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A substantial number of studies have shown that
working memory capacity (WMC) is the best
single predictor identified so far of reasoning
ability as measured by intelligence tests (Ack-
erman, Beier, & Boyle, 2002; Colom, Flores-
Mendoza, & Rebollo, 2003; Conway, Cowan,
~ Bunting, Therriault, & Minkoff, 2002; Engle,
Tuholski, Laughlin, & Conway, 1999; Kyllonen
& Christal, 1990; Oberauer, 1993; Siif, Ober-
auer, Wittmann, Wilhelm, & Schulze, 2002; for
reviews see Ackerman, Beier, & Boyle, 2005;
Oberauer, Schulze, Wilhelm, & Siifi, 2005;
Kane, Hambrick, & Conway, 2005). This robust
finding is an important step toward under-
standing psychometric intelligence in terms of
theories from cognitive psychology. How much
we gain from such a link depends on how well
we can specify WMC itself. Much of our
group’s research, therefore, has been devoted to
capture more precisely—both on a conceptual
and a measurement level—the variance of
WMC that is responsible for its tight relation-
ship to reasoning ability.

On the measurement level we feel that it is

important to operationalize WMC by a variety -

of heterogeneous indicators (i.e., tasks). This
helps to delineate the generality and bound-
aries of the construct and to investigate its
factorial structure. When we conducted a
factor-analytic study on a large sample of tasks
used in the literature to assess WMC and re-
lated constructs (Oberauer, Siil, Schulze,
Wilhelm, & Wittmann, 2000), we were surprised
by the Jarge commonality among many of these
tasks. This is matched by the high generality of
the reasoning factor in structural models of
intelligence. Our analyses show that the rela-
tionship between measures of WMC and of
reasoning is highest on a high level of aggre-
gation. This implies that the common variance
among a broad set of different working mem-
ory tasks, not the specific variance of one task
or task family, is related to reasoning ability,
where reasoning ability also stands for the
common variance of a diverse set of reasoning
tasks.




On a conceptual level, we are looking for
a theoretically meaningful characterization of
WMC as a limiting factor for reasoning ability. It
should capture the requirements shared by rea-
soning tasks and those tasks in the working
memory literature that are good predictors_of
.reasoning, while at the same time excluding
tasks only weakly related to reasoning ability.
Our current working hypothesis is this: work-
ing memory capacity reflects the ability to keep
several chunks of information simultaneously
available for direct access. The critical under-
lying mechanism for this ability is the flexible,

temporary binding of chunks to positions in a.

common cognitive coordinate system. The bind-
ing to a position provides a cue, or “address,” by
which the chunk can be accessed as input for a
cognitive operation. The common coordinate
system provides the basis for the construction of
new relations between the chunks. We believe
that the construction of new structures out of
representational elements is the common re-
quirement of all reasoning tasks that sets them
-apart from other tasks not loading highly on the
reasoning factor. Working memory capacity is a
general limiting factor for the generation of new
structural representations; therefore, it is a criti-
cal source of variance for all reasoning tasks.

THEORETICAL FRAMEWORK

Our theoretical model of working memory is-

mainly inspired by the work of Cowan (1988;
1995) and of Halford and colleagues (Halford,
Wilson, & Phillips, 1998). We think of working
memory as a system responsible for making
representations in long-term memory (L'TM)
available for intentional (i.e., goal-directed) pro-
cessing. As such, working memory is not a mem-
ory system in itself, but a system for attention to
memory, an idea shared by several other authors
(Baddeley, 1993; Engle, Kane, & Tuholski,
1999; Moscovitch, 1992). A schematic illustra-
tion of the model is given in Figure 3.1.
Memory representations are selected for pro-
cessing on three levels (Oberauer, 2002). On
the first level, representations in LTM are ac-
tivated above baseline. Activation has its source
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Figure 3.1. The concentric model of working mem-
ory. Nodes connected by continuous lines represent
the network of associated representations in long-
term memory; activated representations are high-
lighted in black. The large, broken circle delineates
the region of direct access, in which a few elements
are bound to positions in a cognitive coordinate sys-
tem. In addition to the pre-existing associations, new
relations (dotted lines) can be established between
them. The small, continuous circle represents the
focus of attention that selects one element as the
object of a cognitive operation.

in- perceptual input and in representations
currently held in the central parts of working
memory, and it spreads along associations in
LTM. The degree of activation can be regarded
as a quick on-line “estimate” of the expected
relevance of each representation for the current
goal (Anderson & Lebiere, 1998). There is no
inherent limit to the amount of activation al-
located to memory representations, but activat-
ing too many representations (including
irrelevant ones) can impair performance as
much as activating too few.

On a second level, a subset of the activated

representations is held in the region of direct .
~access. This means that they are temporarily

bound to positions in a cognitive coordinate
system, which could be a literal representation
of space, as when a chess player represents
the position of several pieces on the board in
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working memory. It can also be a temporal di-
mension, as when a participant in a working
memory experiment memorizes the temporal
order of words read to her. Much evidence on
the short-term recall of temporal serial order
supports the assumption that elements of a se-
ries are bound to positions on a temporal con-
text representation (Burgess & Hitch, 1999;
Henson, Norris, Page, & Baddeley, 1996). Very
often a quasi-spatial medium is used to repres-
ent nonspatial relations between elements, for
example, when comparative relations (e.g., “Jim
is taller than John”) are represented as spatial
arrays of tokens, as was first suggested by De
Soto, London, and Handel (1965). The idea
that people use representations of space in a
metaphorical way to capture nonspatial rela-
tions has been elaborated on and supported by
numerous examples in cognitive linguistics
(Lakoff & Johnson, 1980; Langacker, 1986). Not
all relations between objects, events, and per-
sons, however, can be mapped onto spatial re-
lations, and so we assume that working memory
also uses schemata to organize its contents.
Schemata are abstract templates for structural
representations that contain placeholders for

elements that can be bound to them to fill spe-

cific roles. For example, elements can be bound
to the roles of agent and object in causal-force
schemata (Talmy, 1988). Language processing
also involves temporary binding of sentence
constituents into syntactic roles in a schema.
This form of binding, however, seems to draw
on a specialized mechanism that is not limited
by general WMC (see Chapter 11).

Currently, we have no fixed position on how
this binding in working memory is accomplished
(for various proposals see Halford et al., 1998;
O'Reilly, Busby, & Soto, 2003; Raffone & Wol-
ters, 2001; Usher, Haarmann, Cohen, & Horn,
2001). All current mechanisms for temporary
binding suggest that there is a limit to the
number of independent information elements
(Le., chunks) that can be kept separate and
bound to different positions or argument slots at
the same time. We see this as the source of the
capacity limit of working memory. The limiting
factor for reasoning tasks thus arises from the
limited capacity to keep up several temporary

bindings simultaneously in the region of direct
access. The idea that WMC primarily limits the
complexity of new structures has been forcefully
advanced by Halford et al. (1998) on the basis of
a connectionist model of binding in working
memory. Robin and Holyoak (1995) and Waltz
et al. (1999) have argued for a link between re-
lational integration and the prefrontal cortex (see
also Christoff et al., 2001). We borrow their term
here to refer to the ability to coordinate elements
into new structures in the direct-access region of
working memory. _

A third component of the model is the focus
of attention. Its role is to select one chunk at a
time from the contents of the direct-access re-
gion as the object of a cognitive operation. For
instance, when the task is to add two three-digit
numbers, the role of the direct-access region is to
link the six digits to their respective roles (e.g.,
the ones of the first number, the tens of the
second number). The role of the focus is to pick
out one digit, increment it by the amount indi-
cated by the second digit, and thereby transform
its value to obtain the sum (Oberauer, 2003).

Our model is similar to that of Cowan (1995,
1999) in that it distinguishes between the acti-
vated part of LTM and a more central compo-
nent with limited capacity. Unlike Cowan, we
differentiate the central part of working mem-
oty into the direct-access region, in which sev-
eral elements can be held and related to each
other, and the focus of attention, which is lim-
ited to a single element.! We also make more
explicit assumptions about the functions of
the various components of the model and their
qualitative differences. Activation in LTM marks
a representation as likely to be relevant, thus
making it easier to retrieve it (i.e., bring it into
the region of direct access). Moreover, activated
representations can prime or bias cognitive
operations and overt responses, for instance, by
generating a feeling of familiarity in a recogni-
tion task (Oberauer, 2001). Only the contents of
the direct-access region, however, provide re-
lational representations as input to cognitive
operations. For example, when a chess player’s
decision depends on whether the queen is to
the left or in front of the king, the two figures
must be encoded in the direct-access region.
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The focus of attention serves to pick out the one
object that is actually manipulated by a cogni-
tive operation or an action—e.g., the player
needs to decide whether to move the queen or
the king, and this selection is done by taking
only one figure into the focus of attention. One
further point on which we differ from Cowan
(2001) is that we are not committed to the
“magical number 4” as a constant to describe
the capacity of the direct-access region.

