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Abstract

Working memory capacity is differentiated theoretically along two dimensions: contents and
functions. The resulting 3 x 3 matrix was operationalized by 23 tasks sampled from the literature. Data
for these tasks from 128 participants were analyzed by exploratory and confirmatory factor analysis.
Regarding the content facet, spatial working memory was clearly distinct from the other two content
categories. A distinction between verbal and numerical working memory was not warranted. On the
functional dimension the postulated categories of simultaneous storage and transformation and of
coordination could not be separated. The third category was clearly separate from the first two
functions. This factor could be interpreted to reflect a mixture of variance due to mental speed and to
supervisory functions of the central executive. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Working memory has become one of the central constructs in theories of cognition both
from the perspective of individual differences research (Daneman & Carpenter, 1980; Engle,
Kane & Tuholski, 1999; Kyllonen & Christal, 1990) and of experimental psychology and
cognitive modelling (Anderson, 1983; Baddeley, 1986; Miyake & Shah, 1999). It is generally
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assumed that working memory has a constrained capacity which acts as a limiting factor of
performance in cognitive tasks, especially complex reasoning tasks.

Through its extensive use the concept of working memory has become a construct with
increasingly broad scope of application, including different functions in different content
domains. This breadth of theoretical use stands in contrast to the usually quite narrow and
unsystematic operationalization of the construct, often through a single task. The purpose of
the present work is to operationalize working memory capacity in a more systematic way that
does justice to both the generality of the construct and its internal differentiation. With this
goal in mind, we draw on the rationale and methodology of intelligence structure research,
with its relatively broad and coarse view on cognitive abilities. On the other hand, we use tasks
from the experimental literature which were designed to operationalize specific theoretically
relevant aspects of working memory. To integrate the perspectives of experimental and
differential psychology, we use facet theory (Canter, 1985; Guttman, 1954) as a framework.

2. Facets of working memory

Different theories emphasize different aspects of the working memory construct. Facet theory
serves as a tool for the systematization of these aspects. The resulting facet schema forms a
hypothetical structure for working memory capacity which can be tested against the data by
structural analysis techniques.

We propose to differentiate working memory along two facets, one representing the function
of working memory resources, the other the content domain of the task material. Each facet
has three categories. On the content facet, we distinguish verbal, numerical, and spatial
working memory. The categories on the functional facet reflect the three main functions which
are attributed to working memory in the literature: Simultaneous storage and manipulation,
supervision (or executive control), and coordination.

2.1. Functional categories

2.1.1. Storage and transformation

Most researchers define working memory as a system for the ‘simultaneous processing and
storage of information’ (Salthouse, 1990). By this definition, working memory has the dual
function of holding certain mental contents in an active accessible state, and performing
cognitive operations on the same or different contents.

The characterization of working memory as ‘simultaneous processing and storage’ is
frequently used to distinguish the more active working memory from the concept of a passive
short term memory store in order to explain why the former, but not the latter, is a good
predictor for reading performance and other higher order cognitive skills (Daneman &
Carpenter, 1980). This implies that the term ‘processing’ is used in a narrow sense, excluding,
for example, rote rehearsal which is also involved in digit span or word span. We categorize a
task as involving ‘processing’ in the narrow sense when it requires the transformation of
information, as opposed to merely conserving the information given.
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2.1.2. Supervision

Several conceptions ascribe a supervisory or executive function to working memory
(Baddeley, 1986, 1996). Working memory monitors and controls ongoing mental operations
and actions, selectively activating relevant representations and processes and inhibiting
irrelevant ones. The supervisory function is associated with prefrontal cortex, which is believed
to contribute, among other things, to behavioral flexibility (Milner, 1963), planning and goal
directed behavior (Duncan, Emslie, Williams, Johnson & Freer, 1996; Shallice, 1982; Shallice &
Burgess, 1991), strategic memory search (Moscovitch, 1992; Rosen & Engle, 1997), temporal
coding of working memory contents (Smith & Jonides, 1997) and autonoetic consciousness
(Wheeler, Stuss & Tulving, 1997).

2.1.3. Coordination

More recently, working memory was associated with the function to coordinate information
elements into structures (Halford, Wilson & Phillips, 1998; Oberauer, 1993; Robin & Holyoak,
1995). Coordination requires simultaneous access to several distinct elements in order to attach
them to their respective roles as arguments in relations. Typical coordination tasks are linking
noun phrases to their thematic roles in sentence comprehension (cf. Halford et al., 1998) or the
construction of a mental image out of parts (cf. Kosslyn, Reiser, Farah & Fliegel, 1983). Many
reasoning tasks demand the integration of elements into new structures. For example,
according to mental model theory (Johnson-Laird, 1983; Johnson-Laird & Byrne, 1991), the
models constructed for each premise in a deductive reasoning task must be integrated into a
single, more complex model.

Simultaneous access to elements can be contrasted to sequential access as it is required for
serial recall. The repetition of verbalizable material in a given order requires the acquisition of
a sequential cognitive program for the repetition of phonemes or other kinds of motor output
(Reisberg, Rappaport & O’Shaugnessy, 1984, for a demonstration of short term retention
based on finger movements). It is well known that so called simple span tasks which require
serial recall of information, but no additional transformations, are only weakly correlated with
working memory and reasoning. This can not be generalized, however, to all tasks that can be
characterized as passive storage tasks. In a previous study we found that letter span was only
weakly correlated to reasoning and to other working memory tasks. A spatial short term
memory task, in contrast, was a good predictor for reasoning and strongly related to other
working memory tasks, both spatial and verbal ones (Oberauer, 1993). This was the case
although the spatial STM required only ‘passive’ retention of a pattern of dots in a grid. To
follow up on these results we included several tasks in the present study that require storage of
information elements without additional transformation, but with simultaneous access to the
elements.

Coordination of elements into structures should be distinguished from other coordination
concepts discussed in the context of working memory, e.g., the coordination of information
from different sources (Morrin, Law & Pellegrino, 1994; Yee, Hunt & Pellegrino, 1991; Yee,
Laden & Hunt, 1994) and the coordination of two tasks in a dual task combination (Baddeley,
1996). These coordination concepts can be regarded as aspects of the central executive.

So far, little research has been done to relate the three functions of working memory
distinguished above to each other. Roberts, Hager and Heron (1994) showed that the



1020 K. Oberauer et al. | Personality and Individual Differences 29 (2000) 1017-1045

antisaccadic task, which they used to operationalize the inhibitory function of working
memory, interferes with a simultancous short term memory task. This points to some overlap
between the resources for storage and for supervisory functions. On the other hand,
performance in the antisaccadic task did not correlate with performance in two working
memory tasks which measured simultaneous storage and transformation. Baddeley (1996)
showed strong interference between a short term memory task and random generation.
Random generation is one of the standard tasks to operationalize the supervisory function of
the central executive. However, as we will argue in our task analysis below, this task also
demands storage and transformation functions. Lehto (1996) found positive correlations
between tasks measuring simultaneous storage and transformation (essentially variations of
reading span tasks) and the Wisconsin Card Sorting Test, but not with two other indicators of
frontal lobe functioning.

2.2. Content categories

The content facet of our hypothetical structure has three categories: verbal, spatial-figural,
and numerical working memory. These three categories are reliably found in research on
intelligence structure (Carroll, 1993), and since there seems to be a tight relationship between
intelligence constructs and working memory capacity (Kyllonen & Christal, 1990), we believe
that a similar differentiation on the content facet is a fruitful hypothesis to start with.

