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ABSTRACT
The present series of studies investigated relationships between working memory
capabilities and proficiency in mental arithmetic, and whether these relationships vary as a
function of arithmetic operation or format of problem presentation. In four studies,
different facets of working memory, conceptualized using Baddeley‟s (2000) revised
multiple-component working memory model (comprising the phonological loop, the
visuospatial sketchpad, the episodic buffer, and the central executive), were assessed, and
mental arithmetic performance was investigated using multi-digit addition, subtraction,
multiplication and division problems, presented in either a vertical or horizontal format.
The first study (N = 64 young adults) validated four memory tasks developed for the
research. These span tasks - verbal short-term memory, spatial short-term memory,
integration, and coordination – were used as part of a dual-task method in combination with
four types of interference – control (no interference), articulatory suppression, spatial
tapping, and articulatory suppression coupled with spatial tapping. The short-term memory
tasks required the serial recall of sequences of letters (verbal task) or sequences of screen
locations (spatial task). That these tasks invoked distinct short-term memory stores was
confirmed by modality-specific patterns of interference: decrements in performance on
verbal short-term memory span were observed for the interference conditions involving
articulation and decrements in performance on spatial short-term memory span were
observed for the interference conditions involving tapping. The integration task presented a
verbal sequence and a spatial sequence in concert, and required maintaining the
associations of the verbal and spatial items in recalling the two sequences. This task was
designed to assess an integrative function of the episodic buffer. The coordination task
simply required recalling two independent sequences of verbal and spatial items, and was
designed to provide a contrast to the integration task. Results for these two tasks supported
the view that the integration task invoked binding between the verbal and spatial items in
that cross-modal interference (articulation interfering with spatial recall and tapping
interfering with verbal recall) was observed for this task but not for the coordination task.
Thus the integration task appears to be a valid means of assessing memory resources
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dedicated to the maintenance of associations of verbal and visuospatial information, a
function purportedly associated with the episodic buffer.
The second study investigated the function of the three purported temporary storage
components – the phonological loop, the visuospatial sketchpad, and the episodic buffer in arithmetic performance in young adults (N = 80). The test battery consisted of the four
span tasks validated in Study 1 and an arithmetic task comprising multi-digit addition,
subtraction, multiplication, and division problems presented in a vertical format. Critical
interest centred on the utility of the various span measures in predicting arithmetic
performance. The four operations displayed a consistent pattern of results: Spatial shortterm memory span accounted for greater variance in arithmetic performance than did verbal
short-term memory span; also integration span scores accounted for additional variance in
arithmetic performance after controlling for either the two short-term memory span scores
or the coordination span scores, whereas the coordination span scores had little utility in
predicting arithmetic performance. Thus the results indicated that solving arithmetic
problems presented vertically consistently implicated two working memory storage systems,
one responsible for retaining visuospatial information and another capable of binding
multimodal information. The first study did not support the view that the involvement of
working memory resources varies for the different arithmetic operations (Dehaene &
Cohen, 1995).
In Study 3, to assess the involvement of executive resources in arithmetic
performance across the four basic operations, verbal working memory, spatial working
memory, and integration working memory tasks were developed by adding a processing
component to the verbal short-term memory, spatial short-term memory, and integration
tasks. The resulting three pairs of working memory and short-term memory span tasks
(verbal, spatial, and integration), and the arithmetic task described in Study 2, were
administered to another sample of 80 young adults. Regression analyses in Study 3
revealed that spatial short-term memory span and integration span, but not verbal shortterm memory span, predicted unique variance in performance for each type of arithmetic
operation, consistent with the findings in Study 2. Also, spatial working memory span
accounted for unique variance in arithmetic performance for the four operations but verbal
working memory span did not. The differential involvement of verbal and visuospatial
working memory resources is consistent with the view that there are two distinct verbal and
visuospatial resource pools at the executive level (Friedman & Miyake, 2000; Jarvis &
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Gathercole, 2003; Shah & Miyake, 1996). Because the spatial short-term and working span
scores were related to arithmetic performance, the variance-partitioning techniques of
Engle, Tuholski, Laughlin and Conway (1999) were used to separate storage and
processing components of these memory measures. Results indicated that both of these
components uniquely accounted for variance in arithmetic performance, which is consistent
with a storage-plus-processing account (Bayliss, Jarrold, Gunn, & Baddeley, 2003; Jarrold
& Bayliss, 2007; Shah & Miyake, 1996) but at odds with a controlled-attention account
(Engle et al., 1999) of the involvement of working memory in higher-level cognition.
