énd, in fact, this is the process of
corisfructing the temporaryl STS. The loss of info.rmativon from STS is aﬁsuméd to be
equivalent to the reversion of alcurréntly active feature té a stable inactive mode in LTS,
The cause of such transfoﬁnation is ihterference by an activity in STS that prevents the
maintenance of information in an activé state through.rehearsal or cher control processes.
Thus, the limitation with most far-reaching consequences is the rate of loss of
- information from STS. The éame constraint on-the quantity of information in active state
applies to the stages after selection when certain information is desigﬁat'ed _for retention or
for use in the processes of controlled search or decision rriaking. For example, the
évidence for automatic processing irﬁplies that with practice the process of search can be
speeded up, prqcéssing accuracy can be increaséd, as can be the number of items select'ed_
in the search (see échneider & Shiffrin, 1977; Shiffrin & Schneider, 1977). In addition,
there are several ways to expand the limits of the controll_éd processing (e. g;, throﬁgh
categori_'zing and unitizing, as discussed by Shiffrin, 1976). However, no matter how fast
and accuréte the séarch process and how many items identiﬁed in the search, the loss-rgt(e
linﬁ?ation always sta).'s andArelstricts the output. Therefore, the capacity charactedstic§ of
the participating prpcess‘e’s will influence the overall capacity of the system only within the
range set by the capacity for storage. In this case the shbrt-terrh memory span would be a

relatively accurate measure for the capacity of the system. This notion of capacity and the

way of its measurement are relevant to several problems in memory research. The




 question is whether it would be relevant to the idea that the short-term store i; at the same .
time the workspace of reasoning. |
A. Baddeley and G. Hitch (1974) presented evidence against the view of the STS

as the workspace of reasoning and proposed the concept of working memory as their
alternative for a system that serves the compqu cognitive tasks of lan@age l.
comprehension, learning and reasoning. The argument against the STS model can be
summarized in two points. First, if the short-term store acted as a working mémory |
necessary for the ‘performan'ce on a reasoning iask, oné would expect patieﬁts with a
grossly defective short-term store to show many other cognitive problems. In fact, such
‘patients often seem to encountér very few practical problems in coping with the
information-processing demands of everyday life. Second, if the capacity of the system
determined the number of items that can be held in an active state, then the maintenance of
a merﬁory load of a number of items while performing a reasoning task would impair tl;e
bsolution.. The experimental test of this proposition yielded similar results fdr reasoning,

comprehension and learning tasks: with the increase of concurrent l'o‘ad, performance
declined but the degree of disruption was far less than predicted. The disruption affected
mainly the time for perfofmance; while the error rate remained more or less Vconstant.

These results indicate that memory load does interfere, implyiﬁg some overlap of
processing with the reasoning task, but even loading subjects’ memory to capacity still
leaves them able to reaéon accurately. In addition, the pattern of disruption by the

concurrent task suggests that storage capacity is not the main capacity constraint on




rea’soni.ng. What is necessary is a more detailed view §f the processes involved in
performing a reasoning task and the capacity limits of these processes.

In the model of working memory proposed by Baddeley and Hitch (1974) and
elaborated in later wdrks (for reviéws, see Baddeley, 1983, 1986, 1.992), storage and
control processes are (at least theoreticallyj separated and viewed as different subéystems.
In bﬁeﬁ it is hypothesized that the core of the system is a cenfral_ exécutive responsible fbr
coordinating the information from the subsidiary systems. The central executive is
'assurlnedv to fuﬁction like a limited capacity attention system capabie of selecting and
operating control processes and stratégies. Unfortunately, it has proven the most difficult
both to analyze and concep;ualize. Thus, the research has concentrated on the subsidiary
slave systems with the h_opg being the gradual whittling down of the functions that need to
be assigned to the central processor (Baddeley, .1983, p.315). |

The articulatory loop is one of the storesv explored in more detail. It stéres speech
coded information and makes use of a subvocal rehearsal system. The loop is Eonsidered'
to comprise two componénts -- a phonological stofe that can hold acoustic or speech
based information for 1 to 2 seconds, and aﬁ articulatory»process, analogous to inner
speech. It was established.tha.t memory span for words is‘ inversely related to spoken
duration of the WOrds. Subjects can generally remember about as many words as they can
say in about 2 seconds (the time for which the traces fade away in the -passive
phonological store). Thus, the model provides an explahation of the tendéncy for fhe digit
span of children to increase with age:A as children get older, they are a_ble to rehéarse fasfer

(Hitch & Halliday, 1983).




10

The second system explorgd in some detail is the visuo-'spatial s'crat'ch-pad. Its
functions are considered to' be maintenance and manipulation of ;'isuo-spatial images. The
scratch-pad seems to éompn’se, in analogy to the artiéulatory ldop, a store li_nked with a
reh’earsal process -- in this éase the one used voluntarily to control eye movements. Hitqh :
and Halliday (1983) report interesting findings of age related changes in the use of the two
systems in memory tasks. Older children tend to use the articulatory loop to r.emember B
picture némes as indicated by the bhonemic similarity effect and the disruption By
articulatéry interference. Ydunger children"s performance is not affected by either of
tlllese/ factors but is sensitive to visual similarity. - | |

In general, an advahtage of the working memory model, as compared to the short-

term store mgdel discussed previously, seems to be the potential to separate analyticallyb
the different functional parts of the system and thhs, to pfovide a more detailed abcount .
for the system’s opefation. However, the important task of préviding a way for estimating
the procéssiﬁg capacity inf/olved in reasoning is not as yei solved. Tﬁe p<ote1A1tial of the
working memory model in this direction seems to be associated with the aﬁalysis of the
central executive, which still seems to be the “area of residual ignorance” (Baddeley, -
1983, p.315). | |

In summary, both models under this view représent’performance as étrictly
dependent upoﬁ the spegiﬁc Stn_xt:tures thét participéte. in carrying out fhe solﬁtion ofa
'reasbning problem. In order to estimate the impact of cépaciiy constraints on reasdning
performance one should first s;ﬁecify an explicit model of reasoning ac;ivity. The-model

should specify the participating processes and a consistent mode of operation should be
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assumed under all conditions. Two general empirical appreaches can be applied on the
basis-of this model. One can correlate reasoniné performance with measures of the
capacity ehaiacteristies of the participating processes in an attempt to construct a model
that explains in full perf_ormance on the reesoning task. The other approach eonsists in
disrupting the operation of the separate processes by offering a speciﬁc concurrent task
(e.g., additional rilemory load in order fo disrupt the operation of the shortfterm store) in a
dual-task situation. Botli approaches have been used but the results indicate that the
assumption ef a consistent mode of operation does not always hold and tliat.silbjects' aire
quite flexible in overcoming the disruption of the secendary task.

The second appr'oach,to 'eapac'i'-cy, discussed below, is an attempt to aceount for |
this flexibility by including an additional factor that determines performance, namely, the
amount of effort (or capacity) invested in the solution of a task. The approach is best
exempliﬁed by the resource theories of attention (e. g., Kahneman, 1973; Norman &
Bobrow, 1975; Navon & .Gvopher, 1979). These theories treat capacity limits as limits in
~ the-amount of processing, that_ is, mental work, that can be devoted to a task. A basic
éssum’ption of this perspective is that there is a general limit_on peeple’s capacity to

peiferin mental work. Thus, the inability to perform a task with excessive capacity
demands or two tasks at once may not derive from a structural bottleneck at any
'particiilar stage of proCessihé, but rather from a non-speciﬁc_depletion of a limited pool
of reSourees. Put ﬁguiatively, ac_coriiing to the former view t}ie limits of capacity are

imposed by the “walls” of the channel; according to the latter, it is the processing

efficiency between these walls that further determines the permeability of the channel. '
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Another assumption-shared by capacity theories is that the le§e1 of performance
depends upon the‘émount of resources allocated to the task. In Kahneman’s ( 1973) |
theo;'y, for e—xample,‘ t_he efﬁvc:iency of processing within the limits imposed by structural
| constfainté is controlled by four factors: (1) enduring dispositions, assumed to reflect the
rules of invdluntary attention; (2) momentary intentions; 3) evaluation of démands; I
arousal level. | |

Examples of situations, in which results are bétter whén one is more concentrated,
~are numerous. Performance failures, frpm this point of view, caﬁ be due not only to
structural factors like u1.1availa‘bilitvyl of approériate strategies or lack of the necessary
operations, but also to a depletion of individua_lls" resource pools. 'F igﬁre 1 presents _<
graphically the relation between resources and performance on a hypothetical task. The
sector from the origin té point A shows that the quality of performance is directly
_ dependent upon the amount of resourées applied. Noméﬁ and Bobrow (1975) proposed
the term “resource-limited” to designate this type of performance.' The sector between
points A and B depicts what is known as “daté—limited" pedo@mce. That is, no matter
' How maﬁy resourpes are allocated fo the solution of»a problem, there is a point beyond .
which performance will ﬁot become any better. An example is the situation of listerﬁng

to a radio when the signal is masked by static. At a certain point the signal-to-noise rate

of the radio transmission is such that despite increased efforts invested in understanding

¢

‘the message, it does not become intelligible. (
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Performance

Resources -

Figure 1. Hypothetical performance-resource function
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This second assumption has been further specified w1th respect to the dual-task
situatioﬁs. Capacity theories assume that wﬁen two activities are t.o. be carried out
' ‘concurrently,‘the available resources are divided between them. In cases. where the joint
demands of the two tasks gxceed the aVaiiable resource pool, performance on one or EOth
is at lower levels, or;_ is capacity-limited. Such a situation is presented graphically by -
plotting performance on one task against performance on a second, concurrent task .on
Figure 2. Thé sectors AB and CD reflect data-limits on Task 1 and Task 2 réspectivély.
The regiovn from B to C depicts the capacify trade-off between the two tasks which in this
hypothetical case results in detén’orétion of performance on both. This kind 6f plot is
known as “performance operatiﬁg characteristic” (POC) (Norman & Bobrow, 1975).
Comparing the performance plots on Figure 1 and Figure 2, it should be noted that
the theorétically assumed, dnobserQaBIe resource variable on the abscissa in Figure 1 is
“substituted with an cl>bsevrvable performance variable in Figuré 2. Thatis, in é. duél-task
situ:;ltion,-the quality of performance on one task may sérve as an indéx for the resour;:e'
expenditure on the other task. |
~ Due to this possibility of indexing resources with performance on .another task, the -
dual task paradigm has been accepted as the main method for estimating demands and
resources. The rationale behind the abplication of this procedure feqdix;es additional
- assumptions and specific trade-off arrangements. In parti»cular, the demands of the two
tasks together éhould exceed the available resources; If the tasks were too easy‘ then

performance on both would be data-limited and no interference would be observed.




‘Task 1 performance

Task 2 performance

Figure 2. Sharing of resources between g.o concurrent tasks.
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Second, thé same amount of resources should Be allocated to one of thé tasks
when it is performed alone and when it is performed concﬁtrentlfWith the second task.
Tﬁis is achieved by manipulating the instructions: one bf fhe tasks is designated primary |
and subj ects are instructed to give it priority in the dual-task situation. When these
conditions are met, thé quality of pefformance on the other (secondary) task.will depend
upon the spare resources, that is resources that remain unused after the necessary aniount'
is allocated to the solution of the primary tésk. In cases where the secondary task is
sensitive to resource variation; the quality of performance on it wiil allov;/ inferences
about the cépacity demands of diffefent primary tasks .or about thé_relative amount of
resources applied. by different individuals to one and the same primary task.

For example, performance on two tasks that havé different capacity demands may
be indistinguishable if both are within fhe capacity' range of the subjects. The dual task_

situation allows for dis_tingui;hing them. When paired with o~ne and the same secondary
task; the taék with fewcr demandsi on resources will be accompanied by a better
performance on the secondary task.

- for tHe pufposes of the present work it is important to evaluate the extent to which
the dual-task approach allows us to distinguish between indivi\dﬁals or groups of |
individuals with respect to their available capaéity.' Logic similar to that involved in
ldistinguishing between capacity demands of tasks can be-applied. ' Iﬁdividuals with

different resources may perform equally well on an easy task. In a dual-task situation,

their performance on the secondary task will differ: the individuals with more available
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capacity will perform better. v,Thus, secéhdafy tésk per;formance can be used as An index of
individuals’ .capgcity.

The problem‘is how to use this index in‘dealing with the'question of the role of
capécity in development. In testing the hypothesi§ that cépacity is a necéssary but not
sufficient conditionA for the devélopment of reasoning, the imp(_)rtantﬂi'ssue is to show that
the amount of available resources sets limits on the level of difficulty at which an
individual can perform successfully. In terms of the dual-task approaéh, individuals witha
worse performance on the secondary task in the cohcurrent-tasks céndition should not
succeed on the more difficult versions of thg'primary fask_. In additioh, one should éxpéct
a strong association between secondary and hard primary tésks .performanc»e, if the
difficulty levels of the primary task differed in terms of démands on resources only.

Predicting performance on the basis of secondary‘taslﬁc_indices of capaéity is central
for Hunt and Lansman’s (1982) formal model of the role of resources in determining
individual pérformance. In brief; it is assumed that indiyiduals differ in three geﬁeral
characteristics that determine performance. These are: (1) struqtural parameters
pertaiﬁiﬂg to primary task Aperfo'r.mance;"(2) structural paramete(s pertaining to secondary
task performance; and (3) total 'resource capacity (Hunt and Lansman, 1982, pp. 218- |
219). Pérformance on £he primary and secondary tasks in both the single and dual task
condition is expres.sed as a function of varioué combinations of these upobservable
variables. Information theory is then used to generate specific predictions concerhing the

relationships between performance measures.
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The idea behind this approach is that if there is a causal relatiohship betwéen a set
of unobservable characteristics and éach of a set of observable measureé,v then knowledge
of one observable measure may provide inforrnatiqﬁ concerning another. fhe
implementation of the idea in a particular model is depicted in Figure 3. The
unobservable variables E 1 (structural parameter pertaining to primary task performance),
E2 (sti'uctural parameter pertaining to secondary task performance), and R (total
resources), are éonnected to the observable variablés by arrows, whose .direction
illustrates causation. Performance on the hard primary task is designated as a target
variable (i.e., the rheasure that should be expregsed in terms of the other observable
| variébles). /

It is clear from Figure 3, that performance 6n the hard primary task depends on
E 1 and R Therefore_'; any measure that depends on one or both parameters will provide
information conéerning these parameters and, thus, improve the prediction of the target
variable performance. In particular, the aﬁt_hors demonstrate that f)érformance oﬁ the
secondary task in the dual task condition provides informatibn concerning performance
on the difficult version of the prih1_ary task in fﬁat performance on both can be'expresseAd
as being determined by the same unobservable variables. Statistically, one should expect
that a reliable liﬁear relation exists between the two measures if Ithe postulated causal
relations are true.

Two other measures that defnend on the unobservable variables participating in the
prediction and.may influence the observed relation, are the p_erformaﬁce'on the»easy

primary task and performance on the secondary‘task; when both are performed alone.




Easy primary,
performed alone

Secondary task,
performed alone

Exasy primary,

concurrent performance

Secondary task,

concurrent performance

Hard primary,
performed alone

Figure 3. Unobservable parameters, measures and their interrelations according

to Hunt and Lansman’s (1982) model.
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The authors propose that eventuai shared variance between these two measures 'andA the
performance on the hard version of the primary task is pértialled out in the Statjstical test
of the relation. | |
In summary, the dual-fask approach to measuring capacity provides an index of
individual capacity (secondary task performance), whi;:h"can be used for predicting
performapce ona r'easonihg tésk_ (Hunt aﬁd Lansman’s “easy-to-hard” paradigm). A
success in the statistical predi;:tion of performancelon the difficult primary task with
: perfohﬁance on the secondary task in the dual-task c_onditi-on would indicate that the
observed differences in pﬁﬁmy task performance are due to limited resources. Such a
result bears direct relevance to the claim that capac.ity'acts asa necéssary but not
sufﬁcignt condition for the deyelopment of reasoning.
The second view of capacity, as exemplified by resource theories of attention,
vmakes no spgciﬁc architectural predictions, or more precisely, accepts certain
architectural assumptions of the alternative appfoach. Explanation of perfoﬁnance,
howéver, is based not only on the quantitative characterjstics of the ‘speciﬁevd proc‘esses,.
but also in terms of fhe allocated capacity relative to task demands. That is, the approach
allow§ for taking into account an additional, “‘intensive” aspect of performance.
 The purpose Qf measuring capacity under this-v'iew is to express ihe result in

terms of the quantity of abstract work invested in it. Assuch, cgpacity can be vused asa
characteristic of a task (task demands)_, of performance (allocatgd capacity), c;f a structure
Or a process (process-ing capacity), or of an individual (available resources). Apprc;aching

the problem about the relation between reasoning and capacity from this point of view
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avoids the need for an ad hoc identiﬁcation of the processes or strﬁctures participating in .
a solution and the need for specifying the units into whicﬁ caﬁacity of the particular
proceés or sfruéture is quantiﬁed.l Performance on one and the same secondary task,
accompanying the different stages of the solution, can serve as an index of the capacity
demands of the compartment pfocesses.

There vjs, definitely, an overlap of the phehomena that the two uses Qf the term
'cai:)acity, described in this section, are intended to <.:apture.. It can be argued that these are,
in féct; two ways of expressing and describing the capécity factor in performance. The
first view dés;ribes capacity in terms of specific processing units. The second view
depicts capacity in terms of abstract, “puré” quantity and allows for including in the
éxplanation the “intensive” properties of performance. Thus, the two approaches could
usefully complerﬁent each other.

_ The concept of capacity, as used in the pres'entiwork, bea_rs upon both views‘
described above and is an atterppt at capitalizing on the advantages of each approach.
First, similar to the “specific” approach to capacjty, itis assuméd thaf the ferm refers to a
charactéristic ofa proces's, task or individual. Descriptions of c»ap,acityvas “mental
energy”, “mental space”, “(resource) pool”, etc., can be aécepted only as useful but
limited metaphors. Second, simiiar to the “non-speciﬁc” capécity yiew, itis assufned that
capacity cl.iaracterizesvthe quantity of abstract fnental work that an individual, applying |
certaiﬁ processes, can handle at a time, or the ﬁuﬁntity of mental work that is required for

carrying out successfully a particular task. Finally, it is assumed that the overall success

on a task depends.on how much effort is invested in solving the problem. Thus, in a dual-'
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‘task situation, although the two tasks involve different operations and procéssing units,

the success on each will depend on how much effort the individual can allocate to them.
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Chapter 2
Review
Neo-Piagetian Models of the Relaiién between Reasoning and Capacity
in the literature on cognitiQe development the study of capacity limitations is
associated mainl_y with the wbrk in what is known as the neo?Piagetiaﬂ» tradition. The goal
of ‘this research is to provide é mdre deté.iled and accurate account of cognitive
development by adopting a more functionalist stance, often borrowing concepts an&
‘ rho_dels from the information-processing approach and the problem solving research. At
the same time, neo-Piagetians have mbfe or less tried to preserve basic tenets from
Piaget’s structural theory of cognitive development. | |
~ As stated in the previous chapter, several ned-Piagetian theorists have raised the

hypothesis that capacity acts as a necessary but no‘t'suf’ﬁc':i‘ent condition for the
development _of reasonipg. In brief; insufficient capacity would prevent performance at
ﬁighér levels of reasoning. In contrast, the mére capacity available, the more vsophisticated_
. form of reasoning would be exhibited, giQen that all other conditions are met. Different
views, however, characterize the understanding of capaqity in neo-Piagetian theories. A

brief description of these viéwsvwill precéde the discussioh of the evidence ip support of
the hypothesis. | |

Iﬁ Pascual-Leo;le’s _theory (1976, 1984, 1987), perfomance is considered to be

determined by the dyné.mic interplay of two groups of factors. Thg first group comprises |

- the basic units of the rﬁental 'app;aratus: operative schemes, figurative schemes, and.

executive schemes. The second includes as factors the most general architectural
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constraints of the system that is studied. ‘Th_e M-operator (tﬁe .capacity construé_t in
PascualeLeoné’s theory) denotes the nonépeciﬁé méntai .attentibnal energy 'of mental
space. The function of the M-operatqr is to boost the mental sphemés ﬁgcessary for
perfo:ménce. Its action is mpm'tored by the executive sghemé;s dominant at the given
moment. , | | _ R
Operationally, the power .of the M-operator (M-power) is defined as the maximum
nﬁmber of schemes that can be activated in a single mental centration. The power of the
Me-operator, acéording to Pascual-Leone, increases endogenously with age. M-power is
partitioned into two additive components: e -- capagity used by the task executive to
represént the problem goal and fhe initial strafegy; and, & -- t‘he capacity fo? activation of
additional schemata. The e-component is assﬁmed to develop up to the second or third
year of lifé and to remain constant aﬁerwards, while the k-componeﬁt increases to late .
| _ adolescence‘. Th¢ rate of growth is constant and the range is from one additiona! scheme
at age 3 -- 4, to six or seven a_dditional schemes at approximately the age of 16. These
estitnates were originally inferred from a Iogical analysis of Piagetian tasks, and later
‘were 'erﬁpiricélly verified using a vériety of tas_ks (see Pascual-Leone & Gpo_dman, 1979,
for references);
Despite the parallels that can be drawn bem;een this concept of M-capacity and

the"‘ﬁonspeciﬁc” capacity.notic')n as deséribed in the previous section, Pascual-Leone’s
approach to the empirical study of capacity has been quite different from the approach to

capacity measurement under the “nonspecific” capacity view. This difference is due to

the assumption that M-capacity can be quantiﬁedj in terms of the number of
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~ schemes that are applied to a solution of a problem. ,'I;hus, Pa_scual-_Lebne proposes an
extensive and detailed procedure of task analysis for establishing the capacity demands of
a task. Available capacity is estimated by means of tasks considered to be direct
measures of individﬁals’ capacity. These estiinatés of ihdividuals’ M-power and the
assessment of task demands through task anélysis have Been used to provide evideﬁce for
the relaﬁqn between reasoning and capacity.
’ Task analysis has béen most often identiﬁea as the weakness of the theory
" (Gelman & Baillargeon, 1983; a similar argument is leveled by Case, 1985). As
mentioned above, Pascual-Leone has proposed a detailed and elaborate procedure for task
analysis. ‘Nevertheless, there is some arbitrariness in determining the units of analysis
because the vtask analytical_prqcedure is not derived from the theory in a rigorous manner
(see also Chapman, 1987). |

Another problem is the prediction of performance with measures of M-power. The
M-b}ﬁerator is not the only activating factor according to the ih¢ofy. Other operators can |
serve as scheme-boosters. For example,l the interactions of the operators for learﬂing (L-', '
and C'-operator.s) with the M-operator are coﬁsideréd to detérmiﬁe both the scheme that is
formed and the speed of its formation (See deRibaupierre & Pa’scual-Leone,: 1979). The
direct’inﬂuence on activafion is the I-operator, which serves td inhibit the irrelevant to the
current task structures (see Pascuai-Leone 1987, 1991). The jointv action of all these
- factors produces a dynamic synthesis of schemes in thg field 0f vactivation. However,
since performance is é function of the joint action of several fa;tors, why is it predicted

with M-power measures? Averaging the performance level across several tasks
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of the same demand has been proposed as a safeguard agéinst such bias. This is supposed
to reduce-the variance caused'by factors chef than M-power in ‘prgdictin‘g performance
on cognitive tasks. Nevertheless, there is no guarantee that the reduction is sufﬁci.ent.