The differentiation of working memory along the content dimension has received some
attention in the past, but remains an unresolved issue. Two parallel tasks, measuring working
memory in the verbal and the numerical domain, respectively — reading span and
computation span — correlated quite highly in some studies (Cantor et al., 1991; Turner &
Engle, 1989; Gilinsky & Judd, 1994) but relatively low in others (Hacker, Osterland, Timann &
Veres, 1995; Jurden, 1995). A differentiation between working memory with verbal and with
spatial material is strongly suggested by two psychometric studies (Daneman & Tardif, 1987;
Shah & Miyake, 1996). They both used only one kind of task for each content domain and
therefore cannot show that correlations between different working memory tasks within the
same content domain are higher than correlations between content domains. It is not clear
whether the separation is due to different contents or other task differences. Kyllonen (1994)
used three tasks from each of the three content domains and found that differentiating three
latent content factors improved the fit of a structural equation model. This model, however,
also included tasks from intelligence and knowledge tests, it is therefore unclear whether the
differentiation can be attributed to working memory. Recently, Swanson (1996) did not find
evidence for separate verbal and spatial factors in a study with children who worked on several
verbal and spatial working memory tasks.

Converging evidence from dual task experiments strongly suggests that different working
memory systems are involved in spatial and in verbal tasks (for reviews see Baddeley, 1986;
Logie, 1995), and this dissociation is also supported by recent neuroimaging research (Smith &
Jonides, 1997). To our knowledge, no experimental dissociation has been shown between the
verbal and the numerical domain.

To sum up, the present study is a first attempt to bring together the multiple aspects
discussed under the headline of working memory by exploring the factorial structure of a



K. Oberauer et al. | Personality and Individual Differences 29 (2000) 1017-1045 1021

comprehensive sample of working memory tasks. The facet taxonomy developed above served
to guide our sampling of relevant tasks and provides first working hypotheses for potential
differentiations.

3. Method

3.1. Participants

One hundred and twenty eight young adults took part in the study. Most of them (113) were
students from the University of Mannheim, the others were members of the university staff or
working in related academic positions. Mean age was 26.2 years (SD=5.0, range=18-46
years), and 38% were female. The participants were paid 80,- DM (about $50) for 9 h of
testing on two separate days. There were eight further participants who did not complete the
second day of testing and were discounted.

3.2. Materials

We measured working memory capacity with a broad battery of tasks which represents every
cell of the 3 x 3 facet structure. To improve the comparability of our results with previous
studies, we investigated tasks reported in the literature, rather than constructing entirely new
ones. One disadvantage of this strategy is that we could not find sufficient tasks for each cell of
the facet matrix, therefore, the cells are not equally represented in the test battery. This
difficulty could partially be overcome by aggregating scores within cells.

A second difficulty is that most of the tasks do not operationalize specifically one functional
category. According to our task analyses, which are described below, most of the working
memory tasks from the literature tap two or all three working memory functions (Fig. 1),
which leads to considerable overlap between the sets of tasks used to operationalize the three
functional categories. We attempted to reduce the overlap by a selection of tasks with a clear
profile of demands, but this was not altogether successful.

Tasks were selected according to the following criteria:

1. the tasks should measure specifically working memory capacity, that is, the demand on
knowledge and strategies should be kept to a minimum;

2. the tasks should measure specifically a single function in a single content domain;

3. all cells of the facet matrix should be about equally represented in the battery;

4. individual performance scores should be derivable for single, independent items, in order to
make the internal consistency of each kind of task available;

5. the tasks should be adaptable for computerized presentation in groups.

In what follows, we describe the selected working memory tasks together with a short analysis
of their demands on different working memory functions and content domains and the main
reasons for their selection. A detailed description is necessary because all the tasks taken from
literature sources were modified, sometimes considerably, for theoretical or technical reasons
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3.3. Working memory tasks requiring mainly supervision

3.3.1. Random generation (Baddeley, 1986, adapted by Schmuck, 1996)

The participants had to produce a sequence of randomly selected keystrokes by pressing the
nine digit keys of the number pad on the right side of the keyboard. The rhythm of key hits
had to follow the beat of a visual metronome (the word ‘now’ rhythmically flashing on the
screen) which required one response every 800 ms. The numbers on the 3 x 3-array of keys
were hidden by spatial symbols attached to the keys; these symbols were needed for another
task. Each trial consisted of 100 responses, and there were three test trials following one
practice trial. Redundancy was evaluated with an algorithm by Schmuck (1996), based on the
frequency of single response categories and of first order transitions between responses.

Random generation is frequently used to operationalize the supervisory function of working
memory. The rationale behind this is that the person has to continuously inhibit routines and
activate new schemata to produce a non-redundant output (Baddeley, 1986, 1996). To generate
a random sequence, the participants should also remember the elements they have produced
most recently to monitor the frequency of the response categories and transitions. To detect a
redundant schema in one’s own output, the remembered responses also have to be coordinated
into a structure, which then can be evaluated as more or less systematic. In conclusion,
random generation should tap all three working memory functions. The response mode of our
task version is best characterized as spatial.

3.3.2. Category generation (version with switching) (Baddeley, 1986, Mayr & Kliegl, in press)
Two categories, numbered 1 and 2, were presented on the computer screen for five s and had
to be memorized. Participants were asked to generate exemplars of these categories. After each
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Fig. 1. Classification of working memory tasks into three overlapping functional categories.
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answer, which they wrote into a slot on the answer sheet, they pressed the space bar, and the
number of the next category (1 or 2) was presented on the screen. The category number
changed according to an unpredictable sequence, so that participants had to switch between
the two categories frequently. Repetitions of prior answers were not allowed. For each item,
two semantically ‘near’ categories were chosen (e.g. ‘trees’ and ‘flowers’) to maximize the need
for inhibition of the competing category and activation of the intended category. One trial
ended after 90 s. The number of correct exemplars generated was scored. After one practice
trial, five test trials were presented.

Baddeley (1986, 1996) proposed category generation to operationalize the supervisory
function of the central executive, because the person has to inhibit the few exemplars that
routinely come into mind for a given category and activate more remote associations in order
to generate many different responses. Verbal fluency tasks like category generation are
frequently used to assess the function of the frontal lobes (Welsh, Pennington & Groisser,
1991) and to measure the executive function of working memory (Engle, 1996; Rosen & Engle,
1997). The task’s demand on inhibition and reactivation should be even higher when the
person has to switch between two semantically related categories. Demands on simultaneous
storage and transformation are minimal, because all prior answers can be read from the answer
sheet. The single answers need not be coordinated into a structure. This task should measure
the supervisory function of working memory quite specifically, providing potential means to
separate it from other functions. On the content facet, category generation is classified as
verbal.

3.3.3. Star counting test ( Das-Smaal, de Jong & Koopmans, 1993)

A number of stars lined up in two rows appeared on the screen, and several ‘plus’ and
‘minus’ signs were inserted between the stars. The participants had to count the stars from left
to right. Each time they reached a ‘plus’ they had to continue counting forward, each time they
reached a ‘minus’ they had to go on counting backwards (30, 29, 28, 27 ...). After seven
items, the meaning of ‘plus’ and ‘minus’ was reversed, i.e. ‘minus’ meant counting forward, and
‘plus’ meant counting backwards. The reversal was announced on the screen. The time needed
to count the stars was scored for each item. Latencies of incorrect responses were excluded.

