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Chapter 1

Introduction
Research to the nature of human intelligence has come a long way. Since Galton

(1883) innumerable studies have been devoted to structures and processes which may de-
termine human intelligent behavior.

The validity of intelligence tests has been established in educational, occupational, and
mental health institutions. Moreover, descriptive measures are successfully exploited in
academic and personnel selection. The success in describing human intelligence, however,
has not been matched by comparable success in explaining the bases of the variation that
is described.

The oldest and most well-known attempt to understand the nature of intelligence is the
psychometric approach. Psychometric theories attempt to understand intelligence in terms

of single or multiple underlying factors or abilities. Although leading figures in the field of

psychometry have realized for a long time that to construct a theory of intelligence is to
construct a process theory (e.g., Cronbach, 1957; Freeman, 1926; Spearman, 1923;
Thurstone, 1947), it was only more recently that many in the field of intelligence acknow-

ledged that research dominated by factor analyses of test intercorrelations was incapable of
providing an explanatory construct for human intelligence, since it is difficult to falsify

(e.g., Carroll, 1983; Hunt, 1978. Messick, 1972; Sternberg, 1977a, 1985a). This led R.
Sternberg (198la) to conclude that factor analysis has:

".... failed because it has been too successful in supporting, or at least to disconfirm, too many
alternative models of intelligence" (p.  143).

In the last two decennia a variety of explanatory constructs underlying intelligence has
been proposed. These constructs are drawn from various areas of inquiry into the nature of

psychological processes, notably perception, motivation, learning, and cognition. Habitua-

tion, sensitization, arousal, inhibition, short-term memory, and information-processing
speed are just a few examples of explanatory constructs that are exploited in research on

intelligence.
Attentional capacity and the limits it places on intellectual performance have been rela-

tively unexplored. It has several attributes in common with intellectual capacity as des-
cribed by psychometric theory. Attentional capacity is assumed to be determined by an ag-

gregate of cognitive resources, which have been described as a single pool, or as consisting
of separable resource pools. Intelligence has also been described as a single entity that is
drawn on by many types of abilities or as a complex aggregate of many factors. Attentio-

nal capacity has been described as being determined by structural and energetic factors,
such as arousal and effort. Intellectual performance has been posited to be jointly deter-

3



4                                                                              Chapter l

mined by abstract-thinking capacity and factors like motivation and persistence. Attentional
capacity is used up by controlled processes but unaffected by automatic processes. Similar-
ly, intelligence is assumed to be measured by performance on tasks that demand controlled
or effortful processing (Cohen, 1993). In general, both attention and intelligence are re-

garded as adaptive.
Already Spearman (1927) suggested that human intelligence reflects the varying

amounts of "mental energy" possessed by different individuals. Moreover, performance on
more complex tasks (that is, those with high loadings on general intelligence (G)) was as-
sumed to require higher levels of concentration or mental energy than performance on
tasks with low G-loadings and was supposed to involve processes of reasoning and prob-
lem-solving. The influence of the concept of mental energy on more modern theories of
intelligence, however, has not been very strong. One reason for this may be the problem of
circularity in the definition of mental energy. An adequate account of the nature of this
mental energy, independent of its relation to tasks with high and low G-loadings, is re-
quired to remove this circularity. Another reason may be the unidimensional character of
this concept of mental energy as a consequence of Spearman's view of G as a real entity.
Contrary to this view are those who emphasize the complex, systematic nature of intellec-
tual functioning. Although they accept the statistical and empirical evidence for a general

factor in intelligence, they do not interpret this as proof of the reality of G as a unitary
property of the mind. They are the intellectual heirs of G. Thomson (1939). Guilford
(1980), Horn and Cattell (1966), Thurstone and Thurstone (1941) interpreted the general
factor as evidence of no more than the inter-relatedness of constituent parts in a complex
system; a higher-order construct owing its existence to a level of analysis rather than to

any single psychophysical cause (e.g., Detterman, 1982; Horn, 1980; Sternberg, 1985a).
One way that this notion of mental energy may be more adequately defined is with

more recent concepts of attentional (energetic) resources (e.g., Kahneman, 1973; Norman

& Bobrow, 1975). In fact, this link was already noted by Hunt and Lansman (1982).
Pribram and MeGuinness (1975) proposed that attention is not a single entity, but rather a

process involving independent, but interacting systems. Therefore, multiple energetic re-
source models, in which performance of qualitative different types of Cognitive abilities or
processes are alleged to depend on the availability or allocation of specific types of ener-

getic resources (Mulder, 1986; Pribram & McGuinness, 1975, 1992; Sanders, 1983), may
provide an explanation for variation in intelligence and its various, differentially as-
sociated, underlying cognitive abilities.

In the present study this last view is advocated by studying intelligence from a cogni-
tive-energetic perspective. Although the question if psychometric theory can uncover the
nature of human intelligence has to be answered in the negative, it certainly can provide us
with a detailed specification of mental structure (e.g., Carroll, 1993a; Sternberg, 1985a).
Therefore, a general methodological framework is developed based on the work of Guil-
ford (1967; Guilford & Hoepfner, 1971). Within this framework a processing model is
proposed consisting of three important stages of information processing: a cognition (in-
put), a reasoning (central), and an evaluation (output) stage. At the core of this framework
are mental or cognitive abilities, represented by psychometric tasks with a verbal or figural
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content chosen with either an emphasis on a cognition, reasoning, or evaluation stage. In
particular, the psychometric tasks with an emphasis on the reasoning stage (measuring in-
ductive reasoning abilities) are regarded as reasonable good predictors of general in-
telligence (G).

A major drawback of this cognitive ability approach is that it is not clear to what ex-
tent the various estimates (psychometric tasks) of the separate abilities are specifically re-
lated to one specific ability. In any task there are always various processes that play a role,
of which some may be more relevant than others (e.g., Sanders, 1980). To study the ro-
bustness of the tasks in "measuring" one and only one ability, the component processes as-
sumed to be active in the performance of the psychometric tasks need to be identified.
Within the proposed framework it is assumed that the cognition stage is characterized by
cognition processes (e.g., encoding), the reasoning stage by reasoning processes (e.g., in-
ference, mapping, application),    and the evaluation stage by evaluation processes    (e.g.,
comparison, justification).

On an energetic level it is assumed that the psychometric tasks with an emphasis on a
cognition stage are mainly regulated by an attentional control system called arousal-fami-
liarization, that the psychometric tasks with an emphasis on a reasoning stage are mainly
regulated by an attentional control system called effort-comfort, and that the psychometric
tasks with an emphasis on an evaluation stage are mainly regulated by an attentional con-
trol system called activation-readiness. Furthermore, it is assumed that each attentional
control system operates on a controlled-automatic continuum (cf. Pribram & McGuinness,
1992). Finally, it has been suggested that the extent to which these energetic control sys-
tems are exerted cannot be deduced from performance measures alone, but has to be re-
vealed in concordance with physiological activity (e.g., Hockey et al., 1986; Sanders,
1983).

The principal questions in this study are how the three different types of cognitive
processes and attentional control systems are related to the different cognitive abilities, and
by extension intelligence. More specifically, is each psychometric task, assumed to be re-
lated to one of the three cognitive stages, mainly modulated by the proposed cognitive
process and regulated by the proposed energetic mechanism.

To address these questions this dissertation is divided into four parts. Part I consists of
three chapters. In Chapter 1 (this chapter) an introduction of this study is given. In Chapter
2 three approaches to intelligence are reviewed which are somehow relevant for this study:
the psychometric, the cognitive, and the biological approach. In Chapter 3 the methodolo-
gical framework for this study is given, preceded by a brief review of the concept of ener-
getics.

Part II is divided into five chapters. Chapter 4 is an introduction to the experiment of
this part. In Chapter 5 a methodological review of information-processing models is given,
including componential models to estimate component processes. In Chapter 6 the methods
of the experiment of the "Psychometric-cognitive" phase are described. In this experiment
the component processes alleged to underlie performance of the psychometric tasks are in-
vestigated. Results of this experiment are reported in Chapter 7. The last chapter, Chapter
8, contains the discussion of the results of this experiment.
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Part III is also divided into five chapters. Chapter 9 is an introduction to the experi-
ment  of  this  part. In Chapter   1 0 a brief review of physiological responses as indices  of

autonomic, cognitive, and/or energetic control is given. In Chapter   11 the methods  of  the

experiment of the "Psychometric-energetic" phase are described. In this experiment the
energetic processes alleged to regulate the performance of the psychometric tasks are in-
vestigated. Results of this experiment are reported in Chapter  12.  The last chapter, Chapter

13, contains the discussion of the results of this experiment.
Part IV consists of one chapter. In Chapter 14 a general discussion is given. In this

discussion an attempt is made to integrate the results of both experiments and to come to
some final conclusions.



Chapter 2

Approaches to intelligence
Introduction

There exist numerous approaches to studying intellectual abilities. This chapter reviews
three approaches to the study of human intelligence which are somehow relevant for this
study: the psychometric, the cognitive, and the biological approach. The psychometric ap-
proach, which is the oldest, tries to "map" the mind in terms of mental abilities. In this ap-
proach, one administers a battery of tests, intercorrelates the scores on these tests, and
factor-analyzes these correlations. The factors thereby identified are posited to constitute a
set of latent abilities underlying scores on the tests. The cognitive approach tries to specify
the mental representations and processes that underlie intelligence. Performance on tasks is
decomposed into constituents that, taken together, constitute the real-time course of infor-
mation processing in problem solving. There are two major "subapproaches:" the "cog-
nitive correlates" and the "cognitive components" approach (Pellegrino & Glaser, 1979).
The biological approach attempts to find a biological basis of intelligence. Probably the
most well-known class of indices is derived from electroencephalographic (EEG) mea-
sures. Other, among others, more recent indices are derived from positron emission tomo-
graphy (PET) measures. Although each approach is different, and proponents of each ap-
proach try to highlight the advantages of their own approach over others, it turns out that
the different approaches often address somewhat different questions, and thus are not mu-
tually contradictory.

As stated before there are other approaches as well, which will not be discussed here
(see e.g., Baron, 1985; Brody, 1992; Ceci, 1990; Detterman, 1994; Saklofske & Zeidner,
1995; Sternberg, 1982, 1990a, for other approaches).

The psychometric approach

The psychometric approach dates back to the beginning of this century (Binet & Si-
mon,  1905). The representatives of this approach have in common their attempt to under-
stand human intelligence in terms of a set of underlying intellectual abilities. These abili-
ties are identified through factor analysis. This technique starts with a matrix of intercor-
relations (or covariances) for a set of tests and identifies "latent" sources that are hypothe-
sized to give rise to the observable variation in test scores. These latent sources of indivi-
dual differences are called factors. Thus, the fundamental unit of analysis in factor analysis
is the factor. It is proposed that individual differences in performance on intelligence tests
can be decomposed into individual differences in these factors, each of which is posited to

7



8 Chapter 2

represent a distinct intellectual ability (an introduction in factor analysis is given by
Harman, 1976).

Given that most of psychometric theories use factors as a basis for understanding in-
telligence, one might wonder how they differ from one another. The major differences are

(1) the number of factors posited by the theory and (2) the geometric structure of the fac-
tors with respect to one another. Both number and geometric structure can form the bases

for alternative theories of human intelligence. Psychometric theories vary greatly in the
number of factors they purport to be important for understanding intelligent behavior. This
number can range   from   1   to   150.   The four best-known geometric structures  are   an   un-

ordered, a cubic, a hierarchical, and a radex structure (cf. Sternberg, 1985a; 1985b).

Spearman (1927) proposed that intelligence comprises two kinds of factors, a general
factor and specific factors. He observed that correlations between intellectual tasks were

positive, and that one underlying factor accounted for these intercorrelations; the ability
represented by this general factor facilitates performance on all cognitive tasks. The abili-
ties represented by the specific factors underlies only a single task, and hence are of minor

psychological interest. As Spearman (1904) stated:

"All branches of intellectual activity have in common one fundamental function (or group of func-
tions), whereas the remaining or specific elements of activity seem in every case to be wholly dif-
ferent from that in all others" (p. 284).

Thus, there is one (general) factor (G), which is of major psychological interest. Spearman

made two suggestions regarding the nature of G. One proposal was that G reflects the

varying amounts of mental energy that individuals could invest in intellectual task perfor-
mance (see Chapter 3). The other proposal introduced his three "qualitative principles of
cognition" (Spearrnan, 1923), which will be dealt with in the section "The cognitive ap-
proach" of this chapter.

During the 1930s more refined factor-analytic techniques were developed. A major

contributor was L.L. Thurstone (1931, 1938, 1947), who developed factor analysis to en-

compass multiple common or group factors. Thurstone also introduced the principle of
"simple structure" aimed at a solution which maximizes the number of zero or near zero

loadings. In this way each factor has only a few high loadings. Applying the new techni-
ques to large test batteries, Thurstone (1938; Thurstone & Thurstone, 1941), identified
seven factors, each of which accounted for performance on a subset of the tests in the

battery, while there was no sign of a general factor, which means that these factors were
independent. Thurstone suggested that intelligence could be understood in terms of these

seven factors, which are not ordered in any particular way. These Primary Mental Abili-
ties, as he called them, are: Verbal Comprehension, Verbal Fluency, Number, Spatial Visu-
alization, Memory, Reasoning, and Perceptual Speed. However, later on, when test bat-
teries were assembled to measure the factors found earlier, tests appeared to correlate. This
finding led Thurstone to adopt an oblique factor model, in which a general factor was
found after a second order-factor analysis of the first-order factors (Thurstone, 1944;
Thurstone, 1947). Considering this, the model of Thurstone is not fundamentally different
from that of Spearman, although their focus of interest is different.
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The seven factors of Thurstone have been considerably extended by investigating new
domains of ability. For instance, Ekstrom, French, and Harman (1976) described 23 cognitive
factors, such as Speed of Closure, Perceptual Speed, Verbal Comprehension, and Induction.
These first-order factors are the result of many years of research (e.g., French, 1951; French,

Ekstrom, & Price, 1963). Because their kit of cognitive factors is concerned with tests rather

than factor structures, there is no indication o f a second-order factor structure.

Guilford (1967; Guilford & Hoepfner, 1971) proposed another extension of the number of
factors with his Structure of Intellect (SI) model. This model represents a method to classify

the many factors found. It proposes three major facets: operation, content, and product. There

are five kinds of operations: cognition, memory, divergent production, convergent produc-

tion, and evaluation, four kinds of content domains: figural, symbolic, semantic, and be-
havioral, and six kinds of products: units, classes, relations, systems, transformations, and im-
plications. The 5 operations x 4 content domains x 6 products combinations are represented

as  a three-dimensional model  with 120 different kinds  of intellectual abilities (see Figure  2.1)
According to Guilford these abilities are independent from one another and can be measured

by different tests. Hence, he denies the existence of a general factor. In a more recent paper

Guilford (1982) increased the number of factors to  150 by extending the number of kinds of

OPERATION:

Evaluation

Convergent production -
\

Divergent production -7
Memory -

PRODUCT:

-1sillirMUnits ognition =>.J

Classes \\=«><3«-/C
Relations

\\00-0-MKMvkwzR
Systems --\-\-%%%/s
Transformations- *0 -0          w-' <-,<-  T
Implications

.*Tr\\  ////1CONTENT: / --
/LE

Figural                                                                   N

Symbolic 11. /i;Semantic

Bellaviuial

Figure 2.1. Schematic representation of the Structure of Intellect model (after Guilford,  1967).
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content domains to five: visual, auditory, symbolic, semantic, and behavioral. In this paper,
Guilford claims   to have demonstrated the existence   of   105   of  the 150 possible factors.
These factors, contrary to his earlier claim, although logically independent, can be
psychologically dependent in the sense of being intercorrelated.

The work of Guilford is not without criticism. Both Eysenck (1967) and Cattell (1971)
raised criticism against the arbitrary nature of the SI model. It has been used as a basis to
construct tests while the results from these tests were used to support the model. Some
researchers have found partial support for the SI model (e.g., Kelderman, Mellenbergh, &
Elshout, 1981), but on the whole the model is regarded as highly questionable. In addition,
the claim that factors are independent is challenged (Eysenck, 1967; Jensen, 1980; Vernon,
1979).

Although the validity of the SI model as a whole is rejected and many factors cannot
be replicated, this does not mean that all factors found by Guilford are superficial. At least
22 factors of the SI model are sufficiently well replicated, with reference to those found
by Ekstrom et al. (1976, 1979) (Carroll, 1983; Horn, 1987).

In the post-Spearman work on intelligence it was soon discovered that, in addition to
G, group factors   are   o f great importance.    Burt (1949), Cattell   and Horn (Cattell,    1963;
Horn & Cattell, 1966), and Vernon (1950) are the most important representatives of this
tradition. As a major tool they used higher-order factor analyses of obliquely rotated low-
er-order factors. In a first step factor analysis is conducted with oblique rotation, yielding
first-order factors. These factors are then subjected to a second factor analysis which yields
second-order factors. In principle, this step may be continued to obtain even higher-order
factors.

Burt (1949) proposed a five-level hierarchical model, based on the results of many
studies. At the bottom of the hierarchy there are sensations, at the second level percep-
tions, at the third level associations, at the fourth level, the "relations level," are G and a
practical factor, and at the highest level there is "the human mind." However, contrary to
the one of Guilford, this logically constructed model did not have any great impact.

A more sophisticated hierarchical model, presented by Vernon (1950, 1965), received
more attention. At the top of the hierarchy Vernon posits G. Just below this level are two
major group factors: v:ed (verbal:educational) and k:m (spatial:mechanical). v:ed dominates
verbal, numerical facility, logical reasoning, attention, and fluency factors, while k.·m dom-
inates educational grade factors in drawing, handwork, and technical subjects, as well as
factors of spatial ability, mechanical information, psychomotor coordination, and reaction
times. At the next lower level of the hierarchy are minor group factors, and at the lowest
level numerous specific factors.

Probably the best known hierarchical model has been developed by Cattell and Horn
(Cattell, 1963; Horn & Cattell, 1966). In the Horn and Cattell (1966) formulation the mod-
el includes five second-order factors: fluid intelligence (GO, crystallized intelligence (Gc),
general visualization (Gv), general fluency (Gr), and general speed (Gs). Gf reflects basic
abilities in reasoning and related higher mental processes, and involves first-order factors
such as induction. Gf is thought to represent biological and neurological influences. Gf is
probably similar to Spearman's G (Cronbach, 1984), a suggestion supported by Undheim
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(1981). Gc involves verbal comprehension and reflects education and experience. Gv ap-
pears in almost all tasks with a figural content and involves first-order factors such as
visualization, speed of closure, and spatial orientation. First-order factors such as perceptu-
al speed load high on Gs, which is defined as speed of performance and consequently
involves very simple tasks. Both Cattell (1963) and Horn (1968) have argued that
Vernon's v:ed corresponds to Gv, and that k:m corresponds to Gc.

As have long been recognized, the statistical and conceptual problems of explorative
factor analysis are considerable (e.g., Jensen, 1980; McNemar, 1964; Messick, 1972; Stern-
berg, 1977a). There are the extraction and rotation dilemmas, the number of factors that
should be extracted, the number and kind of the variables to be selected, the large sample

size needed, etc. Conceptually, the factor analytic approach reveals only structural aspects
of problem solving, and is unable to identify the processes that operate within these struc-
tures. The factor analytic techniques employed in previous research tend to be biased in
favor of one of the models. These techniques are also fraught with the problem that they
are just exploratory, and do not provide for statistically sound tests of the number of com-
mon factors, or of the significance of factor loadings (Gustafsson,  1984,  1988).

Jdreskog (1969) presented a method for estimating and testing confirmatory factor

models, using maximum likelihood methods. In such models the number of factors, and
the pattern of loadings is specified in advance, on the basis of previous knowledge about
the variables being measured. Estimates of parameters in confirmatory models are unique,

so the problem of rotation is avoided altogether, and the fit of the data to the model can be
determined by statistical tests. JOreskog developed this and previous models into a general
model: LIear Structural RElations (LISREL) (Joreskog, 1973; Joreskog & Sorbom, 1978,
1981).

Gustafsson (1984) used the LISREL technique to test different hierarchical models of
abilities. He administrated a test battery to 981 subjects in the 6th grade (about 12 years
old).  The test battery, consisting  of 13 ability tests  and 3 standardized achievement tests,
was especially assembled to represent enough first-order factors for the identification of
the second-order factors Gv, Gf, and Gc (cf. Horn & Cattell, 1966).

The LISREL model obtained was a hierarchical model with three levels of factors. The
first level contained factors in the Thurstone and Guilford tradition, at the second level
there were three broad factors, Gv, Gf, and Gc, and at the third and highest level a G
factor was found. The model revealed, however, that Gf was identical with G. It may also
be noted that the factor Induction had a loading on Gf which approaches unity (.99). Esti-
mates of this first-order factor would thus be rather close estimates of the G factor.

Gustafsson suggested that the Spearman, Thurstone, and Cattell-Horn models may be
viewed as subsets of this LISREL model. The Spearman model takes into account variance
from the third-order factor, the Thurstone model takes into account variance from the first-
order factors, and the Cattell-Horn model explained variance from both the first- and sec-
ond-order factors. The Vernon model comes closest to the model proposed by Gustafsson.
The G factor is included in both models, and at the second-order level v:ed and k:m cor-
respond to Gc and Gv, respectively. Guilford's SI model is the only previously mentioned
model which is incompatible with the LISREL model. The reason for this is that the fac-
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tors  in the SI model are taken to be orthogonal, which precludes reduction of primary factors
to higher-order factors. However, as mentioned earlier, in his later work Guilford (1980,
1982) admitted the possibility of correlations between abilities, which allows for a
hierarchical reformulation of the SI model.

Gustafsson (1989) presented a hierarchical framework that is compatible with most
previously presented models of the structure of intelligence (Figure 2.2) (see also Gustafsson,

1984). This model has been based on results of several studies, and many researchers seem to
agree  that some kind of hierarchical structure is the most appropriate one to summarize these

results (e.g., Carroll, 1993a; Cronbach, 1984; Sternberg, 1985a). At the lowest level are
factors identified by Thurstone, Guilford, and Ekstrom and colleages. At an intermediate le-
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Figure 2.2. Hierarchical relations among some well-established dimensions of intelligence (after
Gustafsson, 1989).
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vel there are second-order factors that can be interpreted as the broad abilities within the
Cattell-Horn model. In terms of Vernon's model Gc is similar to v:ed and Gv to Asm. At
the highest level there is G, on which all the second-order factors have loadings. A
remarkable result is that Gf has a loading of unity on G. As a matter of fact, the
relationship between Gf and G is so strong, that these factors could be regarded as
equivalent (see also Undheim & Gustafsson, 1987). Tasks most highly loading on Gf tend
to be nonverbal reasoning tasks, which are tasks of relatively high complexity (Gustafsson,
1988). It seems that G is closely related to complexity of information processing (see
further the section "The cognitive approach") (cf. Snow, Kyllonen, & Marshalek, 1984).

Gustafsson (1989), however, stressed that this three-level structure is quite arbitrary,
and that the number of levels may depend on how densely or sparsely a domain is
sampled.

From reanalyses of more than 460 studies, using exploratory factor analysis, Carroll
(1993a) developed a three-stratum theory Of cognitive abilities. It represents a hierarchical
structure of abilities with three levels (strata). At stratum I are narrow abilities, at straturn
II broad abilities, and at stratum III general abilities. According to Carroll, there is abun-
dant evidence for a factor of general intelligence, G, found at stratum III, that dominates
factors or tests that emphasize the level of difficulty that can be mastered in performing
induction, reasoning, visualization, and language comprehension tasks. There is also some
evidence that G is correlated (though at a low level) with speed of information processing
and working memory capacity. At a lower level (stratum II), a number of broad abilities
are found. These are: fluid intelligence, crystallized intelligence, general memory, broad
visual perception, broad auditory perception, broad retrieval ability, and broad cognitive
speediness. At the lowest level (stratum I) are found narrow abilities, such as induction,
verbal comprehension, closure speed, perceptual speed, etc. These first stratum factors can

have loadings on more than one second stratum factor, indicating that first stratum factors
and the tests measuring them can be factorially complex.

Although Carroll did not provide coefficients of loadings, he indicates that among the
second stratum factors, Gf dominates mostly G (cf. Gustafsson, 1984, 1989), while Gc
follows Gf closely. The other broad abilities are of lesser importance to G.

After comparing his theory with other theories of intelligence, Carroll comes to similar
conclusions as Gustafsson. Besides differences in number, kinds of abilities and variables
measured, the model of Carroll has a remarkable resemblance in structure with the one of
Gustafsson (see Gustafsson, 1984, 1989).

Support for the three-stratum theory comes from Bickley, Keith, and Wolfle (1995),
who tested this theory with hierarchical confirmatory factor analysis (LISREL). In addi-
tion, they revealed that this hierarchical structure was invariant across age groups from 6
to 79 years.

A different and interesting area of research can be found in the work of Snow and
colleagues (Marshalek, Lohman, & Snow, 1983; Snow, 1980; Snow, Kyllonen, & Mar-
shalek, 1984), which is based on Guttman's radex model (Guttman, 1954, 1965, 1970).
They used nonmetric multidimensional scaling techniques, by using rank order information
from the original correlation matrix. In multidimensional scaling, tests are represented as
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points in two (or three) dimensional space; the higher the correlation between the tests the
greater their relative proximity in that space. In any radex, or "radial expansion of com-
plexity," two dimensions of tests appear simultaneously; one dimension suggests a simplex

structure, the other suggests a circumplex structure. Guttman (1954) observed that ability
tests within the same content domain can be arranged in a simple rank order from least

complex to most complex; it possesses a simple order of complexity, a simplex. Tests of

comparable complexity but of a different content domain can be arranged in an order
which has no beginning and no end, it possesses a circular order, a circumplex. The
covariation of the simplex and circumplex structures forms a radex. An advantage of mul-
tidimensional scaling analysis over exploratory factor analysis is the more direct relation-
ship with the tests and their intercorrelations.

Marshalek et al. (1983) reported a study of a battery of cognitive tests administrated to
241 high school students. A hierarchical factor solution revealed a general factor (G) and
three broad group factors, labeled Gv, Gf, and Gc, representing a visualization, a fluid, and
a crystalized factor, respectively. There were also nine first-order factors, like Closure

Speed (CS), Perceptual Speed (PS), Verbal Comprehension (VC), and Memory Span
(MS). Marshalek et al. concluded that the hierarchical solution provided a satisfying struc-

tural model that is more or less consistent with those of other theorists. However, they also
noted that this solution was based on a combination of complicated statistical techniques

and subjective researcher judgment. In a subsequent analysis, therefore, they analysed the

same data by means of a multidimensional scaling procedure. In Figure 2.3 is shown their
two-dimensional scaling solution.

In Figure 2.3, each point represents a test; points are coded for three levels of apparent

complexity as well as for content domain. Complex tests, that have more than 50% of
their variance accounted for by G, such as tests of inductive reasoning, are marked by
squares, and fall in the center. Tests of intermediate complexity, those having 26% to 50%
of their variance accounted for by G, are marked by triangles, and forms the next cir-
cumplex. Simple tests, those having less than 25% of their variance accounted for by G,
such as Street Gestalt (Speed of Closure) and Identical Pictures (Perceptual Speed), are
marked by circles and fall in the periphery. The verbal (black symbols) and numerical

(dotted symbols) tests are clearly distinguished from the figural-spatial (white symbols)

tests, while the verbal and numerical tests appear intersperse. This latter finding is not in
accordance with Guttman's (1965, 1970) three content wedges, perhaps, according to the

authors, because numerical tests were inadequately represented.
Tests that define a factor in the factor solutions can be traced clearly in the multidi-

mensional scaling solution; they are connected by lines drawn into the radex representation
where the factor symbols are also given. Factor analysis tends to constitute clusters as
separate factors within the two-dimensional scaling.

Snow, Kyllonen, and Marshalek (1984) reanalyzed the correlation matrices reported by

Thurstone (1938) and Thurstone and Thurstone (1941) by means of factor analysis as well
as multidimensional scaling. With both matrices the scaling representations provided the
same information as the factor analyses: a general factor and group factor structures. Tests

with the highest G loadings fell in the centre of the configuration and tests with lower G
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Figure 2.3. Multidimensional scaling solution of a test battery showing three levels of complexity
and three content domains. Complex, intermediate, and simple tests are indicated as black (verbal),
dotted (numerical), and white (figural-spatial) squares, triangles, and circles, respectively (from
Marshalek, Lohman, & Snow, 1983).

loadings fell progressively closer to the periphery. The radex structures also showed a
content distinction in verbal, numerical, and figural domains. This distinction in content
domains, however, seems to disappear for the more centered tests. Snow et al. interpreted
these findings assuming that the content facet is important for all but the more central
tests. In those tests some kind of processing similarity becomes more important than the
content being processed. Thus, for tasks with high loadings on G the process dimension
seems more important than the content dimension.

Snow and his colleagues also showed that the original primary factor structures ob-
tained by the Thurstones for both matrices were well captured by the multidimensional
scaling solution by superimposing the factor clusters on the scaling solutions. Among these
were Verbal Comprehension, Induction, and Perceptual Speed. The Induction factor ap-
pears in the center of the radex and is closest to what would be called Gf or, in accordance
with the results of Gustafsson (1984), G. The other factors fell more or less in the periphe-
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ry of the radex.

Apart from a different graphical representation, the theory of Snow is essentially simi-

lar (but more parsimonious) to the theories of Carroll and Gustafsson. However, an appeal-

ing feature of the theory of Snow, which does not appear in the hierarchical models based

of factor analysis, is the circumplex structure.

Summarizing the research, particularly over the last two decennia, into the structure of

cognitive abilities, leads to the following conclusions:

(1) Despite different statistical techniques, results of individual differences in intelligence
seem to converge. There is a very high degree of similarity among the different models of

intelligence, or as Sternberg (1985a) stated:

"On their face, the [psychometric] theories seem quite different. It is not clear that at a deeper

level these differences are as consequential as they initially would seem. Indeed, the amount of
agreement among these theories could be seen as substantially greater than the amount of disagree-

ment" (pp. 7-8).

Sternberg (1985a) argued that (a) all of the theories assume that the primary basis for
identifying the dimensions of intelligence are observed individual differences, (b) the alter-

native theories are mathematically nearly equivalent, and (c) some of the differences be-

tween theories are ones of emphasis rather than of substance.

(2) Almost all researchers agree that abilities or tests are positively correlated, called "pos-

itive manifold" (Eysenck, 1992). Only Guilford (1964) claimed that not all human abilities
are positively correlated. About 20% of the correlations between tests were zero correla-

tions. According to Detterman (1994c), this is a theoretically very important finding, be-

cause if basic cognitive tasks are uncorrelated with each other and they predict G, than it
is supportive for a model of intelligence composed of a small number of independent basic

cognitive abilities.
(3) Though G is a statictical concept, that does not make it any less real. The evidence for
a general factor is overwhelming (e.g., Jensen & Weng, 1994). However, the question is
what does it mean. Is intelligence a function of how well multiple processes can be carried

out in coordination (Cronbach, 1984)? Detterman (1994c) evaluated some basic theoretical

possibilities and came to the conclusion that intelligence is composed of a small number of

independent basic abilities (see also Kranzler & Jensen, 19914 199lb, 1993; and com-
ments by Carroll, 1991a, 199lb, 1993b). For batteries of standardized intelligence tests,

the percentage of variance accounted for by G is generally between 40% and 80%

(Detterman, 1994c). The relationship between G and Gf, however, is so strong that these

factors should be regarded as equivalent. Gf appears to be our basic reasoning ability,
which is mainly a function of our neural structures. Tasks that load high on Gf are "con-
tent-free" and require reasoning. The G factor is close to what Spearman called "eduction
of relations and correlations" (Spearman, 1923). The argument that G is best conceived as
a composite implies that no single test provides a perfect measure of this general factor.

For example, the Raven Progressive Matrices Test is generally considered a good measure

of G, but only 55% of the variance in this test is due to this factor (Gustafsson, 1988).
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Performance on a task is seen as a function of the relevant abilities and among these G is
always important but to varying extent.
(4) In addition to G (composed of basic factors), there are task specific factors, and in
addition to those two types of factors there is an error factor (Eysenck, 1992).
(5) The levels (or strata) in hierarchical models based on factor analysis are not be rigidly
defined. Somewhat different hierarchical factor structures can be produced simply by vary-
ing test construction or sampling, so the particular character of factors obtained in any
given study may not be particularly important (Humphreys, 1981). The level to which an
ability belongs is no more than an indication of its degree of generality in covering the
domain of abilities and tests. Generality is a matter of degree rather than of distinct cate-
gories. Further, these models do not imply a strict tree-structure whereby higher level
factors dominate only certain lower level factors (see also (1)) (Carroll, 1993a). Multidi-
mensional scaling techniques give a better account of these phenomena. Subsequently, it
seems unrealistic to expect that distinct factors should exist in, for example, every cell of
the SI model of Guilford. Taxonomies such as Guilford's model, however, may have heu-
ristic value in exploring the domain of cognitive abilities and can provide us with a frame-
work for research.

(6) Psychometric theory, as evolved in this section, can provide us with a framework with-
in which relationships between psychometric variables and variables of other approaches
(e.g., cognitive, biological) are to be interpreted (cf. Carroll, 1993a).
(7) Last, but not least, psychometric theory alone cannot explain the nature of intelligence.
Although their strength is that they give detailed specification of the structures that might
be involved in intelligence, they have not much to say about processes underlying in-
telligence (cf. Sternberg, 1985a).

The cognitive approach

There are two main cognitive approaches to human intelligence: the "cognitive-corre-
lates" approach, which tends to rely on relatively simple cognitive tasks, selected from a
wide range of experimental paradigms, correlated with measures of intelligence or specific
cognitive abilities; and the "cognitive-components" approach, which relies on relatively
complex tasks (such as analogies), analyzed in terms of some stage, or "componential"
model (Pellegrino & Glaser, 1979). But these are relative emphases, not alternatives, for
design and evaluation, and can be seen to blend together (Snow & Lohman, 1989). Within
the context of this study, however, the main focus will be on the cognitive-components ap-
proach.

In the preceding section I discussed Spearman's theory of individual differences. Spear-
man is the first one who developed also a cognitive theory of intelligence. In his book 77,e
Nature Of "InteUigence" and the Principles of Cognition, Spearman (1923) noticed that  the
general factor (G) involves three mental processes. (1) Apprehension of experience:

"Any lived experience tends to evoke immediately a knowing of its characters and experiencer" (p.
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48),

(2) eduction of relations:

'The mentally presenting of any two or more characters (simple or complex) tends to evoke im-
mediately a knowing of relation between them" (p.  63),

and (3) eduction of correlates:

'The presenting of any character together with any relation tends to evoke immediately a knowing
of the correlative character" (p. 91).

On the last two processes Spearman laid much stress, and he concluded that a cognitive
task correlates with G to the extent that these processes are involved. Particularly, in tasks
of inductive reasoning these principles are present.

R. Sternberg (1977a) was right by saying that the processes defined by Spearman are
not well specified. For instance, the apprehension and eduction processes are "evoke im-
mediately," but this description does not state what psychological mechanisms lead to im-
mediate evocation. Sternberg, however, also concluded that Spearman's cognitive theory is
most impressive. Many subsequent theories are merely extensions of Spearman's.

The cognitive-components approach has its roots in the information-processing work of
Donders (1868). Donders argued that if you times a person doing one task, and also times
him doing a second task that differ from the first task only in requiring one more mental
operation in order to complete it, then the difference in response time between the second
task and the first will be a measure of the time it takes to execute the single process.

This approach was brought into twentieth-century cognitive psychology by S. Sternberg

(1969) in his work on memory scanning, and was used by other cognitive psychologists
with success (e.g. Clark & Chase, 1972; Shepard & Metzler, 1971). It seems to provide as
well an entree for studying cognitive bases of intelligence.

R. Sternberg (1977a) proposed a method for studying intelligence which he referred to
as componential analysis. The basic method has two parts. The first part, internal valida-
tion, involves isolating the information-processing components and strategy involved in the
solution of a cognitive task hypothesized to relate to intelligence. The second part, external

validation, involves correlating component scores with psychometric reference tests hy-
pothesized both to correlate (convergent validation) and not to correlate (discriminant vali-
dation) with the target cognitive process (see Chapter 5 for a methodological review of this
and other information-processing models).

The cognitive-components research has mainly focused on inductive reasoning abilities,
because reasoning tests are good predictors of G (e.g., Alderton, Goldman, & Pellegrino,

1985; Bethell-Fox, Lohman, & Snow, 1984; LeFevre & Bisanz, 1986; McConaghy &
Kirby, 1987; Mulholland, Pellegrino, & Glaser, 1980; Pellegrino & Glaser, 1979, 1980;
Sternberg, 19774 1977b, 1983, 1985a; Sternberg & Gardner, 1983).

Pellegrino (1985) gave a general description of the processes required for reasoning

problems. The processes fall into three broad classes. The first class consists of attribute
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discovery or encoding processes; the important attributes of each individual term must be
represented in memory. The second class of processes consists of attribute-comparison
processes used for specific pairs of terms. Such processes are inference, mapping, and
application. The third major class of processes necessary consists of evaluation processes,
such as comparison and justification.

Sternberg (1977a) investigated three kinds of analogies with componential analysis:
People Piece, Verbal, and Geometric analogies. In a first experiment, 288 stimuli were
drawings of people varying on four attributes: height, girth, color, and sex. Sixteen sub-
jects (undergraduate students at Stanford University) were selected on the basis of their
performance on Reasoning and Perceptual Speed (High - Low). Testing of four componen-
tial models, differing in self-terminating and exhaustive processing, revealed a best model
with a fit of 92% on solution time group data. Estimated components were encoding, in-
ference, mapping, and application, together with an unestimated preparation-response com-
ponent. A battery of several reference ability tests were factor analyzed, showing a reason-
ing and perceptual speed factor. None of the estimated components correlated significantly
with each of the two factors, but encoding was the only component that correlated posi-
tively with the reasoning factor. The preparation-response component, however, correlated
significantly with psychometric reasoning (-.71, p < .01).

In the second experiment, 144 verbal analogies were presented to the same 16 subjects
as in the former experiment. The same model as in the former experiment accounted for
86% of the variance in the solution time group data. Also the reference ability tests were
the same as in the People Piece experiment. None of the components correlated sig-
nificantly with the perceptual speed factor. Again, encoding was the only component that
correlated positively with the reasoning factor, but this time significantly (.63, p < .01).
Inference and mapping correlated near significance with the reasoning factor and sig-
nificant with a Thurstone reasoning composite (-.56 and -.54, respectively, p < .05).
Again, preparation-response correlated significantly with reasoning (-.77, p < .001). Stern-
berg argued that this measure may also reflect certain executive or higher-level functioning
(metacomponents).

An interesting result is the positive correlation between the encoding component and
the reasoning factor in these two experiments. This indicates that better reasoners are slo-
wer at encoding than poor reasoners. Sternberg suggested that this might reflect a strategy
difference between ability groups. Other components, such as inference, mapping, and ap-
plication, have shown latency differences that favor better over poor reasoners. Better
reasoners were 243 msec faster than poor reasoners for a composite reasoning component
(inference, mapping, and application). Pellegrino and Ingram (1977; cited in Pellegrino,
1985)  obtained a 181-msec difference for reasoning  and a 120-msec difference  for  jus-
tification.

In the third experiment, 90 forced-choice geometric analogies were presented to 24
subjects (also students from Stanford University), selected on the basis of the Word
Grouping Test (High - Low). The same model as in the former experiments, with an addi-
tional justification component, accounted for 80% of the variance in the solution time
group data. Reference ability tests were chosen on the basis of a reasoning and spatial
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visualization ability. Correlations between reference ability test scores and factor scores on
the one hand and component scores on the other were trivial. However, multiple correla-
tions (component scores and error rates) of application and justification with reasoning
factor scores were significant.

A remarkable result across all three experiments was the significant negative correlation
between encoding and preparation-response (-.60, -.48, and -.80, respectively). Another,
probably less remarkable result is that almost none of the correlations between component
scores and reference scores were significant. Although Sternberg (19778) provided several

possible reasons, none of those reasons were really put to test. A possible reason not men-
tioned by Sternberg may be the small sample size, resulting in several unreliable scores.
Another possible reason, mentioned by Sternberg, but not tested, is the different relation-
ship between speed and accuracy among the several scores.

In a large extension of the componential method, Sternberg and Gardner (1983) ad-
ministered three different tasks (analogies, series completions, and classifications) with
three different contents (schematic picture, verbal, and geometric)   to    18 Yale under-

graduates (8 men and 10 women), who solved a total of 2,880 items. Information-proces-
sing models were assumed to be largely exhaustive and included encoding, reasoning,

comparison, and/or justification components.
The nine models had correlations between predicted and observed group data ranging

from .70 to .97. Intercorrelations of component scores (based on latency data) for contents,

collapsed over tasks, ranged from -.04 to .74, with the highest correlations between reason-

ing and comparison components and the lowest between encoding components, and for
tasks, collapsed over contents, ranged   from  -.08   to  . 80, again  with the highest correlations
between reasoning and comparison components and the lowest between encoding com-

ponents, indicating at least some convergent and discriminant validity regarding corre-

sponding and noncorresponding components. A reasoning and perceptual speed factor were
derived from the reference ability tests. Correlations between the reasoning component and

psychometric reasoning were, collapsed over content, -.70 for analogies, -.50 for series

completions, and -.64 for classifications (p < .05). These correlations were, collapsed over
tasks, -.70 for schematic-picture items, -.61 for verbal items, and -.67 for geometric items

(p < .01). Correlations between comparison and/or justification on the one hand and psy-
chometric reasoning on the other ranged from -.19 to :75, with a mean of :75 (p < .001)
for comparison and a mean of -.48 (p < .05) for justification, collapsed over contents and
tasks. Most encoding components did not correlate significantly with the reasoning factor
and were, contrary to the results of Sternberg (1977a), all negative (mean -.37). The corre-
lations between components and perceptual speed were mostly around zero. Also contrary
to Sternberg (1977a), none of the correlations between preparation-response and any of the
factor scores was significant.

Most of the results of this experiment are consistent with the notion that the com-
ponents that were supposed to be measuring reasoning were, indeed, measuring reasoning
in the psychometric sense.

The componential method was used by McConaghy and Kirby (1987) to examine the
extent by which this method could be used to investigate the cognitive processes of sub-
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jects with both above- and below-average intelligence. In general, results for the above-

averaged group were very similar to those obtained by Sternberg (1977a) in that solution
times indicate simplical structure, and the ordering in the fit of the models was the same

(with the best same model).
Also Bethell-Fox, Lohman, and Snow (1984) used the componential method to study

component processes in geometric analogies. Forty high school students (age range 14.5 to
17.5 years) were presented 360 two- and four-alternative items. Three ability constructs
were used as reference: Gfv (fluid-visualization ability), Gc (crystallized-verbal ability),
and G (Gfv + Gc). They tested 7 different componential models, of which the best one
had individual model fits (R2) ranging from .55 to .91.

Controlled for errors, all parameters (encoding, inference, application, comparison)

except preparation-response correlated with Gfv, or individual measures (Raven, Paper
Folding, Copying, Memory-For-Design) thereof, in at least one of the alternative condi-
tions. This suggests that all the components, except preparation-response, are sources of in-
dividual differences in reasoning ability. These correlations were in general lower for Gc
(mostly nonsignificant) and G. They also found differences in used strategies between low-
and high-ability subjects and item difficulty.

Mulholland, Pellegrino, and Glaser (1980) studied geometric analogies as a function of
systematic variations in the information structure of individual items. Each of 28 under-

graduates (age range  18  to 28 years) was administered a 25-item geometric analogy subtest

of the Cognitive Abilities Test (CAT; Thorndike & Hagen, 1971) prior to being tested on
the experimental items. The experimental analogies (460 true and false items) were gene-
rated from six types of elements and six types of transformations.

The results showed that individual latencies for solving the analogies differed as a
function of number of elements and transformations in a highly systematic manner, and
indicate that subjects solved the items in a serial and additive processing mode. A variety
of functions were fit to the group means, and a best fit was obtained with a multiplicative
function (true items: R2 = .97; false items: Rl = .81). Correlational analyses revealed that
performance on the CAT was positively correlated with the R2 values obtained for the best
fits to individual subject data (.44). A result similar to one obtained by Sternberg (1977a)
for verbal analogy data. A significant negative correlation between performance on the
CAT and the intercept parameter (-.44) was also consistent with results obtained by Stern-

berg (19773). As has been argued before this measure may also reflects certain executive
or higher-level functions associated with executing and monitoring solution strategy.

Whitely (1980) has developed a method of analyzing solution accuracy, called multi-

component latent-trait modeling, which is based on a general theory of analogy solution.
The essence of this method is to treat performance on a task as the result of two factors.
The first factor consists of the probabilities of success in executing each of the separate

component processes necessary for item solution. These probabilities are used to create a
prediction equation in which the likelihood of overall success in item solution is a function
of the individual's ability on each of the separate component processes. The second factor
deals with the difficulty of executing each separate process in solving a given item. Items
are assumed to differ in the ease or likelihood of inferring the appropriate rule and/or in
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selecting the best alternative completion term. A model of item difficulty can be derived
that is combined with a model of individual ability to provide a composite model. The
performance of an individual on a specific item is described in terms of both subject and
item variables. Process-outcome models can be tested, and the result is a characterization
of those components of performance that contribute to both item difficulty and individual
differences (see also Embretson,  1985). A major drawback of this method is that no strong
assumptions are made about the sequence, organization, and frequency of occurrence of
the different components processes. In this sense this method is less detailed than the com-
ponential method. Furthermore, since this method use accuracy as measure it is less sensi-

tive (statistical) that the componential method, which use latency as response measure.
Results of studies using accuracy of executing processes as measure converge with the

results obtained from latency studies (e.g., Alderton, Goldman, & Pellegrino, 1985; White-
ly, 1980). Alderton, Goldman, and Pellegrino (1985), for example, tested 80 under-
graduates on verbal analogies and classification problems. They showed that high-ability
subjects were more accurate in initial encoding and attribute-comparison processes, and
also more accurate in subsequent response-evaluation components than low-ability subjects.

Comparable results were obtained by Whitely (1980), who examined the performance of
104 adults on similar kind of problems.

Within a cross-cultural context Van de Vijver (1991) studied inductive reasoning prob-
lems with accuracy as measure in a figural and letter condition. Tasks were developed to
measure rule classification (encoding), rule generation (inference and mapping), and rule
testing (comparison and justification) components, which were assumed to compose the
process of inductive reasoning. With respect to the group of Dutch children (N = 632),
Van de Vijver found some condition related differences. The correlations between the
reasoning tasks in each condition were highest with the components of the corresponding
condition. Moreover, individual differences in the reasoning task of the figural condition
were more related to differences in rule testing abilities, while individual differences in the
reasoning task of the letter condition were more related to differences in rule classification
and generation. These findings indicate that for items in the figural condition the difficul-
ties occured later in the solution process, while for items in the letter condition difficulties
occured earlier in the solution process.

In a review, Pellegrino (1985) came to several conclusions regarding inductive reason-

ing problems. First, the ability is often associated with faster and more accurate execution
of processes such as inference and application of rules. Second, the ability involves being
able to infer novel and complex rules placing high demands on memory processes. Third,
the ability includes the capacity to coordinate and compare multiple relationships.

As already mentioned a few times, besides "lower level" components, it is assumed
that there are also "upper level" components active during reasoning problems. The more
basic processes are organized and coordinated by higher executive control processes, or
metacomponents (e.g., Sternberg, 1981c, 1985a). According to Sternberg (1985a), novelty
of a task calls for a greater involvement of strategic or metacomponential processes, and is
therefore an important determinant of a task's correlation with intelligence (see, however,
Larson, 1990 about novelty; see also Sternberg, 199Ob). Sternberg (1981b), proposing a
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link between G and the functioning of metacomponents, also suggested that individual dif-
ferences in lower level components are reflected by more specific abilities (see also Hunt,
1980a).

Direct empirical evidence in favor to the view of intelligence in terms of strategic func-
tioning is scarce. For example, Sternberg    (1981 d) conducted an experiment to isolate
metacomponential strategy planning in a complex analogical reasoning task presented to 20
subjects. He manipulated local and global strategy planning. Local planning refers to in-
dividual items and global planning to a set of items. Global planning was manipulated by
presenting 10 items in either a mixed or blocked format. Local planning was manipulated
by presenting individual items in different formats. A reference composite score was ob-
tained from two letter-series completion tests.

Fits to individual data ranged from .71 to .92, with a mean of .85. Correlations with
the composite score were -.54 for all items combined, -.54 for items in the blocked condi-
tion, and -.53 for items in the mixed condition. The mean correlations between the com-
posite score and the average of the parameter estimates was -.42 for the execution of per-
formance components, .43 for global planning, -.33 for local planning, and -.40 for the
regression constant. These results suggest that individuals with higher intelligence tend to
spent more time implementing the metacomponent of global strategy planning and less
time implementing the metacomponent of local strategy planning.

There is, however, a substantial amount of evidence consistent with, but not directly
supporting, such a view of intelligence in terms of strategic processes. Group differences
in test scores seems related to differences in ability and use of strategies in problem solv-
ing (e.g., Brown et al., 1983; Campione, Brown, & Bryant, 1985; Lohman & Kyllonen,
1983; Underwood, 1978). Such studies have typically involved comparisons between retar-
dates and normals, or children at different stages of development. A limitation of such
evidence is that the differences in strategies could be due to differences in more basic
abilities. Jensen (1979), for example, suggested that intelligence is linked to the ability to
perform tasks requiring active effortful mental operations, and that strategy selection is an
important manifestation of such processes.

In a similar vein, Larson and Alderton (1992) argued that strategies should be viewed
as a product of many things, rather than as a fundamental cause of ability differences.
Even when subjects are induced to solve the same problem by the same method, dif-
ferences in skill remain. For example, Lyon (1977) did a study in which subjects were
required to use the same memory strategy on lists of digits. He found that individual dif-
ferences in performance were hardly affected, suggesting that such differences reflect more
basic processes (see also Dempster, 1981; Ellis, Meador, & Bodfish, 1985). As another

example, Cohen and Sandberg (1977) studied the relationship between IQ and primacy and
recency recall on a probed serial recall task. Primacy recall reflects recall from a relatively
long-term secondary memory system, influenced by executive control processes. Recency
recall reflects recall from a more sensory primary memory system, unaffected by control
processes (e.g., Waugh & Norman, 1965). It was expected that primacy recall would be
more related to intelligence than recency recall. However, Cohen and Sandberg, using
children as subjects, found that recency recall was more strongly related to intelligence
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than primacy recall. Their conclusion was that non-strategic processes were responsible for
this relationship. In a study by Hughes (1983), subjects were divided into two groups, one
group was given explicit instructions on strategies that would assist recall, the other group
was given no such instructions. As expected, the instructed group performed better on the
learning task than the non-instructed group. However, correlations with scores on the Ra-
ven's Progressive Matrices were much higher for the instructed group (.59) than for the
non-instructed group   (. 16). This result would   not be expected if correlations with intelli-
gence were assumed to be mediated by subject's ability to select, by themselves, the most
appropriate strategies for the task.

Correlations between intelligence and performance on simple and strategy-free cogni-
tive tasks have been used indirectly both in favor and against the strategies view. Crawford
(1991b) noticed that one of the most frequent argument in favor of the strategic view is
the failure to find reliable and high correlations. He based this notion on an review of
Hunt (198Oa), who concluded that these kind of correlations are small, referring to the
"0.3 barrier" described by Keele (1979). This ceiling on the correlation between reaction
time (RT) and G led to the argument that a fairly large portion of the variance of G is
attributable to differences in knowledge base, attentional resources, motivation, problem-
solving strategies, executive processes, and other metaprocesses. Contrary, Jensen (1994)
used these correlations against the strategies view. He argued that elementao, cognitive
tasks (ECTs) involving the fewest and simplest processes (with RTs in the range of 200 to

600 msec) show the most interesting correlations with G. More complex tasks (more than
1 sec), actually reduce the correlation between RT and G. Jensen (1993) posited a U-
shaped task complexity effect with the optimal level of task complexity at some inter-
mediate degree of task complexity.  When the RT task is too easy, RT reflects sensorimotor
rather than cognitive processes. When the RT task is too hard, other factors, such as cogni-

tive strategies or other vagaries of performance, interfere with information-processing
speed. Jensen (1993) suggested that the capacity of Working Memory (WM) is the crucial
factor. When capacity is exceeded the correlation between RT and IQ declines (see also
Lindley et al., 1995). This supports the formulation of the Erlangen School (e.g., Lehrl &
Fischer, 1990) that both speed of information processing and capacity of WM are determi-
nants of intelligence.

Carroll (1976) has attempted a rational analysis of the cognitive components of in-
dividual differences as measured by 74 tests constituting 24 factors in the Kit of Reference
Tests for Cognitive Factors (French, Ekstrom, & Price, 1963). The memory model of Hutit
(1971) served as a theoretical framework in which these tests were analyzed. Carroll de-
veloped a uniform system for classifying the characteristics of the tasks represented by the
items of each test. This classificatory scheme included the types of stimuli presented, the
kind of overt responses that were required, the structure of the task, the cognitive opera-
tions and strategies employed in performing the task and their temporal aspects, and the
types of memory involved in storage, search, and retrieval operations. Carroll then used
this classification scheme as a basis for specifying the potential sources of individual dif-
ferences for each of the 24 cognitive factors. For example, Carroll concluded that speed of
Closure requires a search in long-term memory (LTM) for a match for a partially degraded
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stimulus cue. Individual differences appear primarily in the rate of this search, but the
probability of certain strategies may also be involved. Other examples are: Verbal Compre-
hension, which is almost exclusively dependent upon the content of the lexicosemantic
LTM, i.e., the probability of retrieving the correct meaning of a word, Induction, the
search for relevant hypotheses in a LTM "general logic store." Individual differences de-
pend primarily on whether the contents of this store are adequate to yield the solution to
the   problem.    Some   subj ects might adopt a possible helpful strategy   of performing serial
operations within short-term memory (STM) to construct new hypotheses, and Perceptual
Speed, which involves primarily the temporal parameters of a visual search through a field

for specific elements.
Carroll's analysis of the cognitive components of individual differences is "admittedly

speculative"   (p.   51),   but it illustrates a possible application of cognitive theory   into   the
search for individual differences in intelligence and specific cognitive abilities.

An attempt to relate component processes directly to intelligence has been made by
Snow, Kyllonen, and Marshalek (1984; Marshalek, Lehman, & Snow, 1983). They pro-
posed a process theory in which the required cognitive operations of a task are the key to
the correlation of this task with G. The complexity continuum of the radex model, dis-
cussed in the preceding section of this chapter, is the essence of such a theory. They de-
rived the following hypotheses about the nature of complexity: (1) Number of components.
Along the complexity continuum, from periphery to centre, performance components are
added; each task requires all the components of more simpler (more peripheral) tasks, plus
additional components. (2) Increases in complexity may also reflect the increased involve-
ment of one or more centrally important components. For example, reasoning components
may be a candidate. (3) Another possibility is speed of executing components. This speed
accumulates as the number of components accumulates, or as the operation of some central

component becomes more critical or more frequent. (4) More complex tasks may require
more involvement of executive assembly and control processes. Finally, (5) it is possible
that increases in processing complexity reflect some combination of all of these sources.

Another possibility is that G reflects the existence of common elementary performance
components within the correlated tasks (Detterman, 1986; Sternberg & Gardner, 1983;
Vernon, 1985). An argument compatible with the finding that more psychological complex
tasks exhibit the strongest interrelationships. As Hunt (1986) noted:

"The more complex two tests, the more they would be likely to depend on common elementary
components, and hence the higher the correlation between them" (p. 105).

It has to be noticed that task complexity and task difficulty are distinct concepts. In a
review of hierarchical theories of intelligence, Jensen (1970) added an important qualifica-
tion:

"This complexity continuum  is  not  the  same  as di fficulty  per se. Repeating a series  of 10 digits,
for example,  is a di fficult task if judged by the percentage of the population who can do it, but in
a more fundamental psychological sense it is a less complex task than answering the question: "In
what  way  are a banana  and an orange alike?"  An echo chamber  or  a tape recorded can repeat  a  10-
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digit series, but a relatively complex computer would be required to 'infer' the correct superor-
dinate category, given two subordinates, as in the banana-orange question" (p. 147).

Hence, whereas observed difficulty is an empirical measure of complexity, psychological
complexity is a theoretical concept, indicating the complexity of stimulus transformations
that are required in the solution process (Van de Vijver, 1991). Experimental psychology
provides a more clear distinction. Difficulty is related to demanded processing capacity,
while complexity is related to number of stimulus transformations and their complexity.
Counter-intuitively, more difficult tasks does not have to be better measures of in-
telligence. For example, Jensen (1977; cited in Crawford,    1991 b) found that paired   as-
sociate learning correlated more highly with IQ when, in the learning phase, the stimuli
were presented more slowly, even though the slower presentation made the task easier.
Crawford and Stankov (1983) showed that the immediate recall of digit and letter lists
correlated higher with fluid intelligence than did a similar task that was made more dif-
ficult by the inclusion of an interpolated attention distracting filler task between the pre-
sentation and recall of the stimuli.

Summarizing, besides methodological and statistical difficulties (e.g., Lohman, 1994;
Lohman & Ippel, 1993), results regarding the componential method have, thus far, not led
to a persuasive model of reasoning. Larson and Alderton (1992) suggested that this is due
to results that have been inconsistent with respect to the relative importance of various
component processes. Some studies stressed the importance of encoding, others not, some
did find reasoning components related to G, others not. Another reason may be the focus-
ing on quantitative differences in component processes. But there are also qualitative dif-
ferences, for instance, between low- and high-ability subjects. Larson and Alderton argued
that these qualitative differences, perhaps driven by factors such as the subject's knowl-
edge base (LeFevre & Bisanz, 1986) and short-term memory capacity (Bethell-Fox et al.,
1984; McConaghy & Kirby, 1987) suggest that global strategies or capacities, rather than a
particular set of elementary components/dimensions, underlie reasoning (and by extension,
(D. Another important reason may be the different response modalities used in most of
studies. Comparison of (component) duration with (ability) accuracy does not have to lead
to meaningful relationships. Speed and accuracy can be directly, inversely, or unrelated, at
least on an interindividual level (e.g., Pellegrino, 1985).

Some important notions of Sternberg (19858) can be added. What constitutes successful
external validation of componential models has never been clear, and the assumptions
underlying these models are essentially untestable. Moreover, the assumption that infor-
mation-processing components are an appropriate unit of analysis for understanding in-
telligence has not been tested, and is probably untestable.

Brody (1992) has argued that correlations between comparable component measures
obtained from different tasks are often modest, whereas theoretically unrelated components
do tend to intercorrelate positively (see however, Sternberg & Gardner, 1983). The first
finding implies inadequacies of the model tested, the second that common influences on
components (e.g., mental speed) are being neglected (Matthews & Dorn, 1995). Matthews
and Dorn (1995) further stated that the weakness of componential analysis is its neglect of
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nonlocalized influences on performance at both the lower level (network parameters as-
sociated with mental speed) and the upper level (attentional resources availability).

The biological approach

Already at the end of the last century, Francis Galton suggested the biological nature of
intelligence (1883, 1892). He attempted to find, although without success, relationships
between intelligence and sensory acuity, height, length of hand and arm, grip strength, as
well as psychomotor abilities. Despite some insight into this relationship (e.g., Hebb, 1949)
attempts remained without success until the second world war. During the post-war period
till the 1980s  a few isolated studies purported  to have identified  one or another biological
correlate   of intelligence. Since the 198Os,   with the advances in electroencephalographic
recording and neuroimaging technology, the number and quality of studies seeking a bio-
logical basis of intelligence have increased markedly.

Nowadays, the biological approach includes measures related to electroencephalogra-

phy, evoked potentials, and cerebral glucose metabolism. All these measures are related to
central nervous system functioning and share, in general, a common purpose: finding a
biological basis of G. In an attempt to minimize the influence of environmental, cultural,
social, or learning effects, this line of research has been mostly concentrated on no stimu-
lation Crest) or on very simple visual and auditory tasks.

Although the biological approach has no direct link with the concept of energetics,
several results can be interpreted, and has been interpreted by some researchers in this
way.

In this review these three biological approaches will be evaluated, with an emphasis on
more recent research with normal adult subjects, since children are less useful as subjects
due to brain maturation processes (unless controlled for). Moreover, in this review relative
emphasis is on methodological issues, since results seems highly dependent on these issues.

Electroencephalography (EEG). Not long after Berger's (1929) discovery that brain elec-
trical activity could be measured by means of scalp electrodes, investigators studied EEG
parameters that could correlate with intelligence. Already   in the 1940s and 1950s reviews
were written (e.g., Ellingson, 1956; Lindsley, 1944; Ostow, 1950). In an extensive review,
Vogel and Broverman (1964) concluded that the most convincing correlations between
EEG and intelligence have been obtained in children, mentally retarded individuals, geria-
tric patients, and brain injured adults (see also Lindsey, 1961). Most investigators who
have studied normal adults have reported zero correlations between EEG parameters and
intelligence (e.g., Biesheuvel & Pitt, 1955; Ellingson, 1956; Gastaut, 1960; Ostow, 1950;
Shagass, 1946). Mundy-Castle (1958) and Mundy-Castle and Nelson (1960), however,
found positive correlations between alpha frequency (8-13 Hz), one of the basic measures
of human background EEG, and IQ scores in normal adult subjects.

Giannitrapani (1969) extended Mundy-Castle's effort and made three assumptions about
the relationship between EEG frequency and intelligence: (1) frequency is positively re-
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lated to intelligence, (2) frequency increases during mental activity, and (3) there is the
greatest hemispheral differentiation during mental activity.

Giannitrapani studied 18 normal volunteers  (age 21-45 years; 11 males  and 7 females),
selected on the basis of their WAIS full-scale IQ and divided into a middle IQ group
(range  93  to   118)  and  a  high IQ group (range   119  to   143).  EEG was recorded,  with  eyes
closed, during resting and during mental multiplication (difficulty adjusted for each sub-
ject). Recordings were made from eight scalp locations (left and right frontal, temporal,
parietal, and occipital areas) with reference to both ears. Averaged frequency scores were
obtained for six periods of 5 sec (frequencies ranged from 6 to 50 Hz), and rated by two
scorers (averaged interrater reliability was .81). An alpha index was obtained by examining
every fifth second of the right and left occipital traces and recording whether alpha activity
was present or not.

There was no significant difference in mean EEG frequency between the two condi-
tions, although the frequency was higher during mental multiplication. In the frontal area a
higher frequency on the left side was found in the high IQ group. Brain areas showed a
significant effect between the two IQ groups; the high IQ group had a higher parietal fre-
quency in the left hemisphere and a higher occipital frequency in the right hemisphere,
while the reverse was true for the middle IQ group.

The correlations of mean multiplication-resting difference EEG frequency with WAIS
full scale IQ (FSIQ) and WAIS performance IQ (PIQ) scores were significant in the left
parietal area (-.48 and -.54, respectively). This indicates that subjects with a higher IQ
show less increase in EEG frequency when required to perform mental activity. No other
correlations between this difference measure and WAIS scores were significant, but most
correlations were negative.

The correlations between mean left-right hemisphere difference EEG frequency and IQ
scores were highest for the parietal area and WAIS PIQ scores (multiplication .54; resting
57). Almost all other frontal, temporal, and parietal correlations were positive (mean .22),

and the occipital correlations negative (mean -.38). Thus, the higher the IQ the larger the
difference in frequency between the frontal, temporal, and parietal hemispheres, and the
smaller between the occipital hemispheres.

Nine  o f the 12 positive correlations between  the  left and right occipital alpha index  and
WAIS IQ scores during both the resting and niultiplication condition were significant
(mean .54). In general, the correlations were higher during multiplication and for PIQ. For
the resting condition the results are in agreement with those obtained by Mundy-Castle
(1958). This finding indicates a negative relationship between IQ and alpha activity
desynchronization, which is enhanced during mental activity.

Despite the limited number of subjects and the fact that age was not controlled for,
Giannitrapani's study indicates that EEG of individuals with a relatively high intelligence
is characterized by a greater amount of high frequency activity. This conclusion is sup-
ported by Osborne (1969), who used a larger group of normal adult subjects (N = 60).

According to Gale and Edwards (1986) the greater difference in EEG frequency be-
tween hemispheres for brighter persons indicates probably less difficulty in mental mul-
tiplication (i.e., more focused attention); this is reflected in increased differentiation of
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parietal activation (specific to mental activity) and decreased occipital differential activa-
tion (reflecting general, nonspecific activation). Also Golubeva (1980) regarded alpha

frequency as an index of general central nervous system activation.
Further evidence for the hypothesis of a direct relationship between intelligence and

spontaneous EEG activity came from Everhart, China, and Auger (1974), who studies 20
adult females under different conditions (eyes open, flashing stimulus light off, and no
auditory attending task)  in a first experiment,  and a larger group  of 47 subjects  (age  18-63
years; 25 males and 22 females) in a second experiment, under the same conditions as in
the first experiment.

By far the most extensive study on the relationship between spontaneous EEG and IQ
has been done by Giannitrapani (1985). Although focused on children as subject, it de-
serves  to be mentioned. The author examined  the  EEG  of 83 children  (age 11-13 years),

during 6 different task conditions (stimulation or mental activity) and 2 resting periods in
the following order: rest I, six task conditions, and rest II. EEG was recorded at sixteen

monopolar channels (linked ears reference)   at   128   Hz. EEG samples  of  8   sec  or  64   sec
were split into 2 Hz wide frequency bands, from 2 to 34 Hz. Intelligence was measured by
the  WISC (mean full-scale  IQ 113; range  78  to  148).

Among the many results reported in Giannitrapani's book, only the most salient will be
mentioned. Averaged over the 8 conditions (64 sec epoch), full-scale IQ had the highest

correlation  (.60)  with  the 13-Hz component (the upper bound  of the alpha  band)  in  the  left
central  area. In general, significant correlations were found  most  with  the 11-Hz (alpha
frequency)   and 13-Hz components in fronto-central areas  and  with  the 23-Hz component
among all brain areas. The intercorrelational structure  of the 13-Hz component with verbal
IQ  (VIQ)  was  to  a high extent similar to full-scale  IQ.  PIQ was mostly correlated  with  13-

Hz activity in central areas and 23-Hz activity in occipital areas. Comparison of rest I with
mental arithmetic EEG activity (8 sec epoch) showed hardly any similarity of correlational
patterns for VIQ, while these patterns were more similar for performance and full-scale
IQ. These results indicate inconsistent EEG-IQ relations during rest versus mental activity
or stimulation.

As an example of a suggestion already made by Giannitrapani (1969) that EEG should
be digitized to allow Fourier analysis, Juolasmaa et al. (1986) studied preoperative EEG
parameters in 52 patients referred to open heart surgery (38 male and 14 female) with a
mean age of 46.6 years (SD = 8.2). Although the rate of possible cerebral disorders was
assessed to be 19.2%, their mean WAIS full-scale IQ was 102.7 (SD = 13.2), suggesting
that these disorders did not have any substantial effect. The EEG recordings were taken
from the left and right hemisphere at temporo-central and parieto-occipital areas; three
arte fact-free epochs  o f  10  sec were selected   from each channel   at  each  o f two recording
sessions. EEG measures were: (1) mean voltage of the total EEG frequency, (2) mean
frequency of the total EEG activity (FFT), (3) mean frequency of the alpha activity (FFT),
and (4) the percentage of delta, theta, alpha, and beta activity out of the total activity
(FFT). Psychological measures were: (1) a range of WAIS subtests, (2) the Logical Memo-
ry and Associative Learning subtests of the Wechsler Memory Scale, (3) the Benton Visual
Retention Test, and (4) a test battery to identify brain damage.
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After controlling the effect of age, which correlated negatively with alpha mean fre-
quency, Juolasmaa et al. found positive correlations between mean frequency (of total
EEG and alpha) and IQ (VIQ, PIQ, FSIQ) and various subtests (primarily verbal and
memory tests) (range .25 to .48) at several derivations (mostly right hemisphere deriva-
tions). Partial correlations (age partialed out) between the percentages of delta, theta, al-
pha, and beta activity and various test scores revealed that the higher the amount of theta
activity, the lower the level of performance in the Vocabulary and Picture Arrangement
subtests of the WAIS (range -.30 to -.50), and the higher the amount of alpha activity, the
higher the performance on the Picture Arrangement (temporo-central-left .33) and the
Vocabulary test (parieto-occipital-left .33 and parieto-occipital-right .25). Path analyses

showed that VIQ and mean alpha frequency were related, while age was not related to
VIQ. In the case of PIQ, age was more important than EEG activity. Another study which
used power spectra of EEG frequency bands has been done by Gasser et al. (1983), with
retarded and normal children.

These results are, in part, consistent with those reporting a positive correlation between

alpha frequency and intellectual performance (e.g., Giannitrapani, 1969, 1985; Mundy-
Castle, 1958; Mundy-Castle & Nelson, 1960). Results of a very recent study by Anokhin
and Vogel (1996) were to a large extent consistent with the results of Juolasmaa et al.
(1986). Particularly, the relationships between alpha frequency and performance on verbal
and memory (sub)tests were stipported by the results of this study with normal adults as

subj ect.
Besides spontaneous EEG studies there are some studies in which coherence of the

EEG is used as measure. Coherence varies between + 1 and - 1, and can be interpreted in
the same way as the product moment correlation. For example, Tatcher et al. (1983) re-
lated EEG coherence measures to intelligence. They used 191 children, age 5-16 years,
with a broad IQ range  of  44  to   150  (mean 107), measured  with the WISC-R.   EEG  was
derived   from  the 19 scalp sites   of  the 10/20 system (Jasper, 1958), referenced to linked
ears. One minute of artefact-free resting  EEG (eyes closed) was digitized  at  100 Hz. Delta
(0.5-3.5 Hz), theta (3.5-7.0 Hz), alpha (7.0-13.0 Hz), and beta (13.0-22.0 Hz) bands were
calculated. Age and sex were statistically controlled for.

Of the 28 interhemispheric coherence measures 75% were significantly related to full
scale IQ (FSIQ) at the p < .05 level. Of the 20 left hemisphere coherence measures 45%,
and of the right hemisphere coherence measures 60% were significantly related to FSIQ.
In general, higher coherence was associated with lower IQ. When the different covariances
among the EEG variables were taken into account, the left versus right hemisphere dif-
ference was eliminated, and the interhemisphere coherence was a stronger predictor of IQ
than intrahemisphere coherence. Furthermore, analysis of amplitude asymmetry showed
that larger asymmetries were associated with higher IQ. The main findings of this study

were corroborated by a study of Gasser, Jennen-Steinmetz, and Verleger (1987).
Tatcher et al. suggested that the less differentiated the brain (the more coherent and the

lower the amplitude asymmetry), the less it is able to process information, and the lower
intelligence.

According to Barrett and Eysenck (1992a) these two studies suggest that one index of
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biological intelligence may be the amount of brain used. An EEG measure which can be
interpreted in a similar way is dimensional complexity. Dimensional complexity can be
regarded as an index of competition among oscillating neuronal cell assemblies; the higher
the competition the higher the dimensional complexity of the EEG. A relationship between
the dimensional complexity of the EEG and the level of intelligence was determined in a
recent study by Lutzenberger et al. (1992). In a first experiment 22 male subjects (age 25-
61 years) were divided into a low IQ group (range 63 to 98) and a high IQ group (range
100   to    131)   on the basis   o f the Culture Fair Intelligence   test (CFT; Cattell,    1972).    EEG
was  recorded  from 15 sites (linked ears reference) during  30 sec restperiods and personal
scenes of positive of negative valence. During the resting condition, subjects with high IQs
exhibited higher dimensional complexities than subjects with low IQs. This effect origina-
ted primarily from the parietal regions. For the Pz electrode, a correlation of .48 was
found between the IQ-level and the dimension of the resting EEG. In addition to the
dimensional analysis, Lutzenberger et al. found no differences between the two groups of
measures based on conventional frequency analysis of the EEG (delta, theta, alpha and
beta power). A second experiment confirmed the major findings of the first experiment.

The authors concluded that these data indicate that general intelligence may be
reflected in a higher complexity of the electrical brain dynamics only in situations that
promote anatomically widespread interactions among different cell assemblies.

Summarizing, many studies, particular the older ones, trying to relate EEG measures to
intelligence suffer from one or more methodological weaknesses. Gasser et al. (1983) have
named a few: (1) heterogeneity with respect to IQ and age, (2) insufficient or inaccurate
quantitative characterization of EEG activity, and (3) inadequacy of measurement of in-
telligence. Others are: (1) no or inadequate control of age, (2) small sample sizes, and (3)
measurement of EEG activity during rest only. This last point was also stressed by Gale
and Edwards (1986), who argued that subjects should perform tasks that have relevance to
the processes underlying intelligence tests.

In a review of spontaneous EEG studies, Barrett (Barrett & Eysenck, 1992a) came to
the conclusion that there is very little use in continuing with this approach as an attempt to
elucidate the causal mechanisms with regard to IQ correlates.

Deary and Caryl (1993) were less pessimistic and more balanced. In their extensive
review of EEG research they concluded: (1) a variety of EEG measures correlate with in-
telligence in adults, (2) the factors leading to this relationship, however, are not well un-
derstood, (3) analyses of ongoing EEG (using measures such as power in particular fre-
quency bands, or coherence) have been relatively successful in obtaining significant asso-
ciations between brain electrical activity and intelligence, and (4) quantitative EEG tech-
niques have provided little insight into the causal links between the activity and test per-
formance which underlie the association.

Barrett (Barrett & Eysenck, 1992a) suggested that the coherence approach of Thatcher
et al. (1983) and Gasser, Jennen-Steinmetz, and Verleger (1987) is probably the best way
forward in terms of mapping discrete changes in brain activity across scalp regions. The
study by Lutzenberger et al. (1992) of dimensional complexity of the EEG can be added
to those. All three came to the conclusion that intelligence is significantly related to dif-
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ferentiation of EEG activity and probable to the amount of brain used.
There is evidence that alpha frequency represents neurophysiological mechanisms re-

lated to individual differences in information processing (Klimesch, Schimke, &
Pfurtscheller, 1993; Lebedev, 1990). Finally, particularly with regard to the positive rela-
tionship between alpha activity and intelligence found in a number of studies, there are in-
dications that alpha frequency is related to the level of cortical arousal or activation. In a
review, Kramer (1991) concluded that changes in alpha frequency may be an index of
overall level of arousal. However, such an explanation is not quite consistent with the
theory of Robinson (1993) based on evoked potential data, according to which high IQ is
associated with an intermediate level of cerebral arousability.

Evoked potentials (EPs). The first correlations between average evoked potential (AEP)
measures and intelligence were reported by Chalke and Ertl (1965). This work is charac-
terized by the following simple (mental speed) hypothesis: higher IQ individuals have
faster minds and shorter AEP latencies. Indeed, they found short visual AEP latencies

being associated with high IQ. This publication was followed by a series of studies with
similar results (e.g., Bennett, 1968; Ertl, 1971, 1973; Ertl & Schafer, 1969; Gucker, 1973;
Hendrickson (reported in Eysenck, 1973); Shucard & Horn, 1972; Weinberg, 1969). Ac-
cording to Barrett and Eysenck (1992a) the average correlation across these studies was
about -.30. Others reported positive or nonsignificant correlations between AEP latency
measures and intelligence (e.g., Davis, 1971; Dustman & Beck, 1972; Dustman,
Schenkenberg, & Beck, 1976; Engel & Henderson, 1973; Rhodes, Dustman, & Beck,
1969; Rust, 1975). Callaway (1975) gave an excellent and well balanced account of these
first 10 years  of research.