The other three theories adopt an approach to the déﬁnition of capacity that is
closer to the “specific” view of capacity. That is, specific assumptions are rflade |
regarding the processes and structures involved in the particular cégnitive activity and
capacity characterizes quantitatively the operation of these procésses or structures.

Executive Processing Spacé is the capacilty construct in Case’s ( 1985) theory, and
is defined as the “makimum number of independent schemes that a child can actiilate at
any one time” (p. 289). It is further subdivided into “operating space” (allocated to the
activation of new schemes) and a “short-term storage space” (tﬁe proportion of the total
processing space devoted to maintenance and retrieval). This subdivision does not imply
two dif_ferent capacities, each with their own limit, but a singlg capacity that éan be
allocated to the two functions. |

Case (1985) provided data frém sevéral studies concerning the riature of the
gfo_wth (-)f short-tcrrh storage space with age. It was,,hypotheSized that the total
processing space within each period refnains constant, while the increase of storage .
reﬂects the decrease of operational space. In short, the greater the operational efficiency,
the more space availgble for storage. Supporting evidence for thié.hypotlhesis is the higﬁ

correlation between spéed and span as revealed in a series of studies with each age group ‘

| (see Case, 1985, pp. 354-365). In addition, a study of adults whose counting rate was

artificially reduced to the level of six-year old children by counting in a nonsense
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language, showed the same relation. The span performance of these adults was
corhparable to that of six-year olds.

For the explanation of these chariges in capacity, Case raises a tentative hypothesis.
for fhe possible physiological correlate of the changes in efficiency. In short, increased
processing efficiency is related to the established fact of progressive rr‘xyelinizat‘ion of ﬁerve
fibres with development. The myelinization is related to the increased spéed of linear
transmission and reduced amount of laterai transmission.

One advantage of Case’s approach to capacity, as compared to that of Pascual-
Leone, is the attempt at specifying in more detail the diffe‘rent processes involQéd in
solving a proi:lém and the quantitétive limitations associated with them. Reasoning
activity is described as involving two types of processes: the processes of storage and
maintenance of iﬁformation, and the pro‘cesses of active organization and manipulation of
this information for producing the ééiution. The assegsment of capacity in this case,
howéver, is more or less the assessment of the capacity of the short-term storage space,

'whi_ch is characteristic for a particular stage of developrﬁent. In face of the evidence for
the reiat’ive independence énd different processing areas of the ex’eﬂcutiveAand storage
proceéses (Baddeley & Hitch, 1974), and for the general increase of proceséing speed with
age (Kail, 1988), such a treatment of capacity, at least when the QUestion is abéut the
' capaéity constraints bn reasoning, seems insufficient. A more detailed account of the

| processes involved in reasoning is necessary\as is an apprbach to measuring the capacity

limits of these processes.
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Another important aspéct, which is missing in Casefs treatment of reasbning, has
been pointed out by D. Kuhn (1983) in a critique of an earlier version of the fheory.

, According to Kuhn, Case analyzes subjects’ abilify to execute the séquence of éteps that
lead to a success on a task. Whaf is missing is the fno‘ré developmentally challenging
aspect of knowing that these are the‘ appropriate strategies to apply, i.e., the procesé of
active constructioni of the problem siﬁation by the subject (see Kuhn, 1983, pp. 94 -99).

The capacity constructs proposed in Chapman’s (1987) model»and in Halfdrd"s
(1982, 1993) theory are both examples of the “§peciﬁc” approach to cépacity in that they
characterize the limitations of pérticular processes. Both differ from Case’s treatment of
capacity in that they attempt to concentrate on the quantitative aspects of procésses thaf
are speCiﬁc to re;cxsoning, rather than on the capacity limitations of th¢ overall system

. involved in a performance of a task. The conceptualization of these processes, however,

is quite differént in the two models. |

Chapman (1987) based hié model on a constructivist approach to reasoning and,
follqw‘i'ng Piaget, described the formal p‘roperties of the age-Speciﬁé formé of reasoning-
as rooted'in the interiorization of action and the coordiﬁation of mental operations in
opératory structures. Three types of scheme; are the ﬁmctibhal units of the model:

' fepresentat_ional, proce_.dural and operational schemes. f‘Representational schemes” refer

to sensory, perceptual and cognitive repfesentations of the permanent and simulfaneous

properties of comparable objects or cla;ses. They providé the content that is céordinatf:d

in.the process of solving a task by the ope;ational and procedural schemes. “Procedural

schemes” are defined as “transformations effected by the child successively in
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time and in pu_fsuit of a goal” (Chapman, 1987). Finally, in defining i‘operétidnal
séhemes”, Chapman émphasized the importan?;e of understanding them as internalized
reyersible actions. Reversibility here means that the operation is integrated in a structure
w1th other operations that qompensate4the transformation it designates. In this case, the
applicationbf the operation is a simultaneous coordination of implicatiqns and does not
involve temporal sequence. This simultaneous coordination marks deeper understanding
and reaching _thé cohqlusion by necessity. |

The model is aimed at investigating the “form of reasoning”, which is deﬁhed as
the type of inferential relation uniting children’s judgments (conclusions) with the
explanations (prémises) of those inferences. The operation of the model ihvolves
simultaneous coordination of the values pfovided by representaﬁonal schemes in an
“inferential scheme” (Chapman, 1987). In a later version of the model, this p;ocess iAsA
referred to as assigning a value to an operatory variable (operatory variables are defined as
the “aspects or dimensions of the task situation that the subject recbgnizes as potentiélly
varying within the expeﬁential context of the task” (Chapman & Lindenberger, 1‘989).
Regardless of the difference in terminology, a basic assumpfion of tﬁe model is that the
structural act of assigning a valug to an operatory variable corresponds to the functional
| consumption of a fixed amount of attentional capacity. Tﬁis fixed amount of capacity is
. considered a “unit”. In terms of the operation of the model then, the capacity -
requireménts of a given form of reasoning will be equal to the number of 6peratofy

variables that are assigned values simultaneously in employing that form of reasoning in a

particular task. The concept of capacity demands can be defined as the number of ‘ f
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representational schémes that must be coordinat;sd for the solution of a .given task.

- Defined this »way, the model provides guidelines for the analysis of the capacity demands
of the tasks, for the estimation of thé capacity necessary for a particular form of reaséniné,
and for the clarification of the requirements towards the tasks used as independent
measures of individuals; .capacity. 4.

In task analysis, the estimatioﬁ of task derﬂands has usefully complemented the
analysis 6f the structural aspects based on Piaget’s'operatory 1ogic. The advantage of this
apprdach is that it allows for analyzing the tasks in terms of their formal properties and for ‘
deriving the capacity demands of those tasks from the quantitative dimensioﬁs of tﬂose

 properties. Tésk anélysis of typibal Piagetian tasks indicated that demands increase
regularly by stage (see Chapman, 1987, pp. 310-311).

With respect to measuring capacity, Chapman did not propose new measurement
tasi(s but used task analysis to demonstrate fhe relative validity of measures proposed by
Pt»lscual-Le,one and Case. For example, as a result of the comparison betWéen _forWard-_
and backward digit span as heasures of capacity, the latter was evaluated as more relevant

o t.he,ta'sk of méasuring capacity involved in reasoning because it entails the assimilation
of iterﬁs tcl). a reversible scheme of temporal order, i.e., a scheme in which the f§Mard‘
order simultaneously implies its iﬁverse. |

| Halford’s treatment of reasoning is based on a complexity metric derived from

- category theory (MacLane, 1972), which allows for a unified approach to the asse-s.s.ment.;

of the complexity of a task and the structural complexity of the representations and

structures used in a solution. The purpose of this is to anchor the complexity classification

A
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of the tasks and the levels of reasoning on objective criteria. As Halford put it (Halford,
| 1982, P- 360),' the fact that iransitive reasoning has the struoture of tne binary operations'
characteﬁzing Level 2 reasoning is a mathematical truth and not an intuitive judgment_.
The core of the metric is the process of structural mapping, which is defined as the
ruie for assigning elenients of one structure to elements of another in such a way that any
funciions, relations or transformations between elements of the first structure correspond
to functions, relaiions and transfoi‘mations in the second sti'nctufe (see Halford, 1993; p.
71). Four levels of task _cOrnplexity are described, which differ in ihe number of elements
and relations determining the problem space.i
According to Halford, the level at which a iask will be approached depends upon
the complexiiy level of the representations that the subject is capable of processing. The
. different levels of structure mapping require relevant means of representation, that is,
concepts at the respective level of structural cornplexity. The cornplexity of concepts,
according to Halford,. is detemiine'd by their dimensionality, or by the number of
indepe'ndent- units of information required to deﬁne a concept. The units ‘themselvies may
have arbitrary informational size. Their nuniber is related to the number of arguments ina
predicate. Thus, _one-dimensi_onal concepts are predicates with one argument (e. g
category membership); two-dimensional concepts are defined as predicates with two
arguinents (binary relations and bivariate functions); etc. | |
In brief] the notion of limited capacity in Halford’s theory.(‘l 993) is associated with
the limits in capacity for representing structure and is quantiﬁed in terms of the

independent dimensions that can enter into a representational structure. Reasoning is -
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capacity limited in fhe sense that the structi;re mapping processes impose proceséing
demands that depend on the dimensionality of the mapped structures.  Thus, tasks that
require Concepts of high dimensionality to be mapped will impose high procesSing load
that exceeds the capacity of young children.

Halford’s concept of capacity can bg: qlearly classified as an example of the
“specific” approach to capacity. What distinguishes it from the other such concepts, vis the
attemﬁt to consider the capacity limitations of processes t'hat are intrinsically related to the
activity of reasoning. Even if his earlier (1982) book, where short-term r'nemor'y_wis
assumed to be the “workspéce” for reasoning, Halford emphasizes the ... information-
processing load imposed by the requirements of matching the symbol system to the
environment systerh in a consistent way" (p. 361) and takes no ;ccount of loads imposed
in any other way. In> the later (1993) book, an attempt is made atl the éxplicati(_)n of the

concept of representational dimensionality on the basis of a computational model with

connectionist architecture. In terms of the model, the independent dimensions are

repr:esented by separate vectors in the processing space. The tensor. prod‘uct of these
vectors characterizes the' concept that is applied. The argument is based on the established
properties of neural networks that disédnﬁnability of items is proportional to the number
of units used fof the representation and the conduction speed of the neural computation.
Thus, keeping the fwé factors constant, the increasg in the ngmber qf items (vectors)
entered into the computation will decrease their discriminability. Although still
specuiétive, this hypothesis offers .a way for accqunting for the effects of 'capacity

limitations and for eventual age changes in these limitations. In brief; it is suggested that
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the number of dimensioné that can be processed in parallel increases with age, possibly
due to differentiation of repfesentation. This would not increase overall capacity but will
| permit more complex structures to be processed and more complex concepts to be
understood. It is clear that the overall amount of inf_ormation is not limited, as far as the
separate vectors that enter into a gomputation are of arbitré.ry informational size. The

- changes are in the number of such indepeﬁdent vectors that enter into any one |
computation or decision.. Also limited in this way are the orders of interaction and levels

of structure that can be represented. -

The Relation betwéen Reasoning and Capacity in Neo-Piagetian Theories:
Evidence and Problems
The theoretical models ‘described above, althéugh similar in several aspects, offer
quite different interpretations of capacity and the inﬂu;ance of capacity limitations on
reasoning. The different views should be képt in .mind in evaluating the evidence because
they de;ennihe .to a gréat extent the pr’oéesses upon'which the research efforts of the
“authors \;yere concentrated. | |
The evidence provided by neo-Piagetian theorists t."o‘r~ the relation between
reasoning and capacity can be divided into three groups aécording to the approach faken
for the eﬁpiﬁcal validation of this relation.
The first group is comprised of evidence from correlational studies. Assuming
that capacity has the role of a develqpmental_ constraint, it is natural to predict that there

will be a close correspondence between levels of reasoning and levels of capacity. Two
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objections have been léveled to this @pe of evidence. First, some critics have argued fhat
the observed correspondences -.can be explained as an artifact of correlated age changes
(Brainerd & Reyna, 1989; HoWe & Rabinovﬁtz, 1990). 'Second, several authors (e.g.,
Halford, 1993; Howe & Rabinowitz, 1990) have noted that the magnitude of the
correlations does not exceed that typically féupd between many pairs of cognitive tasks
and there is no method of determining whethér fhe correlations are based on éapacity.

Both objéctions are valid, 4bu't 6n1y if the correlational evidence were the onlyv.
eyidelncé preseﬁted by neo-Piagetian theorists.‘ Several studies in the frame of Pascual-
Leon'e’s theory include data about the as;sociation between perfonhancé on M-capacity
measuremenf tasks and performance on cognitive tasi(s, the capacity demands of which
have been asséssed by means of task analysis. This rélation has been established for a '
numbef of cognitive tasks and for different agés (for a review, see Chapman, 1981; see
 also Johnson & Péscual-Leone, 1989; Morra, Moiso & Scppési, 1988; deRibaupierre &
Pascual-Leone, 1979). However, this is not tAlr41ev only evidencé and the reportedi ’
correlational daté are used as an initial stage in the studies. A similar argument can be
made ab:out se\}eral studies reported by Casé (1985). He found, for example, th;dt the |
average scores for both cognitive tasks and capacity scores coincided_cldsely with those
predicted for each agc; (Chépters 6: 1 lj. It should be noted, however, that these chaptérs
cover the.in'itial “descriptive stages” of his project.

Chapman (1987, 1990) érgued that the mere detection of correspondences

between capacity and cognitive development does not directly test the necessity-but-not-

sufficiency relation between capacity and reasoning predicted by neo-Piagetiah theories.




The fcnner pattern of results might exist even if the latter relation did not occur.

Chapman and Lindenbérger (1989) nroposed a dircct test of the specific prediction on the

~ basis of the statisticalit‘echnique of prediction analysis (Hildebrand, Laing & Rosental, '

1977). In brief, this is 5 fechnique whicn allows for testing predictions based on a logical

relation betwcen nonnnal or ordinal variables by partitioning the contingency table into

“permitted” and “non-permitted” (error) cells. The c’orhparison between the observations

actually found in error cells and the expected errors (determined from the marginal totals)

yields the test .statistic (DEL) whichis a fneasure of fhe extent 'to which the number of
observed errors is less than expectcd by chance. For example, in testing the hypothesis‘

. that a certain level of cognitiize development is necessary for a corresponding level of
moral development one should expect the cell determined by performance on cogﬁtive
;cas.ks‘ under the specified level and performance on moral tasks at and over the respective -
level; to be empty.

In Chapman and Lindenberger’s study, a task analysis based on Piaget’s cperatory
l‘ogic was used to determine the'ta‘sk dernands of typical Piagetian tasks for class inclusion,
transitivity, 1mul.tiplication of classes, and multiplication of relations reasoning‘. A .

| minimum cf ‘thrce units of capacity was found to be neces_sary for successful p'erformance

'on sucn tas_ks. Two tasks, Backward Digit Span and Pascual-Lecne’s Figural intersection
Test, were used-as measures of individuals’ capacity. The results of 120 first, second, and
third grade children cn the measurement casks were used to predici their performance on

' the‘reasoning tasks;‘More spcciﬁcally, it was expected that the tasks would be solved by

children with at least three units of capacity as determined from their performance on the
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measurement tasks. The prediction was conﬁrmed for all tasks But thé class inclusion one,
which was solved by nearly all children suggesting that the particular version of the clas§
" inclusion task could be solved withoult operational re_asc\ming.
~ Another line of research, »pursued in Chapman’s ‘laboratory, addressed the

controversial question about the “true” ages at which particular cognitive competencies |
~ develop. This topic is charactgristic of neo-Piagetian research. Several attempts had been
made to demonstrate through task analysis that children could solve versions of Piagetian
tés’ks at an earlier age; because those versions had lower capacity derﬁands (eg, Caée,
1985, Chapter 11; Halford, 1987, Pascual-Leone & Smith, 1969).

Pachev, McBride, Carpendale and Chapman (1993) applied the techhiqﬁe of .
prediction analysis and tested particulal; performance predictions in addition to or.'de.ring-
the versions of thé tasks aécor‘ding to their demands through task analysis. The first

{ ’ .
experiment compared the performance of forty eight children from three age groups (4 - 6,
7-8,9- 11) on two versioné of a transitivity task. One version of fhe task was assessed
| as requiring the standard (according to Chapman’s task aﬁalysié) for tranéitivity tasks: 3
units of capacity. The secoqd version was designed' to permit a solution by means of a
funéfional sc_héme that requires 2 unit; only. Subjects’ capacity level was aSsesséd by
means of the Backward Digit Span and the Opposites Test. One of the predictions tésted
in th§ study is of interest here. It was expected that children wﬁo have only two or less
attentional capacity “unit.s” should be' able to péss the task when a 'functionalk scheme is
applicable, but not in cases whén a functional s'oluti_on' is impossible.‘ This prédictiqnsl was

confirmed. For both capacity measures and in both conditions of the trahsitivity task, the
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number of éhildren who passed the task with two or less capacity units was much less than
the number expected to fall into this category solely by chance under the null hypéthesis of
independence. In addition, clear evidence for a tendency to infer weight as a function of
size was obtéined, but only for children who wp‘uld otherwise have used a nonoperational
form of inference. | |

The second experiment compared performance on a standard and easier version of
a class inclusion task. It was estimated that in order >to sol§e the standard version 6f the
class inclusion task the child must simultaneously attend to the supraordinate and
subordinate classes. Therefore, t'hreé' variables must be evaluated and the operation of
class addition would require a minimum of three lmits. The decrease in the capacity
demands of the easy versioh of the task was achieved through oﬁﬁtting the comparisoh of
bthe subclasses by asking the subjects to compare them beforé the test question was posed.
Sixty-eight children, divided evenly info two age group.s (5-6, 7 - 8) were given two class
inglusion tasks (differing in the materials used and the diménsion b); which the
supraordinate class was labeled) and two capacity measures (Backward Digit Span and
Opposites Test). Each class i.nc.lusion task was g'iv.en under one of twd conditions: the
“prior- question” condition (subjects were asked to compare the subclasses before the class
inclusion question was bbsed) and, the “no prior question” condition (standard, version).
It was hypothesized that children with two or less “units” of capacity should be able to

pass the class inclusion task in the “priér question” condition, but not in the “no prior

question” condition. This prediction was confirmed when Backward Digit Span scores,
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and the mean scores from the two capacity measures were used in the prediction. The
Oppbsites‘ Test (Case, 1985) failed tov yield a éigniﬁcant prediction.