This task was designed to test attentional mechanisms related to the central executive in
children. The switching between forward and backward counting routines should place a
demand on the flexible rescheduling of behavioral schemata. This demand should be increased
by reversing the familiar meaning of the signs. Besides the supervisory function, the ‘storage
and transformation’ function of working memory is involved to a smaller degree, because the
intermediate result of counting has to be remembered while the counting process goes on. The
coordination of elements into structures is not necessary. The content domain of this test is
numerical.

3.3.4. Switching (Allport, Styles & Hsieh, 1994; Zimmermann & Fimm, 1993)

Three versions of this task were used, one numerical, one figural, and one verbal. The
numerical version was designed after Allport et al. (1994): Participants had to respond as fast
as possible to successive displays on the computer screen. Each display contained a number of
equal digits in a random arrangement. The participants had to alternate between reading the
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digit and counting the number of digits in the display. Both kinds of results had to be typed
using the number pad. The results varied between one and nine, and the value of the digits
never equalled the number of digits. After each response, the next display appeared after 400
ms. To minimize memory load, a short reminder about which kind of response followed next
was displayed in the top part of the screen during each trial. After 10 practice trials, 30 test
trials were conducted.

The figural and verbal versions were constructed after Zimmermann and Fimm (1993).
Again, participants had to alternate between two kinds of responses to a sequence of displays.
Two geometrical figures appeared in each display side by side in the figural version. One figure
had sharp edges, the other had a smooth outline. Participants had to respond ‘left’ or ‘right’ to
indicate, alternating, on which side the sharp-edged or the smooth figure appeared. The figures
were selected at random from a pool of nine sharp-edged and nine smooth figures, and their
arrangement was also determined at random for each person (Fig. 2). In the analogous verbal
version, two words belonging to two prespecified categories appeared instead of the figures.
Participants had to indicate, alternating, the side of the word belonging to the first or the
second category. In both tasks, a one-word reminder to the next decision criterion was
included in the top part of each display. The response-stimulus-interval was 300 ms. After 10
practice trials, 40 test trials were presented for each version.

Switching was constructed as a simple and highly specific measure for the selective activation
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Fig. 2. Examples for screen displays of the figural switching task and pattern transformation.
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and inhibition of action schemata, which is one aspect of the supervisory function. Allport et
al. (1994) argue that the results of their experiments with switching tasks question the validity
of a unitary central executive construct. The correlational pattern of switching tasks in the
context of other working memory tasks could shed some light on this question.

3.4. Working memory tasks requiring mainly storage and transformation

3.4.1. Backward digit span

A series of digits was presented successively and had to be repeated in reversed order. Digits
were presented sequentially for 1000 ms each on the computer screen. After the last digit, a
row with the appropriate number of free slots appeared on the screen, and digits could be
typed into the slot where a cursor stood. After each response, the cursor jumped to the
following slot, and changes of prior responses were no longer possible. Two items with three
and four digits served as practice trials. Fifteen test items were presented, three for each list
length from four to eight digits, in ascending order. The number of correct digits recalled in
the right position served as score for each item. The scale score was computed by summing up
scores for the 15 items. This way of scoring differs from the usual span procedure. It has the
advantage that independent scores are gained for single items, so that the internal consistency
of the scale can be computed.

While forward digit span seems not to be a good measure of working memory (Daneman &
Carpenter, 1980; Oberauer, 1993; Swanson, 1993), this is not clear for the backward version
(Kyllonen & Christal, 1990; Schofield & Ashman, 1986). Forward digit span is assumed to
measure only short term memory capacity, lacking the transformation component which is
critical for working memory. Backward digit span, in contrast, includes the reordering of the
digit string, hence it should be a good task to measure ‘simultancous storage and
transformation’. On the other hand, not much of supervisory functions and coordinative
functions is required. Because the task uses digits as material, it is classified as numerical.

3.4.2. Reading span/computation span ( Daneman & Carpenter, 1980, Turner & Engle, 1989)

Reading span is the working memory task most frequently used in the individual differences
tradition. Our version differed in some detail from others currently in use, since we attempted
to exclude as much as possible all demands not related to working memory.

A number of sentences was presented sequentially for the reading span task. Each sentence
remained on the screen for three s, followed by a one second inter-stimulus-interval (ISI) until
the next sentence appeared. Participants had to judge the sentence as ‘true’ or ‘false’ during the
four-second-interval by pressing an appropriate key on the computer keyboard. Additionally,
they had to remember the last word of each sentence. After a series of sentences, they were
asked to write down the last words in the order of presentation. The limitation of presentation
time served to minimize individual differences in strategy. Data from Engle, Cantor & Carullo
(1992) suggest that persons with higher reading span scores take more time for rehearsal
between processing successive sentences, when presentation time is not limited.

Sentences were constructed according to the following criteria: (1) they should be short
(between four and seven words) and syntactically simple to reduce linguistic difficulties that
might have nothing to do with working memory; (2) they should be trivially true or false to
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minimize demands on knowledge; (3) the last word should be a familiar noun with not more
than three syllables. In combining sentences into lists for the test items, care was taken to
minimize semantic associations between the sentences, and especially between the last words.

Computation span is a parallel task with numerical content. Instead of sentences,
participants had to verify simple equations. The equations consisted of one addition or
subtraction, and there were only one- and two-digit numbers involved. The results of each
equation in a list had to be remembered and repeated in correct order after list presentation
has finished. The results were always one-digit numbers. Presentation time was the same as for
reading span.

In both task versions, recall responses were written into empty slots in the answer sheet.
Two practice trials and 15 test trials were presented for each task. There were three items for
each list length, presented in ascending order of length. List length ranged from three to seven
for reading span, and from four to eight for computation span. Scoring was analogous to
backward digit span.

Reading span and computation span were designed specifically to measure simultaneous
storage and transformation in their respective content domains. The interpretation of the
sentences in the reading span task could require some coordination to construct propositional
structures or mental models. This demand should not be very dominant, however, because we
used sentences with very low syntactic complexity. Computation span does not require any
significant amount of coordination. Both tasks potentially require supervision for the
coordination of the two partial tasks.

3.4.3. Spatial working memory

We constructed this task as a spatial equivalent to reading span. An item began with the
presentation of a transformation instruction, that is a 90° rotation to the left or to the right.
Then a series of simple patterns (realized by partially filling the cells of a 3 x 3 matrix) was
presented sequentially. Participants had to mentally rotate the patterns according to the
instruction and remember the resulting pattern. After the series, they were to draw the results
into a row of empty 3 x 3 matrices in the correct order. Each matrix was presented for three s
on the screen, followed by a 200 ms ISI. Following two practice items, eight items with two
and six items with three patterns were presented. Scoring was analogous to reading span.

The main requirement of this task should be simultanecous storage and transformation,
although retention of spatial patterns can be assumed also to require coordination of the single
cells into an integrated structure. The supervisory function of working memory does not seem
to be of major importance.

3.4.4. Verbal span/math span

These two parallel tasks were constructed according to the common dual-task paradigm.
Two unrelated tasks, one requiring storage, the other manipulation of information, were
combined. The storage task consisted of remembering a list of words (verbal span) or digits
(math span), which were presented simultaneously on the screen. Presentation time was 1 s
times the number of elements in the list. Following list presentation, a series of one, two or
three simple decision tasks was presented. In the verbal task, four words were displayed in the
four corners of the screen, and a fifth word in the center. Participants had to choose, as fast as
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possible, the one word which stood in a subconcept relation to the central word (e.g. ‘table’ —
‘furniture’). In the numerical task, two-digit numbers were shown in the corners and a one-
digit number in the center. Participants had to find the number which could be added to the
central number so that the result could be divided by five. The response was given by typing
the number (1-4) displayed besides the correct word or number. After the decision task(s), the
initial list had to be repeated in correct order. Word lists were written into slots in the answer
sheet, whereas numbers were typed into slots on the computer screen.