Building on the positive results of this research, Schafer and Marcus (1973) and
Schafer (1979) developed the construct of neural adaptability. Schafer (1982) defined neu-
rat adaptability as.

"The tendency of normal humans to produce cortical EPs (sensory evoked potentials) with large
amplitude to unexpected or attended inputs and small amplitude to inputs whose nature or timing
the person foreknows" (p. 184).

He argued that high intelligent individuals are characterized by adaptability, in the
sense that they use fewer neurons (less neural energy) than low intelligent individuals to
processing familiar information, but show a greater response (more neurons) to novel in-
formation.

Schafer (1982) reported the results of a study in which he hypothesized that individual
differences in cognitive neural adaptability correlates with individual differences in intelli-
gence.   In this study 109 normal  (mean  age 28 years, range   17  to  48)   and 52 mentally
retarded adults (mean  age 30 years, range  15  to 57) participated. A subsample  of 74 of the
normal subjects  had  a  mean  WAIS  FSIQ  of 118 (range  98  to  135)  and the sample  of re-
tarded adults  had  a mean  IQ  of 37 (range  18  to  68). Four conditions, designed to manipu-
late temporal expectancy, were: (1) periodic stimulation in which auditory clicks (60 dB)
were presented at fixed ISI of 2 sec, (2) self stimulation in which subjects control the rate
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of presentation by pressing a switch with some attempt to present the clicks randomly, (3)
random stimulation in which a tape playback of the self stimulation condition controlled
the ISIs, and (4) self-stimulation control in which subjects pressed a switch, but received
no clicks. This last condition was included to check for the presence of potentially con-
founding postmovement potentials during pressing the switch. It was assumed that in con-
dition (2) subjects had absolute knowledge of stimulus timing, in condition (1) some
knowledge, and in condition (3) no knowledge. AEPs to 50 stimuli were recorded from
Cz, referred to the left earlobe, with a recording epoch of 500 msec. Schafer derived a
"Neural Adaptability" (NA) index by using the total integrated amplitudes of the AEPs
from conditions (1), (2), and (3) in the following way:

NA =  [(3)  -  (2)] / [{(1)  + (2)  + (3)}  / 31  +  50

The constant 50 is added to make all NA values positive.
Under the self stimulation and periodic conditions, normal subjects had significantly

(24%  and 10%, respectively) smaller than average EPs, while under the random stimula-
tion condition, they had a significantly (25%) larger than average EP. All temporal ex-

pectancy effects were in the expected direction. During self and periodic stimulation tem-
poral expectancy was high, resulting in small EPs, and during random stimulation temporal

expectancy was low, resulting in large EPs. Within the subsample of normal subjects the
NA measure was found to be correlated significantly with IQ. The three EP ratios - peri-
odic/average, self/average, and random/average - correlated .40,.44, and .65, respectively,
with WAIS FSIQ. NA correlated significantly with WAIS FSIQ, VIQ, and PIQ, at .66,
63,  and .44, respectively. Remarkably high correlations, considering the restricted range  of
intelligence scores. Corrected for restriction of range in IQ, the correlation with FSIQ rose
to .82. Contrary to earlier findings (e.g., Ertl & Schafer, 1969; Perry et al., 1976; Shucard

&  Horn,   1972), the latency  of the P157 component  did not correlate significantly  with  IQ
measures. A scatter plot of IQ and NA revealed an empty quadrant: all subjects with a low
NA index had a low IQ, but not all subjects with a high NA index had a high IQ. High
neural adaptability seems to be a necessary but not a sufficient condition for high intelli-
gence.

These results indicate that neural adaptability under the influence of temporal expectan-

cy does reflect an aspect of brain functioning involved in cognitive processes underlying
intelligence. According to Schafer (1982), other cognitive modulations of EEG activity as

indexed by EP amplitudes support an association between neural adaptability and in-
telligence. Neural adaptability as indexed by effects of selective attention (Shucard &
Horn, 1973), information processing workload (Dinand & Defayolle, 1969), expectancy
(Squires et al., 1979), and habituation (Dustman & Callner, 1979; Schafer & Peeke, 1982)
on EP amplitudes, is related to differences in intelligence. However, it has to be noticed
that part of this work involved retarded infants and adults. In all these studies, Schafer

suggested, individuals with higher intelligence showed greater neural adaptability as shown
by EP amplitude variations under the influence of these cognitive factors.

He further suggested that neural adaptability is manifested in two distinct aspects of
brain functioning: (1) an efficient use of limited neural energy (reduced EP amplitude) to
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processing an expected stimulus, and (2) an excessive use of neural energy (augmented EP
amplitude) to processing a novel, unexpected stimulus. A brain that could deal efficiently
with both types of stimulation would be expected to demonstrate higher intelligence.

A study by Vogel et al. (1987) can be regarded as an attempt to replicate the work of
Schafer. Although they did not follow the methodology of Schafer exactly, they made use
of fixed and variable ISIs, thereby manipulating temporal expectancy. They used a method
called "oscillation," which sums maxima and minima of the AEP. Contrary to Schafer
(1982), they did not find any significant correlation between oscillation indices and in-
telligence.

In their search for a biological basis of G, Hendrickson and Hendrickson (1980) pro-
posed a neurophysiological theory of intelligence based on a model of synaptic structure,
function, and nerve transmission. This model was derived from Fox and O'Brien (1965),
who showed that the AEP in the cat corresponded to a histogram of single-cell spike activ-
ity. The Hendricksons suggested that intelligence is a function of the error rate (accuracy)
in a subject's pulse train transmission through the central nervous system. The higher the
accuracy (lower error rate) the higher the intelligence (see also A.E. Hendrickson, 1982).

After an attempt to replicate Ertl's original work (Ertl & Schafer, 1969) by D.E.
Hendrickson (reported in Eysenck, 1973), the Hendricksons (1980) did a study of their
own. They utilized a sample of 32 female and 61 male students (mean age just below 21
years). The AH4 test of general intelligence (Heim, Watts, & Simmonds, 1975), among
others, was administered to all subjects. During EEG registration at Cz and T4 (linked
mastoids reference), subjects were presented with an auditory stimulus (1000 Hz sine wave
of 400  msec) at three levels of intensity:  60,  80,  and  100  dB.  ISIs were randomly selected
between 4,6, and 8 sec. The order of presentation was the same for all subjects. They
were asked to press a response button as soon as they heard a tone.

The results were consistent with previous successful studies in this area. AEP latency
measures were significantly related to IQ measures. Six AEP latencies, of the first 3 peaks
and the first 3 troughs, gave correlations that tended to cluster around -.35 with three IQ
measures (Al, A2, and AT). The largest correlation was -.52. AEP amplitude measures
resulted in some significant correlations as well, higher amplitudes being associated with
higher IQ scores.

After evaluation of these results and those of Eltl and Schafer (1969), it became evi-
dent to the authors that the latency measures were related to the error in the subject's pulse
train transmission. Higher IQ subjects had low pulse transmission errors, and as a conse-
quence this resulted in pulse trains with little variation. The effect is an increase in both
the number and amplitude of excursions of the AEP trace and less variability. Therefore,
differences in IQ should be manifested in differences in complexity (string lenght) and
variation of the AEP. However, the latency measures reflect this complexity level only to
a certain degree. The lenght of the waveform gives a better account of this complexity.
Application   of  this ' string' measure   to   the   data   of  Ertl and Schafer   gave a correlation   of
77 with the WISC IQ scores, which, however, were extreme IQ scores.

To investigate this relationship further, Blinkhorn & Hendrickson (1982) correlated the
complexity measure with performance on Raven's Advanced Progressive Matrices (APM),
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some verbal ability tests (NIIP GT90A, Verbal Concepts and Verbal Critical Reasoning),
and some divergent thinking tests. Seventeen  male  and 16 female students (age range  16  to
36   years) were binaurally presented auditory stimuli   o f  1000   Hz   sine  wave  of  30   msec
duration at 85 dB. ISI was random between 1 and 8 sec. EEG was recorded from a bipolar
derivation CZ-Al (post-stimulus epochs of 512 msec). Subjects were asked to relax, listen
to the tones and keep their eyes closed.

The correlation between the string measure over 256 msec post-stimulus and APM was
.54, a value almost identical to the correlations between the APM score and the three orig-
inal string measures (over 512 msec post-stimulus), averaged EPs over 90, 64, and 32
epochs: .53,.36, and .45, respectively. Taking the value of .45 as a mid-range value and
correcting this value for the full range of IQ increased the correlation to a maximum of
.84. None of the verbal tests correlated significantly with the string lengths. However, the
authors admit that, given the relative small sample size, these correlations are not of great

accuracy.

In  a second study a larger sample  of 219 school children  (mean  age 15.6 years,  SD  =
1.13)   was  used (D.E. Hendrickson,   1982).   IQ was assessed  by  the  WAIS (mean score  =

107.7, SD = 13.9). The stimulus presentation, instructions, EEG derivation, and epoch
length were the same as reported in the previous study. The results of this study were
similar to those obtained by Blinkhorn and Hendrickson (1982). Moreover, it was shown
that the first 250 msec were primarily responsible for these relationships.

The findings of the Hendricksons were endorsed in the visual modality as well. Haier

et al. (1983), who used light flashes (the 23 subjects had no task) with a duration of 500
msec at four levels of intensity, presented at a fixed ISI of 1 sec, found correlations of .29,
.27, .43, and .50 (from low to high intensity) between the string lengths and Raven's
APM. Although Haier et al. obtained significant correlations for the two highest intensities,
they observed higher correlations (range .38 to .69) between N140-P200 amplitudes and
APM scores. Moreover, partialling out N140-P200 reduced the string-IQ correlations to
negligible levels. However, attempts to replicate this last result have failed (Robinson et
al., 1984; Stough, Nettelbeck, & Cooper, 1990).

Others than the group of the Hendricksons, have also provided evidence for a positive

string length-IQ correlation (Gilbert   et   al., 1991; Stough, Nettelbeck, and Cooper,    1990,
1992). In agreement with an earlier reported finding, Stough, Nettelbeck, and Cooper
(1990, 1992) reported the highest correlations (range from .44 to .71) between a post-stim-
ulus  epoch   from   100  to  200  msec, in which  the Nl occurred. This component, which  is
implicated in the process of attention (Nliatanen, 1992), may account for these results.

Failures to observe a significant string length-IQ association were also reported. Most
remarkable is a study by Barrett and Eysenck (1994), who found no conceptually or statis-
tically significant correlations between the the string length and intelligence in samples of
74 and 86 adult subjects. Remarkable, because their methodology was almost identical to
that of the Hendricksons. Shagass et al. (1981), using a stimulus presentation procedure
quite different from the Hendrickson paradigm, found no significant correlations between
Raven's SPM score and auditory, visual, or somato-sensory string lengths in normal sub-
jects (N = 20). According to Eysenck and Barrett (1985) this result may be attributable to
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the different stimuli and methodologies employed by these investigators.
And last, results in the opposite direction were also reported (e.g., Mackintosh, 1986).

Barrett and Eysenck (1992b) used 40 adult subjects (26 male and 14 female) with a mean
age  of 25.1 years (range 18-33 years) to attempt to replicate the Hendricksons results  fol-
lowing as closely as possible their nine points that form the basis for the Hendrickson
paradigm (D.E. Hendrickson, 1982).

They reported significant correlations between string length (Cz-Al) and WAIS FSIQ
of -.44 and -.40, for a 256 msec and 512 msec post-stimulus epoch, respectively. For PIQ
these correlations were -.49 and -.45, and for VIQ -.33 and -.37. Contrary to the Hendrick-
sons, these data indicate that AEP complexity decreased as IQ increased. Barrett and
Eysenck (1992b) concluded that:

"the Hendrickson paradigm as such is not a paradigm at all. Rather, any well-controlled attempt to
generate auditory or visual evoked potentials will possibly yield AEP parameter by IQ correla-
tions" (p. 377).

Another strong negative correlation between string length and IQ was observed by
Bates and Eysenck (1993a). Their experiment was designed to assess the effect of high
levels of attention on the string length-IQ relationship. Seventy volunteers (21 men and 49
women) with a mean age of 34.2 years (SD = 11.3) performed an inspection time (IT) task
(Bates & Eysenck, 1993b). Basically, this task consists of two stimuli: an auditory warning
stimulus of 1000 Hz, 70 dB, 50 msec, followed, with a random preparatory period of
between 1 and 3 sec, by a visual discrimination stimulus presented with an ISI of 2 sec
and a constant mask duration of 500 msec. EEG was recorded from 19 sites (10-20 sys-
tem) with linked ears references. EPs (300 msec post-stimulus epoch) were normalized to
a mean of zero and a standard deviation of one. IQ was assessed by the Multidimensional
Aptitude Battery (MAB; Jackson, 1984).

The stimulus-EP string length correlated significantly and negatively with IQ at prima-
rily fronto-central sites (range -.36 to -.50), while most significant positive correlations
with IT measures were found at parietal and occipital sites, ranging from .30 to .45. This
last result probable reflected the modality of the visual IT task. Thus, both in the auditory
and visual modality, the results indicate that under conditions of high attentional demands
brighter subjects have shorter string lengths.

Bates et al. (1995) suggested that the inconsistencies between the results of the previ-
ous studies reflect differences in attentional demands. In studies where a positive correla-
tion between string length and IQ was found subjects were required to listen but not to
respond to the stimuli (e.g., Blinkhorn & Hendrickson, 1982; D.E. Hendrickson, 1982;
Stough et al., 1990). This instruction can be interpreted as one in which subjects did not
need to attend to the stimulus. In studies where attention was required a negative correla-
tion was found (e.g., Bates & Eysenck, 1993a). Therefore, Bates et al. (1995) investigated
the influence of attention on the string length both under nonattended and attended condi-
tions. Twenty subjects (11 women  and  9  men;  mean  age 21.1 years,  SD  = 3.0) participated
in the experiment.  The  IQ was determined using  the AH-5 (range   12-40)  (Heim,   1968).
EEG was recorded from nineteen 10-20 sites with linked ears reference. The stimuli  were
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75 dB tone pips of either 1000 Hz or, in 10% of cases 1200 Hz, with a duration of 30
msec and random ISIs of 1 to 8 sec. In the unattended condition subjects were instructed
to  ignore the tones  and  in the attended condition, subjects had to count  the  1200 Hz tones.
Conditions were given in a counterbalanced random order. String length was computed,
after normalization, of low-frequency tone EP traces.

ANCOVA revealed a significant condition x IQ (2 levels; AH-5 median split at 29)
interaction at several sites: the high-IQ group showed a larger string length than the low-
IQ group in the unattended condition, with these position reversing in the attended condi-
tion. It is unclear, however, which variable is the covariate. Most interesting is the oppo-
site direction of change under attended and unattended condition in the high and low IQ
group. Subtraction of the unattended string length from the attended string length at each
channel showed an anterior-posterior gradient, suggesting that frontal areas are the clearest
markers of this attention effect, accounting for over half the variance in IQ (R2 = .53). The
authors concluded that attention modulates the string length. Moreover, this effect operated
differentially in high- and low-intelligence groups.

To explain the effects of the studies by Bates and Eysenck (1993a) and by Bates et al.
(1995), Bates and Eysenck suggested a capacity-efficiency theory of string length. Their
theory assumes that string length is not an index of intelligence, but that it measures ener-

gy expended during information processing. Hence, they regard string length under unat-
tended conditions, not as an index of neural accuracy (A.E. Hendrickson, 1980), but as a
measure of central nervous system energy metabolism, while under attended conditions as
a measure of efficiency. To quote from Bates and Eysenck (1993a):

"string functions as an €(licien€y index when recorded to an attended task, and as a capacity inder
when recorded under conditions of rest" (p. 369).

The brains of bright individuals, relative to dull individuals, expend more energy to
unattended than to attended stimuli, and the brains of dull individuals, relative to bright
individuals, expend more energy to attended than to unattended stimuli. Bates et al. (1995)
went even further, and suggest that metabolic efficiency is the physiological analog or
equivalent of G.

In a recent study, Burns, Nettelbeck, and Cooper (1996) attempted to replicate both the
findings of the studies of the Hendricksons and Bates. Forty subjects with a mean age of
24.2 years (SD = 5.6) responded to inspection time (IT) trials with two stimulus onset
asynchronies (SOAs) (IT - and IT +) such that the trials were approximately equally dif-
ficult or easy for the subjects. An IT trial consisted of a warning cue (a small filled circle)
with a duration of 500 msec and was followed immediately by the target stimulus (in-
verted U with unequal vertical lines). The warning cue alone condition, in which the sub-
ject had only to fixed the circle, was followed in random order by two IT conditions (IT -
and IT  +) (all  ISIs were random between  1.5  and 4 sec).  Five EPs (at Fz, Cz,  and Pz with
reference to the left mastoid) were constructed: a 500 msec EP for the cue alone condition
(onset: cue); two 500 msec EPs (onset: warning cue) in the IT - and IT + trials; and two
500 msec EPs (onset: target stimulus) in the IT - and IT + trials. String measures were
calculated for epochs  of 0-300  msec and 100-200  msec. A subsample  of the subjects  (N  =
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31) completed the WAIS-R with a mean FSIQ of 118.4 (SD = 14.1).
A correlation of -.25 between IT and FSIQ scores was found, consistent with a modest

negative correlation found by others (Kranzler & Jensen, 1989; Nettelbeck, 1987). Correla-
tions between string lengths (0-300 msec) and IT were negative and some of them signifi-
cant (range -.06 to -.38), particularly in the cue alone condition (range -.30 to -.36), and
contrary to the finding of Bates and Eysenck (1993a). Correlations between string lengths

(100-200 msec) and IT were smaller than for the 0-300 msec epoch and, except one, non-
significant. The correlations between string lengths and WAIS-R scores were near zero and
therefore did not support either the Hendrickson's nor the Bates's theory.

Recently, there has been a renewed interest in the latency and amplitude of EP com-
ponents associated with intelligence. This interest, however, is focused on attempts to
relate cognitive EPs to performance on intelligence tests. Surprisingly, with a few excep-

tions (e.g., Schafer, 1982), there have been no attempts before.

McGarry-Roberts, Stelmack, and Campbell (1992) focused this interest in cognitive EP
correlates of intelligence  on the P300 component.  From 30 right-handed women (age  18  to
25 years) EPs were recorded during six cognitive tasks given in random order. The tasks
included two reaction time tasks: simple reaction time and choice reaction time, and four
paired-stimuli tasks: physical similarity of words, category matching, Sternberg's memory

scanning, and synonym-antonym discrimination. A visual warning stimulus of 50 msec
duration preceded each trial. In the reaction time tasks the target stimulus was presented

for a duration of 1,590 msec at random intervals of 50 to 2,010 msec after the onset of the
warning stimulus, and the inter-trial intervals (ITIs) varied between 4 and 6 sec. In the
four paired-stimuli tasks the first stimulus was presented 950 msec after the onset of the
warning stimulus for a duration of 200 msec, the target stimulus was presented 700 msec
after the onset  of the first stimulus  for a duration   o f  1600  msec,   and   the  ITIs   were   5   sec.
Intelligence was assessed with the aid of the Multiple Aptitude Battery (MAB; Jackson,

1984).   Subjects were classified into high-IQ  (mean 119, range   111   to   134) and low-IQ
(mean 102, range  86  to 107) groups.  EEG was recorded  at  Fz,  Cz,  Pz,  and  Oz, but results

were given only for the Pz derivation.
In the paired-stimuli tasks the high-IQ group tended to display faster RT (significant)

and P300 latency (near significant) to the target stimulus, smaller P300 amplitude (not
significant) to the target stimulus, and larger P300 amplitude (near significant) to the first
stimulus than the low-IQ group. The correlations between RT and IQ were generally nega-
tive, but rather low (of the six tasks only one was significant) and consistent with previous
findings (Vernon, 1987). For P300 latency to the target stimuli, the correlations with IQ
were negative (range -.21 to -.38 for paired-stimuli tasks). Correlations between P300
latency and RT were not significant, and they seem to reflect different aspects of informa-
tion processing (cf. Kutas, McCarthy, & Donchin, 1977). For P300 amplitude to the target
stimuli, the correlations with IQ were also negative (range -.22 to -.37 for paired-stimuli
tasks). Negative correlations were also observed between P300 amplitude and RT (range -
.22 to -.37 for paired-stimuli tasks). The results of the P300 latency are in accordance with
the efficiency hypothesis of Ertl, and they provide some evidence that this parameter in-
dexed "speed of evaluation" or "decision making" that is independent of response produc-
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tion, and inversely related to intelligence. The results of the P300 amplitude can be ex-
plained in terms of the neural adaptability hypothesis of Schafer.

As another example, Pelosi et at. (1992b; see also Pelosi et al. 1992a) recorded EPs
during the performance of an auditory Sternberg memory scanning task. Nineteen subjects
(mean age 42.6 years, range 20-63) were presented trials consisting of a warning signal
followed by a 'memory set' of either 1 or 5 digits. After an interval of 3 sec, a probe digit
was presented. EEG was recorded from sites Fz, Cz, and Pz with linked ear reference
following the presentation of the probe digit, but results were only reported for Cz. WAIS
scores were not given.

With the larger set size of 5 digits, the latency of the N290 was longer, and the ampli-
tude of the P400 became smaller. The highest correlations were found between WAIS
FSIQ and VIQ and the ampltudes of P250, N290, and P400 (range .38 to .76). The more
negative-going the N290, the higher the IQ scores, and the more positive-going the P250
and P400, the lower the IQ scores. In general, subjects with higher intelligence scores had
more negative-going EPs. There were no significant latency or RT associations. The au-
thors speculated that the more negative-going EP waveforms in the more intelligent sub-
j ects  may be related to selective attention  (see also Schafer,   1982).

Summarizing, both latency and amplitude of several components and composite mea-
sures (NA and string lenght) of the AEP correlate (sometimes remarkable high) with in-
telligence, but these results are inconsistent. Even the use of the same methodology can
lead to different results. In general, this kind of research is characterized by (1) the use of
simple stimuli to evoke brain processes, and (2) the use of the concept of G with which
these processes are assumed to be related. For example, the string measure is evoked by
Simple auditory and sometimes visual stimuli and correlated with performance on tests
measuring G. This research is paved with many problems which certainly do not lead to
more insight into the processes underlying intelligence. First, it is unknown what G repre-

sents, second it is unknown what the string lenght measures, and third, both are measured
at different moments in time.

In 1980, Jensen characterized the research  into EP correlates  of intelligence  as:

"a thicket of seemingly inconsistent and confusing findings, confounded variables, methodological
differences, statistically questionable conclusions, unbridled theoretical speculation, and, not surpri-
singly, considerable controversy" (p. 709)

Nowadays, this picture is a little more differentiated. In a review, Deary and Caryl
(1993) concluded that correlations between component latencies of AEPs and intelligence,
while generally negative or nonzero, do not clearly indicate differences in intelligence in
the normal IQ range. However, as Deary and Caryl noticed, a region around P200 has
recently been identified as important for differentiating bright from dull subjects (see also
Caryl, 1994). Differences in amplitude of AEP components are more promising. Particular-
ly,  amplitudes of early AEP components (Nl, N140-P200) are associated with intelligence
and considered as indices of attentional processes. The high correlations between com-
posite measures and intelligence are probably due to amplitude and complexity differences
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(string measure), while the NA is an index of integrated amplitudes of the AEP.
Latency and amplitude may be related to different aspects of information processing,

latency to structural aspects of information processing and amplitude to energetic aspects

(e.g., Kok, 1990; Mulder, 1986). Results with Schafer's NA index showed that bright sub-
jects divert fewer of their resources to processing an anticipated stimulus than do dull
subjects. Bates advocated the concept of energetics to explain his data, and even suggested

that metabolic efficiency is the biological analog or equivalent of G.

Cerebral glucose metabolism. Compared with EP studies, cerebral glucose metabolism
studies are less and limited in scope. Positron emission tomography (PET) scans provide
us with an index of functional activity of the brain. With F-18 deoxyglucose as a tracer of
glucose metabolic rate. this activity can be quantified. This analytic tool is based on the
coupling of local neural activity and glucose metabolism in the normal brain. Its spatial
resolution is sufficient to view individual gyri of the cortex and discrete portions of the
basal ganglia, limbic system, and other subcortical areas (Phelps et al., 1979). During this
procedure, subjects are intravenously administered a positron-emitting radionuclide, such as
Fluoride   18 or Oxygen 15, which,  over a period  of  time, is taken  up  by the brain.   This

uptake period can range from 40 seconds to 30 minutes, dependent on the kind of tracer.
While temporal resolution will never be less than the uptake period, it is a tonic measure.
A PET-scanner produces a slicelike view of brain metabolic activity, with greater activity
requiring more glucose use or blood flow, which provide greater isotope concentration.
Because the uptake period is sensitive to the task being performed, PET, by its very na-
ture, is fundamentally a psychological technology (Haier, 1993).

Chase  et  al. (1984) reported  PET  data with F-18 deoxyglucose  as a tracer,  of 17 right-
handed Alzheimer's patients and 5 normal volunteers. During the uptake period all sub-
j ects rested with their eyes closed and their ears plugged. Hence, scores   on the Wechsler
Adult Intelligence Scale (WAIS) were obtained independently of the PET scan. Results

were given for all the 22 subjects together. WAIS scores were correlated with regional
cortical glucose use; no subcortical regions were reported. In general, WAIS performance
scores correlated most positively with glucose use in right hemisphere posterior parietal a-
reas, whereas verbal subtests scores correlated most positively in left hemisphere parasyl-
vian areas. These results were consistent with other studies of regional cerebral blood flow
or glucose use with brain damaged subjects, which indicate that increased flow was as-
sociated with cognitive activation (e.g., Butler et al., 1983; Ferris et al., 1980). They also
suggest that the more the brain is active, the better the performance. However, these stud-
ies looked mostly at subjects with considerable brain degeneration. The positive correla-
tions with glucose may simple reflect the extent of this brain damage. Moreover, the PET
results of Chase et al. were obtained while the subjects were resting.

A  PET  study by Berent  et  al.  (1988)  used 15 Huntington's patients  and 14 normal  con-
trol subjects. The Wechsler Memory Scale and the WAIS-R had been completed prior to
the PET scan with F-18 deoxyglucose (resting state during uptake). The patient group
exhibited positive correlations between subcortical glucose use and performance scores,
consistent with the results of the previous study. As noted before, this result can be inter-
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preted as related to the extent of brain damage and not as relevant to intelligence (cf
Haier, 1993). This notion is indirectly supported by the results of the normal control

group. For this group almost all correlations between subcortical glucose use and perfor-
mance scores were negative and significant (digit symbol/putamen correlation was -.68). It
seems that normals and brain damaged patients show opposite effects.

There are, however, significant problems associated with the interpretation of the above
mentioned data, since resting metabolic values do not reflect the actual status of the brain

in response to cognitive activity (Parks et al., 1989).
Haier et al. (1988), using an activation procedure, reported PET data of 8 normal right-

handed male subjects performing the Raven's Advanced Progressive Matrices (RAPM;
Raven, 1983a), 13 subjects performing the degraded-stimulus Continuous Performance
Test (CPT; Nuechterlein, Parasuraman, & Jiang,    1983), an attention   task,   and   9   subj ects

performing a control task (no attention) during F-18 deoxyglucose uptake. Subjects were
randomly assigned to each task. The analyses were based on three slices: supra-, mid-, and

intraventricular, each slice divided into four equal areas per hemisphere (24 sectors per
subject). Metabolic rate was either absolute (per sector), or, to control for individual dif-
ferences in overall level, relative (sector divided by whole slice). Higher relative metabolic
rates were found for the RAPM group than for the CPT and control groups in the posterior
half of the brain (left parieto-occipital region). Higher relative metabolic rates were also
found during the CPT task than during the control task in the right parietal cortex. Ab-
solute metabolic rates correlated negatively and significantly with RAPM scores, mostly in
the parieto-temporal and occipital regions bilaterally (between -.72 and -.84). However, the
correlations between CPT scores and absolute metabolic rates were all positive and one of
them significant (between .29 and .58). Relative metabolic rates revealed inconsistent and
nonsignificant correlations with the RAPM or CPT scores.

As the authors admit, the resting glucose metabolic rates of the subjects were unknown.
Hence, they do not know how performance relates to resting metabolic rates or to the
difference between resting and task metabolic rates.

The above mentioned results concerning CPT scores and corresponding metabolic rates
were to a large extent confirmed in a study by Buchsbaum et al. (1990) using larger

groups of subjects. Eighteen normal subjects (14 men, 4 women) performed the CPT, and
19 normal subjects (9 men, 10 women) performed a control task (no attention). Higher
relative metabolic rates were found for the CPT group than for the control group in right
frontal and temporo-parietal areas of the cortex. There was a significant positive correla-
tion between CPT task performance and relative metabolic rate in the right midposterior
sector on the midventricular slice (.56), indicating that individuals with relatively higher
metabolic rates in this area performed better.

In  another PET study, Parks  et  al. (1988) investigated 16 right-handed normal subjects
performing a verbal fluency test and 35 normal subjects in a resting state (eyes closed)
during [F-18] fluorodeoxyglucose uptake. Metabolic rate was normalized with reference to
the occipital lobe, which was least active during the verbal fluency test (controlling for
variability in absolute metabolic rates among individuals). Metabolic rates during the ver-
bal fluency test were increased by about 23.3% over the entire cortex compared with the
resting values. The greatest amount of metabolic rate between these two groups was con-
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centrated within the temporal (27%) and the frontal (25%) lobes bilaterally. The correla-
tions between metabolic rates and verbal fluency scores were significant and negative in
frontal (-.54), temporal (-.50), and parietal (-.54) regions of the cortex. A similar finding
was reported by Boivin et al. (1992)

Based on the results of this study and of those of Haier et al. (1988), Parks et al. pro-
posed an effort hypothesis:

"It is conceivable that subjects who found the verbal fluency task to be difficult exerted a greater

degree of effort so that they evidenced the greatest amount of activation. Similarly, it is possible
that those with greater verbal fluency used more efficient strategies in cognitive operations so that
little effort needed to be expended" (p. 572).

Haier et al. (1992) reported a study to investigate the relationship between changes in
glucose metabolic rate before and after learning on the one hand, and psychometric in-
telligence on the other. Eight normal right-handed male subjects participated. They played
the "Tetris" computer game, a complex visuospatial/motor task, during two sessions of 35
minutes of fluorodeoxyglucose uptake. During the first session subjects had practically no
experience with this game (naive scan) while during the second session they had previous-

ly practiced 30 to 45 minutes a day for 30-60 days (practiced scan). Between the first and
second session, each subject performed the RAPM and the WAIS-R. The PET scanning
technique was identical to Haier et al. (1988). In each hemisphere 16 cortical regions and
additional subcortical structures were measured. Overall, the correlation between glucose
metabolic rate and RAPM scores was higher for the naive (.77) than for the practiced (.09)
session. Notice that, contrary to earlier findings, the naive correlation is positive, indicating
that higher intelligence scores are associated with greater glucose use. The difference glu-
cose metabolic rate (practice - naive) correlated significantly and negatively with RAPM
scores (-.68), indicating that higher intelligence scores are associated with larger decreases

in glucose use. Specific brain areas that show significant correlations between change in
glucose use and RAPM are, among others, the superior frontal cortex and the cingulate
gyrus, with a correlation greater than -.80. This finding is consistent with the view that
attention may play an important role in intelligence (e.g., Duncan, 1995).

In a recent study, Larson et al. (1995) attempted to answer the question if individual
differences in brain metabolism are either an index of mental effort or structural mecha-
nisms (neural efficiency). A high- and average-RAPM group (N = 14 each), matched for
age Gif = 21.8, SD = 2.5) participated in two PET sessions. In the first session, subjects

solved "easy" backwards digit-span items (90% accuracy) during the 32 min FDG uptake
period. During the second uptake period, subjects solved "hard" backwards digit-span
items (75% accuracy). Accuracy level was maintained by adjusting item difficulty every
10 trials. Session order was counterbalanced. By adjusting item difficulty, the authors
assumed that the level of mental effort was about the same for every subject.

Digit-span lengths  for the high-RAPM group (IQ range 119-131) exceeded those  for
the average-RAPM group (IQ range 97-107) in both conditions. Overall, there were no
significant differences in absolute metabolic rates, although high-IQ subjects tended to
have higher rates than average-IQ subjects. During the "hard" digit-span condition meta-
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bolic rate decreased for the average group, and increased for the high group. The high-
RAPM group had a higher relative metabolic rate than the average-RAPM group.

Although Larson et al. made no statement against the neural efficiency hypothesis of

Haier et al. (1988), the results certainly do not support it. Neither do they support a "men-
tal effort" hypothesis (as far as accuracy represents task difficulty/effort). Furthermore, to
investigate if glucose use is an index of effort or not, more adequate experimental designs
are necessary (Kahneman, 1973). For example, the assumption that effort is controlled by
means of controlling accuracy is unwarranted.

Summarizing, correlations between glucose use and task performance scores are gener-

ally significant, but opposite, and seem to depend on the kind of task involved. Intelli-

gence tests, such as RAMP and verbal fluency have a negative relationship with glucose
use, while attentional tasks (CPT) have a positive relationship. Hence, despite methodolog-

ical flaws, we may tentatively conclude that there is an inverse relationship between intel-

ligence and glucose use during performance on intelligence tasks. Besides the limited num-
ber of subjects used in these studies, there is, for instance, no study that used measures of
difference metabolic rates (task - resting) within-subject. A modification in PET scan pro-
cedures allows the study of glucose metabolism in response to two different cognitive
states within a single extended PET procedure (Chang et al., 1987).

Whether glucose metabolism is a measure of energetics or structure remains to be de-
termined (Parks et al., 1989). Considering the tonie (accumulative) character of glucose

use, it is quite possible that it is more an index of level of cortical activation underlying
structural processes than an index of these structural processes (neural efficiency) itself.

In a recent review, Haier (1993) concluded that the potential power of PET is great, to
the extent that G or specific abilities may be localized (see Gazzaniga, 1989). Temporal

limitations, however, reduce this power.

General summary. Despite many inconsistencies in the relationships between general in-
telligence and cognitive abilities on the one hand, and various physiological measures on

the other, it is evident that there are associations. It is also evident, however, that the cau -
ses of these relationships are unknown. The biological approach to intelligence is, in

general, characterized by (1) methodological caveats, (2) measurement of G as a static and

gross index of performance, and (3) measurement of possible dynamic indices of G during
rest or simple tasks and not during performance on complex tasks. In short, it is
questionable if this kind of research can lead to a understanding of the mechanisms under-

lying intelligence. As Hebb ( 1942) argued, biological intelligence cannot be assessed

directly; only the product of its interaction with the environment can be assessed.

Although highly speculative, CNS correlates of intelligence seem related to two interre-
lated aspects of information processing; structural and energetic processes. EEG, PET, and
amplitude of EP components may be associated with energetic processes, and latency of
EP components to structural processes. Speculative, because before correlating two van-
ables, one is well advised to know something of the functional significance of at least one
of them. Combining the unknown with the unknown does not necessarily increase human
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knowledge in a systematic fashion (Gale & Edwards, 1986).
Moreover, the kind of information provided by studies that look at theoretically mean-

ingful relationships are likely to be more important than those that find unexplained empi-
rical relationships even if the relationships are large (Detterman, 1994b).

According to Deary and Caryl (1993) it is unlikely that any single index of brain ac-
tivity will provide a "physiological measure of (7' which can replace conventional tests of
intelligence. Progress in understanding the physiological basis of intelligence will come
from acceptance of the fact that the brain is not a homogeneous unit, and from the mea-
surement of the contribution of different areas to performance on particular subtests. Bio-
logical evidence that the brain is not a homogenous unit comes from Thompson, Crinella,
and Yu (1990). They tested 424 rats hoping to find a general learning system that might
be analogous to G in humans. Instead the authors concluded:

"One fact becomes abundantly dear: Almost every brain structure implicated in psychometric g
participates in a dijIerent neural mechanism" (p. 154).

Their results suggest that G is composed of a number of basic neural mechanisms. Miller
(1994), however, suggested that many observations in intelligence could be explained if
much variance in intelligence reflects myelination differences. The author concluded that
differences in e.g., brain size, energy use, nerve conduction velocity, reaction time, etc.
could be related to thickness in myelin.



Chapter 3

A cognitive-energetic approach to
intelligence

Introduction

Already Spearman (1927) suggested that general intelligence (G) reflects the varying
amounts of mental energy possessed by different individuals. Tasks were hypothesized to
vary with respect to the extent that the availability of this mental energy determines level

of performance, with performances on more complex tasks (that is, those with higher G-
loadings), being relatively more affected by the supply of such energy. The influence of
the concept of mental energy, and particularly Spearman's assumption of its primarily
physiological and genetic basis, can be seen in the later writings of authors such as Cattell,
Eysenck, and Jensen.

This notion of mental energy may be more adequately defined via the more recent
concept of attentional resources that is associated with the variable allocation models of
Kahneman (1973) or Norman and Bobrow (1975). In such models, "central" limitations on
the simultaneous processing of multiple sources of information is restricted by the limited
availability of a general purpose source of attentional resources, which is capable of fuel-
ling concurrent activity in different mental structures. The fairly obvious and direct parallel
between Kahneman's notion of attentional resources and Spearman's concept of mental
energy was, in fact, noticed by Hunt and Lansman (1982).

Pribram and McGuinness (1975) proposed that attention is not a single entity, but ra-
ther a process involving multiple interacting systems. Three control mechanisms were des-
cribed for the regulation of attention: attentional arousal, response activation, and cognitive
effort. Moreover, these mechanisms were supposed to correspond with different stages of
information processing.

This cognitive-energetic approach has been further elaborated (e.g., Sanders, 1983).
Energetic concepts have been incorporated into stage thinking, and specific computational
processing mechanisms are associated with specific energetic resources. Some of these

mechanisms may be more controlled while others may operate rrtore automatically. Hence,
some of these mechanisms allocate a greater amount of resources than others. However,
the common element to all resource models is that "resources are scarce" or that "capacity
is limited." This is most pronounced in Kahneman's (1973) effort notion which refers to
energetic resources activating the computational structures and controlling its adequate
functioning. As Gopher and Sanders (1984) argued:

"No  performance can occur without allocation of effort or energetic volume  to a given  task!"  (p.

45
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233).

In view of the theories of information processing and of multiple resources, and the
distinction between automatic and effortful mental processing, it is surprising that no more
attention has been given to a theoretical and empirical link between the structure of cogni-
tive abilities and the structure of attentional resources. Given cognitive-energetic theory, a
logical extension is that individual differences may occur within cognitive and energetic
processes or states underlying intelligence.

In this chapter the methodological framework of the present study is described. Prece-
ding this presentation, brief reviews of theoretical and empirical arguments leading to this
framework are given. This includes theories of single and multiple energetic resources,
cognitive-energetic models of information-processing, and the distinction between
automatic and controlled processing. Theoretical and empirical links between this work
and intelligence are also briefly reviewed.

Cognitive-energetic theory

Energetic theory. It is assumed that the processing of information requires energetic re-
sources (or mental capacity). These resources, which are often used interchangeably with
terms as capacity, energetics, and attention (e.g., Mulder, 1979; Wickens, 1980), have
usually been treated as a hypothetical construct of which the information processing sys-

tem makes use, and which may vary as the state of the organism or the environment var-
leS.

There are two kinds of resource theories, which differ in an important assumption.
Resource volume theories assume that resources are some kind of pool, that may become

depleted in suboptimal situations. As less resources are available, task output is less but
not qualitatively different (e.g., Navon & Gopher, 1979). Hence, an important assumption
of resources volume theories is process invariance: the nature of the processes is not af-
fected by the allocated resource volume. Only the total output may change. In contrast,
resource strategy theories do not assume invariance of the nature of the operations. Quali-
tative changes in the processes as a function of availability of resources is actually a basic
element of strategical resource theory (e.g., Hockey, 1979, 1984, 1986). The resource

strategy models are essentially based on a more physiological model, the unidimensional
concept of arousal. This concept emanated from the Yerkes-Dodson law (Yerkes & Dod-
son, 1908). Every task is assumed to have its own level of arousal at which performance is
best. Both too little and too much arousal result in performance impairment, thus showing
an inverted U-shaped relationship between arousal and performance (Duffy, 1951, 1972;
Freeman, 1948; Hebb, 1955). From behavioral as well as physiological research serious
objections have been raised against this unidimensional notion. For instance, most theories
of generalized arousal (e.g., Duffy, 1972) predicted that measures of autonomic responses
such as SCR, pupil dilation, or cardiovascular responses would provide an index of the
level of arousal. It is now evident that this prediction was an oversimplification. Lacey and
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Lacey (1970) showed that the cardiovascular response can be fractionated. Other research
showed that many environmental conditions do not affect performance in an
unidimensional way (Broadbent, 1971), and that the inverted U-shaped relationship is an
artifact due to increased dual-task demands (Nab:tanen, 1973). It is clear that the term
arousal has been used to refer to all aspects of the internal state that mediate responses.

Kahneman (1973) proposed that the amount of processing capacity could be influenced
by the arousal level of the organism. As task demands increase, arousal mechanisms in-
crease the amount of allocated resources. As task demands become too high, however,
resource limits are exceeded and performance deteriorates. He suggested that there are
three kinds of arousal: (1) a generalized pattern of sympathetic nervous system dominance,
(2) a pattern of increased motor inhibition, with associated alertness, and (3) a pattern of
relaxed perceptual intake. These kinds of arousal vary with the amount of motor activation
involved. The pattern associated with generalized sympathetic activation is similar to the
arousal concept described by e.g. Yerkes and Dodson (1908) and Duffy (1951, 1972). The
state of readiness that is produced by a warning signal is closely associated with the classi-
cal orienting response (OR). Under these conditions, motor inhibition occurs to allow the
organism to prepare for future responding. The autonomic responsivity associated with this
state of alertness is different from the sympathetic kind of arousal.

Kahneman (1973) argued that transient changes in "arousal" are critical to an under-
standing of attentional processes because they reflect the momentary allocation of effort to
the processing of new information, as well as the anticipatory state enhancing future atten-
tional allocation by affecting "capacity." Hence, Kahneman used the term arousal to des-
cribe the activation produced by different cognitive processes.

The concepts used by Kahneman are very broad, to the extent that it is somewhat dif-
ficult to distinguish between arousal, effort, allocation of capacity and attention. Some
authors have been critical of his theory for failing to adequately define concepts to allow
for testable hypotheses (Eysenck, 1982b; Pribram & McGuinness, 1975; Spinks & Siddle,
1983).

Another line of research in favor of the concept of multiple resources has emerged
from failure of the main prediction of the single resource model that, irrespective of their
characteristics, all tasks compete with one another when demands for resources increase.

This prediction has been repeatedly refuted in dual task experiments (e.g., McLeod, 1977;
Wickens, 1978). These results are difficult to interpret for a single resource model but can
easily be accounted for by the hypothesis that the human processing system is composed
of several relatively independent resources and that tasks compete with one another only to
the extent that they overlap in their demands for common resources (Allport, 19804
198Ob; Navon & Gopher, 1979; Wickens, 1980). Results from different studies seem to
converge on the existence of at least two kinds of energetic mechanisms: one associated
with perceptual and another with motor demands (e.g., Gopher & Navon, 1980; Gopher et
al., 1982; Israel, Chesney, Wickens, & Donchin, 1980; Wickens & Kessel, 1980), the
operations of which may be coordinated by a third mechanism.

This suggestion agrees with Pribram and McGuinness (1975) theory of attentional con-
trol, which is based on neurophysiological results obtained through clinical and animal
studies. They distinguished three separate, but interacting, energetic mechanisms: two "bas-
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al" mechanisms, arousal and activation, and a coordinating effort mechanism.

One control process regulates arousal resulting from input processes. Arousal occurs as

a phasic reaction when an input change produces a measurable increment of a physiologi-
cal response over a baseline. Input changes are sudden changes in intensity or the timing
of a stimulus, presentation of a novel stimulus, etc. As with the orienting reaction, arousal
is supposed to increase with increasing novelty or complexity, and habituates under repeti-
tion of the "same" stimulus (Sokolov,  1960,  1963).

Another process controls the preparatory activation of response mechanisms. They con-
sidered activation as the maintaining of a set which may include both perceptual and motor

processes.

A third process operates to coordinate arousal and activation, an operation demanding

effort. Effort allows uncoupling of input and output processes, and is responsible for an
active, effortful regulation between arousal and activation. Effort is involved only when
the situation demands the regulation of arousal and activation to produce a change in infor-
mation processing competency.

Specific neuronal systems are assumed to be involved in arousal, activation, and effort

(Pribram, 1981; Pribram & McGuinness, 1975, 1992). The amygdala, a basal ganglion of
the limbic forebrain, and related frontal structures seem to be involved in arousal. Removal
of the amygdala eliminates the visceral and autonomic responses that generally accompany
orienting and alerting to a change in stimulus conditions, and prevents habituation as a
function to repeated stimulation. Serotonergic-adrenergic interactions, which have been
proved to facilitate orienting to novelty, and to decline with stimulus repetition, are sup-
posed to support alert wakefulness  and the brain' s responsiveness to environmental input.
Neuronal substrates of activation are proposed to be located in the nonlimbic basal ganglia

of the forebrain, the caudate nucleus and putamen. Cholinergic-dopaminergic interactions
seems to be important neurotransmitters involved in activation. Finally, the hippocampal

circuit, where innervations of both neuronal structures involved in arousal and activation

are present, has been associated with effort. Cholinergic-aminergic (serotonergic and
norepinephrinergic) pathways converge on this circuit.

Tucker & Williamson (1984), in discussing physiological mechanisms underlying
arousal and activation, argued that it is unnecessary to include the concept of effort since

its attributes of active, voluntary control of attention seem to overlap with the higher order
features of activation. In other words, the changes in motor activity and muscle metabo-
lism that Pribram & McGuinness ascribed to effort seem more easily attributed to the brain

system handling motor control than to the hippocampus. Tucker & Williamson hypothe-
sized that noradrenergic and serotonergic pathways from brainstem nuclei are involved in
arousal while dopaminergic pathways from brainstem and substantia nigra are involved in
activation.

The notion of capacity in human information processing has been challenged for seve-
ral reasons (e.g., Kantowitz, 1985; Kantowitz & Weldon, 1985). For example, decrement
in dual-task performance (i.e. interference) may be caused not just by an insufficiency of
resources for combining the two tasks, but also by competition for specific processing
structures and by overload of executive processes (Navon, 1984). These structural factors
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can be limited by the constraints of memory, neural processing speed, the nature of tempo-
ral-spatial representations, and other neural system characteristics that influence how much
information can be processed at one time. These factors combine to affect the relative
long-term attentional resources of the individual (Cohen, 1993). Already Kahneman (1973)
acknowledged the importance of both structure and capacity.

Related to these structural limitations is the concept of data-limited processing (Norman
& Bobrow, 1975). For a given individual at a certain moment, a task is characterized by
several parameters, such as sensory quality of stimuli, predictability of stimuli, availability
and completeness of relevant memory codes, response complexity, and amount of practice.
Norman and Bobrow referred to these parameters as data quality. Navon and Gopher
(1979), however, preferred the term subject-task parameters, which characterized the task,
the environment, or the individual. These parameters are the constraints wherein the sys-
tem is free to mobilize its resources to perform a task, or to which Norman and Bobrow
referred to as resources-limited processing. Outside these constraints performance is in-

dependent of processing resources, i.e. is data-limited. Norman and Bobrow argued that in
general in data-limited processing, reaction time is inversely related to accuracy. When a
process is resources-limited, reaction time is directly related to accuracy (speed-accuracy

tradeoff).
Finally, despite the extensive use of reaction time, its relationship to the allocation of

resources should not be accepted uncritically. The assumption that a temporal measure
should be linearly related to a structural or process-related state (resource availability) is
not without difficulties (Kramer & Spinks, 1991).

Energetics and intelligence. In an attempt to relate the concepts of attentional resources

and intelligence, Hunt and Lansman (1982) noted a parallel between Kahneman's notion of
attentional resources and Spearman's concept of mental energy. As already noted, Spear-
man viewed intelligence as primarily unitary (G), with each ability test partitioned into a
general component and a specific task-related component. Kahneman proposed a single,
undifferentiated source of attentional capacity. In addition, Kahneman posited that specific
structures (visual, auditory, etc.) were important. A number of studies of Hunt (Hunt,
1980a; Hunt & Lansman, 1982; Lansman & Hunt, 1982) produced results generally con-
sistent with a link between intelligence and attentional resources. Applying the "dual task"
methodology, Hunt (19803) cited an unpublished study showing dual-task interference
between performance on Raven's Matrices and on a psychomotor task; performance on the
psychomotor task deteriorated as the Raven's problems became harder, suggesting that
both tasks draw on the same attentional resources. However, Hunt (198Oa, 1981) also
noted that the simple unidimensional model of attentional resources is probably too simple
if we want to know more about individual differences in attention allocation.

In reviewing structural aspects of attention and general intelligence, Zeaman (1978)
concluded that there are weak relationships. Furthermore, many tasks, measuring vigilance
and selective attention, are only weakly related to intelligence (Davies & Parasuraman,
1982; Davies et al., 1984; Swanson & Cooney, 1989).

Stankov (1983) reanalyzed data of Wittenborn (1943), who devised a number of "at-
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tention" tasks that were closely related to traditional measures of intelligence. For example,
in Wittenborn's study, these tasks were those with the highest loadings on a general factor
formed by a number of diverse mental tests. More modern factor analytic methods con-
firmed this result. Similar conclusions were drawn by Crawford  (1991 a)   in a study  in
which a number of tests based on Wittenbom's attention tasks were found to be good
measures of fluid intelligence.

Results obtained with the dual-task paradigm are inconsistent. Several studies have
shown that dual-task performance represents a better measure of intelligence than single
task performance (e.g., Fogarty & Stankov, 1982; Roberts, Beh, & Stankov, 1988;
Stankov, 1983; Vernon & Jensen, 1984). For example, Stankov (1983) reported that the
correlation between two tests increased from .26 under single, to .55 under dual condition.
Roberts et al. (1988) found an even greater increase. These results suggest a correlation
between G and resource availability. Other studies, however, showed that the dual-task
effect   did   not   seem  to be mediated by individual differences in resource availability  (e.g.,
Fogarty & Stankov, 1988; Myors, Stankov, & Oliphant, 1989; Sullivan & Stankov, 1990).
For example, Sullivan and Stankov (1990) used a shadowing procedure in which subjects
had to repeat aloud words presented visually. Simultaneously with the shadowing task,
subjects had to detect aurally presented target words. Detection of auditory stimuli had
zero correlation with intelligence. Part of these results, however, may be explained by pos-
tulating multiple resources (e.g., Wickens, 1984), since different modalities were involved.

Despite methodological pitfalls in dual-task paradigms, particularly in relation to in-
telligence, Matthews and Dorn (1995) interpreted the dual-task data in terms of structural
and executive processes associated with G.

Crawford (1991b) proposed a neural model in which more complex tasks are those that
involve more effortful mental processing or mental energy. The basis of his model is the
distinction between   more   and less specialized neural processes (e.g., Lezak, 1983; Walsh,
1987). Neurological studies have shown that certain types of mental processes tend to be
localized in different areas of the cortex. Superimposed on this cortical organization into
different broad functional areas, there exist another pattern of organization of a more hie-
rarchical nature. Within the various broad regions smaller areas of more highly specialized
functions are found (primary association, or projection areas). As one moves away from
these primary association areas, functions become progressively less localized, and involve
mental processes of apparently higher complexity (secondary and tertiary association a-
reas). The tertiary areas seem to coordinate the activities of the more specialized regions of
the cortex (notice the analog with psychometric hierarchical models of intelligence). The
concepts of controlled (effortful) and automatic processing are related to these different
types of areas (cf. Kinsbourne, 1981). Controlled processes are those involving more dif-
fuse, or distributed, neural structures, and automatic processes are associated with the more
functionally specific neural structures. The key concept in this model is that of di#useness
of neural structures, corresponding with a continuum from automatic to controlled proces-
sing. At the one end are the most highly automatic processes of the primary sensory
projection areas. Slightly more diffuse, and less automatic, processes would include the
surrounding secondary association areas, and the relatively localized neural structures re-
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lated to highly overlearned or automatic skills. At the other end of the continuum are those
neural structures that involve the tertiary association areas.

Crawford assumed that interference between concurrent tasks is a function of the
amount of overlap in the neural structures involved in the performance of the tasks. The
model does not postulate one or more sources of attentional energy (resources, capacity,
etc.), hence interference between between concurrent tasks can be regarded as structural
interference.

Like Kahneman's (1973) theory, the model of Crawford does provide for both struc-
tural and resource limited patterns of interference between concurrent tasks. Resource-like
effects, however, are assumed to occur through the competition for cortical area by over-
lapping diffuse neural structures, rather than for a limited supply of some hypothesized
attentional resources.

The central proposal of Crawford is that, in normal individuals, the efficiency of the
more diffuse, or distributed, mental processes in the different regions of the cortex is re-
flected in individual differences by a fluid intelligence factor. Individual differences in the
performance on complex tasks are the result of individual differences in the efficiency of
more diffuse neural processes. Both fluid intelligence and task complexity can be inter-
preted in terms of effortful processing.

In agreement with Crawford, Larson and Alderton (1992), in a review of structural and
capacity theories of general intelligence (G), argued that: (1) G is reflected in the ability to
solve complex mental problems, and (2) task complexity is best explained by a theory of
"intelligence of capacity."

Ackerman (1994) noticed some highly speculative historical parallels between models
of intelligence and attention. First, a parallel between the models of Spearman (1927) and
Kahneman (1973), which was already noticed by Hunt. Second, a parallel between models
of Guilford (1967) and Wickens (1980, 1984). Although the models show a surface-level
similarity, in my opinion, they are not really comparable. For instance, the Guilford model
proposed separate and independent cells, but Wickens held that there are hierarchical pools
of attentional resources. Finally, there are hierarchical models of intelligence (e.g., Carroll,
1993a) Although Ackerman hold the view that there is not yet a parallel in attentional
theory, I suggest that hierarchical energetic models (e.g., Mulder, 1986; Sanders, 1983;
Wickens,  1984) show, at least, structural parallels with those models of intelligence.

Automatic and controlled information processing. Performance in many cognitive or
motor skills show profound changes with practice. Initially, performance is slow and error
prone, and requires effort and attention. Eventually, performance is rapid and accurate, and
requires little effort and attention. These changes have led researchers to propose that
qualitative changes occur in the processing of information (e.g., Posner & Snyder, 1975,
Shiffrin & Schneider, 1977). These two qualitatively different processes are referred to as
automatic and controlled processes (see Schneider, Dumais, & Shiffrin, 1984 for a review).

Automatic processing is a fast, parallel, fairly effortless process that is not limited by
short-term memory (STM) capacity, is not under direct subject control, and is responsible
for the performance of well-developed skilled behaviors. Controlled processing is charac-
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terized as a slow, generally serial, effortful, capacity-limited, subject-regulated processing
mode that must be used to deal with novel or inconsistent information. According to
Schneider et al. (1984) these two processes are not independent: complex as well as sim-
pler tasks are carried out with a mixture of automatic and controlled processes. In general,
the two processes share the same memory structures and continuously interact, which al-
lows a limited capacity processor to accomplish very complex tasks. Automatic processing

may initiate controlled processing by causing an orienting reaction, while controlled
processing may activate an automatic process.

As discussed in a previous section, much research on attention assumes that there is a
limited pool of attentional resources, or capacity. Automatic-controlled processing theory
assumes that attentional capacity limitations are the result of competition between con-
trolled processes. Hence, combining tasks in which controlled capacity is exceeded should
result in reduced performance. Contrawise, combinations of automatic processes can occur
in parallel without reduction in performance and independent of controlled processing
resources. Evidence for this theory comes from research in which automatic and/or con-
trolled processes were required simultaneously (e.g., Fisk & Schneider, 1983, 1984;
Schneider & Fisk, 1982).

For example, Schneider and Fisk (1982) examined in a first experiment the ability of
subjects to perform automatic and controlled processing simultaneously. Subjects had to
perform a variably mapping (VM) search (digit among digits) on one diagonal and a con-
sistently mapping (CM) search (letter among digits) on the other diagonal of a screen.
When the subjects  saw a target  they  had  to  push a button  at  the  end  of 12 frames.  In  the
dual-task conditions, subjects searched on the CM diagonal for any letter and on the VM
diagonal for a specific digit. In the single-task conditions subjects searched for a target on
one diagonal only. The results suggested that there was not much competition for resourc-
es between the CM and VM comparison processes. In a second experiment, subjects at-
tempted to perform controlled processing on both diagonals simultaneously. Even with
extended training, subjects were not able to perform both VM tasks parallel without defi-
Cit.

Other studies showed that practice can reduce resource requirements in an automatic-
processing search but not in a controlled search, that after a great deal of practice, subjects
have been able to perform complex dual tasks with little dual-process performance decre-
ment, and that physiological or psychological effects, like vigilance, alcohol, etc., that
reduce capacity primarily affect the performance of controlled processes and have minor
effects on automatic processing (e.g., Fisk & Schneider, 1981, 1982, 1984; Hirst et al.,
1980; Spelke, Hirst, & Neisser, 1976). Hence, whether one or more task(s) can be per-
formed without deficit depends on whether the resource demands of the task(s) exceed
controlled processing capacity. However, Mulder (1986) noted that this theory is based on
a limited number of tasks: visual search and memory search.

The concept of automatic and controlled processing has been elaborated by other re-
searchers as well (e.g., Broadbent, 1971, 1977). Hasher and Zacks (1979) hypothesized
that the use of mnemonics, elaborative rehearsal, and imagery or organization in memory
tasks is very effortful, shows developmental trends, effects of practice, and performance
decrements as attentional capacity is reduced. On the other hand, registration of frequency
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of occurrence, spatial location, temporal order, and the activation of word meaning occurs
automatically. It can be easily time shared, shows almost no effect of practice, develop-
mental trends, or effects of states that alter attentional capacity. Data from Fisk and
Schneider (Schneider   et   al., 1984) indicate that automatic processing develops   when   pro-
cessing of one component of a task is consistent, even if the task from stimulus to re-
sponse is not consistent. Fisk and Schneider (1983) suggested that feature extraction, word
encoding, and semantic categorization can be done without much cost in controlled pro-
cessing. Furthermore, later stages of information processing appear to be more resource-

demanding than earlier stages (Johnston & Heinz, 1978).
Kahneman and Treisman (1984) distinguished three levels of automaticity in percep-

tion: (1) Perceptual processing is strongly automatic if it is neither facilitated by focused

attention, nor impaired by divided attention. (2) It is partially automatic if it is normally
completed even when attention is diverted from the stimulus, but can be facilitated by at-
tention (3) It is occasionally automatic if it generally requires attention but can sometime
do without it.

Norman and Shallice (1985), in a similar line of thinking, distinguished upper and
lower levels of attentional control. The upper level is under voluntary, conscious control,

is directed by a plan or goal, and requires limited attentional resources. Lower level pro-
cesses are reflexively triggered by specific stimulus configurations, and do not necessarily
require attentional resources, though they can be affected by the resource-limited upper
level.

To explain the findings of their research, Schneider (1985) and Schneider and
Detweiler (1988) proposed a quasi-neural model for automatic and controlled processing.
The model assumes that processing is done by the transmission of messages between spe-
cialized processing units (e.g. visual, lexical, semantic, motor). Controlled processing is
conceived of as a limited central-processing mechanism that gates the transmission of
messages between units and compares the received messages. The development of auto-
matic processing is the result of two types of learning. Associative learning is the mecha-
nism by which one message is associatively translated to another message. Priority lear-
ning is the mechanism by which a unit determines how strongly to transmit a message.
The message priority, which is unit-specific, determines the strength of the automatic
message transmission. Automatic processing occurs when associative and priority learning
are sufficiently advanced to allow a sequence of transmissions without any controlled-
process gating of the information.

Ohman (1979) proposed a model in which he emphasized that memory serves as a con-

trol mechanism that directs attention. His model suggests that the relationship between

long- and short-term memory allows for a distinction between controlled and automatic
processes. In line with this view, Logan (1988a, 1988b) suggested that automaticity is a
memory phenomenon. Performance is considered automatic when it depends on single-
step, direct-access retrieval of solutions from memory rather than on some sort of algorith-
mic computation. According to Logan, resources play no role in automatization (cf
Newell & Rosenbloom, 1981). These theories propose that novice performance is limited
by a lack of knowledge rather than by a lack of resources. However, in an attempt to in-
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tegrate resource theory with memory theory, Logan suggested that there is no reason in
principle why performance could not be described both in terms of resources and memory.
In Logan's (1988a) memory-instance theory, resource reduction is seen as a consequence
of automatization. Skilled performance is simpler than novice performance and so would
demand fewer resources.

Recently, Pribram and McGuinness (1992) extended their attentional control model of
1975 by making a distinction between automatic para-attentional and controlled attentional
processes. By repeating an input pattern there is a shift from attentional to para-attentional

processing: processing which is automatic but directly influences attention. While con-
trolled processing involves steps, the serial engagement of several attentional systems
which range from orienting to effortful search, automatic processing is para-attentional and

in large part pallalel in nature. Evidence has confirmed that with extensive practice a for-
merly limited "capacity" becomes less and less restricted (e.g., Logan, 1979; Hirst et al.,
1980).

Initially, Pribram and MeGuinness (1975) identified three classes of attentional control
systems: arousal, activation, and effort. However, based on event-related brain potentials
data, each of these systems was shown to signify just one pole of a dimension: controlled
processing. To justify the other pole of each dimension, arousal became paired with famili-
arization, activation with targeted readiness, and effort with comfort. An additional, para-
attentional system, upon which the three control systems operate, details a basic automatic

process (Pribram & McGuinness, 1992).

Automatic-controlled processing and intelligence. Ackerman and Schneider 0985) related
the automatic-controlled processing theory to individual differences in cognitive abilities.
They proposed a theory which is based on three principles: (1) Individual differences in
broad and general abilities are equated with individual differences in amount or efficiency
of attentional resources. (2) The transition from controlled to automatic processing is
equated with the transition from resource-limited to data-limited performance characteris-

ties. (3) The ability determinants of performance are associated with the extent and type of
resources required by a task.

For consistent tasks, general and content-relevant abilities will be associated with in-
dividual differences in initial performance, because controlled processing resources are
required for processing new information. With practice, these abilities will be less associa-
ted with performance and performance becomes data-limited. Finally, only specific
abilities that use processes that overlap with automatic-processing components will corre-
late with late, well-practiced performance. For predominantly inconsistent tasks, individual
differences in initial, intermediate, and late performance will be associated with both the
general and content-relevant abilities, because controlled processing is required for both
novel and familiar inconsistent information. Hence, individual differences in controlled-
processing resources relate to individual differences in general and broad cognitive
abilities, and individual differences in automatic-processing components relate to individual
differences in highly specific, low order abilities.

Ackerman and Schneider (1985) did an experiment to test the performance-ability rela-
tions predicted by their theory. They used 63 high school and college students, who per-
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formed a verbal category-search task under consistent (CM) and varied (VM) mapping condi-
tions during 5 hours, or 800 trials, of practice. Subjects had to search three probe words to
determine which of the words was a member of one of a set of three memory-search
categories. In addition, 10 cognitive ability tests were administered.

In the CM condition reaction time (RT) showed a steeper learning curve and a later
asymptote than in the VM condition. The VM condition showed little improvement after 500
trials. The CM data showed continued improvement, with mean RT's about 50% faster than
the VM condition after 800 trials. From the ability tests factor scores for a general factor (G)
(about 52% of the total variance), and three broad ability factors: Verbal, Spatial, and
Perceptual/Motor Speed, were derived. The task in the VM condition showed larger
correlations with G (about .75) and verbal abilities (about .35) than in the CM condition
(about .6 and .15, respectively) across all sessions (one session was 100 trials), suggesting
greater use of controlled processing resources. In both the CM and VM condition the task
correlated equivalently (about .2) with the perceptual/motor ability.

In summary, individual differences on tasks that required resource-limited controlled
processing were substantially related to individual differences in general and task-relevant
content abilities (R of about .7). Further, when the task dependency on controlled-processing
resources was reduced (CM condition), the relations between task performance and individual
differences on the general and broad content abilities attenuated.

Ackerman (1988) elaborated the relationships between cognitive abilities and the con-
trolled-automatic continuum by modifying the two-dimensional radex model of Snow and
colleagues (e.g., Marshalek, Lohman, & Snow, 1983; Snow, Kylonen, & Mashalek, 1984) to
three dimensions. In Figure 3.3 is shown this modified radex-based model of cognitive abili-
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Figure 3.3. A three-dimensional radex-based model of cognitive abilities. Complexity is represen-
ted as in the Mashalek et al. (1983) model (after Ackerman, 1988).
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ties.
The power level (cognitive phase) corresponds to demands on general (and broad con-

tent) abilities and is resource-limited. This level is identical to that of Snow and col-
leagues. At this level, the critical elements of general intelligence and broad content factors
of ability are the most important determinants of individual differences in task perfor-
mance. At the middle level (associative phase), the role of general and broad content abili-
ties diminishes, while measures of perceptual speed increase in their power of predicting
individual differences in task performance. At this level mixed controlled and automatic
processing dominates. Finally, at the speed level (autonomous phase), the role of perceptu-
al speed abilities attenuate, in favor of associations between psychomotor abilities and task
performance. At this level, processing is predominantly automatic. Within the context of
skill-acquisition only predominantly consistent tasks can become more automatic after

practice and change level, while predominantly inconsistent tasks remain at the power level
(see also Ackerman & Schneider, 1985).

Ackerman's proposition that G is associated with availability of resources for proces-
sing at the cognitive stage, and that this correlation declines when performance becomes
automized has been challenged. The difficulty with this hypothesis is the assumption that a
resource mechanism is involved; an alternative possibility is that G is associated with the
efficiency of the executive functions involved in cognitive learning (Matthews, Jones, &
Chamberlain, 1992).

Matthews & Dorn (1989) investigated if cognitive processes underlying the IQ-RT
correlation were under upper or lower levels of control and if these processes were asso-
ciated with some global property of the mind, or with some specific processing module.

Subjects  were 50 university students  (age  from   18  to 30 years).  They were presented  a  bat-
tery of nine different RT tasks, while general intelligence was tested with the Culture Fair
Intelligence Test (Cattell & Cattell, 1963). Information processing requirements of the RT
tasks were manipulated systematically to test which processes where associated with the
IQ-RT correlation.

Results showed that the strongest correlation between IQ and mean RT were obtained
with simple, control task versions. Higher IQ was associated with faster RTs (R = -.57, p
< .001). According to the authors, this indicates that this relation is mediated by lower
level processes (encoding speed). IQ also predicted a measure of "conscious attention" as-
sociated with availability of attentional resources (r = -.31, p < .05), suggesting that this
relation might be mediated by a tendency for more complex tasks to require more
resources.

Finally, Cohen (1993) noticed an interesting parallel between the observed inverse
relationship between performance on intelligent tests and cortical activation (glucose use)
(see the section "The biological approach" of Chapter 2). He suggested that individuals
with stronger cognitive abilities can handle more information through automatic processes,

and therefore, the degree of activation that is produced by effortful processing is less.

Information processing models. Besides energetic models of information processing, cog-
nitive (structural) models of information processing were developed, which focus on ex-
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plicating the mechanisms responsible for the transformation of information as it flows
through the processing system. Hence, contrary to describing variability of performance in
terms of the efficiency and amount of resources allocated to a task, cognitive models des-
cribe this variability in terms of changes in the number and nature (e.g., duration) of
processes that operate between stimulus encoding and response execution. Particularly, the
timing and sequencing of these processes have been emphasized (see Meyer et al., 1988;
Van der Molen et al., 1991, for reviews)

Already in the eighteen-sixties Donders (1868) studied the flow of information between
stimulus and response. He assumed the existence of several separate processes that sequen-
tially perform a specific operation on the incoming information, until finally a response is

emitted. His subtraction method, however, was discarded (e.g., Kalpe,   1895).  In  1969,  one
century after Donder's publication, the issue of serial information-processing stages was
raised again by S. Sternberg. He presented an alternative method for the study of informa-
tion-processing stages, called the additive factors method. Based on both methods, R.
Sternberg (19778) introduced the componential method. Details about these methods are

given in Chapter  5.
Sanders (1980), in reviewing the research on stages discerned six stages of information

processing. A more recent study by Spijkers (1989) presented seven stages. Three percep-
tual stages: stimulus preprocessing, stimulus encoding, and stimulus identification; one
central stage: response choice; and three motor stages: motor programming, program load-

ing, and motor adjustment, followed by response execution (see also Sanders, 1990).

Cognitive-energetic models. It is clear that attributions of separate energetic resources to

specific cognitive structures provide a bridge between resource and stage models (Gopher
& Sanders, 1984). Thus, both cognitive and energetic mechanisms have to be part of an
explanation or description of the information processing in task performance, and integra-
tive models are wanted.

Therefore, Sanders (1983) related Pribram and McGuinness's multidimensional energe-
tic model to linear stage models of information processing. It should be noted, however,
that Pribram and McGuinness's conception differs from Sanders's energetic mechanisms in
three important ways: (1) they viewed arousal as a phasic response to input, while Sanders

conceived arousal primarily as an energy supply. (2) They considered activation as the
maintaining of a set which may include both perceptual and motor processes. Sanders
viewed activation exclusively linked to motor preparation. (3) They viewed effort as un-
coupling the connection between arousal and activation. Sanders suggested that effort also
serves the function of keeping arousal and activation at an optimal level (see also Van der
Molen et al., 1987). In his cognitive-energetic model Sanders assumed that (1) the duration
of processing in a stage is affected by the state of the subject as well as by computational
demands, and (2) there are only effects of the subject's state on processing duration to the
extent that active processing plays a role in the cognitive operations of a stage. This as-
sumption is in line with the notion that controlled processing is resource dependent and
automatic processing is not (e.g., LaBerge, 1975; Logan, 1979; Schneider, Dumais & Shif-
frin, 1984). Figure 3.1 presents a schematic outline of his model of 1983.
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Figure 3.1. Schematic diagram  of the cognitive-energetic model of information processing (after
Sanders, 1983).

Signal quality is supposed to affect processes of feature extraction or stimulus encoding,
which is supplied by arousal. Motor adjustment is supplied by activation, and is affected by
time uncertainty. Effort is probably required for handling incompatible S-R relations or, more
general, for adequate functioning of the response choice stage. This stage is the link between

perception and action and comes close to handling decision rules, reasoning and related
cognitive processes (conscious processing; Posner, 1978). Moreover, effort may serve the
double function of controlling and coordinating arousal and activation as well as directly
controlling "conscious" processing (see also Humphreys & Revelle, 1984). Hence, it is also
able to uncouple the direct connection between arousal and activation (cf. Pribram &
McGuinness, 1975). Stimulus preprocessing is thought to be automatic, and does not require
a separate energetic mechanism, although effects of variables that affect stimulus preprocess-
ing, e.g., signal intensity, may influence the resource allocation of the energetic mechanisms
to the other stages; intense stimuli act as "arousing factors" (e.g., Kahneman, 1973). Finally,
the evaluation mechanism, comparable with the resource allocation of Kahneman (1973), is
supposed to evaluate performance on the basis of external feedback, such as knowledge of
results (KR). From the detection of a discrepancy between actual performance and desired
performance the evaluation mechanism may generate more effort to compensate for loss of
arousal and activation.

Based on the models of Pribram and McGuinness (1975) and Sanders (1983), Mulder
(1986) proposed a cognitive-energetic model with at least three energetic mechanisms, one
related to the registration of information (arousal), one related to output processes (acti-
vation), and an executive system (effort). The last mechanism is called into action if perfor-
mance requires controlled processing or if the state of energetics should be changed (cf
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Sanders,  1983). This functional distinction of the effort mechanism let Mulder to propose two
types of effort. One related to the difficulty of the task (processing effort) and one related to
the control of state (compensatory effort). Processing effort is closely related to attention:
everything that makes a task more attention-demanding makes it more effortful. This concept
of effort arises from the concept ofmental workload. Compensatory effort is used in the sense
of an executive control process, or, as Kramer and Spinks (1991) suggested, related to
subject's efforts to arouse or activate themselves to a state capable of complex processing. It
is primarily studied in relation with stressors, incentives, knowledge of results, and achieve-
ment motivation. Another interesting part of Mulder's model  is the hypothesized relationship
between several ERP components and cognitive-energetic stages (see also Kramer & Spinks,
1991).

To complete this review of cognitive-energetic models, the model of Wickens (1980,
1984), although broader in scope than the model of Sanders (1983), deserves to be men-
tioned. On the basis of a large number of dual-task studies, Wickens (1980), has argued that
resources may be defined by a three-dimensional metric consisting of stages of processing

(perceptual-central versus response), codes of perceptual and central processing (verbal
versus spatial), and modalities of input (visual versus auditory) and response (manual versus

vocal). In Figure 3.2 is schematically depicted his multiple resource model.
Wickens assumed that these processing resources may be defined hierarchically. Basic to

this structure are auditory and visual resources that are separated to some degree, each one ex-

elusive to the specific modality. In addition, there exist pools of more general verbal-
perceptual resources and spatial-perceptual resources. Each of these are sharable between

modalities, but not between codes. Above this level in the hierarchy exists a pool of general
perceptual-central processing resources, available to both spatial and verbal processing of
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Figure 3.2. A multidimensional structure of human processing resources (after Wickens,  1984).
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either auditory or visual information, but not available to response processes. Finally, at
the most general level, there might exists a pool of "undifferentiated resources" available
to and demanded by all tasks, modalities, codes, and stages. These general resources may
be assumed to represent that which is labeled attention, consciousness, the bottleneck, etc.,
and is comparable with the concept of effort proposed by Pribram and McGuinness (1975),
Sanders (1983), and Mulder (1986). Wickens (1984) pointed out that concurrence of dual-
task performance may be associated with an executive time-sharing mechanism that coor-
dinates sampling of stimuli and responses and also controls allocation of resources. Inter-
estingly, Wickens noticed that there are no major differences between his model and
Kahneman's model (1973), which assumed an undifferentiated resource with competition
for satellite structures.

Others (e.g., Allport, 1980a, 1980b), have argued against such a hierarchical structure

of control, and instead, for a system of "co-operating experts." According to Crawford
(199lb), common interpretations of brain functioning does not reveal a neural system or
mechanism that could be identified with an executive, or central processor, or with a sin-
gle,  general pool of resources.

It has to be noticed that more recently, Wickens (1991) has reconsidered the position
that the modalities of input (visual/auditory) and of output (manual/vocal) are related to

separate resources as well.

The present study

Attentional capacity and the limits it places on performance have a central role in in-
formation-processing theory. Attentional capacity is required to carry out effortful or novel
tasks whose performance has not been automatized, and is limited by the availability of
cognitive or processing resources. These cognitive resources are thought of as multiple
independent, but interacting, pools that can be tapped independently for performance on a
given task or stage. Hirst (1986) noted that cognitive resources can be described in at least

two ways, in structural terms, like working memory and processing speed, or in energetic
terms, like arousal, effort, and activation. The present study is focussed on the energetic
factors as mechanisms in the control of attention.

In the preceding section it has become clear that an information-processing flow can
consist of several mental operations, which can be broadly distinguished into those related
to input processes, central processes, and output processes, regulated by the specific in-
dependent, but interacting, energetic control systems or resources, namely arousal, effort,
and activation, respectively (e.g., Mulder, 1986; Pribram & McGuinness, 1975; Sanders,

1983). The quality or efficiency of information processing is supposed to be dependent on
the limited availability of these energetic mechanisms (e.g., Kahneman,  1973).