ANSWERS TO THE
FOUR QUESTIONS

We now provide concise answers to the four
questions posed by the editors, which will be
elaborated in the remainder of this chapter.

1. The theoretical framework we found use-
ful to integrate our results is the three-
layer model of working memory outlined
above (Oberauer, 2002), which is an ex-
tension of the model proposed by Cowan
(1995). A second important source of our
work is facet theory (Canter, 1985), in

_ particular the two-facet structure of the
Berlin Intelligence Structure (BIS) model
(Jdger, SuB, & Beauducel, 1997). Facet
theory can be regarded as the equivalent
of an experimental design in correla-
tional research: it is assumed that the
variance of any manifest (i.e., measured)
variable is affected by the variance of
several latent (i.e., hypothetical) variables
that are levels of orthogonal factors
(called facets). Our factor model of work-
ing memory assumes two facets, one re-
lated to content and the other to cognitive

functions. On the content facet, we dis- -

tinguish between two sources of variance,
one related to verbal-numerical content
and the other to visuospatial content. On
the functional facet, we differentiate stor-
age and processing, relational integration,
and executive functions. The latent var-
iables can be represented as factors in
structural equation models. Each mani-
fest variable is assumed to reflect variance

from (at least) one content factor and one
functional factor. A facet model provides
a matrix for classifying existing manifest
variables and rules for guiding the con-
struction of new variables (i.e., test tasks)
for specific cells of the matrix (for in-
stance, the construction of a verbal storage-
and-processing task). Test tasks can be con-
structed by varying their features accord-
ing to the facets, just as experimental
conditions are varied according to a de-
sign factor (e.g., changing the content to
be memorized from digits to spatial ma-
trices corresponds to a variation in the
content facet). Whether manipulations of
tests according to facet have an effect can
be investigated by testing whether the
manipulation changes a task’s correlation
with other tasks. For instance, a storage-
and-processing task with verbal content
should load on a verbal factor, whereas one
with spatial matrices as content should
load on a spatial factor. For a review of
facet models of intelligence see Siiff and

Beauducel (2005).

. We believe that the critical source of

individual differences in WMC is the abil-
ity to provide direct access to several inde-
pendent information elements (chunks)
at the same time. This capacity rests on
a mechanism that quickly establishes and
dissolves temporary bindings between
these elements and positions in a cogni-
tive coordinate system, or placeholders in
a schema. Direct access to a multitude of
separate elements is necessary to construct
new relations between them and integrate
them into new structural representations.
The limited capacity for relational inte-
gration is the most important limiting
factor for reasoning ability. We focus on
this source of variance because it seems to
be a parameter of the cognitive system that
affects a large number of different tasks,
thereby explaining the common variance
of many experimental working memory
tasks, reasoning tasks from intelligence
tests, and potentially complex cognitive
achievements in everyday life.
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3. One other source of individual differences

in cognition that has attracted much at-
tention recently is the efficiency of exec-
utive functions. Qur results (Oberauer,
Sii, Wilhelm, & Wittmann, 2003) sug-
gest that at least one prototypical execu-
tive function, switching between task sets,
is not strongly related to WMC. We ven-
ture that this is not an exception. We think
that the capacity of working memory
cannot be reduced to the efficiency of ex-
ecutive functions, and currently there is
no compelling evidence that executive
functions contribute substantial variance
to reasoning ability.
- Another construct, related to executive
functions but not identical to it, is the abil-
ity to inhibit irrelevant representations
(Hasher, Zacks, & May, 1999, see also
Chapter 9). We believe there is some
evidence that this source of variance
contributes to individual differences in
working memory and other complex
cognitive functions (e.g., reading ability).
The role of the inhibition function
within our model is to reduce the activa-
tion of irrelevant representations in LTM,
thereby reducing the amount of intrusion
into the more central parts of working
memory (Oberauer, 2001). Inhibition ef-
ficiency, however, cannot account for the
common variance of all working memory
tasks.
. Factor-analytic studies of individual dif-
ferences can help us to figure out which
cognitive functions belong closely to-
gether and which are relatively indepen-
dent of each other; this is an important
contribution to the shaping and sharpen-
ing of concepts such as working memory.
Our research thus far "has yielded two
important insights. First, working mem-
ory has a limited capacity that constrains
cognitive performance in a wide variety
of tasks. Their common feature is prob-
ably that they all require simultaneous
access to several independent elements
of information. Second, WMC cannot be
reduced to the efficiency of executive

functions. Therefore, we argue that work-
ing memory and executive functions be
treated as separate constructs.

THE FACTOR STRUCTURE
OF WORKING MEMORY

The factor-analytic approach to individual dif-
ferences provides a tool to simultaneously iden-
tify associations and dissociations between indi-
cators of cognitive functions. These indicators
can be raw performance scores in tasks designed

_totap a particular function, or derived measures

(e.g., task-switching costs or interference ef-
fects) used to assess specific functions. Our ap-
proach is to model the correlational structure of
large sets of indicators by theoretically specified
structural equation models. We regard this as
an important complement to experimental and
neuropsychological research, which usually fo-
cuses on dissociations of cognitive functions.
Through factor analysis one can’ test the as-
sumptions of generalizability, which is implicit
in all experimental work that uses a specific
paradigm. By investigating which indicators of
cognitive functions are highly correlated and
which are not, we can assess whether a phe-
nomenon observed in an experimental para-
digm is in fact representative of the construct it
is meant to operationalize.

In two large factor-analytic studies (Ober-
auer et al.,, 2000; Oberauer et al., 2003) we
tested a facet model of the structure of working
memory. The basic framework was borrowed
from the Berlin Intelligence Structure (BIS)
model (Jager et al., 1997). It specifies two di-
mensions by which cognitive performances, or
the indicators used to measure them, can be
classified. One distinguishes content (verbal,
numerical, and spatial-figural materials), the
other, cognitive functions. In the BIS, cognitive
functions are described as processing capacity
(i.e., reasoning), creativity (i.e., fluency of ideas),
memory (i.e., remembering supra-span sets of
items for brief periods), and processing speed. In
the working memory model, we distinguished
between three functions: simultaneous stor-
age and processing, coordination (i.e., relational
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integration), and supervision (i.e., executive func-
tions).

In the first study (Oberauer et al., 2000) we
used a large pool of tasks sampled from the
literature (up to 1995) in an attempt to cover the
whole range of measures proposed by scholars to
capture working memory. and executive func-
tions.  Among the tasks were classics such as
reading span (Daneman & Carpenter, 1980) and
random generation (Baddeley, 1986), tasks used
in research on cognitive aging such as memory
updating (Salthouse, Babcock, & Shaw, 1991),
and tasks developed to measure relational inte-
gration (i.e., “coordination”; Oberauer, 1993),
together with indicators of executive functions
such as taskset switching (Allport, Styles, &
Hsieh, 1994).

Since most of these tasks were complex
mixtures of various cognitive functions, we at-
tempted a more analytical approach in the sec-
ondstudy(Oberaueretal.,2003). We constructed
new tasks designed to reflect specifically the
three functions proposed in our model: simul-
taneous storage and processing, relational inte-
gration, and supervision of cognitive processes.
We do not claim that we succeeded in con-
structing pure indicators of the constructs we
intended to measure, but our new tasks argu-
ably reflected the cognitive functions we tar-
geted more than other functions.

First, we chose to reduce the measures of
“simultaneous storage and processing” to the es-
sence of what this construct description requires,
that is, processing some information while con-
currently memorizing a briefly presented list of
items. We constructed dual-task combinations
of memory for serial order and choice reaction-
time (RT) tasks. First, the memory lists were
presented, then participants worked through
several trials of a two-choice RT task for 55, and
finally they reproduced the memory list. This
task schema was realized with verbal, numeri-
cal, and spatial materials. ‘

We attempted to construct tasks that require
relational integration but no storage, in that no
information had to be kept available when it
was no longer present in the environment. In
these so-called structure-monitoring tasks, par-
ticipants observed a set of objects on the com-
puter screen, which changed independently

from time to time. The task was to detect the
emergence of specific relations between the
objects. In the finding squares task, for exam-
ple, participants saw 10 dots randomly placed
in fields of a 10 10 matrix. Every 1.5s two dots
jumped to a new position. Participants had to
indicate by a key press when four of the dots
formed a square somewhere in the matrix (see
Fig. 3.2, left panel). This task required re-
presenting the ever-changing relations between
the dots and integrating them into larger struc-
tures to detect patterns that form a squdre (or a
partial square, such that attention can be directed
to the critical positions in which the appear-
ance of a dot would complete a square). We
constructed  structure-monitoring tasks with
verbal, numerical, and spatial content. For each
task there was one version without need to mem-
orize any information, and a complementary
version in which some information was erased
from the screen briefly after presentation so
that it had to be memorized.