DeRibaupierre and Pascual-Leone (1979) proposed a binomial test method for
testing the necéssity’-bﬁt—not-sﬁfﬁciency of capacity for the development of reasoning.
The model resembles the prediction analysis method of Hildebraﬁd, Laing and Rosental
(1977) in tﬁat it is based on determining error (here called “critical”) cells in the
contingency téble. The procedure afterward is di‘ffere‘:nt.‘ Expected freqﬁencies for each
critical cell are computed from the marginal frequencies. These expected frequencies are
added aﬁd divided by the total number of responses in the contingency table. Tile resuit
is the expected probability p that a response falls by chanée withiln the critiéal cells and ¢

of falling in the noncritical cells, with N equal to the total frequency in the table and X

‘équal to the total frequency in these critical cells. Using the binomial tables; one can find

the probability, with which the obtained pattern is due to chance alone.

In the study, deRibaupierre and Pascual-.Leohe applied the binomial-test~model to
test the prediction for the formal-operational stage that subjects with M-power lo§ver than
e+6 Wc;uld not be able to perform above a certain level on formal-feaséning tasks. The
M-power of the subjects (12 ‘and 15 year oldé) was assessed by means of the Figiuai |
Intersection Test and the Compound Stimuli Visuai Information task. Béth tests were

proposéd by Pascual-Leone (1970, 1978; Pascual-Leone & Smith, 1969) as measures of

' M-capacity as defined in his theory. The performancé level on the cognitive tasks was

determined by task-analysis of subjects’ performance on five formal tasks: versions of

Balance Task, Projection of Shadows, Pendulum, Flexibility of Rods (Inhelder & Piaget,
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1958) and Control of Variables (Scardamalia, 1977). Severallother tests were included in
the test battery which controlled for the inﬂuerice on performance of the other “operators”
postulated in PaScual-Leor_ie’s tlieory (e. g., F-and L-operators were controlled by
vincluding Witkin’s Embedded Figures Test and the Hidden Figures Test). In addition; the
order of administering the tasks in four separate sessions, allowed ‘the restllts on the first
two sessions to be treated as “pretest” scores and the results from the‘.second two sessions
as ;‘posttest” scores. | |
The predictions of interest here were confirmed for all but one of the four scores
determined by the combination of age group andtype (pretest vs. posttest) of score: |
Group 12 pretest (p = 0.16), groiip 12 posttests (p = 0.02), group 15 pretests (p = 0.03), -
group 15 posttests (p = 0.05). The predictions based on the total scores were also
signiﬁcant: group 12 total (p = 0..01), group 15 total (p = 0.004), total pretest (» = 0.005),
total posttest (p=0.001). It should be noted that these results were achieved by using in
the prediction the average score of subjects across tasks andthe higher score from the
resuits on the M-power measurement tasks. This type of approach was considered by the
authors as consistent with the interpretation of the relation betweenreasoning and
, capacity iri Pascual-LeOrle’s theory. Having in mind, however, that the problem of tii’rect
measurement of capacity is still a coritroversial issue, and the weaknesses of Pascual- . -
Leone’s task-analytical procedure mentioned in the pr’evious section, the results should
be regarded with caution.

" More recent studies in the framework of Pascual-Leone’s theory (e. g., J ohrrson &

Pascual-Leone, i989; Morra, Moizo & Scopesi, 1988; Stewart & Pascual-Leone, 1992)




that deal with the relation betvveen capacity and particular forms of reasoning usually
approach the specific hypothesis hy means of the binomial test. Stewart and Pascual-
Leone (1992), for example, in their study of the relation between M-power and moral
reasonmg report a probabrhty of p=0.04 that the pattern they found is due to chance
Thrs result was supported bya predlctlon analysis procedure (DEL 0.527, Z(DEL) =
4.444; p < .001). The problems with measuring capacity, however, are evident in this
study as vvell. This time the average of the scores of each subject on the two measures |
used (Figural'Intersection Test and Compound Stimuli Visual Information test) was
included in the statistical tests as a more reliable measure of mental capacity.

The prediction analysis and the binomial-test approaches to testing the relation
between reasoning and capacity Iprovide more compelling evidence for the role of capacity
as a developmental constraint when compared to the mere registratiOn of associations
between measures of capacity and measures of cognitive development. It should be noted,
however, that each of the studie.s' described above required certain “adjustments”
(averaging across reasoning tasks, averaging across measurement tasks, use of highest'~ '
results, ‘etci) for a successful prediction in some cases. This indicates one of the
weaknesses of this approach: it relies on direct measures of capacity which ha_ve
questionable validity. In addition, the approach relies on a undifferentiated view of
capacity, and does not allow for a detailed study of the compartment processes of
'reasoning and the_ir quantitative characteristics. This last task is usually addressed in

studies with experimental or quasi-experimental designs.
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‘One set of such studies, fepo;ted by Case (1985, pp. 33 1;348), deals more.direc_tly
with the qpesti_on of whether the size of the short-term storage space sefs limits on the
complexity of the executive control structures assembled. All smdies use similar 10gié:
if two groups with different short-term storage space are exposéd to the opportunity to
learn a new structure, only the group w1th sufﬁc“ien_t short-term stofage c’épacity will

benefit from the training. This hypothesis has‘been confirmed for dimensional tasks. Of

interest here is an experimental study with adults. The different span of the storage space

has been experimentally induced by providing a different amount of training in counting
in an artificial language. When exposed to an opportunity for léarning a new structure,

which involved the trained operation as a component, the group with induced higher

| short-term storage 'spéce benefited covnsideravbl\y more.

| The strength of the evidence from these studies should be evaluate;d keeping in
mind the context of the theqry thaft generated these results. As mentioned in the previous
section, the important aspéct of approachiné thé task and éonstructirig it as 'a problem
situation by the subject was not well addrésséd in this model. A particular algo_rithxh for |
soivin’g ;1 task can be learned, a strategy‘for approaching the problem can be learned, as
well, but the problem is whether the application of the algorithm or fhe strategy in this
case 'r>evﬂectS a deyelopmental achiévexﬁent. From thié point .of view, the regularities.
found in these studies are important but they pertain to the role of f:apécity as a constraint
on 1§arning rather than to capécity as a constraint on d'ev,el'opment.

3

Halford’s application of a mathematical scheme derived from category theory

(MacLane, 1972) to the problem of task analysis has been positively evaluated as adding
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rigor to the problem of task analysis. The application of the complexiiy metric to the
problerris of measurement of capacity and of deriving the task demzinds, however, has
been criticized. More specifically, in his earlier works Halford (1982) had relied on tlie
use of 'short-terrri memory span measures as measures of capacity. |

In his later works, however, Halford acicpts an approaich that avoids the
measurement of capacity by iridependent means. Instead of independentvmeasures of
capacity, Halford appiies methods for detecting capacity-limited perfprrriance (Norman
and Bobrow, 1977), namely Hunt and Laneman’s ‘(1982) easy-to-hard paradigm for
assessing individual diﬁ'er_erices in resourceis.r Another feature of Halford’s later works is
the use of the dual‘-taslc riaradigm for identifying the key procesces involved in reasoning .
and describing tlreir specific functions. It is this new approach to -the‘problem of the
relation iietween reasoning and cepacity in the aspect of development fhat is of greatest -
interest for the present ivork. Two sets of studies on transitive and class inclusion
reésOning using the dual-task methodology will be described ‘brieﬂy below.

Consistent with the proposed understanding of capa‘city'constraints as coristraints
on the dimensionality of representations, Halfcrd predicted that the main difﬁculties
experienced with iransitive tasks would be asscciated wiih the integration of premises
when the relation between nonadjacent premise components is to be judged. Maybery,
Bain and Halford (1986) provide eviderice for this in a ‘study using a dual task approach
with adults. In their study, subjects were presented with successive displays of the
r)renlises and the target relation and had to iridicate whether the target was ccnsistent with

“the premises by pressing different buttons for consistent or inconsistent target relations.
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- The task ha(i two conditions. In one condition, involving premise integration, the iarget

demanded the establishment of the relation lietween non-adjacent 'élements. For example,
“Jis above T”, “N is below T (premises); “N is above J” (target). In the second, éontrol
condition, the target .display'invol\"ed establishing the relation between elements from orie
of the premises (e. g., pi‘eniises: “R islabobve G” and “L is below S target: “ “L is above
.S”). , VocalAreaction to a tone has been used as a secondai'y task, §vith probe reaction time
as an index for interference. The tone was administered with each premise and target as
well ‘as before and after the presenté.tiOn of the i)rimary task stimuli. Premise integration
was expected to occur with the presentation of the second preinise, resulting inb longest
reaction tinie to the probe at this phase. The results supported the prediction: reaction
time was increased for the probe, whiéii accompanied the presentatidn of the second
premise and in the experimental condition only. Other factors, like processing of négatives
or increased problem solutioii time had no effect on this pattern of results. | In ziddition, the
pattei_‘ri' was not changed by the decrease of the solution time over trials.

Halford, Maybery and Bain (1986) report two experiments usiilg the duzii-fask
approacih to transitive reasoning with children. The first eXperimerit is an attgmi)t at
replication of Baddeley and Hitch’s (1974) ﬁndings that memory load interfered with
reasoning only for a near the_limif load and for more difficult ;iroblems. Eighteen children,
(5 - 6-yéar-olds) weie given two- and three-term transitive problems zis primary tasks énd
had to perfonn them alone or concurrently with either articulation of a word repeateti
several times or v_vith a short-termietehtién aiid rehearsal of two color paiirs. Pilot

experiments showed that passive retention did not interfere with reasoning. Both the
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active rehearsal and the articulation condition (the latter to a lesser degree) increased the

time and decreased the accuracy of the solution. These effects were larger for the more
difficult three-term task. These results, and results like those reported by Maybery et al.

(1986) demonstrate the possibility for applying the dual task-approach to studies with

* children. The problem with this version of the dual-task paradigm is that the observed

interference might be due to either structural or output effects. The second experiment of
Halford et al. (1986) pfovides evidence for the capacity nature of the interference. In this
experiment the two- and three-term trahsitive tasks were used as the eaéy ahd hard
primary task respectively, and the secondary vtask was remembering and rehearsing two

color pairs. Subjects were 36 children within the age range 3;4 -- 5,9. The easy primary

- task and the secondary task were performed both alone and togethér, while the hard

bdmary task was performed alone only. The hypothesis for éépacity limited performance
was assessed by using Hunt and Lansman’s (198.2) paradigm; The results conﬁrfned the
capacity nature of the interference és evidenced by the successful prediction of
performance on the three-term transitive task (criterion) by both accuracy and latency
measures of perforrpancé on the sgcondary task, performed concurrently with the easy
pn'mary task. | |

This approach has been extended to class inclusion reasoning. Halford proposed

that class inclusion inferences were made by mapping the problem into a pragmatic-

reasoning schema (i.e., an induced from experience familiar analogue of the inclusion
relation). The class inclusion concept, according to Halford’s task analytic scheme, is a

ternary relation because it involves relations between a superordinate and two subsets. At
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least part of the difﬁeulties experienced by children, it was hypothesized, could be
explaineel with the system mapping required by the 'teisk. |
Halford (1993) described two studies (Leitch, 1989; Halford & Leitch, i989) in
which the structure-mapping hypothesis has been tested on the basis of tasks hai/ing the
~ logical structure of class inclusion. These tasks preserve the inelusion hierarchy but
avoid difficulties caused by the unusual linguistie form of the inclusion question. The
mihimum case of an inclusion hierarchy would corisist of two element_s that have at least’
one attribuie in common and at least one oh which they differ. Thus, in the studies
| described by Halford (1993), children had to choose a pair of toys, which shared a ._
certain dimension but differed in another, from a series of pairs that were of thiee kinds:
inclusive, identical (no different attribute) and disjoint (ho common attribute).
1In one of the studies, children aged 3 -- 6 years received fehr such pi'Oblems that
required mapping the set of objects into a schema consisting of one common attribute and
. two distinct attributes. Children less than § years eld showed performance at a che.hce
- level, which supported the hypothes1s that the difficulties of young chlldren vmh the
1nc1u51on schema might be at least partly due to the complex1ty of the mapping. The
second study tested the capacity nature of these difﬁculties using the easy-to'-hard :
- paradigm.’ Subjects were children aged 3 -- 8. The hard primary task required the
recognition of a pair of stimiili that formed a minimalinclusion hierarchy (similar to the
pairs from the first studyi The easy task required children to recognize whether two

stimuli were the same or different along only one dimension. Probe reaction time to a
)

tone was used as an index of performance on the secondary task. Performance on the
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easy primary task, performedjbintly with the se¢dndary task,vpredicted perfo_ﬁnance oh “
the inclusion isomorph task, with performance on the two prediqtors performed separately
partialled out., That is, po"sitive evidence of capacity-limited pérformance was ogtéined.
Throuéh the use of the dual-task methddology Halford has addressed two of the

questions fhat are of inferést in the present work. First, the method of ‘selecti‘vg distraction
has been applied (Study 1 in: Halford, Maybery and Béin, 1986) to the problem for the
nature of the capacity constraints associated with reasoning. Additional capacity load had
been introduced through the secondary tasks for .re.:hearsal and. articplation. The ;esultg
confirmed the expectatibns that active processing (rathef than passive retentiqn) is more |
disrupting. Second, the easy-to-hard paradigm ‘was applied to provide evidence for the
capacity character of thebobserved difficulties (Study 2 in: Halford, Mayb;ry & Bain, 1986
and Halford & Leitch, 1989). .The‘ two iwesfions, however, had been addresséd |
separately. Thus, there is only iﬁdireét eyiciénce that the observed interference at rehearsal
and articulation is capacity-based. .In addition, the developmental aspect (i.é., whether
capaéity changes with age) of the spéciﬁc hypothesis for fhe relation bétween’ reasoning
and capacity héd not been addressed.

| In concluéion, it can be said that the problem for the reiation betWeen reaéoning _
and capacity, although shared by neo-Piagetian theories, has been #pproached ﬁom quite
different perspectives and with diﬁ‘efent means. These differences concern both the
treatment of the bapacity construct and the understanding of the pfocessés involved in

reasoning.
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The capacity coﬁstructs, as defined in the discussed theories range from global
nonspecific architectural constraints of the cognitive system to characteristic; of péfticular.
specifiable structures or processes. It can be argued that these are, in fact, different levels
bf génerality in specifying oné and the same reality. There is, however, a well-known
-trade-dff betWeen scope and precision in theory buiiding. From this point of view,
-theon'eg and models that treat capacity as characterizing particular processes are more
promising when the goal is to specify the “bottleneék” of a particular function. Thus, in
considering fhe capacity constraints on reasoning the important task is to definethe
processes thét are central to thg reasoning activity. |

Such an attempt has been undertaken in Halford’s theory and, to a certain degree,
in Chapman’s structural-functional model. Both models concentrate on pfocesses that
_operatelat the.aexecuti‘ve phase of the solutioﬁ of a task and déal with task demands
imposed by tﬁe formal prpperties of the reasoning demand‘ed by the task. In both cases
the process qf solving the problem is presented as an application of an available inferential
scheme to the material of the task. Ca;‘)acityb characterizes the “read off” process; or thé
quantitative featureg of the inferential scheme. Although ifnponaht, and probably |
sufficient for éxplaining the solution in certain cases, fhese proces§es are only a part of the
reasoning actiﬁt;f. In novel situations, for example, the inferential scheme has to be |
'cOhstructed and it can be argued that it is the success of this constmctive process that’ s
determines the exhibited higher form of reasoniné From this point of view, the .

“bottleneck” is situated at the input phase of the solution and characterizes the active

construction of the problem space.
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‘ Both Chdpman’s model and Halford’s fheory allow for'interpreting the quantitative
diménsions at this phase in terms of the same pfocesses applied to the executive phase.
That is, according to Halford, the ability of integrating the task dimensions iﬁ unitafy |
representation would determine the complexity of tﬁe mental model that is built. In
- Chaprﬁan"s terms, the number of operatory variables that can be assigned values
simultgneously determines the level of Qnderstanding with which the p‘robvlem would be
' approached. The influence upon the solution of the ~capa'city lirﬁits at fhe two phases,
however, has not Been studied empirically as yet, partially due' to the __diﬁiculties associated
with the separatibn of thesg Iphases in the experimental situation.

In summary, as outlined m Table 1, the empirical evidence for the relation between
reasorﬁng and capacity postulated‘ in the neo-Piagetim theories can be divided as coming
frdm three sources. The first group comprises correlational studies that provide data fof '
an association bétween performance on reasoning tasks and on tasks designed to measure
capﬁcity. T_ﬁere are two main problems ,with this type of evidence. The first one is the
vélidity of the measurement tasks. The second is that the relation between performance
- on the two types of tasks might be explained as an artifact of correlated age changes. In
other words, establishing the association does not prove that it is capacity-based and does
not test the proposal that éapgcity acts as a hecessary but noi a sufficient condition for the
development of reésbning.

The second source of evidence comprises studies that use statistical techniqﬁes for
testingin a specific way the necessity-but-not-sufficiency condition. Chapman and

Lindenberger (1989), for example, used the procedure of prediction analysis that allowed
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for generating and testing specific predictions for the distribution of subjects in the cells of

the contingency table according to the type of relation bet_ween the measured factors.

Although this method has certain advantages in comparisoﬁ with the corrg_lational analysis,

it does not avoid tﬁe problem of measuring capacity with ;‘direct” measures vand'does.not

allow for. a more detailed analysis of the nature of the capacity cqnstraints of the different
“processes involved in reasoning.

The studies that comprise the third sourcé'of evidence for the relation allow fdr
separating the influence onbperformance of the capacity limit_s of the compartment
procésses involved in reasoning through fhe use of dual-task methodology for an
experimental disruption of the solution process at different. points. in addition, part of the
problems associated with the independent measurement of capacity are avoided through
the ﬁse of design’-based pfocedures for deteét_ing capacity-limited performance.

So far, the variance in perfdrmance attributable to particular cbmpartmént
processes fhas been studied.separately ﬁom the question of whether performance on a
_ particular kind of task is capacity- or data-limited. In addition, by avoiding fhe pfobleni of
measuring individuals’ capacity, the experimental approach has lost the means for testing
the hypothesis for the necessity-but-no't.-suﬁiciency character of the relatio"n,by means of
prediction analysis. - | | _ E

The study reported below is aimed at providing evid‘enc>e for the operation of |

capacity as a necessary but not sufficient condition for the development of feasoning, by -

combining the advantages and avoiding the shortcomings of the approaches outlined so

far.
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Summary of the empirical eVidence.
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Type of evidence

Studies

Advantages

Weaknesses

Correlational

Johnson & Pascual-
Leone, 1989;

Morra, Moiso & Scopesi,
1988; deRibaupierre &
Pascual-Leone, 1979;
Case, 1985 (Ch. 4-11)

Testing the (weak)
prediction: if capacity
were a developmental
constraint, then there
should be an association
between levels of capacity
and reasoning

-~ 1. Based on “direct”

measures of capacity.

2. Does not explore causal
relation.

3. The magnitude of
correlations does not
exceed the one that is
usually found between

- cognitive tasks.

Prediction analysis/
‘Binomial test

Morra, Moiso & Scopesi,
1988; deRibaupierre &
Pascual-Leone, 1979
Stewart & Pascual-Leone,
1992,

Chapman, 1987;
Chapman &
Lindenberger, 1989;
Pachev et al., 1993.

Test of the specific
(strong) hypothesis:
Capacity is a necessary
but not sufficient
condition for the
development of
reasoning.

1. Based on “direct”
capacity measures, which
have questionable
validity;

2. Does not allow testing
for multiple constraints.

Experimental

Case, 1985;
Maybery, Bain and
Halford 1986;
Halford, Maybery and

" Bain 1986;

Leitch, 1989; Halford &

~ Leitch, 1989.

1. Avoids the use of

“direct” capacity
measures.

2. Allows for testing
multiple constraints.

1. Does not test the
“specific” (strong)
hypothesis directly.
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Chapter 3
Hypbtheses and Method
_ | Objectives and Hypotheses

The review of vthe literature identified two sets 6f problems associated with the:
hypbthesis that capacity is a necessary but not sufficient éondition for developmém of
reasoning. The first set concerns the empirical approach to the clairﬁ thz;.t there is an age-

-related increase in the capacity characteristics of the prdcesses involved in reasoning. The'
second set of problems has to do with the nature of the constraints. There is no
agreément whether ,th‘e difficulties associé.ted with solving a reasoning problem are due to
limits in some general capacity of the §yst§m, tq inability for memorizing the premises, or A

to inability for coordinating all the necessary information in an 'inferéntial: scheme. The .

- present study was designed to address quesfions relevant to both problem areas.

With régard to the empirical approach to the relation between reasoning and
capacity, it was established that most of the studies relied on procedures- involving “direct”
measures of capacity and task4analyti¢al sc;herhes with questiqnable'validity. This resulted

* in rather rbugh estimates fér the influence of capacity limits on reasoning, and the
procedures very often involved averaging across performance or capacity measures in
order tb obtain statistically significant outcomes. In addition, the studies using the
alternate approaéh to measuring capacity by means ofa d‘l;al-task procedure focused on
obtaining capacity-limited performance of subjecfs from a single gfoup and did not address

the questions about age-differences in capacity.
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Thus, the first objective pursued vﬁth the study was to apply Hunt and Lansman’s'
(1982) dual-task performaﬁce model to the question of age-related differences in
resources.