It is evident that intelligent behavior, as a more or less complex form of information
processing, also requires attentional capacity. On the view that psychometric intelligence is
the inter-relatedness of different constituent parts in a complex system, one can conceive
intelligence as a composite of different types of cognitive abilities. Subsequently, the qua-
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lity or efficiency of these different types of abilities, and by extension intelligence, may
depend on the limited availability of specific types of energetic resources. Hence, there
may be cognitive abilities, primarily related to input processes and mainly regulated by
arousal, cognitive abilities primarily related to central processes and mainly regulated by

effort, and cognitive abilities primarily related to output processes and mainly regulated by
activation.

Furthermore, a distinction can be made between automatic and controlled attentional
operations, which influence the attentional demands that a task (or information-processing
stages of a task) places on the individual. As a general rule, a task (or stages of a task)
that can be performed automatically requires less attentional resources, though this depends

on momentary task demands (Shiffrin & Schneider, 1977; Hasher & Zacks, 1984).
The analog with intelligence may be evident. An ability (or aspects of an ability) may

be controlled or automatic. An ability that is automatic requires no or less attentional re-
sources.

Inspired by cognitive-energetic models of Mulder (1986), Wickens (1984), and Sanders

(1983), in the present study a cognitive-energetic approach to intelligence is proposed. A

methodological framework is developed based on a processing model with three important
information-processing stages: an input, central, and output stage. At the core of this
framework are different types of cognitive abilities, which are, to different extent, related
to intelligence (psychometric level). The choice of these abilities is based on the Structure
of Intellect (SI) model of Guilford (1967; Guilford & Hoepfner, 1971), in which a cogni-

tion (input), reasoning (central), and evaluation (output) stage can be distinguished. These

three different stages are extended to both a cognitive and energetic level. At the cognitive
level three different types of cognitive processes are distinguished: cognition (input), rea-

soning (central), and evaluation (output) processes (cf. Pellegrino, 1985; Sternberg, 1977a,

1985a). At the energetic level three different types of energetic resources are distinguished

acting on a controlled-automatic continuum: arousal-familiarization (input), effort-comfort

(central), and activation-readiness (output) resources (cf Pribram & McGuinness, 1975,
1992).

A  methodological framework

There has been some tradition for classifying intellectual abilities according to the sup-

posed  kind of operations involved. Already  in  1910, John Dewey proposed  a five steps  or

stages sequence in problem solving: (1) a difficulty is felt, (2) the difficulty is located and

defined, (3) possible solution are suggested, (4) consequences are considered, and (5) a
solution is accepted. Merrifield et al. (1962) advocated another five-stage model: prepara-
tion, analysis, production, verification, and reapplication. Reapplication was included in
this model because a problem solver often returns to earlier stages. Johnson (1955, 1960)
proposed a model with three steps: preparation, production, and judgment. In his Structure
of Intellect (SI) model Guilford (1967; Guilford & Hoepfner, 1971) distinguished five
kinds of operations: cognition, convergent production, divergent production, memory, and
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evaluation. Besides this dimension of operations, he also distinguished a dimension of
products with six levels: units, classes, relations, systems, transformations, and implica-
tions, and a dimension of content domains with four levels: figural, semantic, symbolic,
and behavioral.

Based on the dimensions of operations and contents of the SI model of Guilford, in the
present study a methodological framework is proposed consisting of three different cogni-

tive stages: a cognition, reasoning, and evaluation stage, crossed with a verbal and figural
content. Hence, this framework consists of six cells. At the core of this methodological
framework are cognitive abilities. Each cell of this framework was supposed to represent
one particular cognitive ability (a particular type of operation). These cognitive abilities
were chosen according to the model of Guilford. To ensure well-replicated abilities, they
were, as much as possible, chosen with reference to those found by Ekstrom et al. (1976,
1979) (see also Carroll, 1983; Horn, 1987). Table 3.1 presents these six cognitive abilities.

In the upper part of each cell are shown the factors of the group of Guilford and in the
lower part the abilities of the group of Ekstrom. It has to be noticed that for the factor
EMU there is no reference ability of Ekstrom. Each of these cognitive abilities were
estimated by one psychometric task, derived from existing standard intelligence or cogni-
tive ability paper and pencil tests.

Cognitive abilities. Anticipating the factors of the SI model that are relevant for this
framework, the definitions of the operations and products of these factors will be given.

"According to Guilford (1967) cognition is awareness, immediate discovery or rediscovery,
or recognition of information in various forms; comprehension or understanding." The var-
ious alternative terms in this definition reflect that cognized information is in the form of
different kinds of products. Convergent production is "generation of information from giv-
en information, where the emphasis is upon limited and rigorous output from the same
source; likely to involve transfer." Evaluation is "a process of comparing a product of in-
formation with known information according to logical criteria, reaching a decision con-
cerning criterion satisfaction." Units "are relatively segregated or circumscribed items of
information having "thing" character, perhaps equivalent to the gestalt "figure on a
ground." and relation is defined "as a recognized connection between two items of infor-
mation based upon variables or upon points of contact that apply to them." An evaluation

TABLE 3.1. Representation of the Cognitive Abilities Divided by Cognitive Stage and Content
Domain.

Cognition Stage Reasoning Stage Evaluation Stage

Figural CFU CFR, NFR EFU

Speed of Closure Inductive Reasoning Perceptual Speed

Verbal CMU CMR, NMR EMU
Verbal Comprehension Inductive Reasoning                -



A cognitive-energetic approach                                                               63

of the cognitive abilities, and the psychometric tasks to estimate these abilities, assumed to
be active during the cognition, reasoning, or evaluation stage follows.

Cognition of Semantic Units (CMU). This factor is probably the best-known and most
widely replicated of all cognitive factors. Ekstrom et al. (1976) defined this factor as "the
ability   to  understand  the  (English)   language.,"   and   called it verbal comprehension. Factors
similar to this factor have been found in studies of native speech in other languages. Ac-
cording to Carroll (1976) "verbal comprehension is almost exclusively dependent on the
contents of the lexicosemantic long-term memory store."

Tests selected as markers for verbal comprehension are all vocabulary tests (Ekstrom,
French, & Harman, 1979; Guilford, 1967). Synonyms tests are good measures of the factor
CMU, and, according to Guilford (1967), do not measure the factor Evaluation of Seman-
tic   Units (EMU). These tests simply require the subject to recognize the meaning of words.

Cognition of Figural Units (CFU). L.L. Thurstone (1944) reported this factor for the first
time and interpreted it as speed Ofperception. Later French (1951) called it gesmlt percep-
tion. Ekstrom, French, and Harman (1976) defined this factor as "the ability to write an
apparently disparate perceptual field into a single concept.," and called it speed   of  closure.
According to Carroll (1976), speed of closure "requires a search of a long-term memory

visual-representational memory store for a match for a partially degraded stimulus cue. "

Speed of closure is positively identified with the ability to recognize ambiguous visual
stimuli.

The Gestalt Completions test is considered one of the most univocal representatives of
the factor CFU (Guilford, 1967) In this test drawings are presented which are composed of
black blotches representing parts of the object being portrayed. The subject writes down
the name of the objects, being as specific about them as possible (Ekstrom et al., 1976).

Inductive Reasoning. Different from the other factors, several factors of Guilford (1967)
measure the factor induction or inductive reasoning. Guilford (1967) argued that there are
sixteen kinds of inductive abilities represented in his SI model. With respect to operations,

both cognition and convergent production seem involved, and they appear across the pro-
duet (e.g. classes, relations) and content (e.g. figural, semantic) dimensions. According to
Ekstrom    et    al. (1976) induction "identifies the kinds   of reasoning abilities involved    in
forming and trying out hypotheses that will fit a set of data." Carroll (1976) stated that
induction "entails searching for relevant hypotheses in a long-term memory "general logic
store." Success would depend primarily on whether the contents of this store are adequate
to yield the solution to the problem." Serial operations with short-term memory to con-
struct new hypotheses may be a useful strategy. Gustafsson (1984, 1988) argued that in-
ductive reasoning had a loading in Gf which approaches unity (.99). Moreover, his rnodel
also revealed that Gf was identical with G. Estimates of this first-order factor would thus
be rather close estimates of the G factor (see also Carroll, 1993a; Snow, Kyllonen, & Mar-
shalek, 1984)

Several kinds of tests are good measures of the factor inductive reasoning. Examples
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are analogies, classifications, series completions, and matrix problems (Raven, 1938;
1965).   Analogies and series completions   were   and are still widely   used (e.g., Bennett   et

al., 1974; Cattell & Cattell, 1963; Thorndike & Hagen, 1971).
However, if we limit the choice of these tests to figural and verbal analogies tests,

these tests load mostly on the factors Cognition of Figural Relation (CFR) and Convergent
production of Figural Relations (NFR), and Cognition of Semantic Relations (CMR) and
Convergent production Of Semantic Relations (NMR), respectively (Guilford,  1967; Guil-
ford & Hoepfner, 1971).

Evaluation   of  Semantic   Units   (EMU).    Speed   of judgment  was  first  idendfied   as  a  factor  by
Thurstone (1944). A factor of semantic evaluation was later found by Hertzka et al.
(1954). The leading tests for this factor, which they called speed of evaluation, involve
judging whether or not named objects satisfy simultaneously certain specified criteria. In
such tests, decisions are easy, so that speed becomes an important variable.

The most successful test to measure the factor EMU is the Double Descriptions test,
which was adapted in part from Hertzka's study (Guilford, 1967; Nihira et al., 1964). In
this test subjects are required to evaluate objects according to how they meet two stated
criteria in the form of attributes. In an earlier paper French (1951) reported two factors
that he called speed of association. These factors appear to be similar to the factor speed

of evaluation of Hertzka. However, this factor does not appear in later writings of the
group of French (Ekstrom et al., 1976, 1979).

Evaluation of Figural Units (EFU) Also this factor was first identified by Thurstone
(1944) and became known as perceptual speed. Ekstrom et al. (1976) defined this factor as
"speed in comparing figures or symbols, scanning to find figures or symbols, or carrying
out other very simple tasks involving visual perception." The typical test of EFU is there-
fore highly speeded. According to Carroll (1976) perceptual speed "involves primarily the
temporal parameters of a visual search through a field of specified elements; this search
occurs by addressing sensory buffers." This factor may also be related to an automatic
process factor (Ekstrom et al., 1976, 1979).

A reliable test for perceptual speed is Identical Pictures (Ekstrom et al., 1976), a test
similar to Thurstone's test Identical Form, which was used by Guilford (1967) to measure
the factor EFU. The subject's task is simple to say which one of five figures is identical
with a model figure.

Indices of performance. Psychometric research into intelligence is characterized by ac-
curacy (percentage of correct (or false) responses) measures, reflecting the outcome of
processes (processing accuracy). Processing complexity, on the other hand, is in general
estimated by temporal measures (processing speed). Hence, both the duration (response

time) to solve the items of the psychometric tasks and the accuracy (percentage of correct
response) with which the items were solved were taken as performance measures. On an
inter-individual level, both may be, at least in principle, independent, indicating different
sources of variance (e.g., Carpenter & Just, 1986; Pellegrino, 1985). Also on an intra-in-
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dividual level, both are needed to determine the relationship, if any, between speed and
accuracy (speed-accuracy tradeoff), since response time may be an invalid index of
processing complexity in the case of an inverse relationship between speed and accuracy.

"
Psychometric-cognitive"  phase

As can be derived from psychometric theories of intelligence, tests or abilities are inter-

correlated, called "positive manifold," hence they are never "pure" tests or abilities in the
sense that they can represent just one cognitive stage. In any task there are always various

component processes that play a role, although some may be clearly more relevant than
others (cf. Sanders, 1980). Therefore, the psychometric tasks can best be conceived as
"emphasis" tasks, in the sense that they are assumed to "measure" the cognitive stage (i.e.

the particular type of operation) which they represent more than another stage (another

type of operation).
To validate this "emphasis" character of the psychometric tasks it is necessary to know

the processes underlying these tasks. Therefore component processes, assumed to be active

during each of the three cognitive stages of the methodological framework, need to be
identified.

To estimate the component processes assumed to be active during the psychometric
tasks of each of the three cognitive stages crossed with a verbal and figural content, six
different componential tasks were developed (Sternberg, 1977a, 1985a). It was theorized
that these componential tasks should measure component processes at the same level as the

proposed processing model. Hence, they were distinguished in 'basic' semantic and figural
cognition, reasoning, and evaluation processes. Componential tasks and models were deve-
loped that were assumed to estimate at least one of these component processes. The com-

ponential models and componential tasks to estimate these component processes are
described in detail in Chapters 5 and 6, respectively.

Component processes. An evaluation of the component processes assumed to be active
during the cognition, reasoning, or evaluation stage follows.

Cognition processes. Recalling the definition of Guilford (1967), cognition of units is
awareness, immediate discovery or rediscovery, or recognition of units of information,
whereby a unit is defined as a relatively segregated or circumscribed item of information

having "thing" character. It is clear that cognition is closely associated with perception.
Both are concerned with sensory input and with what happens almost immediately there-

after. However, cognition goes beyond perception. In terms of the SI model, cognition
interacts with the content dimension. For instance, if we see a word, several stages can be
distinguished. At the stage of seeing and identifying single letters, the cognition of figural
units is involved. At the stage at which a letter combination is recognized as a word a
symbolic unit is involved. At the final stage, when a meaning is attached to the word, a
semantic unit is developed (cf. Guilford, 1967). Although Guilford admits some arbitrari-
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ness, perception may be said to overlap with cognition where figural information of units
is concerned..

R. Sternberg (19778) defined encoding as a process whereby "a stimulus is translated
into an internal representation upon which further mental operations can be performed." If
we compare this definition with the line of reasoning given above, it suggests that encod-
ing is an operation of perception, upon which further operations of cognition can be per-
formed. Searching is such a kind of cognitive operation. For instance, an anagram may
involve the stage of cognition of figural units (identification of single letters) and the stage

of cognition of symbolic units (recognition of the letters as a word).

Reasoning processes. Recalling the definition of Guilford (1967), cognition of relations is
awareness, immediate discovery or rediscovery, or recognition of relations of information,
whereby a relation is defined as a recognized connection between two items of information
based upon variables or upon points of contact that apply to them. Convergent production
of relations is generation of relations from given information, where the emphasis is upon
limited and rigorous output   from   the same source; likely to involve transfer. Guilford' s
cognition of relations corresponds to Spearman's (1923) eduction of relations, and Guil-
ford's convergent production of relations to Spearman's eduction of correlates. Moreover,
cognition of units corresponds to Spearman's apprehension of experience.

According to R. Sternberg (1977a) three kinds of operations of relations can be distin-
guished during an inductive reasoning process: inference, mapping, and application. Du-
ring the first two processes a relation is discovered between two items of information, and
during the last process a relation is generated between two items of information. Here we
also find a relationship between these processes with the information-processing theory of
Spearman (1923); the eduction of relations corresponds to inference and mapping, and the
eduction of correlations corresponds to application.

Evaluation processes. Recalling the definition of Guilford (1967), evaluation of units is a
process of comparing units of information with known information according to logical
criteria, reaching a decision concerning criterion satisfaction, whereby an unit is defined as
a relatively segregated or circumscribed item of information having "thing" character.

Two kinds of processes can be distinguished during an evaluation process: comparison
and justitication. Comparison is a process whereby an unit of information is compared
with known information. Justification is a process whereby a decision about this compari-
son process is made (cf Sternberg, 1977a; Sternberg & Gardner, 1983).

Index Of performance. Based on results of Stemberg (1977a), in which modeling of com-
ponent processes was done both with interval time and error rate data, and of which it was
shown that interval time data provided much better fits of observed and predicted data than
the error rate data, it was decided to limit the modeling of component processes in this
study to temporal measures. This allows to study processing speed on both psychometric
and componential levels.
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"
Psychometric-energetic" phase

To estimate the energetic processes assumed to be active during the psychometric tasks
of each of the three cognitive stages crossed with a verbal and figural content, three dif-
ferent energetic processes were assumed.

Based on the attentional control model of Pribram & McGuinness (1975, 1992), a
processing model is proposed in which each of the three cognitive stages is characterized

by a different energetic control system. Within each of these energetic systems a con-
trolled-automatic processing dimension is proposed, which has to be conceived as a con-
tinuum. The cognition stage is characterized by an arousal-familiarization system, the
reasoning stage by an effort-comfort system, and the evaluation stage by an activation-

readiness system.

Energetic processes. Conform Sanders (1983) it is assumed that (1) the duration of pro-
cessing in a cognitive stage is affected by the state of the subject as well as by computa-
tional demands,   and (2) there  are only effects  o f the subject' s state on processing duration
to the extent that active processing plays a role in the cognitive operations of a stage. This
assumption is in line with the notion that controlled processing is resource dependent and
automatic processing is not (e.g., LaBerge, 1975; Logan, 1979; Schneider, Dumais & Shif-
frin, 1984). An evaluation of the energetic processes assumed to be active during the cog-
nition, reasoning, or evaluation stage follows (see also Pribram & McGuinness, 1975,
1992).

Arousal-familiarization. Conform the cognitive-energetic model of Sanders (1983), the
arousal-familiarization system is conceived as an energy supply to input processes, not as a
phasic response to input. As with the orienting reaction, arousal is supposed to increase

with increasing novelty or complexity, representing a call for controlled processing (Oh-
man, 1988) It habituates under repetition of the "same" stimulus (cf. Sokolov, 1960,
1963); it becomes familiarized. Hence, the arousal-familiarization system is linked with the
cognition stage.

Ejfort-comfort. The effort-comfort control system coordinates arousal and activation, an
operation demanding effort. Effort allows uncoupling of input and output processes, and is
responsible for an active, effortful regulation between arousal and activation. Effort is
involved only when the situation demands the regulation of arousal and activation to pro-
duce a change in information processing competency. Sanders (1983) suggested that rea-
soning and decision making involves effort. He also suggested that the effort-comfort sys-
tem is not only a resource for processing demands, but can also serve as a compensatory
mechanism (see also Mulder, 1986). Hence, the effort-comfort system is conceived to be
linked with the reasoning stage (processing effort) and as a compensatory mechanism

(compensatory effort).

Activation-readiness. The activation-readiness system controls the preparatory activation of
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response mechanisms. Activation is defined as tonic physiological readiness to respond. As
Pribram and McGuinness (1992) noticed, the readiness process is needed to maintain pro-
longed orienting and targeting, and was discovered in food appetitive processes. Hence, the
activation-readiness system is exclusively linked to the evaluation stage.

Indices Of energetics. Both Hockey, Coles, and Gaillard (1986), and Sanders (1983) sug-
gested that measures of performance can provide us with information about the functional
levels of the information processing system, though little about energetic states. But mea-
sures of physiological activity can greatly aid to our understanding of the role of energetic
processes in human information processing, because energetic processes and cognitive
processes are both implemented in the nervous system. It is reasonable to expect that mea-
sures of nervous system activity, in relation to measures of cognitive activity, provide
insight into the way the two systems interact.

While interpreting physiological measures, at least two important distinctions should be
made: (1) whether tonic or phasic measures are used, and (2) whether the measure has the
status of a manifestation or a correlate (cf. Hockey et al., 1986).

Physiological indices may be classified as tonic or phasic, depending on the time-frame
of measurement, on whether or not they are regarded as responses to discrete events, and
on the kind of measure itself. The choice of tonic or phasic physiological activity depen-
ded on the following mutually interacting reasons:

(1) The direct measurement of cognitive activity during different, intact psychometric
tasks, represents different cognitive abilities, differentially related to intelligence. These
different psychometric tasks, each with an emphasis on a specific cognitive activity, can be
considered as states because I was able to describe them as current patterns of information
processing activity in the system (a specific cognitive activity during a relative long time).
These different patterns are likely to depend on the demands of the different tasks, in
which case we can speak of "processing states" (cf Hockey, 1984), which are indicated by
performance measures. For instance, Kahneman (1973) showed that processing states could
be functionally identified with autonomic states (e.g., Lacey's external intake and rejection
patterns; Lacey, 1967).
(2) The status of the concept of energetics is generally conceived of as relatively enduring,
rather general states (e.g., Pribram & McGuinness, 1975; Sanders, 1983).

The second important distinction concerns the relationship between concepts and
physiological measures. Physiological measures may have the status of manifestations of
the processes in question if they measure the activity of the physiological system that is
functionally involved in the process or state of interest. Physiological measures may also
have the status of correlates of psychological concepts, when we measure the activity of a
physiological system that is not directly involved in the process or state. With respect to
the energetics concept, which is implemented in the central nervous system (CNS), the
correlate approach is a more "pure" approach than the manifestation approach. Measures of
CNS activity are probably more confounded by structural and executive CNS processes,
while measures of peripheral nervous system (PNS) activity are not or at least less.

A third important distinction concerns those between single and multiple measures of



A cognitive-energetic approach                                                               69

physiological activity. Stemmler and Fahrenberg (1989) favored the approach of multiple
measures because of a growing criticism of unidimensional activation theory and the pro-
posal of multidimensional models (see section "Cognitive-energetic theory" of this chap-
ter). Arguments for this position are supported by the following observations (Fahrenberg,
1986,1988):
(1) Physiology has accumulated a large body of evidence of various effector systems, par-
tially acting synergistically and antagonistically.
(2) Physiological responses for different stress-strain sequences are patterned rather than
proportional to one another.
(3) The patterning of physiological activity to some extent reflects situational characteris-
ties or demands as postulated by the principle of situational-specific responses (SSR).

(4) The patterning of physiological activity is idiosyncratic to a considerable extent, as
postulated by the principle of individual-specific responses (ISR).

Stemmler and Fahrenberg (1989) have summarized the consequences of a multidimen-
sional model for psychophysiological assessment. First, a single physiological variable can
seldom claim to represent an energetic state. Second, a single variable can seldom even
unequivocally represent a certain energetic component, because complex and often not well
understood processes govern the variable's activity. A collorary to this is that a psycholo-
gical construct can seldom be operationalized with one physiological variable, as the risk
of false conclusions is to large (see also Hockey et al., 1986). Third, the interrelationship
between physiological variables should be taken into account by adopting multivariate
statictical methods as well as the analysis of system dynamics. Fourth, frequently used
terms in psychophysiology that explicitly refer to an ensemble of variables, as, for ex-
ample, the pattern of response activity should be statistically defined.

However, abandoning the analysis of single physiological variables can pose problems
on the interpretability of complex physiological response patterns. A considerable number
of studies have been done in which only one or a few physiological variables were mea-
sured during a variety of simple and more complex cognitive tasks, of which some have
been   proposed as indices of specific energetic processes (see Chapter    10   for a brief  re-
view). The results and interpretation of these single physiological responses can aid to our
understanding of response patterns.

Based on the aforementioned arguments, tonie autonomic nervous system activity of
the following variables was measured during the six psychometric tasks: heart rate, heart
rate variability, T-wave amplitude, pulse transit time, diastolic blood pressure, systolic
blood pressure, skin conductance level, finger-tip temperature, and respiration rate (see
Chapter  10  for an evaluation  of these variables). These autonomic variables were chosen  to
differentiate as much as possible between the different branches and neurotranmitters of
the autonomic nervous system (ANS), which is a necessary condition to derive at different
autonomic response patterns for identifying different types of energetic resources. More-
over, tonic somatic nervous system activity of three different task-irrelevant muscles was
measured; muscles who are not directly involved in a motor response. Particularly, activity
of corrugator supercilii, orbicularis oculi, and orbicularis oris inferior was measured (see
also  Chapter  10  for an evaluation of these variables).
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Research questions and hypotheses

Several questions and hypotheses can be derived from the proposed methodological
framework. They are divided into those related to the "Psychometric-cognitive" phase of
this study, into those related to the "Psychometric-energetic" phase, and into those related
to the theoretical integration of these two phases.

"Psychometric-cognitive" phase. The questions and hypotheses related  to the "Psychomet-

ric-cognitive" phase (part II) of the present study are the following:
(1) Internal validation of the componential models of the componential tasks. Are the com-
ponent processes assumed to solve the items of the componential tasks valid? This is tested

at both intra- and interindividual levels (cf. Sternberg, 19774 1985a).

(2) External validation of the psychometric tasks at interindividual level. Does each of the
six psychometric tasks measure the cognitive ability according to which they were chosen?

Based on the choice of well-established abilities and tests (at least for five of them) it is
expected that the structure of the psychometric tasks was comparable with existing hierar-
chical and radex structures of cognitive abilities (e.g., Carroll, 1993a; Gustafsson, 1984;

Snow, Kyllonen, & Mashalek, 1984).
(3) Were the psychometric tasks chosen in accordance with the proposed methodological
framework? It was expected that the psychometric tasks differentiated between the three

stages. Further, it was expected that the psychometric tasks of the reasoning stage genera-

lized across the verbal and figural content, and the psychometric tasks of the cognition and
evaluation stages not (Marshalek, Lohman, & Snow, 1983; Snow, Kyllonen, & Mashalek,

1984).

(4) Does each of the six psychometric tasks primarily measure the cognitive stage ac-
cording to which they were chosen? This can be validated by the component processes. It
is expected that cognition processes are dominant during the psychometric tasks chosen

with an emphasis on the cognition stage (Gestalt Completions and Synonyms), reasoning

processes are dominant during the psychometric tasks chosen with an emphasis on the
reasoning stage (Figural and Verbal Analogies), and evaluation processes are dominant

during the psychometric tasks chosen with an emphasis on the evaluation stage (Identical
Pictures and Double Descriptions).

"Psychometric-energetic" phase. The questions and hypotheses related to the "Psychomet-
ric-energetic" phase (part III) of the present study are the following:
(1) Were the psychometric tasks chosen in accordance with the proposed methodological
framework? It was expected that the psychometric tasks differentiated between the three

stages and generalized across the verbal and figural domains of the reasoning stage, but
not across the content domains of the cognition and evaluation stages.

(2) To what extent were the single physiological responses reactive and specific sensitive
to the three different cognitive stages and the two content domains, i.e. the six psychomet-
ric tasks (see Furedy, 1987; Kahneman, 1973; see also Chapter 10)?

(3) Validation of the multiple resource model. Is the proposed energetic model multi-



A  cognitive-energetic  approach                                                                                                                                        71

dimensional and can each dimension be characterized on a controlled-automatic con-
tinuum? It is expected to find three pairs of different autonomic response patterns which
can be interpreted as representing an arousal-familiarization, an effort-comfort, and an acti-
vation-readiness control system, each acting on a controlled-automatic continuum (cf.
Pribram & McGuinness, 1992).
(4) Do the three different systems, each acting on a controlled-automatic continuum, regu-
late the psychometric tasks representing specific cognitive stages? It is expected that the
more controlled part of the arousal-familiarization system primarily regulates the Gestalt
Completions and Synonyms tasks (cognition stage), the more controlled part of the effort-
comfort system primarily the Figural and Verbal Analogies (reasoning stage), and the more
controlled part of the activation-readiness system primarily the Identical Pictures and Dou-
ble Descriptions tasks (evaluation stage). Consequently, it is assumed that during the cog-
nitive stages not assumed to be regulated by a specific energetic system the more
automatic (or less controlled) part of the system is primarily active. For example, it is
expected that during the psychometric tasks of the cognition stage, the effort-comfort and
activation-readiness systems are active on a relative more automatic level.
(5) Are individual differences in performance on the psychometric tasks related to in-
dividual differences in energetic control systems? It is expected that subjects with a better
performance on the psychometric tasks are able to do this on a more automatic processing
level of the energetic control systems (cf. Cohen, 1993). Hence, performance on the Ges-
talt Completions and Synonyms tasks (cognition stage) is inversely related with processing
of the arousal-familiarization system, performance on the Figural and Verbal Analogies
(reasoning stage) inversely related with processing of the effort-comfort system, and per-
formance on the Identical Pictures and Double Descriptions tasks (evaluation stage) in-
versely related with processing of the activation-readiness system.

Integration. The question and hypothesis related to the integration of the cognitive and
energetic processes of these two phases is theoretical and will be discussed in part IV of
this study.
(1) How are the component and energetic processes related? It is hypothesized that the
cognition processes are related to the arousal-familiarization system, the reasoning proces-
ses to the effort-comfort system, and the evaluation processes to the activation-readiness
system.



PART II

PSYCHOMETRIC-COGNITIVE PHASE



Chapter 4

Introduction
The main aim of the "Psychometric-cognitive" phase of this study is to find the com-

ponent processes cognition, reasoning, and evaluation, corresponding with cognition,
reasoning, and evaluation stages, respectively, represented by verbal and figural psycho-
metric tasks either with an emphasis on an cognition, reasoning, or evaluation stage.
Before this aim can be realized it is necessary to identify and quantify component process-

es by means of componential analysis.
In Chapter 5 a brief review of three methods of analyzing information-processing

models with the aid of response (or reaction) time, i.e., the subtraction method, the addi-
live factors method, and the componential method, is given. The componential method is
used not only to discover the identity and organization of cognitive processes underlying
task performance, like the former methods, but also to relate these discoveries to in-
dividual differences in cognitive abilities. Therefore, six different componential tasks, three
verbal and three figural, are developed in which at least a cognition, reasoning, or evalua-
tion process is present. The component processes assume to underlie task performance of
the componential tasks are identified and further specified (components, combination rule,
order of component execution, mode of component execution) in componential models.

In Chapter 6 the methods of the experiment are given. These involve descriptions of
subjects and materials, the experimental (psychometric and componential) tasks and the
rating tasks, and the design and procedure.

In Chapter 7 the results of the experiment are presented. To be able to answer research
questions (2) and (3) (see subsection "Research questions and hypotheses" of Chapter 3),
performance of the six psychometric tasks is analyzed. This includes descriptive statistics
of percentage of correct responses and response time, intercorrelations of percentage of
correct responses, reliabilities of percentage of correct responses and response time, and
structural analyses of percentage of correct responses (factor and multidimensional scaling
analyses).

To be able to answer research question (1), performance of the six componential tasks
is analyzed. This includes descriptive statistics of preparation and solution time and
percentage of correct responses, correlations between solution time and percentage of
correct responses, and reliabilities of solution time. The internal validity of the componen-
tial models of the six componential tasks is analyzed by means of multiple regression

analysis, reliabilities of residuals, and analysis of variance. Individual difference analyses
provide information about the interrelations of component processes and performance
scores of each of the six componential tasks.

Finally, to be able to answer research question (4), relationships between component
scores of the componential tasks and the performance scores of the psychometric tasks are
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analyzed.
In Chapter 8 some methodological and theoretical issues related to the results of the

experiment are discussed, particularly with respect to the component processes involved in
the solution of the six different psychometric tasks.
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Information-processing models

Introduction

Information-processing models that purport to describe how component processes are
organized into strategies must somehow estimate the action of each process that is postu-
lated. However, these processes are not directly observable. Various methods have been
developed to infer component processes from reaction time. What these methods have in
common are certain assumptions about the nature of the processes to be investigated. A
central assumption is that the reaction process is a linear sequence of discrete processes. In

addition, it is usually assumed that the times required by the processes are independent of
one another. Further, it is assumed that task conditions exist which, if varied, have a selec-

tive effect on particular component processes. Finally, it is assumed that when these

processes are used, they produce observable effects on behavior. Differences between the
methods reflect different assumptions about the nature of the cognitive components embed-
ded in the information-processing model, such as what constitutes a component of proces-
sing, the order of component processing, and whether components are presumed to func-
tion independently or are allowed to influence one another.

Subtraction Method. The first method for estimating the duration of stages (or component

processes) was proposed by Donders (1868). The critical feature of this subtraction method
is a series of two or more tasks that, by successive deletions, enables the isolation of a
mediating process and the measurement of its duration. According to Pachella (1974) this
method is applicable when the performance of an experimental task involves the sequential
action of a series of discrete component processes. To be able to measure one of these
component processes, the reaction time for an experimental task containing the component
process is compared to that for an experimental task that differs only by the deletion of the
component of interest. Stated another way, the comparison task must contain all the
component processes of the experimental task, except the process to be isolated.

The subtraction method is not without criticism. Two general criticisms are usually
made (e.g., Pachella, 1974; S. Sternberg, 1969b):
(1) The subtraction method requires a strong model. In order to construct an experimental
task, a priori knowledge about the sequence of component processes is required. Such
knowledge is rarely available. The conclusions reached on the basis of the application of
the method can be no stronger than the substantiation of the initial conceptualization of the
experimental task (Pachella, 1974)

R. Sternberg (1977a), however, considered the necessity of a strong model a strength
rather than a weakness, because a strong model is inferentially powerful and thus capable
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of rejection. Further, good experiments have to be designed to be able to reject models
other than the one preferred by the investigator.

(2) A second criticism of the subtraction method concerns the comparability of the ex-
perimental and comparison tasks, or as S. Sternberg (1969b) has called it, the assumption
of pure insertion. Component processes may be deleted (or inserted) from an experimental
task without affecting prior or subsequent processing. Experimental designs that can
validate this assumption are probable very rare, and can be considered as special cases (S.
Sternberg, 1969a).

Also this criticism is countered by R. Sternberg (1977a). He stated that the criticism
should not be directed to the assumption, but to the failure to test it. If a model fails to fit
the data well, then one can attribute this failure to the invalid assumption of additivity. But
if a model fits the data well, then one is justified in accepting the assumption.

However, neither R. Sternberg (1977a) is without criticism about this method, although
this criticism is more focused upon methodological issues: (1) explicit and implicit con-
founding of parameters are often found in studies using the subtraction method, and as a
consequence (2) alternative models become indistinguishable; (3) parameter estimates are
based upon too few degrees of freedom for residuals; and (4) ordering of parameters is not
mathematically specified.

Taylor (1976) noticed that although the subtraction method continues to this day to be
regarded with disdain, it seems most inappropriate that this method should continue to be
regarded in this manner in the absence of any experimental evidence for its failure.

Additive Factors Method. Both general criticisms of the subtraction method provided the
motives behind the development of the additive factors method of S. Sternberg (1969a).
He proposed a method to decompose reaction times, based on multifactorial experimental
designs. The critical feature of this method is that subjects are tested under a variety of
combinations of experimental variables (factors) each of which is presumed to influence a
particular processing stage. Two major differences between this method and the subtraction
method are that with this method: (1) processes are studied by influencing their duration

by manipulation of experimental factors, and (2) it is possible to infer which factors in-
fluenced which stages.

The additive factors method assumes: (1) that information processing consists of a
fixed and finite set of independent processes (or stages); (2) that each of these processes
receives its input from the preceding and completed process, transforms it, and then passes
it along to the next process; and (3) that the transformation produced by a process is in-

dependent of the durations of the processes that have preceded it. It has to be noticed that
these traditional process concepts also underlie the subtraction method.

The assumptions about processes leads to several implications regarding the relation-
ship between the durations of processes and experimental manipulations: (1) total reaction
time is the sum of the durations of the processes; (2) the effects of experimental factors is
additive; they do not interact statistically; and (3) if experimental factors modify each
other' s effect,  that  is,   i f they interact statistically,  they  must  have some process in common
(Pachella, 1974) These implications make inferences about information processing pos-
sible. Specifically, whether the effects of experimental factors are additive or interactive.
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Failures to observe either simple or interactive effects, however, are not interpretable
(Taylor, 1976; Pieters, 1983).

R. Sternberg (1977a) has questioned the motives behind the development of the addi-
tive factors method. The investigator should have at least some prior idea of the stages and
the factors to manipulate. A good additive-factors experiment requires a relatively well-
defined model, in which the maximum number of parameters is known and what these

parameters mean. With respect to the second motive, it is by no means clear that experi-
mental factors will always affect only the duration and not the inclusion of various stages.
The manipulation of factor levels may cause a fundamental change in the processing

sequence (Pachella, 1974). It is also not clear how one can demonstrate that only duration
and not inclusion of processes is affected, and how to interpret these results.

Besides, the additive factors method does not reveal stage duration. To quantify pro-
cesses, in addition to the additive factors method one needs the subtraction method. The
additive factors method provides no direct indication of stage order nor of a substantive
interpretation of each stage. S. Sternberg (1969a) had to combine information from other
sources to formulate a process model. For instance, the nature of the factors was a major
source of information. Some of these limitations are subscribed by Taylor (1976), who
suggested that it is almost impossible to evaluate a particular stage in isolation of the
effects of the other stages, and that a process model should be evaluated as a whole.

Componential Method. R. Sternberg (1977a) proposed a componential method that, on a
methodological level, is partially based on the work of Donders (1868) and partially on the
work of S. Sternberg (1969a). The general aim of the componential method is not only to
discover the identity and organization of cognitive processes underlying task performance,
like the former methods, but also to relate these discoveries to individual differences in
cognitive abilities.

Sternberg made a distinction between theory and model. The theoretical level refers to
the cognitive ability under study and consists of two parts: (1) identification of the com-
ponent processes involved in task performance; and (2) specification of the combination
rule for these components. For instance, two theories may differ from each other because
they differ in the number and/or type of components that are supposed to enter perfor-
mance. Two theories may also differ from each other because they differ in the combina-
tion rule for components (e.g., additive, multiplicative).

However, a componential theory does not fully account for the information-processing
behavior under consideration. Therefore, it is necessary to propose one or more componen-
tial models, each of which is consistent with the componential theory. A model further
specifies (1) the order of component execution, and (2) the mode of component execution.
Order of component execution refers to how components are sequenced, and mode refers
to exhaustive versus self-terminating processing, serial versus parallel processing, holistic
versus particularistic processing, etc. For instance, if a process is executed exhaustively, all
of the elements available are processed, and if a process is executed with self-termination,
processing of the elements ceases as soon as some criterion condition has been met as a
result of the processing.

When all four aspects of performance are specified (components, combination rule,
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order of component execution, mode of component execution), the behavior under study is
well described.

R. Sternberg's (1977a, 1977b) method of testing theory and model of a task has two
levels. One level consists of an intensive analysis, a complete componential analysis of a
single task. Another level is formed by extensive analysis, in which the theories and
models developed during the intensive analysis of a series of related tasks are examined
for their generality.

An intensive analysis consists of two parts, internal and external validation. The
internal validation procedure requires the formulation of a mathematical model correspon-
ding to components of the information-processing model. The model is then validated in
terms of its fit to experimental data (see also Sternberg, 1985a). R. Stemberg (1977a) sug-
gested that the regression model proposed by Clark and Chase (1972), who used it on
group data, could be performed on individual data as well. He also suggested that the
multiple regression model could be combined with the subtraction method of Donders

(1868) to unconfound otherwise confounded component processes.
There are several ways to unconfound correlated predictors, all of which use some

variant of the subtraction method. These methods have been summarized by Sternberg

(1978, 1985a). One, most used method, to unconfound otherwise confounded component
processes, is precuing. The composite task is broken down into a series of subtasks. Each
of these subtasks requires successively less information processing, and thus the time
involved in processing becomes successively shorter. The general strategy, then, is to give
subjects successively greater amounts of prior information (precuing) in the first part of a
trial, so that successively less processing is required in the second part of a trial. Subjects
first examine the first part of an item for as long as necessary, then signal readiness to see
the second part. In the experiments of Sternberg this second part of an item consisted of
the whole item (e.g., Sternberg, 1977a; Sternberg, 1977b; Sternberg & Gardner, 1983;
Sternberg, 1985a), but, as Sternberg (1977a) suggested, it can also consist of just the
second (new) part of the item. This last method was used by McConaghy and Kirby
(1987), who found results suggesting that subjects reprocessed the precued terms to some
extent in the second part of the item, when the whole item was presented.

In the external validation procedure, R. Sternberg (1977a) examined the relationships
between the individual component scores and scores on cognitive ability tests, that are
chosen to provide both convergent and discriminant validity.

Two types of latency scores are formed from the breakdown of a task; preparation time
for the first part of the trial and solution time for the second part of the trial. It is assumed
that the latency scores are additive; latency scores reflecting lesser amounts of processing
are "contained in" latency scores reflecting greater amounts of processing. R. Sternberg
(1977a) noticed that latency scores do not correspond to distinct components of inforrna-
tion processing. It is possible for multiple component processes to occur within one
latency score, or for a particular component to occur during several latency scores. The
solution scores form the dependent variables of the regression equations. Independent
variables are formed by the subtask and the experimentally manipulated variables that are
supposed to influence each component process in the model separately (cf. S. Sternberg.
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1969a) Parameter estimates are used to estimate component scores. These component
scores are hypothesized to measure the durations of the component processes of the infor-
mation-processing model.

Obviously, the componential method is not without criticism. First, there is the problem
of parameter confounding. Pellegrino and Lyon (1979) correctly noted that parameters
estimated from a componential analysis may be confounded (the separability assumption).
It is possible that more than one component process is affected by the manipulations of a
single independent variable. For example, "predictive processing" may occur. It is possible
that some subjects in certain precuing conditions perform all the operations allowed by the
model, but do also some additional processing (e.g. generating a "predicted solution"). R.
Sternberg ( 198Ob) argued  that this criticism applies   not   only  to the componential method,
but to all methods. In fact, one never knows for certain that a given manipulation affects
the intended psychological process rather than some other one(s). Given that no method is
immune from this criticism, he states that the componential method (1) minimizes con-
founding of component processes and (2) maximizes the probability that such confounding
will be discovered if they indeed exist. To minimize such confounding I suggest to limit
the breakdown of a composite task into subtasks as much as possible. Of course, within
the limits of possible confounding of parameters. For instance, to be able to estimate an
encoding component, at least two subtasks are required. Another reason to limit the
number of subtasks is the possibility that the nature of a (sub)task changes if this task is
split up into subtasks (the additivity assumption) (Pellegrino & Lyon, 1979). The more
subtasks, the greater the chance that this will happen.

Glaser and Pellegrino (1978) questioned the additive, linear, and sequential characteris-
ties of the componential method, particularly with respect to complex tasks. As tasks be-
come more complex the assumption of seriality seems less realistic. These tasks take on
more of a heuristic problem-solving character, and interactions occur between component
processes. However, this criticism also holds for less complex tasks, as well as for the sub-
traction and additive factors method. Exceptions are formed only by highly specialized
method (e.g., Smith, 1980), or by the linear dependent stage method which relaxes the
traditional assumptions of seriality, stage independence, and stochastic independence

(Taylor, 1976).
Another threat to the componential method is unreliability of single-subject para-

meters (Lohman, 1994; Pellegrino & Lyon, 1979). These unreliabilities are the con-
sequence of difference scores and small amounts of data. R. Sternberg (198Ob), in a reply
to Pellegrino and Lyon (1979), agreed that sometimes the reliabilities are not high enough
for practical individual predictions, yet they do seem high enough to yield stable patterns
of individual differences.

Component processes

R. Sternberg defined a component process as an elementary information process that
operates upon internal representations of objects or symbols (Sternberg, 1977a, 1980a; see
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also Newell & Simon, 1972). A component process may translate a sensory input into a
conceptual representation, transform one conceptual representation into another, or trans-
late a conceptual representation into a motor output. The component is not necessarily the
most elementary unit of analysis. What is considered elementary enough to be labeled a

component depends upon the desired level of theorizing (cf. Sternberg, 1977a).
Three component processes are proposed in this study: cognition, reasoning, and

evaluation processes. In addition, there is a preparation-response component.

Cognition. There are two component processes related to cognition: encoding and search-
ing. Encoding is the process in which a stimulus is translated into an internal represen-
tation upon which further mental operations can be performed. The internal representation
is stored in working memory and is assumed to consist of a feature list. Searching is
assumed to be an encoding process whereby a stimulus is presented in some kind of
degraded form. An internal representation of a stimulus is prepared in working memory
that can be used for further processing. See Just and Carpenter (1976, 1985) for a similar
reasoning about the search process.

Reasoning. There are three component processes related to reasoning: inference, mapping
and application. These processes will be explained with the aid of an analogy. An analogy
is a hierarchy of relations taking the form A is to B as C is to D'. An analogy exists when
there is a higher-order relation of equivalence or near-equivalence between two lower-
order relations (A is to B and C is to D'), or when there isa rule, Y, that maps a domain

rule, X. into a range rule, Z. Inference is the process by which a rule, X, is discovered that
relates the A-term of a reasoning problem to the B-term. Inference thus occurs in the
domain of the reasoning problem, and the outcome is stored in working memory. Mapping
is the process by which a higher-order rule, Y, is discovered that maps the domain of the
reasoning problem into the range. Mapping requires discovery of a rule that relates A (the
first term of the domain) to C (the first term of the range). The rule is stored in working

memory. Application is the process by which a rule, Z, which is inferred from the A-term
to the B-term is applied to the C-term and an ideal answer D' (an image of the correct

answer). Application thus occurs in the range of the reasoning problem, and the outcome

(the ideal answer) is stored in working memory (cf. Sternberg, 1977a; Sternberg &
Gardner, 1983).

Evaluation. There are two component processes related to evaluation: comparison and
justification. Comparison is the process by which the ideal answer, D', which is stored in
working memory, is compared with the answer options, hoping to identify one of the
options as identical to the ideal answer. Justification is the process by which one of the
answer options, that is nonidentical to the ideal answer, D', is justified as closest to this
ideal answer. Justification appears only when comparison failed to yield an answer option
corresponding perfectly to the ideal answer, D' (cf. Sternberg & Gardner, 1983).

Preparation-response. The preparation-response process comprises preparation for solving
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the problem, monitoring the solution process, translating the solution into a response, etc.

Componential models

Componential models are expressed in information-processing terms, usually as flow-
charts. The flowchart should describe fully the processes involved in task solution.

Six componential tasks were developed of which it was assumed that at least one
semantic or spatial encoding, reasoning, or evaluation process was involved. Schematic
flowchart representations for models of information processing are shown in Figures 5.1,
5.2,5.3  and  5.4.' In these figures  only the theoretical component processes are shown.  Not
shown are the experimental variables that are thought to selectively influence each of these
processes. These experimental variables and details of the quantification procedure for the
models are described in Appendix A. Details concerning the logic of the quantification
procedure can be found in Sternberg (1977a). The processing models require two further
qualifications; (1) processing is assumed to be serial, so that response time is equal to the
sum of the amounts of time spent on each component operation, and (2) the component
processes in these models are assumed to be exhaustive. Past evidence indicates that
information-processing during these models is largely exhaustive (Sternberg, 1977a;
Sternberg & Gardner, 1983; McConaghy & Kirby, 1987).

Verbal cognition modeL Solution of the verbal cognition task of the form A # Di (i = 1,
2,3,4) was theorized to require five separate component processes (see Figure 5.1). First,
subjects are assumed to encode the A-term. Next, subjects perform a search process on the
A-term and form an ideal answer. Then, they encode the Di-terms. Next, subjects compare
each of the answer options with their ideal answer. If an identity is found, a response to
the problem can be made. If the comparison fails to yield an answer option corresponding
perfectly to the ideal, then subjects are assumed to just(,6, one option as preferred but
nonideal. Finally, subjects respond.

Figural cognition model. Solution of the figural cognition task of the form A # Di (i =
1, 2, 3,4) was theorized to require four separate component processes (see Figure 5.2).
First, subjects are assumed to encode the A-term. Then, they encode the Di-terms. Next,
subjects compare each of the answer options with their ideal answer. If an identity is
found, a response to the problem can be made. If the comparison fails to yield an answer
option corresponding perfectly to the ideal, then subjects are assumed to just(15' one option
as preferred but nonideal. Finally, subjects respond.

' These flowcharts are schematic in the sense that they do not provide the details of informa-
tion processing at the level of individual attributes but instead at the level of the attributes of a
single term of a problem considered collectively. Examples of detailed flowcharts depicting
information processing at the level of single attributes can be found in Sternberg (1977a).
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Figure 5.1. Schematic flowchart representing the theoretical sequence of information processing
during solution of the verbal cognition task (I = ideal point).

Reasoning model. Solution of the verbal and figural reasoning tasks of the form A => B

.: C => Di (i = 1,2,3,4) was theorized to require seven separate component processes
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Figure 5.2. Schematic flowchart representing the theoretical sequence of information processing
during solution of the figural cognition task (I = ideal point).
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(see Figure 5.3). First, subjects are assumed to encode the A- and B-term. Next, they infer
the relations between A and B. Then, they encode the C-term. Next, subjects map the
relations between the A- and C-terms. Then, subjects apply the relations they inferred from
A to B, to the C-term and their ideal solution. Next, they encode the Di-terms. Then,
subjects compare each of the answer options with their ideal answer. If an identity is
found, a response to the problem can be made. If the comparison fails to yield an answer

option corresponding perfectly to the ideal, then subjects are assumed to just(15' one option
as preferred but nonideal. Finally, subjects respond.

Evaluation model. Solution of the verbal and figural evaluation tasks of the form A #  Di
(i = 1,2,3,4) was theorized to require four separate component processes (see Figure

5.4). First, subjects are assumed to encode the A-term. Then, they encode the Di-terms.
Next, subjects compare each of the answer options with their ideal answer. If an identity is
found, a response to the problem can be made. If the comparison fails to yield an answer
option corresponding perfectly to the ideal, then subjects are assumed to just(6' one option

as preferred but nonideal. Finally, subjects respond.
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Figure 5.3. Schematic flowchart representing the theoretical sequence of information processing
during solution of the reasoning tasks (I = ideal point).
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Figure 5.4. Schematic flowchart representing the theoretical sequence of information processing
during solution of the evaluation tasks (I = ideal point).
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Methods

Subjects

Experimental tasks. A total of 72 subjects participated in the experimental tasks. Almost
all were undergraduates at Tilburg university. Their mean age was 21.9 years (SD = 2.9).
Half of them were male (mean age = 22.3 years, SD = 2.8) and half of them female (mean
age  = 21.5 years,  SD  = 2.9). There  were 61 right-handed  and  11 left-handed subjects  in
this sample.

With respect to secondary education, the following classification was made. In the
Dutch educational system three types of secondary school can be distinguished. The first
type stresses mathematics and sciences, the second type stresses foreign languages and

business administration, and the third type of school does not put emphasis on either the
first or the second type. Of the subjects who participated in this experiment, 25 had
completed the first type, 17 the second type and 30 the third type of school.

With respect to major subject of their study program, 24 subjects studied sociology, 21

psychology, 17 economy, 4 literature, 3 law, 2 computer sciences, and 1 did not study.
All were volunteers who were paid for their participation. The earnings depended on

their performance. In addition to a minimum amount of Dft. 17.10 they received Dfl. 0.04

for every good answer (mean earnings Dfl. 34.52, minimum Dfi. 32.58; maximum Dll.
36.18).

Rating tasks. Because it was not possible to manipulate item difficulty/complexity of the
verbal reasoning and verbal evaluation task objectively, a different group of 72 Tilburg
undergraduates provided various ratings needed in the formation of experimental variables
for these two componential tasks. Their mean age was 22.0 years (SD = 3.3). The subjects

included 24 males and 48 females. They were given Dfl. 10.00 for their participation.

Apparatus

The experimental tasks were computer-controlled. Presentation of stimuli and recording
of responses were under the control of a real time IBM compatible PC (Commodore
486SX-20). Stimuli were displayed  on  a  1 4  inch SVGA color monitor  (600  x  480  dpi)  in
black and white (background: black). The recording of response times was done with an
accuracy of 1 msec.

During the experimental session, subjects were seated in a comfortable medical chair in

87
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an acoustically and electrically shielded, illuminated, and air-conditioned chamber. In front
of the subject was a table on which the monitor was placed and wherein a response panel
was assembled. This table was vertically and horizontally adjustable, so that the monitor
screen could be positioned in front of the subject's head at a distance of approximately 70
cm. The position of the response panel was also, independently of the table, vertically and
horizontally adjustable, so that the arm of the subject with which he/she responded could

lay in a relax position on this panel. The response panel consisted of six keys, one at the
left, one at the right and four in the middle of the panel. The four response keys in the
middle were marked  with  a   1,   2,   3   and  4, the other  two  keys were marked   in  red.   The

four response keys were placed right below the monitor screen. In this way, subjects could
identify these keys, while looking to the screen, without making any head movements.

Right-handed subjects pressed one of the four response keys in the middle with the index
finger of their right hand and the key on the left with the index finger of their left hand.
Left-handed subjects pressed one of the four response keys in the middle with the index

finger of their left hand and the key on the right with the index finger of their right hand.

Experimental tasks

There were twelve, computer administered, experimental tasks which were divided into
six psychometric and six componential tasks. The psychometric tasks consisted of 3
practice items and 30 experimental items, and the componential tasks consisted of 6
practice and 60 experimental items. All items had a multiple-choice format with four
answer options (one keyed option and three false options). Within an experimental task the
keyed option was equally and randomly divided over the four answer options.

Psychometric tasks

The psychometric tasks were derived from existing paper and pencil intelligence or
cognitive abilities tests, which were modified in the following ways: (1) They were
modified in computer-administered tasks. This included changes in the display format. (2)
If nessecary, the number of answer options was reduced from five to four. Included were
the keyed option and three randomly selected false options. (3) The working time of the
original paper and pencil tests was recalculated in a corresponding time-limit per item.

Gestalt Completions. The Gestalt Completions task intended to measure the factor Cogni-
tion of Figural Units (CFU) (Guilford, 1967; Guilford & Hoepfner, 1971), which is
supported by the primary mental ability Speed of Closure (Ekstrom, French & Harman,
1979)   (see also Table  3.1).   The  task is partially   a  copy   of the Gestalt Completion   Test
(Part 1 and 2) of the Kit of Factor-Referenced Cognitive Tests (Ekstrom, French & Har-
man, 1976); partially, because the original test consists  of  only 20 items. The other   10
experimental items were homemade according to the same principles as the original test.
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Subjects were required to say what a mutilated object was.
The original test was modified in two ways: (1) instead of an open-ended answer

format there was a multiple-choice format with four answer options. These answer options
were formed by a letter of the alphabet with the keyed option formed by the first letter of
the name of the object displayed. (2) The working time, which was 2 minutes for each
part (10 items)   o f the original   test,   was   set   to a time-limit   of   12   sec  per item (power
condition).

Appendix B shows an example of the items of the Gestalt Completions task.

Synonyms. The Synonyms task intended to measure the factor Cognition of Semantic
Units (CMU) (Guilford, 1967; Guilford & Hoepfner, 1971), which is supported by the
primary mental ability Verbal Comprehension (Ekstrom, French & Harman, 1979) (see
also Table 3.1). The task is a copy of the subtest Woordenlijst of the Differentiele Aanleg
Testserie, 1983 (DAT '83; Evers & Lucassen, 1991), which is a Dutch version of the
Differential Aptitude Tests, forms S and T (Bennett et al., 1974). Subjects were required
to say which of four given words comes closest in meaning to a target word.

The original test was modified in two ways: (1) the 75 items of the original test were
reduced to 30, randomly selected, experimental items. The order of presentation remained
the same as in the original test. (2) The working time, which was 20 minutes for the
original test (75 items), was set to a time-limit of 16 sec per item (power condition).

Appendix B shows an example of the items of the Synonyms task.

Figura/ Analogies. The Figural Analogies task intended to measure the factors Cognition
of Figural Classes (CFC) and Cognition of Figural Relations (CFR) (Guilford, 1967;
Guilford & Hoepfner, 1971), which are supported by the primary mental ability Induction
(Ekstrom, French & Harman, 1979) (see also Table 3.1). The task is a copy of the Figure
Analogies Test (Nonverbal Battery, Form 4, Test 2, levels G and H) of the Cognitive
Ability Test (CAT; Thorndike & Hagen, 1971). Subjects were required to solve the
relations A is to B as C is to D, while the D was given as answer option.

The  original  test was modified  in the following  way: the working time, which  was  10
minutes per level (25 items) for the original test, was set to a time-limit of 24 sec per item
(power condition).

Appendix B shows an example of the items of the Figural Analogies task.

Verbal Analogies. The Verbal Analogies task intended to measure the factors Cognition of
Semantic Classes (CMC) and Cognition of Semantic Relations (CMR) (Guilford, 1967;
Guilford & Hoepfner, 1971), which are supported by the primary mental ability Induction
(Ekstrom, French & Harman, 1979) (see also Table 3.1). The task is a copy of the subtest

Analogieen of the Differentiele Aanleg Testserie, 1983 (DAT '83; Evers & Lucassen,
1991), which is a Dutch version of the Differential Aptitude Tests, forms S and T (Bennett
et al., 1974). Subjects were required to solve the relations A is to B as C is to D, while
the A and D were given as answer option.

The original test was modified in the following ways: (1) the 50 items of the original
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test were reduced to 30, randomly selected, experimental items. The order of presentation
of the experimental items remained the same as in the original test. (2) The working time,
which was 20 minutes for the original test (50 items), was set to a time-limit of 24 sec per
item (power condition).

Appendix B shows an example of the items of the Verbal Analogies task.

Identical Pictures. The Identical Pictures task intended to measure the factor Evaluation of
Figural Units (EFU) (Guilford, 1967; Guilford & Hoepfner, 1971), which is supported by
the primary mental ability Perceptual Speed (Ekstrom, French & Harman, 1979) (see also
Table 3.1). The task is a copy of the Identical Pictures Test (Part 1 and 2) of the Kit of
Factor-Referenced Cognitive Tests (Ekstrom, French & Harman, 1976). Subjects were
required to say which of four given figures was identical to a target figure.

The original test was modified in two ways: (1) the 96 items of the original test were
reduced to 30, randomly selected, experimental items. The order of presentation remained
the same as in the original test. (2) The working time, which was 90 sec for each part of
the original test (48 items), was set to a time-limit of 4 sec per item. With this time-limit
of 4 sec, the element of speed of this task was preserved (high speed condition).

Appendix B shows an example of the items of the Identical Pictures task.

Double Descriptions. The Double Descriptions task intended to measure the factor Evalua-
tion of Semantic Units (EMU) (Guilford, 1967; Guilford & Hoepfner, 1971), which is not
supported by a primary mental ability (Ekstrom, French & Harman, 1979) (see also Table
3.1). The original test made by the group of Guilford (Guilford & Hoepfner, 1971; Nihira
et al., 1964) was not available, hence, according to the principles given by Nihira et al.
(1964), I developed a computer-administered task with 3 practice and 30 experimental
items with four answer options. Subjects were required to say which of four given words
comes nearest to satisfying two criterion words.

The working time, which was 9 minutes for the original test (45 items), was modified
to a time-limit of 10 sec per item (moderate speed condition).

Appendix B shows an example of the items of the Double Descriptions task.

Componential tasks

In order to control for time-limits set for the psychometric tasks, time-limits were also
set for the first and second part of the items of the componential tasks during the uncued
and precued conditions (see also chapter 5 and the section "Design" of this chapter).

Figural Cognition. The Figural Cognition task was developed to measure a spatial encod-
ing component and can be represented by the form A AD, (i =1,2,3,4). The items
consisted of five figures (terms) of which one of the D, terms (keyed option) is identical to
the A-term. The figures consisted of a square with maximally four elements in it. See
Appendix B for the types of elements used for the figural componential tasks. For the
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figural cognition task the number of elements was enlarged from nine to eighteen by
rotating the element 90 degrees to the left. In this way, is was possible to generate the
items from eighteen different elements. However, only one type of element (not rotated or
rotated) was used per item. Within an item the number of elements of the figures was
equal. The number of elements within a figure, however, varies from 1 to 4 per item. In
this  way,   25%   o f the experimental items has figures with either   1,   2,   3   or 4 elements.
These four types of items were randomly divided over the 60 trials. In all cases only one
element of the distractors differed from the element(s) of the keyed option. For every
distractor this element was a different one. In this way, subjects were maximally forced to
encode (all) the element(s) of the A-term.

The  time-limits  for  this  task  were  in the uncued condition  5   and   12   sec  for the first  and
second part of the trial, respectively, and in the precued condition 6 sec for both the first
and second part of the trial (power condition).

Appendix B shows an example of the items of the Figural Cognition task.

Verbal Cognition. The Verbal Cognition task was developed to measure a semantic
searching component and can be represented by the form A 0 Di (i - 1,2,3,4). The A-
term of the items consisted of anagrams of six letters. The nouns, of which the anagrams
were formed, were taken from a text corpus of more than 42 million words built up by the
Institute for Dutch Lexicology (INL) in Leiden, The Netherlands.2 The sample consisted of
nouns with the highest frequencies in this corpus. The difficulty of the anagrams was
manipulated by replacing one or more letter(s) of a noun randomly. The number of letters
that was replaced varies from 1 to 4. In this way 60 anagrams (experimental items) were
formed, of which  25% has either  1,  2,  3  or 4 replacements. The answer options  (D,)  were
formed by a letter of the anagram, with the keyed option formed by the first letter of the
noun. The four types of items were randomly divided over the 60 trials.

The  time-limits  for  this  task  were  in the uncued condition  5  and  15  sec  for the first  and
second   part   of the trial, respectively,   and   in the precued condition    12   and   3    sec   for   the
first and second part of the trial, respectively (power condition).

An example of the items of the Verbal Cognition task is shown in Appendix B.

Figural Reasoning. The Figural Reasoning task was developed to measure spatial reason-
ing  components  and  can be represented  by  the form A= >B: :C»D, (i=1,2,3,4)
This reasoning task is an analogy (hierarchy of relations) taking the form A is to B  as C is
to D. The items consisted of seven figures (terms) which were formed by a square with a
number of elements in it. A square could maximally contain four elements. The number of
elements used in this task was also enlarged from nine to eighteen by rotating the element
90 degrees to the left (see Appendix B). In this way, is was possible to generate the items
from eighteen different elements. However, only one type of element (not rotated or

1 I am grateful to Richard Piepenbrock of the CEntre for LEXical information (CELEX) in
Nijmegen, The Netherlands, for his kind assistance in acquiring the necessary lexical and fre-
quency information.
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rotated) was used per item, and elements were not repeated within a term. Within the same
type of element of the terms five types of transformations were possible: identity (no
transformation), number (addition of an element), shading, rotation (90 degrees to the
right), and spatial exchange. Transformations were not repeated within a term, but could
be repeated within an item. The A-term always has two elements. The number of elements
of the other terms was determined by the transformation "number" between the A- and B-
term, the A- and C-term, and C- and Di-terms. The number of transformations between the
A- and B-term, the A- and C-term, and the C- and D,-term (keyed option) ranged from
zero to two. Thus, the total number of transformations for these pairs of terms ranged
from zero to six. Notice that the number and the types of transformations between the A-
and B-term, and the C- and Di-term (keyed option) are equal. The distractors were con-
structed by replacing one or more type of transformations used for the keyed option by
one or more other type of transformations, by adding one or more type of transformations
used for the keyed option, and/or by removing one or more type of transformations used
for the keyed option. The total number of transformations for these terms ranged from
zero to six. The types of transformations were equally divided over the experimental items.
The type of items were randomly divided over the 60 trials.

Also in this analogies task there were three kinds of items: 4 degenerate, 8 semi-
degenerate, and 48 nondegenerate items.

The time-limits for this task were in the uncued condition 5 and 24 sec for the first and
second   part   of the trial, respectively,   and   in the precued condition   8   and    16   sec   for   the
first and second part of the trial, respectively (power condition).

An example of the items of the Figural Reasoning task is shown in Appendix B.

Verbal Reasoning. The Verbal Reasoning task was developed to measure semantic reason-
ing components and can be represented by the form A»B: :C *D, (i= 1,2,3,4)
This reasoning task is an analogy (hierarchy of relations) taking the form A is to B as C is
to D. Half the items was taken from the subtest Verbale Analogieen of the Verbale Aanleg
Testserie 1969 (VAT '69; Drenth & Van Wieringen, 1969) and half from the subtest
Verbal Analogies Test (Verbal Battery, Form 4, Test 3, levels F, G and H) of the Cogni-
tive Ability Test (CAT; Thorndike & Hagen, 1971). The items taken from the VAT '69
were modified in such a way that they fit the format A => B ::C => Di (i= 1,2,3,4),
and the number of answer options was reduced from five to four (included were the keyed
option and three randomly selected false options). The items of the CAT were translated
into Dutch, and the number of answer options was also reduced from five to four (i-
ncluded were the keyed option and three randomly selected false options). The items were
randomly divided over the 60 trials.

There were three kinds of items: 4 degenerate, 8 semidegenerate, and 48 nondegenerate
items. In degenerate items there are no value transformations neither between A and B nor

between A and C. They can be represented by the form A»A: :A= > A. In semi-
degenerate items there are no value transformations neither between A and B, nor between

A and C (but not both). They can be represented by the form A= >A: :B*B o r A»
B :: A => B. Nondegenerate items are of the standard form A => B .: C => Di
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The time-limits for this task were in the uncued condition 5 and 24 sec for the first and
second   part   of the trial, respectively,   and   in the precued condition   8   and    16   sec   for   the
first and second part of the trial, respectively (power condition).

An example of the items of the Verbal Reasoning task is shown in Appendix B.

Figural Evaluation. The Figural Evaluation task was developed to measure a spatial com-
parison component and can be represented as C AD, (i =1,2,3,4). The five terms of
the items consist of figures of which one of the D,-terms (keyed option) is identical to the
A-term. The figures consist of a square with a number of elements in it. The number of
elements used for the figural evaluation task was nine (see Appendix B). Each square
could maximally contain four elements. All figures, however, consist of squares with two
elements in it. Within an item the number of elements of the distractors that differed from
the keyed option was either 1 or 2. In this way, 50% of the distractors of the experimental
items differed in 1 element from the keyed option, and 50% in 2 elements. These type of
items were randomly divided over the 60 trials.

The time-limits for this task were in the uncued condition 5 and 4 sec for the first and
second part of the trial, respectively, and in the precued condition 2 sec for both the first
and second part of the trial (high speed condition).

Appendix B shows an example of the items of the Figural Evaluation task.

Verbal Evaluation. The Verbal Evaluation task was developed to measure a semantic
evaluation component and can be represented as C * Di (i = 1,2,3,4). The C-term is
the criterium and the Di-terms are the answer options. The criteria are adjectives taken
from the text corpus of the Institute for Dutch Lexicology (INL). The answer options are
nouns of which the keyed option meets the criterium most and the three distractors gradu-
ally less.

The time-limits for this task were in the uncued condition 5 and 7 sec for the first and
second part of the trial, respectively, and in the precued condition 2 and 5 sec for the first
and second part of the trial, respectively (moderate speed condition).

An example of the items of the Verbal Evaluation task is shown in Appendix B.

Rating tasks

Rating tasks were used to provide distance ratings needed in the formation of experi-
mental variables of the verbal reasoning and verbal evaluation task, to test the componen-
tial models of these componential tasks (see also Appendix A).

Materials in this rating tasks were nonidentical pairs or groups of stimuli from the
verbal reasoning and the verbal evaluation tasks. Subjects provided ratings of similarity
between pairs of stimulus terms on a one-to-seven scale, with one indicating an extremely
weak relation (a large conceptual distance) and seven an extremely strong relation (a small
conceptual distance). Underlying this procedure  were the assumptions  that:   ( 1) the distance
ratings are inversely related to the relatedness ratings, (2) the relatedness ratings represent
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an implicit scale of latent "value transformations," and (3) these value transformations
form the basis of item difficulty. See Rips, Shoben, and Smith (1973), for a similar set of
assumptions.

In particular, for the verbal reasoning task of the form A => B :: C =* Di (i = 1,2,3,
4), 24 subjects rated distances between the A- and B-term and between the A- and C-term;
another 48 subjects rated distances between the C-term and what they believed to be the
ideal completion (I) of the verbal reasoning task, and between this ideal and either the Dr,
D2-' Di-, or D -term, with quarter of the subjects providing each of these four ratings (I to
D,;  I  to  D2;  I  to  D);  I  to  D4)·

The same 48 subjects who rated distances in the verbal reasoning task also rated

distances of pairs of stimulus terms for the verbal evaluation task of the form C  #  Di (i =
1,2,3,4). They rated distances between what they believed to be the ideal solution (I) of
the verbal evaluation task and either the Dt-, Dl-, D3-, or D -term, with quarter of the sub-
jects providing  each of these four ratings  (I  to  D ;  I  to  D2;  I  to  D,;  I  to  D#)·

The rating tasks were computer-administered and presented to six groups of 12 subjects
each. Every group received two tasks, of which the order was counterbalanced over the
subjects. The items or the pairs of items of the tasks were presented in a different random
order to each subject.

In the written instructions, subjects were told that their task in this experiment was to
rate the "associative relatedness" of each pair of stimuli. "What this means is that you are
to look at each pair of (ideal) words and decide how closely associated they are in your
mind. The two words may be related in any of a number of different ways, and it is up to
you to decide in what way they are related." Subjects were particularly warned that
"associative relatedness" does not mean the same thing as "similarity of meaning," or
some such similar expression. "Two words may mean very different things (opposites, for
example) and yet be very highly related." Subjects were asked to use the whole scale and
to work quickly: "First impressions are fine, and you are discouraged from spending too
much time puzzling over any pair of words. "

Design

Each subject in the experiment received six psychometric tasks consisting of 3 practice
and 30 experimental items each and six componential tasks consisting of 6 practice and 60
experimental items each. Thus, there was a total of 540 experimental items. The psycho-
metric and componential tasks were presented to subjects either under power (tasks of the
cognition and reasoning stages) or under speed (tasks of the evaluation stage) conditions
(see section "Experimental tasks" of this chapter). The psychometric tasks were presented
to subjects in one block. The componential tasks were divided in two blocks of 30 items
each: one block was formed by trial 1 through 30, and one block by trial 31 through 60,
and both consisted of two conditions: an uncued and a precued condition. In the uncued
condition, stimulus items were presented to subjects in two parts. The first part of the trial
consisted of a blank square or rectangle containing no stimulus information. The second
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part of the trial consisted of the full item. In the precued condition, stimulus items were
also presented in two parts. The stimulus information of the first part of the trial depended
on the kind of componential task. In the cognition tasks of the form A AD, (i =1,2,3,
4) precuing consisted of the first term, A. In the reasoning tasks of the form  A»B .: C
=> Di (i =1,2,3,4) precuing consisted of the first two terms, A and B. In the evaluation

tasks of the form C A Di (i = 1,2,3,4) precuing consisted of the first term, C. The
second part of the stimulus items of the several componential tasks consisted of the rest of
the item. Thus, for the cognition tasks of the terms Di (i = 1, 2,3, 4), for the reasoning
tasks of the terms C and Di (i = 1, 2, 3,4), and for the evaluation tasks of the terms Di (i
= 1,2,3,4). Subjects were crossed with task (psychometric and componential), and for
the componential tasks with block (first and second), and condition (uncued and precued)
in a within-subject design.

The independent variables in the internal validation procedures for model testing of the
componential tasks were condition (uncued and precued) and experimental variables
(predictors) (see also Chapter 5).

The dependent variables for the psychometric tasks were response time of the correct
answers and percentage of correct responses. For the componential tasks the primary
dependent variable was solution time of the correct answers to solve an item in the second
part of a trial. Preparation time of the correct answers in the first part of a trial of the
componential tasks was a secondary dependent variable.

Subjects in the rating tasks, provided only ratings and were otherwise uninvolved in the
experimental manipulations.

Procedure

Subjects were tested individually. When the subjects arrived they had to fill in a form
asking for their name, age, sex, handedness, secondary education, and major subject of
program. After this they were explained the bonus-system and were informed about the
experiment. For instance, they were told that the experiment lasted approximately 3 hours
and was spread  out   over 3 blocks   of 6 tasks each. Between the blocks there  was   a   1 0
minutes pause, in which the subject was free to do what he/she wanted. Between the tasks
there was a short period of 2 minutes in which the subject could relax, but remained
seated in the closed chamber. Subjects were further asked to read the computer-ad-
ministered instructions carefully. Every block began with a block instruction and every
task with a task instruction, including an example. See Appendix B for detailed descrip-
tions of the instructions. Prior to the 30 experimental items of every (sub)task subjects
received 3 practice items, including feedback of their performance on these items. After
every (sub)task subjects received feedback of their performance and of their earnings.

The first block always consisted of the six psychometric tasks, which were adminis-
tered in the following fixed order to every subject: Synonyms task, Figural Analogies task,
Double Descriptions task, Gestalt Completions task, Verbal Analogies task, and Identical
Pictures task. The second and third block consisted of the two cueing conditions of the six
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componential subtasks, which were counterbalanced evenly across male and female sub-
jects in the following four combinations:

(1) second block - uncued condition and third block - precued condition,
(2) second block - precued condition and third block - uncued condition,
(3) third block - uncued condition and second block - precued condition,
(4) third block - precued condition and second block - uncued condition.

Within a block, the six componential subtasks were arranged according to a latin
square design with the constraints that (1) a componential task belonging to one of the
three stages could not be followed by a task of the same stage (e. g., a verbal task of the
cognition stage could not be followed by a figural task of the same stage, etc.), and (2) the
content of the componential tasks alternated (a verbal task was followed by a figural task,
or vice versa).

Because subjects could remember particular items (at least those with a verbal content),
it was not feasible to repeat them. Items were presented just once in a single cueing condi-
tion. Thus, while all subjects received the full set of 60 items of each componential task,
only half of them (36 subjects) received the same items in the identical cueing condition.
For  example the reasoning  task  of the  form  A  »  B.  C  =*  Di  (i  =  1,2,  3,4)  was  re-
ceived by 36 subjects in the uncued condition, and another 36 subjects in the precued
condition.

Also because subjects could and would remember items (particularly of the verbal
componential tasks), it was not possible to replace error response times by repeating trials.

Thus, only response times of correct items were used in subsequent analyses.
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Results

Psychometric tasks

Descriptive statistics. Descriptive statistics for each psychometric task are shown in Tables
7.1   and 7.2. Table 7.1 presents mean percentages of correct responses, and their individual
maxima and minima of the psychometric tasks. Mean percentages of correct responses
varied between  93.1%  and  57.5%. The Gestalt Completions  task  had the lowest percentage
of correct responses, followed by the Verbal and Figural Analogies tasks. The Synonyms
and Identical Pictures tasks had the highest percentages of correct responses, and the
Double Descriptions task an intermediate score. As expected, the individual maxima and
minima showed the same pattern as the percentage of correct responses. Percentages of
correct responses of the Synonyms and Identical Pictures tasks had a moderately positive
skewed distribution, probably due to a combination of a limited number of items and a

high accuracy.
Table 7.2 presents means and standard deviations of response times of the correct items

of the psychometric tasks, as well as the number of observations upon which they were
based. Since each task was composed of 30 items and the number of subjects was 72, the
maximum possible number of observations was 2160 for each task. The mean response
time  for the different tasks varied between  2.16  and 13.07 seconds. As expected, response

times varied directly with response time variabilities: higher response times were paired

with higher standard deviations. For the speed tasks, like Double Descriptions (moderate)
and Identical Pictures (fast), this relation was less direct, as a consequence of the time

TABLE 7.1.  Mean  Percentage  of Correct Responses  and  Individual  Maximum  and  Minimum«  of
the Psychometric Tasks (N = 72).

Task Mean Percentage of Maximum Minimum
Correct Responses

Gestalt Completions 57.5 80.0 23.3

Synonyms 93.1 100.0 70.0

Figural Analogies 63.2 86.7 26.7

Verbal Analogies 62.5 93.3 20.0

Identical Pictures 92.3 100.0 83.3

Double Descriptions 78.7 96.7 53.3

' Mean percentage of correct responses and individual maximum and minimum are expressed in %.
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TABLE  7.2.   Mean  Response  Time  and   Standard  Deviation«   of  the   Correct  Items   of  the  Psychome-

tric  Tasks  (N  =   72).

Task Mean Response Time Standard Deviation Number of

Observations

Gestalt Completions 4857 2620 1243

Synonyms 4619 2134 2011

Figural Analogies 13068 4687 1366

Verbal Analogies 11086 4632 1350

Identical Pictures 2160 652 1993

Double Descriptions 5506 1602 1699

' Mean response time and standard deviation are expressed in milliseconds.

pressure. Response times of all the psychometric tasks were normally distributed.
Correlations across subjects between response times of correct items and responses of

each psychometric task were calculated to determine the degree of relationship, if any,
between speed and accuracy on these tasks. All, but one, of the correlations ranged from
20 to -.02, indicating a weak or no relationship across subjects. The Gestalt Completions
task showed a significant negative correlation of -.37 (p < .01). This correlation indicates
that subjects with longer response times were less accurate during the Gestalt Completions
task.