As a measure of executive function we used
four versions of the task-set switching paradigm
introduced by Rogers and Monsell (1995). This
paradigm is used to compare pure blocks, in
which a single task is repeated, with mixed
blocks, in which two tasks alternate every second
trial. We derived two indicators for the efficiency
of executive function. Specific switch costs were
defined as the RT difference between: trials fol-
lowing a switch and trials following no switch
within the mixed blocks. General switch costs
were defined as the RT difference between no-
switch trials in the mixed blocks and trials in the
pure blocks.

"The major results of the two studies were
the following:

1. The factor representing storage and pro-
cessing and the relational-integration fac-
tor were highly correlated and in one case
(Oberauer et al., 2000) indistinguishable.
Most of their variance was shared, and we
regard this shared variance as the core of
working memory capacity.

2. The factors representing indicators of su-
pervision or executive functions were only
weakly correlated with the other two work-
ing memory factors. )
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3. Verbal and numerical working memory
loaded on the same factor. The factors for
verbal-numerical and for spatial working
memory were highly correlated, but a
small proportion of their variance seems

~ to be specific for each domain.

4. As in other studies (Ackerman et al.,
2002; Kyllonen & Christal, 1990; Kyllo-
nen, 1994, but see Conway et al., 2002),
WMC was highly correlated with factors
reflecting processing speed. Nonetheless,
speed variables always formed a distinct
separate factor.

One representative model is displayed in
Figure 3.3 (for factor loadings see Table 3.1).
This model is based on the data from Oberauer
et al. (2003), integrating two models reported in
that article into one. The model had a satisfac-
tory fit, with x* (141) = 198.7, CF1=.966, and

(modified from Salthouse et al,,
1991).

RMSEA = .056, despite the lack of content-
specific factors, which did little to improve
the fit. The right part of the model represents
the choice RT variables from the pure and the
mixed blocks. A general speed factor captures
the variance common to all choice RT mea-
sures. A more specific factor captures the re-
sidual variance shared by all variables taken
from the mixed blocks; it thereby represents the
common variance of general switch costs. A
third, even more specific factor represents the
variance shared by only the switch RTs, thus
reflecting the common variance associated with
specific switch costs. The two factors reflect-
ing general and specific switch costs have sub-
stantial loadings from most of their variables,
supporting the hypothesis that these switch
costs have something in common beyond
particular tasks and even across content do-
mains.
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The left part of the model represents the two
working memory factors. The storage and pro-
cessing factor represents memory performance
from the dual tasks, and the relational integra-
tion factor represents accuracy in the structure-
monitoring tasks. The model could not be
improved significantly by adding correlations
between both working memory factors and
both switching factors (i.e., general and specific
switch costs); the improvement in y* was only
4.0 (df=4). In other words, WMC is related to
the basic speed of choice reactions, but not to
the additional variance captured by general
switch costs and by specific switch costs.

THE BASIC MECHANISM: BINDING
AND RELATIONAL INTEGRATION .

What is the common variance of tasks mea-
suring simultaneous storage and processing and

Rel.int-s1
Rel.int-s2

Variation from Inter- and Intra-individual Differences

tasks measuring relational integration? As out-
lined above, our current hypothesis is that
WMC reflects the limited ability to bind several
elements simultaneously to different positions
in a cognitive coordinate system, or argumerit
placeholders in schemata.

Relational Integration Tasks

Relational integration obviously depends on a
binding mechanism. For example, building a
new temporal relation such as “A happened
before B” can be accomplished by binding the
elements A and B to argument slots in a prop-
ositional schema BEFORE(x,y) (c.f., Halford
et al., 1998). Alternatively, it can be accom-
plished by binding A and B to two positions on a
temporal dimension in a cognitive coordinate
system, thereby generating a mental model of
the two elements’ temporal order (c.f. Schae-
ken, Johnson-Laird, & d’Ydewalle, 1996).

Figure 3.3. Structural equation model of data from Oberauer et al. (2003), N=131. S&P=
memory performance from dual-task combinations of storage and concurrent processing; Rel.-
int = structure-monitoring tasks used to measure relational integration; CRT = choice reaction
times from pure blocks; Noswitch = choice reaction times from no-switch trials in mixed blocks;
Switch = choice reaction times from switch trials in mixed blocks. All reaction times were log
transformed and multiplied by -1. Suffixes: n=numerical; v=verbal; sl and sZ refer to two
versions of spatial material. Error terms (omitted here for clarity) between reaction time tasks with

the same material (e.g., CRT-n, Noswitch-n, and Switch-n) were correlated freely.
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TABLE 3.1. .Factor Loadings of Variables in
the Model in Figure 3.3

. ‘ gen. spec. :
Variable Speed SC  SC S&P Rellnt
Switch-v 72 .18 .29
Switch-n .65 .34 .53
Switch-sl 66 .18 42
Switch-s2 .69 17 31
Noswitch-v .76 34
Noswitch-n 69 .57
Noswitch-s1 .68 27
Noswitch-s2 73 .10
CRTv 78
CRT-n .76
CRT-=sl 77
CRT-=s2 71 .

S&P-v A7
S&P-n ’ .50
S&P-s1 .76
S&P-s2 .64

- Rel.Int-v .60
Rel.Int-n . .69
Rel.Int-s1 .61
Rel.Int-s2 .60

All Joadings were significant with p.<.05, except the loading of
switch-s] on the general switch cost factor (p=.052). N=131,
x*=198.7, df = 141. Errors were uncorrelated except S&P-v with
S&P-n (.38) and Rel.Int-v with Rel.int-n (.41). Switch = choice
reaction times from switch trials in mixed blocks; v=verbal; n=
numerical; sI, s2=two versions of spatial material; Noswitch =
choice reaction times from no-switch trials in mixed blocks;
CRT =choice reactiontimes from pure blocks; S&P=memory
performance from dual-task combinations of storage and concur-
rent processing; Rel.Int = structure-monitoring tasks used to mea-
sure relational integration.

The tasks we used to measure relational
integration mostly required establishing a struc-
ture within a spatial coordinate system. For ex-
ample, two tasks developed by Oberauer (1993),
called spatial short-term memory (STM) and
spatial coordination, display a sequence of dots
in different cells of a 10x10 matrix (see Fig.
3.2, middle panel). The dots are displayed one
by one, and the participants are asked- to
imagine how they would look if they appeared
simultaneously and reproduce the resulting pat-
tern in an empty matrix. This can be done
either by an absolute coding of each dot’s po-
sition, based on bindings between each dot and
its position in a representation of the matrix, or
by a relative coding, based on binding dots to
argument slots in schemata such as TWO-

CELLS-LEFT-OF(x,y). Both approaches work,
because reproduction of an absolute position is
not asked for in the instructions. Both ap-
proaches require quickly establishing tempo-
rary bindings.

In the verbal monitoring task designed by
Oberauer et al. (2003), participants see a 3 x 3
matrix with one word displayed in each cell.
Every 2 s, one of the words is replaced by a new
one. Participants have to signal with a key press

- whenever three words in a horizontal, vertical, or

diagonal row rhyme with each other. To detect
this structure, one has to bind the words-to their
spatial positions in the matrix. It is not sufficient
to activate the representations of all currently
presented words and to detect that some of them
rthyme. It is also necessary to be aware of the

-tThyming words’ (relative or absolute) positions.

Once again, accurate performance depends on
binding elements to positions in a cognitive co-
ordinate system, and efficient performance re-
quires that subjects build up and resolve bindings
quickly.

Storage and Processing Tasks

Performance on tasks measuring storage and
processing is usually assessed by the accuracy
of recall of a list in serial order. This requires
memory not only for the particular items in the
list but also for their ordinal position in the
list. One way to accomplish this is to bind list
elements temporarily to positions in a mental
coordinate systern in which one dimension rep-
resents temporal order. Several computational
models of serial recall use a mechanism that links
list elements to a context representation chang-
ing over time (Brown, Preece, & Hulme, 2000;

‘Burgess & Hitch, 1999; Henson, 1998). The ef-

ficiency of a mechanism that establishes tempo-
rary bindings can therefore be expected to be
critical for the accuracy of serial recall.

This account raises one question: there is
ample evidence thatserial recall tasks combined
with a concurrent processing task (so-called
complex spans) are better predictors of reason-
ing and other complex tasks than serial recall
alone (so-called simple spans) (Ackerman et al,,
2005; Daneman& Merikle, 1996; Engle, Tuholski
et al., 1999; Kane et al., 2005; Kane et al., 2004;
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Oberauer, 1993; Oberauer et al., 2005), at least
in the verbal domain. (with spatial material the
available data are more ambiguous—Miyake,
Friedman, Rettinger, Shah, & Hegarty, 2001,

- could not differentiate simple and complex spa-
tial span tasks; Kane et al., 2004, could separate
them, but spatial simple span tasks contributed
unique variance to explaining fluid intelligence
over and above a domain-general complex-
span factor). Why should this be the case? One
plausible explanation is that there is a specialized
mechanism for recall in forward serial order,
which is disrupted by concurrent processing, so
that the system can rely on it for simple span tasks,
but has to fall back onto the more general
mechanism of temporary binding for complex
span tasks.