Two scores were obtained from these tasks: Number of correctly recalled elements (memory)
and reaction times for correct decisions (RT). Times for erroneous responses were excluded for
the RT score.

Verbal span and math span were constructed to measure specifically the combination of
storage and transformation. The decision tasks were short and simple to minimize demands on
the other functions of working memory, as well as on knowledge and strategies. Due to the
dual task nature of verbal span and math span, however, supervision ability might also be
required for it.

3.4.5. Pattern transformation (Mayr & Kliegl, 1993)

A configuration of four or eight objects, each with four variable features, was presented in
the left half of the screen. The variable features were form (square or circle), size (small or big),
color of border (black, white, grey) and color of inside (black, white, grey). A similar
arrangement of the same number of objects on the same locations was presented in the right
half of the screen (Fig. 2). The participants had to compare the two arrangements. They had
first to identify the one feature which was different for all corresponding objects in the two
arrangements. Taking this into account, they then had to identify the second feature in which
only one of the objects on the right differed from its counterpart on the left. This latter feature
was the correct answer. Responses were given by typing the number of the correct feature (1-
4). The numbering of the features was constantly presented at the bottom of the screen.
Presentation time for the objects was limited, but time for keying the response was not.

Besides two practice items, nine test items with four objects were presented, followed by nine
items with eight objects. Presentation times alternated between 12 and 15 s for the four object
configurations and between 15 and 20 s for the eight object items. Items were scored as correct
(1) or incorrect (0).

The critical task demand is to search for the object-specific feature while retaining the global
feature. Consequently, the task taps the storage and transformation function. The coordination
of elements into a structure does not seem necessary — it is possible to compare each object
separately with its counterpart without taking the structure of each arrangement into account.
The supervisory function does not play a prominent role in the task. The content domain of
the task is spatial-figural.

3.4.6. Memory updating (adapted from Salthouse, Babcock & Shaw, 1991)

There was a numerical and a spatial version of this task. In the numerical version, a 3 x 3
matrix appeared on the screen. A variable number of ‘active’ cells in the matrix was used for
each item, the rest of the nine cells was shaded grey. A number appeared successively in each
of the active cells. Following the presentation of these initial elements, numerical operations
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like “+2’ or ‘=3’ appeared in selected cells. Each operation had to be applied to the current
value of the cell, and the result had to be remembered as the new value for this cell. After a
number of operations, a question-mark appeared in one cell, and the subject was required to
type the current value of this cell. Two or three cells (depending on the number of ‘active’
cells) were probed for each item. Presentation time for initial elements as well as operations
was fixed at 1300 ms (Fig. 3).

For the spatial version, dots appeared in the cells at one of nine possible positions.
Participants had to remember the positions of the dots within their cells. Then they had to
move the dots mentally from one position to another within the cells, according to arrows that
appeared in the center of some of the cells, and remember the new dot position. After a
number of operations, a question-mark appeared in a cell selected at random. The participants
showed the final dot position reached in the cell. They used the number pad on the right of the
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keyboard for their responses, where schematic pictures designating the nine possible dot
positions were attached to the keys. Again, two or three cells were probed.

For each task, two practice trials and 15 test items were presented. The numerical test
consisted of five items with two active cells (between two and six operations), five with four
active cells (between one and five operations), and five items with six active cells (between one
and three operations) each. The spatial test included five items with two active cells (two to six
operations), five with three (one to five operations), and five with four active cells (one to three
operations). The number of cells and the number of operations were calibrated after the results
of pilot studies to construct items with about equal difficulties.

The memory updating tasks were aimed at measuring simultaneous storage and
transformation in working memory. Besides this, the retention of elements organized in a two-
dimensional matrix and the continuous updating of single elements within this matrix requires
the ongoing coordination of those elements into new structures (i.e. linking the elements to
their positions in the matrix).

3.6. Working memory tasks requiring mainly coordination

3.6.1. Memory updating (STM versions)

These two tasks were exactly like the original memory updating tasks for both numerical
and spatial material, except that no operations were required, thereby reducing the demand
from simultaneous storage and transformation to a pure storage demand. Fifteen spatial items
(five with three active cells and 10 with five active cells) and 15 numerical items (five with six
active cells, 10 with nine active cells) were presented. As in the complete memory updating
task, only three cells selected at random were probed.

Following the traditional definition of working memory that necessarily includes
manipulation, the elimination of the transformation component should transform a working
memory task into a short term memory task. This should lead to reduced loadings on one or
several working memory factor(s) (Cantor et al., 1991; Engle, Tuholski, Laughlin & Conway,
1999b; Swanson, 1993) and reduced correlations with reasoning scales. The STM versions of
memory updating, however, require simultaneous access to the memory elements, because
elements must be recalled not according to sequential position, but as cued by their position in
a spatial coordinate system. The need for simultaneous access, which is characteristic for the
coordination function, should be sufficient to make the STM versions substantially different
from serial span tasks. Therefore, we expect that the STM versions should correlate as highly
with other working memory indicators as the complete memory updating tasks.

3.6.2. Alpha span (Craik, 1986)

A series of words was presented sequentially, one word each second. After the sequence had
finished, the first letters of the words had to be repeated in alphabetical order. Responses were
typed in a mode analogous to backward digit span. Apart from two practice trials, two parallel
blocks of nine items were constructed. Each block included one item with list length three and
two items with each list length between four and seven, in ascending order. Scores were
computed in the same way as for backward digit span.

The demand profile of this task is similar to backward digit span. It does, however, include
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more of a coordination component than the latter. To reverse a sequence, only two elements
and their ordering relation must be considered at once, but to bring words in alphabetical
order, one has to consider all the words in the list, together with their mutual relations on the
dimension of the alphabet. Therefore alpha span could be classified as a coordination task as
well as one measuring simultaneous storage and transformation. Because our battery lacks
verbal coordination tasks, we arbitrarily classified it into the coordination category in Table 1.

3.6.3. Spatial short term memory (Oberauer, 1993)

Dots appeared in the cells of a 10 x 10 matrix sequentially for 1 s each. Participants had to
recall the pattern of dots. Responses were given by placing a cross in the corresponding cells in
an empty matrix in the answer sheet. The score obtained for a response depended not on the
absolute placement of the crosses, but only on their relative positions, therefore, the relations
between the dots and not their absolute positions in the matrix had to be remembered. This
was an attempt to maximize the demand to coordinate the elements into a structure. The task
does not require simultaneous storage and transformation because it has no transformation
component. The only cognitive processes involved are not productive, but conservative ones. In
this respect, spatial short term memory is equivalent to a verbal or numerical short term
memory task like digit span or word span — tasks that are not considered to be good
measures of working memory. What makes spatial short term memory different is not the
addition of a transformation component, but an additional demand on coordination in the
sense explicated in the introduction. We therefore expect spatial short term memory to load
high on a working memory factor and to be a good predictor for reasoning ability. In previous
work with this task (Oberauer, 1993), spatial short term memory was strongly related to the
reasoning scale of an intelligence test, while a letter span task was not. The present study
intended to replicate the finding for the spatial short term memory task.