Correlations across items between response times of correct items and responses of

each psychometric task were also calculated. The correlations ranged from -.88 to -.59
(Gestalt Completions: :88; Synonyms: -.66; Figural Analogies: -.84; Verbal Analogies: -
79; Identical Pictures: -.74; Double Descriptions: -.59). These correlations indicate that

items with longer response times were less accurate.

Intercorrelations and reliabilities. Correlations between percentages of correct responses
of the psychometric tasks and reliabilities of the percentage of correct responses of each
task are shown in Table 7.3. The intercorrelational structure of the tasks was, to some
extent, as desired. The highest correlation was between the two analogies tasks, while the
correlations between the Synonyms, Verbal Analogies, and Double Descriptions tasks indi-
cate a verbal dimension, and those between the Figural Analogies and the Identical Pie-
tures tasks a figural dimension. An exception was formed by the Gestalt Completions task,
which did not correlate significantly with the other figural tasks.

Task internal consistency reliability coefficients (Cronbach's alpha) of the percentage
of correct responses ranged from .38 to .76, with a median of .50. The Synonyms, Identi-
cal Pictures and Double Descriptions tasks had a low to moderate reliability, probable due
to a combination of a limited number of items and a high accuracy (see Table 7.1), while
the other three psychometric tasks had moderate reliabilities. These reliabilities indicate
that the levels of consistency in the strategies elicited by different problems of a given task
were low to moderate.



Results 99

TABLE  7.3.   Correlations   of  Percentages   of  Correct   Responses   Between   Psychometric   Tasks   and
Reliability  of the  Percentage  of Correct responses of Each Task.

GC    Sy FA VA          IP DD Reliability

Gestalt Completions (GC) 1.00          .01 .03 .15          .01 -.09 .58

Synonyms (Sy) 1.00 .05 .24* -.01 .29**   .41

Figural Analogies (FA) 1.00 .45*** .35** .14     .61

Verbal Analogies (VA) 1.00 .29** .34** .76

Identical Pictures (IP) 1.00 .07 .39

Double Descriptions (DD) 1.00 .38

* p < .05; ** p < .01; *** p < .001 (twoiailed)

Correlations of response times of correct items between psychometric tasks and reliabi-
lity of response times of all items of each task are shown in Table 7.4. All correlations
between the psychometric tasks were significant, except the correlations between the
Gestalt Completions task on the one hand and the Synonyms, Verbal Analogies, and
Identical Pictures tasks on the other.

Task internal consistency reliability coefficients (Cronbach's alpha) of the response

times were all high, and ranged from .84 to .94, with a median of .91. These reliabilities
indicate that the levels of consistency in the strategies elicited by different problems of a
given task were high. Stated otherwise, item differences in elicited strategies appear to
have been minimal.

Overall, reliabilities of response times were much higher than of percentages of correct

responses, indicating that response times from item to item are more consistent than
percentages of correct responses. Obviously, this result is, partially, a function of the type
of data used: continuous scores for response times produce a more efficient metric than
binary scores for percentages of correct responses, resulting in larger covariances in the
reliability measure.

TABLE  7.4.   Correlations   of   Response   Times   of   Correct   Items    Between   Psychometric   Tasks   and
Reliability'   of Response  Times  of  Each  Task.

Task GC    Sy FA VA          IP DD Reliability

Gestalt Completions (GC) 1.00 .19 .47*** .14 .18 .32** .89

Synonyms (Sy) 10041*** .42***  .40*** .47*** .93

Figural Analogies (FA) 1.00 .35** .43***31**91
Verbal Analogies (VA) 1.00 .34** .40*** .84

Identical Pictures (IP) 1.00  .47*** .91
Double Descriptions (DD) 1.00 .94

' Reliability coefficients are based on all items.

**p<.01; "*p<.001 (two-tailed).
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Structure ofpsychometric tasks. To determine and validate the structure of accuracy of the
six psychometric tasks, factor as well as multidimensional scaling analyses were performed.
To determine the structure of speed of the six psychometric tasks only factor analysis was

performed.

Accuracy In order to estimate the relations of the percentages of correct responses of the
psychometric tasks with a general accuracy factor (Ga), a confirmatory factor analysis on the

percentages of correct responses of the psychometric tasks was performed. With the program
LISREL 8 (JOreskog & SOrbom, 1993) a simple model with six variables and one factor (Ga)
was tested (%2(9) =  10.8; p = .29). Ga explained 23% of the variance, roughly indicating that
the average correlation among the psychometric tasks is low (.15). This result suggests that
the psychometric tasks are estimates ofbasic cognitive abilities.

In Figure 7.1 are shown the estimates which may be interpreted as standardized factor
loadings. The reasoning tasks, Figural and Verbal Analogies, had the highest loadings on Ga,
.51 and .88, respectively, indicating, especially for the Verbal Analogies, reasonable good in-
dicators of Ga. The evaluation tasks, Identical Pictures and Double Descriptions, had modera-
te loadings on Ga,.34 and .38, respectively, and the cognition tasks, Gestalt Completions and
Synonyms, the lowest loadings, .14 and .27, respectively. This loading structure clearly
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Figure 7.1. A LISREL model of the percentages of correct responses of the six psychometric tasks.
GC: Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identi-
cal Pictures; DD: Double Descriptions; Ga: general accuracy factor.
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reveals that the more difficult/complex a task, the higher its loading on Ga. However, this
model does not reveal other structures. To obtain more insight into other structures of the
psychometric tasks, multidimensional scaling is necessary.

This and subsequent multidimensional scaling analyses are based on methods developed
by Shepard (1962) and Kruskal (1964). The program used was ALSCAL, a procedure in the
statistical package SPSS 6.0.1 (1993). In Figure 7.2 is shown a two-dimensional scaling
representation of the correlation matrix of the percentages of correct responses ofthe psycho-
metric tasks (Stress = .044; R2 - .986).The difficulty/complexity continuum, that was found
in the LISREL model (see Figure 7.1), is also elaborated in this figure. The Verbal Analogies
task and, to a lesser extent, the Figural Analogies task with loadings of more than .50 on Ga,
fall in or near the center of the configuration, again indicating that these tasks, especially the
Verbal Analogies, are good indicators of Ga. The Gestalt Completions and Synonyms tasks
with loadings of less than approximately .25 on Ga, fall in the periphery. The Identical Pictu-
res and Double Descriptions tasks with loadings of approximately .25 to .50 on Ga, fall
between the center and the periphery. The scaling solution, however, also revealed other
structures of the six psychometric tasks.

An important one is the content structure. The verbal tasks, Synonyms and Double
Descriptions, located on the left side of the periphery, are clearly distinguished from the
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Figure 7.2. A two-dimensional scaling solution of the percentages of correct responses of the six
psychometric tasks. GC: Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal
Analogies; IP: Identical Pictures; DD: Double Descriptions.
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figural tasks, Gestalt Completions and Identical Pictures, located on the right side of the
periphery, representing a verbal and figural content area, respectively. The two reasoning
tasks, Figural and Verbal Analogies, are less distinguishable in content, since the are 10-
cated in or near the centre of the configuration.

A further distinction can be made between the cognitive stages cognition, reasoning,
and evaluation. The Gestalt Completions and Synonyms tasks, which are assumed to
represent an cognition stage, fell in the upper side of the periphery, the Identical Pictures
and Double Descriptions tasks, which are assumed to represent an evaluation stage, in the
bottom side in the periphery, and the Analogies tasks, assumed to represent a reasoning
stage, in or near the center of the configuration.

Speed. In order to estimate the relations of the response times of the psychometric tasks
with a general speed factor (Gs), a confirmatory factor analysis on the response times of
the percentages of correct responses of the psychometric tasks was performed. With the
program LISREL 8 (JOreskog & Sort,om, 1993) a simple model with six variables and one
factor (Gs) was tested (%2(9) = 16.1, p = .07). Gs explained 36% of the variance, roughly
indicating that the average correlation among the psychometric tasks is high (.35). This
finding suggests common variance among the processes of the psychometric tasks.

In Figure 7.3 are shown the estimates which may be interpreted as standardized factor
loadings. The loadings had a restricted range from .41 to .67, as a consequence of the
intercorrelational structure of the response times of the psychometric tasks (see Table 7.4).
Despite this restricted range, it is clear that the Gestalt Completions had the lowest load-
ing, followed by the Verbal Analogies, the Figural Analogies, Identical Pictures, Syn-
onyms, and the Double Descriptions with the highest loading on Gs.

Rating tasks

Reliability. Task internal consistency reliabilities (Cronbach' s alpha)   of the rating tasks,
which were used to provided values for the task variables of the verbal reasoning and the
verbal evaluation tasks are shown in Table 7.5. Reliabilities ranged from moderate  to  very
high (.70 to .97), indicating that the levels of consistency in ratings elicited by different
items of a given task were moderate to very high..

Componential tasks

Descriptive statistics. Descriptive statistics for each componential task as administered in
each of the two cueing conditions, are shown in Tables 7.6,7.7 and 7.8. Table 7.6 pre-
sents means and standard deviations of preparation times (first half of trial) of the correct
items  for both the uncued (no advance information) and the precued (advance informa-

3 The number of correct items is based on the second half of the trials.
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Figure 7.3. A LISREL model of the response times of the correct items of the six psychometric
tasks. GC: Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP:
Identical Pictures; DD: Double Descriptions; Gs: general speed factor.

TABLE 7.5.  Reliability  Coeficients  and  Number  of Subjects  of Rating  Tasks.

Rating task Reliability                              N

Verbal Reasoning
A-B                           .91                         24

A-C                           .91                         24

C-I 1-D, .95 .96                  12

C-I I-D2 .94 .82                  12

C-I I-D3 .97 .74                  12

C-I 1-D4 .92 .88                  12

Verbal Evaluation

1-Di .77                         12

1-D2 .80                         12

I-D3 .70                         12

1-D, .90                         12
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TABLE  1.6.  Mean   Preparation  Time  and  Standard   Deviation «   of  the  Correct  Items   of  the  Com-

ponential Tasks.

Condition Task Mean Preparation Standard Number of

Tirne Deviation Observations

Uncued

Figural Cognition 491 285 2060

Verbal Cognition 583 422 1624

Figural Reasoning 610 400 1724

Verbal Reasoning 596 396 1863

Figural Evaluation 470 283 2082

Verbal Evaluation 506 348 1867

Precued

Figural Cognition 2467 1603 1876

Verbal Cognition 3604 2689 1554

Figural Reasoning 3413 1357 1696

Verbal Reasoning 2383 1226 1755

Figural Evaluation 901 299 1860

Verbal Evaluation 728 308 1778

' Mean preparation time and standard deviation are expressed in milliseconds.

tion) condition, as well as the numbers of observations upon which each mean and stan-
dard deviation was based. Since each task was composed of 60 items and the number of

subjects was 36, the maximum possible number of observations was 2160 for each task.
As expected, preparation times were longer in the precued condition than in the uncued
condition.

Table 7.7 presents means and standard deviations of solution times (second half of
trial) of the correct items for both the uncued and the precued condition, as well as the
numbers of observations upon which each mean and standard deviation was based. As ex-
pected, solution times were longer in the uncued condition than in the precued condition.
In the uncued condition, in which the complete items were presented, the mean solution
time  ranged  from  2.21   to 10.78 seconds.  In this condition solution time variabilities varied

directly with means: higher times were paired with higher standard deviations. For the
speed tasks, like Verbal Evaluation (moderate) and Figural Evaluation (fast), this relation
was less direct, as a consequence of the time pressure. The solution times in this condition
were normally distributed.

In the precued condition, in which the second part of the items were presented, the
mean   solution time ranged   from   1.18   to 6.00 seconds. Solution time variabilities showed
the same pattern as in the uncued condition. Furthermore, solution times in this condition
had a slightly skewed distribution for the Verbal Reasoning (positive) and Verbal Evalua-
tion (negative) tasks.

Table 7.8 presents mean percentages of correct responses, as well as individual maxima
and minima for both the uncued and the precued condition. In the uncued condition, the
mean percentage of correct responses ranged from 96.4% to 75.2%, and in the precued
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TABLE  1.1.   Mean   Solution   Time  and   Standard   Deviation -   of  the   Correct   Items   of  the   Compo-
nential Tasks.

Condition Task Mean Solution Standard Number of

Time Deviation Observations

Uncued

Figural Cognition 3783 1876 2060

Verbal Cognition 4778 3174 1624

Figural Reasoning 10776 4590 1724

Verbal Reasoning 7065 3948 1863

Figural Evaluation 2206 538 2082

Verbal Evaluation 3630 1021 1867

Precued

Figural Cognition 2808 1592 1876

Verbal Cognition 1184 376 1554

Figural Reasoning 6001 2693 1696

Verbal Reasoning 4059 2278 1755

Figural Evaluation 1319 287 1860

Verbal Evaluation 2736 765 1778

2 Mean solution time and standard deviation are expressed in milliseconds.

condition from 86.9% to 71.9%. Contrary to Sternberg (1977a) and Sternberg and Gardner

(1983), mean percentages of correct responses in the precued condition were lower than in

TABLE  7.8.   Mean   Percentage   of  Correct   responses  and   Individual   Maximum   and   Minimum'    of
the Componential Tasks.

Condition Task Mean Percentage of Maximum Minimum

Correct Responses

Uncued

Figural Cognition 95.4 100.0 86.7

Verbal Cognition 72.2 90.0 56.7

Figural Reasoning 79.8 96.7 33.3

Verbal Reasoning 86.2 100.0 60.0

Figural Evaluation 96.4 100.0 70.0

Verbal Evaluation 86.4 100.0 66.7

Precued

Figural Cognition 86.9 100.0 66.7

Verbal Cognition 71.9 96.7 43.3

Figural Reasoning 78.5 100.0 30.0

Verbal Reasoning 81.2 96.7 56.7

Figural Evaluation 86.1 100.0 63.3

Verbal Evaluation 82.3 100.0 63.3

a Mean percentage of correct responses and individual maximum and minimum are expressed in %.
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the uncued condition. These results can be explained by two methodological differences.
First, in the experiments of Sternberg the second part of the trials consisted of the full
items, while in this experiment the precued terms were removed from the second part of
the trials. McConaghy and Kirby (1987), who used the same method as in this experiment,
found result similar as in this experiment. Further, in this experiment time-limits were set
to the first and second part of the trials in both conditions. It is possible that in the
precued condition,   with two time-limits,   the   subj ects experienced a greater time pressure
during some of the tasks (particularly during those with narrow time-limits), than during
the uncued conditions, with one time-limit. This greater time pressure could lead to less
accuracy.

Correlations across subjects between solution times of correct items and percentages of
correct responses of the componential tasks in the uncued and precued condition are shown
in Table 7.9. In the uncued condition the Verbal Reasoning and Verbal Evaluation tasks
showed a significant speed-accuracy tradeoff across subjects, while in the precued condi-
tion a significant speed-accuracy tradeoff was found for the Figural Cognition and Figural
Evaluation tasks. Significant negative correlations were found for the Verbal Cognition
task in the uncued condition, and for the Figural Reasoning task in the uncued and precued

condition, indicating that subjects who were less accurate also took longer to solve the
problems.

ReUahimies. Task internal consistency reliabilities (Cronbach's alpha) of the solution times
of all items in the uncued condition ranged from .77 to .92, with a median of .91. In the
precued condition these reliabilities ranged from .65 to .86, with a median of .83. Overall,
reliabilities of solution times were higher in the uncued than in the precued condition.
These reliabilities show that the levels of consistency in the strategies elicited by different
problems of a given task were moderate to high. Stated otherwise, item differences in
elicited strategies appear to have been moderate to minimal.

Subject internal consistency reliabilities (Cronbach's alpha) of the solution times of all
items in the uncued condition reliabilities ranged from .90 to .99, with a median of .97. In
the precued condition these reliabilities ranged from .89 to .98, with a median of .96.
Again, reliabilities of solution times were slightly higher in the uncued than in the precued

TABLE 7.9. Correlations Between  Solution  Times of the Correct Items  and  Percentages  of Correct
responses of the  Componential  Tasks«.

Condition FC VC FR VR FE VE

Uncued .15 -.32** -.51*** .27* -.05 .25*

Precued .45*** -.21 -.30* -.04 .31**   .01

' FC: Figural Cognition; VC: Verbal Cognition; FR: Figural Reasoning; VR: Verbal Reasoning; FE: Figural
Evaluation; VE: Verbal Evaluation.
* p < .05; ** p < .01; *** p < .001 (two-tailed).
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condition. These reliabilities show that the levels of consistency in the ways subjects ap-
proached a given task were high, or stated otherwise, that individual differences in strate-

gies were minimal.

Componential models

On the basis of the entire set of data (group data) the mathematical modeling was done
by linear multiple regression (see also Chapter 5). Solution times of the correct items for
the data points were used as the criterion to be predicted. In the regressions, each of the

data points was weighted by the number of observations that went into it. The independent
variables were numbers of terms to be encoded and functions of numbers of value chang-
es. The parameters of the models were the estimated unstandardized regression coefficients
(see Appendix A for a quantification of the models). The response+ parameter represents
the constant in the regression equations (and hence no significance test was appropriate).

To test the assumption of seriality of the component processes, MANOVAs with
repeated measures were performed on subsets of the data points of each of the six com-
ponential tasks.

Figural cognition model. Each of the 16 data points that went into the regression equation
represented a different item type (2 numbers of terms to be encoded (4 or 5) x 4 possible
value changes from I to Di (0,3,6, or 9) x 2 cueing conditions (uncued or precued)), and
is   an   average of solution times   for at least 144 observations (4 items)   and   at   most   396
observations (11 items). Detailed statistics describing the figural cognition model are
presented in Table 7.10.

Parameter estimates were highly reliable, and almost at least 10 times their standard
error. As a result the regression Fs were highly significant. The first variable to enter into

TABLE 7.10. Multiple Regression Analyses of the Figural Cognition Task.

Parameter             B (msec)      Standard Error a Ng p df

Encoding 846    85    .31 99.2 .000 1,13

Comparison 383              13 .94 915.1 .000 1,13

Response+ -2143

Stepwise

Parameter Cumulative R2 Cumulative R Cumulative F Cumulative dfReg

Comparison .89 .94 114.2 1,14

Encoding .98 .99 507.2 2,13

Standard Error of Estimate: 73 msec
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the stepwise equation was comparison, which accounted for 89% of the variance in the
data,   followed by encoding   with 11%. Overall, the model accounted   for  98%   of  the
variance in the data, with a standard error of estimate of 73 msec. It has to be noticed that
the response+ parameter had a negative value, probable due to a variable in the model

serving as a suppressor variable. However, I decided to maintain the response+ parameter
in this and subsequent individual differences analyses.

The model-fitting data presented above show that the model provided a very good
account of the observations. The data gave no indication, however, of whether the variance
unexplained by the model was systematic or not. In order to address this question, the
reliability of the residuals was computed. Differences between observed and predicted
values were computed for each half-sample of the subjects (odd and even subject numbers)
and correlated with each other. These correlations were then corrected by the Spearman-
Brown formula (cf. Sternberg & Rifkin, 1979).

The reliability coefficient of the residuals (.49; p < .01), indicates that the variance

unexplained by the model was partially systematic. This suggests that the estimated model
is not the "true model" of performance in terms of systematic variance. As far as the
systematic variance (explained by the model) is concerned, this serial model represents
only a first approximation to the not wholly serial strategies subjects actually used. This is

indicated by a repeated measures MANOVA with a 2 x 4 factorial design on solution
times of the correct answers for encoding and comparison crossed within subjects. A

significant interaction was found between encoding and comparison (17 = 21.63; p <(3, 69)

.001).

Verbal cognition modeL The theoretical number of data points was 20 (2 numbers of
terms  to be encode  (0  or  1) x 5 possible numbers of letter value changes  (0,   1,  2,  3,  or  4)
x 2 cueing conditions (uncued or precued)). However, not all combinations of item types
were  possible.  The  10 data points  that  went  into the regression equation represented  a  dif-
ferent  item  type  and  was an average of solution times  for at least 144 observations  (4
items)  and  at  most 1080 observations (30 items). Detailed statistics describing the verbal

cognition model are presented in Table 7.11.
Parameter estimates were moderately to highly reliable, and almost at least 3 times

their standard error. As a result the regression Fs were all significant. The first variable to
enter into the stepwise equation was searching, which accounted for 93% of the variance
in the data, followed by encoding with 3%. Thus, the model accounted for 96% of the
variance in the data, with a mean standard error of estimate of 271 msec.

Although statistically significant, the statistical and psychological contribution of the
encoding component was, compared with the searching component, very small. This is
supported by the fact that the regression F for the entire set of parameters was smaller
than the regression F for the previous subset. Further, the response+ component, which
was quite large, was confounded with a comparison and/or justification component, be-
cause the value changes to estimate these components were held constant during the
experiment.

A reliability coefficient of .21 (p = .23) indicates that the variance unexplained by the
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TABLE 7.11. Multiple Regression Analyses of the  Verbal  Cognition Task.

Pararneter B (msec) Standard Error a       F'.n      p        df

Encoding 1546 548 .37 7.9 .026 1,7
Searching 905 185 .65 23.8 .002 1,7
Response+ 1184

Stepwise

Parameter Cumulative R2 Cumulative R Cumulative F Cumulative dfReg

Searching .93 .96 98.9                    1,8

Encoding .96 .98 96.3                    2,7

Standard Error of Estimate: 271 msec

model was not systematic, because this coefficient was not significant. This suggests that
the estimated model is the "true model" of performance or indistinguishable of it in terms
of unsystematic variance. It was not possible to test if this model is an approximation or
not of the "true model" of performance in terms of systematic variance (those explained by
the model), because it was not possible to perform an MANOVA with a factorial design
for both the encoding and searching components.

Figural reasoning model. The theoretical number of data points was 64 (2 numbers of
terms to be encode (5 or 7) x 4 possible numbers of transformation changes from A to B,
A to C, and C to I (0,1,2, or 3) x 4 possible numbers of transformation changes from I
to Di (0, 1, 2, or 3) x 2 cueing conditions (uncued or precued)). However, not all com-
binations of item types were possible. Each of the 31 data points that went into the regres-
sion equation represented a different item type and was an average of solution times for at
least 36 observations (1 item) and at most 324 observations (9 items). Detailed statistics
describing the figural reasoning model are presented in Table 7.12.

Parameter estimates were moderately to highly reliable, and almost at least 5 times
their standard error. As a result all regression Fs were significant. The first variable to
enter into the stepwise equation was reasoning, which accounted for 68% of the variance
in the data, followed by encoding with 21%, and comparison with 5%. Overall, the model
accounted for 94% of the variance in the data, with a standard error of estimate of 333
msec.

The reliability coefficient   o f the residuals   of  .24   (p   =   . 16), indicates   that the variance
unexplained by the model was not systematic. This suggests that the estimated model is
the "true model" of performance or indistinguishable from it in term of systematic
variance. As far as the systematic variance is concerned, this serial model represents only a
first approximation to the not wholly serial strategies subjects actually used. This is
indicated by a repeated measures MANOVA with a 2 x 3 x 2 factorial design on solution
times of the correct answers for encoding, reasoning, and comparison crossed within
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TABLE 1.12.  Multiple  Regression Analyses  of the  Figural  Reasoning  Task.

Parameter              B (msec)       Standard Error B             F.,1            Pdf

Encoding 1895 181 .59 109.9 .000 1,27

Reasoning 1566 278 .40 31.6 .000 1,27

Comparison 1028 228 .29 20.3 .000 1,27

Response+ -7089

Stepwise

Parameter Cumulative R  Cumulative R Cumulative FRq   Cumulative df

Reasoning .68 .83 61.8 1,29

Encoding .89 .94 113.6 2,28

Comparison .94 .97 134.7 3,27

Standard Error of Estimate: 333 msec

subjects, revealing significant interactions between the three components: Encoding x
Reasoning, 42.70) = 37.29; p < .001; Reasoning x Comparison, 62,70, = 14.20; p < .001;
and Encoding x Reasoning x Comparison, F =  10.72;  p  <  .001. This result clearly(2.70)

indicates that subjects used a much more complex and not wholly serial strategy for this
figural reasoning task, than this simple serial model assumes.

Verbal reasoning modeL The theoretical number of data points was 48 (2 numbers of
terms to be encoded (5 or 7) x 4 possible numbers of transformation changes from A to B,
A to C, and C to I (0,  1,2, or 3) x 3 possible numbers of transformation changes from I

to Di (1, 2, or 3) x 2 cueing conditions (uncued or precued)). However, not all combina-
tions of item types were possible. Each of the 25 data points that went into the regression
equation represented a different item type and was an average of solution times for at least

36 observations (1 item) and at most 792 observations (22 items). Detailed statistics

describing the verbal reasoning model are presented in Table 7.13.
Parameter estimates were moderately to highly reliable, and at least 3 times their stan-

dard error. As a result all regression Fs were significant. The first variable to enter into the

stepwise equation was reasoning, which accounted for 65% of the variance in the data, fol-
towed by encoding with 20%, and evaluation with 5%. Overall, the model accounted for
90% of the variance in the data, with a standard error of estimate of 455 msec.

The reliability coefficient of the residuals of .16 (p = .36), indicates that the variance

unexplained by the model was not systematic. This suggests that the estimated model was
the "true model" of performance or indistinguishable from it in terms of systematic vari-
ance. As far as the systematic variance is concerned, this serial model represents only a
first approximation to the not wholly serial strategies subjects actually used. This is in-
dicated by a repeated measures MANOVA with a 2 x 3 x 2 factorial design on solution-
times of the correct answers for encoding, reasoning, and evaluation crossed within sub-



Results 111

TABLE 7.13. Multiple Regression Analyses of the Verbal Reasoning Task.

Parameter B (msec) Standard Error B       F*      p        4

Encoding 1121 168 .49 44.5 .000 1,21

Reasoning 2373 289                .61 68.4 .000 1,21

Evaluation 1653 514 .23 10.3 .004 1,21

Response+ -7237

Stepwise

Parameter Cumulative R2 Cumulative R Cumulative F Cumulative dfReg

Reasoning .65              .81 43.2 1,23

Encoding .85 .92 63.1 2,22

Evaluation .90 .95 63.4 3,21

Standard Error of Estimate: 455 msec

jects. Significant interactions were found between three components: Encoding x Reason-
ing, 42.70) = 10.06; p < .001; Reasoning x Evaluation, 42.70)

= 213.92; p < .001; and
Encoding x Reasoning x Evaluation, Fc2.70) = 15.81; p < .001. This result clearly indicates
that subjects used a much more complex and not wholly serial strategy for this verbal rea-
soning task, than the simple serial model assumes.

Figural evaluation modeL  Each of the 8 data points that went into the regression equation
represented a different item type (2 numbers of terms to be encoded (4 or 5) x 2 possible
numbers of value changes from I to Di (0 or 3) x 2 cueing conditions (uncued or
precued)), and was an average of solution times for at least 504 observations (14 items)
and at most 576 observations (16 items). Detailed statistics describing the figural evalua-
tion model are presented in Table 7.14.

Parameter estimates were moderately to highly reliable, and at least 4 times their
standard error. As a result all regression Fs were significant. The first variable to enter
into the stepwise equation was encoding, which accounted for 95% of the variance in the
data, followed by comparison, with almost 4%. Overall, the model accounted for 99% of
the variance in the data, with a standard error of estimate of 39 msec.

The reliability coefficient of the residuals (.33; p < .05), indicates that the variance
unexplained by the model was partially systematic. This suggests that the estimated model
is not the "true model" of performance in term of systematic variance. Considering the
systematic variance (those explained by the model), this serial model represents only a first
approximation to the not wholly serial strategies subjects actually used. This is indicated
by an MANOVA with a 2 x 2 factorial design on solution times of the correct answers for
encoding and comparison crossed within subjects. A significant interaction was found
between encoding and comparison (F = 42.70; p < .001).(1,71)
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TABLE 7.14. Multiple Regression Analyses of the  Figural  Evaluation Task.

Parameter B (msec) Standard Error 5     FRn    p      di

Encoding 886     45      .97 383.4 .000 1,5
Comparison          60             15 .20 16.1 .010    1,5

Response+ -2310

Stepwise

Parameter Cumulative R2 Cumulative R Cumulative FR,g   Cumulative df

Encoding .95 .97 109.3                    1,6

Comparison .99 .99 199.7               2,5

Standard Error of Estimate: 39 msec

Verbal  evaluation   model. The theoretical number   of data points  was   12 (2 numbers   of

terms to be encode (4 or 5) x 3 possible numbers of value changes from I to D, (1,2, or
3) x 2 cueing conditions (uncued or precued)). However, not all combinations of item
types were possible.   Each   of  the   10 data points   that   went   into the regression equation
represented a different item type and was an average of solution times for at least 36

observations (1 item) and at most 936 observations (26 items). Detailed statistics describ-
ing the verbal evaluation model are presented in Table 7.15.

The parameter estimate for encoding was highly reliable, and almost 10 times   its

standard error. As a result the regression F was highly significant. The parameter estimate

TABLE 7.15. Multiple Regression Analyses of the Verbal  Evaluation Task.

Parameter B (msec) Standard Error 0                       FRI,                     p                          df

Encoding 894              91 .96 97.1 .000     1,7

Evaluation 119 123 .01 .9 .363 1,7

Response+ -1063

Stepwise

Parameter Cumulative R2 Cumulative R Cumulative F Cumulative dfReg

Encoding .92 .96 97.7                    1,8

Rejected

Evaluation .93 .97 49.0                    2,7

Standard Error of Estimate: 107 msec
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for evaluation was not significant at a 5% chance level. Thus, the only variable that went
into the stepwise equation was encoding. Overall, the model accounted for 92% of the
variance  in  the  data,  with a standard error  of estimate  o f  107  msec.

The reliability coefficient of the residuals of .31 (p = .06), indicates that the variance
unexplained by the model was not systematic. This suggests that the estimated model was
the "true model" of performance or indistinguishable from it in term of systematic vari-
ance. However, a repeated measures MANOVA with a 2 x 3 factorial design on solution
times of the correct answers for encoding and evaluation crossed within subjects, showed a
Significant interaction between the two components: Encoding x Evaluation, F - 23.51;(2.70)

p < .001. This result clearly indicates that subjects used a not wholly serial strategy for
this verbal evaluation task, and that this model represents only a first approximation.

Summary. Stemberg (19858) suggested several tests in internally validating a componen-
tial model. The following tests have been used in the validation of the componential
models of this study.

A first test was the overall fit of the model in terms of percentage-of-variance-ac-
counted-for. The relative goodness of fit values ranged from 90% to 99%, indicating
excellent fits of all the models for the componential tasks.

A second test was the standard error of estimate. Because this is an "absolute" measure,
its value will be affected by the variance of the observed and predicted data. These values
ranged from 39 ms to 455 ms.

A third test was the regression F, which is a basis of deciding whether to reject the
null hypothesis of no fit of the model to the data. These values were all significant and
ranged from 63.4 to 507.2. One reassuring and relatively unusual aspect of the data of the
models, except of those of the verbal cognition and verbal evaluation model, is that the
regression F for the entire set of parameters was larger than the regression F for the
previous subset(s). This result lends further credence to the hypothesis that all parameters
were needed in order to model the processes of these tasks adequately.

A fourth test was the regression F for individual parameter estimates. Individual
parameters are tested for significance in order to assure their nontrivial contribution to the
model. All estimated parameters were significant, except the evaluation parameter of the
verbal evaluation model, which was rejected.

A fifth test was the reliability of the residuals. This value gives an indication of wheth-
er the variance unexplained by the model is systematic or not. Only for the figural cogni-
tion and figural evaluation models the reliability coefficients were significant, suggesting
that the estimated models were not equivalent to the "true model." There was systematic
variation that still remained unexplained (see also Sternberg & Rifkin, 1979).

Finally, the assumption of seriality was tested by means of analysis of variance. Inter-
actions between two or three components indicate that this assumption is false. For all
models, except the verbal cognition model, which could not be tested, significant first
and/or second order interactions were found, indicating that subjects used a much more
complex and not wholly serial strategy for the componential tasks.

If we look at the percentages of variance explained by the groupdata of the different
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models of about    10%   or   more, a clear pattern appears. The verbal cognition   task   was
characterized by a semantic searching (93%) and the figural cognition task by a figural
comparison (89%) component. The verbal reasoning task by a semantic reasoning (65%)
and a semantic encoding (20%) component, and the figural reasoning task by a figural

reasoning (68%) and a figural encoding (21%) component. The verbal evaluation task by a
semantic encoding (92%) component and the figural evaluation task by a figural encoding

(95%) component.

Relationships between component scores

The same regression models used for the groupdata of the componential tasks were
used for the individual data of the componential tasks.

Figura/ cognition task The mean of the individual percentage of variance accounted for

was 93%, with a minimum of 72%, and a maximum of 99.7%. The mean standard error of
estimate of the 72 subjects was 280 msec (SD = 123).

Tables 7.16 and 7.17 are concerned with individual differences within the given model
of the figural cognition task. Table 7.16 shows means and standard deviations  of the
parameter estimates of the figural cognition task for the 72 subjects. The data show that
standard deviations of the encoding and response+ components were very large relative to
their means. The standard deviation of the response+ parameter was even larger than its
mean. This last parameter had a negatively skewed distribution.

In Table 7.17 are shown the correlations between general performance and the com-
ponent processes of the figural cognition task. The component with the largest significant
positive correlation with general performance was comparison, followed by a near sig-
nificant encoding component. Thus, individual differences in performance on the figural
cognition task was mostly related to this comparison process. Subjects who were fast in
general performance were also fast in comparison, and vice versa. Remarkable is a very
large negative correlation between encoding and response+ (-.995). Subjects who were
slow in encoding, responded fast, and vice versa. There were no other significant correla-
tions between the parameters. Again, this indicates that the patterns of individual dif-

TABLE 7.16.  Mean  and  Standard  Deviation'  of the  Parameters  of the  Figural  Cognition  Task  (N

= 72).

Parameter Mean Standard Deviation Number of Observations

General Performance 3383 521 3936

Encoding 3876 3143 3936

Comparison 1625 395 3936

Response+ -2193 3048 3936

a Mean and standard deviation are expressed in milliseconds.
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TABLE 7.17. Correlations between Parameters of the Figural Cognition Task.

1.              2.            3.            4.

1. General Performance 1.00 .23 .81*** -.17

2. Encoding 1.00       .1 1 -.995 ***

3. Comparison 1.00 -.10
4. Response+ 1.00

*** p < .001 (two-tailed).

ferences tend not to be consistent across those parameters. This independence suggests that
these parameters represents distinct processes.

Table 7.18 shows correlations of parameter estimates of the figural cognition task with
preparation and solution times of the figural cognition task. Consider first the general

performance parameter with solution times. The correlation of this parameter with solution
time in the uncued condition, although highly significant, was relatively small (.79). The
proportion of variance of this parameter explained by the solution time in this condition,
indicates that these individual parameter estimates of the model do not fit the data very
well. In the precued condition, in which 4/5 part of the encoding was present, propor-
tionally less variance of the solution time was explained by this parameter. Encoding and
response+ correlated much higher with solution time in the uncued condition than with the
general performance parameter (see Table 7.17), although both correlated    in    the    same
direction. The reverse is true of the comparison component, although this difference was
less than for encoding and response+. As expected, in the precued condition comparison
explained a larger proportion of variance of solution times than in the uncued condition,
because the contribution of encoding was smaller in the first mentioned condition. The
correlations of both the encoding and response+ parameters with solution time reversed
sign and became smaller from the uncued to the precued condition.

TABLE 7.18. Correlations of Components with Preparation and Solution Times of the Figural
Cognition Task.

General Encoding Comparison Response+
Performance

Solution Time
Uncued .79*** .58*** .56*** -.54***

Precued .71*** -.21 .65*** .25*

Preparation Time
Uncued .30* .07 .13 -.04

Precued .58*** -.12 .47*** .16

*p<.05; *** p <.001 (two-tailed).
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The correlation of general performance with preparation time followed the predicted
pattern, increasing with more cues. Unexpected was the significant correlation between

comparison and preparation time in the precued condition, since the only component
present in this condition was 1/5 part of encoding. Unexpected was also the absence of any

relationship between the response+ parameter and preparation time when there were no
cues.

Ferha/ cognition task The mean of the individual percentage of variance accounted for

was 90%, with a minimum of 62%, and a maximum of 99.8%. The mean standard error of
estimate of the 72 subjects was 830 msec (SD = 443).

Tables 7.19 and 7.20 are concerned with individual differences within the given model
of the verbal cognition task. Table 7.19 shows means and standard deviations of the

parameter estimates of the verbal cognition task for the 72 subjects. The general perfor-
mance parameter represents the mean predicted score of the regression analyses. The data
show that standard deviations of the encoding and searching components were quite large
relative to their means. Both components had a skewed distribution, the encoding com-

ponent a negative one, and the searching component a positive one.
In Table 7.20 are shown intercorrelations between general performance and the com-

ponent processes of the verbal cognition task. The component with the largest significant

positive correlation with general performance was searching, followed by the response+

parameter, while the encoding component hardly correlated with general performance.
Thus, searching contributed the most variance to general performance. As expected, sub-

jects who were fast on the verbal cognition task, were also fast in searching, and to a
lesser extend in giving a response. The latter parameter, however, was confounded with a
comparison and/or justification component, because the task variables used to estimate

these components were held constant. A large significant negative correlation between
encoding and searching indicates that subjects who were fast in encoding were slow in

searching, and vice versa. There were no other significant correlations between the para-
meters. This indicates that the patterns of individual differences tend not to be consistent

across those parameters. This independence suggests that these parameters represents

distinct processes.
Table 7.21 shows correlations of estimated components of the verbal cognition task

TABLE  7.19.  Mean  and  Standard  Deviation'   of  the  Parameters  of the  Verbal  Cognition  Task  (N

= 72).

Parameter Mean Standard Deviation Number of Observations

General Performance 4270 944 3178

Encoding 746 673 3178

Searching 1126 781 3178

Response+ 1185 150 3178

B Mean and standard deviation are expressed in milliseconds.
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T ABLE 7.20.  Correlations  between  Parameters  of the  Verbal  Cognition  Task

1.             2.           3.          4.

1. General Performance 1.00 .07 .60*** .25*

2. Encoding 1.00 -.72*** -.10

3. Searching 1.00         .13
4. Response+ 1.00

*p< .05; *** p < .001 (two-tailed).

with preparation and solution times of the verbal cognition task. First, I consider the
general performance parameter estimate with solution time. The correlation of this parame-
ter with the solution time in the uncued condition was almost of unity (.97). This further
indicates that the model of the verbal cognition task gave a very good account of the data,
since this parameter explained almost all of the variance of individual differences in
solution time in this condition. As expected, this parameter explained much less variance
of the solution time in the precued condition, in which only the response+ parameter was
present. The correlation of the response+ component with the solution time in the precued

condition was unity! This clearly confirms the suggestion made previously that this
parameter is confounded with a comparison and/or justification component. The correlation
of .27 of the response+ component with the solution time in the uncued condition is com-
parable with the correlation of this parameter with general performance (see Table 7.20).
The correlation of the searching component with solution time in the uncued condition
(.48) was a little bit smaller than the correlation (.60) between searching and general
performance (see Table 7.20). Individual differences in the encoding component con-
tributed hardly to differences in solution times, just as individual differences in encoding
to the general performance parameter (see Table 7.20).

The only parameter with a small, but significant, correlation with preparation time in

TABLE 7.21. Correlations of Components with Preparation and Solution Times of the Verbal
Cognition Task.

General Encoding Searching Response+

Performance

Solution Time
Uncued .97*** .20 .48*** .27*

Precued .25* ..10 .13 1.00**I

Preparation Time
Uncued .19 .00 .12 .24*

Precued .46*** .14 .19 .45***

*p<.05; *** p <.001 (two-tailed).
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the uncued condition was response+. This correlation was expected to be higher, since in
this condition no cues were present. Finally, in the precued condition, preparation time
correlated significantly with general performance and response+ parameter estimates. The
first correlation is reasonable, since the general performance parameter explained part of
the variance of the preparation time in this condition, in which the encoding and searching

components were present. Part of the second correlation can be explained by the contribu-
tion of the response+ parameter to the preparation time.

Figural reasoning task The mean of the individual percentage of variance accounted for

was 82%, with a minimum of 39%, and a maximum of 96%. The mean standard error of
estimate of the 72 subjects was 915 msec (SD = 293).

Tables 7.22 and 7.23 are concerned with individual differences within the given model
of the figural reasoning task. Table 7.22 shows means and standard deviations of the
parameter estimates for the 72 subjects. The data showed that standard deviations of the
encoding, comparison, and response+ components were quite large relative to their means.

All parameters were normally distributed.
In Table 7.23 are shown the correlations between general performance and the com-

ponent processes of the figural reasoning task. In accordance with the verbal reasoning
task, the encoding and reasoning component correlated significantly and positively with
general performance, and the response+ component significantly and negatively. Subjects
who solved the figural reasoning task fast, were also fast in encoding and reasoning, and
slow in responding, and vice versa. Just like the figural cognition and verbal reasoning
task, there was a large significant negative correlation between encoding and response+ (-

98). Further, there was a significant negative correlation between reasoning and com-
parison. This suggests that subjects who were fast in reasoning, were slow in comparison,

and vice versa. There were no other significant correlations between the parameters.
Again, this indicates that the patterns of individual differences tend not to be consistent
across these parameters, suggesting that they represents distinct processes.

Table 7.24 shows correlations of parameter estimates of the figural reasoning task with
preparation and solution times of the figural reasoning task. Again, I consider first the
general performance parameter with solution times. The correlation of this parameter with

TABLE 7.22. Mean and Standard Deviation'  of the Parameters of the  Figural Reasoning Task (N

= 72).

Parameter Mean Standard Deviation Number of Observations

General Performance 8277 1398 3420

Encoding 11436 5897 3420

Reasoning 2728 1237 3420

Comparison 1432 866 3420

Response+ -7104 5548 3420

' Mean and standard deviation are expressed in milliseconds.
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TABLE 7.23.  Correlations  between  Parameters of the  Figural  Reasoning Task.

1.            2.            3.            4.            5.

1. General Performance 1.00 .43*** .38** -.00 -.31**

2. Encoding 1.00 -.01 .12 -.98***

3. Reasoning 1.00 -.54*** -.04
4. Comparison 1.00 -.15

5. Response+ 1.00

-p<.01; -*p<.001 (two-tailed).

solution time in the uncued condition was reasonably high (.88). This indicates that the
model of the figural reasoning task gave a good account of the data, since this parameter
explained a relatively large proportion of variance of individual differences in solution
time in this condition. As expected, this parameter explained less variance of the solution
time in the precued condition. Encoding and response+ correlated much higher with
solution time in the uncued condition than with the general performance parameter (see
Table 7.23), although both correlated in the same direction. As already seen before, the
sign of these correlations reversed from the uncued to the precued condition. The correla-
tion of reasoning with solution time in the uncued condition was somewhat smaller than
with general performance, while the correlations of comparison were of the same mag-
nitude (see Table 7.23).

The correlation of general performance with preparation time followed the predicted

pattern, increasing with more cues. Unexpected were the nonsignificant correlation be-
tween reasoning and preparation time in the precued condition, since inference (an impor-
tant reasoning component) was present in this condition. Remarkable was also the nonsig-
nificant correlation between response+ and preparation time in the uncued condition,
because they should measure about the same process(es).

TABLE   7.24.   Correlations   of   Components   with   Preparation   and   Solution   Times   of   the   Figural

Reasoning Task.

General Encoding Reasoning Comparison Response+

Performance

Solution Time
Uncued .88*** .76*** .29* .04 -.67***

Precued .70*** -.29* .23* .11 .40**

Preparation Time
Uncued .30* .14 -.07 .06 -.08

Precued .52*** -.05 .06 -.03 .17

* p <.05; ** p < .01; *** p < .001 (two-tailed).
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Ferbat reasoning task. The mean of the individual percentage of variance accounted for
was 82%, with a minimum of 42%, and a maximum of 98%. The mean standard error of
estimate of the 72 subjects was 938 msec (SD = 366).

Tables 7.25 and 7.26 are concerned with individual differences within the given model
of the verbal reasoning task. Table 7.25 shows means and standard deviations of the
parameter estimates for the 72 subjects. The data show that standard deviations of the
encoding, evaluation, and response+ components were quite large relative to their means.

However, only the general performance parameter had a slightly positively skewed dis-
tribution.

In Table 7.26 are shown the correlations between general performance and the com-
ponent processes of the verbal reasoning task. The encoding and reasoning components
correlated significantly and positively with general performance, and the response+ com-
ponent significantly and negatively. Subjects who solved the verbal reasoning task fast,
were also fast in encoding and reasoning, and slow in responding, and vice versa. Just as
with the figural cognition task, there was a large significant negative correlation between

encoding and response+ (-.92). Further, I found significant negative correlations between
evaluation and reasoning, and evaluation and response+. Both correlations seem reason-

able, since fast reasoning requires slow evaluation, and fast evaluation slow responding.
There were no other significant correlations between the parameters. The independence of
these parameters suggests that they represents distinct processes.

Table 7.27 shows correlations of parameter estimates of the verbal reasoning task with
preparation and solution times of the verbal reasoning task. Again, I consider first the
general performance parameter with solution times. The correlation of this parameter with
solution time in the uncued condition was reasonably high (.89). This indicates that the
model of the verbal reasoning task gave a good account of the data, since this parameter
explained a relatively large proportion of variance of individual differences in solution
time in this condition. As expected, this parameter explained much less variance of the
solution time in the precued condition. Encoding and response+ correlated much higher
with solution time in the uncued condition than with the general performance parameter
(see Table 7.26), although both correlated in the same direction. As already seen for the
figural cognition task, the sign of these correlations reversed from the uncued to the

TABLE  7.25.  Mean  and  Standard  Deviation'   of  the  Parameters  of  the  Verbal  Reasoning  Task  (N

= 72).

Parameter Mean Standard Deviation Number of Observations

General Performance 5402 1115 3618

Encoding 6530 4173 3618

Reasoning 2871 1004 3618

Evaluation 2096 1531 3618

Response+ -5910 4121 3618

' Mean and standard deviation are expressed in milliseconds.
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TABLE 1.26.  Correlations  between  Parameters  of  the  Verbal   Reasoning  Task.

1.            2.           3.           4.           5.

1. General Performance 1.00 .52*** .43*** -.10 -.35**

2. Encoding 1.00 .16 .02 -.92***

3. Reasoning 1.00 -.26* -.18

4. Evaluation 1.00 -.34**

5. Response+ 1.00

* p <.05; " p <.01; *** p < .001 (two-tailed).

precued condition. The correlations of reasoning and evaluation with solution time in the
uncued condition were of about the same magnitude as with general performance (see
Table 7.26). As expected, reasoning explained less variance of solution time in the precued

condition, because one of the reasoning components (inference) was absent in the solution

time. Individual differences in the evaluation component hardly explained individual dif-
ferences in the solution times.

The correlation of general performance with preparation time followed the predicted

pattern, increasing with more cues. Remarkable was the significant correlation of encoding
with preparation time in the uncued condition, and the trivial correlation of this component

with preparation time on the cued condition. There was also a small, but significant nega-
tive correlation between response+ and preparation time in the uncued condition. This is
remarkable since they should measure about the same process(es).

Figura/ evaluation task. The mean of the individual percentage of variance accounted for

was  98%,  with a minimum  o f 80%,  and a maximum  of  100%.  The mean standard error  of

estimate of the 72 subjects was 101 msec (SD = 76).
Tables 7.28 and 7.29 are concerned with individual differences within the given model

TABLE  7.21.   Correlations  of  Components  with   Preparation   and   Solution   Times   of  the   Verbal

Reasoning Task.

General Encoding Reasoning Evaluation Response+

Performance

Solution Time
Uncued .89*** .80*** .47*** -.05 -.66***

Precued .65*** -.24* .29* -.01 .35**

Preparation Time
Uncued .34** .34** .12 -.07 -.25*

Precued .58*** .04 .22 -.04 .07

* p < .05; ** p < .01; *** p < .001 (two-tailed).
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of the figural evaluation task. Table 7.28 shows means and standard deviations of the
parameter estimates for the 72 subjects. The data showed that standard deviations of the
comparison and response+ components were large relative to their means. Both parameters
had a negatively skewed distribution.

In Table 7.29 are shown the correlations between general performance and the com-
ponent processes of the figural evaluation task. The encoding component correlated sig-
nificantly and positively with general performance, and the response+ component sig-
nificantly and negatively. Subjects who solved the figural evaluation task fast, were also
fast in encoding, and slow in responding, and vice versa. Just as with the previous models
(except the verbal cognition model), there was a large significant negative correlation
between encoding and response+ (-.99). Further, there were two small, but significant,
intercorrelations between parameters. The first was a positive correlation between encoding
and comparison, and the second a negative correlation between comparison and response+.
Subjects who were fast in encoding were also fast in comparison, and subjects who were
fast in comparison were slow in responding, and vice versa.

Table 7.30 shows correlations of estimated components of the figural evaluation task
with preparation and solution times of the figural evaluation task. Considering first the
general performance parameter estimate with solution time. The correlation of this parame-
ter with the solution time in the uncued condition was almost of unity (.96). This further
indicates that the model of the figural evaluation task gave a very good account of the
data, since this parameter explained almost all of the variance of individual differences in
solution time in this condition. As expected, this parameter explained much less variance
of the solution time in the precued condition, in which 4/5 part of encoding was present.
Encoding and response+ correlated higher with solution time in the uncued condition than
with general performance, while comparison was of the same magnitude (see Table 7.28).

The only significant, but puzzling, correlation was between preparation time in the
uncued condition and comparison (-.31). Puzzling, since no information was present during
this condition. Unexpected was the near zero correlation between preparation time in the
uncued condition and response+.

Verbal evaluation task. The mean of the individual percentage of variance accounted for
was 84%, with a minimum of 3%, and a maximum of 99.9%. The mean standard error of

TABLE 7.28.  Mean  and  Standard  Deviation"  of the  Parameters  of the  Figural  Evaluation  Task  (N
= 72).

Parameter Mean Standard Deviation Number of Observations

General Performance 1767 158 3942

Encoding 885 254 3942

Comparison                             61                                 36                              3942
Response+ -2307 1037 3942

' Mean and standard deviation are expressed in milliseconds.



Results 123

TABLE 7.29.  Correlations  between  Parameters  of  the  Figural   Evaluation  Task.

1.              2.            3.            4.

1. General Performance 1.00 .79*** .16 - 73***

2. Encoding 1.00 .24* - 99***

3. Comparison 1.00 -.29*

4. Response+ 1.00

* p < .05; *** p < .001 (two-tailed).

estimate of the 72 subjects was 248 msec (SD = 135).
Tables 7.31 and 7.32 are concerned with individual differences within the given model

of the verbal evaluation task. Table 7.31 shows means and standard deviations of the
parameter estimates for the 72 subjects. The data showed that standard deviations of the
encoding and response+ components were quite large relative to their means. For the
response+ parameter the standard deviation was actually larger than the mean. The dis-
tributions of these parameters were skewed: the encoding component positively and the
response+ parameter negatively.

In Table 7.32 are shown the correlations between general performance and the com-
ponent processes of the verbal evaluation task. Unexpectedly, none of the estimated

parameters correlated significantly with general performance. The only significant correla-
tion was between the encoding and response+ parameters (-.96).

Table 7.33 shows correlations of parameter estimates of the verbal evaluation task with
preparation and solution times of the verbal evaluation task. Again, I consider first the
general performance parameter with solution times. The correlation of this parameter with
solution time in the uncued condition was relatively small (.78), although highly sig-
nificant. This indicates that the model of the verbal evaluation task gave not a very good
account of the data, since this parameter explained a relatively small proportion of vari-

TABLE  7.30.   Correlations  of  Components  with   Preparation   and   Solution   Times   of  the   Figural
Evaluation Task.

General Encoding Comparison Response+
Performance

Solution Time
Uncued .96*** .93*** .20 -.89***

Precued .60*** -.01 -.07               .11

Preparation Time
Uncued -.09 -.06 -.31** .07

Precued .20 .02 -.01                          .01

* p <.05; *** p < .001 (two-tailed).
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TABLE  731.  Mean  and  Standard  Deviation«   of  the  Parameters  of  the  Verbal  Evaluation  Task  (N
= 72).

Parameter Mean Standard deviation Number of observations

General Performance 3159 379 3645

Encoding 877 490 3645

Response+ -1027 2173 3645

' Mean and standard deviation are expressed in milliseconds.

ance of individual differences in solution time in this condition. Unexpectedly, this param-
eter explained a little bit more of the variance of the solution time in the precued condi-
tion. Unexpectedly, because in this condition subjects had one term (word) less to encode
than in the uncued condition. The correlations of encoding and response+ with solution
time in the uncued condition were much larger than with the general performance parame-
ter (see Table 7.32), and both reversed sign from the uncued to the precued condition.

None of the correlations between the estimated components and preparation time in
both conditions were significant, although it was expected that the correlation between

response+ and preparation time in the uncued condition would be higher (and positive).

Summa,y. The mean individual percentage of variance accounted for by the different
models ranged from 82% to 98%. Although these values are reasonable high, the range in
minima and maxima was generally also high (particularly for the verbal evaluation task),
indicating large individual differences in model fit within the componential tasks.

For the verbal and figural cognition task the components that correlated positively and
significantly with general performance were the searching (.60) and comparison (.81) com-

ponents, respectively. For both the figural and verbal reasoning task encoding (.52 and
.43), reasoning (.43 and .38), and response+ (-.35 and -.31) parameters correlated sig-
nificantly with general performance. For the figural and verbal evaluation task this picture
was less consistent. For the verbal evaluation task none of the components correlated sig-
nificantly with general performance. For the figural evaluation task encoding (.79), and
response+ (-.73) parameters correlated significantly with general performance.

Comparing the results of the group data, in terms of percentage-of-variance-accounted-

TABLE 7.32.  Correlations  between  Parameters  of  the  Verbal  Evaluation  Task.

i.            2.            3.

1. General Performance 1.00 .10 .06

2. Encoding 1.00 -.96***

3. Response+ 1.00

*- p < .001 (two-tailed).
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TABLE  1.33.   Correlations   of  Components   with   Preparation   and   Solution   Times   of  the   Verbal
Evaluation Task.

General Encoding Response+
Performance

Solution Time
Uncued .78*** .67*** -.53***

Precued .82*** -.43*** .55***

Preparation Time
Uncued .07                         .21                        -.21
Precued .06 -.13 .14

*** p < .001 (two-tailed)

for, with the results of the individual data, in terms of a source-of-individual-differences,
with regard to the patterns of components found for the different componential tasks,
revealed a certain consistency supporting the internal validation of the different componen-
tial models. The verbal and figural cognition tasks were characterized by a semantic

searching and figural comparison component, respectively, the reasoning tasks were
characterized by encoding and reasoning components (and response+ parameter), and the
figural evaluation task was characterized by an figural encoding component (and response+
parameter). Only the results of the verbal evaluation task were not consistent.

All the componential tasks, except the verbal cognition task, had negative and highly
significant correlations between encoding and response+. The same result was found by
Sternberg (1977a). In his People Piece and Geometric Analogy experiment these correla-
tions were significant, and in his Verbal Analogy experiment this correlation just missed
significance. It is unclear what caused these remarkable high inverse relationships.

With respect to the relation of the component scores with the solution and preparation
times there are some consistent findings, but also some puzzling findings.

The correlations between general performance and solution time in the uncued condi-
tions (full problem) of the componential tasks ranged from .78 to .97, indicating that the
models of the componential tasks gave a reasonable to good account of the data. More-
over, the correlations between general performance and the temporal data of the com-
ponential tasks, followed, with the exception of the verbal evaluation task, consistent pat-
terns.

A puzzling finding is the low correlations between response+ and preparation time in
the uncued condition of all the componential tasks. If we assume that this time is a "pure"
response time, these correlations suggest that the response+ parameter consisted of more
processes than only the response process.

Another issue is the correlations between encoding and response+ on the one hand, and
the solution time in the uncued and precued conditions on the other. In four of the six
componential tasks the sign of this correlation reversed. It is possible that this coheres with
the highly negative correlation between encoding and response+. It could also be related to
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the two different conditions. In the uncued condition the full item was presented and in the

precued condition a second part of the item, while a first part was already processed.  The way
in which, however, is unclear.

Relationships between component scores. To reduce the number of component scores of the
different componential tasks, multidimensional scaling analysis (SPSS 6.0.1, 1993) was

performed. The correlation matrix of the nineteen estimated component scores served as

input. Figure 7.4 shows a two-dimensional scaling representation o f the estimated component
scores ofthe componential tasks (Stress =.21; Rl =.76)

Four clusters of components can be distinguished: an encoding, reasoning, evaluation, and

response cluster. The encoding cluster was composed of the estimated encoding components
of the six componential tasks. The reasoning cluster was composed of the two estimated
reasoning components ofthe two reasoning tasks, the estimated comparison component ofthe
figural cognition task, and the response+ component of the verbal cognition task. The
evaluation cluster was composed of two estimated comparison components, those of the
figural reasoning and evaluation tasks, of the estimated evaluation component of the verbal
reasoning task, and of the estimated searching component of the verbal cognition task.
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Figure 7.4. A two-dimensional scaling solution of the estimated components of the six componential
tasks. Enc: encoding; sea: searching; rea: reasoning; eva: evaluation; com: comparison; res:

response+. FC: Figural Cognition; VC: Verbal Cognition; FR: Figural Reasoning; VR: Verbal
Reasoning; FE: Figural Evaluation; VE: Verbal Evaluation.
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Finally, the response cluster was composed of five of the six response+ components (with
the exception of the response+ component of the verbal cognition task). The distinction
between these four clusters was confirmed by a hierarchical cluster analysis (method
BAVERAGE, i.e., average linkage between groups; SPSS 6.0.1, 1993) done on the
correlation matrix of the estimated component scores.

In Figure 7.4 it can be seen that the reasoning cluster is not exclusively composed of
reasoning components. First, it also contains the response+ component of the verbal cogni-
tion task. However, as mentioned before, this component is confounded with a com-
parison/justification (evaluation) component. Second, it contains the comparison com-
ponent of the figural cognition task. It seems that both components are somehow con-
founded with reasoning processes. Also the evaluation cluster consists not exclusively of
comparison/justification components. It contains also the searching component of the
verbal cognition task.

A most interesting result of these analyses is that the theoretically corresponding com-
ponents of the different componential tasks clustered across content domain and stage. For
example, verbal and figural encoding of the cognition, reasoning, and evaluation tasks
clustered within an encoding cluster. This result clearly indicates that the theoretically
corresponding components of the different types of componential tasks represent the same
component process. Even the response+ components of five different componential tasks
seem to represent the same response process. This last result is even more interesting, con-
sidering the fact that the response+ parameter represented the constant in the different
regression equations. This included all the processes that were assumed to be constant
during the actual solution process,   e.g., the preparation time, control and strategic   pro-
cesses, etc.

Relationships between psychometric tasks and components scores

Relationships  between correct responses of the psychometric tasks and component scores.
Univatiate as well as multivariate analyses were used to determine the relationships be-
tween percentages of correct responses of the psychometric tasks and the component
scores. Correlation analysis revealed  that only fourteen  of the 114 correlations reached  the
5% level of significance, with part of these correlations in an unexpected negative direc-
tion, indicating inconsistent patterns.

In an attempt to determine on a multivariate level the relationships between component
scores and percentages of correct responses of the psychometric tasks, canonical correla-
tion analysis was performed with the use of BMDP 7.0 (1993). This multivariate analysis
accounts for covariations between variables within and between sets. The first set was
formed by the percentages of correct responses of the six psychometric tasks and the
second set was formed by the nineteen component scores. This analysis, however, revealed
no significant pairs of canonical variates.



128 Chapter 7

Relationships between response time of the psychometric tasks and component scores.
Table 7.34 presents correlations between component scores of the componential tasks and

response times  of the correct items  of the psychometric tasks. Twentyseven  of  the   114

correlations were significant and almost all in the expected direction. The component
scores, except the response+ components, were positively related with the response times

of the psychometric tasks. The response+ parameters, on the other hand, were negatively

related with the response times of the psychometric tasks. Except the response+ parameter

of the verbal cognition task, which was positively associated with the response times of
several psychometric tasks. This, however, might be caused by the confounding of this

parameter with a comparison/justification component.
In an attempt to determine on a multivariate level the relationships between component

scores and response times of the psychometric tasks, again, canonical correlation analysis

was performed with the use of BMDP 7.0 (1993). The first set was formed by the res-
ponse times of the six psychometric tasks and the second set was formed by the nineteen

component scores.  With six canonical correlations included,  %2(1 14)  -  177.5, p  <  .001,  with

the first canonical correlation removed %2(90) = 121.6, p < .05, and with the first and

TABLE 7.34. Correlations Between Component Scores of the Componential Tasks" and Response
Times of the Correct Items of the Psychometric Task 

GC    Sy FA VA          IP           DD

Encoding (FC) .07 .17 .07 .09 .19 .12

Encoding (FR) .17 .12 .22 .05 .12 .04

Encoding (FE) .06 ./7 .39** .08 .39** .20

Encoding (VC) -.09 .15 .11          .18 .11 .08

Encoding (VR)                                  .20 .31** .14 .23* .14 .20

Encoding (VE) .24* .10 .14 .24*    .13 40**

Searching (VC) .33** -.01 .05 .06 -.02 00

Reasoning (FR) .27* .07 .28* .10 .18 .20

Reasoning (VR) .19 .39** .24* .19 .05 .27*

Comparison (FC) .05 .27* .41*** .36** .20 .36
**

Comparison (FR) -.14 -.13 .02 .05 -.01 -.15

Comparison (FE) .18 -.06 .26* -.17 -.04 -.15

Evaluation (VR) .05 -.28* -.10 .05 -.26* -.10

Response+ (FC) -.04 -.13 -.04 -.06 -.14 -.10

Response+ (VC) .08 .24* .10 .32** .35** .27*

Response+ (FR) -.15 -.05 -.19 -.00 -.05         .01

Response+ (VR) -.15 -.19 -.07 -.20 .03 -.14

Response+ (FE) -.07 -.15 -.38** -.06 -.34** -.17

Response+ (VE) -.16 -.05 -.07 -.20 -.04 -.31**

a FC: Figural Cognition; VC: Verbal Cognition; FR: Figural Reasoning; VR: Verbal Reasoning; FE: Figural

Evaluation; VE: Verbal Evaluation.
b GC: Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical Pictures;
DD: Double Descriptions.
* p < .05; ** p < .01; *** p < .001 (two-tailed).
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second canonical correlations removed %2 was no longer significant (%2(68) = 84.7, p =
.083). Therefore, only the first two pairs of canonical variates were reliable. The first ca-
nonical correlation was .79, representing 62% overlapping variance, and the second cano-
nical correlations was .69, representing 47% overlapping variance, both indicating substan-

tial relationships between these pairs.

In Table 7.35 are displayed the correlations between the response times of the six
psychometric tasks, the nineteen component scores, and their corresponding canonical
variates. In accordance with Tabachnick and Fidell (1989), a cutoff correlation of .30
(about 10% of the variance) was used.

It has to be noticed that the percentages of variance accounted for by the second sets of
variables (component scores) of each variate were quite low.

The first pair of canonical variates indicates that positive scores on Identical Pictures

(.92), positive scores on Figural Analogies (.67), positive scores on Double Descriptions
(.65), positive scores on Synonyms (.56), positive scores on Verbal Analogies (.51), and
positive scores on Gestalt Completions (.42) were related to positive scores on encoding

(FE) (.51), negative scores on response+ (FE) (-.46), positive scores on response+ (VC)

(.45), positive scores on comparison (FC) (.43), positive scores on reasoning (FR) (.34),
and positive scores on encoding (VE) (.31). The second pair of canonical variates indicates

that negative score on Verbal Analogies (-.52), negative scores on Gestalt Completions (-

51), negative scores on Double Descriptions (-.44), and positive scores on Identical

Pictures (.34) were related to negative score on encoding (VE) (-.47), positive scores on

response+ (VE) (.43), positive scores on response+ (VR) (.38), negative scores on reaso-

ning (VR) (-.37), negative scores on evaluation (VR) (-.33), negative scores on comparison
(FC) (-.31), and negative scores on searching (VC) (-.30).

To simplify the interpretation of these complex patterns of interrelations a second

canonical correlation analysis (BMDP 7.0, 1993) was performed on the set of response
times of the six psychometric tasks and a set composed of the mean of each of the four
clusters obtained with multidimensional scaling analysis (see Figure 7.4). These four
clusters were called an encoding, reasoning, evaluation, and response cluster. With four
canonical correlations included, %2(24) = 52.9, p < .001, with the first canonical correlation
removed %2(15)= 23.5, p = .075. Although this %2 value was not statistically significant at
the 5% chance level, the second canonical variate was of conceptual significance and in
line with the previous canonical analysis. The first canonical correlation was .60,
representing 36% overlapping variance, and the second canonical correlations was .47,
representing 22% overlapping variance, both indicating substantial relationships between
these pairs.

In Table 7.36 are displayed the correlations between the response times of the six
psychometric tasks, the means of the four component clusters, and their corresponding

canonical variates.
The correlations between the four component clusters and the first canonical variate

showed a bipolar pattern. Reasoning (.78) and encoding (.51) were located at the positive
side of this pattern, and response (-.40) and, to a lesser extent, evaluation (-.19) at the
negative side. The correlations between the six psychometric tasks and the first canonical
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TABLE   7.35.   Correlations   Between    the   Response   Times    of   the   Six   Psychometric   Tasks,    the
Nineteen    Component    Scores    of   the    Componential    Tasks«,    and    Their    Corresponding    Canonical
Fariates.

Canonical Variate
First Second

First Set of Variables
Gestak Completions .42 -.51

Synonyms .56 -.17

Figural Analogies .67 -.15
Verbal Analogies                          .51             -.52
Identical Pictures .92 .34

Double Descriptions .65 -.44

Percent of Variance (%)                                     41 15 Total = 56

Second Set of Variables
Encoding (FC) .24 .03

Encoding (FR)                               .21               -.03
Encoding  (FE)                                                                     .51                                  .24

Encoding (VC) .16 .00

Encoding (VR) .28 -.28

Encoding  (VE)                                                                    .31                                -.47

Searching (VC) .05 -.30

Reasoning (FR) .34 -.17

Reasoning (VR) .25 -.37

Comparison (FC) .43 ..31

Comparison (FR) -.06 .14

Comparison (FE) .00 .09

Evaluation (VR) -.27 -.33

Response+ (FC) -.18 -.03

Response+ (VC) .45 -.07

Response-+ (FR) -.12 .02

Response+ (VR) -.09 .38

Response+ (FE) -.46 -.22

Response+ (VE) -.18 .43

Percent of Variance (%)                                       8 6 Total = 14

' FC: Figural Cognition; VC: Verbal Cognition; FR: Figural Reasoning; VR: Verbal Reasoning; FE: Figural
Evaluation; VE: Verbal Evaluation.

variate were all positive and ranged from .59 to .77. Hence, individual differences in
response time of all the psychometric tasks were mostly related to differences in reasoning
and encoding and least to differences in response and, to some extent, evaluation.

The correlations between the four component clusters and the second canonical variate
showed a bipolar pattern. Evaluation (-.68) and reasoning (-.38) were located at the
negative side of this pattern, and response (.15) and, although hardly, encoding (.07) at the
positive side. The correlations between the psychometric tasks and the second canonical
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T ABLE  1.36.  Correlations  Between  the  Response  Times  of  the   Six  Psychometric  Tasks.   the  Mean
of the Four Clusters of Component Scores, and Their Corresponding Canonical  Variates.

Canonical Variate
First Second

First Set of Variables
Encoding Cluster                               .51                 .07
Reasoning Cluster .78 -.31

Evaluation Cluster -.19 -.68

Response Cluster -.40 .15

Percent of Variance (%)                                     27 15 Total = 42

Second Set of Variables
Gestalt Completions .62 -.38

Synonyms .77 .38

Figural Analogies .77 -.21

Verbal Analogies .59 -.26

Identical Pictures .63 .46

Double Descriptions .60 -.17

Percent of Variance (%)                                     44 11 Total = 55

variate showed also a bipolar pattern. The Identical Pictures (.46) and Synonyms (.38)
were located at the positive side, and the Gestalt Completions (-.38), Verbal Analogies (-
26), Figural Analogies (-.21), and Double Descriptions (-.17) at the negative side. Hence,
individual differences in response time of the Identical Pictures and Synonyms were
mostly related to differences in response, and to some extent, encoding, and least modu-
lated by evaluation and reasoning. Individual differences in response time of the Gestalt

Completions, Verbal and Figural Analogies, and Double Descriptions were mostly related

to evaluation and reasoning, and least modulated by response and, although hardly, encod-

ing.
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Discussion

Introduction

In this chapter the results of the experiment of the "Psychometric-cognitive" phase,
related to the following issues, will be discussed (see also the subsection "Research ques-
tions and hypotheses" of Chapter 3).

First, were the accuracy and speed measures of the psychometric tasks reliable enough
to perform subsequent interindividual analyses?

Second, was the accuracy structure of the psychometric tasks in accordance with
existing hierarchical and radex structures of cognitive abilities?

Third, were the psychometric tasks chosen in accordance with the proposed metho-
dological framework (see Table 3.1)? It was expected that the accuracy of the
psychometric tasks differentiated between the three stages. Further, it was expected that the
accuracy of the psychometric tasks of the reasoning stage generalized across the verbal and
figural domains, and of the psychometric tasks of the cognition and evaluation stages not.

Fourth, was the internal validation of the componential models adequate enough to
perform subsequent interindividual analyses on the component processes?

Finally, which component processes were involved in the six psychometric tasks? It
was expected that cognition processes were dominant during the psychometric tasks chosen
with an emphasis on a cognition stage (Gestalt Completions and Synonyms), reasoning
processes were dominant during the psychometric tasks chosen with an emphasis on a
reasoning stage (Figural and Verbal Analogies), and evaluation processes were dominant
during the psychometric tasks chosen with an emphasis on an evaluation stage (Identical
Pictures and Double Descriptions).

Psychometric tasks

Task internal consistency reliabilities of the percentage of correct responses of the
psychometric tasks were low to moderate and those of the response time high. Therefore,
results of subsequent analyses on accuracy need to be interpreted with retain.

To validate the accuracy structure of the six psychometric tasks, factor and multi-
dimensional scaling analyses were used to classify them in relation to existing hierarchical
and radex structures of cognitive abilities. The results of these analyses were to a con-
siderable extent comparable with these existing structures.

Factor analysis revealed loadings of the psychometric tasks on a general accuracy
factor (Ga) which converge to a large extent with hierarchical factor models (e.g., Carroll,
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1993a; Gustafsson, 1984, 1988). Both reasoning tasks, Figural and Verbal Analogies, had
the highest loadings on Ga, both cognition tasks, Gestalt Completions and Synonyms, the
lowest loadings on Ga, and both evaluation tasks, Identical Pictures and Double
Descriptions, intermediate loadings on Ga. More specifically, the loading of the Figural

Analogies was lower than the one of the Verbal Analogies (.51  and .88, respectively). This
difference was probably due to a difference in structure of these tasks. The Figural
Analogies had one analogy term (D) in the answer options, while the Verbal Analogies
had two analogy terms (A and D) in the answer options, making this task more dif-
ficult/complex.

To reveal more about the accuracy structure of the six psychometric tasks, multi-
dimensional scaling analysis was used. The results are consistent with the results of the
factor analysis and the work of Snow and colleagues (Marshalek, Lohman, & Snow, 1983;
Snow, Kyllonen, & Marshalek, 1984). The reasoning tasks, Figural Analogies and, par-
ticularly, Verbal Analogies, with relatively high loadings on Ga, were located in the centre
of the two-dimensional configuration. The cognition tasks, Synonyms and Gestalt Comple-

tions, with relatively low loadings on Ga, were located in the periphery of the configura-
tion. The evaluation tasks, Double Descriptions and Identical Pictures, were located
between the centre and the periphery of the configuration. Applying the complexity-
continuum of Snow (Marshalek et al., 1983; Snow et al., 1984) on the present results, it is
evident that the two reasoning tasks were the most difficult/complex, the two cognition
tasks the least difficult/complex, and the two evaluation tasks had an intermediate dif-
ficult/complexity.

The distinction in figural and verbal domains found in this experiment is also con-
sistent with the results of Snow and colleagues. The Synonyms and Double Descriptions
were located in the left side of the configuration, and the Gestalt Completions and Identi-
cal Pictures in the right side. Both Analogies were located more in the centre of the
configuration, indicating that for tasks with high loadings on Ga the distinction in content
areas is less important.

Another, within the context of this study, relevant distinction could be made between
the proposed cognitive stages: cognition, reasoning, and evaluation. The Synonyms and
Gestalt Completions, assumed to represent a cognition stage, fell in the upper side of the
periphery of the two-dimensional configuration, the Double Descriptions and Identical Pie-
tures, assumed to represent an evaluation stage, in the lower side in the periphery, and the
two Analogies tasks, assumed to represent a reasoning stage, in the center of the con-
figuration.

These distinctions in stage and content areas show that, except for the two reasoning             I
tasks, the differentiation between the psychometric tasks was high. Although I was not
able to reveal the primary ability structure of the psychometric tasks, because of the
limited number of tasks, these results suggest that the psychometric tasks, supposed to
represent the cognitive abilities given in Table 3.1, were chosen well.

There are, however, some restrictions on the interpretation of these results. First, as
already mentioned, task internal consistency reliabilities of the percentages of correct
responses were low to moderate, indicating that the consistency in the way solutions were
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elicited by the different problems of a psychometric task was low to moderate. Second, the
number of psychometric tasks was limited. For both factor and multidimensional scaling
analyses more variables are recommended to obtain more reliable results (e.g., Thurstone,
1947; Gustafsson, 1984; Schiffman, Reynolds, & Young, 1981).

With respect to the proposed methodological framework of this study, the six psycho-
metric tasks differentiated to a large extent between the three cognitive stages, suggesting
independent cognitive abilities. This suggestion is also based on the low mean correlation
among the psychometric tasks and the low magnitude of the percentage of variance ac-
counted for by Ga (23%).

The Figural and Verbal Analogies tasks (with an emphasis on a reasoning stage) had
the highest loadings on Ga and were located in the centre of the radex model. These
findings suggest that these two psychometric tasks are reasonable good representants of
general intelligence (G) and that individual differences in these tasks may also be an
important source of differences in G. This conclusion is supported by recent work of
Carroll (1993a), Gustafsson (1984, 1988), and Snow, Kyllonen, and Marshalek (1984).
These findings also suggest that these two tasks were generalizable across the verbal and
figural domains, indicating that the same processes underlaid these tasks.

The Gestalt Completions and Synonyms tasks (with an emphasis on a cognition stage)
had low loadings on Ga and were located in the two upper corners of the periphery of the
radex model. These findings suggest that these two psychometric tasks are poor
representants of Ga and have little in common with the two Analogies tasks. This is also
indicated by the low correlations with the two Analogies tasks. These findings and the low
correlation between the Gestalt Completions and Synonyms tasks also suggest that these
two tasks were not generalizable across the verbal and figural domains, indicating that
partial different processes underlaid these tasks.