One such specialized mechanism could be a
primacy gradient, as proposed by two further
computational models of serial recall (Farrell &
Tewandowsky, 2002; Page & Norris, 1998). In
these models, activation or encoding strength of
each successive list item gradually decreases as
the list progresses, and the resulting gradient is
used to reconstruct the order of encoding. Such
a mechanism requires no binding. Its limita-
tion, however, is that every event intervening
between two list items or occurring after list
presentation could easily leave behind a repre-
sentation with its own activation (or strength)
level. The activation of representations decreases
only slowly once they become irrelevant (Ober-
auer, 2001), therefore, their activation is likely
to distort the primacy gradient at recall. Hence,
at recall, keeping the relevant list items from the
now irrelevant material separate from the in-
tervening processing task requires the binding
mechanism after all, at least to bind list items to
one context and representations from the pro-
cessing task to another. ’

A variant of this explanation is to assume a
specialized system for keeping the serial order

only of phonemes—a “phonological loop” in the
model of Baddeley (1986). The processing task,
introducing additional phonological material
(e.g., reading sentences aloud in reading span),
would interfere with this system, leaving recall of
the memory list at the mercy of the general
binding mechanism (Oberauer, Lange, & Engle,
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2004). This variant would be specific to verbal
material, consistent with Miyake et al.’s (2001)
findings, who did not obtain a distinction be-
tween simple and complex spans with spatial
material. _

Our theory predicts that the addition of a con-
current processing component is just one way to
turn a simple span task into a working memory
task (i.e., a powerful predictor of complex
cognitive performance), and it might not even
be the best way. Another way to disrupt the
specialized mechanism for forward recall
would be to require recall of a list in random
order. This is what we did in an adaptation of
the (numerical) memory updating task de-
signed by Salthouse et al. (1991). In what we
called the “STM version” of this task, partici-
pants saw a number of digits, each in a separate
frame on the screen. Later a subset of the
frames was probed for recall in random order
(see Fig. 3.2, right panel). No processing had to
be done in the meantime. What makes this task
different from ordinary serial recall is the al-
location of the list elements to spatial positions
and the probing of recall in an order that dif
fered from presentation order. This task had very
high loading on a working memory factor and a
first-order correlation with the BIS reasoning
scale of r= .40 (Oberauer et al., 2000), not much
less than tasks combining storage and proces-
sing (e.g., reading span: r=.56).

Although this result is certainly preliminary
and in need of replication, it gains additional

support by the fact that several spatial tasks re-

quiring only storage but no processing also did
very well as predictors of reasoning. For exam-
ple, ‘the spatial STM task (Fig. 3.2, middle
panel) was one of the best single predictors of
the BIS reasoning factor in three studies
(Oberauer, 1993, Sii} et al., 2000, 2002), with
first-order correlations ranging from .54 to .59.
Likewise, Miyake et al. (2001) found that one
spatial task measuring short-term retention
without additional processing, the dot memory
task, was as highly correlated with two spatial
reasoning tasks (termed “spatial visualization”)
as were the complex span tasks combining
storage and processing (r~.40). In both the

.spatial STM and dot memory tasks, participants




have to memorize the locations of several dots in
a matrix, presented either sequentially or si-
multaneously. Arguably, this taps directly into
the ability to integrate spatial relations between
the dots within a common coordinate system.
Future research will have to disentangle whe-
ther it is the spatial nature of these tasks or the
fact that they require relational integration that
makes them good predictors of reasoning ability.

WORKING MEMORY CAPACITY
- AND EXECUTIVE FUNCTIONS

Several authors believe there is a very strong
link between WMC and the efficiency of ex-
ecutive functions. Within the framework of
Baddeley’s (1986) theory, the capacity of the
central executive is the most natural candidate
to account for the relationship between WMC
and reasoning ability (Bayliss, Jarrold, Gunn, &
Baddeley, 2003). A strong association between
WM, reasoning ability (or fluid intelligence,
which is almost the same in practice), and the
“executive functions of the prefrontal cortex has
been postulated by several authors (see Chap-
ters 2 and 10). ‘

The term executive function is often used in
a loose and very encompassing way, sometimes
including all cognitive operations performed
on some stimuli or memory contents. Here we
use the term for the set of cognitive processes
that serve to keep cognition and action in line
with the current primary goal. Thus, we dis-
tinguish between primary cognitive operations,
which work on the representation currently
held in the focus of attention according to a set
of parameters (called a task set), and executive
processes that ensure that the primary opera-

tions function properly in the service of the -

person’s overarching goal (cf. Chapter 7). For
the present purpose, we distinguish between
two kinds of executive processes: (1) cognitive
processes that control and manipulate the task
sets, and (2) processes that inhibit irrelevant,
potentially distracting representations. Briefly
stated, the former ensure that the right task is
executed, and the latter make sure that it is
executed with the right information. The two
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categories can, of course, overlap, for instance,
when inhibition is applied to task sets them-
selves (Mayr & Keele, 2000). A third category
of processes that is often subsumed under ex-
ecutive functions is the updating of working
memory (Miyake et al., 2001). The tasks used
to measure this process combine storage and
processing in working memory (in fact, they
are virtually identical to the “memory updat-
ing” tasks used in our studies), so we regard
performance on these tasks as reflecting WMC
and not executive functions.

Control of Task Sets

Task-set switching (Allport et al., 1994; Rogers &
Monsell, 1995) is clearly a prototypical case of
the first category of executive functions, the
manipulation of task representations. Currently
there are two major theoretical interpretations
of the time costs of switching between two tasks
(i.e., specific switch costs), One, advanced by
Rogers and Monsell (1995), is that these costs
reflect the time needed for a process of task-set
reconfiguration. Thus, specific switch costs di-
rectly reflect the speed of one executive process.
The other view, first proposed by Allport et al.
(1994), sees these costs as a reflection of proac-
tive interference from the old task set when it
has to be replaced by a new one. Specific switch
costs can then be interpreted as the efficiency
with which the cognitive system overcomes this
proactive interference. Overcoming proactive
interference from no-longer relevant task sets
can be accomplished by inhibiting the old task
set, boosting activation of the new task set, or a
mixture of both (for a computational model of
task-set switching using these mechanisms see
Gilbert & Shallice, 2002). This reads like a
perfect job description for the “supervisory at-
tentional system” (Norman & Shallice, 1980;
Shallice & Burgess, 1991), which Baddeley
(1986) used as the blueprint for his “central -
executive.”

Therefore, we regard specific task-set switch-
ing costs as one of the least disputable means of
measuring executive functions available today.
Moreover, general switch costs can best be in-
terpreted as reflecting the need to coordinate
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two task sets held available at the same time,
which would appear to be a typical assignment for
the central executive. The finding that neither
specific nor general switching costs correlate
substantially with WMC factors is therefore a
serious challenge for theories assuming a strong
link between executive functions and working
memory.

One might dismiss this finding as being
exceptional. First, it could be argued that the
specific way in which we implemented task-set
switching was responsible for our low correla-
tions. This seems not to be the case. Other au-
thors who investigated individual or age differ-
ences in switching costs, using different variants
of the paradigm, also reported weak to non-
existent correlations of switching costs with
working memory tasks such as operation span
(Miyake et al., 2000), backward digit span (Ce-
peda, Kramer, & Gonzalez de Sather, 2001), ora
composite of three complex span tasks (Kray &
Lindenberger, 2000). Recently, Friedman et al.
(2006) have shown that taskset switching
(“shifting” in their terminology)'is not signifi-
cantly related to fluid intelligence, further
strengthening the case that WMC and task-set
switching measure different constructs.

~ Second, it could be argued that switching is
an atypical representative of the concept of ex-
ecutive functions, and other indicators of this
construct correlate better with WMC mea-
sures. There is indeed an impressive number of
studies showing that complex span tasks are
related to indicators of executive functions such
as speed and errors in the antisaccade task (Kane,
Bleckley, Conway, & Engle, 2001; Unsworth,
Schrock, & Engle, 2004), Stroop interference in
blocks with few conflict trials (Kane & Engle,
2003), and verbal fluency tasks (Rosen & Engle,
1997). Establishing a strong link between WMC
and executive functions, however, requires
much more. First, one would have to show that
different measures of executive function corre-
late high enough to warrant conceptualizing
them through a single overarching construct
(Salthouse, Atkinson, & Berish, 2003). The stud-
ies by Miyake et al. (2000) and Salthouse et al.
(2003) have provided some preliminary evi-
dence in that direction, but others have failed to
find substantial associations between indicators

of executive function (Duncan, Johnson, Swales,
& Freer, 1997, Kramer, Humphrey, Larish,
Logan, & Strayer, 1994; Shilling, Chetwynd, &
Rabbitt, 2002; Ward, Roberts, & Phillips, 2001).
Second, one would have to demonstrate that a
factor representing this construct is correlated
with a WMC factor to a degree that goes beyond
the moderate positive correlation to be expected
from the “positive manifold,” that is, the ten-
dency toward positive correlations among all
cognitive tasks. The case for such a strong con-
nection between WMC and a general executive
factor has not been made so far, and we doubt
that it can be made.