‘As a reminder, the rﬁodel requirc;,d at least two levels éf difficulty of the primary
(reasonin‘g, in the present case) task and yielded an index of capacity-limited performanc;e
for the more difficult version. The need to distingu_ish between different égc—gréups poses
the requirement of more than two difficulty levels of the task. In addition, these levels
should differ only in their demands of resources. To meet these requiréments, a matﬁce;-
completion reasoning task was chosen for the study. The task had the lc;gical structure of
addition or multiplication of classes and relations. The levél of difficulty was manipuiated
by increasing the number of attributes that defined the classification criterion. This
. increasé in the number of attributes dld ’not affect the way of presenting the task and thé '
way the task was to be approached.

Asshming that there is an age-rélated increase in processing resources, a particular
prediction can be stated about the pattern of results frorﬁ the application of Hunt and
Lansman’s procedure. If age-groups 6f subjects are presented with versions of a
reasoning task, which vary in their quantitative characteristics only, then pne' should
expect to detect capacity-lirhitéd performanée at different points of the “task scale” for the
- different groups. In particular, it was expected that younger subjects would exhibit

/
capacity-limited performance at the easier levels of the task.
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The second objective that was pursued with this study was to explore the
constraints imposed by the capacity characteristics of rriultiple processes involved in the
reasoning activity.

Thé review of the capacity concepts proposed in the four thedries éstabllished
considerable differences in the understanding of capacity constraints on reasoning. These
discrepgncie_s were partially due to the different coﬁceptuaiizétiéris of the critical
processes involved in the; reasoning activity. The autﬁors had focused on specifying the
limitations of processes associated with niainténance of i‘ﬁformation in short-term (or
working) memory, and proéesses at the executive part of the solution. Despife these
differenc'es, fche theories are similar in éoncentrating ona single process.

The view of capacity constraints proposed in the present work differs from these
theories in assuming that reasoning, as a complex activity, will depend on the capacity
characteristics of the different procesées that co@pﬁse it. The exact pfocesses to be
‘ included in fhé solution depends uﬁon the mateﬁal -and way of presehting atask. Thus, if
is p;)ss_i_b_le to have tasks equivalent in légiéal .struct‘ure‘that need to be .solve.d by applying
differént processes. It is also possible to have tasks, differing in logical structure, the
solution of which is carried out by the same processés. Thé latter is the case with the task
that was chosen for the present study. The constanf format of presenting the task allowed
~ for inqluding both additive and multiplicative classification by varying only the aﬁributes
tha'; détermined the classiﬁcation criterion. It waé assumed that subj ects had to carry out
the following brocessing steps in order to solve eaéﬁ problem; (1) identification of the |

relevant to the task attributes; (2) construction of a model for the correct answer;
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(3) comparison of the model t_é the proposed items ahd choice of an item. Thus,
performance on the task could depend upon the capacity characteristics of each of theSe °
processes. J |

One method for studying the influence of a particular process on the overall
performance, as discussed in the first chapter, is the duél-task method of selective
'distraction. In bricf, the methéd consists in di'srupting the operation of particular
proéesses i)y administéring a speciﬁé cbncurrent task (e.g., additional memory load in
order to disrupt ‘the operation of the short-term store). A similar approach was used in the
present study. Instead 6f applying a spgciﬁc secondary task, however, the c_ompartment
processes'we;e disrup'fed by ;dministering one and the same secondary task at difflerent'
tiﬁle-points of é i'rial. In particular, the administration of the svecondary.task at the
beginning ofa tfial was supposed to introduce additional load and to disfupt the i)rocesg
~of identifying the relevanf task attributes; the a_dmirlxistrationlof the secondary task in the
second };alf of a trial was aimed at disrupting the processes at the exécutive part of the
solution.

' fhis modification allowed for combining Hunt and Lansman’s procedure with
the task of selectively disrupting the op¢ration_bf the separéte procésses involved in the |
solution of the .reasonin\g problem.‘ In addition, the subséque’nt test of the easy-to-hard
prediction allpwed for infereng:es about the capacity characteriétics of the disrupted

process: if performance on the secondary task predicted performance on the hard

reasoning task, then the disrupted process would be, most likely, approaching its capat_:ity

limits. The consequences of insufficient capacity could be then estimated by comparing -
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‘performance on the prirhary task éloné with performance of the primary task in dual-task
conditions at the same level of difficulty.

" The results of these comparisons bear dire‘ct relevancg to the second objective,
stated above. If the limits in the capa;:ity characteristics of the separate processés did
constrain reasoning, then perforrﬁance. of the reasoning task in the dual-task conditions

"should be worse than pe’;formance of fhe r’easohing task alone at the same level of

difficulty. These were the expectations abbut the _resu_hs from this part of the study.

Method

~ The meaSurerrients’in the study co_mbined the requirements of two dual;task
paradigms. These are: the easy-to-hard version of the dual-task paradigm (Hunt &
Lansman, 1982) for detecting capacity-limited performance, and tﬁe selective distiaction
paradigm for assessing the effecf of an int'erfering task oﬁ reasoning performance. The
two methods were éombined in a single procedure and shared several measurés but
involvéd different analys,es.‘
P‘artic'ip&nts.

Participants were recruited from three public ele@ent&y sc.:hc.>ols‘ in Abbotsford

Schéol District, British Columbia, and from the “Kids Club” at U.B.C. Child Ca;é
Services. Only students for wﬁom a parental consent was obf;ained were approaghed.

Overall, eighty-six subjects between 6 and 14 years participated in the study.

Three groups were formed with approximately equal number of boys and girls in each |
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group. Group 1 include(i 31 children from the a-ge range 6--8(M=28345 ménths; SD =
5.94). There were 15 girls (M = 82.33 months; SD = 5.60) and 16 boys (M = 84.50
months; SD = 6.24) in this group. Group 2 included 28 children from the age rahge 9 --
11V(M= 117.7i rﬁonths; SD = 9.82), with 16 girls (M = 120.63 months; SD = 10.66) and
12 boys (M = 113.83 months; SD = 7.27). Group 3 included 27 subjects from the age
rahge 12 -- 14V(M= 149.74 months; SD = 6.63). There were 14 girls (M = ISi.OO
months; SD = '6.58) and 13 BOys (M=14838 monthé; SD‘~='6.68) in this group. '

The following criteria were taken into account when selecting the age groups for
the study: (1) subjects had to be able t'o solve the easiest \./ers‘ions of the reésoning task;
(2) the seiection of subjects and groups had to ensure .sufﬁcient variance with regard té
(the t}heoretically assumed) available resources within and between groups. With respect
to the first criterion, additive and multiplicative cléssiﬁcations are characteristic fo; the |
sfage of concrete operations and beyond (cf. Inhelder & Piaget, 1964). Thus, the children

| targeted in the study included those at the stage of cbncrete oi)erations and fo’rmal
operations. The second criterioh was rﬁet by Sampling chil/dren from the whole range |

around the ages of 7, 10, and 13.

Equipment
The presentation of stimuli and the recording of most of the responses were under
~ the control of a NEC/ProSpeed/SX 20 portable computer. The experiment was

programmed using the MEL 1.0 Integrated system (Schneider, 1990).
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Tasks -
The primary task was .a matrices completion classification task. In this type of
"task, subjects are given a set of elements in a multiplicative table layout, where all spaces
- but oﬁe are filled. Subj ecté have to identify the criterion (or criteria) .according to which
the eleménts are dfvidéd into two (or more) subclasses and complete the matrix by filling
in ‘tl.1e_llast space. |
The logical structure of the task corrésponds to addition (in the case of one’

classification criterion) and multiplication (in the casé of more than one classification
criteria) of classes and relations. The psychological analysis, however, is complicated by
difficulty in discriminating between different ways of solving the problem. Piaget, in his
extensive study of ciassiﬁc'ation and seriation in children (Inhelder & Piaget, 1964),
points out that several conditions of the operational solution are met by the perceptual
- cbnﬁguration of the matrix for the eleménfs already given. Thus, it is possible to find the

correct result not through operational reasoning but by exténding the gréphic_ properties |
“of the given elements through following the vertical and hbrizontal symmetries in the »
niafrix aﬁangemént (pp. 153-154). In the present experiment, the attempts to ensure
‘uniform solutions of the tasks included: 1) targeting age groups for which the

operational solution is -characteristic; 2) manipulation of the way of presenting the
| eléments of the task, s0 tﬁat the influence of pergeptual factors is reduéeci in certain
experimental conditions.

For each trial of the present experiment, subjects were first shown on the top left

part of the computer screen an incomplete matrix in the form of a square (8 cm x 8 cm)




- with four cells (4 cm x 4 cm each). The lower right cell ' was empty and the other three
cells contained geometrical shapes that f(irmed a pattern. Subjects wefe instructed to
analyze the pattern and to try to figure out what the 'dontenis of the empty cell should be,
in order to complete the pattern. The duration of the gxpoSure of the incomplete matrix
was set to 5 seconds (PhaSe 1). Next, four 4 cm x 4 .cm squares, appr(ii(imately‘l cm
Vapart, appeared on the top right part of the screen. T}iesé squares were labeled A, B, C,
and D, and contained gecimetrical shapés that represehted possible elements for the empty
cell of the square from Phase 1. Subjects weie instructed to choose the element that |
corresponded'to their solutibn and to indicate the choice by saying aloud the letter label’ |
of the. cell (Phase2). The choice was entered ori the keyboard by the experiménter. The
diéplay of this second screen was terminated upon receiving a responée or after 30

:seconds if no response was entered. In fact, none of the subjecté exceeded the 30 seconds
time-limit of this phase. Subjects’ choices, the accuracy of the choices, and their latency
were recorded automatically by the computer. Finally, ihe terminatioix of Phase 2 /
initiated the .display of a third screen that contained the material from Phase 1 and Phase '
2-. .Subj ects were asked to explairi their qhoice. The experimenter recorded on paper the
number of relevant attributes refeir'ed to in the explanati_dn for éach_ trial. This nﬁm‘b"ér
was' later used to calculate ai performance index, which was intended to captllie eventual
difﬁciulties that subj ects might have with the identification of the reievant task variables.
Subjects were given 30 seconds for a‘justiﬁc‘ation of their answer. The next trial Started

after the 30 seconds had elapsed or after the experimenter entered a command signifying

the end of the trial.
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This basic structure of a trial appeared in modified versions across the different

B
7

conditions of the experiment. The level of task difﬁcﬁlty was manipulated by varying the
number of attributes defining the classification criterion. Tasks were designed at four
levels of difficulty, that is, one-, two-, three-, and'fou‘r-'attribute tesks. The following
attributes were used: shape (square, rectangle, circle, ellipse, or triangle), color (black or
white), size (small or large), number (the maximum number of shapes was 3), and °
orientation (only rectangles, ellipses and trianglee were combined with the orientation- ’
aftn’bute; they Were ﬂipped 90 degrees to ‘the right or te the left).

There were two conditions of each trial, differing in the display of the four possible
answers at -I"hase 2. In one of the conditions, referred to as the “Perception” condition
here, subjects made their choice in the presence of the incomplete matrix. In the second,
“Memory” condition, the four possible solutions were presented alone. This manipulation
was aimed aterisuring that subjects wo‘ul.d ehgage in active analysis during Phase 1'.
'Examples of the three events of a trial for the two ‘conditions are given on Figures 4 and S.

Concurrent performance on the primad task»included the trial events descﬁbed |

above and a secondary task administered at different points of a primary task trial.

The secondary task Was a manual reaction (pressing a key) to a tone signal. A

i

N

series of 1000 Hz tones, of 100 ms duration each,'were administered at different points of .
the task and the subjects had to respond tov each by pressing the “Z” key on the keyboard.
For all trials that irivolved.an administration of a tone, as well as for the series, which was
designed to measure subjects’ criterion reaction time, subjects were instructed to keep a

left-hand finger on the “Z” key.
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Criterion reaction time was measured in a éeparate series, at the beigihning of the
experimental procedure. The series consisted of 25 four-second tﬁals‘. Wi.thin each trial
the tone was administered at one of four time points: 50(5, 1000, 1500, oi' 2000 ms. (There
were 7 signals fér the 1000 ms tone-onset péint and 6 for each of the other tone-onset
points). The order of trials was random and controlled by the computer. The secondary
task in the concurrent pérformance conditions of the experiment involved the
.administrétion Qf the tone signal at the beginning of Phase 1 (400 ms after the initial ,
dis;ilay of the pximary taék), or at the beginning of Phase 2 (500 ms after ‘the presentation
oi‘ the second screien), or at tiie beginning of both screens (500 ms and 500 ms respectively

- for Phase 1 and Phase 2).

Measures and Design
The purpose (if the study was two-fold: 1) to provide evidence for capacity-limited
performance. at différent levels of difficulty of tiie task for the different age groups, and 2)
B () p_rovide' a test for capacity limitations at different points of the re_asoning process, thus
. allowing‘infer_encés about possible multiple quantitati\ie cqnstraints on reasoning
| performémqe. Thgse two aims, coordinated in the study, pose certain recjuirements to the
design and to the measures necessary for the tests.
Hunt and Lansman’s (1982) procedure for detecting caipacity—limited performance
requires repegted measures of pn'ma:y task performance at at least two levels of diﬁiculty, _

/ \
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Figure 4. An example of a trial for the “perception” condition, three-attribute task. The
attributes that define the classification criterion are: shape (square or circle), color (black or
white), and size (smaller vs. larger). 4




Figure 5. An example of a trial for the “memory” presentation condition, three-attribute
task. The attributes defining the classification criterion are: shape (square or circle), color
(black or white), and size (smaller vs. larger)

62
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for dual-task conditions and alone. Similarly, secondary task inéasures include
performance alone and in dual-task conditions. The correlational character of the test
poses the requirement of a fixed order of experimental events for eéch subject. .Further,
the second objective requires that there are seve;al dual-task conditions within each level
of difficulty. Finally, both methods are more reliable when there are multiple -
| measurements for éach data point. |

In the present study, subjéc‘ts from each age group were given the reasoning
(primary) task at three levels of diﬂicultjz. Pilot testing fevealed that the youngest subjects.
could not solve ;:orrectly the four-attribute problém, thus, Group 1 was givén the task at
one-, fwo-, and three-attribute level of difﬁculty[ A ceiling effect characterized the
perfonﬁancé of sﬁbjects from the other two age;groups at the one-attribute level of the
task. That is why, Group.2 and Group 3 were administe»red the task at the two-; three-,
and four—attﬁbute level of difficulty.

There w'é,re two task conditions for the administration Qf the trials within each
1§vej of difficulty: the Perception and Mempry conditions, mentioned in the description of
the taékl The first one resembles more éldsely the standard format for presenting matrices |
tests (e.g., Raven’s “Progressive Matrices™). The Memofy condition was introduced here
" to force’.and control for a more uniform way of soiving the problem, In brief, the
presentation of the four possible answers Without the initial incomplete matrix gives |

subjects no alternative but to form a'-model of the answer and to try to memorize it at

Phase 1. At the same time, if subjects are consistent in their approach to the solution one
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shoul’d éxpect ;;arallel (though, not necessarily equal) results, as indexed b}f the seéc;ﬁdary
and pﬁmary task measures of performance, in both conditions.

Each Level of difficulty x‘ Task condition block containved fou;'conditiops,
designed to meet the requirements for comparing‘the effects of digtraétion at dit’ferent‘
points of'the reasoning process. The trials of the “No-distraction” condition presented
" subjects with the primary (reasoning) task only. The results obtained frc;m these trials
provided the measure of performance on the primary task alone, which was necessary. for
the Hunt.an'd Lansman’s test, and also served as a base for estimating the effect of |
;iistraction on reasoning performan_ce. The other three conditions contained cohcurrent
performance of the primary and secondary task trials. “Phase 1 distraction” invélved
administering the tone signal at the beginning of the first screen; in “Phése 2 djstraction” |

trials the tone was administered at the beginning of the second screen,; in the “Full

distractiqn” trials it was administered at the beginning of both. Performance indices from
these trials provided measures of concurrent performance on the primary and secondary
Ataskvsl _ | |

' To meet the requirement for multiple measurements for each data point, there
were three trials for each “level of difficulty” by “task condition” by “distraction
condition” cell. Thus, subjects from Group 1 received 24 one-attribute task trials (12
tridls in the Perception condition and 12 trials in the Memory condition), 24 tw_o-att_ribufe
task trials, and 6 three-attribute task trials (the tasks at the higheét level of diﬁiculty were
given in the No-distraction coqditio_n only). .Subj.ect_s from Groups 2 and 3 were given 24

two-attribute task trials, 24 three-attribute task trials, and 6 four-attribute task trials. A
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Since the main interest was in the quantitative characteristics of the solution
process, subj ects were instructgd about tﬁe type of p_r'oblem they would bé givén. »Thus,
the presentation of the trials was blocked according to the level of difficulty and the
condition of presenting'the task (Pefception or Memory condition). Within each block,
~ the trials of the No-distraction condition weré presenteci first, and then the nine trials-of
the three dual-task conditions followed in a random sequence. Tﬁe Qrder was determined
" by a random draw before the experiment and was the same for all participants who
received these blocks._ |
~ Further, to minimize the differences in the impact that the attributes have on the‘

difficulty of the task (for example, shape may be more readi]y utilized as a classification
criteripn than orientation), the numbér of t.asks with a particular attribute or a combination
of attributes was set to be approximately equal within a block. The same approach was
adopted in determining th¢ geometrical shapes for a trial: approxirhately equai number of

| squares, relctangles, triangles, circles,'. and ellipses, apbeared within a level of difficulty
block. The trials for the four-attribute level of difﬁculty fask were the exception here.
The inclusion of the relativé orientation as part of the cl_assiﬁcation cﬁteﬁon restricted the
choice of geometrical shapes to triangles, re'ctanglesb and ellipses.. Finally, an equal
number of A, B, C, or D correct responses aﬁpeared wifhin each level of difficulty block.
Subj ects were explicitly warned not to expect that the correct answer would always be
one and the same. The order of attributes, shapes, and responses, as they appé_ared.

" across the.trials Qf a block was aetenﬁined by means of a random draw before the

experiment and was fixed for all participants that received this block. Tables 2 to 5 show




~ Table2

Trials for the one-attribute level of the reasoning task: conditions, attributes, shapes, and
correct responses.

Distraction

Trial Task Criterial Attribute Shapes Correct
number condition condition ' response
block »
1 “Perception” | No distraction | shape circle, square D
2. “Perception” | No distraction | color triangle B
3 “Perception” ]| No distraction | orientation ellipse A
4 “Perception” Phase 2. number circle C
5 “Perception” Full orientation rectangle A
6 “Perception” Phase 1. size square B
7 “Perception” Full shape circle, triangle D
. 8 “Perception” Phase 1. color rectangle A
9 “Perception” Phase 2. orientation ellipse- D
10 “Perception” . Phase 2. size square C
11 " “Perception” Phase 1. number triangle e
12 “Perception” Full shape circle, square B
13 “Memory” No distraction | size square C
14 “Memory” | No distraction | shape triangle, ellipse D
15 “Memory” | No distraction | number circle C -
16 “Memory” Full color square B
17 “Memory” Phase 2. number ellipse A
18 “Memory” Phase 2. orientation triangle C
19 “Memory” Phase 1. size rectangle A
20 . “Memory” Full shape ellipse, triangle B
21 “Memory” Phase 2. color square ‘ D
22 . “Memory” Phase 1. - number rectangle A
23 “Memory” Fuil orientation ellipse D
24 “Memory” Phase 1. shape triangle, circle B
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Trials for the two-attribute level of the reasoning task: conditions, attributes, shapes, and

correct responses.

Trial - Task

Cnriterial Attributes

Shapes.