The Identical Pictures and Double Descriptions tasks (with an emphasis on an evalua-
tion stage) had intermediate loadings on Ga and were located in the two lower corners in
between the centre and the periphery of the radex model. These findings suggest that these
two psychometric tasks are intermediate representants of Ga and have something in com-
mon with the two Analogies tasks and very little with the Synonyms and Gestalt Comple-
tions tasks. This is also indicated by the intermediate correlations with the two Analogies
tasks and the low correlations with the Synonyms and Gestalt Completions tasks. These
findings and the low correlation between the Identical Pictures and Double Descriptions
tasks also suggest that these two tasks were not generalizable across the verbal and figural
domains, also indicating that partial different processes underlaid these tasks.

Although the results with respect to the generalizability across the verbal and figural
domains suggest that (partial) different processes underlaid the Gestalt Completions and
Synonyms tasks, and the Identical Pictures and Double Descriptions tasks, this does not
necessarily mean that they represent different cognitive stages. It is well possible that the
same three cognitive stages operate within different content domains.
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Componential tasks

Componential models. The main issue related to the six different componential tasks was
the validation of the proposed information-processing models. Based on the entire set of
data (group data) this modeling was done by linear multiple regression, while solution
times of the correct items were used as the criterion to be predicted.

In general, the componential models gave a good account of the experimental group
data. Several tests showed that each of the various information-processing models of the
componential tasks was adequate. Overall goodness of fits were excellent, overall regres-

sion Fs were significant, regression Fs for individual parameter estimates were significant,
except for the evaluation parameter of the verbal evaluation model, which was rejected,
and the reliability of the residuals was only significant for the figural cognition and figural
evaluation models suggesting that only these models were not equivalent to the "true
model." The assumption of seriality, however, was not supported by the data. The results
indicate that subjects used not wholly serial strategies to solve the items of the different
componential tasks. This suggests that the componential models only represent a first ap-

proximation of the "true model," a suggestion already made by Sternberg and Gardner

(1983). Moreover, this assumption did not depend on the kind of componential task.

Simple/easy as well as complex/difficult componential tasks (indicated by the kind and/or
number of estimated components) elicited nonserial strategies. Others have also presented
evidence   that  subj ects  do not process information  in a strictly serial manner (e.g., Grudin,
1980; Ippel, 1986; Kotovsky & Simon, 1973; Whitely & Barnes, 1979)

It could be argued that the "true model" is not the best model, since only one model
for each componential task was tested in this study. In these models the component pro-
cesses were assumed to be largely exhaustive. Sternberg (1977a) tested four different
models for analogies with different contents. His models differed in the number of exhaus-

tive and self-terminating component processes (see also McConaghy and Kirby, 1987).
Models with mainly exhaustive component processes had the best fit to their data. Al-
though such findings are not exclusive, they are supportive for the choice of testing only
models with exhaustive processing.

Component scores. Validation of the different componential models on an interindividual
level in term of model fit showed reasonable good mean fits. However, the range of these

individual fits was quite large as well as the standard errors of estimate, particularly for
the verbal evaluation task.

Comparison of the results of the group data, in terms of percentage-of-variance-ac-

counted-for, with the results of the individual data, in terms of source-of-individual-dif-
ference, revealed a certain consistency that attributed to the internal validation of the dif-
ferent componential models. An exception was the verbal evaluation task. None of the
components were related to the general performance parameter of this task. Other indica-
tions for a reasonable to good account of the data were the moderate to strong relation-
ships between the general performance time and the solution time in the uncued condition
of each of the componential tasks.
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That the component processes represented distinct processes, is indicated by the low
intercorrelations between a substantial number of component processes within the com-
ponential tasks. These results vitiate the argument of Larson and Alderton (1992) that dif-
ferent cognitive components are intercorrelated (see also Brody, 1992; Jackson &
McCelland, 1979; Lansman et al., 1982; Vernon, 1983; Vernon, Nador, & Kantor, 1985).
Significant negative correlations, however, were found between reasoning and evaluation
components within each of the componential reasoning tasks, indicating that faster reason-
ers were slower in evaluation and vice versa. An unsolved issue is the cause of the very
high negative correlations between encoding and response components of almost all the
componential tasks.    This last result   was also found by Sternberg ( 1977a), although   the

correlations were not as high as in the present study.
An interesting as well as intriguing finding is the high association between theoretically

corresponding components. It was found that theoretically corresponding components of
the six different componential tasks clustered, producing a general encoding, reasoning,

evaluation, and response cluster. Hence, these components were generalizable across

content domain, type of componential task, time pressure demands (power and speed), etc.
These relationships between theoretically corresponding components strongly support the
suggestion of 'basic' component processes underlying cognitive abilities, and, by
extension, intelligence.

Intriguing, because Larson and Alderton (1992) argued that research on inductive
reasoning has shown that it is sometimes difficult to demonstrate that theoretically cor-
responding components are more highly correlated with one another (convergent validity)
than with noncorresponding components (discriminant validity) (e.g., Alderton, Goldman,
& Pellegrino, 1985; Whitely, 1980). Interesting, because these results converge to a con-
siderable degree with findings of Sternberg (19773) and Sternberg and Gardner (1983). For
example, Sternberg and Gardner found convergent validity (across content domains and
type of reasoning problem) for reasoning and comparison components, but not for encod-

ing components. In the present study convergent validity was also found for encoding
components. Considering, for example, that encoding involves in one case perceptual

processes and in another case retrieval processes from long-term memory, these results are
far from self-evident. Furthermore, the finding that the response components (the constant
in the regression equations) of the six componential tasks seem to represent the same
process, does not support, although indirectly, the notion of Sternberg (1977a, 19852) that
metacomponential processes were confounded with this parameter, since a variety of
componential tasks (from simple/easy to complex/difficult) were involved in the experi-

ment. Hence, if metacomponential processes were included in this parameter, differences
in this parameter should have been found, since it is reasonable to assume that simple/easy
tasks require no or less, and probable different, metacomponential processes than dif-
ficult/complex tasks.

It has to be noticed, however, that careful inspection of the correlations between com-
ponent scores and response times of the psychometric tasks (Table 7.38) revealed some
content related differences between corresponding component processes (e.g., encoding)
and psychometric tasks.
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Relationships between psychometric tasks and component processes

It was expected that cognition processes were dominant during the psychometric tasks
with an emphasis on the cognition stage (Gestalt Completions and Synonyms), reasoning
processes were dominant during the psychometric tasks chosen with an emphasis on the
reasoning stage (Figural and Verbal Analogies), and evaluation processes were dominant
during the psychometric tasks chosen with an emphasis on the evaluation stage (Identical
Pictures and Double Descriptions). This hypothesis was tested with two kinds of perfor-
mance measures of the psychometric tasks, accuracy and speed.

Relationships between component scores (temporal measure) and percentages of correct

responses of the psychometric tasks were unimpressive. Univariate as well as multivariate
analyses revealed inconsistent and mostly nonsignificant results. This is surprising, since
several studies showed consistent and significant relationships between component scores

(speed) and reference scores (accuracy) (e.g., Bethell-Fox, Lohman, & Snow, 1984;
LeFevre & Bisanz, 1986; Pellegrino & Glaser, 1979, 1980; Sternberg, 1977a, 19858;
Sternberg & Gardner, 1983). On the other hand, some results of the componential ap-
proach to intelligence make it clear that speed and accuracy of performance bear no unique
relation to each other (Pellegrino, 1985). For example, faster reasoning (inference, map-

ping, application) and responses were associated with higher intelligence scores, while
slower encoding was associated with higher intelligence scores (Mulholland et al., 1980;
Sternberg, 1977a). However, in a later study of Sternberg duration of encoding was unre-
lated with intelligence scores (Sternberg & Gardner, 1983).

A possibility as to why the component processes did not correlate with percentages of
correct responses of the psychometric tasks is speed-accuracy tradeoff. The speed-accuracy
tradeoff explanation suggests that the speed-accuracy tradeoffs were different for the
psychometric tasks versus the componential tasks, and that individual differences in the
tradeoffs for the two sets of tasks were uncorrelated. Although the speed-accuracy instruc-
tions of theoretically corresponding psychometric and componential tasks (uncued condi-
tion) were kept as identical as possible and even the subjects interpreting them were the
same, it is a plausible explanation, since nineteen different component scores of six dif-
ferent componential tasks (with different instructions) were correlated with accuracy scores
of six different psychometric tasks (also with different instructions). Because of the diver-
sity of the experimental tasks this possible explanation was not testable. Anyhow, speed-
accuracy tradeoffs were different, within as well as between the sets of componential and

psychometric tasks.
Another possible explanation is a difference in difficulty/complexity of the componen-

tial versus psychometric tasks. In general, componential tasks were easier/simpler than
comparable psychometric tasks, but these differences were not quite large.

Relationships between component scores and response times of the psychometric tasks
were more impressive, although not very strong and hardly according to expectations.
Univariate as well as multivariate analyses revealed consistent and significant results (see
also Table 7.36).

During all the psychometric tasks encoding processes, although to a different degree,
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were relevant. The fact that during all the psychometric tasks encoding was involved is a
trivial finding, since every task requires encoding! More relevant is the degree to which
encoding modulated the different psychometric tasks. Encoding processes mostly modu-
lated the Synonyms and Figural Analogies tasks and to a lesser extent the Gestalt Comple-
tions, Verbal Analogies, Identical Pictures and Double Descriptions tasks. However, these
differences were very small and nonsignificant and certainly not related to any cognitive

stage.
A bipolar pattern was found for reasoning processes. Reasoning processes mostly

modulated the Gestalt Completions, Figural and Verbal Analogies, and Double Descrip-
tions tasks and to a lesser extent the Synonyms and Identical Pictures tasks. This dif-
ference seems to correspond with a difference in speed and/or accuracy of performance of
the psychometric tasks. It indicates that during simple/easy tasks reasoning was less
relevant than during more difficult/complex tasks. This finding is more puzzling. Recent
psychometric research on intelligence agrees about inductive reasoning problems to be
very closely related to fluid intelligence (GO and even G (Carroll, 19933; Gustafsson,
1984,1988; Marshalek et al., 1983; Snow et al., 1984). It is implicitly assumed that this is
caused by reasoning processes. It appears, however, that psychometric tasks (e.g., Gestalt

Completions and Double Descriptions) less related or unrelated to inductive reasoning
tasks, i.e. G (see section "Psychometric tasks" of this chapter), in terms of accuracy, also
involved reasoning processes, in terms of speed.

A same, but stronger, pattern as found for reasoning processes was found for evalua-
tion processes. The Synonyms and Identical pictures tasks were hardly modulated by
evaluation processes, while they were of significance during the Gestalt Completions,
Verbal and Figural Analogies, and Double Descriptions tasks. Also this difference seems

to correspond with a difference in speed and/or accuracy of performance of the
psychometric tasks. It is reasonable to assume that during simple/easy tasks subjects did
not need to evaluate their answer, while during more difficult/complex tasks subjects
needed to do.

During the Synonyms and Identical pictures tasks response processes were of some
(nonsignificant) importance, while during the Gestalt Completions, Verbal and Figural
Analogies, and Double Descriptions tasks they were not. Again, this difference seems to
correspond with a difference in speed and/or accuracy of performance of the psychometric
tasks, resulting in the finding that during relative simple/easy tasks the contribution of this
component was slightly more substantial than during relative difficult/complex tasks.

A general pattern seems to appear between easy/simple and difficult/complex tasks.
Encoding and response components only slightly differentiated between all the
psychometric tasks, while during difficult/complex tasks reasoning and evaluation com-
ponents were relatively more important than during easy/simple tasks.

It is evident that the component processes were far more generally involved in the
psychometric tasks than was expected on the basis of the structure of the psychometric
tasks in terms of processing accuracy. However, based on the results of processing speed

of the psychometric tasks, these results seem more reasonable. The intercorrelational and
factor-analytic structure of response times of the psychometric tasks (Gs) showed that the
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psychometric tasks share a considerable amount of variance in terms of processing speed,

suggesting overlap in the same type of processes. For example, the finding in the present
study that reasoning processes were involved, although to different extent, in all the
psychometric tasks may not be as puzzling as it seems. Figural reasoning processes (in-

ference, mapping, application) were manipulated by transformations of elements of stimu-

lus terms, such as rotation, shadowing, adding, etc. Semantic reasoning processes were

manipulated by ratings of similarity between pairs of stimulus terms. It may be reasonable
to assume that parts of these reasoning processes were involved in the psychometric tasks

not assumed to measure these processes based on processing accuracy. For example,

Synonyms is about the meaning of words, which is highly comparable with "associative
relatedness" of pairs of words. As another example, Identical Pictures is about comparison
of elements of figures, whereby the elements of the distractors could be transformed in
relation to the elements of the target figure. Hence, comparison of elements of these

figures may involve some kind of transformation.
It seems that processing accuracy and processing speed are two distinct realms. This is

also supported by the around zero-order relationships between speed and accuracy of the
psychometric tasks (except for the Gestalt Completions task), different patterns of intercor-
relations for speed and accuracy of the psychometric tasks, and different structures of the
psychometric tasks based on accuracy and speed, in terms of their loadings on Ga and Gs,

respectively.
According to Pellegrino (1985) there are three possible relationships between accuracy

and latency on an interindividual level. First, a speed-accuracy tradeoff, such that in-
dividuals who show lower average solution times would have higher average error rates,

producing a negative (inverse) correlation between latency and errors. Second, a complete
independence of latency and errors. Third, a positive (direct) relationship, such that in-
dividuals who make more errors would also be slower in average solution time. Although
Pellegrino suggested that research tend to support this last relationship, it is evident that
the results of the present study support the second relationship. Moreover, research by

Verster (e.g., 1991; Verster & Steyn, 1973, cited in Verster, 1991) also showed consistent

nonsignificant, zero-order relationships between performance speed and accuracy, sugges-
ting that speed of performance on cognitive tasks might be determined independently of
the factors responsible for accuracy.

In accordance with the results of the present study, Egan (1978) found different pat-
terns of intercorrelations for accuracy and speed measures in spatial ability tests. Accuracy
correlated with performance on standard psychometric tests. Thus the accuracy scores in
these tasks appear to measure what is conventionally called spatial ability. By contrast,

speed measures were not correlated with the psychometric tests. Not surprisingly, speed
measures were also uncorrelated with accuracy scores. Hence, the speed measures did not
reflect spatial ability as conventionally defined. Egan argued that individual differences in
speed and accuracy may be uncorrelated because different processes are responsible for the
major variation in the response times and the major variation in errors.

Research to the structure of processing speed in tests of higher cognitive processes is
scarce (e.g., Thurstone, 1944; Rimoldi, 1951). More recently, Verster (1991) proposed a
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hierarchical model with four different information-processing subsystems underlying
cognitive processing, involving psychomotor, sensory, perceptual, and conceptual proces-
ses. He considered that these four subsystems might be related in terms of an underlying
continuum of central processing, implying hierarchical organization. On this view, psycho-
motor and sensory processes involving encoding and reaction time represent relatively
more peripheral subsystems. Processes in the perceptual subsystem, including representa-
tion, transformation, integration, and comparison, as well as conceptual processes associa-
ted with planning, decision making, strategy formation, and monitoring are characteristic
of a higher, central nervous system function. Although this model is highly tentative and
certainly needs replication and extension, it may initiate the way to a process theory of in-
telligence.

Based on the results of this experiment and other studies it seems that a theory of in-
telligence, based on accuracy, may be quite different from a theory of intelligence, based
on speed. Considering the different measures on which they are based, it is even question-
able if they are comparable, since processing accuracy bears no unique relationship to
processing speed. A relationship that seems to depend on many factors, including speed-

accuracy instructions, motivation, time-limits, kind of task, kind of subject, etc. Accuracy
is the culmination of a sequence of processes and an error can occur at any stage or
between stages of the information-processing sequence. Without more detailed analyses of
the tasks, we have no insight into which processes account for errors and why the errors
might be correlated across tests (Carpenter & Just, 1986).

Development of a theory of intelligence based on cognitive processes (processing
speed) may be a more fruitful way to an understanding of human intelligence than a
theory of intelligence based on cognitive abilities (processing accuracy). Such a process
theory, however, should be based on 'basic' processes that goes beyond the level of
processes used in the present and many other studies (see also Pellegrino & Goldman,
1983). For example, reasoning, and even inference, mapping, and application, is a com-
posite of much more elementary information-processing units (or transformations) such as
rotation, adding, shadowing, retrieval, etc.

Conclusions

The main hypothesis of this part of the present study predicted that cognition processes
were dominant during the psychometric tasks chosen with an emphasis on a cognition
stage (Gestalt Completions and Synonyms), reasoning processes were dominant during the
psychometric tasks chosen with an emphasis on a reasoning stage (Figural and Verbal
Analogies), and evaluation processes were dominant during the psychometric tasks chosen
with an emphasis on an evaluation stage (Identical Pictures and Double Descriptions).

This hypothesis was not confirmed for processing accuracy, and barely for processing
speed. It appeared that encoding and response components slightly differentiated between
the psychometric tasks, while during difficult/complex tasks reasoning and evaluation com-
ponents were relatively more important than during easy/simple tasks.
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Introduction
The main aim of the "Psychometric-energetic" phase of this study is to identify auto-

nomic response patterns that are interpretable in terms of the energetic control systems

arousal-familiarization, effort-comfort, and activation-readiness, corresponding with a
cognition, reasoning, and evaluation stage, respectively, which are represented by verbal
and figural psychometric tasks either with an emphasis on a cognition, reasoning, or
evaluation stage.

In   Chapter   1 0 a brief review of single and multiple physiological responses,   as   an
index of autonomic, cognitive, and/or energetic control, is given. This review mainly
focuses on cardiovascular responses and it is concluded that several physiological respons-
es and response patterns can serve as indices of cognitive and/or energetic states or pro-
cesses.

In  Chapter  11 the methods  of the psychophysiological experiment  of the "Psychome-
tric-energetic" phase are given. These involve descriptions of subjects and materials (in-
cluding physiological recording), psychometric tasks, design, procedure, and scoring and
data reduction.

In  Chapter   12 the results  o f this experiment are presented.   To  be   able to answer  re-
search question (1) (see subsection "Research questions and hypotheses" of Chapter 3),
performance of the six psychometric tasks is analyzed. This includes descriptive statistics
and reliabilities of performance scores (response time and percentage of correct responses),
analyses of variance on response time and percentage of correct responses of the
psychometric tasks, determination of speed-accuracy tradeoffs, and analyses of individual
differences in performance scores. To be able to answer research questions (2), (3), and
(4), physiological scores are analyzed. This includes descriptive statistics and reliabilities
of baseline scores, intra-experimental trend correction, reliabilities of reactivity scores, ana-
lyses of variance of individual reactivity scores, determination and identification of
autonomic response patterns (dimensions) and their relationship with three task-irrelevant
facial muscle responses, and analyses of variance on dimensional scores of the
psychometric tasks. To be able to answer research question (5), individual differences
between physiological and dimensional scores on the one hand and performance scores on
the other are analyzed.

Finally, in Chapter  13 some methodological and theoretical issues related  to the results
of the experiment are discussed, particularly with respect to the energetic control systems
involved in the solution of the six different psychometric tasks.
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Autonomic, cognitive, and energetic
control

Introduction

Although in psychophysiological research the necessity to identify and analyze physio-
logical response patterns instead of distinct physiological variables is widely accepted, the
development of conceptual models of psychological and/or physiological organization has
fallen behind the empirical developments and are still scarce.

Not only a conceptual framework of physiological (autonomic) control, based on
physiological measures as physiological indices, but also a conceptual framework of
psychological (cognitive or energetic) control, based on physiological measures as psycho-
logical indices is important (cf. Furedy, 1987). For example, a-adrenergic enhancement is
typically found in the interval between a warning and an reaction stimulus in signaled
reaction time tasks, and the orienting response is supposed to be accompanied by a unique
pattern of physiological activity (e.g., Obrist et al., 1986; Thompson, 1975).

Both are important because they may offer a means to generalize beyond a specific ex-
perimental setting (cf. Jennings, 1987). For example, if during attending a specific auto-
nomic pattern is always observed, we may, without being relieved of validation, conclude
that such an autonomic pattern is highly indicative for attention. They also offer a means
to confer a more integrated perspective on psychological/physiological states and proces-
ses, and minimizing the proliferation of microtheories related to specific autonomic in-
nervations. Such a framework may also offer important parameters for quantifying the
effects of psychological manipulations, studying the coherence between these parameters
and behavioral observations, and examining the dimensions of individual differences (cf.
Berntson, Cacioppo, & Quigley, 1991).

Effects of cognitive and/or energetic manipulations on the central nervous system have
been well founded. For example, elicitation of cortical activity by increased task difficulty
(effort) has been shown in several studies (e.g., Posner et al., 1988; Risberg & Prohovnik,
1983), and research indicates that certain frontal and prefrontal brain areas are involved in
processes required to solve items on intelligence tests: directing attention, planning, hold-
ing stimuli in memory, performing complex stimulus transformations, etc. (e.g., Owen et
al., 1990; Posner & Petersen, 1990; Roland & Friberg, 1985). Moreover, many physiologi-
cal functions are under the interacting control of both the central and peripheral nervous
system (e.g., Coles, Donchin, & Porges, 1986, Loewy & Spyer, 1990).

147
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Autonomic, cognitive, and energetic control

The sympathetic and parasympathetic (vagal) branches of the autonomic nervous
system (ANS) have traditionally been viewed as a reciprocal system, with increasing

activity of one branch associated with decreasing activity of the other, and vice versa

(Cannon, 1939; Langley, 1921). This conception contains three related principles: (1) the
principle of dual innervation of visceral organs; (2) the principle of functional antagonism;
and (3) the principle of reciprocal control. For example, Wenger (1941; see Wenger &
Cullen, 1972 for a review) found individual scores on an "autonomic balance" factor - the
balance between sympathetic and parasympathetic nervous system activity - to be quite
consistent and characteristic.

This view, however, in which autonomic control of dually innervated target organs is

considered as a continuum extending from parasympathetic to sympathetic dominance
cannot adequately account for all findings. Exceptions of this model, even recognized by
early investigators, are that: (1) not all organs are dually innervated; (2) sympathetic and

parasympathetic influences on some dually innervated organs are synergistic or orthogonal
rather than antagonistic; and (3) parasympathetic and sympathetic activities show not
always reciprocal variation (Berntson et al., 1991). These findings led Cacioppo and
colleagues to the development of a conceptual model of autonomic control, in which ac-
tivity in the two ANS divisions may vary reciprocally, coactively, or independently.

The potential patterns of autonomic control over dually innervated target organs are
shown in Table 10.1. In this table a taxonomy of combinations of increased, decreased, or
unaltered activity   in  the   two ANS divisions is depicted.   The nine cells   of Table   10.1    can

be divided in three major categories: (1) coupled reciprocal modes, in which the activities
of the two ANS divisions are negatively correlated (reciprocal sympathetic and parasym-

pathetic mode); (2) coupled nonreciprocal modes, in which activities are positively corre-

T ABLE 10.1.  Modes  of Autonomic  Control  (after  Berntson et  at.,   1991)

Parasympathetic Response

Increase No Change Decrease

Increase Coactivation Uncoupled Reciprocal

Sympathetic Sympathetic
Activation Activation

Sympathetic No Change Uncoupled Baseline Uncoupled

Response Parasympathetic Parasympath.

Activation Inhibition

Decrease Reciprocal Uncoupled Coinhibition

Parasympathetic Sympathetic
Activation Inhibition
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lated (coactivation and coinhibition); and (3) uncoupled modes, in which activities are
uncorrelated (uncoupled sympathetic and uncoupled parasympathetic modes) (cf. Berntson

et al., 1991). It is clear that this taxonomy is no more than a preliminary outline of auto-
nomic control. For example, there is made no distinction between a-adrenergic and B-
adrenergic sympathetic activity.

Several methods can lead to the identification of underlying modes of autonomic
control: (1) Direct recording of physiological activity in relevant sympathetic and para-
sympathetic nerves is one of the most definitive methods of identifying the modes of
autonomic control. This method, however, is generally only applicable to animals, and not
feasible in humans. (2) Selective surgical or pharmacological blockade of sympathetic or
parasympathetic innervation of target organs. Surgical procedures, however, are also not
applicable to humans, and pharmacological approaches have their caveats and limitations

(3) Indirect measures. A number of noninvasive measures of sympathetic and parasym-
pathetic control have been proposed in the literature, including respiratory sinus arrhyth-

mia, T-wave amplitude, and pulse transit time (cf. Berntson et al., 1991).
These same methods can also lead to the identification of underlying modes of cogni-

tive/energetic control. However, some caution is necessary in the interpretation of physio-
logical responses or response patterns in psychological terms. A one-to-one physiological-
psychological response taxonomy can hardly be presented since physiological responses or

response patterns may map into multiple psychological elements (cf. Cacioppo & Tassi-

nary, 1990). For example, an enhanced skin conductance level is observed during both
environmental intake and rejection (Lacey et al., 1963), or increased heart rate and skin
conductance response are associated with both the startle and defence reactions (Turpin,
1986). Moreover, many concepts in psychology are too vague to permit a search for

physiological correlates. Hence, it is important to define a psychological concept in formal
behavioral terms and to add the conditions under which psychological responses are
observed. For example, Kahneman (1973) mentioned three criteria which physiological
responses should obey before they could be used as physiological indices of effort: (1)
sensitivity to within-task variations in task demands, (2) sensitivity to between-task dif-
ferences in processing load, elicited by qualitatively different cognitive operations, and (3)
sensitivity to between-subject differences in processing load. According to Mulder (1986),
criterion (2) assumes the validity of the multiple resource theory. Furedy (1987) made a
distinction between reactive sensitivity and specific sensitivity. The first one referring to
differential reactivity to different levels of mental effort, as represented either by the
presence versus absence of a cognitive task or by the contrast between difficult and easy
levels of a task and the second one referring to reactivity to mental effort but not to
related, but different, manipulations that do not involve mental effort itself.

Single peripheral physiological responses

In this section a brief review is given of the physiological responses used in this study
as possible indices of autonomic, cognitive, and/or energetic control. Most psychophysio-
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logical studies have focused on cardiovascular parameters, so they will take up the main
part of this review.

Heart rate (HR). As an index of autonomic control, the heart is innervated by sympathetic
and parasympathetic activity. Parasympathetic effects on the heart are mediated by choli-
nergic transmission via the nervus vagus. Sympathetic effects are mediated by B-adrenergic
transmission involving norepinephrine released by the cardiac sympathetic nerve. Most
researchers suggest that under conditions of rest, mild, or intermediate stimulation, para-
sympathetic influences are more pronounced than sympathetic (e.g., Blascovich & Kelsey,
1990; Larsen et al., 1986; McCabe et al., 1985; Obrist, 1981; Stern et al., 1980). Heart
rate is also influenced by intrinsic regulatory mechanisms such as the baroreceptor reflex,
which is the most important mechanism for regulating short-term alterations in blood

pressure (Papillo & Shapiro, 1990). Increase in blood pressure is detected by baroreceptors
which fire at a rate proportional to blood pressure upon which the central nervous system

may counteract blood pressure increase with parasympathetic mediated decrease in HR and

sympathetic reduction in peripheral resistance (e.g., Carlson, 1980; Karemaker, 1985;
Larsen et al., 1986; Wesseling & Settels, 1985).

As an index of cognitive control, the baroreceptor reflex has been shown to be sensi-
tive to cognitive processing. Baroreflex sensitivity was reduced during mental arithmetic
and memory tasks in comparison with rest (Bertinieri et al., 1985; Mulder, 1980; Robbe et
al., 1987; Steptoe & Sawada, 1989). Mulder (1986) argued that phasic and tonie changes

in HR related to the processing demands of the task are mainly mediated by a change in

vagal control (baroreflex activity).
That HR decelerated during sensory processing was already noticed in early studies of

Darrow (1929) and Freeman (1948). Later research showed that the direction of cardiac
responses depended on the kind of task (Lacey, 1967, Lacey et al., 1963). The Lacey's

proposed an intake-rejection hypothesis that suggests that the intake of information is
associated with cardiac deceleration, and the rejection of information (active processing) is
accompanied by cardiac acceleration. Lacey's work has been replicated by a number of
researchers, and it is now well-established that decrease in HR occur during a large num-
ber of tasks involving attention to environmental stimuli (e.g., Coles, 1974; Hare, 1973;
McCanne & Hathaway, 1979; McCanne & Lyons, 1990; O'Gorman & Jamieson, 1977;
Sandman et al., 1977; Tursky, Schwartz, & Crider, 1970). HR deceleration is also a
response to unexpected stimuli, eliciting an orienting reaction (OR), of which Kramer and
Spinks (1991) suggested to be related to processes which are capacity-independent (preat-

tentive) as well as resource-limited (controlled). In short, it seems that cardiac deceleration,
relative to other responses (e.g., skin conductance), is rather specifically related to
attention, including expectancy or orienting situations (Jennings, 1986b). According to the
Lacey's, cardiac slowing facilitates the processing of incoming information as the in-
dividual reaches a state of readiness. A slower HR indicates a higher degree of readiness

and receptivity, and may facilitate sensorimotor integration, perhaps because of a quieting
of the system and a conservation of energy (see also Graham, 1979). On the other hand,
Obrist (1981) suggested that cardiac deceleration may result from motor factors, because

passive attention is usually associated with a generalized reduction in motor activity.
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Increased physiological activity during problem solving has been reported in numerous
studies since  the 1960s Lacey  et  al. (1963) demonstrated  that cold pressor, mental arith-
metic, and solving anagrams produced HR increase. In later experiments attempts were
made to separate different aspects of the information processing required, and to relate
these to cardiac changes (e.g., Jennings, 1975; Jennings & Hall, 1980; Kahneman et al.,
1969; Tursky, Schwartz & Crider, 1970). However, attempts to relate cardiac acceleration
to a specific cognitive process other than the direction of attention were unsuccessful. For

example, Jennings and colleagues (Jennings, 1986a, 1986b; Jennings, Lawrence, & Kasper,
1978; Jennings, Schrot, & Wood, 1980) conducted studies in which memory load was
varied while subjects performed transformation tasks. Their findings indicate that the
directed attention of adding numbers can produce acceleration that overrides any decelera-

tion associated with stimulus intake. Jennings proposed that this finding might indicate that
acceleration is associated with memory processing, motivated inattention, or the energy
requirements of the task. Jennings and Hall (1980), however, found that the amount of
acceleration did not relate to memory load nor to task difficulty. These results suggest that

the direction of attention is related to cardiac acceleration. Information-processing tasks

including problem solving, logical reasoning, decision making, cognitive imaging, and
memorizing have produced results consistent with this direction interpretation (e.g., Coles

&    Duncan-Johnson, 1975; Schwartz & Higgins, 1971). Although acceleration occurs

during all of these tasks, it was consistently attributed by these authors to attentional

direction (see also Cohen & Waters, 1985).
As an index of energetic control, cardiac changes have been differentially related to

arousal, effort and activation. There is evidence that HR distinguishes between different
types of arousal (Furedy, 1987), which is conceived to be related to deceleration (see
above). According to Coles and Strayer (1985) phasic deceleration is associated with the
allocation of resources to stimulus encoding. Lacey and Lacey (1970) argued that cardiac
deceleration indexes activation, because it correlated with the amplitude of the contingent
negative variation (CNV). According to Pribram and McGuinness (1975) any information
input triggers a response from the arousal system that is reflected in HR acceleration. The
activation system is involved in maintaining a set to respond to external events. This state

of readiness will be reflected in HR deceleration. Finally, task demands on the effort
system are reflected in tonie HR acceleration (see also McGuinness & Pribram, 1980).

Van der Molen et al. (1987) used the model of Pribram and McGuinness (1975) to
derive a set of predictions concerning the relation between phasic HR responses and
energetic states. In contrast to Pribram and McGuinness, they reasoned that HR decelera-

tion may be a manifestation of effort and the phasic response to input (arousal). Sub-
sequently, the authors suggested that there is a transition from anticipatory HR deceleration
to acceleration when response initiation mechanisms are engaged (activation).

In a signaled choice RT task, Van der Molen et al. estimated different stages of pro-
cessing: stimulus encoding, response choice, and motor preparation. Their results can be
summarized as follow: (1) The first manifestation of preparation during the foreperiod is
cardiac slowing. (2) Subsequently, deceleration is added just prior to the stimulus. (3) The
reaction stimulus elicits "primary bradycardia." (4) Finally, initiation of the motor response
induces "vagal inhibition." Van der Molen et al. (1987) suggested that (1) primary brady-
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cardia is a phasic arousal response to the output of stimulus identification; (2) motor

preparation consists of a call for energetic supply to the activation system which is reflect-

ed by heart rate deceleration, but when information processing enters response initiation,
cardiac slowing shifts to acceleration; and (3) anticipatory deceleration reflects a specific
pattern of coordination of the effort system. The prediction by Pribram and McGuinness

(1975) that incompatible S-R mapping elicits HR acceleration was also tested by Jennings

et al. (1988). They concluded that effortful mapping of a stimulus onto a response may
induce transient deceleration rather than acceleration. In terms of Sander' s model,    this
deceleration might reflect the uncoupling of the arousal and activation mechanisms.

Jennings (e.g., Jennings & Hall, 1980. Jennings, 1986b) introduced capacity as an ex-
planatory concept of cardiac deceleration. He assumed that attention has a fixed capacity
and that its facilitative effects apply to any process. Cardiac deceleration results from the
holding available of processing capacity. Jennings's hypothetical central stage of process-
ing capacity closely resembles Sander's effort mechanism.

There are, however, some problems with the interpretation of the results of Van der
Molen et al. and Jennings et al. The phasic responses during the warned choice RT task
cannot completely be fitted to the model of Pribram and McGuinness, since effort should
be conceived as a tonie response level on which the phasic responses are superposed. The
HR deceleration during the preparatory interval, although an expression of activation, can
be superposed on a large acceleration which symbolized the effort mechanism.

Heart rate variability   (HRU.    The    use   of spectral analysis has enabled researchers    to

decompose HRV into several frequency bands associated with different biological control
mechanisms. Three major frequency bands have been examined. A low-frequency band,
ranging from 0.02 to 0.06 Hz, is associated with vasomotor activity involved in the regula-
tion of body temperature. A mid-frequency band, ranging from 0.07 to 0.14 Hz, is related
to mechanisms involved in the short-term regulation of arterial pressure (0.1 Hz com-
ponent). Finally, a high-frequency band, ranging from 0.15 to 0.50 Hz, mainly reflects the
effects of respiratory activity on HRV (respiratory sinus arrhythmia; RSA).

Both 0.1 Hz component and RSA have been proposed as an autonomic index of
parasympathetic activity (e.g., Allen & Crowell, 1989; Berntson, Cacioppo, & Quigley,
1993; Broeckl et al., 1989; Grossman & Svebak, 1987; Mulder, 1986, 1988; Porges, 1984,
1985; Steptoe & Wardle, 1988). Grossman, Stemmler, and Meinhart (1990) warned that

RSA may only be a valid index of parasympathetic activity if respiratory parameters (i.e.
rate and volume) are checked statistically or experimentally.

Mulder   and his coworkers (e.g., Mulder, 1980; Mulder & Mulder,   1981 a, 198lb;
Mulder, 1985) have studied tonic heart rate variability as an index of processing effort
(Mulder, 1986) (the 0.1 Hz component seems not sensitive to compensatory effort; De
Waard, 1996). Particularly, the 0.1 Hz component has been investigated, because this com-

ponent is not obscured by changes in respiratory rate and amplitude. Van Dellen et al.
(1985) showed that the 0.1 Hz component is even more sensitive as an index of processing
load if it is made independent of heart rate. The suppressing of the 0.1 Hz component, that
is also present in the blood pressure signal, only appears if the task variable affects re-
source-limited processes. For example, Aasman, Mulder, and Mulder (1987) observed a
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strong relationship between the amplitude of the 0.1 Hz component and memory load.
Additionally, they found that HRV was only sensitive to changes in the use of resources-
limited (effortful) processes, but not to those involving data-limited processes (e.g., de-
graded stimuli), a necessary feature of the resource concept. Others have also found that
spectral power   at   0.1 Hz decreases (indicating a decreased parasympathetic control)   with
increases in the amount of effort invested in a task (e.g., Egelund, 1982; Hitchen, Brodie,
& Harness, 1980; Sayers, 1973; Vicente, Thornton, & Moray, 1987). An example is the
transition from single to dual-task performance (Sirevaag et al., 1988). In a review of the
0.1 Hz component, Jorna (1992) came to similar conclusions. Tasks seem to be dif-
ferentiated by the 0.1 Hz component, if they differ in working memory load. But an
increase in task demands is only accompanied by changes in the 0.1 Hz component in
resource-limited situations.   Also time pressure reduced  the  0.1 Hz component significantly.

RSA as an index of cognitive and energetic control has also been found. Decreases in
RSA were accompanied by increases in processing rate (e.g., Kalsbeek & Sykes, 1976;
Porges, 1972). Cognitive load, which is related to effort, has been used to explain changes

in RSA (Firth, 1973).

T-wave amplitude (TWA). TWA as an index of autonomic control is generally regarded to
be under the control of B-adrenergic activity (e.g., Bunnell, 1985; Carroll & Roy, 1989;
Furedy, 1985; Furedy & Heslegrave, 1983; Furedy, Heslegrave & Scher, 1992). Some,
however, are more cautious about such an interpretation (Obrist, 1981; Contrada, 1992;
Contrada et al., 1989; Schwartz & Weiss, 1983). For example, Schwartz and Weiss (1983)
argued that TWA reduction may be a nonspecific response to tachycardia, which may also
reflect parasympathetic withdrawal. Results of pharmacological studies with respect to B-
adrenergic activity are inconsistent. For example, administration of B-enhancers not only
showed attenuation of TWA, but also augmentation. These inconsistent results may be
partially explained by the dose applied, the type of subjects, and the ECG-electrode

placement (Fredrikson et al., 1987; Furedy & Heslegrave, 1983; Furedy, 1985, 1987;
Weiss, 1980). Schwartz & Weiss (1983) argued that opposing influences of coronary flow,
which is an important determinant of ventricular repolarization, hence TWA, are regulated

by a-mediated vasoconstriction as well as 11-mediated vasodilation, resulting in no change
in TWA during general adrenergic sympathetic activity.

As an index of energetic control, TWA is assumed to be an important component of
mental effort. Furedy (1987) has reviewed a number of studies by Furedy, Heslegrave and
others, in which support is found for a relationship between mental effort and TWA.
Reactive sensitivity of TWA was found during a cognitive task (iterative subtraction) and a
task difficulty manipulation (Heslegrave & Furedy, 1979; Scher et al., 1984), as well as
during a mental effort manipulation (Cacciopo, Petty & Morris, 1985). Specific sensitivity
of TWA was found during a listening (encoding) and task (operation) phase. In particular,
whereas both the listening and task phases produced HR acceleration, only the latter phase
produced a significant TWA attenuation (Furedy et al., 1984; Heslegrave & Furedy, 1979;
Scher et al., 1986). A similar result was obtained by Contrada et al. (1989), who found a
significantly lower TWA during a mental arithmetic task than during a structured inter-
view.
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Although both RSA and TWA have been proposed as indices of effort, Sirevaag et al.
(1988) found that they could be dissociated in terms of their sensitivity to different aspects

of performance in a dual-task paradigm.

Pulse transit time (PTD. PTT defined as the time measured between the Q-top of the
ECG and the onset of the left ear plethysmogram pulse, the peripheral pulse site closest to
the heart, includes much of pre-ejection period (PEP) and relatively little arterial transmis-
sion time. PEP, the interval between the Q-wave of the ECG and the initial point of
ejection of blood from the left ventricle, reflects cardiac contractibility and is supposed to
be an autonomic index of 11-adrenergic mechanisms (Allen et al., 1987; Cacioppo, Uchino,
& Berntson, 1994; Light & Obrist, 1983). Bunnell (1985) preferred PEP, or a PTT
measure that consists for a large part of PEP, over T-wave amplitude as an index of
sympathetic activity, because with PTT between-subject comparisons are more valid.

As an index of compensatory effort, Mulder (1986) referred to the research of Obrist
and colleagues (Light, 1985; Obrist, 1985). They have drawn attention to conditions that
produce 11-adrenergic changes in cardiovascular parameters, such as PTT or PEP, which
may be an index of "effortful coping," by using a shock avoidance paradigm in which
subjects could avoid the aversive stimulus by reacting quickly. In different paradigms (e.g.,
Light & Obrist, 1983) subjects were led to believe that they had control over the occur-
rence of a shock (or not) or, in an appetitive RT task over the gain of money rewards. In
general, greater cardiovascular changes were observed when subjects believed that the had
control, or under feedback conditions. Under incentive conditions, Obrist found a "meta-
bolically inappropriate" pattern - increased myocardial rate and contractile force, enhanced
blood pressure, and short-term retention of sodium and water - because he could not relate
these changes to changes in muscular activity. Mulder (1986) suggested that these cardio-
vascular changes serve two purposes: (1) to prepare the organism for action and (2) to
indirectly stimulate activating brain mechanisms.

Diastolic (DBP) and Systolic (SBP) blood pressure. DBP is primarily influenced by
vascular resistance and HR (e.g., Blascovich & Kelsey, 1990; Obrist, 1981). With high
heart rate the blood has less time to flow from the arterial side to the venous side. Hence,
a large blood volume remains in the arteries, thereby elevating DBP. There are also
instances in which HR and DBP correlate negatively (e.g., baroreceptor reflex). SBP is
primarily influenced by vascular resistance, but also by the volume of blood pumped into
the arteries, which is influenced by contractile force. Though both sympathetic and para-
sympathetic activity index blood pressure, SBP seems to be influenced more by sympathe-
tic activity (B-adrenergic) than DBP (a-adrenergic) (e.g., Krantz et al., 1987; Linden,
1985; Manuck, Krantz, & Polefrone, 1985), and changes in PEP are associated more with
SBP than DBP (e.g., Geddes, 1984; Geddes et al., 1981; Marie et al., 1984; Steptoe et al.,
1983).

Respiration rate (RR). Respiration is under control of both the central and autonomic
nervous system (e.g., Stern et al., 1980). Particularly, the parasympathetic branch of the
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ANS is supposed to index respiration. Moreover, respiration is modified by ANS reflexes
from the lungs, heart, and vasculature (e.g., stretch receptors in the lungs transmit impulses
through the vagus nerve to respiratory centers in the CI\IS that subsequently inhibit respira-
tion: the Hering-Breuer reflex; respiratory activity is sensitive to changes in the amount of
carbon dioxide and oxygen in the blood).

Skin conductance level (SCL). It is generally conceded that human sweat glands receive
predominantly sympathetic cholinergic innervation (e.g., Blascovich & Kelsey, 1990;
Boucsein, 1992; Fowles, 1986; Stern et al., 1980). Since only the neurotransmitter acetyl-
choline is involved, electrodermal activity may not reflect general sympathetic activity,
that is activity including adrenergic sympathetic stimulation. However, there are phar-
macological studies in which adrenergic influences have been found (e.g., Fowles, 1986).

The research of individual differences and performance has generally used measures of
non-specific or spontaneous electrodermal activity (EDA) to classify individuals. Other
researchers have examined the sensitivity of skin conductance responses (SCRs) to varia-
tions in single- and dual-task difficulty and concluded that while non-specific manifesta-
tions of EDA are sensitive to general levels of arousal, SCRs seem to index the allocation
of an undifferentiated form of processing resources (Kramer, 1991). Moreover, background
tonic SCL declines and the frequency of spontaneous EDA becomes less with stimulus

repetition (Dawson et al., 1990).

Finger-tip temperature (FTT). Skin temperature is chiefly determined by peripheral blood
flow (e.g., Blascovich & Kelsey, 1990; Houdas & Ring, 1982; Jamieson, 1987; Jennings et
al., 1980; Kurki et al., 1987; Larsen et al., 1986). Because most changes in blood flow are
related to temperature regulation, which is primarily controlled by the CNS (i.e., the
hypothalamus), changes in blood flow reflect neural mechanisms rather than local autoreg-
ulation. Decrease in peripheral blood flow, and consequently lower FTT, may reflect
vasoconstriction and/or decrease in cardiac output, while increase in peripheral blood flow,
and consequently higher FTT, may reflect vasodilation and/or increase in myocardial
performance. Peripheral blood flow is inversely related to vascular resistance, which is
exclusively under sympathetic control. If cardiac output remains constant, blood flow
changes are most likely vascular in origin, and consequently are primarily a physiological
index of sympathetic activity.

Electromyogram (EMG). Muscle activity is under the control of the somatic nervous
system. Particularly, facial muscles involved in mimicking actions are innervated by the
facial or seventh cranial nerve, of which the origin lies in nuclei of the pons. Furthermore,
they are under voluntary (primary motor cortex) and limbic control (emotions) (Fridlund,
1994).

Frequently cited evidence for the EMG as an index of compensatory effort (cf. Mulder,
1986) are the observations of Wilkinson (1962) Sleep deprived subjects who did a task
most satisfactorily were the ones who showed the greatest rise in EMG amplitude. Malmo
(1965) has described "physiological gradients," a tonic increase in physiological activity,
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which builds up in the course of sustained task performance. Malmo hypothesized that
such gradients reflect the subject's involvement in the task, steeper gradients reflecting
more effort.

Similarly, Svebak (1984) found a tonic buildup of tension in the passive forearm flexor
muscle over the course of task performance in goal-directed subjects. These data support
the validity of Tucker and Williamson's (1984) suggestion, who argued that it is unneces-
sary to include the concept of effort because it overlaps with activation, so that effort
manifests itself through the motor control system.

More recently, Van Boxtel and Jessurun (1993) studied tonic EMG activity of six
different facial and jaw-elevator muscles of 42 subjects during a two-choice serial reaction
time task under auditory and visual conditions. In a first experiment, task load was kept
constant at the level of the subject's maximal capacity. In a second experiment, task load
was increased from sub- to supramaximal capacity levels.

During both experiments, the EMG amplitude of frontalis, corrugator supercilii, and
orbicularis oris inferior showed clear EMG gradients (stronger over time during the second

experiment), while the EMG amplitude of orbicularis oculi, zygomaticus, and temporalis
showed minor or no increases. Effects of stimulus modality were not found. The authors
concluded that the results are consistent with the notion that the EMG amplitude of these
three muscle groups with EMG gradients are an index of the degree of exerted effort
(aspecific energetic resources). In another study by Waterink and Van Boxtel (1994),
further support was found for the hypothesis that EMG activity in these particular facial
muscle groups is related to the mobilization of aspecific energetical resources during the
performance of sustained attentional tasks.

In a recent study, Van Boxtel, Damen, and Brunia (1996) investigated phasic EMG and
HR responses during the preparatory interval of a warned simple reaction time task with
visual and auditory reaction signals and hand and foot responses. Three different groups of
24 adult subjects participated in this experiment.

HR showed the consistently observed triphasic response during warned reaction time
tasks. Inhibition in EMG activity during the warning interval was found for orbicularis
oculi and other muscles in the lower part of the face, and this inhibition was stronger for
visual than for auditory reaction signals. Moreover, depth of inhibition was related to
magnitude of HR deceleration. Elevation in EMG activity was found for corrugator super-
cilii and, to a lesser extent, for orbicularis oris, while there were no differences in signal
modality. Moreover, elevation was smaller when HR deceleration was deeper.

Comparing this study with the studies by Van der Molen et al. (1987) and Jennings et
al. (1988) there is a parallel during the response choice stage (effort) of a signaled reaction
time task. All found a HR deceleration as an index of effort, while Van Boxtel et al.
(1996) also found a specific EMG pattern.

Peripheral physiological responses and intelligence. Studies relating individual differences
in peripheral physiological measures as possible indices of energetic resources and in-
telligence are scarce. For example, there is some evidence that the degree of HR accelera-
tion is related to intelligence (Jennings, 1971; Lacey et al., 1963; Steele & Lewis, 1968).

Ahern and Beatty (1979, 1981) measured task-evoked pupillary responses in two
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groups of subjects of different psychometrically measured intelligence. Forty-three under-
graduate students  (age   17  to  25) were divided  into a high-IQ  and a low-IQ group  with  the
aid of the Scholastic Aptitude Test (SAT). Task-evoked pupillary responses were measured
during four different cognitive tasks under three levels of difficulty each: mental multi-
plication, digit span, vocabulary, and sentence comprehension.

Task difficulty resulted in differences of performance: error rates were higher during
the more difficult task conditions. Furthermore, in the multiplication, vocabulary, and
sentence comprehension tasks, increasing task difficulty was associated with larger pupil-
lary responses (see also Goldwater, 1972). With respect to intelligence, the high-IQ group
made fewer errors in each of the four tasks than the low-IQ group. Furthermore, with the
exception of the vocabulary task, the amplitude of the task-evoked pupillary responses was
smaller for the high-IQ group than for the low-IQ group. The authors interpreted these
results as supporting Spearman's hypothesis   that the specific abilities or "mental engines"
of more intelligent persons are more efficient or automatic, requiring less "mental energy"
or processing capacity for their operations. Moreover, a 13-item digit span condition  was
included to force subjects to the limits of their processing resources. This condition indi-
cates that more intelligent subjects may have greater processing resources to employ at the
limits of performance.

Kimmel (1981) described a series of studies involving measurement of the orienting
reflex (OR) in intellectually retarded, normal, and gifted children assuming that the OR
(arousal) is a basic component of intellectual functioning.

In a first study, Kimmel, Pendergrass, and Kimmel (reported in Kimmel, 1981) com-
pared a group of 23 retarded children (IQ below 50) with a group of 18 normal controls
(IQ  between  100  and 120). Subjects were presented 5 blocks  of 3 trials of visual stimuli  of
different shapes (square, triangle, and circle), while their skin conductance response (SCR)
was measured. Retarded subjects had smaller initial SCRs than the normals, while the rate
of decrease was the same for both groups.

In a second study, Kimmel and DeBoskey (reported in Kimmel, 1981) compared a
group of normal children (IQ between  90  and   110)  with a group of gifted children  (IQ
between   130  and   170). The gifted children needed  75% more trials to habituate,  and  they
made larger initial ORs than the normal children.

In general, a positive relationship was found between the strength and persistence of
the SCR and intelligence.

Multiple peripheral physiological responses

With respect to multiple physiological responses (response patterns) as indices of auto-
nomic control, Weiss et al. (1980) performed a pharmacological study of autonomic
response patterning. Six normal subjects (age 22-27) received six drugs either enhancing or
blocking activity of one of the three major divisions of the autonomic nervous system:
parasympathetic, a-adrenergic, or B-adrenergic activity. Administration of edrophonium,
phenyleprine, and isoproterenol was used to enhance activity and administration of atro-
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pine, trinitroglycerin, and propran0101 to block activity. Results revealed characteristic

patterns of change in HR„ PTT, and mean blood pressure (MBP). (1) HR decrease without
PTT change indicated increased parasympathetic activity or increased a-adrenergic ac-
tivity; in the latter case MBP rose, in the former case not; (2) decrease in HR and MBP,
and increase in PTT indicated decreased 11-adrenergic activity; (3) increase in HR and
PTT, and decrease in MBP indicated decreased a-adrenergic activity; and (4) increase in
HR and decrease in PTT indicated enhanced B-adrenergic activity or blocked parasym-
pathetic activity; in the former case the decrease in PTT exceeded the augmentation in HR,
while in the latter case the augmentation in HR was more pronounced.

Research by Lacey and Lacey (e.g., Lacey, 1967; Lacey et al., 1963; Lacey & Lacey,
1970, 1978) has indicated that different fractions of autonomic, electroencephalographic,
and somatic responses are mediated separately by dissociable mechanisms. They found, as
a clear example of physiological response patterning, during listening to an emotional
drama, noise, or watching flashing lights, cardiac deceleration as well as blood pressure
decrease or attenuation of blood pressure increase, while simultaneously sympathetic-like
changes, characteristic for arousal, were found for other autonomic responses i.e., vasocon-
striction and increase in SCL. In contrast, during anagrams, mental arithmetic, and a cold
pressure test they found an increase in both HR and SCL. An intermediate response (little
change in HR) occurred while listening to the rules of a fictitious game in preparation for
a latter quiz (Lacey et al., 1963). The Lacey's conceptual summary of these results is, as
already mentioned, the hypothesis that cardiac acceleration is related to rejection of envi-
ronmental input or motivated inattention, and cardiac deceleration to intake of environmen-
tal stimuli. It needs to be mentioned that this formulation has been criticized for vagueness

(e.g., Carroll & Anastasiades, 1978; Hahn, 1973).
Cohen and Waters (1985) studied peripheral physiological response patterns as a

function of level and stage of processing defined within the framework of Pribram and
McGuinness's (1975) attentional control model. Thirty university students (mean age =
20.6 years, SD = 3.4) were given 3 types of cognitive tasks: a phonetic task, a low-level
semantic task, and a high-level semantic task, representing three processing levels. Stages

of information processing were: cue, covert processing, and verbalization. Physiological
variables were heart rate, skin conductance, skin temperature, and frontal electromyogram.

Cohen and Waters found a trial effect for the cue phase only, reflecting a decrease in
overall physiological reactivity over trials (habituation). These results suggest that this
response can be defined as arousal. Different physiological response patterns were found
for each of the 3 levels of processing during each stage of processing. There was greater

physiological reactivity on trials involving semantic tasks during the covert processing and
verbalization phases. These physiological responses seemed to be associated with task
demands, reflecting cognitive effort. Heart rate acceleration overrode the activated state of

preparedness (activation).
Also within the context of the model of Pribram and McGuinness (1975), Hettema,

Vingerhoets, Van der Molen, and Van de Vijver (1989) studied autonomic reactivity
during six tasks partially derived from the SI model of Guilford (1967). Tasks included
Street Gestalt Completion, Hidden Figures, Remote Consequences, Jigsaw Puzzles, Adding
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Speed, and Water Jars, presented to 51 subjects (university students). Specific hypotheses
were derived concerning the effects of the six tasks upon autonomic response patterns
presumably reflecting arousal, activation, and effort. The patterns included heart rate, T-
wave amplitude, skin conductance level, and finger temperature. As predicted, during the
Street Gestalt Completion task the arousal patterns was enhanced, during the Remote Con-
sequences task the effort pattern was enhanced, while during the Jigsaw Puzzles, Adding
Speed, and Water Jars tasks the activation pattern was enhanced.

Very recently, in a study of emotions, Hettema, Leidelmeijer, and Geenen (in prepara-
tion) identified three dimensions of autonomic reactivity in 44 subjects (mean age = 21.8
years) watching films, representing daily life situations. Autonomic measures included
heart rate, T-wave amplitude, pulse transit time, skin conductance level, finger-tip tempera-
ture, and diastolic and systolic blood pressure. Three dimensions were found, interpreted as
arousal, effort, and activation. To test this conjecture, Hettema et al. designed different
instructions to emphasize or deemphasize the processes underlying each dimension. In-
structions created conditions of match/mismatch for the arousal dimension, of posi-
tive/negative values for the activation dimension, and of detachment/involvement for the
effort dimension. The results of this study clearly confirmed the interpretation of the three
dimensions.

Conclusions

With respect to autonomic control, HR and SBP are under parasympathetic and 11-
adrenergic control, DBP under parasympathetic and a-adrenergic control, HRV and RR
under parasympathetic control, TWA and PTT under 11-adrenergic control, FTT under
sympathetic control, and SCL under sympathetic cholinergic control. It has to bear in mind
that this is just a very rough outline of autonomic control, primarily based on indirect
measures. In general, processes of autonomic control can be far more complex.

With respect to cognitive control, HR changes have been related to the direction of
attention (including expectancy or orienting), while several other physiological responses
(e.g., HRV, TWA, and PTT) showed changes in activity as a consequence of several kinds
of cognitive manipulations.

With respect to energetic control, HR (phasic and/or tonic) changes have been differen-
tially related to arousal, effort, and activation, HRV, TWA, PEP (PTT), and EMG activity
has been related to effort, and SCL has been related to arousal.

Finally, several different physiological response patterns have been found as a con-
sequence of different kinds of stimulations (e.g., stages).
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Methods

Subjects

A total of 54 subjects participated in the experiment. None of them had participated in
the experiment of part II, the "Psychometric-cognitive" phase. Almost all were under-

graduates at Tilburg University. Their mean age was 22.3 years (SD = 3.1). There were 26

males (mean age = 22.8 years, SD = 2.9) and 28 females (mean age = 21.8 years, SD =
3.3). All subjects were right-handed.

With respect to secondary education, the following classification was made. In the
Dutch educational system three types of secondary school can be distinguished. The first
type of school stresses mathematics and sciences, the second type stresses foreign lan-
guages and business administration, and the third type does not put emphasis on either the
first or the second type. Of the subjects, who participated in this experiment, 15 had
completed the first type, 12 the second type and 27 the third type of school.

With respect to major subject of their study program, 28 subjects studied psychology, 9

sociology, 9 economy, 3 law, 2 literature, 1 philosophy, 1 information science, and 1 art.
All were volunteers who were paid for their participation. The earnings depended on

their performance. In addition to a minimum amount of Dft. 25.70 they received Dfl. 0.05
for every right answer (mean earnings: Dfl. 39.62, minimum: Dfl. 37.75, maximum: Dfl.
41.25).

Apparatus

The experimental tasks were computer-controlled. Presentation of stimuli and recording

of responses were under the control of a real time IBM compatible PC (Commodore
486SX-20). Stimuli were displayed on a 14 inch SVGA color monitor (600 x 480 dpi) in
black and white (background: black). Recording of response time was done with an
accuracy of 1 msec.

During the experimental session, subjects were seated in a comfortable medical chair in
an acoustically and electrically shielded, illuminated, and air-conditioned chamber. In front
of the subject was a table, on which the monitor was placed and wherein a response panel
was assembled. This table was vertically and horizontally adjustable, so that the monitor
screen could be positioned in front of the subject's head, at a distance of approximately 70
cm. The position of the response panel was also, independently of the table, vertically and
horizontally adjustable, so that the right arm of the subject, with which he/she had to
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respond, could lay in a relaxed position on this panel. The response panel consisted of five

keys, one at the right and four in the middle of the panel. The four response keys in the
middle  of the panel were marked  with  a  1,2,  3  and  4,  the  key  at the right was marked  in
red. The four response keys in the middle of the panel were placed directly below the
monitor screen. In this way, subjects could identify these keys, while looking to the screen,
without making any head movements. Subjects pressed one of the four response keys with
the index finger of their right hand.

Physiological recording

All physiological signals were sent to the analogue inputs of an AT-CODAS (Dataq

Instrument,   Inc.), for on-line analogue-digital (A/D) conversion  ( 12   bits)   with a frequency
of 1000.6 Hz, recording, and monitoring of the physiological signals.

Electrocardiogram (ECG). The ECG was recorded by means of Ag-Agel electrodes

(diameter 10 mm). They were placed just below the right clavicle (positive), on the lower
left rib (negative), and on the lower right rib (reference) (cf. Furedy, Shulhan, & Scher,

1986). Filters were set to a time constant of.3 sec and a low-pass frequency of 30 Hz (-3
dB cutoff; 30 dB down/octave).

Photoplethysmogram. The peripheral pulse, recorded with a Hewlett Packard photo-
electric ear plethysmograph  (type HP 15231 A), which was attached  to  the left earlobe,  was

amplified with a plethysmogram amplifier made by the electronics section of the Depart-
ment of Psychology, Tilburg University, Tilburg, The Netherlands. Filters were set to a
low-pass frequency of 30 Hz and a time constant of.3 sec, and had the same characteris-
ties as for the ECG.

Blood pressure. Blood pressure was measured with an Ohmeda 2300 Finapres monitor.
The blood pressure cuff was wrapped around the medial phalanx of the middle finger of
the left hand which was roughly placed at the level of the tricuspid valve of the heart.

Before the signal went into the A/D converter it was low-pass filtered with a frequency of

30 Hz (-3 dB cutoff; 30 dB down/octave).

Electrodermal activity. Electrodermal activity was measured by means of Ag-AgC1 elec-
trodes (diameter   10  mm).     They were placed  at the thenar and hypothenar eminences  o f
the left hand. The electrolyte medium contained a .05 Molar concentration of NaCl in
Unibaset (cf. Fowles et al., 1981). The signal was recorded with an Enting Conductron
330 device.

' I am grateful to Dr. Wolfram Boucsein of the University of Wuppertal, Germany, for making
to me avalaible the electrolyte Unibase.
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Respiration. The respiration wave was measured with a device made by the electronics
section of the Department of Psychology, Free University, Amsterdam, The Netherlands.
This device registers changes in the circumference of the thorax by measuring the time of
circulation of a sound signal sent through an elastic tube wrapped around the thorax.

Temperature. Finger-tip temperature was measured with a temperature module made by
the electronics section of the Department of Psychology, Tilburg University, Tilburg, The
Netherlands. The thermistor was attached to the tip of the left little finger.

Electromyogram (EMG). EMG activity was recorded by means of Ag-AgCl electrodes
(diameter   2   mm).   They were placed with their centers   15 mm apart   over   left or right
corrugator supercilii, orbicularis oculi (orbital part), and orbicularis oris inferior (left and
right electrode locations were counterbalanced over subjects). Electrode locations were
chosen according to the guidelines presented by Fridlund and Cacioppo (1986). The
reference electrode (diameter 8 mm) was placed at the forehead. Before the signals went
into the A/D converter they were differentially amplified, high-pass filtered (time constant
of .03 sec), low-pass filtered (-3 dB cutoff frequency at 300 Hz; 30 dB down/octave),
again high-pass filtered to remove low-frequency artifacts (-3 dB cutoff frequency at 20
Hz; 43 dB down/octave), full-wave rectified, and smoothed by means of low-pass filtering
(-3 dB cutoff frequency at 50 Hz; 30 dB down/octave).

Psychometric tasks

Subjects were presented the same six psychometric tasks as used in the experiment of
Part II, the "Psychometric-cognitive." phase. The number of practice items of every task
was three. The number of experimental items varied for each task, and depended on a
sampling time of the physiological signals of at least 240 sec.2 All items had a multiple-
choice format with four answer options (one keyed option and three false options). Within
a task the keyed option was equally and randomly divided over the four answer options.

The psychometric tasks were derived from existing paper and pencil tests, which were
modified in the following ways: (1) They were modified in computer-administered tasks.
This included changes in the display format. (2) If necessary the number of answer options
was reduced from five to four. Included were the keyed option and three randomly
selected false options. (3) The working time of the original paper and pencil tests was
recalculated in a corresponding time-limit per item.

Gestalt Completions task. The Gestalt Completions task intended to measure the factor
Cognition of Figural Units (CFU) (Guilford, 1967; Guilford & Hoepfner, 1971), which is

2 The minimum sampling time of 240 sec of each psychometric task, was estimated on the
basis of the results of the corresponding psychometric task of the experiment of the "Psychometric-
cognitive" phase.
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supported by the primary mental ability Speed of Closure (Ekstrom, French & Harman,

1979) (see also Table 3.1). The task is partially a copy of the Gestalt Completion Test

(Part 1 and 2) of the Kit of Factor-Referenced Cognitive Tests (Ekstrom, French & Har-
man, 1976); partially, because the original test consists   of  only 20 items. The other   35

experimental items were homemade according to the same principles as underlying the
original test. Thus, the total number of experimental items was 55. Subjects were required

to discover the identity of a mutilated object.
The original test was modified in two ways: (1) Instead of an open-ended answer

format there was a multiple-choice format with four answer options. These answer options
were formed by a letter of the alphabet with the keyed-option formed by the first letter of
the name of the object displayed. (2) The working time, which was 2 minutes for each
part (10 items) of the original test, was set to a time-limit of 12 sec per item (power

condition).
An example of the items of the Gestalt Completions task is shown in Appendix B.

Synonyms task. The Synonyms task intended to measure the factor Cognition of Semantic

Units (CMU) (Guilford, 1967; Guilford & Hoepfner, 1971), which is supported by the
primary mental ability Verbal Comprehension (Ekstrom, French & Harman, 1979) (see
also Table 3.1). The task is a copy of the subtest Woordenlijst of the Differentiele Aanleg

Testserie, 1983 (DAT '83; Evers & Lucassen, 1991), which is a Dutch version of the
Differential Aptitude Tests, forms S&T (Bennett et al., 1974). Subjects were required to
say which of four given words comes closest in meaning to a target word.

The original test was modified in the following way: the working time, which was 20
minutes  for the original  test (75 items),  was  set  to a time-limit  of  16  sec  per item (power

condition).
An example of the items of the Synonyms task is shown in Appendix B.

Figural Analogies task. The Figural Analogies task intended to measure the factors

Cognition of Figural Classes (CFC) and Cognition of Figural Relations (CFR) (Guilford,
1967; Guilford & Hoepfner, 1971), which are supported by the primary mental ability
Induction (Ekstrom, French & Harman,   1979)  (see also Table  3.1).  The  task  is  a  copy  of

the Figure Analogies Test (Nonverbal Battery, Form 4, Test 2, levels G and H) of the
Cognitive Ability Test (CAT; Thorndike & Hagen, 1971)., and consists of 30 experimental
items. Subjects were required to solve the relations A is to B as C is to D, while D was

given as one of the answer options.
The original test was modified in the following way: the working time, which was 10

minutes per level (25 items) for the original test, was set to a time-limit of 24 sec per item

(power condition).
An example of the items of the Figural Analogies task is shown in Appendix B.

Verbal Analogies task. The Verbal Analogies task intended to measure the factors Cogni-
tion of Semantic Classes (CMC) and Cognition of Semantic Relations (CMR) (Guilford,
1967; Guilford & Hoepfner, 1971), which are supported by the primary mental ability
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Induction (Ekstrom, French & Harman,   1979)  (see also Table  3.1).   The  task  is  a  copy  of
the subtest Analogieen   of the Differentiele Aanleg Testserie,    1983    (DAT    ' 83; Evers   &
Lucassen, 1991), which is a Dutch version of the Differential Aptitude Tests, forms S &T
(Bennett et al., 1974). Subjects were required to solve the relations A is to B as C is to D,
while A and D were given as one of the answer options.

The original test was modified in the following ways: (1) The 50 items of the original
test were reduced to 30, randomly selected, experimental items. The order of presentation
of the experimental items remained the same as in the original test. (2) The working time,
which was 20 minutes for the original test (50 items), was set to a time-limit of 24 sec per
item (power condition).

An example of the items of the Verbal Analogies task is shown in Appendix B.

Identical Pictures task. The Identical Pictures task intended to measure the factor Evalua-
tion of Figural Units (EFU (Guilford, 1967; Guilford & Hoepfner, 1971), which is sup-
ported by the primary mental ability Perceptual Speed (Ekstrom, French & Harman, 1979)
(see also Table 3.1). The task is a copy of the Identical Pictures Test (Part 1 and 2) of the
Kit of Factor-Referenced Cognitive Tests (Ekstrom, French & Harman, 1976). Subjects
were required to say which of four given figures was identical to a target figure.

The original test was modified in two ways: (1) The 96 items of the original test were
extended to 100 experimental items. The additional 4 items were constructed by modifying
4 original items. (2) The working time, which was 90 sec for each part of the original test
(48 items), was set to a time-limit of 3 sec per item. With this time-limit of 3 sec, the
element of speed of this task was preserved (high speed condition).

Appendix B shows an example of the items of the Identical Pictures task.

Double Descriptions task. The Double Descriptions task intended to measure the factor
Evaluation of Semantic Units (EMU) (Guilford, 1967; Guilford & Hoepfner, 1971), which
is not supported by a primary mental ability (Ekstrom, French & Harman, 1979) (see also
Table 3.1). Subjects were required to say which of four given words comes nearest to
satisfying two criterion words.

The original test, made by the group of Guilford (Guilford & Hoepfner, 1971; Nihira
et al., 1964), was not available. Hence, I developed, according to the principles given by
Nihira et al. (1964), a computer-administered task with 3 practice and 55 experimental
items with four answer options. The working time, which was 9 minutes for the original
test (45 items), was modified  to a time-limit  of  10  sec  per item (moderate speed condi-
tion).

An example of the items of the Double Descriptions task is shown in Appendix B.

Design

Each   subj ect received   the six psychometric tasks, each consisting   of 3 practice items
and a variable number of experimental items (see section "Psychometric tasks" of this
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chapter). The psychometric tasks were presented to subjects in one block, either under

power (tasks of the cognition and reasoning stages) or under speed (tasks of the evaluation
stage) conditions, dependent on the time-limits (see section "Psychometric tasks" of this
chapter). The order of presentation of the psychometric tasks was counterbalanced accor-
ding to a latin square design with the constraints that (1) a psychometric task belonging to
one of the three stages could not be followed by a task of the same stage (e.g., a verbal
task of the cognition stage could not be followed by a figural task of the same stage, etc.),

and (2) the content of the psychometric tasks alternated (a verbal task was followed by a
figural task, or vice versa). The order of the items of the psychometric tasks was fixed,
and was the same, if applicable, as in the original tests.

Procedure

Subjects were tested individually. When the subject arrived he/she had to fill in a form
asking for their name, age, sex, secondary education, and major subject of their program.
During attachment of the recording utilities it was explained to the subject what the
measurement devices would do. The bonus-system was explained and they were informed
about the experiment, e.g., they were told that the experiment lasted approximately 3
hours. Subjects were asked to read the computer-administered instructions carefully, and
were also asked to refrain from movements during the experiment (including the resting-

periods) as much as possible.
The experiment began with general instructions and every psychometric task began

with task instructions, including an example of the items. See Appendix B for a detailed

description of the instructions. Prior to the experimental items of each psychometric task
subjects received 3 practice items, including feedback on their performance on these items.
After every task, subjects received feedback of their performance, i.e. number of correct
answers and their earnings. Prior to every psychometric task (and task instruction), and
after the general instructions, there was a resting-period of 5 minutes in which the subject
was asked to relax.

Scoring and data reduction

Performance variables were response time (msec) of all items (unless stated otherwise),                   1
defined as the time from stimulus onset to the moment of pressing a response button, and                     '
percentage of correct responses (%), defined as the percentage correct answers of the total
number of trials.

Physiological signals were recorded during the following periods: (1) 180 sec of
baseline during each of the six resting-periods of 5 minutes, preceding the six psychome-
tric tasks. Recording began 90 sec after the begin of a resting-period and ended 30 sec
before the end of a resting-period. (2) From the beginning to the end of a task. The
duration of a task was variable, and depended on the type of task (including the number of
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items) and the performance of the subject. However, recordings of at least 240 sec during
each psychometric task were ensured.

Besides scoring of the performance variables during each of the tasks and the physio-
logical variables during each of the resting-periods and during each of the tasks, variables
were also scored during six equal intervals within each task. These intervals were obtained
by dividing the duration of each psychometric task of each subject into six equal task-
periods. The duration of each of these task-periods was at least 40 sec. In this way, six
mean values of the performance and physiological variables were obtained for each psy-
chometric task and subject.

For all physiological variables I was interested in changes in tonie reactivity defined as
the difference task(-period) minus baseline (tonie reactivity of the three EMG variables
was defined differently; see below).

The following thirteen physiological variables were derived from the recorded physio-
logical signals:
Heart Rate (HR). Heart rate was measured in beats/minute.
Heart Rate Variability   (HR F   and  HR FW Spectral analysis  o f the heart beat intervals,
performed by means of the program CARSPAN 2.0 (Mulder & Schweizer, 1993), was
used to measure heart rate variability. To make HRV independent of HR (Van Dellen et
al., 1985), normalized spectral power measures (Squared Modulation Index x 106) were
calculated in the mid-frequency band, between 0.07 and 0.14 Hz (HRVM), and in the high-
frequency band, between 0.15 and 0.50 Hz (HRVH)·
T-Wave Amplitude (TWA). In accordance with Matyas and King (1976) the T-wave ampli-
tude (tiVolt) was measured as the difference between the peak of the T-wave and the mid-
point of the isoelectric P-Q interval of the ECG as the baseline level.
Pulse Transit Time (PTD. Pulse transit time (msec) was the time measured between the Q-
top of the ECG and the onset of the left ear plethysmogram pulse.
Diastolic and Systolic Blood Pressure (DBP and SBP). Diastolic blood pressure (mmHZ)
was measured as the top of the blood pressure signal, and systolic blood pressure (mmHg)
as the bottom of the blood pressure signal during each cardiac cycle.
Skin Conductance Level (SCL). Skin conductance level was measured in mlog tiSiemens.
Respiration Rate (RR). Respiration rate was measured in cycles/minute.
Finger-Tip Temperature (FTD. Finger-tip temperature was measured in °Celsius.
Corrugator Supercilii (EMGCS)· Orbicularis Oculi (EMG * ), and Orbicularis Oris Inferior
(EMGOO9. EMG reactivity of the three muscle groups was measured by expressing the
EMG amplitude as a percentage (%) of the preceding baseline amplitude (100%). The
EMG amplitude during each task(-period) was the mean value of the individual data
points.
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Results

Psychometric measures

Task performance scores

Descriptive statistics and reliability. Descriptive statistics and reliabilities of the psycho-
metric task performance scores are shown in Tables 12.1 and 12.2. Table 12.1 presents
means and standard deviations of response times of the correct items, of all the items, and
reliability coefficients (Cronbach's alpha) of the psychometric tasks. The mean response
time  of the correct items,  and  of all the items  for the different tasks varied between  1.89

and  12.85   sec,  and  1.93  and   14.14 sec, respectively. As expected response times varied
directly with response time variabilities: higher response times were paired with higher
standard deviations, and vice versa. However, this was mainly true for the power tasks.
For the speed tasks like Double Descriptions (moderate) and Identical Pictures (fast), this
relation was less direct as a consequence of the time pressure. Except for the Gestalt
Completions task, of which the response times were slightly positively skewed, response
times were normally distributed.

Notable are the much smaller standard deviations of the response times of the correct
items of the psychometric tasks of this experiment in comparison to those of the same
psychometric tasks of the experiment of Part II, the "Psychometric-cognitive" phase, des-

TABLE 12.1. Mean Response Time and  Standard Deviation«  of the Correct Items.  of Ati the Items,

and Reliability Coeflicients   of the Psychometric Tasks (N =  54).

Correct Items All Items
Psychometric Task Mean Standard Mean Standard Reliability

Response Time Deviation Response Time Deviation

Gestalt Completions 4591 845 5943 1015 .88

Synonyms 4208 1006 4345 1033 .97

Figural Analogies 12851 1967 14142 2130 .88

Verbal Analogies 12254 1947 13620 2070 .85

Identical Pictures 1889 143 1933 158 .94

Double Descriptions 5408 799 5573 812 .95

a Mean response time and standard deviation are expressed in msec.
b Reliability coefficients are based on all items.
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pite the fact that the mean response times of the two experiments were about the same.
This discrepancy is probably due to the order of presentation of the psychometric tasks in
the two experiments. In this experiment this order was counterbalanced, and in the former
experiment it was fixed. Task internal consistency reliability coefficients of the response
times ranged from .85 to .97, with a median of .91. These reliabilities indicate that the
consistency between items of a psychometric task, as expressed by response times, was
very high.

Table 12.2 presents the mean percentages of correct responses, their individual maxima
and minima, and reliability coefficients (Cronbach's alpha) of the psychometric tasks.

Mean percentages of correct responses varied between 93.5% and 63.2%. Except for the
Gestalt Completions task, of which the percentage of correct responses was slightly posi-
tively skewed, percentages of correct responses were normally distributed. Comparison of
the mean percentages of correct responses of these psychometric tasks with those of the
same psychometric tasks of the experiment of Part II, the "Psychometric-cognitive" phase,

reveals about the same values. Task internal consistency reliability coefficients of the
percentage of correct responses of the psychometric tasks ranged from .21 to .72, with a
median of .63. These reliabilities indicate that the consistency between items of a psycho-
metric task, expressed by percentage of correct responses, was low to moderate.