The fourth and final study examined whether a shift of presentation format for the
arithmetic problems from vertical to horizontal induced any change in the involvement of
working memory resources. Regression analyses in Study 4 (N = 80) revealed that both the
spatial and verbal short-term memory span variables, but not the integration span variable,
accounted for unique variance in performance of the horizontal arithmetic problems. The
differences between these results and those for vertical problems in the earlier studies
support the view that operand encoding processes are dependent on problem input format
(Campbell, 1994; Campbell & Clark, 1988, 1992). Additional results from Study 4 were
that spatial working memory accounted for variance in arithmetic performance but verbal
working memory did not, and, again, both storage and processing components of spatial
working memory predicted arithmetic performance. This suggests that a specific kind of
solution strategy supported by visuospatial processing resources is applicable to both the
horizontal and vertical problems.
To conclude, mentally solving arithmetic problems relies on working memory
resources, and the way in which different types of working memory resources predict
arithmetic performance is dependent on problem input format rather than on arithmetic
operation. On the whole, performance for addition, subtraction, multiplication, and
division problems presented vertically appears to invoke visuospatial storage and
processing resources, and a capability for integrating verbal and visuospatial information.
This latter capability does not seem to be involved to any great extent in solving arithmetic
problems presented horizontally, yet verbal short-term memory resources appear to be
involved along with visuospatial storage and processing resources.
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CHAPTER 1

AN OVERVIEW OF THE CONTRIBUTION OF WORKING MEMORY
RESOURCES TO ARITHMETIC PERFORMANCE

1

Mathematics, besides writing and reading, is one of the basic academic skills.
Among a range of mathematical skills, mental calculation is of particular interest
because the basic operations of addition, subtraction, multiplication, and division
comprise the essential building blocks to attaining competency in mathematics. Solving
multidigit problems such as 78 + 43 or 423 - 256 without paper and pencil is effortful
and relies on attentional resources since it demands a mental workplace to combine
ongoing executive control of a series of solution procedures with the retention of
intermediate results and the retrieval of answers from long-term memory. The mental
workplace responsible for processing and temporary storage of information in complex
cognitive tasks such as multiple-step mental calculation is referred to as working
memory. The present project explores the ways in which particular working memory
components make contributions to the solution of multidigit arithmetic problems
involving different types of operation, that is, addition, subtraction, multiplication and
division. More specifically, the project investigates, from a working memory
perspective, the contributions to mental-arithmetic performance of individual
differences in the capacity to (a) retain different forms of representation (verbal versus
visuospatial), (b) handle additional processing demands imposed through requiring the
transformation of information rather than simply its retention, and (c) manage a unique
demand involving the integration of different forms of representation (in particular,
remembering linkages between verbal and spatial elements). A particular concern is to
investigate whether surface features of arithmetic problems (horizontal versus vertical
problem alignment) mediate the contribution of these three particular kinds of memory
resources to arithmetic performance. The aim of this chapter is to provide background
information relating to working memory and numerical processing. First, the current
context of working memory research is described to provide guiding information to
formulate the present project. This is followed by a review on the role of working
memory in relation to arithmetic cognition, with an emphasis on the incorporation of
models of numerical representation within a general model of the working memory
system. Finally, a preview of a series of studies conducted as part of the project will be
given.
Working Memory
Working memory (WM) could be broadly described as a limited capacity
information processing resource responsible for at least two essential processes in
cognition: the temporary retention of information and the concurrent manipulation of
2

the same or other information (see Baddeley & Hitch, 1974; Engle et al., 1999). Most
WM theorists distinguish between two aspects of WM – (a) passive temporary memory
store(s) responsible for encoding and rehearsing task-relevant information, and (b) one
or more central control components involved in the manipulation of relevant
information as well as any other attention-related processes involved in directing
cognition. Some researchers distinguish between short-term memory (STM) tasks that
simply require the retention of some presented information and so are argued to make
demands primarily on the passive storage systems, and WM tasks that additionally
involve central control processes, typically through requiring processing of information
as well as its retention (Baddeley & Logie, 1999; Cowan, 1995; Engle et al., 1999).