Inhibition of Irrelevant Information

One potential source of individual differences in
complex cognition is the efficiency with which
irrelevant or no-longer relevant information is
inhibited. The inhibition hypothesis was first
advanced by Hasher and Zacks (1988) in the
context of cognitive aging, but was soon applied
to individual differences within one age group as
well (e.g., Conway & Engle, 1994). There is now
considerable evidence consistent with the as-
sumption that the efficiency of inhibiting irrele-
vant information is related to measures of WMC
(Conway, Cowan, & Bunting, 2001; Gray,
Chabris, & Braver, 2003; Lustig, May, & Hasher,
2001; May, Hasher, & Kane, 1999). Moreover,
De Beni and colleagues (De Beni, Palladino,
Pazzaglia, & Cornoldi, 1998; De Beni & Palla-
dino, 2000) linked inhibition of irrelevant words
in a working memory task to performance in text
comprehension (see also Meiran, 1996). There
has been some progress toward establishing an .
inhibition factor that captures the common var-
iance of several measures of cognitive inhibi-
tion (Friedman & Miyake, 2004), but it has not
yet been established that this factor is substan-
tially related to a factor reflecting WMC. In the
study of Friedman et al. (2006), a latent factor
measuring inhibition was not correlated with
fluid intelligence, a finding that should dampen
our expectations of finding a strong relationship
with WMC. g

One scenario that deserves serious consider-
ation is that correlational links between mea-
sures of WMC and indicators of inhibition exist
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on a relatively low level of generality. For in-
stance, it is theoretically plausible that the abil-
ity to inhibit irrelevant memory representations
is helpful in a task such as reading span, where
one must recall the sentence-final words but
not words from the remainder of the sentence
(De Benietal., 1998). But the same ability might
be much less important in a task such as our
spatial STM task (Oberauer, 1993), in which
all information presented on each trial has
to be recalled. On the other hand, the ability
to inhibit an already initiated action (Logan &
Cowan, 1984) might contribute to variance in
the structure-monitoring tasks of Oberauer et al.
(2003) by helping to reduce false alarms (i.e.,
pressing the key when the required structure is
absent), but be unrelated to complex span tasks
that require no suppression of action. This high-
lights the importance of distinguishing levels
of generality when it comes to relating con-
structs (Wittmann, 1988), which we will return
to again in the section on working memory and
reasoning.

INTERLUDE: WORKING MEMORY
CAPACITY AND SPEED

In many studies, WMC was found to be strongly
related to measures of processing speed (Acker-
man et al., 2002; Kyllonen & Christal, 1990;
Kyllorien, 1994; Salthouse, 1991, 1994, see also
Chapter 8), and this is also apparent in Fig-
ure 3.3. One obvious potential explanation is
that many working memory tasks are complex
span tasks that involve a processing component
themselves, and the speed of performing this
component is one source of variance in com-
plex span tasks (see Chapters 5 and 6). How-
ever, this cannot be the whole story, because
not all WMC tasks are complex span tasks, and
speed measures are also correlated to working
memory tasks lacking a processing component.
A clear example of this is the study by Conway
et al. (2002), who found a substantial correla-
tion of speed with a factor that extracted the
common variance of short-term and working
memory tasks, but none with a second factor
capturing the specific variance of working
memory. This is the opposite of what one would

expect if speed is related to complex span
through the processing component of the latter.
One might even speculate on the basis of
Conway et al.’s findings that the WMC-speed
relationship is due to the STM component in
complex span tasks. A high correlation with
speed indicators, however, was also obtained
with relational integration tasks (see Fig. 3.3),
part of which have no STM component. Taken
together, these findings suggest that the link
between speed and WMC cannot be reduced to
shared components between tasks used to
measure the two constructs. We should look for
an explanation for this relationship on a higher
level of generality.

We believe that the binding account of
WMC advanced here can offer such an expla-
nation, although at present it is largely specu-
lative. Speed tasks require the fast execution of a
rule mapping categories of stimuli onto cate-
gories. of responses. Often, these rules must be
implemented ad hoc according to the instruc-

_ tions (e.g., when a left key press is to be made in

response to the letter A and a right key press in
response to a B). Several attention theorists have
argued that these tasks are executed as a “pre-
pared reflex” (Logan, 1978) once a task set or
action plan incorporating the rule has been set
up. The task set specifies all parameters for the
action to be executed in advance, except those
that depend on the stimulus, and then the stim-
ulus can immediately trigger the action by “di-
rect parameter specification” (Neumann &
Klotz, 1994).

The task set or action plan implements the
stimulus-response (S-R) mapping in a way that
makes it immediately executable in reaction
to an appropriate stimulus. Thus, the task set
differs from a representation of the rule one
acquires, for instance, from reading the in-
structions. Knowledge of a rule does not in itself
make an organism prepared to react to astimulus
according to the rule. Once a task set is estab-
lished, however, an appropriate stimulus acti-
vates the response mapped to it automatically
(Logan & Schulkind, 2000), although this ac-

- tivation might not be sufficient for execution

(Lien & Proctor, 2002). For a fast and accurate
response to a stimulus it is therefore critical that
the task set be firmly established, such that an
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incoming stimulus can “pass through” without
requiring extra cognitive work.

A task set is a temporary binding between rep-
resentations of the relevant stimulus categories
and representations of the corresponding re-

sponses (c.f. Hommel, 1998), which is probably

held in working memory. The bindings must be
temporary because they can overcome estab-
lished long-term associations (e.g., one can re-
spond to the letter A by saying “B” and the other

- way round), without having to unlearn these as-
sociations (i.e., after executing the A-B mapping a
thousand times, the letter A is still associated
more with saying “A” than with saying “B”). The
ability to set up temporary bindings between ar-
bitrary representations, which we argue underlies
WMC, should therefore also be highly relevant
for efficient execution of speeded responses to
stimuli according to S-R-mapping rules. A high
correlation between WMC measures and speed
in such tasks is therefore to be expected.

This argument suggests one important pre-

diction: the correlation between WMC tasks and
speed tasks should depend on the degree of S-R
compatibility in the speed task. According to
Kornblum, Hasbroucq, and Osman (1990), S-R
compatibility is high when (a) there is a high
degree of dimensional overlap between stimuli
.and responses, and (b) stimuli are mapped to
those responses that correspond to them on the
dimensions they share. For instance, when the
task is to press a button in response to one of four
lights arranged in a horizontal line, an arrange-
ment of the four response keys in a horizontal
line would be one with high dimensional over-
lap. Given this overlap, a mapping in which the
left-right order of the lights corresponds to
the left-right order of the keys to be pressed is
one with a maximum of S-R compatibil-
ity. A random mapping would be an example of
low S-R compatibility, although the dimen-
sional overlap is still high. Another way to have
low S-R compatibility is to eliminate dimen-
sional overlap, for example, by having partici-
pants call out one of four arbitrarily chosen
female names in response to each light.

Kornblum et al. (1990) assume two process-
ing paths from a stimulus representation to a
response. One is mediated by pre-existing as-
sociations between stimulus and response rep-

resentations (e.g., between the printed letter A
and saying “A”) and enables a stimulus to auto-
matically activate its corresponding response.
This path is operative only in cases with di-
mensional overlap between stimulus and re-
sponse. The second path is mediated by a repre-
sentation of the task rule, and can implement
any arbitrary S-R mapping. The second path is
always operative and determines which re-
sponse is correct. When the S-R mapping is
compatible, this is just a quick verification of
the already activated response; when it is incom-
patible; the activated response must be sup-
pressed and replaced by the correct one. In
case of no dimensional overlap, the second
path does all the S-R translation on its own. In
our interpretation, the second path is mediated
through a task set implemented by temporary
bindings. Tasks with low S-R compatibility will
have to rely heavily on this task set, whereas
tasks with high S-R compatibility will be less
dependent on a well-established task set, be-
cause it is needed just to confirm the already
activated response. This line of reasoning leads
to the hypothesis that tasks with high S-R
compatibility will correlate less (although not
necessarily zero) with a measure of WMC than
tasks with low S-R compatibility.

Two of us have recently tested this hypoth-
esis (Wilhelm & Oberauer, 2006). In a study
involving four-choice RT tasks with compatible
and with arbitrary S-R mapping we identified
two latent factors, one general RT factor cap- .
turing the common variance of all RT tasks,
and an arbitrary-mapping factor capturing the
residual variance shared by all tasks with arbi-
trary S-R mapping. The general RT factor
was correlated substantially with a latent factor
reflecting WMC, but the specific arbitrary-
mapping factor had an even higher correlation
with WMC.