Distraction Correct
number condition condition response
: block -
25 “Perception” [ No distraction | shape, color square, circle C.
26 “Perception” | No distraction | color, orientation rectangle A
27 “Perception” | No distraction | number, color circle D
.28 " “Perception” Phase 1. number, size circle B
29 | “Perception” | . Phase2. ' | size, orientation triangle D .
30 “Perception” Full number,orientation | ellipse B
31 “Perception” ' Full size, color square - C
32 “Perception” Phase 2. color, orientation triangle B
33 | “Perception” Phase 1. number, shape circle, square A
34 “Perception” Phase 1. shape, orientation | rectangle, ellipse A
35 “Perception” Full size, shape circle, triangle C
36 “Perception” Phase 2. number, size rectangle D
37 “Memory” | No distraction | size, color - circle C .
38 “Memory” No distraction | shape, orientation | triangle, rectangle B
39 “Memory” No distraction | number, shape ellipse, circle B
40 “Memory” Phase 2. color, orientation rectangle A
41 “Memory” " Phase 1. . | size, shape square, rectangle D
42 “Memory” Full number, color triangle D
43 | “Memory” Full size, orientation circle B
44 . “Memory” Phase 2. number,orientation | triangle C
45 “Memory” Phase 1. shape, color square, rectangle A
46 “Memory” Full number, size ellipse C
47 | “Memory” Phase 2. shape,orientation | ellipse, triangle D
48 “Memory” Phase 1. size, shape square, circle A
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Trials for the three-attribute level of the reasoning tas

correct responses.
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k: conditions, attributes, shapes, and

Trial Task Distraction Criterial Attributes Shapes Correct
number condition condition response

- block : '
49 “Perception” | No distraction | number, shape, color square, circle D
50 “Perception” | No distraction | color, orientation, shape triangle, ellipse C
51 “Perception” | No distraction | size, color, shape ellipse, rectangle B

52 “Perception” Phase 1. number, color, size circle C
53 “Perception” Phase 2. number, color, orientation | rectangle A
54 “Perception” Full color, size, orientation ellipse B
55 “Perception” Full . number, shape, orientation | rectangle, ellipse C
56 “Perception” - Phase 2. color, shape, orientation triangle, ellipse D
57 “Perception” Phase 1. number, shape, size circle, square A
58 - “Perception” Phase 1. shape, size, orientation rectangle, triangle B
59 “Perception” Full number, shape, size ellipse, rectangle D
60 “Perception” " Phase 2. number, size, orientation rectangle A
61 “Memory” No distraction | size, color, shape square, circle A
62 “Memory” No distraction | number, shape, color circle, rectangle D
63 “Memory” No distraction | number, color, size triangle C
64 “Memory” Phase 2. color, size, orientation rectangle B
65 “Memory” Phase 1. color, shape, orientation rectangle, ellipse A
66 “Memory” Full shape, size, orientation ellipse, triangle C
67 “Memory” Phase 2. number, size, orientation rectangle D
68 “Memory” Full number, color, size square A
69 . “Memory” Phase 1. number, shape, orientation | triangle, ellipse B
70 “Memory” Full number, shape, color circle, triangle B
71 “Memory” Phase 2. number, color, orientation | rectangle, triangle D
72 “Memory” Phase 1. size, color, shape square, circle C
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Trials for the four-attribute level of the reasoning task: conditions, attributes, shapes, and
correct responses. . '

\

Trial Task Distraction Criterial Attributes Shapes Correct
number condition condition response
~ block » , B
73 “Perception” | No distraction | number, shape, ellipse, rectangle B
e orientation, color
74 “Perception” | No distraction | number, shape, ellipse, rectangle A
: orientation, size : . :
75 “Perception” | No distraction | orientation, size, shape, | rectangle, triangle C
N color .
76 “Memory” No distraction | number, color, orientation, | triangle D
size
77 “Memory” No distraction | number, shape, ellipse, triangle B
- : : orientation, color
78 “Memory” No distraction | orientation, shape, color, triangle, rectangle D

size
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the characteristics of the triéls for each leyel of difficulty, with respect to order, task ’
conditibﬁ, distraction.condition; attribute, geometrical shape, and correct response.

_Two dependent rnéasures characferizéd pefformance of fhe reasoning (primary)
task. One measure was the éccuracy of the solution as reCorded at Phaée 2 of each‘trial.
The measure presented the percentage correct (accurafe) of choices from the threé trials of

~each condifion cell. Thus, failur¢ to provide a correct answer to any one of the three tasks
was assigned a score of 0%; one correct answer out of three was assigned 33%; two
correct solutions -- 67%; all three -- 100%. |

The second measure, attribute identzﬁcat-ion, was derived frdm child;én’s |

justification of their answers. After making their choice at Phase 2, subjects were asked
to explain their choice. The 'explaﬁations were men scored by assigning one: point for
each attribute that was correctly included in the justiﬁcatfon. The s@ of the points from
the three trials of a particular condition cell was obtained. This sum was then converted
into the percentage of the total number of attributes that formed the classification criteria
for the trials of the parficul_ar condition cell. The»dAifferent levels of difﬁcﬁlfy of the task
re.quired‘ the coordination of a different number of attributes fo; achie\;ing a correct
response. Thus, presenting the scb;es as a percentage of the correctfy identified gttributes .
allowgd comﬁarisons of performance across the different levels of difficulty.

Both primary task measures were treated as indices of concurrent performance or

pefformance alone accord'ing to the conditions of the trials from which they were

extracted. Secondary task measures, however, were derived from different tasks.




T

The measure of pefformance on the secondary task alone (criterion reaction time)
“was derived from a twenty-five trial series, that was administered as a separate task at the
beginhing of the procedure. The measure was calculated as the mean reaction time for the
triais after the tenth trial of the seﬁes. Misses and reactions under 200 ms. were excluded
from the calculation.

Concurrent performance of the secondary task was estimated on the basis of the
dual-task‘ trials of the three distraction conditions. All measures weré calculated as‘mean
of the reaction time of the three triéls that formed a condition cell. The mean of the i’haéc
1 and Phase 2 dis_traction was used as performance measure in thé Full &istra'ction
condition, where the secondary task wa}é introduced twice --\ at the beginning of both
phases. fn cases where subjects did not respond to a tone signal, the mean was calculated

on the basis of the remaining trials.

Procedure

Subjects were tested individually in one session, approximately half an hoﬁr long,
ina quiét room. Subjecfs sat af a table and faced the computer directly. The front end of
fhe computer was'set at about 20 cm from the edge of the taBle, so that there were about
60 cm from the subject’svfacé to the screen, and the wrist of the subject’s left hand could
rest comfortably on the table when a left-hand finger wés set on tﬁe “Z” key of thel
keyboard. The experimenter sat to the subject’s right aﬁd controlled the events of the

experiment through the keyboard with his left hand. 4




7
Subjects were briefly explained the purpose vand the procedure féf the study. The
. study was presented as being similar to é. computer game and aimed at revealing “how
well people manage to do sevgral things together”; the procedure was presénted as
-consisting of two simple tasks that the subj ecfs_ had to perform either separately or |
together. At the end of th_is prelifniﬁary phase, subjects'weré reminded that fhe_y may
| discohtimie their participation at any momgnt and were invited to try the tasks.

The 'trials, designedv to provide a measure of the criterion reaction time, were
administered first. Subjects ;Neré instructed to position their finger on the “Z” key, to
listen for the tone signal and to press the key in fespoﬁse, witﬁout tryirig fo anticipaté the -
Signal. After completing the‘se;'ies, subjects were acqﬁainted with the réasoning_ task and |
‘given training trials. The structure of a tﬁal was 'explained, using i)ﬁnted copigs of four
trials, one for each level of difficulty. 'Subjects from Group 1 were shown examples of |
oné-, two-, and three-attribute taské, while Group 2 and Group 3 were given examples of
tasks from all four levels of difﬁculfy. Subjects v;'eré explicitly told what they were
supposed to do at each 'phése of a trial, what questions would be asked, and howv they
were s'uéposed to answer these quéstions. Subjects were then asked to s_olVe each one of
| ~ the .four tasics from the appropriate level of difficulty and to justify their choices. 'When | | _
there were mistakes, tﬁe tasks were expléined ag:ain. .'

Training cohsisted of éight trials from the oﬁe-aﬁdbute level of difficulty
| adrﬁinistered through the computer. The first set of .four presented the Perééption :

condition, the second set -- the Memory cbndition. The duration of the displays for the

first trials from both sets was controlled by the experimenter. These trials were used to
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explaiﬁ to subjects the task one more time and to illustrate the difference between the_
Peréeption andMémory conditions. The other three trials from both séts followed the
way of pfesentation of the test trials. None of .the tasks used for explaining the procedure
and for trainiﬁg were repeated in the te.st series. A |

After the trai.ning, subjects were warned that the testing trials were to begin and
the No-distraction trials from the Perception condition of ghe lowest le\./el of difficulty
(ohefattﬁbufe tasks for Group 1, and two-attribute tasks for Groups 2 and 3) were
administered first. 'fhe nine dual-task trials for the Pefception condition at the same level
of difficulty followed. Then the two blocks of the Memory condition at the same level of
d'ifﬁculty were administered.( This order was follpwed for't‘he blocks at the other levels of
task difﬁculty. Sﬁbject-s were explicitly warned what kind of tasks to expect before each
block. For the dual-task trials, the importance of solving correctly the reasoning task was
emphasized. Subjecté were told to respond to the tone “as soon as they heard it”, but that
the important thing was “to vbe accurate in finding the correct shape”.

All subjects understood the tgsks and paﬁicipated willingly. The pauses between
the blocks provided the necessary time fof relaxation and rest. The whole pfocedure took

between 30 and 40 minutes per subject.
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' Chapter 4
Reéuits
- Association between Concurrent Performance on the Secondary Task and
- Primary Task Pelrformance |
According to Hunt and Lansman’s model, capacity-lirhited performance on a

pﬁmary task (and the individual differences in resburces, wh_ich determine different
levels of éuccess on this task) is reﬂectéd in the association between performanée on the

primary task, pevrfornlled alone, and the secondary task, performed concurrently with an
easier version of the primary task. When tﬁere isa signi‘ﬁcant_correlation betWe:en the

levels of performance on the two tasks, this is an index that ipdividuals are performing

near-the-lin;it in the dual task situation. it also means that a decrement in performance on
the primary task is due to limits in their available resources. Further, statistical

significance should hold even,wh.en evéntual variance associated with measures of
performance on the eaSy version of the primary task, pcrfofr’hed aloné, and the secondary
task, performed alone, are partialled éut Qf‘ the correlation. Thus,'ihe appropriate index
for capacity- limited performance on the primary tésk will be the partial cqtrelation
between pefformance on the hard version of the task, performed alone, and performance

on the Secondary task, performed concurrénﬁy with an easier versioﬁ of the primary task,
| when performance on 'the.easy-primary and secondary tasks (both performed alone), is
pﬁrtialled out. | | | -

Thjs model and the statistical test related to it were used here to provide evidence

for age related changes in available resources, utilized for the solution of a reasoning
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~_problem. It was érg‘tied, that if there are age-related differences in capacify then the
capacity-limited performance on the primary task would be detected at different levels 6f
task difﬁculty for the different age-groups. The indéx of ca_pac_ity-limited performance
was the significant partial correlation between performance on the primary tésk (alone)
énd performance on the secondafy task (performed together with an easier version of thé
primary task), with the relevant predictorsl partialled out.

| Two such kinds of tests were performed on the data for each age-group of
subjects. Th¢ first one explored the relation between two successive levels. For each
age-grouﬁ there were two successive levels ’of the test: the cdrrelations and partial
correlations between the measures at the One-anﬁSute and two-attribute levels, and
between the two-attribgte and three-attribﬁte levels, for Group 1; fhe correlations and
partial correlations Between the measurés at the two-attribute and thvree-attribute. levels,
and, three-attribute and four-attribute levels, for Gljoups 2'and 3. The second kind of test
seeks to detect the association‘between two noﬁ-consecutivé levels of difficulty (non-
~ successive levels tests). One such test was pérformed on the data fér each age-.group:' thé
cbﬁelatiéns and partial correlations between perfoﬁnance on t;he twb measures at the one- .
attribute and three-attribute levells of the task for Group 1; the correlations and pénial ‘
correlatidns between the measures at the two-attribute and four attribute level for Groups

2and 3.

'One of the predictors is always the secondary task, performed alone. The second predictor varies
according to the dependent measure used in the test. Thus, when accuracy is the index of primary task

- performance, the second relevant predictor is the accuracy score on the easier version of the primary task.
When the number of identified attributes is the index of primary task performance, the second predictor is
the number of identified attributes on the easier version of the primary task.
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.’li“hese two kinds of tests were applied to the data for each age group and each task |
condition (Perception vs. Memory) séparately. In addition,>the relation was explored
separately for each dependent measure of primary task performahce and for each |
distfaction conditioﬁ (i.e.,Phase 1 distraction, Phase 2 distraction, Full distraction),
which yielded‘ a secondary task concurrent performance score.

The sfatisticai analysis was carried out in two steps. First, the éorrélations
between the target variables were 6btained_and their significance was ev#luated according |
to a more conservative ( 2-tailed, =.01) criterion. Second, only relations that satisfied
this criterion were explored further. Partial correlatiops for the variables were obtained, -

with the relevant predictors partialled out.

Group 1

The results of the procedure for the data from Group 1 are shown on tables 6 and
7 (for the Perception and Memory conditions, respectively). The fesuhé for the
Perception condition (Table 6), are quite straightforward. First, consider the character of |
the established relations. Ail significant correlatioﬁs (and, in fac;, most of those thgt did
not reach the significance criterion) between m&ommce measures on the secondary and
primary task are negative. This indicates that greater latencies on the reaction-time task
(that is, less spare resources for the executic)h of the secondary task) are éssociated with |
lower performance scores (decre_ment in perfofmance) on the primary task. This result is
consis‘t'ent with the assumptioq that the anioimt of avziilable resources constrains

reasoning.




Table 6

Capacity-limited performance tests for Group 1, perception condition.

** p< 01

Test Correlations Partial correlations
Measure accuracy attributes accuracy attributes
‘ : identification : identification
Successive levels tests:  Secondary (1-attribute,concurrent) to Primary task (2-attribute., alone)
Distraction  phase 1. -.0756 2478 - -
‘ phase 2. -.1977 .1185 - -
full -4811** -.1964 -4907** : -
Successive levels tests: Secondary (2-attribute, concurrent) to Primary task (3-attribute, alone)
Distraction  phase 1. - 7258** - = 5759%* -.6960** -.5448**
phase 2. -.5459** -.5581** -4231* o =.5443%x
full -.5875%* -4413 -.5529%* ' - '
Non-successive levels tests:Secondary (1-attribute, concurrent) to Primary -task (3-attribute, alone)
Distraction  phase 1. -.1492 -.0984 - : -
"~ phase 2. -.0925 -.0513 - -
full -2730 -.3663 .- -
Note, that only the correlations that exceeded the criterion value ( .4556) were explored further.
N=31 ' - '
Co* p'< 05
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- Table 7
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Capacity-limited performance tests for Group. 1, memory condition. '

Partial correlations

Test Correlations
Measure: accuracy attributes accuracy attributes
identification : identification
Successive levels tests: Secondary (1-attribute, concurrent) to Primary task (2-attributes, alone)
Distraction  phase 1. - 1121 -.0452 - -
" phase 2. -.5466** - 7142%% -.4548* -.6882%*
full -.5622%* -.3667 -.5129** -
Successive levels tests: Secondary (2-attributes, concurrent) to Primary task (3-attributes, alone)
‘Distraction  phase 1. -4979** -.5072%* -.3722* -.3814*
phase 2. -.5707** -.5525%+* -.5162** -.4496*
“full -.6981** -.5507** -6175%* -.4578*
Non-successive levels tests: Secondary (1-attribute, concurrent) to Primary task (3-attributes, alone)
Distraction  phase 1. = T120%* -.6315%* -.7018** -6178%*
phase 2. -4708** -.4606** -4870** - -4437*
full -.3869 -3214 - -
Note, that only the correlations that exceeded the criterion value ( .4556) were explored further.
N=31 :
*p<.05 .

**p<.01
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Second, all but one of the correlations between the two primary task nﬁeasures
and the measures of performance on the secondary fas_k in the three dual-tésk ;onditions
were significant for the test that compared the two-aﬁﬁbute and three-attribute levels of |
the task. At the same time, the other successive levels test (i..e., the correlation between
the measures at the onc-aﬁﬁbute and two-attribute levels of the task) faiie'd tc; yiéld
significant correlatidns, except for the correlation between performance on the secdndary
task in the Full distraction 1conditi_on at the one-attfibuté levei, and primary task
performance (accuracy indéx) at the two-attribute levei. The non-successive levels tests
failed to detect any significant relations.

It can be concluded from these results that subj'ects’ feasoMng performance is |
ca_pacity-lirﬁite_d at the three-attribute level of this version of the task. The failure to detect
significant relations between performance on the_éthe; two tests is also a vaiuable reSult.
In general, such a failure in these kind of tests can be due to a ceiling (or floor) /effect on
-oné of theAmeasures,‘ or to the fact tﬁat the two rrieﬂasurc_:s do not vary together. The latter
' case, in the context of Hunt and Lansman’s model, indicates that the jéint demands of the
tasks in »the dual-task condition do not exceed t'h‘e available resources. fhus, even if

- performance on the hard version of the primary task were data limited, the secondary task

score would not be sensitive to the limits in resources and the two measures would not

¢

correlate. It can be hypothesizéd.that this is the case in the present study. This
supposition is supported by the fact that ohly the secondary task from the Full distraction
condition for the one-attribute level correlated with reasoning performance at the

two-attribute level: the adininistration of the tone twice was supposed to increase
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capacity demands of the secondary task, and the joint demands of the two tasks. The |

examination of the results on the secondary and the primary tasks can provide further data

pertinent to the question 6f how to interpret the obt,airbled‘ pattern of correlations. The

' diécussion of these results, however, follows the review of the'data from the correlational

tests. /

Finally, the statistical significance of all correlations was retained afte“r_ the |

~ variance associated with'meqsures of performance\ on tl_le, easy version of the primary

| task, performed alone, and the seébndgry task, performed alohe, were partialled out. The
values of the partial correlations are displayed in the two rightipost columﬁs of Table 6.

The results from the tests on the data for the Memory condition (Tablé 7) are more

complicaied. The expectéd negative rélation between the variable pairs was majntz.lined.'
Similar to the Perception condition, all correlations betWeen the target measures reached
or exceeded the criterion value for the relation between the two-attribute and three- ‘
attribute tasks. Unlike the Perception condition, however, a number of correlations from
the other two tests were significant. For the test that related‘secondar}" task performance
at fhe one-attribute level to primary task performance at the two attribute level, signiﬁcant. '
correlations we_rev established between sé'condary task measures for Phase 2 distraction
condition and both measures of primai'y task perférmance. Secondary task performance
in the Full distraction condition corrclated ‘signiﬁcantly with the accuracy measure of

primary task perforrnance: For the tests that related secondary task performance at the

one-attribute level to primary task performance at the three-attribute level, secondary task

measures from Phase 1 and Phase 2 distraction conditions correlated significantly with
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both primary task measures. Finally, all corre_lationsv that reached the significance
criterion at the first step of the analysis, rétained their siéniﬁcance after the other two
predictors were partialled out.

The significant first order and_ba’rtial correlations fof the Memory condition tes_té
relating the two- and three-attribute levels of the task indicate that for the subjects from
Group 1 performance on the three-attribute level is capacityQIimited; This claim is
supported by the success of the tests relating- secondary task performancevat the one-
attribute level with primary task performance at the three attribute level. In addifion,
limits in the available resources constrained the quality of performeince at the two-

. attribute task, too, as indicated by the success of several tests relating the one-attributev
and Mo-aﬁdbute levels of the task. L S

The difference in the pattern of results betwéen Perception and Memory cpndition
can be expiained by the increased demands of the task to subjects’ resources .in th;
Memory condition.' One should remember that the manipulation that distinguished the
two “cdnditions was the presentation of th-e‘. stimulus material at Phase 2. The difference
was that in the Memory condition the four possible answers were shown to éh'e sﬁbj ects
withoﬁt the support of the incomblete matﬁx. Subjects had to complete the analysis and
fom a model of the answer td the end of Phase 1, to remember, and then to compare their

model to the answers from the set. In the Perception  condition, by contrast, the

availability of the incomplete matrix allowed subjects to avoid some of these tasks and to

distribute them more regularly through the two phases. Thus, it is lbgica‘l to assume that
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the task in the Memory condition is more difficult and iinposes greater demands to
subjects’ proces_sing resources.

j If the task was more demanding in the Memory condition, then one should expect
that perforfnance of the primary task would become capacity-limited at an earlier point of
the task scale of difﬁculty than in the Perception condition. Thus, the in_crez;.sed‘ demands
of the task explain fhe detection of capacity-limited performance of the primary task at
the two-attribute level of difficulty. This ekplanation is sgpponed by the fact that. the
secondary task from the Phase 2 distraction condition yielded the significant correlations .
f)or the first successive levels test: it is oﬁe of the conditions that should be directly
affected by the expe£imenta1 manipulation. The increased difficulty of thé primary task,
and the related increésed “sensitivity” of the secondary task to limits in resources, can
a_léo account for the significance of »the non-successive levels tests.

The analyses of primary and_ secondary task perfor_mance with more traditional
methods can provide information about thé overall reliabiiify of the procedure for
detecting capacity-limifed performance, as well as information about the pafticular

hypotheses and questions that were posed when considering the pattern of correlations.