Overall, reliabilities of response times were much higher than of percentages of correct
responses, indicating that response times were more consistent than percentages of correct

responses. Obviously, this result is, in part, a function of the type of data used: continuous
scores for response times produce a more efficient metric than binary scores for percentag-
es of correct responses, resulting in larger covariances in the reliability measure.

Reliability across msk-periods. Internal consistency reliability coefficients (Cronbach's
alpha) of the mean response time and mean percentage of correct responses across the six
task-periods   of the psychometric tasks   were also calculated. Table 12.3 shows   that   the

reliability coefficients of the response time ranged from .79 to .96, with a median of .88,
and of the percentage of correct responses from .20 to .69, with a median of .59. These
reliabilities are comparable with those obtained across the items of the psychometric tasks

TABLE 11.2. Mean Percentage of Correct Responses, Individual Maximum and Minimum", and
Reliability  Coejjicient of the Psychometric Tasks (N =  54)

Psychometric Task Mean Percentage of Maximum Minimum Reliability
Correct Responses

Gestalt Completions 65.0 80.0 36.4 .67

Synonyms 93.5 100.0 81.3 .64

Figural Analogies 64.4 86.7 43.3 .35

Verbal Analogies 63.2 93.3 36.7 .72

Identical Pictures 90.6 100.0 77.0 .62

Double Descriptions 79.5 92.7 65.5               .21

a Mean percentage of correct responses and individual maximum and minimum are expressed in %.
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TABLE 12.3. Reliability Coeficients of the Mean Response Time and Mean  Percentage of Correct
Responses Across the Six Task-periods of the Psychometric Tasks (N =  54).

Psychometric Task Response Time Percentage of

Correct Responses

Gestalt Completions .79                     .61

Synonyms .96 .65

Figural Analogies .85 .40

Verbal Analogies .80 .69
Identical Pictures .90 .57

Double Descriptions                        .91                       .20

(see Tables 12.1 and 12.2).

Analysis of Mariance. Multivariate analysis of variance (MANOVA) with repeated mea-

sures (SPSS 6.0.1, 1993) was used to test for effects of task performance scores. It was
determined whether there were systematic differences in response time and percentage of
correct responses levels between the two different content domains and three different
information processing stages, and whether there were systematic changes in response time

and percentage of correct responses levels across the six task-periods of the psychometric
tasks. To test for these effects, the design of analysis included the following within-subject
factors:

(1) Content with 2 levels (figural and verbal). The figural tasks included the Gestalt Com-
pletions, the Figural Analogies, and the Identical Pictures task. The verbal tasks included
the Synonyms, the Verbal Analogies, and the Double Descriptions task.

(2) Stage with 3 levels (cognition, reasoning, and evaluation). The cognition stage included
the Gestalt Completion and Synonyms task, the reasoning stage the Figural and Verbal
Analogies task, and the evaluation stage the Identical Pictures and Double Descriptions
task.

(3) Period with 6 levels (six task-periods). Analyses of trends across these six task-periods
by means of orthogonal polynomials were limited to linear and quadratic trends.

A two-tailed significance level of 5% was adopted.

Response  time. In Table  12.4 are shown the results  of the MANOVA  of the response  time
variable.

The interaction Content x Stage was first tested per level of Content. The Stage effect
was significant for psychometric tasks with a figural content (F = 1181.7, p < .001) as(2,52)

well as for psychometric tasks with a verbal content (Fi2, 32) = 536.9, p < .001). Pairwise

comparison of the levels of the Stage factor of the figural tasks revealed a significantly
longer response time during the Figural Analogies than during the Gestalt Completions
(F     = 922.4, p < .001) and the Identical Pictures task (F = 1979.7, p < .001),(1. 53) (1, 53)

respectively, and a significantly longer response time during the Gestalt Completions than
during the Identical Pictures task (,5 = 1008.8, p < .001) (see Figure 12.1). Pairwise1, 53)
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TABLE 12.4. F  Values for MANOVA With Repeated Measures of the Response Time.

Effect                                                          F                                       df

Content 14.9*** 1,53
Stage 1356.2*** 2,52

Period 130.2*** 1, 53linear

Period 19.7*** 1,53quadratic

Content x Stage 365.4*** 2,52
Content x Period'ine,                                ·9                            1,53
Content x Period 11.3** 1,53

quadratic

Stage x Periodi*, 118.3*** 2,53
Stage x Period                                       3.1                              2, 53quadratic

Content x Stage x Periodlinear
7.2** 2,53

Content x Stage x Period 7.5** 2,53
quadratic

** P <01; ***
p < .001

comparison of the levels of the Stage factor of the verbal tasks revealed a significantly
longer response time during the Verbal Analogies than during the Synonyms ('51.53) =

964.3, p < .001) and the Double Descriptions task (F = 1064.6, p < .001), respective-(1,53)

ly, but a significantly shorter response time during the Synonyms than during the Double
Descriptions task (Pit. 53) = 58.6, p < .001). Testing the effect of Content per level of Stage

showed a significantly longer response time during the Gestalt Completions than during
the Synonyms task (F i, 53) = 73.5, p < .001), and during the Double Descriptions than

Response Time
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16000 -                               -
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12000 -
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8000 -
6000 -
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[ [110 123456 123456 123456 123456 123456 123456

,
GC SY , ,

FA VA
, .

IP DD ,

Cognition Reasoning Evaluation

Figure 12.1. Mean response time during the six task-periods of the psychometric tasks. GC:
Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical
Pictures; DD: Double Descriptions (N = 54).
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during the Identical Pictures task (F = 1140.9, p < .001). There was no significant
(1. 53)

difference in response time between the Verbal and Figural Analogies task.
Analysis of the linear trend per task revealed significant linear trends across the six

task-periods of all psychometric tasks (Gestalt Completions: FTL 53) = 6.6, p < .05; Sy-
nonyms: F t, 53) = 64.8, p < .001; Figural Analogies: I1 = 123.2, p < .001; Verbal1, 53)

Analogies: F = 71.8, p < .001; Identical Pictures: F = 48.0, p < .001; Double
(t, 53) (1, 53)

Descriptions: .FZL 53)
= 13.1, p < .01). These trends were positive during the psychometric

tasks of the cognition and reasoning stages, and negative during the psychometric tasks of
the evaluation stage.

Analysis of the quadratic trend per task showed significant quadratic trends across the
periods of the Synonyms (Fu. 51)

= 10.3, p < .01), the Verbal Analogies (41,53, = 22.9, p <
.001), the Identical Pictures (Pfi, 531 = 132.1, p < .001), and the Double Descriptions (F  1,53)

=   5.2,  p   < .05) tasks. Figure 12.1 shows that these trends were negative across  the   six
task-periods of these psychometric tasks.

Percentage Of correct responses. Table 12.5 shows the results of the MANOVA of the
percentage of correct responses variable.

The interaction Content x Stage was first tested per level of Content. The Stage effect
was significant for psychometric tasks with a figural content (P62.52) = 295.5, p < .001) as
well as for those with a verbal content (17 = 215.0, p < .001). Pairwise comparison of

(2, 52)

the levels of the Stage factor for the figural tasks revealed a significantly lower percentage
of correct responses during the Gestalt Completions (1;21.53) = 384.0, p < .001) and the
Figural Analogies (Ppi, 53)

= 324.7, p < .001) tasks than during the Identical Pictures task,
and no significant difference in percentage of correct responses between the Gestalt
Completions and Figural Analogies task (see Figure 12.2). Pairwise comparison of the
levels of the Stage factor of the verbal tasks revealed a significantly lower percentage of

T ABLE  12.5.    F   Values   for   MANOVA   With   Repeated   Measures   of   the   Percentage   of   Correct

Responses.

Effect                                                         F                                      df

Content 33.4*** 1, 53

Stage 140.2*** 2,52

Period 148.1*** 1,53linear

Period                                                 .5                              1, 53
quadraiic

Content x Stage 330.8*** 2,52
Content x Periodline,                                   .3                              1,53
Content x Period                                      .0                              1, 53quadratic

Stage x Period 64.0*** 2,53linear

Stage x Period 1.7 2,53quadratic

Content x Stage x Period I incar 4.8* 2,53

Content x Stage x Period
quadratic

2.6 2,53

* p < .05; ***
p <.001
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Figure 12.2. Mean percentage of correct responses during the six task-periods of the psychometric
tasks. GC: Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP:

Identical Pictures; DD: Double Descriptions (N = 54).

correct responses during the Verbal Analogies than during the Synonyms (Pii, 53) = 252.7, p

< .001) and the Double Descriptions task (Fc = 76.6, p < .001), respectively, but a sig-1. 53)

nificantly higher percentage of correct responses during the Synonyms than during the
Double Descriptions task (F21.53) = 206.4, p < .001) Testing the Content effect per level of

Stage showed a significantly lower percentage of correct responses during the Gestalt

Completions than during the Synonyms task OF = 467.4, p < .001), and during the(1, 53)

Double Descriptions than during the Identical Pictures task (PI = 125.6, p < .001).1. 53)

There was no significant difference in percentage of correct responses between the Verbal
and Figural Analogies task.

Testing the linear trend per psychometric task showed significant linear trends across

the six task-periods of the tasks of the cognition and reasoning stage (Gestalt Completions:
F        = 4.6, p < .05; Synonyms: .F 1.53)

= 62.5, p < .001; Figural Analogies: Pit. 53) = 72.2,
(1. 53)

p < .001; Verbal Analogies: Pit, 53) = 64.6, p < .001), which were all negative. The tasks of
the evaluation stage did not show a significant linear trend.

Summary of performance scores. To summarize, the performance scores are divided into
mean and trend performance scores.

(1) Mean performance scores:
For tasks with a figural content, response time differentiated between the reasoning,

cognition, and evaluation stage (in order of decreased response time), and percentage of
correct responses differentiated between the cognition and reasoning stages on the one
hand and the evaluation stage on the other (in order of increased percentage of correct

responses).
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For tasks with a verbal content, response time differentiated between the reasoning,
evaluation, and cognition stage (in order of decreased response time), and percentage of
correct responses between the reasoning, cognition, and evaluation stage (in order of
increased score).

For tasks of the cognition stage, both response time and percentage of correct responses
did not generalize across content domains (both were longer/lower on the Gestalt Comple-
tions task than during the Synonyms task).

For tasks of the reasoning stage, both response time and percentage of correct respons-
es generalized across content domains.

For tasks of the evaluation stage, both response time and percentage of correct respons-
es did not generalize across content domains (both were longer/lower during the Double
Descriptions task than on the Identical Pictures task).
(2) Trend performance scores:

Generalized across content domains, response time and percentage of correct responses
showed a curvilinear increase and decrease, respectively, during both the cognition and
reasoning stages, response time showed a curvilinear decrease and percentage of correct
responses did not change during the evaluation stage.

Hence, mean performance on the psychometric tasks of the reasoning stage was poorer
than on the tasks of the other two stages, which, collapsed over content domains, were
about of the same performance level. Moreover, performance strongly decreased during the
tasks of the reasoning stage, slightly decreased during the tasks of the cognition stage, and
slightly increased during the tasks of the evaluation stage. Results further indicate that
mean performance during the two tasks of the reasoning stage was about the same, while
mean performance during the two tasks of each of the other stages differ. Finally, results
indicate a reciprocal relationship between response time and percentage of correct respon-
ses across the psychometric tasks.

Correlations between speed and accuracy. Correlations across items between mean re-
sponse time (with between brackets for the mean response time of the correct items) and
mean percentage of correct responses, averaged over subjects, of each psychometric task
were calculated to determine the degree of relationship, if any, between speed and ac-
curacy across items on these tasks. All correlations were highly negative, and ranged from
-.55 to -.88 (Gestalt Completions: -.88 (-.83), Synonyms: -.74 (-.65), Figural Analogies: -
.70 (-.70), Verbal Analogies: -.69 (-.69), Identical Pictures: -.68 (-.66), Double Descrip-
tions: -.55 (-.55)). In Figure 12.3 are shown scatterplots of this relationship for each
psychometric task.

These correlations are highly comparable with those obtained during the experiment of
Part II, the "Psychometric-cognitive" phase.

Correlations across the six task-periods between mean response time and mean ac-
curacy, averaged over subjects, showed a similar picture and ranged from -.44 to -.96
(Gestalt Completions: -.89, Synonyms: -.96, Figural Analogies: -.96, Verbal Analogies: -
.93, Identical Pictures: -.49, Double Descriptions:  -.44).

These results indicate that if items are relatively easy/simple, the process is simpler and
a more accurate response can be made quickly, while if items are relatively difficult/com-
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Figure 12.3. Scatterplots of mean response time versus mean percentage of correct responses for
the psychometric tasks (N = 54).
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plex, the process is harder and the response will be slower and less accurate.

Individual dijferences

Correlations between task performance scores. Correlations  across   subj ects  between  mean
response time, averaged over items,  of the psychometric tasks are shown in Table  12.6.   In

general, response times were positively correlated, indicating that subjects who were fast
(or slow) on one task, were also, at least to some extent, fast (or slow) on another task.
This relationship, however, was only significant for the Figural Analogies task versus the
Double Descriptions, the Gestalt Completions, and the Verbal Analogies tasks. It has to be
noticed that the values of the intercorrelations of the response times of the correct items
did not differ substantially from the values of the intercorrelations of the response times of
all the items, as given in Table  12.6.

First, these correlations indicate that response time is relatively stage-dependent (with a
few exceptions), and suggest that performance on the psychometric tasks, as expressed by

response time, is relatively process specific across the three different cognitive stages.
Second, these correlations also indicate that response time is relatively specific across

content domains (with the exception of the reasoning stage), hence not generalizable across
content domains. These results suggest that performance on the psychometric tasks, as ex-
pressed by response time, is relatively process specific across the two different content
domains of, at least, the cognition and evaluation stages.

Comparison of the intercorrelations of the response times of the psychometric tasks
* *    "obtained during the experiment of Part II, the "Psychometric-cognitive phase (see Table

7.4) with the intercorrelations of the current experiment showed that in the former ex-
periment these correlations were higher. This difference is probably due to the order of
presentation of the psychometric tasks: in the former experiment this order was fixed,
while in the current experiment it was counterbalanced. Individual differences in order of
presentation of the psychometric tasks may cause individually different effects of time-on-
task, lowering correlations across subjects. This difference is certainly not due to the fact
that the intercorrelations are based on the response times of all the items, since intercor-

T ABLE 11.6.  Correlations  Between  Response Times  of Psychometric  Tasks.

GC    Sy FA VA           IP           DD

Gestak Completions (GC) 1.00 -.06 .27* .20 .20 .03

Synonyms (Sy) 1.00 .24 -.04 .14 .25

Figural Analogies (FA) 1.00 .28* .25 46**

Verbal Analogies (VA) 1.00 .12 .26

identical Pictures (IP) 1.00 .15

Double Descriptions (DD) 1.00

* p < .05; ** p < .01 (two-tailed).
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relations based on the response times of only the correct items were, in general, even
lower.

Correlations across subjects between mean percentage of correct responses, averaged
over items, of the psychometric tasks, are shown in Table  12.7. In general, percentage of
correct responses were positively correlated: subjects who were less (or more) accurate on

one task, were also less (or more) accurate on another. However, only three correlations
were significant. As expected, the highest correlation was between the percentage of
correct responses of the two analogies tasks. Unexpected was the significant correlation
between the percentage of correct responses of the Verbal Analogies and the Identical
Pictures task.

First, like for response time, these correlations indicate that percentage of correct

responses is relatively stage-dependent across subjects, and suggest that performance on the
psychometric tasks, as expressed by percentage of correct responses, is relatively specific
across the three different cognitive stages.

Second, the correlation between the tasks of the reasoning stage indicates that percent-

age of correct responses across subjects is relatively generalizable across the content
domains of this stage, and the correlations between the tasks of the other two stages

indicate that percentage of correct responses is relatively content-specific, hence not

generalizable across content domains. This suggests that performance on the psychometric
tasks, as expressed by percentage of correct responses, is relatively ability nonspecific

across the content domains of the reasoning stage, and relatively ability specific across the
content domains of the other two stages.

Finally, as opposed to the structure of the correlations between the percentages of
correct responses of the psychometric tasks obtained during the experiment of Part II, the
"Psychometric-cognitive" phase (see Table 7.3), the intercorrelational structure of this
experiment was somewhat different. For instance, the correlations between the tasks of the
three stages within a content domain are lower in this experiment than it the former.

Again, this discrepancy is probably due to the order of presentation of the psychometric
tasks.

Correlations between speed and accuracy. Correlations across subjects between mean res-

TABLE 12 7.  Correlations  Between  Percentages  of Correct  Responses  of Psychometric  Tasks.

GC    Sy FA VA           IP          DD

Gestalt Completions (GC) 1.00 .22 .14 .17 .14 -.04

Synonyms (Sy) 1.00 .18 .28* .06 .14

Figural Analogies (FA) 1.00 .40** .02 .05

Verbal Analogies (VA) 1.00 .33* .13

Identical Pictures (IP) 1.00 -.07

Double Descriptions (DD) 1.00

*p<.05; ** p <.01 (two-tailed).
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ponse time (with between brackets for the mean response time of the correct items) and
mean percentage of correct responses, averaged over items, of each psychometric task
were calculated to determine the degree of relationship, if any, between speed and ac-
curacy across subjects on these tasks. All, but one, of the correlations ranged from -.16 to
04  (-.03  to  . 17), indicating that speed and accuracy were independent across subjects.  The

Gestalt Completions task showed a significant correlation of -.57 (-.50) (p < .001). This
correlation indicates that subjects who took longer (or shorter) to solve the items of this
task, were less (or more) accurate in their response.

These correlations are highly comparable with those obtained during the experiment of
Part II, the "Psychometric-cognitive" phase.

Physiological measures

Physiological scores

Descriptive statistics and reliabilio'. Table 12.8 presents means, standard deviations, and
internal consistency reliability coefficients (Cronbach's alpha) of the mean physiological
variables across the six baselines.

The standard deviations of HRVM, HRVH, TWA, and the three EMG derivations are
relatively high, compared with their mean values. All physiological variables were highly
reliable, and ranged from .95 to .996, indicating very consistent measures across the six
baselines, probably due to a high level of measurement precision of the physiological data.

Trend correction. Establishing a baseline is a prerequisite if one wants to know the signifi-

TABLE 12.8. Mean, Standard Deviation, and Reliability Coeficients of the Physiological Vari-
ables Across the Six Baselines (N = 54).

Physiological Variable Mean Standard Deviation Reliability

HR 71.4 12.8 .99

HRVM 2976 2603 .96

HRVH 3464 3404 .98

TWA 391 178 .996

PTT 177.2 20.0 .98

SBP 148.6 17.5 .98

DBP 79.6 12.4 .99

RR 14.5 2.9 .97

SCL 2.137 .401 .996

F'IT 27.5 4.9 .98

EMGCS 272 171 .97

EMGOO 239 152 .95

EMGool 128                       92                          .97
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cance of changes in physiological levels during differential stimulation. However, to be
able to establish a baseline level it is necessary to identify trends and, if present, to correct
for them in physiological experiments (e.g., Stemmler & Fahrenberg, 1989).

The occurrence of intra-experimental trends in physiological measures can have numer-
ous causes. Acclimatization, adaptation, circadian rhythm, sensitization, fatigue, but also
the task sequence, to name a few, have been used to describe the ascending and/or de-
scending time course of physiological measures (e.g., Christensen, 1988; Drever, 1976;
Groves & Thompson, 1970; Lader, 1975; Stemmler & Fahrenberg, 1989).

Whatever the cause of trends, the necessity to correct for them has at least two reasons:

(1) variance attributable to the effects of trends ("noise") will inflate the error variance and
reduce the power of statictical tests, and (2) trends will affect the reliability of differential

responding. For instance, it is possible that for a specific subject a task presented first
elicits high reactivity, and a task presented last elicits low reactivity, while actually another
process, independent of the specific tasks, causes the difference in physiological responses

for this subject.
To show whether physiological variables change as a function of the duration of the

experiment, MANOVAs with repeated measures (SPSS 6.0.1, 1993) were used to test for
linear, quadratic, and cubic trends of the physiological variables across the six baselines of
the experiment. In Table 12.9 are shown the results of these analyses. Most variables

showed a significant linear and/or quadratic trend across the six baselines. The only vari-
ables that did not show any significant trend were HR„ HRVM, HRV , and TWA. These

trends were expressed by a positive linear and negative quadratic trend of SBP, DBP, and
SCL, a negative linear trend of PTT and EMG of the three facial muscles, and a positive
quadratic trend of RR and FTT across the six baselines of the experiment. If we assume

that physiological levels are gradually less indicative for sensitization, then HR, SBP,

TABLE  12.9.  Trends  of  the  Physiological  Variables  Across  the  Six  Baselines.

Physiological Variable F Trend F.'d„,i. Trend F.wiclincar

HR                                       .1                               0                               .0
HRVM                                        ·0                                  .3                                3.9
HRVH                                                1.1                                           .0                                        2.4
TWA                                     .3                               .2                               .2
PTT 8.8* - 3.3 1.8

SBP 9.6* + 11.4* -   .8
DBP 29.1* + 7.6* -   .9
RR 3.6 6.7* +   .3
SCL 34.2* + 71.4* - 18.4*

FTI' 2.4 4.8* +   .1

EMGcs 24.1* - 19.1* - 1.6

EMGoo 10.2* - 3.4                                          .2

EMGOol 8.4* - 1.2 1.0

* p< .05; df= 1,53
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DBP, SCL, RR, HRV, and three EMG measures are expected to decrease, while TWA,
PTT, and FTT are expected to increase (e.g., Edelman, 1970, Fowles, 1986, Gale et al.,
1970; Lichstein et al., 1981). Only EMG of the three facial muscles, and FTT during the
second part of the experiment, were in accordance with this assumption.

However, analysis of variance only reveals significant trends if the direction and/or the
shape of the trend(s) is reasonably consistent across subjects. For instance, it could be that

not all subjects have the same direction and/or shape of trends, in which case the analysis

gives nonsignificant results. To account for individual differences, correlations between the

six baselines of the physiological variables, that did not show a significant trend, were
calculated. If time-order effects are present, the correlation matrix will show a quasi-

simplex (or superdiagonal) pattern (Humphreys, 1960). This means that baselines close

together  in  time have higher correlations than baselines further apart. Table 12.10 shows

the correlations between the six baselines of HR, HRV , HRV i, and TWA. All four vari-
ables showed a quasi-simplex pattern, indicating that also for these variables time-order

effects were present.
To correct for time-order effects a curve estimation procedure (SPSS 6.0.1, 1993) was

used, which allows for individual differences in direction and shape of trends. It was

assumed, based on the results of the ANOVA with repeated measures, that time-order

effects, defined as a function of the duration of the experiment, could be described by a
model with a linear and quadratic trend, according to the following equation:

Y=bo + blt + b22 + e (12.1)

where bo is a constant, bt and b2 are regression coefficients, the independent variable (t) is
the real-time of the experiment, and e is error. The means of the six baseline values of the

physiological variables are the dependent variables.

TABLE 12.10.  Correlations  Between  the  Six  Baselines  of HR.  HRVe  HRVH•  and  TWA  (N  -  54)

2.           3.           4.           5. 6. 2.           3.           4.           5.           6.

1. 97 .95 .93 .92 .90 1. 68 .68 .65 .63 .61

.98 .97 .96 .95                       2. .83 .87 .82 .83

„. .98 .98 .96                   .                                   .91
.90 .85

4. .99 .98                       4.                                                            .91   
        .88

HR .98                 5. HRF  .89

2.            3.            4.            5. 6. 2.            3.            4.            5.            6.

1. .92 .90 .87 .84 .85           1. 99 .98 .96 .95 .94

2.                         91          .91         .86         .91 .. .99 .98 .97 .96

.. .97 .94 .93 .. .99 .98 .97

4. .95 .95 ... .99 .98

5.             HRF                                  .91                  . TWA .99
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To get an estimate to what extent the curve fitting model fits the mean physiological
scores of the six baselines, a least squares criterion was adopted (cf. Geenen, 1991). The
total variance of scores (Rtemt) of an individual during baselines can be partitioned in unex-
plained (Run rplained) and explained variance (Rapt=d) (e.g. by the trend definition), respec-
lively. The ratio of the explained variance and the total variance, the coefficient of deter-
mination (2), gives an estimate of the fit of the data to the trend specification:

R«pkined Rune*ptoined

2= =1 (12.2)

Rtotal Rte:al

If there is no variance explained, 2 is zero. If all of the variance is explained, 2 is one.
In Table 12.11 are shown the means, and the individual minima and maxima of the

coefficients of determination. A substantial part of the variance in the six baselines of the

physiological variables was explained by a linear and/or quadratic trend, with a range of
the mean coefficients of .44 to .81. Notable are the large differences in the individual
minima and maxima, indicating large individual differences in linear and/or quadratic
trends.

To see whether main time-order effects were removed by the curve estimation proce-
dure, I computed mean residual physiological scores per baseline before and after trend
correction. These mean residual scores were the result of the six uncorrected and corrected
baseline scores, respectively, minus the mean over these scores. As can be seen in Table
12.12 the mean residual scores of most of the physiological variables before trend correc-
tion showed, in accordance with the results of the analysis of variance (see Table 12.9),
time-order effects. After correction for trends, these mean residual scores no longer varied

TABLE 12.11. Mean, and Individual Minima and Maxima of the Coe#icient of Determination (4)
(N = 54).

Physiological Variable Mean Minimum Maximum

HR .58                                        .01                                         .97

HRVM .47 .02 .90

HRVH .49                                        .01                                         .94

TWA .76 .06
-

.996

P'IT .70 .004 .997

SBP .63 .09 .97

DBP .64                                        .03                                         .97

RR 44 .002 .96

SCL .80 .18 .998

FTT                            .81 .35 .997

EMGCS .68 .02 .99

EMGOO .60 .05 .998

EMGOO! .54                                        .01                                         .98



TABLE 12.12. Mean Physiological Residual Scores of the Six Resting-Periods (R)  Before and After Trend Correction  (N  =  54)

Before                                                                           After
R       R: R, R. Rs R,   R i R, R, R4     RS     4

HR -.11 -.10 .18 -.13 .28 .02 .00 .00 .20 -.30 .20 -.10

HRVM 54 -26 -105      36 291 -250                      81 -56 -158 -4 298 -168

HRVH 234 127 -174 -8 208 -386                      63       7    -230        13 319 -172

TWA 4.4 4.6 1.4 -.6 -2.2 -1.7 1.1 -2.7 1.6         .5         -.5        -.0

PTT 4.4 -1.2 -.3 -1.1 -1.6 -2.6 .4         -.6         -.2           .2           .5           -.4

SBP -3.8 -1.4 .8 2.2 .6 1.7 -.0 -.2 .3 .6 -1.2 .5
DBP -3.0 -1.6 .2 1.2 .9 2.2 .0         -.2           .3 .3 -.7           .3

RR .1          .3         -.3           .1          -.1 .5 .1        -.1        -.1 .2 -.1           .0

SCL -.11 -.01 .02 .02 .03 .03 -.01         .01 .00 -.02 -.01         .01

FrI .5         .2        -.2        -.4        -.2 -.1 -.1         .2 -.1 -.3          .0           .1

EMGcs 74 17 -13 -25 -29 -24 4           -5 -3 4           3            -3

EMGoo 39 5 5 -29 -6 -13 2      -7 11 -14      11      -3

EMGoot 16      9 2 -7      -11 -9 4        2 2 -1       -2       2
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as a function of time.
Moreover, to account for individual differences, correlations between the six corrected

baseline scores of every physiological variable were calculated. In Table 12.13 are shown
these correlations of all the physiological variables after trend correction. The quasi-

simplex patterns, present before trend correction (see Table 12.10), had disappeared al-
together from the correlation matrices after trend correction, indicating that there were no

TABLE  12.13.   Correlations   Between   the   Six   Baselines   of  the   Physiological   Variables   After   Trend

Correction (N = 54).

2.           3.           4.           5. 6. 2.           3.           4.           5.           6.

1. .98 .996 .995 .996 .995           1. .83 .96 .96 .97 .94

2. .98 .99 .98 .995           2. .82 .87 .86 .95

3. .99 .99 .995          3. .89 .92 .94

4. .99 .995          4.                              .91     .95

.. HR .99                                     5.                               HR Fw                                                                         .91

2.           3.           4.           5. 6. 2.            3.            4.            5.            6.

1. .92 .98 .98 .98 .95            1. .99 .997 .999 .999 .997

.. .93 .95 .93 .98 . .998 .99 .995 .999

.97 .95 .98 .. .99 .995 .999

7. .95 .98             4. .997 .997

5. HRVH .94 .. TWA .996

2.           3.           4.           5. 6. 2.            3.            4.            5.            6.

1. .97 .97 .99 .99 .98                     1. .95 .98 .99 .99 .98

2. .97 .97 .97 .99 -I .96 .95 .95 .98

3. .96 .96 .99 .. .97 .95 .99

4. .98 .98 7 .97 .98

.. PTr .97                                5. SBP .95

2.            3.            4.            5. 6. 2.            3.            4.            5.            6.

1. .97 .98 .995 .99 .99            1. .88 .95 .96 .96 .95

-I .97 .97 .97 .99 =. .89 .87 .87 .96

.98 .96 .99                . .87 .90 .97

4. .98 .99            4. .87 .94

.. DBP .97 4. RR .89

2.            3.            4.            5. 6. 2.            3.            4.            5.            6.

1. .99 .995 .999 .999 .997          1. .97 .996 .99 .99 .97

=. .995 .99 .99 .998 . .97 .94 .97 .99

3. .99 .99 .999 .. .99 .99 .98

4. .996 .995           4. .98 .95

5. SCL .99                               5. F'IT .97
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Table  12.13.  (Continued)

2.       3.       4.       5. 6. 2.           3.          4.           5.           6.

1. .94 .98 .97 .94 .97            .. .87 .96 .94 .94 .94

-. .92 .93         .91         .96                    2. .86 .89 .83 .95

3. .94 .89 .98              -,. .87 .87 .96

4. .83 .98                    4.                                                     .81          .95
5. EMGCS .86               5.           EMGoo                              .83

2.           3.           4.           5.           6.

1. .92 .96 .97 .97 .97

2. .90 .92 .93 .97

.. .88 .93 .96

4.                                                   .91         .96
5. EMGOO, .94

longer main time-order effects after correction.

Reliability of reactivity scores across task-periods. After correction for main trends in the
physiological measures, reactivity scores were defined as the difference between the trend-

corrected mean physiological scores during each of the six task-periods of a psychometric

task, and the trend-corrected mean physiological score during the preceding baseline of a

psychometric  task. In Table  12.14 are shown the internal consistency reliability coefficients

(Cronbach's alpha) of the reactivity scores of the physiological variables across the six
task-periods of the psychometric tasks. Almost all reactivity scores were highly reliable,
and ranged from .62 to .99, indicating very consistent reactivity scores across the six task-

periods of each psychometric task.

Analysis of Variance. Multivariate analysis of variance (MANOVA) with repeated mea-
sures (BMDP 7.0, 1993; SPSS 6.0.1, 1993) was used to test for overall reactivity effects
of the autonomic measures (HR, HRVM, HRVH, TWA, PTT, SBP, DBP, RR, SCL, and
FTT, together) (doubly multivatiate analysis), and for reactivity effects of individual

physiological measures (single multivatiate analysis).
Analyzing autonomic measures on a doubly multivariate level has two reasons: (1) on a

technical level, analysis of individual physiological measures does not account for the
interrelationships among the physiological measures, and (2) on a conceptual level, the
analysis of individual physiological measures does not correspond to multidimensional
models of energetics (see Chapter 3) and hence does not account for the consequences

drawn from such a conceptualization (cf. Stemmler & Fahrenberg, 1989).
To analyze physiological measures on a single variable level gives insight in the

reactivity patterns of single physiological variables across tasks (reactive and specific
sensitivity; Furedy, 1987).

The further motivation for these analyses, the design of analysis, and the adopted sig-
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TABLE 11.14. Reliability Coegcients of  the Reactivity Scores Across the Six Task-periods of the
Psychometric Tasks' (N = 54).

Reactivity Scores GC    Sy FA VA         IP         DD

HR .94 .92 .99 .97 .97 .97

HRVM .99 .97 .98 .62 .99 .98

HRVH .98 .99 .98 .83 .98 .98

TWA .95 .96 .98 .97 .96 .97

PTT .97 .97 .98 .98 .98 .98

SBP .98         .95 .98 .97 .98 .97

DBP .98 .97 .98 .97 .97 .98

RR .95 .96 .95 .95 .96 .95

SCL .98 .98         .99 .96 .99 .99

Frr .98 .97 .98 .97 .97 .98

EMGcs .98 .99 .99 .98 .99 .99

EMGOO .95 .99 .99 .99 .99 .99

EMGOO' .96 .99 .97 .98 .97 .98

' GC: Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical Pictures;
DD: Double Descriptions.

nificance level were the same as for the MANOVAs of the task performance scores
described in the section "Task performance scores" of this chapter.

Overall physiological reactivity. Table 12.15 shows the results of the doubly MANOVA
for the overall pattern of the reactivity of the ten autonomic variables.

During all the psychometric tasks there was a significant difference between the task
and the preceding baseline levels (Gestalt Completions: Ffio. 44) = 12.2, p < .001; SY-
nonyms: F .0.44) = 15.8, p < .001; Figural Analogies: F to, 44) = 8.7, p < .001; Verbal
Analogies: F .0.44) =  18.6, p < .001; Identical Pictures: F(10.44) = 30.8, p < .001; Double
Descriptions: 4.0.44) = 12.7, p < .05)

The interaction Content x Stage was first tested per level of Content. The Stage effect
was significant for psychometric tasks with a figural and verbal content (figural: 1 20 34) =
10.2, p < .001; verbal: 420,34) = 2.7, p < .01) Pairwise comparisons of the levels of the
Stage factor for tasks with a figural content revealed significant differences between the
Identical Pictures and the Gestalt Completions (F = 17.1, p < .001) and the Figural

(10, 44)

Analogies (F .0.44) -  15.4, p < .001) task, respectively. The difference between the Gestalt
Completions and Figural Analogies was not significant. Pairwise comparison of the levels
of Stage for the verbal tasks showed significant differences between the Synonyms and
Verbal Analogies task (410,44) = 4.1, p < .001), and the Verbal Analogies and Double
Descriptions task (F(10 44) = 3.4, p < .01). The difference between the Synonyms and
Double Descriptions task was not significant. Analysis of the effect of Content per level of
Stage revealed significant differences between the Synonyms and Gestalt Completions
tasks (cognition stage) (flo. 44) = 4.9, p < .001) and between the Double Descriptions and
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TABLE 12.15. F  Values for doubly MANOVA  With  Repeated  Measures of the  Reactivity Scores of
the Ten Autonomic Variables.

Effect                                                     F                                   df

Grand Mean 23.4*** 10,44
Content 2.2* 10,44

Stage 8.6*** 20, 34

Peno#„ 19.1*** 10,44

Period 413*** 10,44quatbatic

Content x Stage 7.2*** 20,34

Content x Period
linear

3.4** 10,44

Content x Period 4.3*** 10,44quadratic

Stage x Periodlinear 2.9** 20,34
Stage x Period 2.2* 20,34

quadratic

Content x Stage x Periodlinear
4.8*** 20,34

Content x Stage x Periodquadsatic 2.6** 20,34

* p <.05; ** p <.01; *** p <.001

Identical Pictures tasks (evaluation stage) (F(10.44) = 6.8, p < .001). The effect of Content
for the two tasks of the reasoning stage was not significant.

Linear and quadratic trends were tested per task. Significant linear trends were found
during all the psychometric tasks (Gestalt Completions: F(10.44, = 9.4, p < .001; Synonyms:
Ffio, 44) = 8.6, p < .001; Figural Analogies: flo. 44) = 4.1, p < .001; Verbal Analogies: Fcto.
44) = 5.9, p < .001; Identical Pictures: 410.44) = 15.1, p < .001; Double Descriptions: Fc10 44)

= 9.7, p < .001). Significant quadratic trends were also found during all the psychometric
tasks (Gestalt Completions: Pito. 44) = 7.7, p < .001; Synonyms: 4,0.44) =  12.5, p < .001;
Figural Analogies: Fcio,44) = 10.0, p < .001; Verbal Analogies: 4.0 44) = 8.2, p < .001;
Identical Pictures: 4,0.44) =11.8, p < .001; Double Descriptions: Iito. 44, = 9.7, p < .001).

In summary, the results of these analyses indicate that on a multivariate level dif-
ferences exist between baseline and task levels, between the figural and verbal domain,
between the cognition, reasoning, and evaluation stage, and changes in multivariate levels

during the course of the psychometric tasks. These effects support the search for autono-
mic response patterns as assumed by the postulated multidimensional model of energetics.

HR. In Table   12.16 are shown the results  of the MANOVA  of the reactivity  of  the   HR
variable.

HR reactivity was significant during all the psychometric tasks, except the Figural
Analogies task (Gestalt Completions: Fct. 53) = 8.6, p < .01; Synonyms: Fli, 53) = 22.1, p <
.001; Verbal Analogies. Fc 1, 53)

= 33.4, p < .001; Identical Pictures: ITL 53) = 19.6, p < .001;
Double Descriptions: 41.53) = 5.1, p < .05). As can be seen in Figure 12.4, changes in HR
during these tasks were in the expected direction.

The interaction Content x Stage was first tested per level of Content. Only for psycho-
metric tasks with a figural content I found a significant effect of Stage (62.52) = 11.1, p <
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TABLE 12.16.  F  Values for  MANOVA  With  Repeated  Measures  of the  Reactivity  Scores  of HR.

Effect                                                     F                                   df

Grand Mean 17.1*** 1, 53

Content 0.2 1, 53

Stage 2.0 2,52

Period,inn, 2.6 I,  53

Penod 43.0*** 1, 53quadratic

Content x Stage 9.7*** 2,52
Content x Penodlhine. 1.4 1, 53

Content x Period 24.8*** 1, 53qua atic

Stage x Periodlinear 4.0* 2,52

Stage x Period 3.4* 2,52
quadratic

Content x Stage x Periodiinear 0.1 2,52

Content x Stage x Period 5.9** 2,52quacbatic

* p <05; ** p <01; *** p <001

.001). Pairwise comparison revealed that this effect was caused by a significantly higher
HR during the Identical Pictures than during the Figural Analogies (Fct. 53) = 11.5, p < .01)
and the Gestalt Completions (FR 331

= 14.8, p < .001) tasks, respectively. The difference in
HR between the Gestalt Completions and the Figural Analogies task was not significant.

Analysis per level of Stage showed a significantly higher HR during the Synonyms than
during the Gestalt Completions task (PSL S)) = 5.7, p < .05) and during the Identical Pictu-

Heart Rate
8

7-

6-                                           -

E 5
E                                -24-                -
 3-        -

1 14              -7123456 123456 123456 123456 1:2456 123456

.GC SY , ,
FA VA

, . IP DD ,

Cognition Reasoning Evaluation

Figure 12.4. Mean HR reactivity during the six task-periods of the psychometric tasks. GC: Gestalt

Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical Pictures;
DD: Double Descriptions (N = 54).
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res than during the Double Descriptions task OF = 11.7, p < .01). There was no sig-
(1, 53)

nificant difference in HR between the Verbal and Figural Analogies tasks.

Analysis of the interaction Stage x Period per level of Stage gave only a significantlinear

linear trend across the task-periods of the tasks of the reasoning stage OF(1.53) = 14.8, p <
.001), which was positive.

Analysis of the interaction Content x Stage x Period per level of Content andquadratic

Stage revealed significant quadratic trends of HR during all psychometric tasks, except the
Verbal Analogies task (Gestalt Completions: F = 27.4, p < .001; Synonyms: 1;21. 53) -

(1, 53)

14.7, p < .001; Figural Analogies. F  1  53) = 24.9, p < .001; Identical Pictures: F(1.53) = 29.1,
p < .001; Double Descriptions: F = 5.5, p < .05). These trends were all positive.(1,53)

Summarizing these results, the psychometric tasks, except the Figural Analogies task,
elicited a higher HR than during rest, indicating a relatively high reactive sensitivity. This
reactivity was higher for the Identical Pictures task (evaluation stage) than for the other
figural tasks (cognition and reasoning stage), but the same for the verbal tasks of the three

stages, indicating an intermediate specific sensitivity for the figural tasks and a low specif-
ic sensitivity for the verbal tasks. HR was only generalizable across content domains for
the tasks of the reasoning stage. Generally, during the psychometric tasks, HR showed an
decrease followed by an increase at the end of the tasks (U-shaped curve).

HR F .    In   Table   12.17 are shown the results   of the MANOVA   of the reactivity   of  the

HRVM variable.
During all the psychometric tasks HRVM was significantly smaller than during the

preceding baselines (Gestalt Completions: F = 14.5, p < .001; Synonyms: P'(t. 53) -
(1, 53)

28.5, p < .001; Figural Analogies: F =  11.7, p < .01; Verbal Analogies: 41.53, - 9.0, p
(I, 53)

<   .01; Identical Pictures: F = 41.1, p < .001; Double Descriptions: 1;21.53) = 19.0, p <
(1. 53)

TABLE 12.17. F Values for MANOVA With Repeated Measures of the Reactivity Scores of
HRVM· ·

Effect                                                          F                                      df

Grand Mean 23.4*** 1,53

Content 2.8 1, 53

Stage 13.0*** 2,52

Period,t.,- 25.1*** 1, 53

i

Period 9.8** 1,53
quadratic

Content x Stage 1.2 2,52

Content x Period 3.8 1,53linear

Content x Period 0.4 1, 53
quadratic

2,52Stage x Periodlinear
0.6

Stage x Periodquad=M 1.1                            2,52
Content x Stage x Period

linear
2.3 2,52

Content x Stage x Period 1.7 2,52quadratic

** p <.01; ***
p < .001
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.001) (see Figure 12.5).
There were no significant differences in HRVM between the figural and verbal tasks.

Pairwise comparison of the stages showed a significantly smaller HRVM during the
tasks of the evaluation stage in relation to the tasks of the cognition (Fc 1,53) = 13.6, p <

.01) and the reasoning (41. 53)
= 26.5, p < .001) stage, respectively, and a significantly

smaller HRVM during the tasks of the cognition than during the tasks of the reasoning

stage (17(1.53) = 6.3, p < .05).
As can be seen in Figure 12.5, HRVM showed a significant positive linear and negative

quadratic trend across the six periods of all psychometric tasks, resulting in a curvilinear

increase in HRVM·
Summarizing these results, all psychometric tasks elicited a smaller HRVM than during

rest, indicating a high reactive sensitivity and this reactivity was generalizable across con-

tent domains. For the tasks of the evaluation stage this variability in the mid-frequency

band   (0.1 Hz component) was smallest, followed  by the tasks   of the cognition stage,   and

largest for the tasks of the reasoning stage, indicating also a high specific sensitivity.

Finally, during all the psychometric tasks HRVM showed a curvilinear increase.

HR 5. In Table   12.18 are shown the results   of the MANOVA   of the reactivity   of  the

HRVH variable.
As expected, during all the psychometric tasks HRVH was significantly smaller than

during the preceding baselines (Gestalt Completions: Fc1,51) = 24.7, p < .001; Synonyms:

F t, 53) = 20.8, p < .001; Figural Analogies: F = 14.3, p < .001; Verbal Analogies: Fu,(1,53)

53)                                                                (1· 53)= 13.7, p < .01; Identical Pictures: F = 23.5, p < .001; Double Descriptions: ist. 53)

Heart Rate Variability (mid-frequency band)
0

.soo -

r-1000 _                               _0 -            -

 -1500   -          -                                                                                                                                                                 -

8-2000

-2500 -

-3000 123456 123456 123456 123456 123456 123456

.
GC SY , ,

FA VA , .
Ip DD ,

Cognition Reasoning Evaluation

Figure 12.5. Mean HRVM reactivity during the six task-periods of the psychometric tasks. GC:
Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical

Pictures; DD: Double Descriptions (N = 54).
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TABLE 12.18.  F  Values  for  MANOVA  With  Repeated  Measures  of the  Reactivity  Scores  of HRV„

Effect                                                     F                                   df

Grand Mean 22.8*** 1, 53
Content 0.0 1, 53

Stage                                                 2.1                              2,52

Period,in:ar 2.2 1, 53

Penod 6.8* 1,53quadratic

Content x Stage                                                                       1.3                                                        2, 52
Content x Period

linear
0.8 1, 53

Content x Periodquadratic 1.0 1, 53

Stage x Period 0.6 2,52linear

Stage x Period 0.9 2,52quadratic

Content x Stage x Periodlinear
0.2 2,52

Content x Stage x Penod
quadratic 0.3 2,52

* p <.05; ***
p < .001

= 15.4, p < .001) (see Figure 12.6).
There were no significant effects of Content or Stage, nor a significant interaction

between these factors.
The only significant effect of HRVH was a negative quadratic trend across the six

periods of all psychometric tasks.
Summarizing these results, all psychometric tasks elicited a smaller HRVH than during

Heart Rate Variability (high-frequency band)
0

-500 -

F -1000  _
0 -

 -1500  -                                                                                                                                                        --                                -

 -2000 -           - --.
--

-2500 -                                         -

-3000 123456 123456 123456 123456 123456 123456

.GC SY , ,
FA VA , . IP DD ,

Cognition Reasoning Evaluation

Figure 12.6. Mean HRV  reactivity during the six task-periods of the psychometric tasks. GC:
Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical
Pictures; DD: Double Descriptions (N = 54).
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rest, indicating a high reactive sensitivity. This variability in the high-frequency band
(RSA), however, did not differentiate between the three stages and was generalizable
across content domains, indicating a low specific reactivity. During all the psychometric
tasks HRVH showed an initial increase in amplitude followed by a decrease (inverted U-
shaped curve).

Comparing the results of HRVH with HRVM, which are both considered indices of
parasympathetic activity, there is a major difference. Contrary to HRVM, HRVH did not
differentiate between the three stages, although both generalized across content domains.

TWA. In Table 12.19 are shown the results of the MANOVA of the reactivity of the TWA
variable.

TWA was only significantly smaller during the Synonyms (Fii, 53) = 9.0, p < .01) and
the Verbal Analogies task (41,53) = 15.3, p < .001) than during their preceding baselines.
As Figure 12.7 shows these differences were in the expected direction.

The effect of Content was expressed by a significantly larger TWA during the figural
tasks than during the verbal tasks. There were no significant differences in TWA between
the three stages of the psychometric tasks.

Analysis of the interaction Stage x Period per level of Stage gave only a significantlinear

negative linear trend of the TWA across the periods of the tasks of the evaluation stage
(17(1.53) = 10.7, p < .01).

Analysis of the quadratic trend per task revealed only significant negative quadratic
trends across the six periods during the Synonyms task (IZi, 53) = 5.4, p < .05) and the
Identical Pictures task (41.53) = 11.2, p < .01).

Summarizing these results, only the Synonyms and the Verbal Analogies tasks elicited
a smaller TWA than during rest, indicating low reactive sensitivity. Furthermore, TWA did
not differentiate between the three stages, indicating low specific reactivity. Although this

T ABLE 12.19.  F  Values for  MANOVA  With  Repeated  Measures  of the  Reactivity  Scores  of TWA.

Effect                                                         F                                      df

Grand Mean 8.6** 1, 53

Content 5.3* 1, 53

Stage 0.7 2,52

Period 2.7 1, 53linear

Pebod 9.3** 1,53quadratic

Content x Stage 0.6 2,52

Content x Periodtinear 0.0 1, 53

Content x Period
quadratic

5.5* 1,53
Stage x periodlinear 7.5** 2,52

Stage x Period                                                                1.9                                                 2,52quadratic
Content x Stage x Period

linear
0.4 2,52

Content x Stage x Periodquadratic 5.3** 2,52

*p<.05; ** p <.01
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T-wave Amplitude
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Figure   12.7.   Mean TWA reactivity during   the six task-periods   of the psychometric tasks.   GC:

Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical

Pictures; DD: Double Descriptions (N = 54).

reactivity seems equal for the tasks of the reasoning stage it did not generalize across

content domains. During the course of the psychometric tasks of the evaluation stage and

the Synonyms task TWA reactivity decreased curvilinearly.

PTT. In Table  12.20 are shown the results  of the MANOVA  of the reactivity  of the  PTT
variable.

During all the psychometric tasks PTT was significantly shorter than during the prece-
ding baselines (Gestalt Completions: F = 6.1, p < .05; Synonyms: f L 53) = 6.8, p <

(1. 53)

.05; Figural Analogies: 4 1
- 6.1, p < .05; Verbal Analogies: Fct, 53) = 16.6, p < .001;

. 53)

Identical Pictures: Pii, 531 = 12.4, p < .01; Double Descriptions: FTL 53, = 9.8, p < .01) (see

Figure   12.8).
There were no significant differences in PTT reactivity between the figural and verbal

tasks or between the tasks of the cognition, reasoning, and/or evaluation stages.

The significant quadratic trend of the PTT across the six periods of all the psychome-

tric tasks was negative (inverted U-shaped curve).
The Content x Period linear interaction was caused by a significant positive linear trend

across the six periods of the figural tasks (FIL 53) = 11.7, p < .01).
Summarizing these results, all the psychometric tasks elicited a shorter PTT than

during rest, indicating a high reactive sensitivity. This reactivity was generalizable across

content domains, and did not differentiate between the three stages, indicating a low
specific sensitivity. Overall, during the course of all the psychometric tasks, PTT reactivity

initially decreased followed by an increase. Moreover, during the figural tasks this reac-

tivity also decreased linearly.
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TABLE 12.10. F  Values for MANOVA With Repeated Measures of the Reactivity Scores of PTT.

Effect                                                          F                                      df

Grand Mean 19.0*** 1, 53

Content 0.0 1, 53

Stage 2.1 2,52

Periodiilincar 3.8 1, 53

Period 6.3* 1,53quadratic

Content x Stage 1.9 2,52

Content x
Periodlliincar 6.3* 1, 53

Content x Periodwa                                                                      1.1                                                                  1,53
Stage x Periodlinear

1.8 2,52

Stage x Periodm.. ..,..
0.8 2,52

Content x Stage x Period linear 2.8 2,52

Content x Stage x Periodquadratic 1.0 2,52

* p <05; *** p <001

SBP. In Table 12.21 are shown the results of the MANOVA of the reactivity of the SBP
variable.

In Figure 12.9 is shown that the SBP was significantly higher during all the psycho-
metric tasks, except the Gestalt Completions task, than during their preceding baselines

(Synonyms: Pli, 53) = 71.2, p < .001; Figural Analogies: F = 19.7, p < .001; Verbal
(1. 53)

Analogies: F t  53) = 8.8, p < .01; Identical Pictures: F = 60.0, p < .001; Double Des-
(1,53)
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Figure 12.8. Mean P'IT reactivity during the six task-periods of the psychometric tasks. GC:
Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical
Pictures; DD: Double Descriptions (N = 54).
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TABLE 12.21. F Values for MANOVA  With Repeated Measures of the Reactivity Scores of SBP.

Effect                                                          F                                       df

Grand Mean 49.0*** 1, 53

Content 0.5 1, 53

Stage 17.7*** 2, 52

Periodiine,                                                                                   1.5                                                         1,53
Period 4.8* 1, 53quadratic

Content x Stage 26.7*** 2,52
Content x Periodline. 0.3 1,53

Content x Period                                     0.1                              1, 53quadratic

Stage x Period 3.6* 2,52linear

Stage x Period 2.8 2,52quadratic

Content x Stage x Period,i  6.3** 2,52

Content x Stage x Periodquadmtic 5.2** 2,52

*p<.05; " p <.01; *** p <.001

scriptions: Fci, 53) = 45.0, p < .001).
The interaction Content x Stage was analysed per level of Content and Stage. Both the

verbal and figural tasks showed a significant effect of Stage (verbal: 322.52) = 11.0, p <
.001; figural: 42.52) = 22.7, p < .001). Pairwise comparison of the stages of the verbal
tasks revealed a significantly lower SBP during the Verbal Analogies task than during the
Synonyms (lli. 53,

= 19.0, p < .001) and the Double Descriptions (ft,53) = 17.1, p < .001)
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Figure 12.9. Mean SBP reactivity during the six task-periods of the psychometric tasks. GC:
Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical
Pictures; DD: Double Descriptions (N = 54).
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tasks, respectively. There was no significant difference in SBP between the Synonyms and

Double Descriptions tasks. Pairwise comparison of the stages of the figural tasks showed a

significantly lower SBP reactivity during the Gestalt Completions than during the Figural

Analogies ( L = 12.7, p < .01) and the Identical Pictures (F = 45.4, p < .001) tasks,
53)                                                               (1,53)

respectively, and a significantly lower SBP during the Figural Analogies task than during

the Identical Pictures task (41 = 15.2, p < .001). Analysis per level of Stage showed a
, 53)

Significantly lower SBP during the Verbal Analogies than during the Figural Analogies

task (Pli, 53) = 4.2, p < .05) and during the Double Descriptions than during the Identical

Pictures task OF = 7.4, p < .01), and a significantly higher SBP during the Synonyms
(1, 53)

than during the Gestalt Completions task (Pii, 53) = 43.0, p < .001).
The interaction Content x Stage x Period ,n= was caused by significant linear trends

across the six periods of the Gestalt Completions task (F = 13.1, p < .01) and the
(1. 53)

Verbal Analogies task (Fc = 6.2, p < .05). In Figure 12.9 it can be seen that these
1, 53)

trends were negative.
The interaction Content x Stage x Periodq,adma. was caused by significant positive quad-

ratic trends across the six periods of the Gestalt Completions task (17 = 7.9, p < .01),(1, 53)

the Figural Analogies task OF = 5.2, p < .05), the Verbal Analogies task (F t, 53, = 4.6,
(1, 53)

p < .05), and Double Descriptions task (F i, 53) = 5.4, p < .05).
Summarizing these results, all the psychometric tasks, except the Gestalt Completions

task, elicited a higher SBP than during rest, indicating a relatively high reactive sensitivity.

This reactivity, however, was higher for the Identical Pictures task (evaluation stage) than

for the Figural Analogies task (reasoning stage), during which it was higher than during

the Gestalt Completions task (cognition stage). For the verbal tasks this reactivity was

lower during the Verbal Analogies task (reasoning stage) than during the verbal tasks of

the cognition and evaluation stages (during which it was equal). Considering the differen-

ces in SBP during the verbal and figural tasks of the three stages, this reactivity was not

generalizable across content domains. In general, these results indicate a relatively high
specific sensitivity. Except for the Synonyms and Identical Pictures task (during which

SBP did not change), SBP showed a curvilinear increase during the psychometric tasks.

DBP. In Table 12.22 are shown the results of the MANOVA of the reactivity of the DBP

variable.
Figure 12.10 shows  that  the  DBP,  like  the  SBP, was significantly higher during  all  the

psychometric tasks, except for the Gestalt Completions task, than during their preceding

baselines (Synonyms: F = 42.8, p < .001; Figural Analogies: Pli. 53)
= 20.4, p < .001;

(1, 53)

Verbal Analogies: Fit, 53)
= 15.3, p < .001; Identical Pictures: Fct. 51) = 113.5, p < .001;

Double Descriptions: Fct, 53) = 23.6, p < .001).
The interaction Content x Stage was analysed per level of Content and Stage. I found

only for the figural tasks a significant effect of Stage (F = 23.6, p < .001). Pairwise
(2,52)

comparison of the stages revealed a significantly higher DBP reactivity during the Identical

Pictures task than during the Figural Analogies (F = 22.5, p < .001) and the Gestalt
(1, 53)

Completions (F = 43.8, p < .001) tasks, respectively, and a significantly higher DBP
(1. 53)

during the Figural Analogies  task than during the Gestalt Completions  task  (111. 53,  =  7.5, p
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TABLE 11.21. F Values for MANOVA With Repeated Measures of the Reactivity Scores  of DBP.

Effect                                                         F                                      #

Grand Mean 56.3*** 1,53
Content 0.7 1,53

Stage 11.1*** 2,52

Periodtinear 10.0** 1, 53

Period 6.2* 1,53quadratic

Content x Stage 20.8*** 2,52

Content x Periodlincar 0.0 1,53

Content X Period                                                                     1.1                                                         1,53quadralic

Stage x Periodlinear
13.8*** 2,52

Stage x Penod 3.0 2,52
quadratic

Content x Stage x Period 15.6*** 2,52linear

Content x Stage x Period
quadratic

9.0*** 2,52

*p<.05,** p <.01,*** p <.001

< .001). Comparison of the tasks with a figural and verbal content per level of Stage

showed a significantly higher DBP during the Synonyms than during the Gestalt Com-

pletions task (F = 14.9, p < .001) and during the Identical Pictures than during the
(1, 53)

Double Descriptions task (F t , 53)
= 16.9, p < .001). There was no significant difference

between the tasks of the reasoning stage.

The interaction Content x Stage x Periodlinear was caused by significant linear trends

Diastolic Blood Pressure
8

7-

6-                      -

05                                                       -
I
E4_         _                   _..  «- 3 i2-

  -   fl- - 123456 12:456 12:456 123456 1:2456 123456

,
GC SY , ,

FA VA
, .

Ip DD ,

Cognition Reasoning Evaluation

Figure 12.10. Mean DBP reactivity during the six task-periods of the psychometric tasks. GC:
Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP Identical

Pictures; DD: Double Descriptions (N = 54).
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across the six periods of the tasks of the cognition stage (Gestalt Completions: PTi. 53) =
4.6, p < .05; Synonyms: F(1.53) = 9.4, p < .01) and of the tasks of the evaluation stage

(Identical Pictures: F t, 53) = 44.7, p < .001; Double Descriptions: 1:21,53) = 6.7, p < .05).
Figure 12.10 shows that this trend was negative during the Gestalt Completions task, and
positive during the other tasks.

The interaction Content x Stage x Period was caused by significant quadraticquadratic

trends across the periods of the Synonyms (F„ 53) = 16.3, p < .001) and the Identical
Pictures task OF(i, 53) = 12.8, p < .001). Both trends were negative.

Summarizing these results, all the psychometric tasks, except the Gestalt Completions
task, elicited a higher DBP than during rest, again indicating a relatively high reactive
sensitivity. This reactivity, however, was higher for the Identical Pictures task (evaluation
stage) than for the Figural Analogies task (reasoning stage), during which it was higher
than during the Gestalt Completions task (cognition stage). For the verbal tasks this
reactivity was equal. With respect to the differences in SBP during the verbal and figural
tasks of the three stages, this reactivity was only generalizable across the psychometric
tasks of the reasoning stage. The results for the figural tasks indicate a high specific
sensitivity, but for the verbal tasks a low specific sensitivity. During the course of the
Gestalt Completions task DBP decreased linearly, and during the course of the Synonyms,
Identical Pictures, and Double Descriptions task, DBP increased curvilinearly.

RR. In Table 12.23 are shown the results of the MANOVA of the reactivity of the RR
variable.

As expected, during all the psychometric tasks RR was significantly higher than during
the preceding baselines (Gestalt Completions: /11,53, = 40.6, p < .001; Synonyms: F i. 53) =
69.3, p < .001; Figural Analogies: F t, 53) = 36.4, p < .001; Verbal Analogies: Pil. 53) = 41.4,
p < .001; Identical Pictures: 410 53)

- 154.1, p< .001; Double Descriptions:  L 53) = 52.8, p

TABLE 12.23. F  Values for MANOVA With Repeated Measures of the Reactivity  Scores of RR

Effect                                                          F                                      df

Grand Mean 89.1*** 1, 53

Content 4.3* 1, 53

Stage 35.6*** 2,52

Period
linear

14.3*** 1,53

Period 173.9*** 1,53quadratic

Content x Stage 28.8*** 2,52

Content x Period,incar 0.8 1, 53

Content x Period 2.2 1, 53quadrallc

Stage x Period                                                                          1.3                                                        2,52linear

Stage x Period 9.8*** 2,52quadratic

Content x Stage x Periodlinear 0.8 2,52
Content x Stage x Period 3.8* 2,52quadratic

* p <05; *** p <001



Results 199

< .001) (see Figure 12.11).
The effect of Periodlinear is expressed by a linear decrease of RR reactivity across the

six periods of all psychometric tasks.
The interaction Content x Stage was first analysed per level of Content. As well as for

the figural as for the verbal tasks I found a significant effect of Stage (figural: F,. S2) =
42.8, p < .001; verbal: 42,52, = 4.1, p < .05). Pairwise comparison of the stages of the
figural tasks revealed a significantly higher RR during the Identical Pictures task than
during the Gestalt Completions (41· 53) = 76.7, p < .001) and the Figural Analogies (F i, 53)
= 73.0, p < .001) task, respectively. There was no significant difference in RR between the
Gestalt Completions and the Figural Analogies task. Pairwise comparison of the stages of
the verbal tasks revealed a significantly higher RR during the Synonyms than during the
Verbal Analogies task (Fci, 53) = 8.3, p < .01) There were no significant differences in RR
between the Double Descriptions task on the one hand, and the Synonyms and Verbal
Analogies tasks on the other hand. Analysis of the Content factor per level of Stage
showed a significantly higher RR reactivity during the Synonyms than during the Gestalt
Completions task (F t, 53) = 6.2, p < .05), and during the Identical Pictures than during the
Double Descriptions task (ist. 53) = 36.7, p < .001). RR did not differ significantly between
the tasks of the reasoning stage.

Analysis of the interaction Content x Stage x Period showed significant quadraticquadratic

trends across the periods of all tasks (Gestalt Completions: Pfi. 53, = 14.3, p < .001; Syn-
onyms: 41 = 21.8, p < .001; Figural Analogies: F = 34.4, p < .001; Verbal Analo-

. 53) (1,53)

gies: Ppl. 53) = 22.5, p < .001; Identical Pictures: Fci, 53, = 72.6, p < .001; Double Descrip-
tions:  Pfi, 53,  =  28.0, p  < .05). Figure 12.11 shows that these trends  were all positive.
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Figure 12.11. Mean RR reactivity during the six task-periods of the psychometric tasks. GC:
Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical
Pictures; DD: Double Descriptions (N = 54).
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Summarizing these results, all the psychometric tasks elicited a higher RR than during

rest, indicating a high reactive sensitivity. However, reactivity was greater for the Identical
Pictures task (evaluation stage) than for the figural tasks of the cognition and reasoning

stage, for which it was equal. For the verbal tasks this reactivity was only greater during
the Synonyms task (cognition stage) than during the Verbal Analogies task (reasoning

stage). In general, this indicates that specific sensitivity was of an intermediate level. Con-
sidering the differences in RR during the verbal and figural tasks of the three stages, this
reactivity was only generalizable across the psychometric tasks of the reasoning stage.

During the course of all the psychometric tasks RR decreased curvilinearly.

SCL. In Table 12.24 are shown the results of the MANOVA of the reactivity of the SCL
variable.

As expected, the SCL was significantly higher during all the psychometric tasks than

during the preceding baselines (Gestalt Completions: F = 38.7, p < .001; Synonyms:(1, 53)

F i, 51) = 38.7, p < .001; Figural Analogies: Pft, 53) = 27.7, p < .001; Verbal Analogies: Fu,

53)                                                      (1.53)= 62.8, p < .001; Identical Pictures: F = 80.1, p < .001; Double Descriptions: lit , 53)

= 41.5, p < .001) (see Figure 12.12).
I found no significant difference in SCL reactivity between the verbal and figural tasks.

Pairwise comparison of the levels of Stage revealed a significantly higher SCL during
the tasks of the evaluation stage than during the tasks of the cognition (Plt. 53) = 4.6, p <

05) and the reasoning (FZI. 53) = 4.6, p < .05) stage, respectively. SCL did not differ
between the tasks of the cognition and reasoning stage.

The interaction Content x Period was caused by a significant positive quadraticquadratic

trend during both the verbal and figural tasks (verbal: F 1. 53) = 109.2, p < .001; figural: Fci.
53} = 74.2, p < .001)

Analysis of the interaction Stage x Period showed significant linear trends duringlinear

TABLE 12.24. F Values for MANOVA  With Repeated Measures of the Reactivity Scores of SCL.

Effect                                                          F                                      df

Grand Mean 89.8-' 1, 53

Content 3.3 1,53

Stage 11.7*** 2,52

Periodrincar 94.4*** 1,53

Period 140.7*** 1, 53
quadratic

Content x Stage 2.7 2,52

Content x Periodlinear 3.9 1,53

Content X Period 4.6* 1, 53
quadratic

Stage x Period 9.7*** 2,52
linear

Stage x Periodqudratic
2.3 2,52

Content x Stage x Periodlinear
0.7 2,52

Content x Stage x Periodquadratic 0.1 2,52

* p < .05; ***
p < .001
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Skin Conductance Level
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Figure 12.12. Mean SCL reactivity during the six task-periods of the psychometric tasks. GC:

Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical

Pictures; DD: Double Descriptions (N = 54).

all three stages (cognition: F = 74.8, p < .001; reasoning: F = 26.6, p < .001;
(1. 53) (1, 53)

evaluation: Pit, 53) = 97.6, p < .001). As can be seen in Figure 12.12 these linear trends

were negative.
Summarizing these results, all the psychometric tasks elicited a higher SCL than during

rest, indicating a high reactive sensitivity. This reactivity was greater for the tasks of the
evaluation stage than for the tasks of the cognition and reasoning stage, during which it
was equal. There were no differences in SCL reactivity between the verbal and figural

tasks, so it was generalizable across content domains. These results indicate a low specific

sensitivity of SCL. During the course of all the psychometric tasks SCL decreased cur-

vilinearly.

FTT In Table   12.25 are shown the results  of the MANOVA  of the reactivity  of the  FTT
variable.

FTT was significantly lower during the Synonyms (Fc = 18.2, p < .001), the Figural
1. 53)

Analogies OF = 4.2, p < .05), the Identical Pictures (4 = 20.7, p < .001), and the
(1.53) 1, 53)

Double Descriptions task (F = 15.3, p < .001) than during their preceding baselines
(1, 53)

(see Figure 12.13). There was no significant reactivity of FTT during the Gestalt Comple-
tions and the Verbal Analogies tasks.

The interaction Content x Stage was first analysed per level of Content. Only the
figural tasks showed a significant effect of Stage (42.52) = 7.8, p < .01). Pairwise com-

parison revealed a significantly higher FTT during the Gestalt Completions task (nonsi-
gnificant positive reactivity) than during the Figural Analogies (F = 5.0, p < .05) and(1. 53)

the Identical Pictures (F = 14.8, p < .001) task (significant negative reactivity), respec-(1,53)
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TABLE 11.25. F  Values for MANOVA With Repeated Measures of the Reactivity Scores of FTT.

Effect                                                     F                                   df

Grand Mean 19.0*** 1,  53
Content 4.7* 1, 53

Stage 6.8** 2,52

Periodtin:u 0.0 1,53

Period                                                                                         1.3                                                         1, 53quadratic

Content x Stage 5.2** 2,52

Content x Periodtinear 17.2*** 1,53

Content x Periodq,-d,1,;c 2.5 1, 53

Stage x Periodti„„ 8.8** 2,52

Stage x Period 0.3 2,52quadratic

Content x Stage x Period, - 7.7** 2,52

Content x Stage x Periodquad,atic 4.3* 2,52

* p < .05; ** p < .01; *** p < .001

tively. The difference in FTT between the Figural Analogies and the Identical Pictures task
was not significant.

Analysis per level of Stage gave only a significant difference in FTT between the
Gestalt Completions and the Synonyms task (17(t. 53) = 12.1, p < .001). This difference was

expressed by a positive FTT reactivity for the Gestalt Completions task and a negative
FTT reactivity for the Synonyms task.
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Figure 12.13. Mean FIT reactivity during the six task-periods of the psychometric tasks. GC:
Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical
Pictures; DD: Double Descriptions (N = 54).
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Analysis of the linear and quadratic trend per psychometric task gave the following
results: a significant linear trend during the Gestalt Completions (F t  51) = 12.5, p < .01),
the Synonyms OF = 10.4, p < .01), and the Identical Pictures (Pft, 53) = 4.3, p < .05)

(1, 53)

tasks, and a significant quadratic trend during the Synonyms task (F t  53) = 11.9, p < .01)
The linear trend was positive during the Gestalt Completions task, and negative during the

Synonyms and Identical Pictures tasks. The quadratic trend was positive during the Syn-
onyms task.

Summarizing these results, all the psychometric tasks, except the Gestalt Completions
and the Verbal Analogies task, elicited a lower FTT than during rest, indicating an inter-
mediate reactive sensitivity. Comparison of this reactivity between the three stages showed
that it was positive during the Gestalt Completions task, probably due to vasodilation (see
also blood pressure), and negative during the figural task of the reasoning and evaluation

stages, during which it was equal. FTT did not differentiate between the verbal tasks of
the three stages. Considering the differences in FTT during the verbal and figural tasks of
the three stages, this reactivity was only generalizable for the reasoning and evaluation
stage. These results indicate an intermediate specific sensitivity for the figural tasks and a
low specific sensitivity for the verbal tasks. During the course of the Gestalt Completions
task FTT increased linearly, while during the course of the Synonyms and the Identical
Pictures tasks FTT decreased (curvi)linear.

Summary of autonomic variables.  As is clear from the foregoing analyses of variance, all
ten autonomic variables reacted to one or more psychometric tasks, indicating a reactive
sensitivity to one or more psychometric tasks. To summarize, this reactivity is divided into
mean and trend reactivity scores.

(1) Mean reactivity scores:
Generalized across content domains, HRVM differentiated between the cognition,

reasoning, and evaluation stage, and SCL between the evaluation stage on the one side and
the cognition and reasoning stage on the other, while HRVH, TWA, and PTT did not dif-
ferentiate between any of the three stages. Across content domains, these results indicate

that   HRVM   (0.1 Hz component) showed the highest stage sensitivity   of mean reactivity,
followed by SCL with an intermediate stage sensitivity, while HRVH, TWA, and PTT did
not show any stage sensitivity at all.

For tasks with a figural content, SBP and DBP differentiated between the cognition,

reasoning, and evaluation stage, HR and RR between the evaluation stage on the one side
and the cognition and reasoning stage on the other, and FTT between the cognition stage

on the one side and the reasoning and evaluation stage on the other. Within the figural

domain, these results indicate that blood pressure showed the highest stage sensitivity of
mean reactivity, followed by HR, RR, and F'IT with an intermediate stage sensitivity.

For tasks with a verbal content, SBP differentiated between the reasoning stage on the
one side and the cognition and evaluation stage on the other, and RR between the cogni-
tion and reasoning stage, while HR, DBP, and FTT did not differentiate between any of
the three stages. Within the verbal domain, these results indicate that SBP and RR showed
an intermediate stage sensitivity of mean reactivity, and HR, DBP, and FTT no stage
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sensitivity at all.
For tasks of all three stages, HRVM, HRVH, PTT, and SCL generalized across content

domains, but TWA and SBP did not.
For tasks of the cognition stage, no autonomic variables generalized across content

domains.
For tasks of the reasoning stage, HR, DBP, RR, and FTT generalized across content

domains.
For tasks of the evaluation stage, only FTT generalized across content domains.
These results indicate that HRVM, HRVH, PTT, and SCL showed no content sensitivity

of mean reactivity, HR, DBP, RR, and FTT an intermediate content sensitivity, and TWA
and SBP a high content sensitivity.
(2) Trend reactivity scores:

Generalized across content domains, HR and HRVM showed a curvilinear increase, RR
a curvilinear decrease, HRVH and PTT an increase followed by a decrease, and SCL a cur-
vilinear decrease during the course of the psychometric tasks of all the three stages. TWA
showed a linear decrease during the psychometric tasks of the evaluation stage. Across
content domains, these results indicate that HR, RR, HRVM, HRVH, and SCL showed no

stage sensitivity of trend reactivity.
For tasks with a figural content, PTT showed a linear increase during the course of the

tasks of all the three stages, SBP a curvilinear decrease during the course of the tasks of
the cognition and reasoning stage, DBP a linear decrease during the course of the task of
the cognition stage and a curvilinear increase during the course of the task of the evalua-
tion stage, and FTT a linear increase during the course of the task of the cognition stage

and a linear decrease during the course of the task of the evaluation stage. Within a figural
domain, these results indicate that PTT showed no stage sensitivity of trend, and SBP,
DBP, and FTT an intermediate stage sensitivity.

For tasks with a verbal content, SBP a curvilinear decrease during the course of the
task of the reasoning stage and a decrease followed by an increase during the course of the
task of the evaluation stage, DBP a curvilinear increase during the course of the task of
the cognition stage and a linear increase during the course of the task of the evaluation

stage, and FTT a curvilinear decrease during the course of the task of the cognition stage.
Within the verbal domain, these results indicate that PTT showed the highest stage sensi-

tivity of trend, followed by SBP and DBP with an intermediate sensitivity, and FTT with a
low sensitivity.

EMGcs. In Table   12.26 are shown the results  of the MANOVA  of the reactivity  of  the

EMGcs variable.

EMGcs reactivity was significant during all the psychometric tasks (Gestalt Comple-

tions: Fil. 53)
= 250.1, p <.001; Synonyms: Fct. 33, = 279.3, p < .001; Figural Analogies: Fit.

531 = 122.3, p < .001; Verbal Analogies: PFL 53) = 43.7, p < .001; Identical Pictures: F t. 53) -
398.4, p < .001; Double Descriptions: F = 218.8, p < .001). Figure 12.14 shows that

(1. 53)

the EMGcs amplitude was higher during the tasks than during the preceding baselines.
Analysis of the interaction Content x Stage per level of Content gave the following
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TABLE 12.26. F Values for MANOVA With Repeated Measures of the Reactivity Scores of
EMGCs.

Effect                                                          F                                      df

Grand Mean 266.4*** 1,53
Content 0.0 1,53

Stage 14.8*** 2,52

Period,inc. 27.6*** 1, 53
Period 15.9*** 1, 53quabic

Content x Stage 7.0** 2,52

Content x Period,incar 0.0 1,53

Content x Period 1.0 1, 53quadralic

Stage x Period,ine. 4.9* 2,52

Stage x Period 1.4 2,52quadratic

Content x Stage x Period 11.1*** 2,52linear

Content x Stage x Periodquadratic
5.0* 2,52

* p <05; ** p <01; ***
p <.001

result: a significant effect of Stage  o f the figural tasks  (F ,  52)  =   13.1,  p   < .001) Pairwise
comparison of the stages of the figural tasks revealed a significantly greater EMG s reac-
tivity during the Gestalt Completions task than during the Identical Pictures task (41.53) =
26.3, p <.001) There were no significant differences between the Figural Analogies task,
and the Gestalt Completions and the Identical Pictures tasks, respectively. The verbal tasks
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Figure 12.14. Mean EMGCS reactivity during the six task-periods of the psychometric tasks. GC:
Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical

Pictures; DD: Double Descriptions (N = 54).
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did not show a significant effect of Stage. Testing the effect of Content per level of Stage
showed a significantly higher EMGcs during the Gestalt Completions task than during the
Synonyms task (F t  53) = 10.5, p < .01). There were no significant differences between

content domains of the tasks of the reasoning and evaluation stage.
The linear and quadratic trends were analysed per psychometric task. Significant linear

trends were found across the periods of all tasks (Gestalt Completions: FIL 53, = 24.5, p <
.001; Synonyms: Fc,, 53)

= 33.0, p < .001; Figural Analogies: Fct, 53) = 14.2, p < .001;
Verbal Analogies:  L 53)

= 7.6, p < .01; Identical Pictures: Pft, 53) = 4.3, p < .05; Double

Descriptions: Pli. 53, = 18.8, p < .001). Figure 12.14 shows that these trends were positive.
Except for the Identical Pictures task, significant negative quadratic trends were also found

during all psychometric tasks (Gestalt Completions: F = 7.6, p < .01; Synonyms: Fu.
(1, 53)

S3) = 7.6, p < .01; Figural Analogies: PFL 53)
= 6.3, p < .05; Verbal Analogies: 41.53) = 6.1,

p < .05; Double Descriptions: Fct, 53) = 12.2, p < .01).
Summarizing these results, all the psychometric tasks elicited a higher EMG S ampli-

tude than during rest, indicating a high reactive sensitivity. However, reactivity of this
muscle group was only greater for the Gestalt Completions task than for the Identical

Pictures task, and equal for the other combinations of figural tasks. Further, this reactivity

did not differentiate between the verbal tasks of the three stages, and was generalizable

across content domains of the reasoning and evaluation stage. These results indicate a low
specific sensitivity. During the course of all the psychometric tasks this muscle group

showed clear EMG gradients (a curvilinear increase in EMG amplitude; Malmo, 1965).