The only other study we are aware of that
contrasts high and low S-R compatibility within
the same task is the study by Kane et al. (2001),
who compared groups of people with high
and low WMC on the speed and accuracy of
executing prosaccades (i.e., eye movements to-
ward a suddenly appearing cue in the periphery)
and antisaccades (i.e., eye movements away
from the cue). Obviously, the prosaccade task has
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high S-R compatibility, whereas the antisac-
cade has lower compatibility. Kane et al. (2001)
found that the two capacity groups differed in
performance on the antisaccade task but not on
the prosaccade task. ‘
Unfortunately, there is dan alternative ex-
planation, the one advariced by Kane et al.
(2001): the better performance of high-capacity
people on the antisaccade task could reflect
their greater ability to suppress the saccade to-
ward the cue, which is a strongly prepotent
response. One way to decide between the in-
hibition interpretation and an interpretation in
terms of S-R bindings would be to compare
high- and low-capacity groups on the speed and
accuracy of saccades in response to arbitrary
cues presented centrally (e.g., when the fixa-
tion point turns into a square, move the eyes to
the left; if it turns into a circle, move the eyes to
the right). An account based on inhibition of
prepotent responses would not predict a cor-
relation of this task with WMC, because there
is no prepotent action to be inhibited. Our
binding account, in contrast, predicts that this
arbitrary saccade task correlates as strongly with

WMC as the antisaccade task.

WORKING MEMORY CAPACITY
AND REASONING

What it is about working memory capacity that
makes it such an important prerequisite for
successful reasoning? Reasoning tasks found in
intelligence tests tend to load on a single factor,
even though they share hardly any cognitive
operations apart from those common to vir-
tually all tasks. For example, the analyses of com-
ponent processes of inductive- and deductive-
reasoning tasks performed by Sternberg (1985)
reveal hardly any common processes beyond
“encoding” and “response selection.” None-
theless, Wilhelm (2005) was unable to obtain
separate factors for inductive and deductive
reasoning. The most important limiting factor
for these tasks must be one they have in com-
mon, independent of the diverse cognitive op-
erations used to perform each of them.

We think that what is common to all reason-
ing tasks is the fact that their solutions require

the construction of new structural representa-
tions. This means that given elements must be
combined by new relations. The complexity of
the new structures is limited by the capacity of
working memory. The capacity of the direct-
access region sets a limit on the number of ele-
ments that can be placed simultaneously within
a common cognitive coordinate system, and
thereby be integrated into a new structure. We
will demonstrate this for a few prototypical ex-
amples in the following section.

Reasoning and Relational
Integration

Three categories of reasoning tasks are com-
monly found in intelligence tests as well as in
experimental studies of human reasoning. The
first, deductive reasoning, can be defined as draw-
ing inferences from premises with logical ne-
cessity. The premises are given as verbal state-
ments (as in syllogisms) or in mathematical
form (as in equations to be solved), but spatial-
figural formats can also be designed (c.f., Wil-
helm, 2000). Inductive reasoning is defined as
drawing a plausible, but not necessary, infer-
ence from given information. In psychological
tests and experiments this involves inferring a
rule or category from particular instances (e.g.,
categorization or series completion) or trans-
ferring information from one instance to another
(e.g., analogical reasoning). Transformations
can be defined as tasks in which an initial state
of some object or situation must be mentally
transformed into a final state by the application
of given operators. Problem solving can be seen
as a subset of this category because it is usually

_ defined as transforming an initial state into a

goal state by means of a set of operators (Newell
& Simon, 1972). Problem-solving tasks loading
high on reasoning factors are typically from the
well-defined variety for which the states and
operators are given, and one has to look for an
optimal combination of operators to attain the
desired transformation.

Currently the most successful theory of
deductive reasoning is the theory of mental
models (Johnson-Laird & Byrne, 1991; Johnson-
Laird, 2001). According to this theory, deduc-

tive inferences are drawn from mental models
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representing the truth conditions of the prem-
ises. This means that representations of the
objects or events referred to in the premises are
arranged according to the relations expressed in
the premises. For example, in reasoning about
temporal relations (Schaeken et al., 1996), to-
kens representing individual events must be
arranged into an array corresponding to their
temporal order. Insyllogistic reasoning ( Johnson-
Laird & Bara, 1984), tokens representing in-
dividual members of the categories must be
arranged such that the category relations stated
in the premises are true. Mental models make
use of geometrical constraints even when they
represent nonspatial relations. Consider, for
example, the mental model of the syllogism
“All A are B. No B is C” (each line represents
one individual with its features A, B, C, or any
combination of them):

Constructing the model according to
the premises results in a spatial arrangement of
the tokens, which represent the individuals. The
new relationship between the “end terms” A
and C emerges through the geometric con-
straints of the medium: no C token can lie on
the same line as an A token, and therefore the
model supports the conclusion “No A is C.”
Thus, the deductive inference relies on bind-
ing the tokens to places in a quasi-spatial men-
tal coordinate system and making use of the
emerging relations not explicitly mentioned in
the premises. '

Typical inductive reasoning tasks are series
completion, matrices, and analogies. All of
these tasks depend on detecting relations be-
tween relations, that is, mapping relations onto
each other. This has been spelled out most
elaborately for analogical reasoning (e:g.,
Gentner, 1989). Gentner defined an analogy as
a mapping of the structure of a base domain
onto a target domain. Analogical reasoning thus
requires identifying relations in the base domain
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and at least in part also in the target domain,
then identifying mappings (i.e., relations of
identity or similarity) between these relations.
A good analogy is characterized by systemati-
city, that is, preferentially mapping coherent
systems of relations. Finding the most system-
atic mapping between two domains requires
representing complex structures in both the
base and the target domains simultaneously. It
should be obvious that this requires extensive
binding of elements into the argument place-
holders of the relations in question. A compu-
tational model of analogies demonstrating the
central role of bindings was developed by
Hummel and Holyoak (1997).

Matrices and series completions can be an-
alyzed as special cases of analogical mapping.
In series-completion tasks, the rule generating
the series is repeated after n items. In order to
detect the rule, together with the value of n,
one must try to map the first n elements of the
series onto the next n elements (for varying
values of n). In matrices (such as Raven’s) the
relations between elements in a row must be
mapped across columns, and the relationships
between elements in a column must be map-
ped across rows. According to this analysis, the
limiting factor for Raven’s matrices is not mem-
orizing several hypotheses or rules, as Carpenter,
Just, and Shell (1990) assumed, but simply
representing three structures, each one linking
three elements, at the same time to figure out
their mapping. Partly supporting this conten-
tion, Unsworth and Engle (2005) found that
the correlation between a WMC task (operation
span) and Raven items did not increase with
the number of rules to be applied for solving
the Raven item.

A prototypical problem-solving task inves-
tigated in numerous studies is the Tower of
Hanoi (e.g., Carpenter et al., 1990; Kotovsky,
Hayes, & Simon, 1985). Several discs are stacked
on one of three rods, ordered by size. The tower
has to be moved to another rod, with the con-
straints that only one disc can be moved at a
time, and a larger disc must never be placed on
top of a smaller one. Problem-solving tasks
usually require the construction of a sequence
of operations (e.g., movements of individual
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discs) that transform the given state into the
goal state. If the task is not to be solved by blind
trial and error, at least part of the sequence must
be planned in advance. This means building a
mental structure to bring individual steps into a
temporal order. Often the plan is also hierar-
chical because of the goal-subgoal structure,
extensively analyzed for the Tower of Hanoi
problem (e.g., Karat, 1982).

Other transformation tasks used in intelli-
gence tests such as the BIS test involve the
mental rotation, translation, or folding of ob-
jects or their parts in space (e.g., paper-folding
“tasks, puzzle-assembly tasks) or the recombina-
tion of symbols (e.g., anagram tasks). These tasks
highlight a second aspect of relational integra-
tion in mental transformations: the states are of-
ten structures of objects, object parts, or sym-
bols, and the operations are rearrangements of
the structure’s elements (e.g., the discs of the
Tower of Hanoi, the sides of a cube to be folded
from a two-dimensional cut-out, the letters in an
anagram tasks). To keep track of the current
state in planning, one has to continuously up-
date the structure of the state one transforms.
This again requires the flexible, temporary bind-
ing of representations of the independent ob-
jects or parts (e.g., the discs) to their places in a
cognitive coordinate system (e.g., the rod posi-
tions).