. Thus, the analysis of primary task performancé should answer the questions:

is the expected overall decline of performance across the levels of the task
preserved in the particular expeﬁmcntal conditions? Is there an indication of ceilihg

effects at certain levels of the task? How is the assumed increased difficulty of the task in

‘the Memory condition reflected in the performance of the reasoning task?
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’I“hé analysis of secondary task performance should answer the following -
questions: | |
What is the. difference between performing the sécondary task alone and in the

different dis_tracfion conditions? Is the expected increase in reactidn time found across

the different levels of task difficulty? Wﬁat is the differential effect of the distraction
conditions on the magnitude of response-time latencies? Is there an indicatior} that
subjects used different strategies for §olvihg the reasoning task in the Perception and |
Memory condition? Is the assumed increased difficulty of the reasoning task in the
~ Memory condition reflected in secondary task performaﬂce?
Tabie 8 contdins the results ‘fror‘n subject’s perfonﬁance on the primary task for
- both dependent measures. Overall, there was a steady decliﬁe éf performahce with the
ingrease in the‘ number of attributes, defining the classification criterion. The data sets for
fhe two dependent measures were anélyzcd using,repea.lted-measures ANOVAs in which
the withjnésubj_ects factors wefe task condition (Pac_eptiori vs. Memory) and difficulty
lcvgl of the task (one-, two-, and three-attribute lével of difficulty). For the‘ .accuracy' |
measure, only the main effect for difficulty level was signiﬁcanf, F (2,60) =100.11, MSe
= 607.64, p <.001. The differences betwéen the spccessi\}e levels in both task
conditiops were evaluated against Dunn-Bonferroni}t’a=,01(4,30) = 3.30. The performance
of each level of tﬁe task wasA signiﬁcaﬁtly worse than the pe&ommce of previous: #(30) =
10.20, MSe-= 470.04, and #(30) = 6.77, MSe = 288.79, fo; Perception condition; #(30) =
9.99, MSe = 543.51, and #(30) = 3.59, MSe = 462.04, fpr Memory cqndition. ‘The data ‘

for the second dependent measure yieldéd significant main effects for level of difficulty,

F(2,60) = 96.88, MSe = 230.07, p < .001, and task condition, F(1,30) = 4.83, MSe =
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Group 1: Means and standard déviations for the. two measures of pﬁxﬁary task
performance (no-distraction trials) across task conditions and levels of task difficulty.

One-attribﬁte
task level

Two-attribute
task level

Three-attribute

task level -

“Perception” condition '
Accuracy (% correct) \

Attributes identification (% correct)

“ Memory” condition
Accuracy (% correct)
Attributes identification (% correct)

 82.94 (17.04)
92.52 (16.53)

83.97 (24.09)
88.26 (18.27)

48.42 (27.17)
69.84 (16.25)

41.84 (31.09)
66.07 (18.47)

19.19 (18.70)

52.74 (14.04)

23.55 (23.10)
52.65 (16.99)

N=31
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70.72, p <.05. Witlﬁn the two task conditiohs, the differehces between the adjaceht
~l_evels were also signiﬁcant: (30) = 10.56, MSe = 180.62, and #(30) = 7.18, MSe = 87.95,
for the Perception condition; #30) = 8.01, MSe = 269.36, and,t(305 =3.84, MSe = 189.;26,
for Memory condition. |

Thug, sul?jects’ performance deéliﬂed across the levels of task difﬁcultly for both
conditions and for the twb dependent measures. The main effect for task condition 1n the
second ANOVA provides evidence in support of the proposition that the task is inore '
difficult in the Memory céndition. |

There are two important consequences »0/f the .fac; that this difference in difficulty
wés_reﬂected in the results of the attributes identiﬁcgtioﬂ measure. First, one should
expect greater latericies on thé concurrent pedommce of the reaction-time task in the
Memory condition as compared to the Perception condition, for the distraction condition
where this process is (pfesumably) located. In the conteit of the present expeﬁment, this
is the Phase 1 distraction condition. Second, the fact that thé increased diffiéultj is not
reflected in the accuracyrme.asure indicates that subjects manage to compe;xsate for the
difficulties they enéoun;er in identifjing the relevant attributes in some cases and to build
a precise model of the answer. The first of thesé propositiops will be évaluated ;vhen
performance of the secdndary task is analyzed below; the second proposition will be '
discussed in the second part of the analyses, dealing with the effect of the distraction

conditions on reasoning performance.
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Group 1: Means and standard deviations of the secondary task performance measure for
the different conditions of the experiment. '

Secondary task concurrent
performance at the one-attribute level

Secondary task concurrent
performance at the two-attribute level

of-the primary task of the primary task
“Perception” condition
Phase 1. distraction 1179 (524.63) 1360 (446:11)
Phase 2. distraction 1287 (625.87) 1364 (491.53)
Full distraction 1536 (574.99) 1578 (541.12)
“Memory” condition :
Phase 1. distraction . 1511 (513.11) 1353 (476.66)
Phase 2. distraction ' 1122 (447.85) 1241 (388.38)
Full distraction 1462 (496.67) 1554 (562.79)

Criterion R. T.

550 (193.59)

Note. The measures are in milliseconds.
N=31 ‘ '
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Figure 6. Group 1: Secondary task performance by task condition, level of difficulty,
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| * The results of secondary task performance are summarized in Table 9. Figure 6
gives a graphical presentation of the results acrdss the different con&itions of the
experiment.

The two task conditions wefe first analyzed separately us'ing a repeated-measures
analysis of variénce procedure in which the “dfhjn-subjecfs fé:ctors were the sig
distraption_ conditions and the control condition for the secondary task. Performance of-

: thé secondary task given alone differed signiﬁcanily from performance of the secondéry
task in the différen't_ distraction conditions, as estimated with Tukey’s HSD, a(7,36) =
'335.96. |
A repeated-measures ANOVA with three Wi-thin-subjectsv factors (difﬁqulty level,
~ task condition, distraction condition) was used in order to explore the changes in
secondary task performance écross the different conditions of ;he e.xperiment.
The analysis revealeq a main effect for distraction cohdition, F(2,60) = 28.85, MSe =
86389,16, p <.001, qualiﬁed by a significant task condition by distraction conditi;)n :
~ interaction, F (2,60) =7.63, MSe =99625.24, p < .001. In addition, the three way
iriteractibn approached significance (p = .068). In order to clarify thé natti_re of the
differences among the distraction conditiohs, the data were further analyzed for the
- Perception and Memory ébndition separafely by means of 2 x 3 (Difficulty léyel X
Distraction condition) repeated-measures ANOVAs and comparisons of Phase' 1
“distraction and Phase 2 distraction conditions to Full distraction condition.
For the Perception condition, only the simple main effect of &isnaqtion was

significant, F(2,60) = 12.72, MSe = 113312.96, p < .001. The follow-up analysis by
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means of Dunn-Bonferroni t’a=,01(l4',30) =3.30, revealed a significant difference for the
Pnase 1 vs. Full distraction contrast at the one-attribute level of difﬁculty, f(3 0)=4.30.
None of the confrasts at the two-attribute level of the task reached significance.

For the Memory condition, the simple main effect of distraction was s_igniﬁcant
F(2,60) = 24 .91, MSe = 7?701.45, p <.001, as was the difficulty level by distraction
condition_interaction, F(2,60) =3.28, MSe - 110423.22, p <.05. Unlike tne Perception
condition, the paired comparisons by means of the bunn—Bonferroni test at the two levels
o"f the fask revealed significant differences between Phase 2 distraction and Full
distraction conditions: #(30) = 4..97, at the one-attribute level; #(30) = 4.57, at'the two-
attribute level. |

These results provide the necessary information for answering the questions posed

- at the beginning of this part of the analysis. The first question concerned the differences
in performance of the secondary task both alone and in dual-task conditions. If |
concurrent performance of the task is an index of spare resourees, then one should expect
"lafger latencies on the secondary task in the distraction conditions as compared to
performance of the.s\econdary task alone. In the present experiment, this increase of
reaction time in the distraction conditions was coneistent throughout all levels of “
| difﬁeulty and task conditions. |

A result that further eupporfs the reliability of the secondary task as an index of

spare resources is the detection of larger latencies for the secondary task in the Full

distraction condition in several cases. This condition involved the repeated

administration of the tone signai. According to the model of dual-task performanc‘e,‘ the
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repeated‘ administration of the distraction increased the overall dpmands of the task to | |
subjects’ fesources.

The analysis failed to detect the expected increase in reaction time with the
increase in the pﬁmary task’s difﬁculty. ThlS failure, however, does not invalidate the
use of the secondary task as an index of spare capacity. Such a faihirc;, is not a rare result ~
in other stﬁdies using the dual task methodology (see Lansm%imb&, Hunt, 1982, p. 14). In
this particular case, the fajlur¢ to detelct differences between levelé of difficulty (but note;
such differences are detected within a difficulty lével) can be explained by practice effects
which were dué to the requirements for multiple measurements for each data point aﬁd
fora ﬁxe;d lorder of e\"ents for each subject.

Finally, the inspection of th_;: Phase 1 and Phase 2 distraction results reveals
consistent patterns in the two task' cohditions. In the Perception condition, the latencies
for thé Phase 1 dis_tfaction responses are of a lesser or nearly eqﬁal Qalue to the latencies
for the Phase 2 distraction responses. In the Memofy condition, the latencies for the
Phase 1 distraction _reéponses are larger‘than the latencies for the Phase 2 distraction
responses. This chaﬁge of the pattern can be interpreted as' a change in the strategy that
haé been used in Solving the reasoning problem. Subjects obviously used the display of
the incomplete mat‘rix. at Phase 2 6f the Perception condition to complete the coﬁstruction
of the response model at this stage of the task (or to perceptually match the answers to the
graphical pattern of the initial matrix). Consequently, the demandé to c_apa;city were
lowered at Phase 1 and increased at PHaée 2. The .presentation‘of the task in Memory

condition precluded the possibility for such a “shift” of the activities. _.Thus, the demands
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for resources at Phasé 1 increased. This explanatjon provides- further support for the
hypothesis raised at tﬁe inspection of the results from the correlation te.sts, that the
Memory condition is more demanding in terms of resources than the Perception
conditioﬁ. In addition, it is coﬂsistent{ with the expectation, discussed in the analysis of .
primary task performance, for longer latencies on ‘the cOncurreﬁt performance of the )
reaction-time task at Phélse 1l 'in the Mémory cc;nditi(.)n as compared to Phaise' 1 distfaction :
in the. Perception céndition.
Group 2 )

The results froni tile applicatiori of Hunt and Lansman’s procedure on the data
from Group 2 ére summarized in Tablé 10 (Perception condition) and Table lli (Mcmbry
condition). Thel direction of the significant correlations was negative{ as expected. Fér
the Perception condition (Table ‘10'),' significant reiations between secondary task
performaqce and performance of the priméry task ata higher level of difficulty were
established for the three sets of tests. Secondary task performance at Phase 1 distréc_:tion |
condition of thé two—attﬁbute level of difficulty cor:related\signiﬁca‘.ntly with pﬁmary, task
performance at the ;Iuee-atuibute level (accuracy meééué), suggesting that performance
of the latter task was éapacityalimited. The secondary task at the two—athute level ~ :
(Phase 1 and Phase 2 distraction condition) predl;cted performance on thé four-attribute
level of the primary task (accuracy measure). | One more correlati-on.for the non-

successsive levels test was significant but failed to retain significance in the partia.l

correlations tests. For the tests relating the three- and four-attribute levels of the task,




Table 10

Capacity-limited performance tests for Group 2, perception condition.
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Correlations

** p <01

Test ) Partial correlations
Measure | accuracy attributes accuracy attributes
_ ‘ identification identification

Successive levels tests: Secondary (2-attributes, concurrent) to Primary task (3-attributes, alone)

Distraction  phase 1. -.5054** -.4452 -.5504** -
phase 2. -.3630 -.3722 - -

: full -.2436 -.2295 - -

Successive levels tests: Secondary (3-attributes, concurrent) to Primary task (4-attributes, alone)

Distraction  phase 1. -.4285 -.5755** Co- -.4722*
phase 2. -.5974** -.5676** -.5146** -.5755%*
full -.4389 -4186 .- T

Non-successive levels tests: Secondary (2-attributes, concurrent) to Primary task (4-attributes, alone)

Distraction  phase 1. -.5371** -.2576 -.4560* -
phase 2. -5701** -.5889%* -4581* -.3792
full -.0444 -.0222 - ;-

Note, that only the correlations that exceeded the criterion value (.4785) were explored further.

N=28 : :

. * p<.05
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Capacity-limited performance tests for Group 2, memory condition.

. Test . Correlations Partial correlations
Measure accuracy attributes accuracy attributes
' identification : identification
Successive levels tésts: Secondary (level 2., concurrent) to Primary task (level 3., alone)
Distraction  phase 1. -2186 -.6965** - -.6955**
phase 2. -.0118 -.5438** - © =5707**
full -.2451 -2938 - . -
Successive levels tests: Secondary (level 3., concurrent) to Primary task (level 4., alone)
Distraction  phase 1. -.4728 -.3827 - g C-
phase 2. -.7458** -4566 -.7386** - :
full -.6307** . -.6327** -.6224** -.5304**
Non-successive levels tests: Secondary (level 2., concurrent) to Primary task (level 4., alone)
Distraction  phase 1. -.1965 .=.5706** - -.5975**
' phase 2. ©.-2395 -.3913 - -
full -4763 -.3051 - -
Note, that only the correlations that exceeded the criterion value (.4785) were explored further.
N=28 .
* p<.05

** p<.01
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secondary task pefformance gt'the iPhas_e 2 distractioh condition correléted significantiy |
with both measures of primary tlask performance. In addition, secondary task '
performan;e in Phase 1 distraction condition yielded a significant correlation wich the
attributes identiﬁcation measure of priméry task performance.

These results indicate that peffqrmaﬁqe at the four-attribute level of the task is .
capacity-limited for the subjects fro;n Group 2 Only one test was significant for the
) three—attﬁbute level of the task. |

The results for the Memory condition (Table 11) follow a similar pattern.
Secondary task performa.nce in the .Phase 1 and Phase 2 distractién conditions at the two-
attribute level of the task correlated significantly with the attributes identification measure
of primary task performance at the tllree;attribute level. Both measures of primary task
performance at the four-attribute level were predicted by secondary task performance at
the three-attribute level in tile Full distraction condition; the accuracy measure was
predictéd by the secondary task performance in the Phase 2 diStraction conditioﬁ. For the
non?Suécessive levels tests, secondary task performance in Phase 1 distraction condition
correla_lted significantly with primary task pe'rformance at the four-attribute level,
attributés identification measure. All correlations that exceeded the c'riterion value at the
first stage of the analysis remained significant after the relevant predictors were partialled
out. |

Taken together, the results for the Pérception'and Memory condition clearly
-indicate that performance of the primary task at the four-attribute level is capacityflinlited

for the subjects from Group 2. There was also an indication of a capacity-limited
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performance at the three-attribute level of the task for certain condiﬁsns of the
experiment but most of fhe tests weré sigrﬁﬁcant for the four-attriblstc level. .Unlike the
résults from Group 1, the pattern of correlations did ﬁot suggest that subjects from Group
2 experienced.a different degree of task difficulty in the Memory and Perception
conditions.

Primary task performance of Group 2 subjects for the No-djistra’ction trials was
analyzed by means of repeated measures ANOV As for each of the dependent méasures,
with task condition (Perception vs. Memory) and level of difficulty (two-, three-, and |
four-attribute level) as within—subjects factors. The analysis of accuracy data yielded
main effect for level of difficulty F(2,54) = 1_9.99, MSe = 625.50, p < .601, qualified by a
~ significant task condition by level of difficulty interaction, F(2,54) = 5.98, MSe =435.07,
p< .Ol, suggesting that differences in performémce for the different levels of difficulty
were not consisteht across the two task condiﬁons. That is why the follow up analysis
was carried out separately for the two task conditions and compared the adjacent levels of
difﬁculty within each task conditi.on.‘ |

4 For the Perception condition, subj'ects’ performance ét fhe two-attribute level
differed significantly from the performance at the three-attribute level, #(27) = 5.42, but
the second comﬁarison (three-attribute vs. four-attribute level) failed to reach
signiﬁcance, as révealed by the Dunn-anferroni test, t’o,=,-01(4,27) =3.33,

For the Memory condition, two-attribute task performance was superior to three-

attribute task performance, #(1,27) = 4.40,‘Dunn-Bonferroni t'0=01(4,27) = 3.33. The
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Group 2: Means and standard deviations for the two measﬁres of primary task
performance (no-distraction trials) across task conditions and levels of task difficulty.

Two-attribute
task level

~ Three-attribute

task level

Fbur—attributc
task level

“Perception” condition
- Accuracy (% correct)
Attributes identification (% correct)
“ Memory” condition
Accuracy (% correct)
Attributes identification (% correct)

79.82 (24.61)
94.00 (10.37)

"73.96 (21.00)

90.96 (10.67)

4639 (26.38)
83.50 (11.40)

59.64 (29.30)
87.43 (8.84)

55.96 (28.91)
7764 (9.37)

42.82 (22.18)
82.36 (11.03)

N=28
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. difference between three-attribute task performance and four-attribute task performance

" failed to reach significance.

The repeated measures ANOVA with task condition and level of difficulty as

within-subjects factors yielded a significant main effect for level of difficulty F(2,54) =

26.95, MSe = 81.35, p < .001, and a significant task condition by level of difficulty

_interaction, F(2,54) = 4.57, MSe = 55.75,); < .05. It should be noted, that the source of

interaction was in the differences between the two-attﬁbute and three-attribute levels for
the two task conditions. At the same time, peffo_rmancc at the two-attribﬁte level of the
task was near the ceilipg (over 90%) and the differehces in this region should be treated
with cautioh. Nevertheless, the follow-up analysis was carried' out for thc' two task
conditioﬁs separately. As with Group 1, the a.ﬁalysis included compaﬁspns arﬁong the

adjacent levels of difficulty, evaluated against Dunn-Bonferroni t o= 01(4,27) = 3.33. For

- the Perception condition, two-attribute task performance was significantly better than

- performance at the threcQatt_l'ibute level, #(27) = 7.42. The comparisons between adjacent

ieve_ls of difficulty within the Memory condition failed to yield significant differencés.
Perfpr_m'ance at tﬁe two;attl'ibute level of the tagk, however, was significantly better than
performance at the fouf—attribute level of the task, #(27) =3.57.

The pattern of results for the two pr_imary-task meaéures suggests that the subjects
from Group 2 managed to overcome to a great extent the difficulties éssociatcd with the
sub-téSk of identifying the relevant task variables and constructing the problem space, as
evidenced by the nearly ceiling berformzince on the attributes identification measure. At

the same time, Group 2 ac¢uracy performance was far from being perfect. This indicates
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that the difficulties for this age-group are associated primaril& with the processes of
coordinating the available (and cdrrec_tly identified) information into the model of the
answer var'ld the application of this model to the solution.

Means and standard deviations of the secondé.ry té.sk performance measures for
Grouia 2 ar’e‘ displayed in Table 13 and Figure 7. As was the case with Group 1,
performance on the secondary task alone was éigniﬁcantly different from performénqe on
the secondary task in all distraction conditions, according to Tukey’s H.SD, a(71,27)=
-322.85. The ox;er{all Task condition x Level of difficulty x Distraction condition -
repeated-measures ANOVA revealed main effect for disfraction condition only, Fi (2.,4‘2)1 |
= 16.35, MSe = 132463.65, p <.01. The fbllow-up analysis compared by means of pairéd
éontyasts (Dunn-Bonferroni ¢’ . ;,(4,27) = 3.33) secondary. tésk performance in Pﬁasc 1
ahd Phase 2 distraction conditions to Full distraction condition for each task cbndition
and level of difficulty cell. For the Perception condition, the latency of the Full B
. distracﬁon trials was sigﬁiﬁcantly greater than the latency of the Phase 2 disﬁaction trials
at the th;ee-attrﬁmte level, #(27) = 3.47, MSe = 66806.63. For the Memo;y condition,
performance of both Phase 1 and Phase 2 triéls.differed‘si‘gniﬁcantly from the Full
_ , . :

distfaction trials at the two-attribute level of the task, #(27) =3.63, MSe = 59732.55,

1

1(1,27) = 3.94, MSe = 70254.81, respectively.

'Because of violation of the sphericity assumption, the actual degrees of freedom were multiplied by
Greenhouse-Geisser’s Epsilon (.76881, in the particular case). 'The reported degrees of freedom and
significance level are the corrected ones. The actual values are as follows: F(2,54) = 16.35, MSe =
132463.65, p < .001. ' ’ :
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Table 13 ‘
- Group 2: Means and standard deviations of the secondary task performance measures

. -Secondary task concurrent . Secondary task concurrent
performance at the two-attribute level ~ performance at the three-attribute
of the primary task level of the primary task

“Perception” condition

Phase 1. distraction 1018 (351.05) 981 (384.46)

Phase 2. distraction 892 (356.70) : 935 (35171

Full distraction 1203 (555.72) ‘ 1174 (530.53)
“Memory” condition .

Phase 1. distraction 1009 (449.07) 923 (398.29)

Phase 2. distraction - 925 (298.99) 942 (324.21)

Full distraction - 1155 (555.09) ' 1220 (501.05)
Criterion R. T. . 413 (159.41) ’

The measures are in millisecond_s.
N=28
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Figure 7. Group 2: Secondary task performance by task condition, level of difficulty,
and distraction condition. '
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-Thus, the results of the secondary task perforrnanceanalysis conﬁrmed,the
expectations for laréer latencies for the Full distraction condition trials. The differences
were significant at the level of the task where secondary task performance predicted |
performance of the primary task at the next difficulty level for this age-group. This result
is consistent with the assumption that performance of the secondary task is sensitive to

* limits in capacity and that it can be a valid index of capacity-limited performance.