After two practice items, participants worked on 15 items of this task. The number of dots
increased by one every three items, ranging from two to six. The mean distance between the

Table 1
Cross classification of working memory tasks according to the hypothetical facet structure®

Verbal Spatial-figural Numerical
Storage & transformation Reading span MU spatial MU numerical
Verbal span Pattern transformation Computation span
Spatial WM Backward digit span

Math span

Coordination Verbal coordination Spatial STM MU (STM) numerical
Alpha span Spatial coordination
MU (STM) spatial
Spatial integration
Tracking
Supervision Category generation Random generation Star counting test

Switching verbal

Switching figural

Switching numerical

#MU: Memory updating; STM: Short term memory.
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dots was varied over two steps (near: 1 to 2 cells, far: more than two cells) orthogonal to the
number of dots.

3.6.4. Spatial coordination (Oberauer, 1993)

The stimulus presentation was exactly like spatial short term memory. Before responding,
participants had to decide whether the pattern of dots that would emerge if all the dots
appeared simultaneously was symmetrical according to a vertical axis or not. If it was, they
had to place their response in a matrix on the left, if not, they had to place it in a matrix on
the right side of the answer sheet. This extra feature was introduced to enforce the
coordination of the dots into a structure. The decision step can also be seen as a
transformation component, therefore, this task also demands some simultaneous storage and
transformation. Fifteen items of this task were presented after two practice trials. The test
items were constructed in the same way as those of spatial short term memory, and the scoring
procedure also was the same.

3.6.5. Verbal coordination (Oberauer, 1993)

A row of cells appeared on the screen, and a letter appeared in each cell for 1 s in a random
order. Participants had to remember the letters in their respective cells and then decide whether
the complete row was a word in a forward direction, a word in a backward direction, or no
word at all. Depending on this decision, they had to write the letters into one of three empty
rows in the answer sheet. The number of correct letters at the correct location in the row was
taken as the score for each item (Fig. 3).

The task should require coordination of the letters into a structure. It also requires
simultaneous storage of the letters and transformation of the resulting structure to reach a
lexicality decision. Supervisory functions are not needed to a large extent.

3.6.6. Spatial integration (Salthouse & Mitchell, 1989)

A sequence of partial line drawings was presented for each item. Each partial pattern was
shown for 1500 ms, followed by a 300 ms mask and a 300 ms ISI. Participants had to integrate
the partial pictures mentally and to compare the result to a complete linedrawing which was
shown after the last mask. Participants responded by pressing keys labelled ‘true’ or ‘false’.
The line patterns were constructed by connecting adjacent points in an imaginary 4 x 4 grid by
straight lines. All lines within partial patterns, as well as in the complete patterns, were
connected with each other. Two practice items and 18 test items were constructed. The first six
items consisted of two partial pictures, the next six of three, and the final six patterns were
broken into four parts. Within each block of six items, the number of single lines in each
partial pattern increased from two to four. Items were scored as correct (1) or incorrect (0)
(Fig. 3).

This task does not require much simultaneous storage and transformation. The only
productive process involved, the comparison, is a terminal step with which the storing of
partial drawings can be finished. Hence, storage and transformation are not required
simultaneously. The task does, however, require the coordination of partial drawings into one
structure. Spatial integration is therefore another task for which the two conceptualizations of
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working memory contrasted here — simultaneous storage and transformation vs. coordination
— make different predictions regarding its correlational pattern.

3.6.7. Tracking ( Pylyshyn & Storm, 1988)

Ten identical small circles (I cm in diameter) appeared on the screen in a random
arrangement. Subsets of two to five circles were flashed 10 times on the screen, these were
declared to be targets. All 10 circles began to move on random trajectories with about 70 mm/
s. Participants had to follow the targets while they moved together with the distractors. After
about 8 s, the circles stopped, and numbers between 1 and 10 were assigned to them.
Participants had to type the numbers of the targets in free order. The number of hits was
taken as the item score. Five items had two targets, five had three, two items four, and three
items five targets (Fig. 3).

The tracking task served as a first attempt to operationalize the coordination function of
working memory without a memory component. Yantis (1992) presented evidence suggesting
that people track multiple elements by integrating them into a virtual geometrical figure.
Tracking therefore should require the ongoing coordination of visually present elements. No
simultaneous storage and transformation is involved, because there is no information to be
memorized. There is no obvious supervision requirement. The content domain of this task is
spatial.

3.7. Intelligence test

A comprehensive intelligence test battery was used for convergent validation of the working
memory task pool. The intelligence test was based on the Berlin Model of Intelligence
Structure (BIS) (Jager, 1982, 1984). The test consists of four functional scales measuring
reasoning ability, speed, creativity (fluency), and memorization ability. Each scale consists of a
heterogeneous set of nine to 15 types of task. Within each scale, the three content categories
verbal, numerical, and spatial-figurative are completely balanced over the tasks. Thereby, the
same tasks can also be used to build three content scales by aggregating scores from tasks from
the same content domain over all four functional categories. General intelligence is measured
by aggregating z-scores from all 45 tasks in the test. For an English description of the
underlying intelligence structure model, see Carroll (1993), Sii3, Oberauer, Wittmann, Wilhelm,
and Schulze (1996) or Wittmann (1988).

3.8. Procedure

Participants were tested in groups of maximally 17 in the university’s computer pool. The
tests were administered on two days, separated by about three months. Each session lasted
4.5 h, including three 10 min breaks. Working memory tasks and intelligence test tasks
alternated in blocks of about 20 to 40 min to increase the diversity of the mental workload.

The stimuli for all working memory tasks were presented on the computer screen, and



K. Oberauer et al. | Personality and Individual Differences 29 (2000) 1017-1045 1033

responses were sometimes recorded through the computer keyboard and sometimes written
into an answer sheet, depending on the task. The answer sheet also included written
instructions for each working memory task, which were read aloud by the experimenter at the
beginning of every new task. The instruction procedure included the practice trials, during
which questions were answered. The participants then worked through the test items until the
end of a task at their own pace (unless the task included time limits). They were instructed to
remain silent until everyone had finished the task and then the next task was explained.

On the second day, the sample was divided into three groups. The presentation order of the
two parallel versions of alpha span was varied in these groups to control for effects of fatigue
during the 4.5 h testing session. Group 1 received alpha span A at the beginning and B at the
end of the session. Group 2 received B at the beginning and A at the end. Group 3 worked on
first A and then B at the end of the session.