This analysis shows that many reasoning
tasks share the requirement of constructing new
relational representations, often with consider-
able complexity, and updating them quickly
and efficiently. Constructing new structural rep-
resentations requires a mechanism that flexibly
sets up and dissolves temporary bindings of el-
ements into argument slots of a schema or po-
sitions in a mental coordinate system. According
to our model, a schema or coordinate system is
made available by the direct-access region of
working memory, such that new elements can
be bound to it. Updating structural represen-
tations often involves picking out selectively
one element in the structure to manipulate it
by a cognitive operation (e.g., moving one disc
while leaving the others on their rod). This is
the role of the focus of attention in working
memory. An important feature of structural

representations is that individual elements can
be changed without affecting the other ele-
ments. This is accomplished by the division of
labor between the direct-access region and the
focus of attention, thus enabling the system to
attend to several elements concurrently. A
structural representation is thus formed, and at
the same time one element is selected exclu-
sively as the object of a cognitive operation
(Oberauer, 2002).

The above analysis of reasoning tasks should
also explain why some tasks used to measure
executive functions have been observed to cor-
relate highly with measures of WMC and
spatial reasoning (Miyake et al., 2001). These
tasks are characterized by a mixture of demands
on cognitive functions, among which may in-
deed be executive functions. Importantly, they
all also place heavy demands on relational in-
tegration. Miyake et al. (2001) operationalized
executive function through use of the Tower of
Hanoi and a random-generation task (i.e., the
generation of a sequence of digits that fulfils
criteria of randomness such as equal frequency
of all possible digits and digit transitions). As
shown above, the Tower of Hanoi is a problem-
solving task that relies heavily on the construc-
tion of new structures. The random-generation
task requires constant monitoring of the se-
quence produced thus far, with careful attention
to systematic patterns, that is, relations and
structures that repeat themselves inadvertently.
This comes down to a series completion task
performed on the memory of one’s own output—
again, a task that relies considerably on relational
integration. It is therefore not surprising that
these tasks are strongly correlated with WMC
and reasoning factors, and it proves in no way the
crucial role of executive functions.

Our reinterpretation of some putative exec-
utive tasks leads to the prediction that remov-

'ing the executive aspect from these tasks should

not diminish their correlation with indicators
of WMC and reasoning. The Tower of Hanoi
problem, for example, is assumed to have ex-
ecutive demands because problem solvers must
manage goals and subgoals and plan an appro-
priate sequence of moves (Miyake et al., 2001).
A version without this requirement could be
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constructed in which participants receive an

initial state and a sequence of operations, and'

their task is to determine what the final state
will look like. Random generation is assumed to
require the central executive because partici-
pants must suppress prepotent schemata and
switch between generation strategies repeatedly
(Baddeley, Emslie, Kolodny, & Duncan, 1998).
Aversion with much reduced executive demand
could be constructed in which participants are

asked to monitor a sequence of digits and detect

certain deviations from randomness (e.g., the

" 1epetition of a sequence of n digits or the
emergence of a constant generation rule). We
predict that these versions with diminished ex-
ecutive demand will correlate as highly as the
originals with factors reflecting WMC and
reasoning ability.

Relating Reasoning to Working
Memory—Levels of Generality
and Symmetry

In both our factor-analytic studies mentioned
above, we also asked participants to take. a test
for the BIS (Jiger et al., 1997). Consistent with
previous studies, we found a strong correla-
tion between a factor representing WMC and
the reasoning factor extracted from the BIS
test (SiiBl, Oberauer, Wilhelm, & Wittmann,

2000; SiiB et al., 2002). Because of the facet-

theoretical framework of both the BIS and our
structural model of working memory, we were
able to investigate the relation between WMC
and intelligence on different levels of general-
ity. This investigation provided an opportunity
to apply the ‘multivariate reliability theory de-
veloped by Wittmann (1988) to the prediction
of intelligence test scores from measures of
working memory (and related constructs).

The central idea of multivariate reliability
theory is that each measure is a composite of

wanted and unwanted variance.- Wanted vari-.

ance is the variance due to the construct one
intends to measure. Unwanted variance consists
of variance due to other psychological variables
one is not interested in (e.g., contentrelated
variance when the intention is to measure a
content-independent construct, or speed vari-
ance in a speeded reasoning test), task-specific

variance (which one is usually not interested in
either), and random error. Only random error
can be suppressed by increasing the number of
items in a test; the first two components of un-
wanted variance are systematic and therefore
don’t drop out through longer testing with items
of the same type. So in order to obtain a rela-
tively pure estimate of the intended construct
(i.e., the wanted variance), it is necessary to
aggregate over several indicators of this con-
struct. These indicators should not be clones
of each other, distinguished only by trivial var-
iations; heterogeneity is important to suppress
systematic unwanted variance in the com-
posite..

This requirement raises the question of the
right amount of heterogeneity, or, in other
words, the rightlevel of generality. For an ability
construct such as WMC, a minimum require-
ment is that its indicators are positively corre-
lated, such that their shared variance can be
interpreted as manifestation of the ability. Thus,
one obvious means to assess what level of gen-
erality is adequate for an ability construct—that
is, what set of indicators has an adequate level of
heterogeneity—is to investigate the correlations
in a large set of potential indicators, as we did
above for WMC and related constructs. A sec-
ond, complementary approach is to investigate
the relationship to external criteria on different
levels of generality. The rationale is given by the
principles of symmetry in the Brunswik lens
model (Tucker, 1964), illustrated in Figure 3.4
(after Wittmann, 1988). The figure shows a
predictor and a criterion construct, each mea-
sured on three levels of generality (illustrated as
the manifest variables and two levels of latent
variables in a structural equation model). As-
suming that the constructs share most (or even
all) of their true variance, the highest correla-
tions will be measured when symmetrical
measures are related to each other. Symmetri-
cal measures are measures on the same level of
aggregation that reflect corresponding con-
structs with the same scope, represented by the
thick, continuous lines in the figure. Asym-
metrical relations (broken lines) lead to smaller
correlations, because either the predictor or the
criterion measure contains variance that has no
counterpart on the other side. An example for




Differences in Working Memory Capacity and Reasoning Ability" 67

==
==
==

Figure 3.4. Principles of symmetry in predictor-
criterion relations - (after Witimann, 1988). Thin
lines represent factor loadings; thick lines represent
predictor—criterion paths. Solid paths are symmet-
rical, broken paths are asymmetrical. Three kinds of
asymmetry are illustrated: (1) the predictor variable is
too specific relative to the criterion variable; (2) the
criterion variable is too specific relative to the pre-
dictor variable; (3) predictor and criterion vari-
ables measure different subsets of the variance

shared between predictor construct and criterion con-
struct.

an asymmetric relationship would be to predict
general intelligence (a highly general criterion)
from a single measure of WMC such as reading
span (path 1 in Fig. 3.4). An example of the

converse asymmetry would be to use a battery of
working memory tests to predict success in
solving the Tower of Hanoi problem (path 2 in
Fig. 3.4). ;

On the basis of this logic, we can use the
correlations between WMC (and related con-
structs) and intelligence test measures on dif-
ferent levels of aggregation to search empirically
for the most symmetric level for their relation-
ship. Here we illustrate this approach with a
reanalysis of data from our two studies (Ober-
auer et al., 2003; Siif§ et al., 2002).

The first level of generality is to corre-
late individual working memory tasks with the
reasoning scale from the BIS. Table 3.2 shows
three examples using classical WMC tasks. The
correlations on this level are already substantial
but leave enough room for doubting that WMC
and reasoning ability are actually identical
psychometric constructs (e.g., Ackerman et al.,
2005). Many studies in the literature report re-
lationships between single measures of WMC
and some criterion variable, and the correla-
tions are rarely larger than r=.50.

For a second level of generality we averaged
the z scores of all tasks measuring predominantly
storage and processing and all tasks measuring
predominantly relational integration, separately

TABLE 3.2. Correlations between Working Memory Measures and Reasoning Ability
and General Intelligence, on Four Levels of Generality

General General
Reasoning™ Intelligence* Reasoning’ Intelligence'

Reading span 57 o4 47 Csl
Computation span 54 52 .24 29
Spatial STM 59 55 58 44
S&P-vn (7,5) 69 66 53 (5) 52
S&P-spat (3,2) 68 59 58 (2) 50
Rel.Intvn (3,4) 61 61 67 (4) 64
RelIntsspat (5,7) 65 64 67 (7) 57
WMC (18, 18) , 77 75 76 (18) 69
Speed/Exec (6, 16) 7 .59 71 55 - .54
WMC + Speed/Exec (24, 34) .76 82 77 72

*Data from Sii et al. (2002), N = 129.

Data from SiiB et al. (2000), for task descriptions see Oberauer et al. (2003); N =133. Numbers in parentheses behind
composites represent the numher of individual tasks entering into the respective composite (first entry =study 1, second
entry =study 2). The Speed/Exec composite of Sil et al. (2002) consists of the tasks loading on the speed/executive
functions factor in Oberauer et al. (2000); the Speed/Exec composite of Siif} et al. (2000) consists of the choice response
time tasks in single blocks and task-set switching blocks (i.e., the 16 manifest variables on the right side of Figure 3.3).