Group 3

vThe application of Hunt and Lansman’s procedure to the data from Group 3 failed
to detect capacity-limited performance on the pnrnary task in the Perception condition.
For the Memory condition, two signiﬁcant corre_.la.tions were obtained in the tests that
related secondary task performance at the three-attribute level with primary taskv
performance at the four-attribute level. Secondary task performance in Phase 2
distraction condition correlated with the attributes identification measnre of primary task
performance (rOI# -6174, p < .01; 1g1 23 = -.5677, p < .01), and'secondary task
performance in the Full distraction condition correlated with the»same measure of primary

- task perforrnance at the four-attribute level (rm =-.6003,p< .Ol; ro123 =-.4534,p< .05).

Such results could be expected given the assurnption of differences between the
groups in the available resources, and in the context of the resultsfrom the other tWo
groups. Group 1 c@acity-limited perforrnance for the primary task . was predominantly at

the three-attribute level; Group 2 displayed such performance at the four attribute level of

the task. If subjects from Group 3 were characterized by a larger processing fresource
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pool, one could expect to detect capécity limited performéncc for this group at a level
beyond>the four-attribute task level, or fér only ;1 few conditions of fhe four—attribute task.
Thev obtaihed correlations can be i‘nterpre'ted'as meeting the second proposition above.
'Primary task performance of Group 3 subjects (see Table 14 for a summary of the
means aﬁd standard deviations) was analyzed by means of repeated-measure ANOVAs
for the two dependeﬁt measures separately, with task conditjon and level of difficulty as
within-subjects factors. For the accuraéy measure, there was a main effect for level of
difficulty only, F(2,52) = 13.21, MSe = 603.76, p < .001. The follbw—u_p analysis
cohéisted_of paired comparisons betweén the successive levels of difficulty in the _t'wo
task conditions. The significance of the obtained differences was exaluated by. compafing
the. obtained vélues to Dunn-Bonferroni’s t'0=01(4,26) = 335 Only the three-attribute vs. '
four-attribute task contrast for the Perception condition was significant, t(1,26) = 3.70.
For the attributes identification measure, performahce at the two-attribute level for

both Perception and Memory condition was excluded from the analysis due to ceiling

‘ performance. The repeated measures ANOVA with task condition and level of difficulty

as indgpendent variables revealed a significant mzﬁn effect for level, F(1,26) = 60.47,
MSe =46.15, p < .001. Performance of the three-attribute level task was significantly
better than pérformanc’c of the four-attribute level task in both task conditions, #(26) =
5.85, for the Perception condition, and‘t(26) = 5.11, for the Memory coﬁdition;

As was the case with Group 1 and Group 2, performance of the secondary task

| alohe (see Table 15 and Figu're. 9) differed significantly from performance of the

secondary task in the different distraction conditions, as revealed by Tukey’s HSD, a

_ (7,26) =233.59. The _overall Task condition x Level of difficulty x Distraction condition
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Table 14 Group 3: Means and standard deviations for the two 'meas_urés of primary task
performance (no-distraction trials) across task conditions and levels of task difficulty

Two-attribute
task level

Three-attribute
task level

Four-attribute -

task level

“Perception” condition

Accuracy (% correct)

Attributes identification (% correct)
“ Memory” condition

Accuracy (% correct)

Attributes identification (% correct)

84.07 (19.24)
97.48. ( 6.15)

84.07 (19.24)
96.26 ( 8.47)

77.89 (22.65)
87.78 ( 7.05)

7178 (27.26) -
9022 ( 9.81)

56.89 (26.00)
75.96 (10.86)

63.07 (28.34)
81.70 (10.16)

N=27
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re?edted-measurcs AN OVArevealed main effect for distraction, F(2,52) = 10.99, MSe =
A117A36'2.84, p <.001, and level of difﬁculfy, F(1,26) = 8.67, MSe = 162370,p <.0l. In
addition, the fnteraction between tésk condition and level of difficulty was significant,
F(l,2})3= 5.76, MSe = 77824.64, p < .05.

It should be noted, before proceeding with the follow-up analyéis, that Group 3

was the only group for which a main effect for level of difficulty was obtained in the

' analysis 6f sccdndary task performance. This is iri‘support of thé validity of the dual-task
a;;proach to capacity and the assumptipn that performance on fhe secondary task in dual-
task conditipns reflects the spare resources. The obtained interaction, however,»indicates
that this effect was not constant across the two task conditions. The comparisons of the
difﬁcultyA levels within the two task éc;nditions revealed that the interaction effect was due
to the significant increase of reabtion time at the three-attribute level in the Memory
condition, Fi (2,52) = 7;47, MSe =90097.32,p < .01, that is, the oniy task éondition, which
predicted perfonhance of the priniary task at the four-attribute level.

The effect of the different distraction conditions was explored‘ by means éf paired
comparisons that contrasted Phase 1 and Phase 2 distraction cbndiiioﬁ perf;rmance to -
Full distraction condition performance. The significance of the comparisons was
evaluated by Dunn-Bonferroni’s t’a=,01(4,26)_ =3.35. In fhe Perception corlc_i_itidh, Full.
di.'straction yielded signiﬁcantly greater latencies than both Phase l»distrac.tion and Phasé

2 distraction performahce at the three-attribute level of the task, #(26) =4.87, MSe =

3The actual degrees of freedom (i.e., 1, 26) were multiplied by Greenhouse-Geisser Epsnlon (.802) because
of violation of the spherisity assumption.
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Group 3: Means and standard deviations of the secondary task performance measures.
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" Secondary task concurrent
- performance at the two-attribute level

Secondary task concurrent
performance at the three-attribute
level of the primary task

" of the primary task

“Perception” condition

Phase 1. distraction 758 (264.89)

Phase 2. distraction 832 (327.79)

Full distraction 958 (359.48)
“Memory” condition &

Phase 1. distraction ‘ 749 (297.88)

Phase 2. distraction 787 . (362.19)

Full distraction 863 (423.86)

Criterion R. T.

406 (97.23)

804 (225.37)

817 (260.46)
1020 (405.19)

834 (411.16)
952 (465.14)
1154 (637.35)

Note. The measures are in milliseconds.
N=27
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26423.30, and F(26) = 3.56, MSe = 43449.91. For the Memory condition, only the
éomparison between Phase 1 distraction and Full distréction performance at thé three-
atfribute level of the task w,a$ signiﬂcant, t(26) = 8.94, MSe = 149111.89.
| Taken together, the results 'from_ the analysis of primary and secondary task’
performance can help iﬁ clarifyihg the results from Hunt and Lan;man’s procedure.' for
the accuracy measure, the deterioration of performance at the four-attribute level of
difﬁ¢ulty in the Perception condition was precéded by a relatively coﬁstant level of
performance of the secondary task, indicating that thc; Jjoint demands ot" thé tasks did not
stress the limits of ’.the individﬁals’ fesourc_e_s, and thus, the decline in performance cannot
be attributed to capaéity limitations. Similar is the case for the Memory condition, where
no significant difference between adjacent levels of the task was found, and the latencies .V
from the concurrent pei'formance of the secondary task at the two-attribute le§el did not
Iin‘dicate that resource limits have been stressed. The increase in rgaétion time at the
three-attﬁbutc level was not foliowed by a significant decline in performance of the
_’ ﬁﬁmary task at the four-attribute levél, which explains the lack of signiﬁcan‘t correlations
bet_weén the two tasks at these levels.. For the number of identified attributes measure,
»the ceiling effects at the two-attribute level of the task for both conditions, and the nearly
ceiling pcrformémce at the three-attribute-level in Memory coﬁdition account for the lack
of significant correlations betﬁeen the measures at these levels of the task. The
signiﬁcant deterioration of performance of that measure at the four-attribute level for both

task conditions was preceded by an increase in the reaction time for the secondary task in

the Memory condition only, where, in fact, the only significant correlations were found.
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- Compared to the other two groups, subjects from Group 3 exhibited the most
consistent pattern of performance on the seconda_fy task through the different
experimental conditions. There was no indication of change of strategies or inconsistent

strategy use in the differentftask conditions.

Eﬁec?s of Distraction on Reasoning Performance

The second objective of the study was to provide information about the character
of the influence, exerted by limits in capacity, on reasoning perfdnnance. Such
information can be obtained by comparing the performance in trials, where the capaeity
limits are not stressed, to performance under conditions of limited capacity. In the
context of the .present‘experiment, these are comparisons between performance in the No-
_distraction condition and perferma.nce in the diffefent distraction con&itions,' within levels
of dfffxculty, at which secondafy task‘performance prediets shccessfully primary task
performance at the next difﬁculty level. Asa remiﬁdef, the secondary task in the
distraction condition trials was supposed to use resources 'that were not allocated to the
performence of the primai'y task. 1 In cases where the joint demands of the two taeks
sfressed the limits of individuals’ resource pools (i._e.‘, at levels where the secondary task
is expected to predict performance on a harder vereion of the primary task), performance
of the prima:f task in the distraction conditions is, in fact, under conditions of insufficient
capacity. At these levels of difficulty, information about the effect of limited resources

on performance can be obtained by comparing performance of the no-distraction trials to

performance in the differenf distraction conditions.
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To illustrate, consider the hypothetical pattern of results displayed in Figure 9. In
the example, a group of subjects has been given three levels of the primary task and -
oapacity-iimited performance has been detected at the highest level of difficulty (Level 3).
Primary task performance has been predicted at this level by performance on a secondary

task, administered at the second level of difﬁeulty. Thus, the target level where one can

compare performance under conditions of insufficient resources to performance that is -

~ backed up by enough resources, is the second level of the task. Consistent with the

hypothesis that insufﬁcicnt resources would prevent individuals from pe_rformi'ng ata
higher level, performance in the dual-task conditions of Level 2 was displayed as worse
than performance in the No-distraction condition.

The analyses that follow were carried out for each group and dependent measure

. separately because of the drfferences in task difficulty levels that the groups were exposed

to, and because subjects from Group 1 were probably inconsistent in their approach to the

task in the different task conditions, as suggested in the preceding section.

Gronp 1

| | ferforrriance on the primary task. accuracy measure, for Group 1 subjeets was first
analyzed by means of a repeated measures ANOVA with task condmon (Perceptron vs.
Memory) level of difficulty (one- attnbute VS. two attrrbute level), and drstractron

condition (No—distraction, Phase 1., Phase 2., and Full distraction), as within—subjects
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factors. The analysis revealed main éffeéts for _level of difﬁculty, F(1,30) = 92.80,"
MSe =1144.82, p < .001 and distraction coﬁditionl F(3,90) =7.67, MSe = 457.69, p <
.001). In addition, the level of difficulty by dist;action condition iriteractibn was
signiﬁcant Fi (3,905 =2.80, MSe =608.79,p < .Ol5, and the three-way interaction was
significant, Fi (2,65)“ = 9.80, MSe = 415.46, p < .01. To disentangle this complex
ré'latio_nship, the _furthe_,r analyses were carried out for each task condition separately.
~ For the Perception condition,vthe rebeated measures ANOVA with level éf
- difficulty and distraction cbndition as within-subjects factors 'prc':serve‘dvthe established
pattern of the effects: there were signiﬁcaﬁt main effects for level of difficulty, F(1,30) =
' 58.44, MSe = 804.71, p < 001, distraction condition, F(3,90) = 3.48, MSe = 458.23, p <
.05), and significant level of difficulty by dist;action condition interaction, F(3,90) =
7.92, MSe = 523.5§,p <.001. The first main effect reflects the decline in perlfqrmancc‘
acrossbdifficulty levels (see the analysis of primary task performanée for Group 1 in the
prgVious secfion). The interaction indicates that the effect of distraction was not constant
acress the two ievels: a result thaf allows us 'tQ attribute eventual differences at the two-
attribute. level to limits in resources.
Within-level comparisons involved contrasts between the-No-distraction condition
and each of the distraction conditions of each particﬁ]ar level of d_ifficulfy. The
siéniﬁcance of the comparigons was evé}uated against Dunn’s #’g=01 (4,30) =3.30. The

analysis failed to detect significant differences at the one—attn'bute level of the task.

*The actual degrees of freedom (i.e., 3, 90) were multiplied by Greenhouse- Gelsscr Epsilon (.6997) because
of violation of the sphensuy assumption.
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Comperisons at the t§vo—attribufe level of the task (i.e., the level 4at which secondary task
performance successfully predxcted pnmary task performance at the three-attribute level),
‘revealed 51gn1ﬁcant differences between the No- dlstractlon condition and each of the
distraction conditions: 1(1,30) = 3.33, MSe = 401.16, #(30) = 3.68, MSe = 6_15.3'8, 1(30) =
3.‘_97, MSe = 293.37, for the comparisops of No-disfraction condition with Phase 1, Phase
2, and Full distraction, respectively®. Contrary to expectations, ‘however, a significant
decline was observed only for the i’hase 2 distraction condition; the introduction of e
secondary task in Phase 1 distraction condition and in Full distractioe condition
significantly improved performance.

For the Memory eohdition, the results followed; siﬁﬁlar p'attem. The Level of
difficulty x Distraction condition repeated-measures ANOVA preserved the main effect's'
for level of difficulty, F(1,30) = 9130, MSe = 652.62, p <001, and distraction eonditien,
Fi (3,90) = 3.55, MSe = 579.76, p< 05 as well as the interaction bet\;veen the two factors,
f(2,70)6 =3.25, AMSe = 506.70, p <.05. The comparisons within a level ‘of difficulty
indicated that only performance in the Phase 2 distractioﬁ condition of the one-attribute
level was significantly lower thaﬁ performance:ih the No;distraction conditioﬁ, t(30) =
3.39, MSe = 598.81. |

Several of the results, obtained from the analy51s of the accuracy measure data are

~ worth more attention here. For the Perception condition, the task level at which

3The following order of the conditions within a level of difficulty was consistently used throughout the
analyses: No-distraction, Phase 1. distraction, Phase 2. distraction, Full distraction. The comparisons within
a difficulty level are presented as follows: No-distraction vs. Phase 1. distraction; No—dxstractlon vs. Phase
2. distraction; No-distraction vs. Full distraction.

The actual degrees of freedom (i.e., 3,90) were multiplied by Greenhouse-Geisser Epsilon (.7820) because
of violation of the spherisity assumption.
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perfonﬁanqe in the distractiohA trials was under conditions of inSufﬁcieﬁt resources. was
the two-attribute level of the task. The (;'omparisons between the no—diﬁraction _éondition
and each of the distraction condit(ions‘reveal'edvsigniﬁcant effectS for éach contrast. \That
these effects were due to capacity constraints is s'upported‘ by the pattern from the sarﬁe
' comparisons at the one-attrib'ufe lelve_l, where no differences bet§veen no-distraétion and
distraction trials were found. |

The direction of _the effects at the two-attribute level, however, was quite
surprising: the expectation for a decline in performance was confirmed only for Phase 2
distractioh trials, while Phase 1 and Full distraction imérovéd performance. These results
have a plausible explanation in light of the different strategies that subjects from Grqup 1
probably used in the two task conditions, as suggested in the pr¢§ious section. In the
Perception condition, subjects tended to “shift’; the solution towards th.e\ second part of
| ﬂie trial, quntaneously using a less demaﬂding strategy of perceptﬁal completioﬁ of the
“pattern to a “good fdrm”, instead ;)f abstracting the releifant attn'Butes and mentally .
constrbcting a model of thé correct response. Naturally, in these conditions Phase 2
dilétrai;tion would be disruptive, as far as it interferes with the major pért of the solution
process. Phase 1 disﬁacﬁbn would facilitate perfqnna;icé because it disrupts _the process
of “perceptual” solution or the impulsive choice of an énswer that “scems” appropriate,
and turns subjects to the task of successi\}ely identifying the relevant attributes.
Performahcc in the Full distractioh condition wouldvi)e‘ improved, as well, following the |

“improvement of Phase 1 distraction. -
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For the Memory condition, performance at both one-attribufé and twq-attribﬁte
.levels‘ was under conditions of insufﬁcient capacity in the distraction trials.. In addition,
the an'alysis of secondé:y task performance in the previous section suggeétcd that subjects
used a strategy, different from the one used in the Perception condition,v and allocated
more efforts to the first part of the tdalé. Thus, one should expect that while the effect of
the Phase 1 distraction condition is n.laintained at both Levelé bf the task, the improvement
of perform‘ance in the Pflase 1 distractioh and the Full distraction conditions would not bé_
obéerved, because of the consistent application of the non-perceptual strategy across the
conditions. The Irevsults fitted these expectations quite well. For the Meniéry condition,
thc, deterioration of performancé in the Phase 2 distraction condition appeargd at the one-
- attribute level of the task, and no facilitating efféct was observed for the Phase 1 and Full
distraction conditions. N

The analyses of the data for the second dependent measure followed the same
sequence. The repeated-measures AN OVA with task conditioﬁ, level of difficulty, and
distraction cogditibn as within-subjects factors, yielded significant main effects for all
three factors: F (1,30) =7.57, MSé =~ 202.56,b < .OlA,v for task condition; F(1,30) = 54.90,
.~ MSe =501.63, p < 01, for level of difficulty; F(3,90) = 6.95, MSe = 268.06,p < 001, for
distraction cdﬂdition. In addition, the level of difficulty by distraction condition
interaction waé significant, F(3,90) = 4.25, MS‘e = 307.63, p < .01, as was the three-way

interaction, F(3,90) = 11.37, MSe = 310.67, p < .001. The further analyses were carried

out for each task condition separate‘ly.
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For the Pérception_ condiﬁon, the repeated-rrigasures ANOVA with ievel of
difficulty and distraction conditioﬂ :as'.'Wi.thin-subjeéts factors, revéaled 'sigﬁiﬁc‘ant effect
for level of difficulty, F (1,30) = 3‘6.“65, MSe ='347.8é, p <.001, @d é signiﬁcaht level of |
difﬁculty by distréction condition interaction, F(3,90) = 11.82, MSe =-32’3.7(7, p>< .001. -

The contrasts within a level of difficulty revealed signiﬁcant decline of perfofmaﬁce_ih ‘

~

Phasg 2 distraction ¢ondition, aé,compa:ed to performahce in théNo diStraction ,

' cbnaition; 1(30) = 4.59, MSe = 210.73, at the twdatt_ribute le\‘/el of difﬂculty..

The 'anal_ysié of the attribﬁtes identification measure in the Memory conditioh,

re\:ealed_ .signiﬁca.'nt effects for level, Fi (1,30) = 48_.61, MSe = 305.17, p <.001, and
_distraction,. F(3,90) = 4.96, MSe = 384.24, p< .01, qualified by a signiﬁéant Level of .

| difficulty x Distraction andition interaction, F(3,90) = 3.44, MSe = '294.54,. p <.05. The o

contfasts within a ievel of difficulty failed to rt;.veal signiﬁ_cant differences at )thé fwo-

attribute level. Atthe one-attribute level, ‘performﬁnce in the Phase 2 distraction

- condition was significantly worse than performance in the No-distraction condition,

1(30) = 10.82, MSe = 564.67.

Grou;p 2 “ - A

In considering the results.from Group 2 (sée Figure 11) one éhould keep in mind -
that distracﬁon trials ét which pe;formance is under conditions of insufficient resources |
are found at bouth iéve_:ls of difﬁchlty aqd for both task conditions. The analyses of thése :

- data was carried out fo_llow'ing the same sequence as with Group 1. First, the data from
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Perception condition

m No distraction O Phase 1 distraction
B Phase 2 distraction @ Full distraction

100 4

2-attributé 3-attribute 4.attribute ~ 2-attribute J-attribute 4-attribute

“Accuracy”’ measure “Attributes identification” measure

Memory condition

B No distraction OPhase 1 distraction
B Phase 2 distraction B Full distraction

100 -

2-attributé- 3-attribute.  4-attribute 2-attribute J-attribute 4-attribute

“Accuracy’measure “Attributes identification” measure

Figure 11. Group 2: Primary task performance (percentage correct) by performance
measure, task condition, level of difficulty, and distraction condition.
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the accuracy measure was ahalyied by means ofa repeated-ﬁléasures ANOVA with taskA
condition, level of difficulty, and distraction condition as Within-subjects factors.‘ The
analysis revealed significant main effects f;or level of difﬁculty,. F(1,27)=93.77, MSe =
391.43, p <.001, and distraction condition, F(3,81) = 9.14, MSe = 649.49, p < .001,
qualified by a significant Level of difficulty x Distraction condition interziétion, Fi (3;81)
= 3.97, MSe = 428.00, p < .05), and a signiﬁcant three-way interacfion, F@3,81) = 499
MSe = 535.57,p < .0l. The further analyses were carried out for each task condition
sepafately. |
For the Perception condition, the repeated-measures ANOVA with level of
difficulty and distraction condition as within-subjects factors, revealed significant effects
for levél of difficulty, F(1,27) = 32.63, MSe = 499.‘07, p < .001, distraction condition,
F (3,81) =17.74, MS? = 589.40, p <.001, and a significa'nt Le-v.el of difficulty x Distraction
condition inferaction, F(3,81) =5.03, MSe =730.49, p < .01. The cohtrasts within a
level of ‘difﬁculty revealed significant decliné in performance in the Phase 2 distraction
éonditioﬁ at the two-attribute level of the task, 1(27) =491, and improvément in
' perfon'nance. for the Full distraction condition at the three-attribute level of the Fask,

1(1,27) =3.39. The signiﬁ_canée of the comparisons was evaluated against Dunn-

"~ Bonferroni’s t"o=01 (4,27) = 3.33.