Table 2
Descriptive statistics and reliabilities (Cronbach’s o) for working memory tasks®

Working memory task Mean Max. SD Cronbach’s o No. of items K-S test
Random generation 0.33 1.0 0.09 0.86 3 0.04
Category generation 13.05 2,15 0.80 5 0.85
Star counting test 15,149 3884 0.91 14 0.54
Switching numerical 1877 396 0.78 30 0.30
Switching verbal 1261 278 0.94 40 0.19
Switching figural 1057 281 0.94 40 0.76
Backward digit span 4.87 6.0 0.76 0.81 15 0.54
Reading span 3.70 5.0 0.69 0.84 15 0.40
Computation span 5.25 6.0 0.75 0.85 15 0.01
Spatial working memory 1.68 2.43 0.49 0.86 14 0.12
Verbal span (memory) 3.63 5.0 0.75 0.82 15 0.66
Math span (memory) 5.39 6.0 0.60 0.79 15 0.01
Verbal span (RT) 3169 696 0.88 30 0.05
Math span (RT) 2748 714 0.83 28 0.07
Pattern transformation 0.64 1.0 0.20 0.75 18 0.05
Memory updating (STM) num 2.27 3.0 0.33 0.66 15 0.12
Memory updating num. 1.91 2.67 0.43 0.81 15 0.67
Memory updating (STM) spat. 2.04 3.0 0.47 0.83 15 0.55
Memory updating spat. 1.40 2.67 0.51 0.85 15 0.89
Alpha span 3.76 5.2 0.74 0.81 18 0.18
Spatial short term memory 2.71 4.0 0.36 0.75 15 0.31
Spatial coordination 2.73 4.0 0.41 0.75 15 0.87
Verbal coordination 4.64 6.0 1.11 0.84 15 0.01
Spatial integration 0.78 1.0 0.12 0.41 16 0.03
Tracking 2.22 3.2 0.25 0.52 15 0.51

# Mean: Mean number of correct responses per item for accuracy measures, mean reaction time in ms per item for
speed measures, mean redundancy index for random generation. Max: Theoretical maximum (only for accuracy
scores). K-S test: Kolmogoroff-Smirnow test for normal distribution, P value.
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4. Results
4.1. Reliability

Descriptive statistics for the working memory tasks are summarized in Table 2. The internal
consistency of each task was computed to estimate the reliability of the basic variables which
are used for structural analysis. The results are also included in Table 2.

The internal consistencies were satisfactory for all but two tasks: spatial integration and
tracking. Why these tasks were less reliable is not clear, both had much higher consistency
values in pilot studies. Whatever might have caused the low inter-item correlations, all results
concerning these tasks can only be interpreted with caution.

Table 3 summarizes the percentages of correct responses for those tasks where other
dependent variables (mainly reaction times) were taken as performance indicators. Accuracy
was high in all tasks where reaction times for correct responses were used. In no case more
than 10% of the data had to be excluded because of incorrect responses.

Task scores were obtained by computing unweighted means of the item’s raw scores. Task
scores based on reaction times were transformed logarithmically to approach normal
distributions, and their sign was reversed, so that higher scores reflect better performance. For
some participants error rate was too high to trust their scores for some reaction time tasks.
Their scores were eliminated, as were some occasional outliers. All in all, 10 data points were
lost in this way. Missing values for task scores were replaced by forward regression estimates
computed from the other working memory tasks as predictors for those analyses that required
complete data. The complete correlation matrix of all tasks is given in the Appendix.

4.2. Effects of presentation order

The experimental variation of presentation order concerning o span resulted in a significant
main effect of the factor test (form A vs B), F(1,126)=4.49 MSe = 0.24, P = 0.04), no
significant main effect of group, F(2,126)=0.08, MSe = 1.11, P = 0.92), and a highly
significant interaction, F(2,126)=28.14, MSe = 0.24, P < 0.001). All three groups achieved

Table 3
Percentage of correct responses in working memory tasks from which other measures were taken as performance in-
dicators

Working memory task Mean SD

Star counting test 0.91 0.13
Verbal span (decision task) 0.97 0.03
Math span (decision task) 0.96 0.12
Spatial coordination (symmetry decision) 0.85 0.13
Verbal coordination (lexicality decision) 0.74 0.19
Switching numerical 0.96 0.09
Switching verbal 0.96 0.09

Switching figural 0.96 0.11
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better results in the test form presented second, indicating an effect of familiarity. The planned
comparison of test form A in Group 1, who worked on it at the beginning of testing, and
Group 3, who worked on it at the end, yielded no significant difference, #(84)=0.53, P = 0.60.
There seemed to be no general effect of the task’s placement within a 4 h session of testing.
Therefore, we are confident that differential effects of fatigue or other factors correlated with
presentation order have not contaminated our data.

4.3. Exploratory analysis of structure

An exploratory factor analysis (principal component analysis) was conducted with the 25
scores for the working memory tasks (including both scores from the dual tasks). A Scree test
suggested the extraction of three or four factors. We decided to focus on the three factor
solution because our theoretical facet structure postulates three categories on each facet.
Furthermore, this solution proved to be the more parsimonious and theoretically meaningful,
so that extraction of a further factor did not provide any additional insight. The four factor
solution split the third factor into two without any apparent systematicity in the relative

Table 4
Factor loadings of working memory tasks®

Task Factor 1 Factor 2 Factor 3 Communality
Math span (memory) 0.85 0.12 0.05 0.73
Verb span (memory) 0.76 0.13 0.18 0.63
Computation span 0.75 0.28 0.13 0.66
Backward digit span 0.73 0.35 0.13 0.67
MU numerical (STM) 0.72 0.23 0.03 0.58
Reading span 0.71 0.22 0.22 0.61
Alpha span 0.63 0.24 0.31 0.58
MU numerical 0.55 0.48 0.30 0.63
Verbal coordination 0.45 0.37 0.37 0.48
MU spatial (STM) 0.24 0.77 0.15 0.67
Spatial coordination 0.28 0.76 0.14 0.68
MU spatial 0.34 0.75 0.09 0.69
Spatial short term memory 0.27 0.75 0.17 0.66
Spatial working memory 0.34 0.62 0.13 0.52
Spatial integration 0.10 0.54 0.24 0.36
Random generation 0.24 0.50 0.10 0.31
Tracking 0.01 0.45 0.36 0.33
Switching verbal 0.13 0.07 0.80 0.66
Verb span (RT) 0.06 —0.07 0.76 0.58
Switching numerical 0.19 0.26 0.74 0.65
Switching spatial 0.14 0.19 0.65 0.49
Math span (RT) 0.31 0.33 0.64 0.61
Star counting test 0.07 0.36 0.61 0.51
Category generation 0.35 0.18 0.53 0.44
Pattern transformation 0.08 0.38 0.43 0.34

# Eigenvalues for the first five factors: 9.8, 2.4, 1.7, 1.2, 1.1. Loadings >0.40 are printed in italics.
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loadings of the variables on them. The first and the second factor remained essentially
unaffected. The loadings of the three factor solution after Varimax rotation are shown in
Table 4.

The first factor can clearly be interpreted as verbal-numerical working memory, including the
simultaneous storage and transformation and the coordination function. The second factor can
be labelled as storage and transformation/coordination with spatial-figural material. The third
factor is ambiguous. Most of the tasks employed to operationalize the supervisory function of
working memory have high loadings on it. On the other hand, all tasks building the third
factor were speeded tasks. Of special interest is the fact that the two reaction time scores (RT)
taken from the dual task tests loaded heavily on the third factor, while the retention scores
(memory) from the same tests loaded on the first factor. According to our task analysis, the
simple decision tasks which were included as transformation components in the dual task tests
do not tap the supervisory function of the central executive. It could be the case, however, that
the reaction times in a dual task condition reflect some variance associated with the central
executive, since the central executive is required to coordinate the two subtasks. On the other
hand, random generation — a task that does not involve time as the dependent variable —
had no substantial loadings on the third factor. Therefore, we cannot rule out the
interpretation that the third factor represents general speed, instead of the supervisory
function.