STM = short-term memory; WMC = working mémory capacity. For other abbreviations see Table 3.1.
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for verbal-numerical and for spatial contents.
The composite WMC scores correlate some-
what higher with reasoning ability. This is the
level of generality attained by a number of studies
using a latent-variable approach to measuring
WMC and intelligence constructs. Most of these
studies operationalized WMC by composites of
complex span tasks with verbal or numerical
-content (e.g., reading span, operation span,
counting span). This corresponds to the variable
storage and processing with verbal or numerical
material (S&P-vn) in Table 3.2.

On the third level of generality, we averaged
the four composite variables to. form a-single
indicator of WMC. The correlations with rea-
soning ability were higher still. When we move

to an even higher level of generality on the-

predictor side, including variables reflecting
processing speed and executive functions (e.g.,
reaction times from task-set switching para-
digms), the correlations with reasoning level off.
This suggests that the gain in reliability obtained
through the larger number of test items is now
offset by a reduction in symmetry.

Table 3.2 also contains correlations of all the
WMC variables with a general intelligence
score, obtained from the BIS test by aggregating
the four functional scales (reasoning, creativity,
memory, and speed). This illustrates a move to
a higher level of generality on the criterion side.
Relative to the correlations obtained with the
-reasoning scale, this move doesn’t increase the
- correlations with the predictor variables, with
one exception: the combination of WMC with
speed and executive function was related more
to general intelligence than to reasoning in the
study of Siif} et al. (2002).

Taken together, these data suggest that the
most symmetric relationships are between the
most comprehensive composite of WMC and
reasoning ability, and, on a higher level of gen-
erality,betweentheevenmoreencompassingcom-
posite of WMC, speed, and-executive functions
and general intelligence. The more elaborate
analyses reported in Siif et al. (2002) show that
the relationship on the highest level of generality
can be summarized as (1) a strong association
between WMC and reasoning, as shown above,
and (2) a strong association between speed and

]
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executive functions with the processing speed
and memory factors of the BIS test.

A third kind of asymmetry (path 3 in Fig.
3.4) is obtained when two measures on the
same level of generality are correlated that re-
flect different portions of the variance shared
between the two constructs. An example from
cognitive abilities is relating measures from
different content domains. Although we and oth-
ers found that content-specific WMC factors
tend to be highly correlated, a separation of
verbal-numerical from figural-spatial working
memory factors is often warranted (Kyllonen,
1994; Oberauer et al., 2000; see Chapters 6 and
8), and at least in one study their correlation
turned out to be quite low (Shah & Miyake,
1996). Therefore, correlating WMC measures
consisting exclusively (Conway et al., 2002) or
mostly (Ackerman et al:, 2002) of verbal-nu-
merical tasks with measures of fluid intelligence
or reasoning based only on spatial-figural mate-
rial (such as the Raven matrices or Cattell’s

- Culture Fair Test) will result in an underesti-

mation of the true relationship between WMC
and fluid intelligence and reasoning.”

* A structural equation model reported in Siif3
et al. (2002) illustrates this. In that model (Fig-
ure 10 in StB et al., 2002), we used separate
factors for spatial-figural WMC and for verbal-
numerical WMC to predict the three content
scales from the BIS test (verbal, numerical, and
spatial-figural). The spatial-figural WMC factor
predicted the spatial-figural factor of the BIS
with a path coefficient of .70, whereas the path
coefficients to the numerical factor (.35) and the
verbal factor (—.26) were low. Conversely, the
verbal-numerical WMC factor predicted verbal
abilities in the BIS (.87) and numerical abilities
(.52), but not spatial-igural abilities (.12).

To conclude, many correlations obtained in
published studies on the relationship between
WMC and reasoning or fluid intelligence, though
impressively high, might actually underestimate
the true amount of shared variance between the
two constructs. Still, we do not believe that
the two can be identified. Evidence that fluid
intelligence cannot be completely reduced to
WMC comes again from the content dimension.
Whereas verbal and numerical content could
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never be factorially separated in sets of WMC
tasks (Kyllonen & Christal, 1990; Oberauer et al.,
2000, 2003), they are clearly different on the side
of intelligence in general (Carroll, 1993) and
reasoning ability in particular (J4ger et al., 1997).
Reasoning is, after all, a little bit more than
‘working memory.

CONCLUSIONS

We see converging evidence that WMC is a
highly general parameter of the cognitive sys- -

tem, one that acts as an important limiting
factor for a wide variety of complex cognitive
tasks. In this chapter we argued that the com-
mon denominator of all cognitive functions
limited by WMC is the temporary binding of
representations. The more a performance on
any task relies on the establishment of multiple
temporary bindings maintained simultaneously
and consistently, the more we expect it to load
on a general WMC factor. First direct support
for this prediction comes from a study showing
that short-term recognition tasks (such as the
Sternberg task and the n-back task) correlate
with WMC only if they involve a high demand
on bindings (Oberauer, 2005a).

Working memory capacity, in turn, is the best
single predictor of reasoning ability, explaining at
least half of the systematic variance in tests of
reasoning or fluid intelligence. This relationship
seems to exist on a high level of generality. It is
not due to associations between particular WMC
tasks and particular reasoning tasks, but rather isa
manifestation of a highly general limiting factor
that affects both working memory and reasoning.
We hypothesize that this factor is the limited
ability of our nervous system to establish multiple
temporary bindings at the same time, thereby
enabling the construction of new relational rep-
resentations. The construction of new relational
representations is a requirement shared by most
tasks commonly used in established reasoning
tests and in experiments on reasoning.

Temporary bindings are also needed to es-
tablish task sets implementing arbitrary links
between stimulus and response categories. Al-
though speculative at the moment, this para-

digm can offer an explanation for the strong
association between WMC measures and many-
speed tasks, a relationship largely ignored in the
working memory literature so far: At the same
time; WMC cannot be reduced to mental speed;
factors representing WMC and factors repre-
senting speed have always been separable in
comprehensive studies.

Finally, our view differs in one respect from
the majority opinion in the field, in that we
don’t assume a special link between WMC
and executive function. The evidence available
thus far suggests that different executive func-
tion measures have little variance in common.
Some of them are related to WMC, but we
think this is not because they reflect executive
functions but because of some other feature.
For example, choice RTs obtained in task-set
switching paradigms correlate with WMC fac-
tors, but no more than do RTs in the same tasks
without switching. Planning tasks such as Tower
of Hanoi correlate with WMC because of their
demand on relational integration, not because
of their demand on executive functions to se-
lect individual moves.

The challenge to theories that link working
memory and executive functions is perhaps
the most significant contribution of our studies
to theories of working memory. It is just one
example. of the general potential inherent in
individual-difference studies. They can serve to
validate, and invalidate, experimental tasks and
variables as indicators of theoretical constructs,
and they can test theories about associations, as
well as dissociations, between constructs (cf.
Oberauer, 2005b). Factor analyses of large
samples of tasks have, for example, helped to
establish working memory as an important
theoretical concept in cognitive psychology.
Factor-analytic research, however, raises seri-
ous doubts about the usefulness of a unitary
construct subsuming all executive functions.
Experimental research helps us to understand
the cognitive processes going on when a person
is confronted with a specific situation or task.
Individual-differences research tells us whether
these processes are in fact representative of the
theoretical concepts the experimentalist as-
sumes them to represent.
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BOX 3.1.

1. THE OVERARCHING THEORY
OF WORKING MEMORY

We think of working memory as a system that
provides access to memory representations for
goal-directed processing on three successive
levels: (1) activation in LTM, (2) temporary
binding of content representations to positions
in a cognitive coordinate system or place-
holders in a schema in the region of direct
access, and (3) selection as the object of ma-
nipulation by the focus of attention. Further,
we use facet theory to organize the sources of
variance among individuals that affect perfor-
mance on particular tasks.

2. CRITICAL SOURCES OF )
WORKING MEMORY VARIATION

The capacity limit of working memory is a limit
on the simultaneous binding of several inde-
pendent chunksin a common coordinate sys-
tem or schema in the region of direct access.
This limit constrains how many independent
chunks can be accessed simultaneously, and
thereby constrains the ability to construct new

SUMMARY ANSWERS TO BOOK QUESTIONS

relational representations between them, and
the ability to take existing relations into ac-
count in cognitive operations. People with low
working memory capacity are assumed to
have a specific problem with establishing and
maintaining robust bindings.

3. OTHER SOURCES OF WORKING
MEMORY VARIATION

We consider two other sources of variability:
the efficiency of executive function and the
efficiency of inhibition. We believe that both
these functions can be dissociated from work-
ing memory capacity.

4. CONTRIBUTIONS TO GENERAL
WORKING MEMORY THEORY

Our research shows that the limited capacity
of working memory affects a wide variety of
tasks, its scope reaching beyond the classical
characterization as subserving simultaneous
storage and processing. Working memory, how-
ever, cannot be equated with executive func-
tion.

Notes

1. For this reason, we renamed “focus of attention”
in the model of Cowan (1995) as “region of direct
access” in our model.

lationships obtained in these two studies were, as
Conway et al. (2002) pointed out.
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