For the Memory condition, the repeated-measures AN OVA with level of

difficulty and distraction condition as within-subjects factors, revealed only main effects
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for the two variables: level of difficulty, F (1,22)7 =41.46, MSe =495.39,p < 001 and
distraction condition, F(3,81) = 6.43, MSe = 488.09, p <.01. The comparisons of the No-
distractipn condition with the distraction conditions within a levei of difficulty, showed
sigﬁiﬁcant deteriofatiori of performance in the Phase 2 distraction condition at the three-
attribute level, #27) = 3.29.

‘ The Task condition x Level of difficulty x Distraction condition repeated-
measures. AN CVA on the dﬁta for the second depehdent measure yielded a significant
main effect for level of difficulty only, F( 1,27) = 16.91, MSe =>93.36, p <.001. This |
indicates that performance in the differenf distraction coﬁditions and across the task
conditipns of the éxpéﬁmcnt féllowed a uniform pattern. Nevertheless, in order to be
able to compare perfonnance on thxs dependént measure with the pattern of results from
the accuracy measure, the comparisons between the No-distraction condition and tﬁg '
different distraction conditions within a 1evei of di_fﬁcﬁlty were carried out for the two :
task conditions separately. For the Perception condition, the planngd contrasts failed to
yield significant results at the two-attribute level‘of the task, and performapce was better
in the Phase 1 distraction condition than in the no-dis&acﬁon condition at the three-
attn'bute level #(27) = 3.76. No signiﬁcant differences were found within the two levels
of difficulty in the Memory condition.

These results reveal effects, siihilar to _thoée that were detected for Group 1
Deterioration of performance in the Phase 2 distfaction condition was found at both levels

of the task: at the two-attribute level for the Perception condition and at the three attribute

"The actual degrees of freedom (i.e., 1, 27) were multiblied by Greenhouse-Geisser Epsilon (.80224)
because of violation of the spherisity assumption.
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level for the Memory condition. Improvement of performance was detected in the Full
distraction condition (accuracy measure) and in the Phase 1 distraction condition
(attributes identification measure). Note, that .the. létte_r two results were for the
Perception condition. It is the task condition where similar effectswere found in the

analysis of the data for Group 1.

Group 3
Secondary task perfofmancc predicted performance of tﬁe harder version of the

primary task for Group 3 in only two distractioﬁ conditions: Phasc; 2 and Full distraction
conditions at the three-attribute level of the Memory task (see Figure 12). These are the
conditions where performance is ﬁnder cénditions of insufficient capacity and wher;
eventual capacity effects can be expected. | |

‘The repeated-ﬁléasures ANOVA with task condition, level of difficulty, ahd
distracti(;n cohdition as within-subjects factors, revealed mam effects for level of
~ difficulty, Fi (1,21)8 = '59.32, MSe = 595.94, pP< .00-1),. and dis&action condition, F(3,78) =
| 17.69, MSe = 430.31, p < .001, qualified by a signiﬁcani level of difficulty by disﬁacﬁon
Conditiqn intcractipn_, Fi (1,26) =5.28, MSe = 470.49, p <.05. Although there was-no
indication of task conditio'n effects, the follow-up analysis was cgrried out for the two
task conditions separately.

' The contrasts within a level of difficulty for the Pefception'condiﬁon revealed

significant decline of performance in the Phase 2 distraction condiﬁon for both levels of

The actual degrees of freedom (i.e., 1,26) were multiplied by Greenhouse-Geisser Epsnlon (.79918) .
because of v1olatlon of the spherisity assumption.
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Perceptlor{ condition
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80 ~
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Figure 12. Group 3. Primary task performance (percentage correct) by performance
measure, task condition, level of difficulty, and distraction condition.
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difficulty: two-attribute level, #(26) = 5.27, and three-a_ttributé level, #(26) = 5.69. For the
Memory condition, quality of performance was significantly worse than performance in |
the No-distraction condition only‘ for Phase'2vdvistracti0n c.onditi‘o‘n at thel t'hr‘ee-attribute. .
‘level, 1(26) = 5.64. All contrasts were evaluated against Dunn-Bonferroni’s #4- o) (4’26),
= 3.35. | |
The Task condition x Level of difficulty x Distraction éondition repeated-
measures ANOVA on the data fof the éecond dependent measure yielded significant main
veffec»ts for all thrée factors: task condition, F (1,26)>= 5.68, MSe = 56.06, p < .05, level of
difficulty F(1,26) = 39.83, MSe = 140. 17, p <.001, and distractipn condition, F(3,78) =
6.66, MSe = 73.07, p < .001. No signific?mt diff;:rex;ces were fopqd between the No |
distraction condition and any of the distraction conditions.
These results are consistc_:nt with the expéctations for a deteriorating effect of
Phase 2 distréa.ction on reasoning performance. Similar to the other two groups, no such

effect was observed for the Phase 1 distraction cbndition.
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Chapter 5
Discussion
The results from the study, as outlined above, demonstrated _that in the context of
a multiplication of classes and relatibns reasoning task, there is an increase with age in
the quantity of information that can be procesSéd at the different stages of the solution.
Funhér, the analysis of performance upder conditions of insufﬁcienf resources, allowed |
fofspecifyiﬁg 'the impact that capacity limits have on the qﬁality 6f the processes .,
involved vin these different stages of tﬁe solution procéss. In particular, the resulté
indicated that: (1) a capacity “bottléneck;’ may exist at different points of the solution
process and is aslsociated with the quantitativé characteristics of different processes; (2) .
thé imbact of insufficient resources may Be quité different, depending on the character o-f
the processes thaf are constrained; (3) there was an indicatiqn that younger subjects
readily adopt a less demaﬁding strategy for solving the problem, where the qonditi_éns of
_ task presentation allowed such an approach. Taken together,. these three groups of
ﬁnd‘ings provide further evidence in support of the hypofhesis, maintained by several
theqriété, that capacity is a necessary but not sufﬁciént conditién fdr the devélopmeﬁt,of :
reasoning. It ié necessary, however, t§ delineate the scope and_validity of the present

ﬁndings ih comparison with the results generated By research under other models of the,

relation between reasoning and capacity.
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Age Differences in Capacity

Age differences in processing resources were studied in the present work by
means of a dual-task approach. Compared to the théories reviewed in Chapter 2, this
approach is closest to thé one used by Halford and his colleagues. These studies |
(Halford 1993; Halford, Maybery; & Bain 1986; Maybery, Bain, & Halford 1986),>
conducted in the context of transitivity aqd class inclﬁ'sioﬁ tasks, used the model of dual-
task pérfbrmarlgce proposed by Hunt and Lansman ’(1982),‘ to prove that the reasoning
performance of subjects (as young as 3 years for the class-inclusion task, and 5 years for
t,he; transitivity task) is capacity-limited. A

The same mociel of dual-task performance was used in the present study’toA
provide evidence for age differences in capacity. It was argued that if there is an age-
related increase in processing resources, then cap'acity-limited performance will be
detected at differé;lt points of the task scale for differént age-groups of subjects. To test
this hypothesis, four versions of a matrix completion task, with é logical structure -
Corrcsponding to addition and multiplication of classes and relations, were developed.
The versions, or levels of djfﬁcqlty of the task, differed.only in the_numbe'r of attributes
that defined the classification vcriterion. Three age-groups of subjects (6--8,9 -- 11, 12 --
14 years old) were given tasks from three consecutive levels of difficulty each, the first
two levels in single and coﬁcurrent performance conditions, and the third -- in single
performance only._'

The results .supported the predictions of the hypothesis. Capacity-limited

performance was detected predominantly at the three-attribute level of the task for the
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youngest group of subjects. Subjects from the next oldest éroup eﬂbited capacity-
limited performénce mainly at .the four-attribute ‘level of the task. Subjects from the

| oldest group were obviously “out of scale” for the levels of the task they were given:
cépacity limited performance for these subjects was defected for ohly two of the tests at _
the four-attribute level of the task, that»is’, the last lével at whjch they were tested.
Assuming that there is an age-related increase in processing reso.ﬁrcés and gi\;en f_he
results ﬁém the younger age-groups, the expectatioﬁs are that perforrpémce of the oldest
age group will be predorﬁinantly beyond the four-attribute level of the task.

An important question that should be dealt with hefe, concerns the validity of the

_gst.;tblished age trend. That is, to what extent the different ﬁndingIS'for each age group are -
mediated by differences in subjects’ processing capacity?

Several measures were taken at the stage of constructing the experiment to ensure
valid results. The task scale, as mentioned above, was based on the number of aﬁﬁbutes
that defined the classification criterion.' That is, the diffefent levelé of the task differed in
the.quantity of units that were to be processed. '(This “metric” _éf the scale, and the
unifor'm-.way of presenting the task levels, allowed for using two different in 'logical form
tasks: logical addition and multiplication of classes and relations).

To ensure that differepces in pgrformance reflected ;he differences in the capacity
demands of the task, subjeéts were Warned as to what level of difﬁéulty and kind of |
distraction to expect before each ie\/el of difficulty biqck ;.nd distraction conditions block.
The process of the solution was 'ei(plained in detail ahd a substantial amount Aof 'tréining

was provided before the test trials began. To eliminate eventual effects due to the
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rriaterials, to.attiibu\tes that were used in a task, or to biases towards a péfticular answer,
these aspects of the task varied randomly across trials, though care was taken that tlieré 3
we'r¢ approximately équal number of each geoxiietrical shape, aittribute, or-type of answer
within each block of difficulty. In addition, the order of the trials within the concurrent
performance blocks was random.

~ Finally, in-order to control for different approaches to the task, two forméits for
presenting the task were designed. One of the conditions foliowed the traditional
procedure' for inatrices completion tests, but allowed for a “perceptual” solution, that is,
finding the missing shape .thrpugh completing the patternto a f‘gbpd form”. The other
format precluded the possibility for such a soluiion and ensured that éubjects used a
strategy that was close to the instructions.-

This manipulation proved to be quite useful. It was established that subjects from

Group 1 readily applied the ffperéeptiial” stiategy when the conditions allowed it. This
was reflected in their performance on t}ie secondary task. Twp distinet patterns of |
relative latencies.were obtained in the iwo task conditions: in the Perception condition,
efforts’ Were concentrated towards the second phaSe of the trial (as évidenc_ed by the
~ longer reaction time for the probe in the Phase 2 distraction condition), vwhi_le in the
Memory condition, reiatively more efforts were allocated to the .ﬁrst part of the trial
(relatively longer iatenpies for the Phase 1 distraction condition) where the process of |

identifying the relevant attributes was supposed to take place. Performance of the same

subjects on the primary task confirmed the expectation that the Memory condition would

be more difficult for them. The fact that the effect of difficulty was found only for the
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attributes identification rrieasure, indicated the process with which these difﬁculties were
_associated: the process of acstracting and identifying the relevant task variables.

';I'hese results allowed for identifying Memory condition as the condition where
primary task performance, and consequently, the results fiom the application of Hunt and
Lansman’s procedure, were comparable across all three groups. Differences in
performance for the Perception condition trials would tell more zibout the effectiveness of
the differerit strategies, than sbcut an eventual increase of processing resources with age.
Taken separately, the results of Huxit and Lansman’s procedure for the Memory condition
reveal the same trend of detectinvg capacity limiied performance at increasingly higher
levels of task difficulty. The only obvious difference was that performance of the
~ secondary task successfully predicted performance on a ilarder veision of the primary task
at a lower level of difﬁculty for a number of experimen'tai conditions. This was explained
by the overall higher deémands of the task in the Memory condition due to the additio‘nal
requirement to memorize the model of the ansWer at Phase 1 and the inability to shi'ft .
some of the processes towards the next phase. | |

| ~Allin all, the compa'rison‘of perfcrmance in the two task conditions did not
invalidate the obsei'ved trend for an 'increasingly larger pool of processing resources with
~ age. In addition, the results indicated that capacity is not the only factor shaping -
performance': the piescnt study cietected the importance of the availability and |
accessibility of the different strategies for approaching a reasoning problem. The

1 .

question of whether there is a relation between these two types of factors cannot be
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answered on the basis of the results presented so far, but it seems a promising path for
.futur_e'explbratierl.' - |
Another set bf results, in support of the validity of the observed trend, co.nce'rns a
the method tor detecting capacity-limited performance. The preserr't study used a version
of the dual-task approa‘ch to capacity and relied on indirect indlces of,reeources, instead
of applying more or less “direct” measures bf capacity. The questionbhere is: to what -
extent was vsecond'ary task performance irt the concurrent performance conditions a
reliable index of spare capaeity.? If performance on the secondary task was art index of
spare resources, then one should expec_t marlced differences between performance of this
task alone and in dual task conditions. .vThis expectation was confirmed: for the three age
groups, secondary taak reaction time was significantly longer in all eoncurrent
k performanee conditions, than when subjects responded to the tone only, without being
' engaged in solving a reasoning problem. F_tlrther, if secondary task perfbrmance was a.
reliable irrdex of spare _resources,,thelr one shoulld' expect that the different difficulty of the -
- primary task rvould be reflected in greater latencies for the secondary task when it is
performed concurrently with a more dlfﬁcult primary taslt. This pattern was found for
Grbup 3 only. The failure to detect it in tbe results frem Group 1 and 2 was attributed to
the 'exbected' practice effects. Mthdugh not invalldating the overall results, this failure
indicates the need for improvement of the experimental procedure. Finally, the Full
| distractien condition invol\red a repeated adnrinistration of the tone signal, a‘nd\
R presumably, this increased the overall demands of the dual-task situatic_m. If seeonda_ry

© task performance was a reliable index of spare resources, then one should expect longer
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reaction time in this condition as compared to performance on the secondary task in the
other distraction conditions.‘ This expectation was also met throughout the different |
experirnental conditions: secondary task performance in the Full distraction condition
was characterized by greater latencies although the differences did not always reach
sigrliﬁcance. ‘These exceptions, however, cdutd be explained by the excessive allocation
of efforts to the processes in either the first or the second phase of the trial in some.‘ _
* conditions.
.The oonsiderations, listed so far, support the validity of the observed trerrd for an
: increase of processing resources with age. In addition, they provide evidence for the
validity of the dual-task approach to capacity and for its potential in the study of age-
related changes in resources.' It should be noted, however, that the results were obtained
for processes that are speciﬁe toa particular task ‘and a particular forrrlat of presenting the
task. In this respect, one possible and necessary development of the present approach is

the study of other forms of reasoning and of different formats of presenting the tasks.

Effects of Capacity Limits on Rveasoning Performance
The hvpothesis that capacity is a necessary but rlot sufficient condition for the
development of reasoning involves two propositions. First, there is the assumption that
processing resources increase with age. Second, there is the assumption that insufficient
. resources would prevent subjects from performing at a higher level.

The results relevant to the first proposition were discussed in the section above.

‘The second orle required analysis of the results at levels of the primary task where




130

. performance was identified as capacity-limited. Both groups, howeQer, for which such
levels were identified exhibited capacity-limited performance for the last level of
difficulty ‘at which the task was administered. As a reminder, there were.only No-
distraction condition trials at the last level of difficulty. This precluded the possibility for
informative cofn'ﬁarisons among the different conditions at these levels.

It was argued, howe.ver, that performaﬁce under conditions of insufficient
resqufces could be observed for the distraction condition trials at levels where SeCondary
task performance predicted successfully performance of the primary task at thc next
levels of difﬁculty.‘ That is why the analyses were coﬁducted on the data from the

_distraction trials at these levels.

‘Two groups of results require more attention. First, all significant effects of Phase
2 distraction were associated with declines in perfomiance, when compared to
performance of t_hc primary task in the No-distraction condition. These effects were
consistent for all three groups, for‘the two measures of primary task performance, aﬁd for
both task conditions. Processes, related to the coordinaticn of the identified attributes
into a model of the answer, retaining tlilis.model in memory, and/or matching it to the
given answers, are supposed to take place at this phase of the solution, according to the
assumptions about the processes involved in performing the tasl(_. Thus, it can be
concluded that the quantitative characteristics of these processes.'constrain the overall
solution of the ‘problem. In the present situation, the experimentally induced (by means of

a secondary task, performed concurrently) deficit of processing resources prevented

subjects from performing at a higher level. This result is in support of the hypothesis that
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a certain amount of resources is a necessafy but not a sufficient condition for tﬁe
development of reasoning.

The other results, however, were not in accord with the expectations that can be
derived from this hypothesis. All significant effects of Phase 1 distraction were
associated with improvement of primary t_ask performance, when compared to No-
distraiction condition. In addition, such an effect was observed for the Full distraction
condition, though only for the accufacy nieasure.

One explanation, discussed in the previ.c.>.us chapter, was based on the conciitions
under which this effe_ct occurred. Firét, improvemeht of performance occurred in the
Pergeption task condition only. Second, the e_ffect was obserQed only in performance of
Groﬁp 1 and Group 2. Third, for both groups it océux"r’ed at the level of difficulty, where
the secoﬁdary task bredicted successfully primary task performance at the next leyel of
.difﬁculty (i. e., at the two-attribute level for Group 1, and at the three-attribute level for
Group 2). "fhis last condition suggests that the effect was specific for berfortnance under
insufﬁcient resources. The ﬁfst two conditions sixggest that the-effe,ct might be related té
ﬂ-lé difféfént strategies fhat were applied to the solution by the younger subjects in the
Perceptidn version of thé task. The analysis of secondary task performance of Groﬁpv 1
subjects suggésted that these subj ects were attempting a solution, different from the one
réquired by the instruction and most probably based dn pefceptual extension of the
graphic properties of the stimuli to a “good form”. The case might be similar with the

younger subjects in Group 2. Thus, the following explanation can be };roposed: the

secondary task, applied shortly after the onset of Phase 1, disrupts the process of
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“perceptugl” solution ahd sﬁbjects adopf a strategy that is close to the one required by the |
instruction. This latter strategy, bging the moré effeptive one in the context of the
particular tasks, re_éults iﬁ improvemént of performan;:é on the .reasoning task in Phase 1
distraction condition trials as compafed to performance on the No-distraction condition
trials, where the less éffective strategy is applied..
If this explanatiofx is correct, then the important quesgion hefc is whether ihe
results disconﬁrm the hypothesis that insufficient resources prevent, indivi'duals from
| performing at a _higher level. Several consideraﬁons should be takenbinto account in order
to answer this question. It should be noted that the influence of distraction; according to
the proposed explanation, was not direct. Pgrformance improved dﬁe to overcoming the
- impulsive approach to the problem and undertaking a r_rllore éfﬁcient one. Whether this
would happen if the insufficiency of resources was induced in some other way (for
example, by a shorter time for this phase), is an open question that can be tes;ed
empirical_ly. Ho_v&féver, the obtained decline in performance of the primary tasi( in the No-
_ dist:action condition at the next level of difficulty (i.e., where performance was capacity-
linﬁteé) 'suggesté that most probably impfo_vement would not be observed. Thus, it can
" be aCcepted that the effect is spe;:iﬁc to the type of distraction, in addition to.being
specific to iﬁsufﬁcient resources. |
Another way to look at the discfepant_ r¢sults for Phése 1 and Phase 2 distraétion,
i té consider the type of processeé thét wAe,re’ operating at the different stagés_of the
solution. The identiﬁc':ation‘of the relévant to the task attributes requires sequential -

processing of the material in the rows and columns of the matrix. The construction of the
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model of the answer and the _matching of this model to the proposed responses requires
that subj ects}sin‘zultane_ously take into account the attributes identified at Phase 1. It cléuld
be that the two types of processing are affected differently by insufficient resources. In
particular, sﬁbjec'ts might be able to corhperisate for an imperfect performance on the
éubtask at Phase 1 at later stages of the ﬁolﬁtio;l.

This explanation is coﬁsistent with the claims of several theorists (e.g., Chapman,
1987; Halford, 1993) that the complexity of a problem is associated with the
simultaneous coordination of a number of dimensions. - It is also consistent with the
pattern of results’ ostained for the Memory condition of the present study: administering a.

secondary task at Phase 2 consistently resulted in deterioration of performance on the

-reasoning task; disrupting the processes at Phase 1 had no effect on reasoning

performance. F_rdm this point of view, the role of capacity as a develop_megtal constraint
would be associated with processes invélying the simultaneous coordination of elements
in an inferentiél scieme. It should be ndted, however, that both explanations discussed
so far are speculative and that specially dcsiéned studies are ﬁecessary for evaluating their
a-dequac-y.

Thé conClusio:rf that can be drawn on the basis of the results from the présent
study is that the capacity limits of processe§ éssociated with the executive part of the
solution constfained the ﬁualify of performance on a reasoning task: .Thus, the capacity of
these p_r(‘)cesses' can be cqnsidered to be ay developmental‘ constraint as well because the

insufficient resources for carrying out these processes prevented individuals from

performing at a higher level.
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