In order to validate our interpretation of the three factors, we correlated them with scales
from the intelligence test (Table 5). Factor 1 correlated highest with reasoning and with
numerical abilities, somewhat less with verbal abilities. This pattern supports the interpretation
of the first factor as verbal-numerical working memory, with a somewhat higher emphasis on
the numerical aspect. The second factor had high correlations with reasoning and with the
spatial and numerical content scales of the intelligence test. This indicates that a working
memory factor built exclusively from tasks with spatial content may play a role also for
numerical reasoning processes. It could also be a hint towards numerical recoding processes
applied to some spatial working memory tasks. The third factor had a very strong relationship
with the processing speed scale. In addition, it shared substantial variance with verbal abilities,
presumably because the task with the highest loading on Factor 3 was verbal. The high
correlation with processing speed supports the interpretation of the third factor as reflecting

Table 5
Correlations of working memory factor scores with intelligence scales®

Factor 1 (verbal-num) Factor 2 (spatial) Factor 3 (speed/supervision)
Speed 0.31™ 0.19* 0.61""
Reasoning 0.42** 0.56™* 0.41**
Numerical 0.46™* 0.48** 0.37*
Verbal 0.37** 0.08 0.58"*
Spatial 0.28™* 0.52** 0.34**

# Note: *=significant at P = 0.05, ** =significant at P = 0.01.
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mainly speed related variance. Alternatively, one could interpret this relationship as reflecting
the role of supervisory functions in the execution of simple, speeded tasks that are typical for
the speed scale in the intelligence test. There is until now, however, no independent evidence
for the claim that the supervisory function of working memory plays a substantial role for
simple speed tasks.

4.4. Structural equation models

Exploratory factor analysis is not an adequate tool to test a hypothetical multifacet
structure, because each variable tends to be associated with only one factor. Therefore, we
turned to structural equation modeling with EQS (Bentler, 1989) to test the facet model of
working memory directly.

To reduce the number of variables — and with them the number of free parameters in the
models — we formed composite variables within the nine cells of the facet matrix by
aggregating the z-scores from the tasks in Table 1. In the spatial supervision cell, the task
random generation was excluded, because it did not share sufficient variance with the other
tasks in the supervision category, as became evident by the exploratory factor analysis (first
order correlations with the other supervision tasks ranged from 0.16 to 0.31). For most cells,
this procedure yielded one composite variable; where enough tasks were available, two
composites were built for a cell.' The 11 aggregated variables can be considered as relatively
pure and reliable measures of the intended constructs. Theory-driven aggregation of
moderately heterogeneous operationalizations for the same construct serves to suppress
unwanted variance, as well as error variance (Cattell & Tsujioka, 1964; Wittmann, 1988), and
thereby increases a measure’s construct validity. The suppression of unwanted variance by
aggregation is one strategy to deal with the fact that most tasks do not operationalize a single
function exclusively, as is evident from Fig. 1. By selecting tasks that have in common the
requirement of a target function (e.g. supervision), but differ on additional requirements (e.g.
storage and transformation), we hope to maximize the variance due to the target function and
suppress the variance due to other functions.

Our strategy was to begin with a measurement model that incorporated all the distinctions in
the facet structure as separations of factors. This yielded a starting model with six factors,
three of which represent the functional categories and the other three the content categories.
From this model, we proceeded to more parsimonious ones by eliminating distinctions between
factors that are highly correlated. This was done by fusing the respective factors into one,
which is equivalent to fixing their intercorrelation to one and their correlations to other factors
to equality, so that each derived model is nested within all the previous ones. In this way, we
systematically searched for the most parsimonious model that would fit the data. This strategy
enabled us to use inferential statistics for decisions about the necessity of specific factorial
distinctions. When elimination of a distinction leads to a significant decrease of model fit, we

"' The first composite for storage and transformation numerical, ST-Num 1, was built from computation span and
math span, and ST-Num 2 was built from backward digit span and numerical memory updating. Spatial coordi-
nation 1 consisted of spatial memory updating, STM version, and spatial integration; the aggregation of spatial
short term memory, spatial coordination, and the tracking task formed composite CO-Spat 2.
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Table 6

Fit statistics of structural equation models*

Model y2(d.f) CFI BNFI RMSEA AGFI
6 factors 43.75 (27) 0.979 0.949 0.070 0.865
5 factors 45.68 (25) 0.979 0.946 0.067 0.864
4 factors 48.92 (31) 0.978 0.943 0.068 0.867
3 factors (1) 69.14 (33) 0.955 0.919 0.093 0.832
3 factors (2) 72.25 (32) 0.950 0.915 0.099 0.817

# CFI=comparative fit index; BNFI = Bentler Bonnett normed fit index, RMSEA =root mean square error of ap-
proximation, AGFI = Lisrel fit index. Three factors (1) refers to the model without content differentiation; 3 factors
(2) is the model without functional differentiation.

can conclude that this distinction is supported by the data with an error probability directly
reflected by the probability of the y? difference.

We tested a series of measurement models for these variables, beginning with a six factor
model that directly implemented the facet taxonomy. Each variable loaded on one of three
functional factors and on one of three content factors. The functional factors were left to
correlate with each other, as were the content factors, but no correlations were admitted
between function and content factors. This model had a good fit (for fit statistics see Table 6).

ST-Verb

ST-Num 1

ST-Num 2«

ST-Spat

CO-Verb
o .82

CO-Num

CO-Spat 1

CO-Spat 2«

SUP-Verb

Super-
vision/

74 s
> sup-spat

Fig. 4. Best fitting measurement model for the structure of working memory capacity. x*(31)=48.92, P = 0.02,
CFI=0.978, Bentler-Bonnett NNFI=0.960, NFI=0.943. Errors are omitted for clarity. ST=storage and
transformation. CO =coordination. SUP = supervision/speed.
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The factors for storage and transformation and for coordination were highly correlated (r <
0.98), so the next step was to fuse the two factors into one. The resulting five-factor model still
had a very good fit. The y-difference was not significant, so we concluded that the distinction
between a storage and transformation factor and a coordination factor is not supported by the
data.

The five factor model had highly correlated factors for verbal and numerical working
memory (r < 0.86). A four-factor model was constructed with a single verbal-numerical factor.
This model was still adequate to reproduce the covariance structure. Again, the difference in y°
to the previous model was not significant, so that the distinction between verbal and numerical
working memory could be dropped. The four-factor model is shown in Fig. 4.

A further reduction of the number of factors led to considerable decreases of fit. Fusing the
verbal-numerical factor with the spatial factor (thereby essentially introducing a general factor)
resulted in a % (33) of 69.14. The difference to the four factor model was highly significant, P
< 0.0001. A distinction between verbal-numerical tasks on the one hand, spatial tasks on the
other hand was necessary to account for the data. A model that fused storage and
transformation/coordination with supervision/speed was even worse, with 3> (32)=72.25.
Therefore, we accepted the four-factor model as the final model.

5. Discussion

A two facet structure with three categories on each facet was proposed as a taxonomy for
the construct of working memory capacity. The results of both exploratory factor analysis and
structural equation modelling converge on positive evidence for some of the proposed
differentiations, whereas others were unnecessary to account for the data.

5.1. Functional categories

Within the functional facet, simultaneous storage and transformation and coordination
proved to be inseparable. Tasks demanding exclusively one or the other of these two functions
loaded on the same factors in all analyses. We must keep in mind that there was a large degree
of overlap between these two functions in the tasks sampled from the literature, so that the
present test for a distinction is very conservative. It remains a possibility that the two factors
can be differentiated with more pure measures. Nonetheless, the present results imply that the
scope of working memory is broader than the classical notion of ‘simultaneous storage and
processing’ suggests. Tasks that involve no transformation of the information remembered (e.g.
the STM versions of memory updating) measure essentially the same as tasks for simultaneous
storage and transformation, and at least one task that even lacks the storage component
(multielement visual tracking) loaded on the same factor as the classical working memory
tasks.