Various WM models have been proposed (e.g., see Miyake & Shah, 1999a). By and
large, most models support the differentiation of verbal and visuospatial representations
or codes for temporary storage (Kintsch, Healy, Hegarty, Pennington, & Salthuose, 1999;
Miyake & Shah, 1999b) but they appear to agree less on whether the central control
component of WM is a unitary system (Baddeley & Logie, 1999; Cowan, 1999) or can
be differentiated into multiple systems (Shah & Miyake, 1996). The multiplecomponent WM model proposed by Baddeley and Hitch (1974) and updated by
Baddeley (2000) is used as the principal theoretical WM framework in the present
project because its assumption of WM comprising both a general executive system and
specific verbal and visuospatial subsystems captures the most widely accepted features
of contemporary WM models. Another reason for using this model is that it is
supported by substantial empirical evidence gathered from neurotypical adults (see
Baddeley, 1986; Logie, 1995, 2003), children of typical and atypical development (see
Jarrold, 2001; Jarrold & Bayliss, 2007; Towse & Hitch, 2007), and brain-damaged
patients (see Baddeley & Wilson, 2002; Carlesimo, Galloni, Bonanni, & Sabbadini,
2006; Della Sala & Logie, 1993; Logie, 2003). Most importantly, the model introduced
by Baddeley and Hitch has been used in most of the studies of the relationship between
mental arithmetic and WM. However, studies applying this multiple-component WM
model usually have focused on the two storage systems and thus there remains
theoretical uncertainty concerning the nature and function of the central executive
component (Baddeley, 2007). As mentioned earlier, a particular issue concerns the
domain generality versus specificity of WM resources at the central executive level.
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Baddeley’s Multiple-Component WM Model
According to the model of WM initially proposed by Baddeley and Hitch (1974),
WM consists of three components, the central executive, the phonological loop, and the
visuospatial sketchpad. The central executive is believed to regulate the WM system
and is held responsible for coordinating the other subsystems, focusing and switching
attention, and processing information (Baddeley & Logie, 1999). Thus the execution of
calculation in arithmetic should implicate the central executive. The two other
subsystems are mainly responsible for the temporary storage of information. The
phonological loop is hypothesised to comprise two components, a temporary
phonological store and a subvocal articulatory process. The store holds speech-coded
verbal information which is assumed to decay in about two seconds unless it is
rehearsed subvocally (Schweickert & Boruff, 1986). The subvocal articulatory process
is therefore responsible for the maintenance of verbal information in the store, and also
the transformation of visually presented verbal information, for example, printed words
and digits, into a phonological representation. The visuospatial sketchpad retains visual
and spatial information, for example, colours and locations, and supports visual imagery
(Baddeley, 1986). Evidence in several forms supports a dissociation of the visuospatial
sketchpad into a visual component (the “visual cache”) and a spatial component (the
“inner scribe”) (Della Sala, Gray, Baddeley, Allamano, & Wilson, 1999; Logie, 1995;
Logie & Pearson, 1997; Luzzatti, Vecchi, Agazzi, Cesa-Bianchi, & Vergani, 1998). The
visual component is hypothesised to temporarily retain information about static visual
patterns while the spatial component is hypothesised to rehearse dynamic information
related to movements and to paths between objects. With the two slave systems being
limited in capacity, each of them will draw resources for functional support from the
central executive when the system is faced with retaining information beyond its limits,
such as holding six items or more in a memory span task (Vandierendonck, Kemps,
Fastame, & Szmalec, 2004). Although Baddeley and Hitch‟s (1974) model of WM has
been widely used in the literature, the model failed to provide a plausible account for the
finding that there was only a slight decrease in span (a drop from 7 to 5 digits) when
participants engaged in continuously articulating a word such as “the” while
remembering visually presented sequences of digits for later verbal recall (Baddeley,
2000). If the visually presented digits were automatically transferred into phonological
codes within the phonological loop, suppressing subvocal rehearsal by engaging the
phonological loop in irrelevant speech should have exerted considerable influence on
4

subsequent verbal recall. However, a decrease of only two units in span with imposition
of concurrent articulation casts doubt on this account. Similarly, in studies of
individuals suffering from STM deficits, participants with very poor auditory memory
recall (digit span of 1) could recall more digits (digit span of 4) when the digits were
presented visually (Baddeley, 2000). This pattern of findings led Baddeley (2000) to
argue that there must be some form of cross-modal binding between phonological and
visuospatial information when the stimuli are presented visually and that such kind of
multimodal representation facilitates subsequent serial verbal recall. Furthermore, the
initial tripartite model (Baddeley & Hitch, 1974) also had difficulty accounting for the
pattern of prose recall in which participants remembered more words in the form of a
sentence than from a list of unrelated words (Baddeley, 2000). Baddeley (2000)
suggested that the central executive, which has no storage capacity, could not be
responsible for the increased span for related words, and the longer sentence span might
be due to some form of chunking related to long-term memory. As a result of this, a
modification to Baddeley and Hitch‟s (1974) model was necessary in order to
incorporate links between WM and long-term memory.