EMGO, In Table 12.27 are shown the results of the MANOVA of the reactivity of the

EMGoo variable.
Also EMGoo reactivity was significant during all the psychometric tasks (Gestalt Com-

TABLE 12.21. F Values for MANOVA With Repeated Measures of the Reactivity Scores of
EMGoo

Effect                                                     F                                   df

Grand Mean 339.7*** 1, 53

Content 2.6 1, 53

Stage 0.2 2, 52

Period 0.1 1, 53
linear

Penod 0.4 1,53
quadratic

Content x Stage 0.9 2,52

Content x Periodli.- 0.4 1,53

Content x Periodquadratic
0.3 1, 53

Stage x Periodiinear 0.7 2,52

Stage x Periodg,ad= 0.8 2,52

Content x Stage x Peri04%,                              1.3                                    2,52
Content x Stage x Period 0.7 2,52

quadratic

***
p < .001
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Figure 12.15. Mean EMGe reactivity during the six task-periods of the psychometric tasks. GC:
Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical
Pictures; DD: Double Descriptions (N = 54).

pletions: Ppi. 53)
= 256.2, p < .001; Synonyms: Fct, 53) = 315.7, p < .001; Figural Analogies:

F        =  177.6, p <.001; Verbal Analogies: F t  53) =  101.2, p < .001; Identical Pictures: F i,(1, 53)

S3) = 327.4, p < .001; Double Descriptions: Fct, 53) = 182.9, p < .001). Figure 12.15 shows
that the EMGOO amplitude, like the EMGcs amplitude, was higher during the tasks than

during the preceding baselines.

Finally, none of the main or interaction effects were significant.
Summarizing these results, all the psychometric tasks elicited a higher EMGoo ampli-

tude than during rest, again indicating a high reactive sensitivity. However, the reactivity
of this muscle group did not differentiate between the three stages, and was generalizable
across content domains. These results indicate no specific sensitivity. Furthermore, EMGoo
amplitude did not show any EMG gradients during the course of the psychometric tasks.

EMGoop   In  Table   12.28 are shown the results  of the MANOVA  of the reactivity  of  the
EMGool variable.

EMGOO, reactivity was again significant during all the psychometric tasks (Gestalt
Completions: Pit. 53)

= 101.1, p < .001; Synonyms: Pit. 53) = 100.1, p < .001; Figural
Analogies: Fc 1. 53) = 195.5, p < .001; Verbal Analogies: Fct. 53) = 213.0, p < .001; Identical
Pictures: Fit, 53) = 304.7, p < .001; Double Descriptions: ft, 53) = 148.2, p < .001). Figure
12.16 shows that the EMGOol amplitude, like the preceding two muscle groups, was higher
during the tasks than during the preceding baselines.

The quadratic trend across the six task-periods of all tasks was negative (see Figure
12.16).

The interaction Content x Period,inw was caused by a significant positive linear trend
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TABLE 12.28. F Values for MANOVA With Repeated Measures of the Reactivity Scores of

EMGOOP

Effect                                                          F                                      df

Grand Mean 266.3-* 1, 53

Content 0.6 1, 53

Stage 0.7 2,52

Period
linear

28.8*** 1, 53

Period 7.7** 1,53
quadratic

Content x Stage 0.4 2,52

Content x Per·iodlinear
8.7** 1,53

Content x Period*„dratic 0.5 1, 53

Stage x Periodlinear 3.7* 2,52

Stage x Periodmu.atic                                  2.1                              2,52
Content x Stage x Periodlinea,                           2.1                                 2,52
Content x Stage x Periodquadratic                                 

     1.2                                  
               2, 52

*p<.05; ** p <.01; *** p <.001

during both the figural tasks (Fct, 53) = 41.6, p < .001) and the verbal tasks (41,53) = 8.9, p

< .01).

The interaction Stage x Period linear was caused by significant linear trends during the

tasks of the cognition (,5 = 9.6, p < .01), reasoning (ft. 53,
= 12.7, p < .001), and

1, 53)

evaluation Uipt. 53)
= 18.9, p < .001) stage. These trends were all positive.
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Figure 12.16. Mean EMG00, reactivity during the six task-periods of the psychometric tasks. GC:

Gestalt Completions; Sy Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP: Identical

Pictures; DD: Double Descriptions (N = 54).



Results 209

Summarizing these results, all the psychometric tasks elicited a higher EMGo I ampli-
tude than during rest, indicating a high reactive sensitivity. However, the reactivity of this
muscle group did not differentiate between the three stages. Furthermore, it was generaliz-
able across content domains. The same as for EMGoo, these results indicate no specific
sensitivity. During the course of all the psychometric tasks this muscle group showed clear
EMG gradients.

Summary of EMG variables. As is clear from the preceding MANOVAs, all three EMG
variables reacted to all the psychometric tasks, indicating a high reactive sensitivity. Again,
to summarize, this reactivity is divided into mean and trend reactivity scores.

(1) Mean reactivity scores:
Generalized across content domains, none of the EMG variables differentiated between

any of the three stages, indicating that none of the EMG measures showed stage sensitivity
of mean reactivity.

For tasks with a figural content, only corrugator supercilii differentiated between the
cognition and evaluation stage, while orbicularis oculi and orbicularis oris inferior did not
differentiate between any of the three stages. Within the figural domain, these results indi-
cate that only corrugator supercilii showed an intermediate stage sensitivity of mean
reactivity and the other two muscle groups not.

For tasks with a verbal content, none of the three muscle groups differentiated between

any of the three stages, indicating no stage sensitivity of mean reactivity.
For tasks of all three stages, orbicularis oculi and orbicularis oris inferior generalized

across content domains. These results indicate that these two muscle groups showed no
content sensitivity of mean reactivity.

For tasks of the reasoning stage, corrugator supercilii generalized across content do-
mains, indicating an intermediate stage sensitivity of mean reactivity.
(2) Trend reactivity scores:

Generalized across content domains, the corrugator supercilii and the orbicularis oris
inferior showed clear EMG gradients during the course of the psychometric tasks of all the
three stages, but the orbicularis oculi not. These results indicate that none of the three
muscle groups showed a stage or content sensitivity of trend reactivity.

Autonomic response patterns

Although the doubly multivariate analysis of variance of the ten autonomic variables
(see section "Physiological scores" of this chapter) indicates that there are different auto-
nomic response patterns associated with the six psychometric tasks, it does not classify and
identify these patterns and their relationships with the different content domains and stages
of the psychometric tasks. Other multivariate analyses are necessary to enable this.

Multidimensional Scaling. To classify autonomic physiological response patterns, Clas-
sical Multidimensional Scaling   (CMDS)   with the program ALSCAL   (SPSS   6.0.1,   1993)
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was used to systematize the autonomic data by representing the dissimilarities between
stimuli (task-periods and psychometric tasks) as in a map with one or more dimensions.

However, before the data went into the ALSCAL program they had to be normalized.
Several criteria have guided the choice of the normalization procedure of the autonomic

variables (cf. Geenen, 1991). (1) To be able to define autonomic response patterns, scale

units of different autonomic variables have to be equal. (2) To be able to interpret these

patterns, the sign of these variables must not be affected by the standardization. (3) To
prevent deflation of reactivity scores, the baseline level has to be a representative datum

for reference of the range of reaction of the individual response system. This last criterion
is based on the assumption that responses may either increase or decrease depending on

both individual and stimulus conditions.

Following these criteria it was decided to take the standard deviation of the scores of
the six baselines of each subject, after removal of time trends, as a measure for normaliza-
tion. Reactivity scores of each autonomic variable of every subject were divided by these

standard deviations (intra-individual normalization).
Before the euclidian distances between the autonomic data of the 6 task-periods of each

of the 6 tasks (36 stimuli) were calculated, they were averaged over 54 subjects. In this

way, a matrix of 36 x 36 data points, with dissimilarity scores on an interval level, yielded
the input for the ALSCAL program.

After running the program with one to six numbers of dimensions, the changes in the
goodness of fit measures stress and squared correlation (R2) as a function of number of
dimensions were examined (Figure 12.17). The "elbow criterion" indicates a four-dimen-

sional solution with an excellent fit (stress = .020; R2 - .998) in three iterations (Schiff-
man et al., 1981).

0.3                                                               1

0.25 0.975

0.2 0.95

.

2 0.15   0.925
Oi

0.1 0.9

0.05 0.875

0                                                      0.85

1 2 3 4 5 6 1 2 3 4 5 6
Number of Dimensions Number of Dimensions

Figure 12.17. Changes in stress (left) and Rl (right) as a function of number of dimensions of the
autonomic variables.
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Multiple Regression Analysis. To be able to further analyze, across the 54 subjects, intra-
and interindividual differences in relation to the four-dimensional space, the 36 scores of
each of the four dimensions had to be extended to the original 1944 observations (6
psychometric tasks x 6 task-periods x 54 subjects). This was done by means of multiple
regression analysis (SPSS 6.0.1, 1993). The following equations give the constant and the
unstandardized regression weights on each of the four dimensions as predicted by the ten
normalized autonomic variables:

Dimension I = 4.329 - .201·HR + .067·HRV  + .043·HRVH + ·015·TWA + .171·P'IT - .178· SBP
- .160·DBP - .250·RR - .164·SCL + .130·F'IT

Dimension II = .665 - .120·HR + .029·HRVM + .051·HRV,t + .088·TWA + .018·PrI' + .183·SBP
+ .157·DBP - .044·RR - .285·SCL - .254·F'IT

Dimension III = -.287 + .130·HR + .093·HRVM + .086·HRVH - .341·TWA - .149·P'IT + .054·
SBP - .086·DBP - .209·RR - .015·SCL - .101·FlT

Dimension IV = -.010 - .293·HR - .140·HRV  + ·030·HRVH + .003·TWA - .050·P'IT + .092
SBP - .027·DBP - .137·RR + .293·SCL - .122·FIT

The explained variance of the four analyses was 99.996% for dimension I (410.25) -
67882.1; p < .001), 99.96% for dimension II (610.25)

= 6602.8; p < .001), 99.89% for
dimension III (F(to, 25)

= 2300.5; p < .001), and 99.85% for dimension IV (4,0,25) =1695.7; p < .001). Therefore, comparison of the means (.00) and variances of the 36
observations, before and after regression gave identical results (variances of dimension I,
II, III, and IV before and after regression, were 2.72,.67,.38, and .35, respectively).

Canonical Correlation Analysis. To be able to interpret the four dimensions in terms of
autonomic response patterns (as indices of energetic control), I had to determine which
autonomic responses contributed significantly to each of the four dimensions, to what
extent, and in which direction. This was done by means of canonical correlation analysis
between a set of the four dimensions and a set of the ten autonomic reactivity scores (after
trend correction and normalization) with the use of BMDP 7.0 (1993). With four canonical
correlations included, %2(40)

= 4821.3, p < .001, with the first canonical correlation removed
%2(27) = 3554.3, p < .001, with the first and second canonical correlations removed %2(16) =

1 2354.7, p < .001, and with the first, second, and third canonical correlations removed %2(7)
= 1166.1, p < .001. Therefore, all four pairs of canonical variates accounted for significant
relationships between the two sets of variables. All four canonical correlations are more
than .99, representing more than 99% overlapping variance for the four pairs of canonical
variates each.

In Table 12.29 are displayed the correlations between the four dimensions, the ten
autonomic variables, and their corresponding canonical variates.

In accordance with Tabachnick and Fidell (1989), a cutoff correlation of .30 (about
10% of the variance) was used.
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TABLE 12.29. Correlations Between the Four Dimensional Variables, the Ten Autonomic Van-
ables, and Their Corresponding Canonical Variates.

Canonical Variate
First Second Third Fourth

First Set of Variables
DIMENSION I .89                    .41                    .21                    .00
DIMENSION II -.43 .07 .90 .00

DIMENSION 1Il -.71                       .61 -.34 -.00

DIMENSION IV .32 -.04 .56 .76

Percent of Variance  (%)                     40                                   14                                   32 14 Total  =  100

Second Set of Variables
HR -.61 -.02 -.54 -.50

HRVM -.19                      .31 .07 -.17

HRVH -.13 .40 .14 .02

TWA .53 -.50 .49 -.07

PTI'                                      .71 -.08 .17 -.25

SBP -.72 -.15 .43 .19

DBP -.63 -.26 .14 .14

RR -.18 -.71 -.28 -.20

SCL .10 -.49 -.04 .74

p"rr .58                         .03 -.40 -07

Percent of Variance (%)              25                        13                       10 10 Total = 58

The first pair of canonical variates indicates that positive scores on dimension I (.89),

negative scores on dimension III (-.71), negative scores on dimension II (-.43), and
positive scores on dimension IV (.32) were related to a relatively low SBP (-.72), long

PTT (.71), low DBP (-.63), low HR (-.61), high FTT (.58), and large TWA (.53).
This pattern of autonomic reactivity scores may be indicative of decreased a- and B-

adrenergic activity, since the values of HR, TWA, PTT, FTT, SBP, and DBP significantly

changed in the direction of sympathetic deactivation. Cardiac deceleration with hypoten-
sion has been connected with cortical activation (Lacey & Lacey, 1970; Pribram &

McGuinness,    1975;    1992).   As is clear   from   the   analysis this state of activation   was   as-

sociated with all four dimensions, but to different extent and direction. This pattern had its
highest positive association with dimension I, of which the positive pole is assumed to

represent activation. The negative pole of this dimension was characterized by the inverse

pattern: an increase in a- and B-adrenergic activity, indicating a state of "general activa-

tion." Within the proposed framework this negative pole is assumed to represent a more

automatic state of readiness. Hence, dimension I is conceived to represent an activation-

readiness control system (cf. Pribram & McGuinness, 1992).
The second pair of canonical variates indicates that positive scores on dimension III

(.61) and positive scores on dimension I (.41) corresponded with a relatively low RR (-

71), small TWA (-.50), low SCL (-.49), large HRVH (·40), and large HRVM (·31)
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This pattern of autonomic reactivity scores may be indicative of a combination of in-
creased parasympathetic and 11-adrenergic activity, and decreased cholinergic activity, since

the values of HRVM, HRVH, and RR significantly changed in the direction of parasym-

pathetic activation, the value of TWA in the direction of 11-adrenergic activation, and the
value of SCL in the direction of cholinergic deactivation. Both HRVM (0.1 Hz component)
and HRV„ (respiration sinus arrhythmia; RSA) have been associated with mental effort
(e.g., Mulder, 1980, 1985; Porges, 1984, 1985). The analysis revealed that this state of
effort had its highest positivity associated with dimension III and, to a lesser extent, with
dimension I. Within the proposed framework the positive pole of dimension III represents

effort, while the negative pole of this dimension was characterized by decreased parasym-
pathetic and some 11-adrenergic activity, reflecting a more automatic state, or as Pribram
and McGuinness (1992) argued comfort. Hence, dimension III is conceived to represent an

effort-comfort control system (cf. Pribram & McGuinness, 1992).
The third pair of canonical variates indicates that positive scores on dimension II (.90),

positive scores on dimension IV (.56), and negative scores on dimension III (-.34) were
related to a low HR (-.54), a large TWA (.49), a high SBP (.43), and a low FTT (-.40).

This pattern of autonomic reactivity scores, representing a dissociation between par-
ticularly HR on the one hand, and SBP and FTT on the other, may be indicative of in-
creased a-adrenergic activity and may indicate baroreceptor reflex activity. HR decrease

and BP increase, without changes in PTT indicate increased a-adrenergic activity (Weiss
et al., 1980). Although the baroreceptor reflex has been shown to be sensitive to cognitive
processing (e.g., Robbe et al., 1987; Steptoe & Sawada, 1989), it has not been associated

with an energetic mechanism. The analysis showed that this autonomic pattern had a very
high positive relation with dimension II, to a lesser extent with dimension IV, and a low
negative association with dimension III.

The fourth pair of canonical variates indicates that positive scores on dimension IV

(.76) were related to a high SCL (.74) and a low HR (-:50).
This pattern of autonomic reactivity scores, representing a dissociation between HR and

SCL, may be indicative for increased parasympathetic and cholinergic activity. Decreased

heart rate with increased skin conductance level has been connected with processes of
input regulation (e.g., Lacey et al., 1963; Lacey & Lacey, 1970), indicative for arousal. As
is clear from the analysis this state of arousal was only positively associated with dimen-
sion IV. Within the proposed framework, the negative pole of dimension IV is associated
with a more automatic state, or in terms of Pribram and MCGuinness (1992) familiariza-
tion. Hence, dimension IV represents an arousal-familiarization control system (cf

1 Pribram & McGuinness, 1992).
As already mentioned, each of the autonomic response patterns (with the exception of

the autonomic response pattern of the fourth canonical variate) were, to a different degree
and direction, significantly associated with more than one dimension. In terms of energetic
control systems, the activation-readiness system was, besides positively related to dimen-
sion I, negatively related to dimension III (effort-comfort) and dimension H (baroreflex ac-
tivity), and positively related to dimension IV (arousal-familiarization). The effort-comfort
system was, besides positively related to dimension III, positively related to dimension I
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(activation-readiness). Finally, baroreflex activity was, besides positively related to dimen-
sion II, positively related to dimension IV (arousal-familiarization) and negatively related
to dimension III (effort-comfort).

Pole dimensional scores. To illustrate these relationships further, mean autonomic and
dimensional values at the positive and negative poles of each of the four dimensions were
calculated. This was done by averaging the normalized and trend corrected autonomic
reactivity scores and the dimensional scores of the upper (+) and lower (-) 25% of the
observations (out of 1944 observations) of each dimension (about 486 cases each). In
Table  12.30 are shown the mean values of these calculations.

First, it has to be noted that these mean autonomic values do not represent 'pure'
autonomic response patterns as identified by means of canonical correlation analysis (see
Table 12.29). These scores are (with the exception of the automonic response pattern as-
sociated with arousal-familiarization), to different degrees and directions, confounded by
autonomic response patterns associated with other dimensions. For example, the autonomic
response pattern, identified as activation-readiness, is related to all four dimensions.

The mean autonomic response pattern at the positive pole of dimension I is mostly

characterized by a relatively low HR„ low SBP, low DBP, large TWA, long PTT, and high
FTT. This pattern corresponds with the second set of variables of the first canonical
variate (see Table   12.29).   The mean autonomic response pattern  at the negative  pole  o f
dimension I is mostly characterized by the inverse pattern of the positive pole, hence a

relatively high HR, high SBP, high DBP, small TWA, short PTT, and low FTT.
The mean autonomic response pattern at the positive pole of dimension II is mostly

characterized by a relatively low HR„ large TWA, high SBP, high DBP, and low FTT.
This pattern corresponds with the second set of variables of the third canonical variate (see
Table 12.29). The mean autonomic response pattern at the negative pole of dimension II is

TABLE 12.30. Mean  Values of Autonomic and Dimensional  Variables of each Dimension.

Variable Dimension I Dimension II Dimension III Dimension IV
+        -        +        -        + - +-

Dimension 4.86 -5.65 3.69 -3.90 4.52 -4.30 3.41 -3.50

HR -1.58 10.31 1.60 7.72 9.14 -1.49 -1.01 10.82

HRVM -1.20 -2.22 -1.49 -2.49 ..65 -2.99 -2.59 -1.41

HRVH -1.82 -3.21 -1.88 -3.19 -1.76 -3.85 -2.23 -2.80

TWA 1.12 -5.06 .46 -4.38 -8.94 4.14 .26 -4.58

Prr 2.10 -7.60 -3.77 -2.99 -8.11 1.29 -2.69 -3.31

SBP -1.24 7.16 6.90 .12 5.19 1.41 4.71 2.30

DBP -.51 6.98 6.51      .91 4.24 2.16 3.32 3.85

RR 1.39 8.51 4.22 5.89 3.29 6.92 2.86 7.84

SCL .77 6.70 1.12 7.85 3.35 4.33 7.73 1.29

FIT 1.26 -4.74 -6.33 2.51 -4.00 -.07 -3.91 -.07

Note: +: positive pole; -: negative pole



Results 215

mostly characterized by the inverse pattern of the positive pole, hence a relatively high
HR, small TWA, low SBP, low BDP, and high FTT.

The mean autonomic response pattern at the positive pole of dimension III is mostly
characterized by a relatively large HRVM, large HRVH, small TWA, low RR, and low
SCL. This pattern corresponds with the second set of variables of the second canonical
variate (see Table 12.29). Although the loading of HR is not significant (see Table 12.29),
this pattern at the positive pole of dimension III is also the only one with a relative high
HIt„ of which it is suggested to be related to rejection of information (active processing)

(e.g., Lacey, 1967; Lacey et al., 1963), the direction of attention (e.g., Cohen & Waters,

1985; Coles & Duncan-Johnson, 1975), and effort (e.g., Pribram & McGuinness, 1975;
MeGuinness & Pribram, 1980). The mean autonomic response pattern at the negative pole
of dimension III is mostly characterized by the inverse pattern of the positive pole, hence a

relatively small HRVM, small HRVH, large TWA, high RE and high SCL.
The mean autonomic response pattern at the positive pole of dimension IV is mostly

characterized by a relatively low HR and high SCL. This pattern corresponds with the
second   set of variables   of the fourth canonical variate (see Table 12.29). Moreover,   this

pattern indicates that HR deceleration is relatively small, while the increase is SCL is reta-
tively large, suggesting that cholinergic activity is dominant. The mean autonomic response

pattern at the negative pole of dimension IV is mostly characterized by the inverse pattern

of the positive pole, hence a relatively high HR and low SCL.

Summarizing, despite the confounding of three of the four autonomic response patterns
with four dimensions, the results described in Tables 12.29 and 12.30, converge to a
considerable extent.

Relationships between EMG and dimensions. Canonical correlation analysis was also used

to determine the relationships between a set of the four dimensions and a set of the three

EMG variables (after trend correction) with the use of BMDP 7.0 (1993). With three

canonical correlations included, %2(12) = 38.9, p < .001, and with the first canonical correta-

tion removed x2 value was not significant; %2(6) = 10.8, p = .095. Therefore, only the first

pair of canonical variates was reliable. The canonical correlation was .66, representing
44% overlapping variance for this pair of canonical variates, indicating a substantial

relationship between this pair. Table 12.31 shows the correlations between the four dimen-
sional and three EMG variables, and their corresponding canonical variate.

The pair of canonical variates indicates that negative scores on dimension III (-.86),

TABLE 12.31. Correlations Between the Four Dimensional Variables, the Three EMG Variables,
and Their Corresponding Canonical Variate

First Set of Variables Second Set of Variables
DIM I  DIM II DIM III DIM IV EMGCS EMGoo EMGoot

Canonical Variate .43 -.09 -.86 .76  .85 -.70 -.03

Percent of Variance (%)              38                                                               41
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positive scores on dimension IV (.76), and positive scores on dimension I (.43) were
related to relatively large EMGcs amplitudes   (.85) and small EMGoo amplitudes   (-. 70).
Dimension II was unrelated to any of the EMG measures and EMGool was unrelated to
any of the dimensions.

This analysis indicates that EMGcs amplitude was inversely related with the effort-
comfort system, and directly related with the arousal-familiarization the activation-readi-
ness systems. On the other hand, EMGoo was directly related with the effort-comfort
system, and inversely related with the arousal-familiarization and the activation-readiness
systems. Finally, EMGool was not associated with any of these energetic control systems,
and none of the three muscle groups was related to baroreflex activity (dimension II),
which was expected since this is an intrinsic regulatory mechanism, although influenced by
cognitive processes, not associated with an energetic control mechanism.

To illustrate these relationships further, mean values of EMG and dimensional variables
in the same way as for the autonomic reactivity scores were calculated (see Table 12.32).

The positive poles of dimension I and IV were characterized by a relatively high
EMGcs and low EMGoo and the positive pole of dimension III was characterized by a
relatively low EMGcs and high EMGoo. These results are in agreement with the results of
the canonical correlation analysis (see Table 12.31).

Interpretation of these results in terms of the postulated energetic framework indicates
that EMGcs amplitudes were positively associated with the arousal-familiarization and
activation-readiness systems, negatively with the effort-comfort system, and independent of
baroreceptor activity. EMGOO amplitudes were negatively associated with the arousal-
familiarization and activation-readiness systems, positively with the effort-comfort system,
and also independent of baroreceptor activity. The EMGool amplitude was independent of
any of the postulated energetic control systems.

Analysis of Fariance. Multivariate analysis of variance (MANOVA) with repeated mea-
sures (SPSS 6.0.1,  1993) was used to test for effects of dimensional scores.

The reasons for these analyses, the design of analysis and the adopted significance level
were the same as for the analyses of variance of the performance scores described in the
section "Task performance scores" of this chapter.

TABLE 12.32.  Mean  Values  of EMG and  Dimensional  Variables  of each  Dimension.

Variable Dimension I Dimension II Dimension III Dimension IV

+        -        +        -        + - + -

Dimension 4.86 -5.65 3.69 -3.90 4.52 -4.30 3.41 -3.50

EMGcs 202 185 190 210 162 223 203 190

EMGOO 104 115 115 109 118     98 106 118

EMGOO, 157 196 193 161 189 171 190 162

Note. +: positive  pole; -: negative  pole
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Dimension   L In Table   12.33 are shown the results   of the MANOVA   of the scores   on

dimension I.
During the Gestalt Completions (F = 18.1, p < .001) and the Identical Pictures (F  1,(1, 53)

53) = 22.3, p < .001) tasks the scores on dimension I were, respectively, significantly higher
and lower than zero (midline-level), while during the other tasks these scores did not differ

significantly from zero (see Figure 12.18).
The interaction Content x Stage was first tested per level of Content. For the figural as

well  as  for the verbal tasks  I  found a significant effect of Stage (figural:  Piz, 52)  =  51.0, p  <

.001; verbal: F 2. S2)
= 3.9, p < .05). Pairwise comparison of the levels of Stage for the

figural tasks revealed significantly different scores on dimension I during the Gestalt Com-

pletions (significant positive score) (Fci, 53) = 86.7, p < .001) and Figural Analogies (nonsi-
gnificant positive score) (lit. 53) = 59.8, p < .001) tasks than during the Identical Pictures

task (significant negative score). Pairwise comparison of the levels of Stage for the verbal

tasks revealed only a significantly different score on this dimension during the Synonyms

(nonsignificant negative score) than during the Verbal Analogies task (nonsignificant posi-

tive score) Ult. 53) = 6.0, p < .05). Analysis of the effect of Content per level of Stage

showed a significantly different score on dimension I during the Gestalt Completions (si-
gnificant positive score) than during the Synonyms task (nonsignificant negative score)

(41.53) = 20.8, p < .001), and a significantly different score during the Identical Pictures

(significant negative score) than during the Double Descriptions task (nonsignificant

positive score)   (4 1. 53)
= 34.1, p < .001). There was no significant difference between the

two tasks of the reasoning stage.

The quadratic trends were significant during the figural as well as the verbal tasks

(figural: Pit, 53)
= 107.3, p < .001; verbal: 4 1.53) = 67.7, p < .001). Across the six task-

periods of these psychometric tasks these trends were negative.

Analysis of the linear trend per psychometric task gave only a significant positive trend

during the Gestalt Completions task (41.53) = 16.1, p < .001).

TABLE 12.33. F Values for MANOVA With Repeated Measures of the Scores on Dimension I.

Effect                                                          F                                      df

Content 0.7 1,53

Stage 30.8*** 2,52

Petiodlincar 3.5 1,53

Period 122.5*** 1,53
quadratic

Content x Stage 32.9*** 2,52
Content x Period                                                                      1.6                                                        1,  53

linear

Content x Periodquadratic
6.5* 1, 53

Stage x Periodlinel
2.0 2,52

Stage x Per'iod 2.4 2,52
quadhtic

Content x Stage x Period,ine- 5.7** 2,52

Content x Stage x Periodquadratic
0.7 2,52

*p<.05; ** p <.01; *** p <.001
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Figure 12.18. Mean scores on Dimension I during the six task-periods of the psychometric tasks.
GC: Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP:
Identical Pictures; DD: Double Descriptions (N = 54).

Summarizing, during the Gestalt Completions task the scores on dimension I, represen-
ting an activation-readiness system, were positive, indicating relatively controlled process-
ing during this task, while during the Identical Pictures task these scores were negative, in-
dicating relatively automatic processing during this task. During the other four tasks scores
did not differ from zero, indicating that controlled and automatic processing were about in
balance (did not differ from midline-level).

For tasks with a figural content, differences in scores between the Gestalt Completions
and Figural Analogies task on the one hand, and the Identical Pictures task on the other
indicate a different level of processing. The Gestalt Completions and Figural Analogies
tasks were processed on a more controlled level and the Identical Pictures task on a more
automatic level.

For tasks with a verbal content, there was only a difference in scores between the
Synonyms and the Verbal Analogies task, indicating that the Synonyms task was processed
at a lower level of control than the Verbal Analogies task.

With respect to content domain, the tasks of the cognition and evaluation stages did
differ in level of processing, and the tasks of the reasoning stage not.

During the course of all the psychometric tasks scores initially increased to more upper
levels (or less lower levels) of control, but decreased to less upper levels (or more lower
levels) of control at the end of the tasks.

Dimension IL Table 12.34 shows the results of the MANOVA of the scores on dimension
II.

Only during the Verbal Analogies task scores on dimension II were significantly lower
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TABLE 12.34. F  Values for MANOVA With Repeated Measures of the Scores on Dimension II.

Effect                                                               F                                          #

Content                                                                            1.1                                                  1,53
Stage 1.0 2,52

Period 10.0- 1, 53linear

Period 613*** 1,53quadratic

Content x Stage 4.7* 2,52
Content x Period

linear
0.0 1,53

Content x Periodquadratic 2.3 1, 53

Stage x Periodlinear
10.4*** 2,52

Stage x Period
quadratic

3.2* 2,52

Content x Stage x Periodlinear
7.6** 2,52

Content x Stage x Period
quadra,ic

11.6*** 2,52

* p < .05; ** p < .01; *** p < .001

than zero (midline-level) OF(1.53) = 7.1, p < .01), while during the other tasks these scores

did not differ significant from zero (see Figure 12.19).
The interaction Content x Stage was first tested per level of Content. Only for the

verbal tasks there was a significant effect of Stage (42.52) = 5.8, p < .01) Pairwise com-
parison of the stages for the verbal tasks gave significantly different scores during the
Synonyms (nonsignificant positive score) 65,, 53, = 8.2, p < .01) and Double Descriptions
(nonsignificant positive score) (Plt. 53) = 6.4, p < .05) tasks than during the Verbal Anato-
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Figure 12.19. Mean scores on Dimension II during the six task-periods of the psychornetric tasks.

GC: Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP:
Identical Pictures; DD: Double Descriptions (N = 54)
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gies task (significant negative score). Analysis of the effect of Content per level of Stage
revealed a significantly different score during the Gestalt Completions task (nonsignificant
negative score) than during the Synonyms task (nonsignificant positive score) 617(1. 53) = 4.3,
p < .05), and a significantly different score during the Figural Analogies task (nonsi-
gnificant positive score) than during the Verbal Analogies task (significant negative score)
(61,53) = 6.6, p < .05). There was no significant difference between content domains of the
tasks of the evaluation stage.

Analysis of the linear trend per psychometric task showed significant linear trends of
the scores on dimension II during the Synonyms (4 = 14.9, p < .001), the Identical1, 53)

Pictures (F 1. 53) = 24.1, p < .001), and the Double Descriptions (1;21.53) = 6.5, p < .05)
tasks, which were positive.

Analysis of the quadratic trend per psychometric task showed significant quadratic
trends of the scores on dimension II during all psychometric tasks (Gestalt Completions:
111.53) = 10.2, p < .01; Synonyms: F(1.51) = 44.2, p < .001; Figural Analogies: 41.53) -
20.4, p < .001; Verbal Analogies: FFL 53,

= 16.1, p < .001; Identical Pictures: PPL 53) = 51.7,
p < .001; Double Descriptions: 41.53) = 16.6, p < .001). All these trends were negative.

Summarizing, during the Verbal Analogies task the scores on dimension II, represent-
ing baroreflex activity, were negative, indicating a low sensitivity of the baroreceptor
reflex. During the other tasks scores did not differ from zero.

For tasks with a figural content, there were no differences in scores between the
psychometric tasks of the three stages.

For tasks with a verbal content, differences in scores between the Synonyms and
Double Descriptions task on the one hand, and the Verbal Analogies task on the other
indicate a different level of sensitivity. Baroreflex sensitivity during the Synonyms and
Double Descriptions tasks was higher than during the Verbal Analogies task.

With respect to content domain, the tasks of the cognition and reasoning stages did
differ in baroreflex sensitivity, and the tasks of the evaluation stage not.

During the course of all the psychometric tasks scores initially increased to more higher

levels (or less lower levels) of sensitivity, but decreased to less higher levels (or more
lower levels) of sensitivity at the end of the tasks.

Dimension III. Table  12.35  shows  the  results  of the  MANOVA  of the  scores  on  dimension
III.

None of the mean scores on dimension III during each of the psychometric tasks were
Significant different from zero (midline-level) (see Figure 12.20).

The effect of Content was expressed by significantly different scores on dimension III
during the verbal tasks (nonsignificant positive score) than during the figural tasks (nonsi-
gnificant negative score).

Analysis of linear trends of scores on dimension III per stage revealed only a sig-
nificant trend during the tasks of the evaluation stage (F = 9.6, p < .01). This trend

(1, 53)

was  negative (see Figure  12.20).
Analysis of the quadratic trend per psychometric task showed significant quadratic

trends of the scores on dimension II during the Gestalt Completions (lit. 53) - 5.2, p < .05),
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TABLE 11.35.  F  Values for  MANOVA  With  Repeated Measures  of the Scores  on  Dimension  III.

Effect                                                     F                                   df

Content 10.0** 1, 53

Stage 2.2 2,52
Periodlear                                                                                  2.1                                                         1,53

Period 4.5* 1, 53quadratic

Content x Stage 0.5 2,52

Content x Period 3.9 1, 53linear

Content x Period 7.0* 1,53quadratic

Stage x Periodlinear 7.5** 2, 52

Stage x Period 2.9 2,52quadratic

2,52Content x Stage x Period,ine- 0.3

Content x Stage x Periodquabtic 3.8* 2,52

*p<.05; ** p <.01

the Synonyms (EPL 53)
= 5.0, p < .05), and the Identical Pictures (Pii, 53) = 8.0, p < .01)

tasks. These trends were all positive.
Summarizing, none of the tasks scores did differ from zero on dimension III, which

represents an effort-comfort system, indicating that controlled and automatic levels of
processing were about in balance.

With respect to stage, no differences in scores between the tasks of the three stages were
found.
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Figure  12.20. Mean scores on Dimension III during  the six task-periods  o f the psychometric tasks.
GC: Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP
Identical Pictures; DD: Double Descriptions (N = 54).
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With respect to content domain, verbal tasks had a positive score and figural tasks a
negative score, indicating that verbal tasks were processed on a more controlled level and
figural tasks on a more automatic level.

During the course of the Gestalt Completions, Synonyms, and Identical Pictures tasks
scores initially decreased to more lower levels (or less upper levels) of control, but in-
creased to more upper levels (or less lower levels) at the end of the tasks. Scores of the
Double Descriptions task gradually increased to more lower levels.

Dimension IV. Table 12.36 shows the results of the MANOVA of the scores on dimension
IV.

None of the mean scores on dimension IV during each of the psychometric tasks were

significantly different from zero (midline-level) (see Figure 12.21).
The effect of Period linear was caused by a negative linear trend (see Figure 12.21).
Analysis of the quadratic trend per psychometric task showed significant trends across

the six task-periods of the Figural Analogies (F = 5.5, p < .05), and the Identical
(1, 53)

Pictures (Ppi. 53) = 22.8, p < .001) tasks. These trends were negative.

Summarizing, none of scores on dimension IV, which represents an arousal-familiari-
zation system, deviated from zero, and differentiated between stages and content domains.
These results indicate that during all the psychometric tasks arousal-familiarization system
was operating on the same level.

During the course of all the psychometric tasks scores decreased gradually, indicating a
change from more controlled levels to more automatic levels (habituation).

Relationships between psychometric and energetic measures

To ascertain individual differences between the physiological reactivity and dimensional

TABLE 12.36. F Values for MANOVA With Repeated Measures of the Scores on Dimension IV.

Effect                                                         F                                      df

Content 0.0 1,53

Stage                                                 2.1                              2,52
Period 417*** 1, 53linear

Period 4.0* 1, 53
quadratic

Content x Stage 0.8 2,52

Content x Period,ine- 0.2 1,53

Content x Period 23.7*** 1,53quadratic

Stage x Periodlinear 0.1 2,52

Stage x Period 10.6*** 2,52quadratic

Content x Stage x Period                                         1.1                                            2,52linear

Content x Stage x Period
quadratic

9.0*** 2,52

* p <05; ***
p < .001
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Figure 12.21. Mean scores on Dimension IV during the six task-periods of the psychometric tasks.
GC: Gestalt Completions; Sy: Synonyms; FA: Figural Analogies; VA: Verbal Analogies; IP:
Identical Pictures; DD: Double Descriptions (N = 54).

Scores on the one hand, and performance scores on the other hand, correlations were
calculated between these variables.

Correlations between physiological and performance scores. Correlations across subjects
between thirteen mean physiological reactivity scores (after trend correction) and two mean
performance scores (response time and percentage of correct responses) were calculated for
each psychometric task (significance level of 5%, two-tailed).

Gestalt Completions. None of the 26 correlations was significant. They ranged from -.26
to .20.

Synonyms. None of the 26 correlations was significant. They ranged from -.22 to .25.

Figural Analogies. Only two of the 26 correlations were significant. The correlation
between DBP and response time (.36, p < .01), and between EMGoo and percentage of
correct responses (-.28, p < .05).

Verbal Analogies. Three of the 26 correlations were significant. The correlation between
HRVM and percentage of correct responses (:28, p < .05), between HRVH and response
time (-.35, p < .01), and between DBP and response time (.36, p < .01).

Identical Pictures. None of the 26 correlations was significant. They ranged from -.22 to
.11.
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Double Descriptions. Only two of the 26 correlations were significant. The correlation
between SBP and percentage of correct responses (.32, p < .05), and between EMGoo1 and

percentage of correct responses (.38, p < .01).

Of  a  total  of 156 correlations only seven correlations were significant, probably  due  to

chance.

Correlations between dimensional and performance scores.  Correlations across subjects
between four mean dimensional scores and two mean performance scores (response time

and percentage of correct responses) were calculated for each psychometric task (sig-
nificance level of 5%, one-tailed).

Gestalt Completions. None of the 8 correlations was significant. They ranged from -.19 to

.11

Synonyms. None of the 8 correlations was significant. They ranged from -.16 to .22.

Figural Analogies. None of the 8 correlations was significant. They ranged from -.16 to
.15.

Ferbal Analogies. None of the 8 correlations was significant. They ranged from -.07 to
.22.

Identical Pictures. Only one of the 8 correlations was significant. The correlation between

the activation-readiness system and response time (-.24, p < .05). This correlation was in
the expected direction.

Double Descriptions. Only one of the 8 correlations was significant. The correlation
between the effort-comfort system and the percentage of correct responses (.24, p < .05).
This correlation was not in the expected direction.

Only two of 48 correlations were significant, again probably due to chance.
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Discussion
Introduction

In this chapter the results of the experiment of the "Psychometric-energetic" phase,

related to the following issues, will be discussed (see also the subsection "Research ques-

tions and hypotheses" of Chapter 3).
First, were the accuracy and speed measures of the psychometric tasks reliable enough

to perform subsequent intra- and interindividual analyses?

Second, were the psychometric tasks, in terms of processing accuracy and speed,

chosen in accordance with the proposed methodological framework (see Table 3.1)? It was
expected that performance on the psychometric tasks differentiated between the three

cognitive stages and generalized across the verbal and figural domains of the reasoning

stage, but not across the content domains of the cognition and evaluation stages.

Third, to what extent were the single physiological responses reactive and specific

sensitive to the three different cognitive stages and the two content domains, i.e. the six

psychometric tasks?

Fourth, was it possible to identify different autonomic response patterns, and if so,
were they interpretable in terms of the hypothesized energetic control systems: arousal-

familiarization, effort-comfort, and activation-readiness, each acting on a controlled-auto-
matic continuum?

Fifth, were the verbal and figural psychometric tasks with an emphasis on a cognition

stage (Gestalt Completions and Synonyms) mainly regulated by the more controlled part of
the arousal-familiarization system, tasks with an emphasis on a reasoning stage (Figural
and Verbal Analogies) mainly regulated by the more controlled part of the effort-comfort
system, and tasks with an emphasis on an evaluation stage (Identical Pictures and Double

Descriptions) mainly regulated by the more controlled part of the activation-readiness

system? Consequently, it is assumed that during the cognitive stages not assumed to be
regulated by a specific energetic system the more automatic (or less controlled) part of the

system is active.
Finally, were individual differences in performance on the psychometric tasks related to

individual differences in energetic control systems? It was expected that subjects with a
better performance on the psychometric tasks were able to do this on a more automatic

processing level of the energetic control systems.

225
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Psychometric measures

Overall, reliabilities, across items (as well as across task-periods), of response times
(median .91) were much higher than of percentages of correct responses (median .63), in-
dicating that response times between items of each of the six different psychometric tasks
were more consistent than percentages of correct responses. Both were high enough to
perform subsequent analyses.

Task performance scores. A question regarding the six different psychometric tasks was
related to intra-individual differences in accuracy and speed of performance between the
three information processing stages and the two content domains.

The results of response time and percentage of correct responses showed that mean
performance level on the psychometric tasks of the reasoning stage was worse than those
of the other two stages, which, collapsed over content domains, were about of the same
performance level. The results further revealed that the verbal and figural tasks of the
reasoning stage had the same mean level of performance and the verbal and figural tasks
of the other stages not. More specific, the Gestalt Completions and Double Descriptions
tasks had lower mean performance levels than the Synonyms and Identical Pictures tasks,
respectively. Supported by the results of the accuracy structure of the psychometric tasks
of the former experiment (see Part II, "Psychometric-cognitive" phase), the present results
suggest that the reasoning tasks were the most difficult/complex, and the cognition and
evaluation tasks, collapsed over content domain, the least difficult/complex. Moreover,
performance level strongly decreased during the tasks of the reasoning stage, slightly
decreased during the tasks of the cognition stage, and slightly increased during the tasks of
the evaluation stage. Considering the structure of the individual items of the psychometric
tasks, particularly of those of the reasoning tasks, it is reasonable to assume that perfor-
mance deteriorated as a consequence of increasing difficulty/complexity of the items of
these tasks. However, it is possible that changes in performance may also be caused by

changes in the subject's energetic state (fatigue, boredom, motivation, etc.). Considering
the relative short duration of each of the psychometric tasks, the counterbalanced design,
and subjective indications, it is reasonable to assume that changes in this state were hardly
relevant.

However, there are some serious problems related to the interpretation of these results
within the context of the difficulty/complexity concept. For example, the Gestalt Comple-
tions task had a mean percentage of correct responses about as high as the Verbal and
Figural Analogies tasks, but a much lower response time. Hence, with processing accuracy
as an index of difficulty/complexity the tasks were of the same difficulty/complexity, but
compared with processing speed as an index they were not. In the psychometric tradition,
accuracy is used as an index of difficulty/complexity, in which it is generally defined as its
correlation with general intelligence (G) (e.g., Marshalek, Lohman, & Snow, 1983; Snow,
Kyllonen, & Marshalek, 1984). In the cognitive or information processing tradition, speed
(response or reaction time) is used as an index of complexity/difficulty. Within this latter
tradition it is assumed that total reaction time becomes longer when a cognitive process is



Discussion 227

inserted into a sequence of other processes, or when the demands on a cognitive process
becomes higher (a mental rotation of 125 degrees takes longer than one of 25 degrees),
without affecting accuracy. In this line of research, accuracy is usually high and it is
generally assumed that subjects take the minimum amount of time necessary to give an
accurate response (e.g., Pachella, 1974). Hence, if we take response time as an index of
difficulty/complexity, mean accuracy between the psychometric tasks should be roughly
equal to be able to make a correct comparison of the difficulty/complexity of the psycho-

metric tasks. Although usually not done, the same is true if we take accuracy as an index
of difficulty/complexity. Taking the response time of the correct responses only does not
solve this problem, since this assumes that the response time for correct responses is not

affected by the overall error rate for a task. However, such an assumption, in most instan-

ces, may be wrong, since a speed-accuracy characteristic for correct responses could be
similar to one for all responses (Pachella, 1974), as is the case in this experiment (see

below).
In the present study, the relationships across items (as well as across the six task-

periods) between response time and percentage of correct responses within tasks were

negative, and ranged from -.55 to -.88 (see Figure 12.3). Similar values were obtained by
taking response times of correct items only. This means that if items were relatively
easy/simple, the process was simpler and a more accurate response could be made quickly,
while if items were relatively difficult/complex, the process was harder and the response
would be slower and less accurate. Norman and Bobrow (1975) referred to this relation-

ship as data-limited processing. There can be several reasons why subjects processed the
information of the psychometric tasks in this way. First, the stimuli used in this study may
be signal data-limited. For example, the Gestalt Completions task limited the performance
because of a low signal-to-noise ratio. Second, the stimuli may be memory data-limited.

For example, the Analogies tasks may exceeded the capacity of the subject's memory.
Third, processing speed. For example, the Identical Pictures tasks had to be performed
under high speed conditions. Fourth, limited knowledge may have affected performance of
the Synonyms and Double Descriptions tasks. Finally, a combination of these and other
limitations. In short, other than resource limitations (i.e. structural limitations) can put
constraints on the performance level of a subject during a certain task.

However, there are some restrictions on the assumption of data-limited processing.

First, the concept implies that speed does not affect performance output (accuracy), which
is not true in the present study. Second, the concept is based on the idea that processing
demands are similar for all items. Establishing a relationship between speed and accuracy
for a certain task assumes homogeneity of task item characteristics. Also this is not true in
this study. The items of (some) psychometric tasks, particularly those of the reasoning

tasks, are different in processing demands and thus provide different recourse-limited and
data-limited regions in their performance-resource functions. Low accuracy may indicate
that an item is data-limited, but also that not enough resources have been allocated. Only
under absence of time-limits (pure power condition) one can decide between data- and
resource-limited. In the present study, processing of an item may be curtailed because of
the imposed time-limits and the consequent experience of time pressure.
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Within the context of this study, in which the psychometric tasks were designed to
keep conceptually as close as possible to the original, paper and pencil intelligence tests,
including time-limits, these issues could not be resolved. The consequence is that subjects,
in general, may not allocate all their resources available to solve all the items. Easy/simple
items were probable resource-limited, but as items became more difficult/complex they
became data-limited and dependent on structural factors as well.

Individual dgferences. Another question regarding the performance on the six different
psychometric tasks was related to interindividual differences in accuracy and speed of
performance between the three information processing stages and the two content domains.

Intercorrelations of response times as well as percentages of correct responses indicate
relative stage independence (with a few exceptions), and suggest that performance on the
psychometric tasks was relatively ability (accuracy) or process (speed) specific across the
three different cognitive stages. Furthermore, correlations between response times and
percentages of correct responses of the two psychometric tasks of the reasoning stage
indicate relative generalizability across the verbal and figural domain, but not across the
two content domains of the cognition and evaluation stages. These results suggest that
performance on the psychometric tasks was relatively ability or process nonspecific across
the content domains of the reasoning stage, and relatively ability or process specific across
the content domains of the cognition and evaluation stages.

It was not the purpose of the experiment of the "Psychometric-energetic" phase to
reveal an ability structure of the six psychometric tasks (see, however, the results of the
experiment of Part II, "Psychometric-cognitive" phase), since the order of presentation of
these tasks was counterbalanced in the experiment of the current phase. There are, how-
ever, some similarities (but also a difference) in ability structure (based on accuracy).
First, the psychometric tasks were relatively unrelated between the three cognitive stages,

suggesting different abilities. Second, the Figural and Verbal Analogies tasks (reasoning
stage) were relatively closely related, suggesting, as revealed by many factor analytic
studies, a same (reasoning) ability. Third, the two psychometric tasks of each of the
cognition and evaluation stage were relatively unrelated between the two content domains,
also suggesting different abilities. A difference is that the correlations of the present phase

were, in general, smaller than those of the "Psychometric-cognitive" phase, probable due
to the different orders of presentation of the psychometric tasks. Comparison of the
response times of the psychometric tasks between the two phases of this study also
revealed different patterns. Intercorrelations of response times of the psychometric tasks of
the "Psychometric-cognitive" phase were higher as well as more equal than of the
psychometric tasks of the present phase. These differences are probably also due to the
different orders of presentation of the psychometric tasks.

The results of the analyses at the inter-task level seem, to a certain extent, to converge
with those of the analyses at the inter-subject level. Both analyses showed differences in
accuracy and speed of performance between the three different cognitive stages. In terms
of difficulty/complexity as well as in terms of cognitive abilities, which, however, can be
translated in terms of complexity (e.g., Marshalek, Lohman, & Snow, 1983), the verbal
and figural tasks of the reasoning stage were the most difficult/complex ones, and the tasks
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of the cognition and evaluation stages were, collapsed over content domains, the most
easy/simple ones. Between the content domains, the tasks of the reasoning stage were
equally difficult/complex, while the tasks of each of the cognition and evaluation stage,
were of different difficulty/complexity.

Physiological and energetic measures

Before reactivity of the individual physiological variables and specific autonomic
physiological response patterns elicited by the different psychometric tasks could be
analyzed and interpreted, inter- and intra-individual main experimental trends were suc-
cessfully removed from the physiological variables used in this study, by means of a curve
estimation procedure. Moreover, internal consistency reliabilities of the physiological
measures (baseline level before trend correction) and the physiological reactivity scores

(after trend correction) were very high, indicating a high level of measurement precision of
the physiological signals and a high level of preprocessing of these signals across the six
baselines, and very consistent physiological reactivity scores across the six task-periods of
each psychometric task.

Sensitivity  of physiological  responses. The question to what extent the single physiological
responses were reactive and specific sensitive refers to Furedy (1987) and was attempted
to be answered by means of analysis of variance. Furedy made a distinction between
reactive sensitivity and specific sensitivity (see also Kahneman, 1973). The first one refers
to differential reactivity to different levels of mental effort, as represented either by the
presence versus absence of a cognitive task or by the contrast between difficult and easy
levels of a task (quantitative difference). The second one refers to reactivity to mental
effort but not to related, but different, manipulations that do not involve mental effort
itself (qualitative difference). It has to be noticed, however, that not every task variable
that increases processing complexity, necessarily induces changes in physiological activity.
Only task variables which affect "resource-limited" processes are effective (Mulder, 1986)
Taken into account that probably part of the items of the psychometric tasks were "data-
limited" makes such an interpretation of the physiological responses not without difficul-
ties. Furthermore, physiological indices of effort may be related to either processing

(specific) or compensatory (aspecific) effort or both (Mulder, 1986; Sanders, 1983).
Because an evaluation of reactive and specific sensitivity of all the single physiological

responses is beyond the scope of this discussion only the most salient, particularly with
respect to those proposed as indices of energetic control, will be evaluated.

HR was higher during five of the six psychometric tasks (with the exception of the
Figural Analogies task) than during rest, indicating reactive sensitivity to these five psy-
chometric tasks. HR showed a decrease followed by an increase across the six task-periods
of all the psychometric tasks of the three stages, collapsed over content domains, indica-
ting within-stage mean reactivity (reactive sensitivity). HR showed a difference between
the two psychometric tasks of the cognition and evaluation stage, but not between the two
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tasks of the reasoning stage, indicating that HR generalized across the content domains of
the reasoning stage, but not across the content domains of the other two stages. Finally,  for
the psychometric tasks with a figural content, HR was higher during the evaluation stage

than during the other two stages, which were of the same rate, while for the tasks with a
verbal content, HR did not differ. These last results indicate that the between-stage mean
reactivity (specific sensitivity) of HR was only partially valid during the figural tasks.

Although HR showed within-task reactive sensitivity: a decrease followed by an in-
crease, it seems unrelated to the tasks demands of each of the different psychometric tasks.

Particularly, during the reasoning tasks, in which difficulty/complexity increased gradually,
it was expected, assuming that HR is an index of processing effort, that HR would in-
crease.

Within the context of the methodological framework of this study and assuming that
HR is an index of processing effort, it could be argued that HR should differentiate
between the three stages (specific sensitivity). However, this was only true for the evalua-
tion stage of the figural tasks (Identical Pictures). This psychometric task was the only one
that had to be performed under high speed conditions, eliciting a HR higher than during
the other psychometric tasks, suggesting that HR may be sensitive to time pressure de-

mands.
HR has been proposed to be related to the direction of attention. Several researchers

have found that tonie HR decreases during attention to environmental stimuli (intake) and
increases during no attention to environmental stimuli (rejection; active processing) (e.g.,
Jennings, 1986b). In the present study, HR increased during (all) the psychometric tasks,

suggesting no attention to environmental stimuli. Although it was expected that HR
decelerated during the psychometric tasks of the cognition stage (environmental intake), it
is possible that during these tasks acceleration, which was expected during the reasoning

tasks (environmental rejection), overrode any deceleration associated with stimulus intake

(cf. Jennings, 1986a, 1986b). The same reason is applicable to the psychometric tasks of
the evaluation stage, during which tonie HR has been found to decrease (Pribram &
MeGuinness, 1975; McGuinness & Pribram, 1980). Indirect support for this override
hypothesis comes from the results of the former experiment (see Part II, "Psychometric-

cognitive" phase), in which it was shown that reasoning processes were involved, to
different extent, in all the psychometric tasks. As an index of energetic control, tonie HR
has been, in a similar way as above, related to arousal, effort, and activation, hence an
increase during effort and a decrease during arousal and activation.

Taken together, bearing the already mentioned restrictions on an interpretation of the

single physiological responses in mind, HR seems more an index of aspecific or com-
pensatory effort. The subject had to change his/her state to what is optimal for a certain
task.

During all the psychometric tasks HRVM was reduced in comparison to rest, indicating
reactive sensitivity to all the psychometric tasks. HRVM showed an increase followed by a
decrease across the six task-periods of all the psychometric tasks of the three stages, col-

lapsed over content domains, indicating within-stage mean reactivity (reactive sensitivity).
HRVM did not differ between the figural and verbal domains of each of the three stages,

indicating a high generalizability across content domains. Finally, HRVM was smallest for
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the tasks of the evaluation stage, followed by the tasks of the cognition stage, and largest
for the tasks of the reasoning stage, indicating between-stage reactivity (specific sensitivi-
ty) to all the stages.

In accordance with the criteria of Furedy (1987), HRVM (0·1 Hz component) showed
both reactive and specific sensitivity, indicating a to be a good index of specific or pro-
cessing effort (see also e.g., Mulder, 1980, 1986). There are, however, some difficulties
with such an interpretation. Some researchers have suggested that changes in HRVM are
only affected by working memory load (e.g., Jorna, 1992), which is related to effort. This
suggestion poses some difficulty on the interpretation of the HRVM results of the present
study. Performance on the psychometric tasks indicates that the Analogies tasks (reasoning
stage) were the most difficult/complex ones, suggesting the highest demands on working
memory. However, reduction of HRVM was smallest during the Analogies tasks, sugges-
ting the least demands on working memory. Moreover, HRVM showed an increase fol-
lowed by a decrease in the course of the Analogies tasks, while performance measures
indicate a strong increase in difficulty/complexity. A reason for these contradicting results
may be that an increase in task demands is only accompanied by a decrease in HRVM, as
an index of effort, as long as they are within the constraints of resource-limited processing.
Another possible reason for the present results is that HRVM reflected the increased supply
of non-specific input to the processes differently involved in the psychometric tasks, to
obtain an optimal state needed for a specific task (cf. Mulder, 1986; see also Jorna, 1992).
A factor that can modulate such an optimal state is time pressure. On this view, the results
are better interpretable, since the 0.1 Hz component was most suppressed during the tasks
of the evaluation stage (with the highest time pressure), least during the tasks of the
reasoning stage (with the lowest time pressure), and intermediate during the tasks of the
cognition stage (with an intermediate time pressure). As already mentioned, this same line
of reasoning may provide an explanation for the HR results. Finally, demands on working
memory are certainly affected by time pressure demands, hence a combination of these
factors is another option.

Reactive sensitivity of TWA was only found during the Verbal Analogies task, while
during the reasoning tasks it did not show any trend. Moreover, TWA did not show any
specific sensitivity.

TWA has been proposed as an index of effort by, among others, Contrada et al. (1989)
and Furedy (1987). The results of the present study do not support such an interpretation,
both in terms of reactive and specific sensitivity.

All three EMG responses showed rest-task differences during all the psychometric
tasks, indicating reactive sensitivity, while the EMG amplitude of corrugator supercilii and
orbicularis oris inferior showed clear EMG gradients in the course of the psychometric
tasks, but the orbicularis oculi not. There was, however, no specific sensitivity of the cor-
rugator supercilii and orbicularis oris inferior between the tasks of the three stages (col-
lapsed over content domains). The results of the tonie EMG responses are in agreement
with those found by several researchers (e.g., Van Boxtel & Jessurun, 1993; Waterink,
1997; Waterink & Van Boxtel, 1994; Wilkinson, 1962). No specific sensitivity of tonic
EMG activity was also found by Waterink (1997) during an experiment in which three
stages of information-processing were manipulated: perceptual, central, and motor prepara-
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tion processes. Moreover, these stages had no effect on heart rate in comparison with rest
(contrary to the HR results of the current experiment). Waterink came to the conclusion
that tonie EMG activity of the corrugator supercilii and orbicularis oris inferior reflects
aspecific compensatory effort, and tonie heart rate not. According to Waterink com-
pensatory effort reflects attempts of the individual to control the state of the energetic
mechanisms, because they are in an inappropriate state.

An important conclusion that can be drawn from the results of the single physiological
reactivity scores is that they all reacted to one or more of the psychometric tasks. Par-
ticularly those physiological responses proposed or regarded as indices of one or more
energetic control mechanisms, of which the most were previously discussed, indicate that
one or more energetic mechanisms were involved in (part of) the psychometric tasks. It
can also be concluded from the results of the single physiological responses, notably HR
and HRVM, that they were not in agreement with previously found results regarding the

proposed stages: cognition, reasoning, and evaluation. The probable most likely reason for
the present results is the earlier mentioned "override hypothesis" of Jennings (1986a,
1986b), in which different sources of variance are confounded. To unconfound these

different sources of variance, multivariate analyses are necessary (cf. Stemmler &
Fahrenberg, 1989).

Energetic   states   of   controL   Was it possible to identify different autonomic physiological
response patterns elicited by the six different psychometric tasks and if so, were these

patterns interpretable in terms of the proposed energetic control systems: arousal-familiar-
ization, effort-comfort, and activation-readiness, each acting on a controlled-automatic
continuum?

Four different autonomic physiological response patterns, were found. Based on theo-
retical and empirical evidence these autonomic response patterns were tentatively inter-

preted as arousal-familiarization, activation-readiness, effort-comfort, and baroreceptor
reflex activity. This last response pattern, consisting of a dissociation between heart rate
and systolic blood pressure, was indicative of increased a-adrenergic activity, and may be
interpreted as baroreceptor reflex activity. Although the baroreceptor reflex has been
shown to be sensitive to cognitive processing (e.g., Mulder, 1980; Robbe et al., 1987;
Steptoe & Sawada, 1989), it has not been considered or interpreted as an index of an
energetic control mechanism. Support for this notion, although not exclusively, was the
finding in the present study that none of the three facial muscle groups was related to this
internal regulation mechanism. Therefore, three different energetic control systems were
tentatively identified as arousal-familiarization, effort-comfort, and activation-readiness.

The arousal-familiarization control system, has been identified on the basis of a dis-
sociation between HR and SCL, which is indicative for increased parasympathetic and
cholinergic activity. Decreased heart rate with increased skin conductance level has been
connected with processes of input regulation (e.g., Lacey et al., 1963; Lacey & Lacey,
1970). Moreover, pole dimensional scores indicate that HR deceleration was relatively
small, while the increase in SCL was relatively large, suggesting that cholinergic activity
was dominant. SCL has been connected to general levels of arousal (Kramer, 1991), and
has been shown to decline with stimulus repetition (Dawson et al., 1990).
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Indirectly related to the proposed arousal-familiarization system was the orbicularis
oculi and directly the corrugator supercilii. The negative association of the orbicularis oculi
with arousal was, according to Van Boxtel (personal communication), completely unex-
pected, since this muscle group is a mediator of blink reflexes and endogenous eyeblinks
and therefore an index of arousal. The positive association of the corrugator supercilii with
the arousal-familiarization system corresponds with earlier results regarding this muscle

group, in which it has been regarded as an index of aspecific energetic resources (Van
Boxtel & Jessurun, 1993; Waterink, 1997; Waterink & Van Boxtel, 1994). Finally, or-
bicularis oris inferior was unrelated with the arousal-familiarization system, while a similar
relationship as corrugator supercilii was expected.

The effort-comfort control system, has been identified on the basis of a combination of
increased parasympathetic and B-adrenergic activity, and decreased cholinergic activity,
since the values of HRVM, HRVH, and RR significantly changed in the direction of para-

sympathetic activity, the value of TWA in the direction of 11-adrenergic activation, and the
value of SCL in the direction of cholinergic deactivation. Both HRVM (0.1 Hz component)
and HRVH (respiration sinus arrhythmia; RSA) have been associated with effort (e.g.,
Mulder, 1980, 1985, 1986; Porges, 1984, 1985). Although the loading of HR is not
significant (see Table   12.29), the pattern   at the positive   pole of dimension   III   is   also   the

only one with a relative high HR (see Table 12.30), of which it is suggested to be related
to rejection of information (active processing) (e.g., Lacey, 1967; Lacey et al., 1963) and
effort (e.g., Pribram & McGuinness, 1975; McGuinness & Pribram, 1980).

Related to the effort-comfort system is the possible distinction between processing and

compensatory effort (e.g., Mulder, 1986; Sanders, 1983). As earlier mentioned there may
be two kinds of effort: (1) processing effort, indexed by e.g., 0.1 Hz component and (2)

compensatory effort, indexed by e.g., muscular activity (Mulder, 1986). In the present
study, effort was primarily indexed by heart rate variability (HRV), and indirectly related

with activity of the corrugator supercilii, directly related with activity of the orbicularis
oculi, and unrelated with activity of the orbicularis oris inferior. These results seem incom-
patible, since tonic activity of the corrugator supercilii and orbicularis oris inferior have
been positively associated with (compensatory) effort and activity of the orbicularis oculi
unrelated with effort  (e.g., Van Boxtel & Jessurun, 1993; Waterink,   1997). The argument
of Mulder (1986) that there maybe only one type of effort, related to both task difficulty
and compensatory task control, does not solve this incompatibility (see also Humphreys &
Revelle, 1984).

The activation-readiness control system, has been identified on the basis of decreased

a- and B-adrenergic activity, since the values of HR, TWA, PTT, SBP, and DBP sig-
nificantly changed in the direction of deactivation. Cardiac deceleration with hypotension
has been connected with processes of output regulation (Lacey & Lacey, 1970; Pribram &
McGuinness, 1975; 1992).

This control system was positively associated with corrugator supercilii, a result that
corresponds with earlier tonie findings, in which this muscle group has been regarded as
an index of the mobilization of aspecific energetic resources, but negatively with or-
bicularis oculi, a result incompatible with results found earlier (e.g., Van Boxtel &
Jessurun, 1993; Waterink, 1997) Regarding orbicularis oris inferior, no association with
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activation was found, a result that does not correspond with results found earlier by Van
Boxtel and colleagues.

Before continuing, an important point has to be made. Canonical correlation analysis
revealed that three of the four autonomic physiological response patterns, found in the
present study, were associated with more than one dimension. Moreover, these relation-
ships were either positive or negative. For example, the activation-readiness system was
positively related with the arousal-familiarization system, but negatively related with the
effort-comfort system. The autonomic response pattern, interpreted as arousal-familiariza-
tion, was the only one related to just one dimension. All multidimensional energetic
models (e.g., Mulder, 1986; Sanders, 1983; Wickens, 1984) assume, possibly in different
ways, that energetic mechanisms are dependent of one another. These results may be
interpreted in such a way, thereby confirming this assumption.

An interesting result of the multidimensional scaling analysis (illustrated by the pole
dimensional scores; Figure 12.30), supporting the interpretation of the autonomic response
patterns leading to the proposed energetic systems, is the relative decreased HR at the
positive poles of the dimensions representing arousal and activation, and increased HR at
the positive pole of the dimension representing effort. These results, as tonic responses, are

in agreement with the statements of Pribram and McGuinness (1975; see also McGuinness
& Pribram, 1980). According to them, tonie HR increases during effort and decreases

during activation. Jennings (1986b) interpreted cardiac acceleration as related to the
directing of attention to cognitive processing, to the exclusion of further input. Informa-
tion-processing tasks including problem solving, logical reasoning, decision making,
cognitive imaging, and memorizing (active processing) have produced results consistent
with this HR increase interpretation (e.g., Coles & Duncan-Johnson, 1975; Schwartz &
Higgins, 1971). According to the Lacey's a slower HR may indicate a higher degree of
readiness and receptivity, and may facilitate both sensory (arousal) and response (activa-
tion) efficiency, perhaps because of a quieting of the system and a conservation of energy

(see also Graham, 1979). This last suggestion is in line with Jennings (e.g., Jennings &
Hall, 1980; Jennings, 19864 1986b), who introduced capacity as an explanatory concept of
cardiac deceleration. He proposed that cardiac deceleration results from the holding avail-
able of processing capacity, related to the selection of input and output. Tonic HR decrease
during sensory processing or attention to environmental stimuli (arousal) has been found in
many studies (e.g., Lacey, 1967, Lacey et al., 1963). HR deceleration is also a response to
unexpected stimuli, eliciting an orienting reaction (OR), of which Kramer and Spinks
(1991) suggested to be related to processes which are capacity-independent (preattentive)
as well as resource-limited (controlled).

Within the methodological framework of the current study a distinction was made
between controlled and automatic states of processing. The positive pole of each dimension
was supposed to represent controlled processing and the negative pole automatic process-
ing. The discussion of the energetic control states and their underlying autonomic response
patterns has, so far, been focussed on the positive poles of the dimensions, tentatively
interpreted as arousal, effort, and activation. Each of these poles was accompanied by an
unique pattern of autonomic response activity. The same is true of the negative poles of
the three dimensions tentatively interpreted as energetic systems, assumed to represent
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more automatic states of processing, and associated with familiarization, comfort, and
readiness.

Before proceeding it has to be noticed that the concept of controlled-automatic process-
ing is a relative one. First of all, controlled and automatic processing have to be conceived
within the context of the present study, in which six different and almost unpracticed
psychometric tasks, derived from existing cognitive abilities or intelligence tests, were
presented. Moreover, complex as well as simple tasks involve a mixture of automatic and
controlled processes (Schneider, Dumais, & Shiffrin, 1984), of which several levels have

been distinguished (e.g., Kahneman & Treisman, 1984). The consequence for the current

study is that controlled or automatic processing do not necessarily mean that energetic
systems are resource or not resource-limited, respectively. They have to be conceived as
acting on a relative continuum, on which, for example, automatic processing does not
necessarily mean that there is no allocation of energetic resources.

Familiarization was characterized by the inverse autonomic response pattern of arousal:
increased HR and decreased SCL, which seems indicative for decreased parasympathetic
and cholinergic activity.

Comfort was characterized by the inverse autonomic response pattern of effort: de-
creased parasympathetic and 0-adrenergic activity, and increased cholinergic activity, since
the values of HRV , HRVH, and RR significantly changed in the direction of pal,asym-
pathetic deactivation, the value of TWA in the direction of B-adrenergic deactivation, and
the value of SCL in the direction of cholinergic activation.

Readiness was characterized by the inverse autonomic response pattern of activation:
increased a- and 11-adrenergic activity, since the values of HR„ TWA, PTT, SBP, and DBP
significantly changed in the direction of "general activation."

HR at the negative pole of the three dimensions interpreted as energetic control systems
shows, of course, the inverse pattern: a relative increased HR during familiarization and
readiness, and decreased HR during comfort. Highly speculative, the same line of inter-

pretation of the HR results at the positive pole (interpreted as controlled processing) may
be applied to these results. HR decrease during comfort may be interpreted as a state of
passive processing, whereby the direction of attention is less related to cognitive
processing, resulting in a more automatic state of processing. HR increase during familiar-
ization and readiness may be interpreted as a lower degree of anticipation and receptivity
both to input and output as a consequence of the automatization of selection processes.

Summarizing, four autonomic response patterns, with their inverse, were found of
which three were tentatively interpreted as energetic control systems acting on a con-
trolled-automatic continuum: arousal-familiarization, effort-comfort, and activation-readi-
ness.

E,iergetics and psychometric tasks.  It was hypothesized that psychometric tasks with an
emphasis on a cognition stage (Gestalt Completions and Synonyms) would be mainly
regulated by the controlled part of the arousal-familiarization system, tasks with an empha-
sis on a reasoning stage (Figural and Verbal Analogies) mainly by the controlled part of
the effort-comfort system, and tasks with an emphasis on an evaluation stage (Identical
Pictures and Double Descriptions) mainly by the controlled part of the activation-readiness
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system.
Although not interpreted as an energetic control mechanism, baroreceptor reflex ac-

tivity showed effects of cognitive processing as reflected by several significant differences
between the psychometric tasks on this dimension (e.g., Steptoe & Sawada, 1989).

The mean processing level of the arousal-familiarization system did not differentiate
between cognitive stages, and was generalizable across content domains. Mean processing
levels of the six psychometric tasks of this system even did not differ from midline level

(zero-level), indicating that controlled and automatic mean levels of processing were about

in balance during all the psychometric tasks. It is clear that the expected dominance of the
arousal-familiarization system on the Gestalt Completions and Synonyms tasks (cognition

stage) was not present. An interesting result is the change in balance, from relative con-
trolled to relative automatic states of processing, appearing during the course of all psy-
chometric tasks.

Several implications can be derived from these results. Within the range of psychomet-
ric tasks used in the present study, the arousal-familiarization control system (1) is inde-

pendent of the kind of psychometric task, since mean and trend processing levels are equal
across the tasks, (2) is initially a resource-limited system, but (3) habituates, becoming to

operate on a more automatic level, requiring less resources (cf. Pribram & McGuinness,

1992). This last finding is in agreement with a finding of Cohen and Waters (1985), who
observed a decrease (habituation) in overall peripheral physiological reactivity over trials
during an information processing stage related to input processes (arousal) (see also Daw-
son    et    al.,     1990).    I f one conceives arousal    as a state of alertness (cf Humphreys    &
Revelle, 1984), these results suggest that alertness is about the same during all the psycho-
metric tasks and gradually declines during the course of all these tasks.

The mean processing level of the effort-comfort system did not differentiate between

cognitive stages. Also mean processing levels of the six psychometric tasks did not differ
from midline-level, indicating that controlled and automatic states were about in balance.

Overall, verbal tasks were processed on a relatively more controlled level and figural tasks

on a more automatic level. But this difference was primarily due to the Gestalt Comple-
tions and Identical Pictures tasks, which, although not significantly, were processed on a

more automatic level. Moreover, it is highly questionable if this difference is due to the
factor Content, since, particularly for the tasks of the cognition and evaluation stage, there

are other structural differences besides content between these psychometric tasks. Never-

theless, it is evident that the expected dominance of the effort-comfort system on the
Verbal and Figural Analogies (reasoning stage) was not present.

During the course of the Gestalt Completions, Synonyms, and Identical Pictures tasks

processing levels of the effort-comfort system initially decreased to more automatic levels

(or less controlled levels), but increased to more controlled levels (or less automatic levels)
at the end of the tasks. During the Double Descriptions task processing decreased linearly
to more automatic levels (or less controlled levels). During the two reasoning tasks the
processing level of the effort-comfort system did not change across the six task-periods.

These results have also some implications for the effort-comfort system. (1) The dif-
ferences between mean and trend levels of processing suggest that the effort-comfort
system depends on the type of problem. This result seems to agree with two effort criteria
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of Kahneman (1973), namely (a) sensitivity to between-task differences, and (b) sensitivity
to within-task differences (see also Furedy, 1987). (2) Considering the significant and
nonsignificant differences between and within psychometric tasks on the effort-comfort
system, it is tempting to assume that this mechanism indexes processing effort, although
the possibility that it also reflects the increased supply of aspecific input to cognitive
processes cannot be excluded. If an individual has to carry out a (difficult) task he has also
to change his state in the direction of that what is optimal for that task (cf. Mulder, 1986),
and this could be influenced by factors other than processing demands.

Several researchers have proposed a (theoretical) link between inductive reasoning
abilities (and, by extension, G) and effort (e.g., Crawford, 199lb; Hunt, 1980a; Mulder,
1986;   Sanders, 1983; Spearman,    1927), but within the constraints   of the present experi-
ment this link was not found. This relationship will be further discussed in Part IV,
" -General discussion.

During the Gestalt Completions task mean processing level of the activation-readiness
system was above midline-level, indicating relative controlled processing, while during the
Identical Pictures task this processing level was below midline-level, indicating relative
automatic processing. During the other four psychometric tasks mean processing levels did
not differ from midline-level, indicating that controlled and automatic states of processing
of the activation-readiness system were about in balance. For tasks with a figural content,
differences in mean processing levels between the Gestalt Completions and Figural
Analogies task on the one hand, and the Identical Pictures task on the other indicate a
different level of processing. The Gestalt Completions and Figural Analogies tasks were
processed on a more controlled level and the Identical Pictures task on a more automatic
level. For tasks with a verbal content, there was only a difference in mean level between
the Synonyms and the Verbal Analogies task, indicating that the Synonyms task was
processed on a more automatic level than the Verbal Analogies task. With respect to
content domains, the tasks of the cognition and evaluation stages did differ in level of
processing of the activation-readiness system, but the tasks of the reasoning stage not.
These results suggest that for tasks with relative short response times and high accuracy
(easy/simple tasks) the activation-readiness system operated on a more automatic level, and
for tasks with relative long response times and low accuracy (difficult/complex tasks) on a
more controlled level. Bearing in mind that the activation-readiness mechanism was
assumed to be associated with the evaluation stage, it is tempting to suggest that dif-
ficult/complex tasks are associated with more evaluation and easy/simple tasks with less
evaluation, or, stated otherwise that difficult/complex tasks are more resource limited
(controlled) and easy/simple tasks less resource limited (automatic). It was hypothesized
that the activation-readiness system would be mainly active on a controlled processing
level during the Identical Pictures and Double Descriptions tasks (evaluation stage). This is
not confirmed by the results. It is, however, interesting to note that the Identical Pictures
task was processed on a relative automatic level of the activation-readiness system. The
psychometric literature provides some support for this last result, since, according to
Ekstrom et al. (1976, 1979), the Identical Pictures task (perceptual speed ability) may load
on an automatic process factor (see also Ackerman, 1988).
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During the course of all the psychometric tasks processing initially increased to more

controlled levels (or less automatic levels) on the activation-readiness system, but de-
creased to less controlled levels (or more automatic levels) at the end of the tasks. This

suggests that independently of mean differences in controlled and automatic levels of

processing of the different psychometric tasks, the activation-readiness system initially
increased to more controlled (or less automatic) levels, but then decreased to less con-

trolled (or more automatic) levels.
Again, these results have some implications for the activation-readiness system. (1) The

differences between mean levels of processing suggest that the activation-readiness system

depends on the type of problem. On the other hand, trend levels of processing did not

differ between the psychometric tasks, suggesting that within-task levels of the activation-

readiness system were equal. (2) The controlled-automatic continuum of the activation-

readiness system differentiated between simple/easy and complex/difficult psychometric

tasks, suggesting that simple/easy tasks are processed on a relative automatic level and

complex/difficult tasks on a relative controlled level of this system.