This observation contrasts with previous findings that simple span tasks without a
transformation component do measure something different from working memory tasks
(Cantor et al., 1991; Engle et al., 1999b). Further research should try to define more precisely
under which conditions a short term memory task measures working memory and under which
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conditions it doesn’t (or only to a moderate degree). Our results strongly suggest that the
addition of a ‘processing’ component is not critical.

A separate factor in the exploratory factor analysis was built by a large subset of those tasks
which were meant to measure the supervisory function. We propose to interpret this factor not
as supervision, but as general mental speed, for three reasons: (1) Only those supervision tasks
which were timed had their highest loadings on this factor, (2) the transformation component
of the dual task tests, which were also timed, loaded highly on the factor in question, (3) this
factor was in turn highly related to the speed scale of an intelligence test.

5.2. Content categories

Regarding the content facet, spatial working memory is clearly separate from verbal and
numerical working memory. Spatial tasks built a separate factor in the exploratory factor
analysis, and the difference between spatial and nonspatial tasks could not be eliminated from
the EQS models without substantial loss of fit. The differentiation between numerical and
verbal working memory was not supported by the data. Numerical and verbal tasks were not
separated in the factor analysis, and we were not able to reject structural equation models that
fused the two factors. This is in good agreement with the literature, where differentiations of
working memory along the content domain were mainly found between spatial and non-spatial
tasks (Daneman & Tardif, 1987; Shah & Miyake, 1996; Smith & Jonides, 1997), but not
between verbal and numerical tasks (Turner & Engle, 1989; Kyllonen & Christal, 1990). Our
work extends these previous findings in showing the generality of the two content factors for a
large number of different working memory tasks.

5.3. Models of working memory

The two content categories identified here fit nicely with the model of Baddeley (1986), who
proposed one slave system for phonologically coded material (including words and numbers),
and one for spatial and pictorial material. One suggestive interpretation of our results in light
of Baddeley’s model would be to attribute the content related variance to the capacity of the
two slave systems, and the function related variance to the central executive. Since we
identified two clearly distinct factors on the functional dimension, this would seem to imply
that the central executive is not unitary. The factor representing the supervision tasks, however,
can easily be interpreted as reflecting mental speed, and therefore not belonging to the
conceptual scope of working memory. Therefore, the data seem compatible with Baddeley’s
model. This interpretation, however, would imply a considerable redefinition of the central
executive. The factor representing storage and transformation/coordination can hardly be
interpreted as reflecting variance of executive processes alone. Typical tasks used by Baddeley
and others to operationalize the central executive (random generation, category generation)
had comparatively low loadings on this factor in the exploratory analysis (for similar results
with random generation see Engle et al., 1999b). Some tasks associated with executive
functions, for example the combination of storage and transformation in a dual-task situation,
were markers for this factor, but they were accompanied by other tasks that did not require
any coordination of two concurrent tasks, nor did they require other obvious supervisory
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functions (e.g. spatial short term memory). Supervisory or executive functions are certainly not
the common denominator of the tasks that load on the storage and transformation/
coordination factor.

One construct potentially capable of covering the broad unitary factor reflected in this factor
is controlled attention as defined by Engle et al. (1999a). Controlled attention refers to the
maintenance of information in the face of distraction and interference and the suppression of
distraction. However, for several tasks with high loadings on the storage and transformation/
coordination factor (e.g. the verbal and spatial coordination tasks), it is not obvious that they
require controlled attention any more than, for example, simple digit span or word span. We
believe that the controlled attention construct is a promising approach, but its conditions of
application need to be defined more precisely in order to distinguish between tasks that do
require a high degree of controlled attention and tasks that don’t.

6. Conclusions

Intelligence structure research has converged on the widely accepted view that intellectual
abilities can be structured hierarchically. Most contemporaneous models postulate a general
factor g on the highest level of aggregation, which is differentiated into more specific, although
still quite general, mental abilities on at least one level below. The same picture now emerges
for the construct of working memory capacity. The high positive intercorrelation of all
working memory tasks used in the present study strongly supports the construct validity of the
concept of working memory as one general cognitive resource. On the other hand,
differentiations of the general working memory concept seem to be necessary on a second level
of description. The structural equation models presented here show that distinctions on both
the functional and the content dimension are appropriate. The content differentiation nicely
converges with experimental results (Baddeley, 1986; Logie, 1995). The interpretation of the
functional differentiation is not so clear. Further research should focus on defining more
precisely the conceptual scope of working memory, and thereby specify which features of a
task are essential to measure it.
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Appendix
Correlation matrix of working memory tasks®
MU,n MU,n0 MU,sp MU,sp0 TR BDS RS CS CG RG SCT MS,RT VS,RT SI SW,n SW,sp SW,v AS PT MS VS SpWM SpSTM COsp
MU0  0.54
MUsp 054 041
MUsO 053 037 0.76 >
TR 025 022 030 0.41
BDS 0.66  0.64 0.48 047 024
RS 055 049 045 0.43 020 0.55
cs 053 052 0.47 038 024 065 0.66
CG 044 026 038 035 027 035 041 037
RG 040 030 043 0.40 002 025 033 034 020
SCT 048  0.17 033 0.28 030 036 026 026 035 032
MSRT 051 026 0.38 0.39 036 046 043 039 046 032 0.53
VSRT 021 007 0.03 0.14 0.18 009 022 011 041 008 035 0.60
SI 039 018 038 043 037 024 025 024 031 027 030 033 023
SWn 044 024 033 033 039 038 034 037 039 024 058 0.60 0.42 0.26
SW T 032 023 031 031 029 023 028 026 033 016 035 031 032 024 051
SWv 029 017 0.23 025 029 021 028 020 037 022 043 041 0.45 018 062 075
AS 059 050 0.41 031 025 050 049 055 045 030 033 0.50 0.28 033 039 024 027
PT 037 0.5 035 034 0.14 017 027 020 031 037 038 036 025 0.16 040 034 034 022
MS 044 0.60 038 031 008 059 056 063 025 027 011 032 0.06 021 026 022 023 057 0.14
Vs 046 048 0.36 032 0.12 056 061 057 042 026 0.17 037 0.15 027 023 030 025 043 032 066
SpWM 051 036 0.54 0.49 028 041 040 038 025 044 026 045 0.1 030 032 031 019 034 035 041 043
SpSTM 051 038 0.56 0.53 042 051 039 046 029 033 040 049 0.08 044 036 030 022 044 033 031 032 053
COsp 049 033 0.61 0.61 030 050 036 046 029 039 034 041 0.1 040 038 032 023 043 034 036 034 056 0.71
Cov 054 036 0.45 0.42 028 049 032 039 042 020 030 051 026 035 041 033 035 053 034 050 045 042 0.48 0.49

# MU =memory updating (sp=spatial, n=numerical,

ation, Sp WM = spatial working memory, Sp STM = spatial short term memory, CO = coordination (v=verbal, sp = spatial).

0=short term memory version), TR =tracking, BDS =backward digit span, RS =reading
span, CS=computation span, CG=-category generation, RG=random generation, SCT =star counting test, MS/VS=math span/verb span
(RT=reaction time score), SI=spatial integration, SW =switching (v=verbal, f=figural, n=numerical), AS=alpha span, PT = pattern transform-
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