Baddeley's (2000) revised model differs from the earlier tripartite model
proposed by Baddeley and Hitch (1974) in two ways. First, an episodic buffer that
could be regarded “as a new component or as a fractionation of the old version of the
central executive” (Baddeley, 2000, p.422) is proposed to be capable of integrating
information from the subsidiary systems (the phonological loop and the visuospatial
sketchpad) and from long-term memory by using a common multi-modal code.1
Second, but of lesser interest to the current investigation, explicit links are incorporated
between the three subsidiary systems on the one hand, and episodic, verbal and
visuospatial long-term memory, on the other. Regarding the evidence presented in
support of the multiple-component WM model, most of the research has employed a
dual-task interference paradigm in which participants are required to carry out a primary
task of interest (e.g., addition) in combination with a second or interference task
purported to engage one particular WM component (e.g., repeatedly articulating a word
so as to engage the rehearsal mechanism of the phonological loop). Then, as a result of
the operation of limited capacity WM components, performance on the primary task in
1

Whether the binding of features purported to occur through the episodic buffer draws on general
(attentional) executive resources is a matter of recent debate (Allen, Baddeley & Hitch, 2006; Elsley &
Parmentier, 2009). Our research has some indirect bearing on this debate since we independently
manipulate (a) the requirement to bind verbal and spatial features and (b) the need to engage in attentiondemanding additional processing of memory items.
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such a dual-task condition is expected to be markedly worse, compared to a single-task
condition, if the primary and second tasks tap the same WM component than if the two
tasks tap distinct components. The magnitude of the dual-task cost is taken to reflect
the dependence of the primary task on the particular WM component. For instance, the
phonological loop would be believed to be involved in the solution of addition if there
was a substantial decline in the performance of an addition task while participants
continuously articulated an irrelevant word, relative to an addition-alone condition.
Typically, several different secondary tasks are used to target specific components of
WM. This dual-task approach has been extensively used in most of the research
concerning the involvement of particular WM components in mental arithmetic, such as
the role of the phonological loop (Fürst & Hitch, 2000; Lee & Kang, 2002; Logie,
Gilhooly, & Wynn, 1994; Seitz & Schumann-Hengsteler, 2000, 2002; Trbovich &
LeFevre, 2003), the visuospatial sketchpad (Heathcote, 1994; Lee & Kang, 2002;
Trbovich & LeFevre, 2003), and the central executive (Fürst & Hitch, 2000; Logie et al.,
1994; Seitz & Schumann-Hengsteler, 2000, 2002). However, research based on the
dual-task interference paradigm provides scarce information relevant to individual
differences in cognitive performance. An alternative methodology that better targets
individual differences is where memory span tasks (e.g., digit span and visuospatial
span) are employed in assessing the relationship between WM capacity and proficiency
in higher-level cognition.
Memory Span Tasks
The fundamental attributes of WM are that it is limited in capacity, it underpins
our capabilities in many domains of cognitive activity, and its capacity varies as a
function of individual ability. Accordingly, individuals with greater WM capacity
presumably perform a range of cognitive tasks better than individuals with lesser WM
capacity. In Baddeley‟s (2000) revised model, WM, in consisting of multiple
components, fulfills two basic functions, (a) maintenance and rehearsal of information
and (b) processing of information. In this connection, STM and WM memory span
tasks are usually employed as two kinds of memory index to capture these two types of
memory capacity, STM and WM. Each form of task is discussed in detail below.