Summarizing, none of the energetic control systems were stage specific. There are
probably several reasons for these results. The most likely reason is the nature of the
psychometric tasks. The psychometric tasks were chosen according to three broadly

defined information-processing stages, cognition, reasoning, and evaluation, of which it
was assumed that the psychometric tasks had only an emphasis on. Hence, none of the
psychometric tasks were energetic 'pure,' in the sense that they depended on only one type

of energetic control system. Moreover, several different cognitive processes were identified

within each of the psychometric task, of which it was shown to have no emphasis on a

specific stage (see part II, "Psychometric-cognitive" phase, and for a further discussion

part IV, "General discussion"). Given these results, it is hardly surprising that the energetic

systems were not stage specific. Second, the concept of data-limited processing may have
influenced the level of activity of the energetic systems during the psychometric tasks

(Norman & Bobrow, 1975). Normally, performance (processing speed) is directly related

to the amount of resources allocated to it (cf. Navon & Gopher, 1979), whereby it is
assumed that resource-limited processing requires input from a metaphorical energy or fuel
supply (Hirst & Kalmar, 1987). However, not every task variable that increases processing

complexity, necessarily induces changes in physiological activity, and consequently ener-
getic resources. Only task variables that affect "resource-limited" processes are effective

(Mulder, 1986). Taken into account that probably part of the items of the psychometric
tasks were "data-limited" this problem may have differentially influenced the level of
activity of the different energetic systems during the psychometric tasks, independent of a

specific cognitive stage.

Relationships between psychometric and energetic measures

Surprisingly, no significant and systematic individual differences were found between

physiological and energetic reactivity on the one hand, and performance measures on the
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other hand. However, already Kahneman (1973) noted that task difficulty and task com-
plexity are not always correlated with effort, a result also found by other researchers (e.g.,
Van Boxtel & Jessurun, 1993; Van der Molen et al., 1987)

There may be several reasons why no systematic interindividual relationships were
found in the present study. A first one may be the concept of data-limited processing
already discussed in a previous section. If this is the case, increases in the allocation of
resources may have no effect on performance (Norman & Bobrow, 1975). In addition to
previously mentioned data-limited processing factors, individual differences in other struc-
tural limitations ("structural capacity"), for example related to neurobiological factors, need
to be mentioned. A second reason may be that the general energetic state of a subject
changed during a task, and that aspecific or compensatory effort, unrelated to the difficul-
ty/complexity of a task, started to play a role. A third reason may be the restricted range
of performance of the subject sample. All subjects were university students of which it
may be assumed to perform better than the average population. However, the correlations
were very low and unsystematic, indicating that a correction for restricted range would do
not much better.

Conclusions

The main hypothesis of this part of the present study stated that the arousal-familiariza-
tion system was mainly active on a controlled processing level (significantly different from
midline-level of the controlled-automatic continuum or from the processing level of the
other psychometric tasks) during the psychometric tasks chosen with an emphasis on a
cognition stage (Synonyms and Gestalt Completions), that the effort-comfort system was
mainly active on a controlled processing level during the psychometric tasks chosen with
an emphasis on a reasoning stage (Verbal and Figural Analogies), and that the activation-
readiness system was mainly active on a controlled processing level during the psychome-
tric tasks chosen with an emphasis on an evaluation stage (Double Descriptions and Identi-
cal Pictures). This hypothesis was not confirmed. Summarizing, neither during the Syn-
onyms nor the Gestalt Completions task (cognition stage) the arousal-familiarization
system was predominantly active on a controlled level. Neither during the Verbal Analo-
gies nor the Figural Analogies task (reasoning stage) the effort-comfort system was pre-
dominantly active on a controlled level. Finally, neither during the Double Descriptions
nor the Identical Pictures task (evaluation stage) the activation-readiness system was
predominantly active on a controlled level, but during the Identical Pictures task the
activation-readiness system was active on a relative automatic level of processing.
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Discussion

Introduction

In this chapter an attempt will be made to integrate the results of the "Psychometric-
„   „

cognitive and Psychometric-energetic" phases of this study.
Cognitive-energetic models of information-processing are characterized by integration

of a cognitive level and an energetic level. At the cognitive level different component
processes (or stages) are discerned during the information-processing flow. At the
energetic level, at least three energetic control systems are discerned, arousal, effort, and
activation. These systems are assumed to function as resources of energy for the processes
at the cognitive level. Input processes are assumed to be regulated by the arousal system,
central processes by the effort system, and output processes by the activation system.
Moreover, effort is also supposed to function as a compensatory mechanism for arousal
and activation (e.g., Mulder, 1986; Sanders, 1983).

In this study an attempt was made to apply cognitive-energetic models of information-
processing to intelligence. A processing model was developed based on the Structure of
Intellect model of Guilford (1967; Guilford & Hoepfner, 1971), with three information-
processing stages: a cognition (input), reasoning (central), and evaluation (output) stage. At
the core of this model were different cognitive abilities, which were assumed to represent
one of these stages. Therefore, six different psychometric tasks, derived from existing
paper and pencil intelligence or mental abilities tests, were chosen according to a
methodological framework in which tasks with a verbal or figural content had either an
emphasis on a cognition, reasoning, or evaluation stage. Furthermore, it was assumed that
these cognitive stages were characterized by (1) the component processes: cognition,
reasoning, and evaluation, respectively, to validate the cognitive abilities, and (2) the
energetic control systems: arousal-familiarization, effort-comfort, and activation-readiness,
respectively, each acting on a controlled-automatic continuum (cf. Pribram & McGuiness,
1992).

More specifically, the Gestalt Completions and Synonyms tasks, both with an emphasis
on the cognition stage, were supposed to involve mainly cognition processes and to be
regulated primarily by the controlled level of the arousal-familiarization system, the
Figural and Verbal Analogies tasks, both with an emphasis on the reasoning stage, to
involve mainly reasoning processes and to be regulated primarily by the controlled level of
the effort-comfort system, and the Identical Pictures and Double Descriptions tasks, both
with an emphasis on the evaluation stage, to involve mainly evaluation processes and to be
regulated primarily by the controlled level of the activation-readiness system.

243



244 Chapter 14

The (theoretical) question related to this part of the study is how the component
processes are related to the energetic control systems. It was hypothesized that cognition
processes were related to the arousal-familiarization system, reasoning processes to the
effort-comfort system, and evaluation processes to the activation-readiness system. Before
this hypothesis is discussed, the relevant findings of the "Psychometric-cognitive" and

"Psychometric-energetic" phases are summarized and finally discussed within the context

of the methodological framework of this study. In the end, this chapter will be completed
with some general conclusions of the present study and some recommendations for future
research.

Psychometric-cognitive level

In the "Psychometric-cognitive" phase of this study the six different psychometric tasks

were characterized by various component processes. Summarizing per component process,
it gave the following relevant results:

During all the psychometric tasks encoding processes, although to a slightly different

extent, were relevant.

Reasoning processes mostly modulated the Gestalt Completions, Figural and Verbal
Analogies, and Double Descriptions tasks and to a lesser extent the Synonyms and
Identical Pictures tasks.

The Gestalt Completions, Verbal and Figural Analogies, and Double Descriptions tasks

were modulated by evaluation processes, while the Synonyms and Identical pictures tasks

were hardly modulated by these processes.
A general pattern seemed to appear between easy/simple (Synonyms and Identical

Pictures) and difficult/complex (Gestalt Completions, Figural and Verbal Analogies, and
Double Descriptions) tasks. During difficult/complex tasks reasoning and evaluation

components were relatively more important than during easy/simple tasks.

As already discussed in Chapter 8, these results did not support the main hypothesis of
this phase of the study. This hypothesis was derived from a methodological framework
based on the work of Guilford with processing accuracy as the measure of interest (1967;
Guilford & Hoepfner, 1971). Results regarding this measure indicate that the psychometric
tasks differentiated to a large extent between the three cognitive stages, suggesting that the
mental abilities chosen to represent these stages were reasonable independent. Hence, with
accuracy as the measure of interest, it was expected that the cognitive processes underlying

the six different psychometric tasks would sufficiently differentiate between the stages as

well. As will be recalled, relations between component scores, with speed as the measure

of interest, and accuracy of performance on the psychometric tasks were inconsistent and

mostly nonsignificant. It is evident that these results did not confirm the hypothesis.
However, since the results are meaningless (in fact there are no results) it makes an
alternative interpretation difficult.

Results regarding processing speed were more impressive. As will be recalled, relations
between component scores and speed of performance on the psychometric tasks were con-
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sistent and partially significant. However, with processing speed as the measure of interest,
the methodological framework of this study, associated with mental abilities, loses its
meaning, since results indicate that accuracy and speed of performance on the
psychometric tasks were independent. But an alternative interpretation is possible. Results
indicate on a differential pattern between easy/simple (Synonyms and Identical Pictures)
and difficult/complex (Gestalt Completions, Figural and Verbal Analogies, and Double
Descriptions) tasks. During difficult/complex tasks evaluation components were important,
while during easy/simple tasks they were not. During difficult/complex tasks reasoning
components were relatively more important than during easy/simple tasks. Finally,
encoding components did not differentiate enough between difficult/complex and
easy/simple tasks to be of significance for this pattern.

These results suggest that Synonyms and Identical Pictures tasks were modulated by
encoding processes, to a certain extent by reasoning processes, and not modulated by
evaluation processes. The Gestalt Completions. Figural and Verbal Analogies, and Double
Descriptions tasks were modulated by each of the three types of processes, although to
different extent.

Psychometric-energetic level

In the "Psychometric-energetic" phase of this study the six different psychometric tasks
were characterized by various energetic control systems. Summarizing per energetic
system, it gave the following relevant results:

The mean processing level of the arousal-familiarization system did not differentiate
between cognitive stages, and was generalizable across content domains. Mean processing
levels of this system during the six psychometric tasks even did not differ from midline-
level, indicating that controlled and automatic mean states of processing were about in
balance during all the psychometric tasks.

The mean processing level of the effort-comfort system did not differentiate between
cognitive stages. Also mean processing levels of this system during the six psychometric
tasks did not differ from midline-level, indicating that controlled and automatic states were
about in balance. However, verbal tasks were processed on a more controlled level and
figural tasks  on  a more automatic level,  but as discussed in Chapter   13 this difference  is
probable not due to a difference in content domains.

The mean processing level of the activation-readiness system was above midline-level
during the Gestalt Completions task, indicating a relative controlled processing level, while
during the Identical Pictures task this processing level was below midline-level, indicating
relative automatic processing. During the other four tasks mean processing levels of this
system did not differ from midline-level, indicating that controlled and automatic states of
processing of the activation-readiness system were about in balance. For tasks with a
figural content, differences in mean processing levels between the Gestalt Completions and
Figural Analogies task on the one hand, and the Identical Pictures task on the other
indicate a different level of processing. The Gestalt Completions and Figural Analogies
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tasks were processed on a more controlled level and the Identical Pictures task on a more
automatic level. For tasks with a verbal content, there was only a difference in mean level

between the Synonyms and the Verbal Analogies task, indicating that the Synonyms task

was processed on a more automatic level than the Verbal Analogies task. With respect to
content domains, the tasks of the cognition and evaluation stages did differ in level of
processing of the activation-readiness system, but the tasks of the reasoning stage did not.

As already discussed in Chapter 13, these results  did not support  the main hypothesis
of this phase of the study. As will be recalled, this hypothesis was derived from a
methodological framework based on the work of Guilford with processing accuracy as the

measure of interest (1967; Guilford & Hoepfner, 1971). Consistent with the results of the
previous section, results of this part of the study also indicate that performance on the
psychometric tasks differentiated to a large extent between the three cognitive stages,

Suggesting that the mental abilities chosen to represent these stages were reasonable

independent. On an intra-individual level, the psychometric tasks of the reasoning stage

(Verbal and Figural Analogies) were more difficult/complex than those of the cognition
and evaluation stage, which were roughly, collapsed over content, of the same difficul-

ty/complexity.
Despite this differentiation in performance between the three stages, differentiation in

energetics followed a different pattern. Results indicate on a differential pattern between

easy/simple (Synonyms and Identical Pictures) and difficult/complex (Gestalt Completions,
Figural and Verbal Analogies, and Double Descriptions) tasks. During difficult/complex
tasks the activation-readiness system operated on a more controlled processing level, while
during easy/simple tasks this system operated on a more automatic processing level. The
arousal-familiarization and effort-comfort systems did not differentiate enough between

difficult/complex and easy/simple tasks to be of significance for this pattern.

These results suggest that the Synonyms and Identical Pictures tasks were regulated on

a level where controlled and automatic processing of the arousal-familiarization and effort-
comfort systems were about in balance, and regulated on an automatic processing level of
the activation-readiness system. The Gestalt Completions, Figural and Verbal Analogies,

and Double Descriptions tasks were regulated by each of the three types of energetic

systems on a controlled processing level or on a level where controlled and automatic

processing were about in balance.

Integration of cognitive and energetic level

It was hypothesized that cognition processes were associated with the arousal-familiari-
zation system, reasoning processes with the effort-comfort system, and evaluation

processes with the activation-readiness system.
Before this hypothesis is evaluated, differences in performance measures between

corresponding pairs of psychometric tasks of the "Psychometric-cognitive" and "Psycho-

metric-energetic" phases were tested. It was expected that response times and percentages
of correct responses of corresponding psychometric tasks of the two phases did not differ



Discussion 247

from each other. Performance on the six pairs of psychometric tasks was tested by means
of an unpaired t-test (5% significance level). To equalize the number of subjects of both

phases, the number of subjects of the "Psychometric-cognitive" phase was reduced to 54
by taking a random sample from the 72 subjects which participated in the experiment of
this phase. Response times of the Identical Pictures task differed significantly from each
other (4106) = 5.83; p < .001), probable due to the different time-limits of the experiments
of the "Psychometric-cognitive" and "Psychometric-energetic" phase (4 and 3 sec,
respectively). Response times of the other pairs of psychometric tasks did not differ
significantly. Percentages of correct responses of the Gestalt Completions tasks differed
significantly from each other (4106, = 3.67; p < .001), but were equal for the other pairs of

psychometric tasks. In conclusion, both response time and percentage of correct responses
were equal (with the two exceptions), indicating that a comparison of the cognitive and

energetic processes active during the corresponding psychometric tasks is justified in this
respect.

First, encoding processes (a cognition process) modulated, to a slightly different extent,
all the psychometric tasks. The arousal-familiarization system was about equally active

during all the psychometric tasks. These results seems to indicate that there is a relation-

ship between encoding and arousal-familiarization, since there were systematic differences

(i.e. no differences) in the two types of processes between the psychometric tasks.

Second, reasoning processes modulated all the psychometric tasks, but relatively more
during the Gestalt Completions, Verbal and Figural Analogies, and Double Descriptions
(difficult/complex) tasks than during the Synonyms and Identical Pictures (easy/simple)
tasks. The effort-comfort system processed verbal tasks on a more controlled level and
figural tasks on a more automatic level. These results indicate that there were no relation-
ships between the cognitive and energetic processes, since there were no systematic dif-
ferences in the two types of processes between the psychometric tasks.

Third, evaluation processes modulated the Gestalt Completions, Verbal and Figural
Analogies, and Double Descriptions (difficult/complex) tasks, but hardly the Synonyms
and Identical Pictures (easy/simple) tasks. During the Gestalt Completions, Verbal and
Figural Analogies, and Double Descriptions (difficult/complex) tasks the activation-
readiness system operated on a relatively more controlled processing level, while during
the Synonyms and Identical Pictures (easy/simple) tasks this control system operated on a

relatively more automatic processing level. Although highly speculative, some parallels
may be drawn between the cognitive and energetic processes active during the psychomet-
ric tasks. If tasks are modulated by evaluation processes, there is controlled processing of
the activation-readiness system, while if tasks are not modulated by evaluation processes,
there is automatic processing of the activation-readiness system.

Several researchers have argued that if cognitive processing is automatic, no or few
energetic resources are required (e.g., Ackerman, 1988; Ackerman & Schneider, 1985;
Schneider, Dumais, & Shiffrin, 1984). Bearing in mind that the Identical Pictures and
Synonyms tasks were simple/easy tasks with short response times and high accuracy,

probable requiring no or few evaluation processes, it is tempting to suggest that they also
required passive (automatic) involvement of the activation-readiness system. The other
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psychometric tasks, with long response times and low accuracy, required evaluation

processes with active (controlled) involvement of the activation-readiness system.
Although a systematic (methodological and statistical) integration of cognitive and

energetic processes was not possible within the context of the present study, these results
indicate that there may be systematic relationships between the different types of cognitive

processes and attentional control systems. Tentatively, this relationship is relatively least

unclear between evaluation processes and the activation-readiness system and between

encoding processes and the arousal-familiarization system, but unclear between reasoning
processes and the effort-comfort system.

It may be evident that these relationships follow the same pattern between easy/simple
and difficult/complex tasks as discussed in the previous sections. The Synonyms and
Identical Pictures (easy/simple) tasks were modulated by encoding processes and regulated
on a level where controlled and automatic processing of the arousal-familiarization system
was about in balance. They were also modulated, to a certain extent, by reasoning
processes and also regulated on a level where controlled and automatic processing of the
effort-comfort system was about in balance. Finally, they were not modulated by evalua-
tion processes and regulated on an automatic processing level of the activation-readiness

system. The Gestalt Completions, Figural and Verbal Analogies, and Double Descriptions
(difficult/complex) tasks were modulated by each of the three types of processes, although
to different extent, and regulated by each of the three types of corresponding energetic

systems on a controlled processing level or on a level where controlled and automatic

processing were about in balance.
These differential cognitive-energetic patterns show some parallels with the work of

Verster (1991) into speed of cognitive processing. He distinguished four different

information-processing subsystems underlying cognitive processing, involving
psychomotor, sensory, perceptual, and conceptual processes, which might be related in
terms of an underlying continuum of central processing, implying hierarchical organiza-
tion. According to Verster, perceptual processes include representation, transformation,
integration, and comparison, while conceptual processes include planning, decision making,
strategy formation, and monitoring. Easy/simple tasks might be comparable with the
perceptual level of Verster, and difficult/complex tasks with his conceptual level, also
implying a hierarchical structure, within which cognitive processes differ in number and
type, and energetic control systems differ in their level of processing (controlled or
automatic).

Conclusions

First, it is evident from the present study that the methodological framework based on
the Structure of Intellect of Guilford (1967; Guilford & Hoepfner, 1971) was inadequate to
account for the main research questions and their related hypotheses. Although the
psychometric tasks (i.e. mental abilities) differentiated to a considerable extent between the
three cognitive stages in terms of processing accuracy, they were too broadly defined to
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differentiate between the stages in terms of processing speed.

Second, it is evident from the present study that several different cognitive and
energetic processes were active during the six different psychometric tasks, and con-
sequently during the mental abilities they suppose to measure, and, by extension, intelli-
gence. In particular, during reasoning tasks, which are regarded as good predictors of
general intelligence (G), several cognitive processes (encoding, reasoning, evaluation) were
identified, and several (specific or aspecific) energetic resources (arousal-familiarization,
effort-comfort, activation-readiness) were active on a controlled-automatic continuum.

Some theories have proposed a link between (general) intelligence and energetic
processes (or attentional resources, effort, etc.) (e.g., Crawford, 1991b; Hunt, 198Oa; Hunt
& Lansman, 1982; Spearman, 1927). The most comprehensive neurological theory has
been provided by Crawford (1991b). He assumed that more complex tasks (those with
higher loadings on 0 requires more effortful mental processing or mental energy.
Complexity is thereby defined as a unidimensional continuum ranging from periphery
(least complex) to centre (most complex) of the radex structure (Marshalek, Lohman, &
Snow, 1983; Snow, Kyllonen, & Marshalek, 1984). Arguments against this view do not
only concern the assumption of a single dimensional energetic state (probable aspecific
mental effort) but also of a single dimensional "complexity," as a general task characteris-
tic (cf. Sanders, 1986). Within the multidimensional framework of the present study one
cannot consider performance on a "more or less complex" dimension, but should consider
it dependent on the types of processes involved. As soon as processing capacity is viewed
as multidimensional the notion of task complexity or difficulty looses its meaning (Wic-
kens, 1984; Gopher & Sanders, 1984). When considering multiple resources, there may be
performance failures due to overloading of one type of resource, while other resource
types are hardly needed. Performance failures can occur any time a  "weak spot" in human
information processing is tapped (see also Eysenck, 1993). Hence, such a weak spot can
occur at any moment during complex information processing, i.e. intelligent functioning.

Third, it is evident from the present study that besides energetic resources, structural
resources are important as well, by setting limits on the effectiveness of specific informa-
tion-processing functions (e.g., memory capacity). For example, Mulholland et al. (1980)
found that working memory load exerts a critical influence over performance as items
become more complex. Furthermore, it seems that various components of short-term
memory (STM) are related to G. Matthews and Dorn (1995) concluded that control
processes associated with active working memory are one of the major factors associated
with G (see also Kyllonen & Christal, 1990; Larson & Alderton, 1992). Among many
other things, however, the relationship between these two kinds of resources is, yet,
unclear. For example, Hunt (1978) has hypothesized that:

"short-term memory capacity .... is not a direct measure of a structure used in problem solving;
rather, it is an indirect test of the availability of the attentional resources required for .... thought"
(p. 117).

According to Larson and Alderton (1992), a fundamental problem with such a comparison
is the intangibility of the resource construct, which is vague and malleable (see also
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Navon, 1984).
Fourth, it has become clear from the present study that ability and process theories of

intelligence are not necessarily interchangeable, in the sense that processing accuracy and
processing speed have no unique relationship to each other. Both have to be viewed to
operate in their own realm of measurement and may serve different purposes. Develop-

ment of a process theory of intelligence, based on structural and energetic processes, is
probable a more fruitful way to an understanding of intelligent functioning, whereby

ability theories can serve as ecological reference. Almost a century of (more or less suc-
cessful) applications of conventional intelligence tests to many situations cannot be easily

abandoned.

Future research to a cognitive-energetic approach of intelligence may need to consider

the following points:

(1) Cognitive tasks (componential tasks), ranging from easy/simple to difficult/complex,
need to be developed on the basis of number and type of processes supposed to be
involved.
(2) Difficulty/complexity of these cognitive tasks needs to be manipulated at different
levels concurrent with the measurement of cognitive and energetic processes. In this way
selective interactive effects of energetic and cognitive processes can be studied (cf.
Sanders, 1983, 1986).
(3) These tasks need to be presented under well-controlled speed-accuracy instructions, to
enable to test for speed-accuracy relationships (e. g., Pachella, 1974). It has to be noted that

subjects performing under such conditions may process information in a different manner

than under normal conditions (power condition).
(4) Related to point (3) is the issue of data- and resource-limited processing. Testing under

well-controlled speed-accuracy conditions enables to test for structural and energetic

resources and their relationships.



Summary
Since the end of the last century innumerable studies have been devoted to structures

and processes underlying human intelligence. The oldest and most well-known attempt to
understand the nature of intelligence is the psychometric approach. This approach has

yielded sizeable (hierarchical) structures of intelligence, however without obtaining a real
understanding of the processes involved. Many in the field of intelligence have realized for
a long time that to construct a theory of intelligence is to construct a process theory.

However, it was only more recently that actual attempts were undertaken to provide
intelligence with such an explanatory construct. These constructs are drawn from various
areas of inquiry into the nature of psychological processes, notably perception, motivation,
learning, and cognition. Attentional capacity and the limits it places on intellectual
performance have been relatively unexplored, although it has several attributes in common
with intellectual capacity as described by psychometric theory.

Already  in 1927, Spearman suggested that intelligence reflects the varying amounts  of
"mental energy" possessed by different individuals. Moreover, tasks with high loadings on
general intelligence (G) were assumed to require more mental energy than tasks with low
G-loadings and were supposed to involve processes of reasoning and problem-solving. A
reason that the concept of attentional resources has been relatively unexplored may be the
circularity in this definition of mental energy. Another reason may be the unidimensional
character of the concept of mental energy.

One way that this notion of mental energy may be more adequately defined is with
more recent concepts of attentional resources. Particularly, multiple energetic resource
models, in which attention is not seen as a single unity, but rather a process involving
multiple independent, but interacting systems, may provide a way to an understanding of
intelligence.

In this study this last view is advocated by studying intelligence from a cognitive-
energetic approach. A general methodological framework is developed consisting of three

stages of information processing: a cognition (input), reasoning (central), and evaluation
(output) stage. At the core of this framework are mental abilities, represented by
psychometric tasks, derived from existing intelligence tests, with a verbal or figural
content, chosen with either an emphasis on a cognition, reasoning, or evaluation stage. To
validate the psychometric tasks, the mental processes involved in the performance of these
tasks need to be identified. Within the proposed framework it is assumed that the cognition
stage is mainly characterized by cognition processes (e.g., encoding), the reasoning stage
by reasoning processes (e.g., inference, mapping, application), and the evaluation stage by
evaluation processes (e.g., comparison, justification). It is further assumed that the
psychometric tasks with an emphasis on a cognition stage are mainly regulated by an
attentional control system called arousal-familiarization, those with an emphasis on a
reasoning stage mainly by an attentional control system called effort-comfort, and those
with an emphasis on an evaluation stage mainly by an attentional control system called
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activation-readiness, whereby each of these systems operates on a controlled-automatic
continuum. Finally, it has been suggested that the extent to which these energetic control
systems are exerted cannot be deduced from performance measures alone, but has to be re-
vealed in concordance with physiological activity.

The principal questions in this study are how the three different types of component
processes and attentional control systems are related to the different types of mental
abilities, and by extension intelligence.

To address these questions this dissertation is divided into four parts. Part I consists of
three chapters. In Chapter 1 an introduction of this study is given. In Chapter 2 three ap-
proaches to intelligence are reviewed which are somehow relevant for this study: the
psychometric, the cognitive, and the biological approach. The psychometric approach tries
to "map" the mind in terms of mental abilities. In this approach, one administers a battery
of tests, intercorrelates the scores on these tests, and factor-analyzes these correlations. The
factors thereby identified are posited to constitute a set of latent abilities underlying scores
on the tests. The cognitive approach tries to specify the mental representations and
processes that underlie intelligence. Performance on tasks is decomposed into components
that, taken together, constitute the real-time course of information processing in problem
solving. The biological approach attempts to find a biological basis of intelligence. This
approach is characterized by relating different physiological measures (mostly related to
central nervous system activity) to general intelligence (G). In Chapter 3 a brief review of
the concept of energetics is given. This includes theories of uni- and multidimensional
energetic resources, the distinction between controlled and automatic processing, and
cognitive-energetic models. Evidence is put forward that attention is not a single entity,
but involves multiple systems. Three control systems are proposed in the regulation of
attention: arousal-familiarization, effort-comfort, and activation-readiness, which cor-
respond with different stages or processes of information processing. Moreover, some of
these processes may be more controlled while others may be more automatic. Hence, some
of these processes allocate a greater amount of resources than others. All resource volume
models have in common that performance cannot occur without allocation of energetic
volume, and that "resources are scarce" or that "capacity is limited." Theoretical and
empirical links with intelligence are also described. Research regarding an association
between attention and intelligence is characterized by relating different aspects of attention
or resource allocation and automatic and controlled processing to psychometric
intelligence. Further, a detailed description of the already mentioned methodological
framework of this study is given. In this section it becomes clear that this study is divided
into a "Psychometric-cognitive" phase and a "Psychometric-energetic" phase. In the
"Psychometric-cognitive" phase the processes underlying the six different psychometric
tasks are studied. The main hypothesis of this phase is that the psychometric tasks chosen
with an emphasis on the cognition stage (Gestalt Completions and Synonyms) are mainly
modulated by cognition processes, those with an emphasis on the reasoning stage (Figural
and Verbal Analogies) mainly by reasoning processes, and those with an emphasis on the
evaluation stage (Identical Pictures and Double Descriptions) mainly by evaluation
processes. In the "Psychometric-energetic" phase, the energetic resources supposed to be
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active during the six psychometric tasks are studied. The main hypothesis of this phase is
that the psychometric tasks chosen with an emphasis on the cognition stage (Gestalt
Completions and Synonyms) are mainly regulated by the controlled level of the arousal-
familiarization system, those with an emphasis on the reasoning stage (Figural and Verbal
Analogies) mainly by the controlled level of the effort-comfort system, and those with an
emphasis on the evaluation stage (Identical Pictures and Double Descriptions) mainly by
the controlled level of the activation-readiness system.

Part II of this dissertation, the "Psychometric-cognitive" phase, is divided into five
chapters. Chapter 4 is an introduction to the experiment of this part. In Chapter 5 a
methodological review of information-processing models is given, including the com-
ponential models to estimate the component processes. In Chapter 6 the methods of the
experiment of the "Psychometric-cognitive" phase are described. This includes descriptions
of the subjects (N = 72) and the twelve experimental tasks consisting of six psychometric
and six componential tasks, of which the order of presentation of the psychometric tasks
was fixed and of the componential tasks counterbalanced. Results of this experiment are
reported in Chapter 7. The main hypothesis of this part of the study was not confirmed.

Relationships between component processes (latency) and percentages of correct responses
of the psychometric tasks were inconsistent and mostly nonsignificant. Relationships
between component processes and response times of the psychometric tasks were more
impressive. During all the psychometric tasks, hence during the three cognitive stages,

encoding processes were involved, but to a slightly different extent. The component
processes who differentiated between the psychometric tasks, but not between the three
stages, were the reasoning and evaluation processes. Performance on difficult/complex
tasks (Gestalt Completions, Verbal and Figural Analogies, and Double Descriptions) was

mainly modulated by reasoning and evaluation processes, while performance on
easy/simple tasks (Synonyms and Identical Pictures) was hardly modulated by evaluation

processes. The last chapter of Part II, Chapter 8, contains the discussion of the results of
this experiment. An important conclusion was that component processes were far more

generally involved in the psychometric tasks than was expected on the basis of the ability
(accuracy) structure of the psychometric tasks. Based on the results of the present experi-
ment and other studies, it is further concluded that processing accuracy and processing
speed may be two distinct realms and, hence, that a theory of intelligence based on
accuracy, may be quite different from a theory of intelligence based on speed.

Part III, the "Psychometric-energetic" phase, is also divided into five chapters. Chapter
9    is an introduction    to the experiment   of   this    part. In Chapter    1 0 a brief review    of

physiological responses as indices of autonomic, cognitive, and/or energetic control is
given. It is concluded that several autonomic and electromyographic (EMG) variables can
serve as indices of energetic control. In Chapter  11 the methods  of the experiment  of the
"
Psychometric-energetic" phase are described. This includes descriptions of the subjects (N

= 54), the six psychometric tasks, of which the order of presentation was counterbalanced,
and the physiological measures, which included heart rate (HR), heart rate variability of
mid- and high-frequency bands (HRVM and HRVH), T-wave amplitude (TWA), pulse
transit time (PTT), diastolic and systolic blood pressure (DBP and SBP), skin conductance
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level (SCL), respiration rate (RR), finger-tip temperature (FTT), and the EMG of three
facial muscle groups: corrugator supercilii, orbicularis oculi, and orbicularis oris inferior.
Results of this experiment are reported in Chapter 12. Four different autonomic response
patterns were found, of which three were tentatively interpreted as energetic control
systems: arousal-familiarization, effort-comfort, and activation-readiness, each acting on a
controlled-automatic continuum. The main hypothesis of this part of the study was not
confirmed. Neither the Gestalt Completions nor the Synonyms task (cognition stage) were
predominantly regulated by the controlled part of the arousal-familiarization system. The
same was true for the Figural and Verbal Analogies tasks (reasoning stage) with respect to
the effort-comfort system, and the Identical Pictures and Double Descriptions tasks (evalu-
ation stage) with respect to the activation-readiness system. However, the Identical Pictures
task (evaluation stage) was predominantly regulated by the activation-readiness system on
an automatic processing level. Finally, no individual differences between activity of the
energetic systems and performance on the psychometric tasks were found. The last chapter
of  Part III, Chapter 13, contains the discussion   of the results   of this experiment.    An
important conclusion of this part of the study is that the three attentional control systems
were active, although to different extent, during all the psychometric tasks. A possible
explanation for this finding is that the psychometric tasks were chosen according to three

broadly defined information-processing stages: cognition, reasoning, and evaluation, of
which it was assumed that they had only an emphasis on. Hence, none of the psychometric
tasks were energetic    'pure.'    This   is also indicated   by the different cognitive processes

.involved in each of the psychometric tasks (see Part II, the "Psychometric-cognitive
phase).

Part IV consists  of one chapter. In Chapter   1 4 a general discussion is given.   In  this
discussion an attempt is made to integrate the results of both experiments. The most
important conclusion was that there might be, at least on a theoretical level, systematic

relationships between cognition and evaluation processes on the one hand, and the arousal-
familiarization and activation-readiness systems, respectively, on the other. Between the
reasoning processes and the effort-comfort system there were no systematic relationships.
These relationships were expressed by a differentiation between easy/simple (Synonyms
and Identical Pictures) and difficult/complex (Gestalt Completions, Figural and Verbal
Analogies, and Double Descriptions) tasks. As a general conclusion it is suggested that to
understand the nature of intelligence a process theory of intelligence needs to be
developed. Both structural and energetic processes have to be incorporated in such a
theory. It is also concluded that research into such a theory needs to be done under highly
controlled conditions.



Samenvatting
Sedert het einde van de vorige eeuw zijn talloze onderzoekingen gedaan naar structuren

en processen die ten grondslag liggen aan humane intelligentie. De oudste en meest

bekende poging om intelligentie te begrijpen is de psychometrische benadering. Deze

benadering heeft omvangrijke (hierarchische) structuren van intelligentie opgeleverd, echter

zonder inzicht te krijgen in de processen die daarbij betrokken zijn. Al sinds lange tijd
realiseren vele onderzoekers op het terrein van intelligentie zich dat het ontwikkelen van

een intelligentietheorie het ontwikkelen van een procestheorie betekent. Maar pas sinds

kort worden daadwerkelijk pogingen ondernomen om intelligentie te voorzien van zo'n
verklarende constructie. Deze constructies komen voort uit verschillende onderzoeksgebie-
den naar de aard van psychologische processen, met name perceptie, motivatie, leren en

cognitie. Attentionele capaciteit, inclusief de beperkingen die zij oplegt aan intellectuele

prestaties, is relatief weinig onderzocht, ofschoon zij verscheidene overeenkomsten heeft

met intellectuele capaciteit zoals beschreven in psychometrische theorieen.

Reeds  in 1927 veronderstelde Spearman dat intelligentie  de  mate van "mentale energie"
weergeeft die een individu tot zijn beschikking heeft. Bovendien veronderstelde hij dat
taken met hoge ladingen op algemene intelligentie (G) meer energie vereisen dan taken

met lage G-ladingen, en dat deze taken processen van redeneren en probleem-oplossen
bevatten. Een reden dat het concept van attentionele bronnen relatief weinig is onderzocht

kan de circulariteit in de definitie van mentale energie zijn. Een andere reden kan het
unidimensionele karakter van het concept van mentale energie zijn.

Een manier waarop mentale energie adequater gedefinieerd kan worden is met behulp
van rneer recente concepten van attentionele bronnen. Met name meervoudige energetische
bronmodellen, waarbij attentie niet wordt gezien als een enkelvoudige eenheid maar als
een proces waarbij meerdere onafhankelijke, maar interacterende systemen zijn betrokken,
kunnen meer inzicht geven in de mechanismen die ten grondslag liggen aan intelligentie.

In dit onderzoek wordt deze zienswijze voorgestaan door intelligentie te bestuderen

vanuit een cognitief-energetische benadering. Een algemeen methodologisch raamwerk
wordt ontwikkeld dat bestaat uit drie stadia van informatie-verwerking: een cognitief
(input), redeneer (centraal) en evaluatief (output) stadium. De kern van dit raamwerk
bestaat uit mentale vaardigheden, gerepresenteerd door psychometrische taken, die zijn
afgeleid van bestaande intelligentietests, met een verbale of figurale inhoud, ieder gekozen
met de nadruk op een cognitief, redeneer of evaluatief stadium. Om de psychometrische
taken te valideren is het nodig om de processen die bij de uitvoering van deze taken
betrokken zijn te identificeren. Binnen het voorgestelde raamwerk wordt verondersteld dat
het cognitief stadium voornamelijk wordt gekenmerkt door cognitieprocessen (b.v.
encoding), het redeneer stadium door redeneerprocessen (b.v. inference, mapping,
application) en het evaluatief stadium door evaluatieprocessen (b.v. comparison, justifica-
tion). Verder wordt verondersteld dat de psychometrische taken met de nadruk op een
cognitief stadium voornamelijk worden gereguleerd door een attentioneel controlesysteem
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genaamd 'arousal-familiarization', die met de nadruk op een redeneer stadium voor-
namelijk worden gereguleerd door een attentioneel controlesysteem genaamd 'effort-
comfort' en die met de nadruk op een evaluatief stadium voornamelijk worden gereguleerd
door een attentioneel controlesysteem genaamd 'activation-readiness'. Elk van deze
systemen opereert op een continuum met aan de ene kant gecontroleerde en aan de andere
kant automatische verwerking. Tenslotte wordt voorgesteld dat de mate waarin deze
energetische controlesystemen worden aangewend, niet kan worden afgeleid van prestatie-
maten alleen, maar moet worden aangetoond in overeenstemming met fysiologische
activiteit.

De voornaamste vragen van dit onderzoek zijn hoe de drie verschillende typen
processen en attentionele controlesystemen zijn gerelateerd aan de verschillende typen
mentale vaardigheden en, in extensie, intelligentie.

Om op deze vragen een antwoord te vinden is deze dissertatie in vier delen gesplitst.
Deel I bestaat uit drie hoofdstukken. In Hoofdstuk 1 wordt een inleiding op dit onderzoek
gegeven. In Hoofdstuk 2 worden drie benaderingen van intelligentie geevalueerd die op
een of andere wijze van belang zijn voor dit onderzoek: de psychometrische, de cognitieve
en de biologische benadering. De psychometrische benadering tracht de 'geest' in kaart te
brengen in termen van mentale vaardigheden. Bij deze benadering neemt men een
testbatterij af, correleert de scores op deze tests en factoranalyseert deze correlaties.
Aangenomen wordt dat de factoren die daarbij worden gerdentificeerd latente vaardigheden
zijn die ten grondslag liggen aan deze correlaties. De cognitieve benadering tracht de
mentale representaties en processen die ten grondslag liggen aan intelligentie te
identificeren. Het uitvoeren van een taak wordt opgedeeld in componenten die, tezamen,
het tijdsverloop van informatieverwerking gedurende het oplossen van een probleem
volmen. De biologische benadering tracht een biologische basis van intelligentie te vinden.
Deze benadering wordt gekenmerkt door verschillende fysiologische maten (meestal
gerelateerd aan activiteit van het centrale zenuwstelsel) te relateren aan algemene

intelligentie (CD. In Hoofdstuk 3 wordt een beknopte evaluatie van het energetische
concept gegeven, waaronder enkelvoudige en meervoudige energetische brontheorieen, het
onderscheid in gecontroleerde en automatische informatieverwerking en cognitief-
energetische modellen. Aangetoond wordt dat attentie geen enkelvoudige eenheid is, maar
bestaat uit meervoudige systemen. Er worden drie controlesystemen voorgesteld bij de
regulatie van attentie: 'arousal-familiarization', 'effort-comfort', and 'activation-readiness',
die corresponderen met verschillende stadia of processen van informatieverwerking.
Bovendien kunnen sommige van deze processen gecontroleerd zijn en andere automatisch.
Dit betekent dat sommige van deze processen meer bronnen (energie) nodig hebben dan
andere. Alle bronvolume modellen hebben gemeenschappelijk dat het uitvoeren van een
taak niet kan geschieden zonder allocatie van energetisch volume, en dat 'energetische
bronnen schaars    zijn'    of dat 'capaciteit beperkt is'. Tevens worden theoretische    en
empirische relaties met intelligentie beschreven. Onderzoek met betrekking tot een
associatie tussen attentie en intelligentie wordt gekenmerkt door verschillende aspecten van
attentie of bronallocatie en automatische en gecontroleerde informatieverwerking te
relateren aan psychometrische intelligentie. Verder wordt in dit hoofdstuk een
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gedetailleerde beschrijving van het reeds genoemde methodologische raamwerk gegeven.
In deze sectie wordt het duidelijk dat dit onderzoek is verdeeld in een "Psychometrisch-

cognitieve" en een "Psychometrisch-energetische" fase. In de "Psychometrisch-cognitieve"
fase worden de processen die ten grondslag liggen aan de zes psychometrische taken

onderzocht. De voornaamste hypothese van deze fase is dat de psychometrische taken,

gekozen met een nadruk op het cognitief stadium (Gestalt Completions and Synonyms),

voornamelijk worden gemoduleerd door cognitieprocessen, die met een nadruk op het
redeneer stadium (Figural and Verbal Analogies), voornamelijk door redeneerprocessen en

die met een nadruk op het evaluatief stadium (Identical Pictures and Double Descriptions),

voornamelijk door evaluatieprocessen. In de "Psychometrisch-energetische" fase worden de

energetische bronnen die verondersteld worden actief te zijn gedurende de zes psy-
chometrische taken onderzocht. De voornaamste hypothese van deze fase is dat de

psychometrische taken gekozen met een nadruk op het cognitief stadium (Gestalt Comple-
tions and Synonyms), voornamelijk worden gereguleerd door het gecontroleerde niveau

van het 'arousal-familiarization' systeem, die met een nadruk op het redeneer stadium

(Figural and Verbal Analogies), voornamelijk door het gecontroleerde niveau van het
' effort-comfort' systeem    en    die    met een nadruk    op het evaluatief stadium (Identical
Pictures and Double Descriptions), voornamelijk door het gecontroleerde niveau van het
' activation-readiness' systeem.

Deel II van deze dissertatie, de "Psychometrisch-cognitieve" fase, is verdeeld in vijf
hoofdstukken. Hoofdstuk 4 is een inleiding op het experiment van dit deel. In Hoofdstuk 5

wordt een methodologische evaluatie van informatie-verwerkingsmodellen gegeven,
inclusief de componentiele modellen om de mentale processen te schatten. In Hoofdstuk 6

worden de methoden van het experiment van de "Psychometrisch-cognitieve" fase
beschreven, waaronder beschrijvingen van de proefpersonen (N = 72) en de twaalf
experimentele taken die bestaan uit zes psychometrische en zes componentiele taken,

waarvan de psychometrische taken in een vaste volgorde werden aangeboden en de

componentiele in een systematisch gevarieerde volgorde. De resultaten van dit experiment
worden in Hoofdstuk 7 gerapporteerd. De voornaamste hypothese van dit deel van het
onderzoek werd niet bevestigd. Relaties tussen mentale processen (latentie) en percentages
van correcte responsen van de psychometrische taken waren inconsistent en veelal niet
significant. Relaties tussen mentale processen en responstijden van de psychometrische
taken waren duidelijker. Bij alle psychometrische taken, dus bij de drie stadia van

informatieverwerking, waren encodeerprocessen betrokken, maar in enigszins verschillende

mate. De processen die differentieerden tussen de psychometrische taken, maar niet tussen

de drie stadia, waren de redeneer- en evaluatieprocessen. Moeilijke/complexe taken

(Gestalt Completions, Verbal en Figural Analogies, en Double Descriptions) werden voor-
namelijk gemoduleerd door redeneer- en evaluatieprocessen, terwijl makkelijke/eenvoudige

taken (Synonyms and Identical Pictures) in mindere mate werd gemoduleerd door deze

processen. In het laatste hoofdstuk van Deel II, Hoofdstuk 8, worden de resultaten van dit

experiment geevalueerd. Een belangrijke conclusie was dat de processen veel algemener
betrokken waren bij de psychometrische taken dan was verwacht op basis van de structuur

van mentale vaardigheden (accuraatheid) van de psychometrische taken. Gebaseerd op de
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resultaten van dit experiment en andere onderzoekingen kan worden geconcludeerd dat
verwerkings-accuraatheid en verwerkings-snelheid twee verschillende grootheden kunnen
zijn, en dat een intelligentietheorie, gebaseerd op accuraatheid, duidelijk verschillend kan
zijn van een intelligentietheorie, gebaseerd op snelheid.

Deel III, de "Psychometrisch-energetische" fase, is ook verdeeld in vijf hoofdstukken.
Hoofdstuk  9  is een inleiding  op het experiment  van  dit  deel. In Hoofdstuk 10 wordt  een
beknopte evaluatie gegeven van fysiologische responsen als indices van autonome, cog-
nitieve en/of energetische controle. De conclusie is dat verscheidene autonome en
electromyografische (EMG) variabelen kunnen dienen als index van energetische controle.
In   Hoofdstuk   11    worden de methoden   van het experiment   van de "Psychometrisch-
energetische" fase gegeven, waaronder beschrijvingen van de proefpersonen (N = 54), de
zes psychometrische taken, waarvan de volgorde van presentatie systematisch gevarieerd
was, en de fysiologische maten, bestaande uit hartslag-frequentie, hartslag-variabiliteit in
de midden- en hoge-frequentieband, T-golf amplitude, pulsgolf-transmissietijd, diastolische
en systolische bloeddruk, huidgeleidingsniveau, ademhalings-frequentie, vingertop-
temperatuur en het EMG van drie gelaatsspiergroepen: corrugator supercilii, orbicularis
oculi, and orbicularis oris inferior. Resultaten van dit experiment worden gerapporteerd in
Hoofdstuk 12. Vier verschillende autonome responspatronen werden gevonden, waarvan
drie voorzichtig werden geYnterpreteerd als energetische controlesystemen, namelijk
'arousal-familiarization', 'effort-comfort', and 'activation-readiness', elk opererend op een
gecontroleerd/automatisch continutim. De voornaamste hypothese van dit deel van het
onderzoek werd niet bevestigd. Noch de 'Gestalt Completions' noch de 'Synonyms' taak
(cognitief stadium) werden overwegend gereguleerd door het gecontroleerde niveau van het
'arousal-familiarization' systeem. Hetzelfde gold voor de 'Figural' en 'Verbal Analogies'
taken (redeneer stadium), met betrekking tot het 'effort-comfort' systeem, en de 'Identical
Pictures' and 'Double Descriptions' taken (evaluatief stadium), met betrekking tot het
'activation-readiness' systeem. Echter, de 'Identical Pictures' taak werd overwegend
verwerkt op een automatisch niveau van het 'activation-readiness' systeem. Tenslotte
werden er geen individuele verschillen in activiteit van de energetische systemen en
prestaties op de psychometrische taken gevonden. Het laatste hoofdstuk van Deel III,
Hoofdstuk 13, bestaat uit de discussie van de resultaten van dit experiment. De
belangrijkste conclusie van dit decl van het onderzoek is dat de drie attentionele con-
trolesystemen actief waren, ofschoon in verschillende mate, gedurende alle
psychometrische taken. Een mogelijke verklaring voor dit resultaat is dat de psycho-
metrische taken waren gekozen volgens drie ruim gedefinieerde informatie-
verwerkingsstadia: cognitief, redeneer en evaluatief, waarvan werd aangenomen dat zij die
stadia slechts tot op zekere hoogte representeerden. Dus geen van de psychometrische
taken was energetisch "zuiver". Deze verklaring wordt ondersteund door de verschillende
cognitieve processen die betrokken waren bij elk van de psychometrische taken (zie Deel
II, de "Psychometrisch-cognitieve" fase).

Deel IV bestaat uit 66n hoofdstuk. In Hoofdstuk 14 wordt een algemene discussie
gegeven. In deze discussie wordt een poging ondernomen om de resultaten van beide
experimenten te integreren. De voornaamste conclusie was dat er, althans op een
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theoretisch niveau, systematische verbanden waren tussen cognitie- en evaluatieprocessen

aan de ene kant, en respectievelijk het 'arousal-familiarization' en 'activation-readiness'

systeem aan de andere kant. Tussen de redeneerprocessen en het 'effort-comfort' systeem

waren geen systematisch verbanden. Deze verbanden werden uitgedrukt in een dif-
ferentiatie tussen makkelijke/eenvoudige (Synonyms and Identical Pictures) en
moeilijke/complexe (Gestalt Completions, Figural and Verbal Analogies, and Double

Descriptions) taken. Als algemene conclusie wordt voorgesteld om een procestheorie van
intelligentie te ontwikkelen, waarin zowel structurele als energetische processen moeten

worden opgenomen. Tevens wordt geconcludeerd dat onderzoek naar zo'n theorie onder

zeer gecontroleerde condities moet gebeuren.
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Appendix A. Quantification of componential models

In this appendix the experimental variables used in the modeling of the six componen-
tial tasks, and the mathematical formulation for the models of these tasks are described.
Mathematical modeling was done by linear multiple regression analysis. In all cases, the
dependent variable was solution time (ST,) to the second part of a trial.

Modeling was based on both uncued and precued trials concatenated. In uncued trials
the entire problem was available to the subject in the second part of the trial. In precued

trials a part of the problem was available to the subject in the second part of the trial.
Therefore, in precued trials, fewer component processes were required in the second part
of a trial because some of the processes were performed in the first part of the trial, during
which some portion of the stimulus item was presented.

Ratings of similarity on a scale from one to seven, needed for formation of some of
the experimental variables of the verbal reasoning and verbal evaluation task, were con-
verted to distance ratings by subtracting each rated similarity from seven.

An attempt was made to estimate parameters for six different component processes:

encoding, searching, reasoning (inference + mapping + application), comparison, evalua-
tion (comparison + justification), and response+ (preparation-response).

Figurat cognition task. There were three component processes estimated in the figural
cognition task: encoding, comparison, and response+.
(1) Encoding (a) was estimated by the number of terms (figures) of the task present that
had not been previously encoded during the first part of the trial.

(2) Comparison (y) was estimated by the number of elements shared by the ideal answer

(correct answer) and the distractors (incorrect answers) (G).
(3) Response+ (c) was estimated as the regression constant.

In  Table  A. 1 are shown the equations  for the model  of the verbal cognition  task.

TABLE A.1
Equations  For the Model of the Figural Cognition Task.

Uncued STo  =  5a +  Gy +  c
Precued ST, = 4a + Gy +  c

Verbal cognition task There were three component processes estimated in the verbal
cognition task: encoding, searching, and response+
(1) Encoding (a) was estimated by the term (word) of the task present that had not been
previously encoded during the first part of the trial.
(2) Searching (b) was estimated by the number of letters that was replaced (E).
(3) Response+ (c) was estimated as the regression constant.
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In Table A.2 are shown the equations for the model of the verbal cognition task.

TABLE A.2
Equations For the Model of the Verbal Cognition Task.

Uncued STo =a+E b+c
Precued ST, =

Figurat reasoning task. There were four component processes estimated in the verbal
reasoning task: encoding, reasoning, comparison, and response+.
(1) Encoding (a) was estimated by the number of terms (figures) of the task present that                 
had not been previously encoded during the first part of the trial.
(2) Reasoning (x) was estimated as the sum of inference, mapping, and application (F).
Inference was estimated by the number of transformations between the A-term and the B-
term. Mapping was estimated by the number of transformations between the A-term and
the C-term. Application was estimated by the number of transformations between the C-
term and the ideal answer (correct answer).
(3) Comparison (y) was estimated by the number of transformations shared by the ideal
answer (correct answer) and the distractors (incorrect answers) (G).
(4) Response+ (c) was estimated as the regression constant.

In Table A.3 are shown the equations for the model of the verbal cognition task.

TABLE A.3
Equations For the Model of the Figural Reasoning Task.

Uncued STe =  7a +  Fx +  Gy +  c
Precued STa  =  5a + Fx +  Gy +  c

Verbal reasoning task. There were four component processes estimated in the verbal
reasoning task: encoding, reasoning, evaluation, and response+.
(1) Encoding (a) was estimated by the number of terms (words) of the task present that
had not been previously encoded during the first part of the trial.
(2) Reasoning (x) was estimated as the sum of inference, mapping, and application and
divided in three categories 1,2, and 3, corresponding with the distance values (d): O < d s
6,6   <   d   <1 2,   and   1 2   4   d   < 18, respectively (F). Inference was estimated  by the distance
rating between the A-term and the B-term. Mapping was estimated by the distance rating
between the A-term and the C-term. Application was estimated by the distance rating
between the C-term and the ideal answer.

(3) Evaluation (z) was estimated as the sum of comparison and justification and divided in
three categories  1,2,  and 3, corresponding with the distance values (d):  0  <  d  g  8,8  ·<  d  s
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16,   and   16   4  d  < 24, respectively (H). Comparison was estimated by taking the absolute
value of the difference between two sets of ratings: the distance rating between the ideal
answer and the keyed option (correct answer), and the sum of the distance ratings between
the ideal answer and the distractors (incorrect answers). Justification was estimated by the
distance rating between the ideal answer and the keyed option (correct answer).
(4) Response+ (c) was estimated as the regression constant.

In Table A.4 are shown the equations for the model of the verbal cognition task.

TABLE A.4
Equations  For the Model  of the Verbal Reasoning Task.

Uncued STo = 7a + Fx + Hz + c
Precued ST, = 5a + Fx + Hz + c

Figura/ evaluation task. There were three component processes estimated in the figural
evaluation task: encoding, comparison, and response+
(1) Encoding (a) was estimated by the number of terms (figures) of the task present that
had not been previously encoded during the first part of the trial.
(2) Comparison (y) was estimated by the number of elements shared by the ideal answer (correct
answer) and the distractors (incorrect answers) (G).
(3) Response+ (c) was estimated as the regression constant.

In Table A.5 are shown the equations for the model of the verbal cognition task.

TABLE A.5
Equations For the Model of the Figural Evaluation Task.

Uncued STo =  5a +  Gy +  c
Precued ST,  =  4a + Gy +  c

Verbal evaluation task. There were three component processes estimated in the figural
evaluation task: encoding, evaluation, and response+.
(1) Encoding (a) was estimated by the number of terms (words) of the task present that
had not been previously encoded during the first part of the trial.
(2) Evaluation (z) was estimated as the sum of comparison and justification and divided in
three categories 1,2, and 3, corresponding with the distance values (d): 0<d 3 8,8. :d E
16. and 16 <d i 24, respectively (H). Comparison was estimated by taking the absolute
value of the difference between two sets of ratings: the distance rating between the ideal
answer and the keyed option (correct answer), and the sum of the distance ratings between
the ideal answer and the distractors (incorrect answers). Justification was estimated by the
distance rating between the ideal answer and the keyed option (correct answer).
(3) Response+ (c) was estimated as the regression constant.
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In Table A.6 are shown the equations for the model of the verbal cognition task.

TABLE A.6
Equations For the Model  of the Verbal Evaluation Task.

Uncued STo = 5a + Hz + c
Precued ST, = 40 + Hz + c



Appendix B. Instructions and examples

Psychometric tasks

The six psychometric tasks were presented to subjects during both the experiment of
the "Psychometric-cognitive" phase and the "Psychometric-energetic" phase. The instruc-
tions for the psychometric tasks of both experiments were basically the same. Different
were the number of items per psychometric task and the bonus that could be earned for
every correct answer. For the experiment of the "Psychometric-cognitive" phase subjects
were left or right handed, and for the experiment of the "Psychometric-energetic" phase
they were all right-handed.

Block instruction. "In front of you is a panel with six keys. Because you are right-handed
the right (red) key is not of interest to you. The left (red) key has to be pressed with the
index-finger  of your  left  hand.  The  keys  you  see in front  o f you (marked  with  1,2,  3,  and
4) has to be pressed with the index-finger of your right hand. During the experiment you
may not depart from this rule! On the monitor, at which you are looking right now, further
instructions and tasks will be presented. Read the instructions of the different tasks

carefully. For one task emphasis is on accuracy. This means that you have enough time to
come to a solution. So, take your time for a problem. For another task emphasis is on
speed. This means that you have to come to a solution as fast as possible. Of course, in
both cases you have to make as few errors as possible. There is only one correct answer to
each problem. For each task the time you have for a problem is given. If you go beyond
this time the problem is considered wrong and disappears from the screen. The problems
of the next 6 tasks can be solved by pressing with the index-finger of your right hand one
o f the four response  keys in front  of you (marked  with  1,2,  3,  or  4).

! ! ! !  BONUS  ! ! ! !

For every correct answer (the total number of problems is 540) you earn Dfl. 0.04 extra.
After every task you get information about your earnings.

-

Task instructions. In the following the instructions and an example of each of the
psychometric tasks is given.

295
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Gestalt Completions. 'This task is about recognizing an incomplete picture. You have to
use your imagination to fill in the missing parts. In the next example you see such an

incomplete picture. To the right of this picture you see four answer options:  1. B, 2. K, 3.
V, and 4. F. The character of one of these four answer options is similar to the first
character of the correct answer. If the first character of your answer is not similar to the
first character of one of the answer options try to find a word with (about) the same
meaning. In the next example the correct answer is 2. K (the K of KINDERWAGEN
[pram]). First the example.

1, B

-7 2. K
Li,_2

24& 3 V

4F

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to recognize as much of
the picture as possible. If you do not recognize a picture or if you are not sure about your

choice, choose the answer you find best. You have at most 12 seconds for every problem.
Work as accurate as possible without forgetting the time."
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Synonyms. "This task is about the meaning of words. In the next example you see on the
left the word RENNEN [run]. To the right of this word you see four words: 1. HARDLO-
PEN [walk fast], 2. WEGGAAN [leave], 3. FIETSEN [cycle], and 4. UITGAAN [go out].
One of these words has the same or nearly the same meaning as the word on the left. The
correct answer is 1. HARDLOPEN, which  has  the same meaning as RENNEN. First  the

example.

1. HARDLOPEN

2. WEGGRAN
RENNEN

3. FIETSEN

4. UITGAAN

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many
problems as possible. If you do not know the meaning of a word or if you are not sure
about your choice, choose the answer you find best. You have at most 16 seconds for

every problem. Work as accurate as possible without forgetting the time.
"
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Figural Analogies. "This task is about recognizing the relationships between figures. If we
represent the figures by letters, we can read such a relationship as follow: A is to B as C
is to D. In the next example you see as first pair a large square and a small square (A is to
B). There is a relationship between these figures. Both are similar figures, but the second
figure is smaller than the first. A third figure is a large circle. This is the first figure of the
second pair of figures (C is to D). It is the purpose to choose, among four answer options:
1. small triangle, 2. small circle, 3. small square, and 4. large circle, the figure with the
same relationship to the large circle as the small square to the large square. Hence, the
relationship between the second pair of figures has to be the same as between the first pair
of figures. In the example, answer 2. the small circle has the same relationship to the large
circle as the small square to the large square. A large square is to a small square as a large
circle is to a small circle. First the example.

1. A

2.  

0O 0
3. 0

4 
First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many

problems as possible. If you do not recognize the relationship between figures or if you
are not sure about your choice, choose the answer you find best. You have at most 24
seconds for every problem. Work as accurate as possible without forgetting the time.

.
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Ferbal Analogies. "This task is about recognizing the relationships between words. If we
represent the words by letters, we can read such a relationship as follow: A is to B as C is
to D. In the next example you see two words at the top: BOEK [book] BEELDHOUWER
[sculptor] (.... is to B as C is to ....). Below this are four answer options: 1. DICHTER
[poet] KUNSTENAAR [artist], 2. PAPIER [paper] STEEN [stone], 3. LETTERS
[characters] BEITEL [chisel], and 4. SCHRIJVER [writer] BEELD [statue] (A is to .... as
.... is to D). There is a relationship between these words. The relationship between the first
pair of words (A is to B) has to be the same as between the second pair of words (C is to
D). In the example the relationship between the first word and BOEK has to be the same
as between BEELDHOUWER and the last word. The correct answer is 4. SCHRIJVER
BEELD. SCHRIJVER is to BOEK as BEELDHOUWER is to BEELD. Notice that in the
given relationship the first and the last word are omitted. First the example.

BOEK BEELDHOUWER

1. DICHTER KUNSTENAAR

2. PAPIER STEEN

3. LETTERS BEITEL

4. SCHRIJUER BEELD

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many
problems as possible. If you do not recognize the relationship between words or if you are
not sure about your choice, choose the answer you find best. You have at most 24 seconds
for every problem. Work as accurate as possible without forgetting the time.

"
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Identical Pictures. "This task is about recognizing a figure as fast as possible. Hence, the
emphasis is on the speed which with you accomplish this. In the next example you see a
figure  on  the  left.  To the right  of this figure  you  see four figures (marked  with  a  1,  2,  3,
or 4), of which one is identical to the figure on the left. In this example the correct answer
is 3. This figure is identical to the left figure. First the example.

1 
2 I P0 3.1 
4  )

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many

problems as fast as possible. If you do not known the correct answer or if you are not sure
about your choice, choose the answer you find best. You have at most 4 seconds for every
problem. Work as fast as possible without forgetting accuracy.

-
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Double Descriptions. "This task is about evaluating as fast as possible which word mostly
satisfies two criterions. Hence, the emphasis is on the speed which with you accomplish
this. In the next example you see at the top two criterions: ROND [round] HARD [hard].
Below these criterions you see four words: 1. BAL [ball], 2. GRAMMOFOONPLAAT
[disc], 3. STAAL [steel], and 4. MUNTSTUK [coin]. One of these words satisfies the two
criterions most. In this example the correct answer is 4. MUNTSTUK satisfies the
criterions ROND and HARD most. First the example.

ROND HARD

1. BAL

2. GRAMMOFOONPLAAT

3. STAAL

1. MUNTSTUK

First you get 3 practice problems, followed by the correct answer after you made your
choice. After that the problems of the task are presented. Try to solve as many problems
as fast as possible. If you do not known the correct answer or if you are not sure about

your choice, choose the answer   you   find   best.    You   have   at   most 10 seconds for every
problem. Work as fast as possible without forgetting accuracy.

-
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Componential tasks (uncued condition)

The six componential tasks were presented to subjects during the experiment of the
"Psychometric-cognitive" phase. In Figure B.1 are shown the nine types of elements used
for the figural componential tasks.

W H- *e A V L A A O
Figure B.1. Types of elements used for the figural componential tasks

(unrotated).

Block instruction. "In the following six tasks each problem consists of two parts. In the

first part of the problem you see an empty square or rectangle. In the second part you see
the complete problem. Solve this problem. Do not use more time to solve a problem than

strictly necessary. Just as with the previous tasks emphasis is on accuracy with one task
and speed with another. Hence, for one task you have enough time to come to a solution
and for another task a limited amount of time. In both cases you have to make as few
errors as possible. For each task the time you have for a problem is given. If you go
beyond this time the problem is considered wrong and disappears from the screen. The

first part of the problem can be closed immediately by pressing the red key with the
index-finger of your left hand. The second part of the problem has to be solved by
pressing one of the four keys you see in front of you with the index-finger of your right

hand  (marked with  1,2,3,  or 4)."

Task instructions. In the following the instructions and an example of each of the
componential tasks in the uncued condition is given.
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Figural Cognition. "This task is about recognizing a figure. In the next example you see in
the first part of the problem an empty square. In the second part you see on the left a
square  with two elements.  To the right  of this figure you  see four squares (marked with  1,
2,3, or 4) each with two elements. One of these four figures has the same elements as the
figure on the left. In this example the figure marked with a 2. is identical to the left figure.
First the example.

1. E-W

2.  - 1
3.          1

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many

problems as possible. If you do not know the correct answer or if you are not sure about

your choice, choose the answer you find best. The first part of the problem can be closed

immediately.   For the second   part   of the problem   you   have   at   most 16 seconds.   Work   as

accurate as possible without forgetting the time.
-
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Ferbal Cognition.  'This task is about recognizing a word of which the characters can be at
the wrong place. In the next example you see in the first part of the problem an empty
rectangle. In the second part you see six characters of which a word can be made:
HNDAEL. To the right of these characters you see four answer options: 1. L, 2. H, 3. A,
and 4. D. The character of one of these answer options matches the first character of the
correct word. In this example the correct answer is 2. H (the H of HANDEL [trade]). First
the example.

1. L

2  HE-3 HNDAEL
3 A

4. D

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many
problems as possible. If you do not recognize the word or if you are not sure about your
choice, choose the answer you find best. The first part of the problem can be closed

immediately. For the second part of the problem you have at most 15 seconds. Work as
accurate as possible without forgetting the time."

I
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Figural Reasoning.  "This task is about recognizing the relationships between figures. If we
represent the figures by letters, we can read such a relationship as follow: A is to B as C
is to D. In the next example you see in the first part of the problem an empty rectangle. In
the second part you see the complete problem. This problem consists of a number of
squares of which each contains a number of elements. The relationship between the
elements of the first pair of figures (A is to B) has to be the same as between the elements

of the second pair of figures (C is to D). Hence, between the elements of the different
figures changes can take place. In the example you see that one of the elements between

the first and second figure is shadowed. The same change takes place between the third
and fourth figure. Moreover, you can see a change between the first and third figure: one

of the elements is rotated 90 degrees. In this way the elements of the different figures can
be changed. It is the purpose to choose among the four figures (D) (marked with 1,2, 3,
or 4), the figure with the same relationship (change(s)) to the third figure (C) as the
second figure (B) to the first figure (A). In this example answer 3. has the same relation-

ship with the third figure as the second figure with the first figure. In both an element is

shadowed. First the example.

1. 1.04

/ 1*58-1

21 9111- 1
4. 1. 1

3.          

4. 93

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many
problems as possible. If you do not recognize the relationship between figures or if you
are not sure about your choice, choose the answer you find best. The first part of the
problem can be closed immediately. For the second part of the problem you have at most
24 seconds. Work as accurate as possible without forgetting the time."
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Verbal Reasoning. "This task is about recognizing the relationships between words. If we
represent the words by letters, we can read such a relationship as follow: A is to B as C is
to D. In the next example you see in the first part of the problem an empty rectangle. In
the second part you see two words at the top: HANDSCHOEN [glove] HAND [hand] (A
is to B). Below on the left you see the word SOK [sock] and on the right four answer
options: 1. VOET [feet], 2. DUIM [thumb], 3. SCHOEN [shoe], and 4. KOUS [stocking]
(C is to D). There is a relationship between these words. The relationship between the first
pair of words (A is to B) has to be the same as the relationship between the second pair of
words (C is to D). The relation between HANDSCHOEN and HAND has to be the same
as between SOK and one of the four answer options. In this example the correct answer is
1. VOET. Hence, HANDSCHOEN is to HAND as SOK is to VOET. First the example.

l HANDSCHOEN HAND

1. UOET

2. DUIM                           F
SOK

3. SCHOEN

4. KOUS

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many
problems as possible. If you do not recognize the relationship between words or if you are
not sure about your choice, choose the answer you find best. The first part of the problem
can be closed immediately. For the second part of the problem you have at most 24
seconds. Work as accurate as possible without forgetting the time.

-
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Figural Evaluation. "This task is about recognizing a figure as fast as possible. Hence, the
emphasis is on the speed which with you accomplish this. In the next example you see in
the first part an empty square. In the second part you see a square with two elements. To
the  right  of this figure  you   see four squares (marked  with   1,   2,   3,   or  4)   each  with  two
elements. The elements of one of these four figures is identical to the elements of the left
figure.   In this example the figure marked   with   3. is identical   to   the left figure. First   the

example.

1. E-9

2. Fl
r-3                                     0 3.91

4. 0

First you get 3 practice problems, followed by the correct answer after you have made

your choice. After that the problems of the task are presented. Try to solve as many
problems as possible. If you do not know the correct answer or if you are not sure about

your choice, choose the answer you find best. The first part of the problem can be closed

immediately. For the second part of the problem you have at most 4 seconds. Work as fast

as possible without forgetting accuracy."
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Ferbal Evaluation. "This task is about evaluating as fast as possible which word mostly
satisfies a criterion. Hence, the emphasis is on the speed which with you accomplish this.
In the next example you see in the first part of the problem an empty rectangle. In the
second part you see on the left the word GROOT [big]. To the right of this word you see
four answer options: 1. SATURNUS [Saturn], 2. MAAN [Moon], 3. ZON [Sun], and 4.
AARDE [Earth]. One of these words satisfies the criterion GROOT most. In this example
the correct answer is 3. ZON. ZON is the biggest object. First the example.

1. SATURNUS

2. MAAN
GROOT

3. ZON

1. AARDE

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many
problems as possible. If you do not know the correct answer or if you are not sure about
your choice, choose the answer you find best. The first part of the problem can be closed
immediately. For the second part of the problem you have at most 7 seconds. Work as fast
as possible without forgetting accuracy.

-
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Componential tasks (precued condition)

Block instruction. "In the following six tasks each problem consists of two parts. In the
first part you see a part of the problem. The information of this part is needed in the
second part of the problem. Therefore, this information in this part has to be processed as

good as possible, because it does not return in the second part. Take your time to process
this information. DO not use more time than necessary. Solve the second part of the
problem with the aid of the information of the first part. However, do not use more time
than strictly nessecary to solve a problem. Just as with the previous tasks emphasis is on

accuracy with one task or speed with another. Hence, for one task you have enough time
to come to a solution and for another task a limited amount of time. In both cases you
have to make as few errors as possible. For each task the time you have for both parts of
the problem is given. If you go beyond this time the problem is considered wrong and

disappears from the screen. The first part of the problem can be closed by pressing the red
key with the index-finger of your left hand. The second part of the problem has to be
solved by pressing one of the four keys you see in front of you with the index-finger of
your  right hand (marked  with  1,  2,  3,  or  4)."

Task instructions. In the following the instructions and an example of each of the
componential tasks in the precued condition is given.
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Figural Cognition. "This task is about recognizing a figure. In the next example you see in
the first part of the problem a square with two elements. In the second part you see four
squares (marked with 1,2, 3, or 4) each with two elements. One of these four figures has
the same elements as the figure of the first part. In this example the figure marked with a
2. is identical to the figure of the first part. First the example.

1.     --, 

2. 11
3.          

1. E--a1

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many

problems as possible. If you do not know the correct answer or if you are not sure about

your choice, choose the answer you find best. Both for the first and the second part of the
problem you have at most 8 seconds. Work as accurate as possible without forgetting the
time."
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Ferbal Cognition.  "This task is about recognizing a word of which the characters can be at
the wrong place. In the next example you see in the first part of the problem six characters
of which a word can be made: HNDAEL. In the second part you see four answer options:
1. L, 2. H, 3. A, and 4. D. The character of one of these answer options match the first
character of the correct word. In this example the correct answer is 2. H (the H of
HANDEL [trade]). First the example.

1. L

2. H

HNOAEL
3. A

1. 0

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many

problems as possible. If you do not recognize the word or if you are not sure about your
choice, choose the answer you find best. For the first part of the problem you have at most
12 seconds. For the second part at most 3 seconds. Work as accurate as possible without
forgetting the time.

-
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Figural Reasoning.  'This task is about recognizing the relationships between figures. If we
represent the figures by letters, we can read such a relationship as follow: A is to B as C
is to D. In the next example you see in the first part of the problem a pair of squares

containing a number of elements (A is to B). In the second part you see a second pair of
squares containing a number of elements (C is to D). The relationship between the
elements of the first pair of figures (A is to B) has to be the same as between the elements
of the second pair of figures (C is to D). Hence, between the elements of the different
figures changes can take place. In the example you see that one of the elements between
the first and second figure is shadowed. The same change takes place between the third
and fourth figure. Moreover, you can see a change between the first and third figure: one
of the elements is rotated 90 degrees. In this way the elements of the different figures can
be  changed.  It  is the purpose to choose among  the four figures (D) (marked  with  1,2,3,
or 4) the figure with the same relationship (change(s)) to the third figure (C) as the second
figure (B) to the first figure (A). In this example answer 3. has the same relationship with
the third figure as the second figure with the first figure. With both an element is
shadowed. First the example.

1,     1.24

121 23 91 1  3. 
4. 71

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many
problems as possible. If you do not recognize the relationship between figures or if you
are not sure about your choice, choose the answer you find best. For the first part of the
problem you have at most 8 seconds. For the second part at most 16 seconds. Work as
accurate as possible without forgetting the time.

"
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Ferbal Reasoning. "This task is about recognizing the relationships between words. If we
represent the words by letters, we can read such a relationship as follow: A is to B as C is
to D. In the next example you see in the first part of the problem two words: HAND-
SCHOEN [glove] HAND [hand] (A is to B). In the second part of the problem you see on
the left the word SOK [sock] and on the right four answer options: 1. VOET [feet], 2
DUIM [thumb], 3. SCHOEN [shoe], and 4. KOUS [stocking] (C is to D). There is a
relationship between these words. The relationship between the first pair of words (A is to
B) of the first part has to be the same as the relationship between the second pair of words

(C is to D) of the second part. The relation between HANDSCHOEN and HAND has to
be the same as between SOK and one of the four answer options. In this example the
correct answer  is   1. VOET. Hence, HANDSCHOEN  is  to  HAND  as  SOK  is  to  VOET.
First the example.

HANOSCHOEN HAND

1. UOET

2. DUIM

SOK
3. SCHOEN

4. KOUS

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many
problems as possible. If you do not recognize the relationship between words or if you are
not sure about your choice, choose the answer you find best. For the first part of the
problem you have at most 8 seconds. For the second part at most 16 seconds. Work as
accurate as possible without forgetting the time.

.
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Figural Evaluation. "This task is about recognizing a figure as fast as possible. Hence, the
emphasis is on the speed which with you accomplish this. In the next example you see in
the first part a square with two elements. In the second part you see four squares (marked
with 1, 2, 3, or 4) each with two elements. The elements of one of these four figures is
identical to the elements of the figure of the first part. In this example the figure marked
with 3. is identical to this figure. First the example.

1.   

0 2. Fl

3.      FR 

4. 0

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many
problems as possible. If you do not know the correct answer or if you are not sure about

your choice, choose the answer you find best. For the first as well as the second part of
the problem you have at most 2 1/2 seconds. Work as fast as possible without forgetting
accuracy.

"
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Ferbal Evaluation. "This task is about evaluating as fast as possible which word mostly

satisfies a criterion. Hence, the emphasis is on the speed which with you accomplish this.
In the next example you see in the first part of the problem the word GROOT [big]. In the
second part you see four answer options: 1. SATURNUS [Saturn], 2. MAAN [Moon], 3.
ZON  [Sun],  and 4. AARDE [Earth].  One of these words satisfies the criterion GROOT  of
the first part most. In this example the correct answer is 3. ZON. ZON is the biggest

object. First the example.

1. VENUS

2. MAAN

GROOT
3. ZON

1. AARDE

First you get 3 practice problems, followed by the correct answer after you have made
your choice. After that the problems of the task are presented. Try to solve as many

problems as possible. If you do not know the correct answer or if you are not sure about

your choice, choose the answer you find best. For the first part of the problem you have at
most 2 seconds. For the second part at most 5 seconds. Work as fast as possible without

forgetting accuracy.
''
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