Performances on STM and WM span tasks have been shown to reliably predict ability
in many domains of higher-level cognition, such as reading and mathematics ability
(Hitch, Towse, & Hutton, 2001), reasoning abilities (Kyllonen & Christal, 1990), spatial
ability (Miyake, Friedman, Rettinger, Shah, & Hegarty, 2001), and general fluid
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intelligence (Bayliss et al., 2003; Conway, Cowan, Bunting, Therriault, & Minkoff,
2002; Engle et al., 1999). Indeed, memory span tasks can be considered alternative
assessment devices for testing general intelligence (Lehto, 1995) or for screening
children who are at the risk of learning difficulties (Archibald & Gathercole, 2006;
Bayliss et al., 2003).
In a typical test procedure for a verbal STM span task - which is viewed as a
measure of the capacity of the phonological loop (Baddeley, 1986) - a random list of
verbal items such as words, letters, or digits (depending on the particular span task) is
read out aloud or presented on a computer screen, typically at the rate of one per second.
Participants are asked to repeat the items in correct serial order. The to-be-remembered
strings vary in length, often starting with two or three items. The strings increase in
length until the participant fails to recall the string correctly. The maximum string
length the participant is able to recall correctly is taken to be the participant‟s verbal
STM span.
Visuospatial STM span tasks provide an analogous measure of the capacity of
the visuospatial sketchpad. A commonly used visuospatial STM task is the Corsi task
(Milner, 1971; Pickering, 2001b). The original Corsi apparatus consisted of a set of
nine identical blocks irregularly positioned on a wooden board (Corsi, 1972).
Consistent with the test procedure of verbal STM span task, the blocks are tapped by the
experimenter in randomized sequences of increasing length. Immediately after each
sequence, the participant is required to point to the same blocks in their order of
presentation. The test ends when the participant responds incorrectly. The span score
is calculated based on the longest sequence that can be recalled correctly. Computerized
versions of the Corsi task have also been employed in research (Chuah & Maybery,
1999; Towse & Houston-Price, 2001; Vandierendonck, et al., 2004). The STM span
tasks which tap domain-specific storage systems (the phonological loop or visuospatial
sketchpad) by requiring the retention of only one kind of information, either verbal or
visuospatial, can be labeled simple span tasks. In recent years, verbal and visuospatial
STM span tasks have been combined to create a kind of double-span task in which
digits (Towse & Houston-Price, 2001) or words (Loisy & Roulin, 2003; Martein,
Kemps, & Vandierendonck, 1999) are presented at specific locations and both classes of
information have to be recalled. Since the notion of an episodic buffer was proposed by
Baddeley (2000) in the revised WM model, double-span tasks have received increasing
attention because these tasks appear to reliably index the ability to integrate information
from multiple sources in memory (Martein et al., 1999; Towse & Houston-Price, 2001).
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Evidence supporting the use of double-stimulus tasks to assess the activity of the
episodic buffer is reviewed later in the chapter.
Traditional STM span tasks simply present a series of to-be-remembered target
memory items, such as digits in digit span or locations in spatial span, and require the
recall of the sequentially ordered information without transformation. In contrast, a
typical WM span task consists of to-be-remembered target stimuli interleaved with a
demanding secondary processing task, such as counting in counting span (Case,
Kurland, & Goldberg, 1982), comprehending sentences in reading span (Daneman &
Carpenter, 1980), doing mental arithmetic in operation span (Turner & Engle, 1989), or
performing mental rotation in rotation-arrow and rotation-word span tasks (Shah &
Miyake, 1996). WM span tasks therefore impose simultaneous processing and storage
demands on participants. For example, in the operation span task, participants are
required to verify the answers to strings of simple arithmetic problems while
remembering words presented individually after successive problems. As explained
earlier, simple STM span tasks are proposed to tap primarily domain-specific storage
systems, such as the phonological loop and visuospatial sketchpad, while WM span
tasks are argued to reflect the interplay of processing and storage in WM. The
concurrent cognitive processing is expected to engage central-executive resources, and
so it is this feature that makes WM span tasks different from STM span tasks. Note that
no span task is considered to be a pure measure of STM or WM capacity; WM span
tasks are purported to primarily capture domain-general executive attention but also
domain-specific storage, whereas STM tasks are purported to primarily capture domainspecific storage but also domain-general executive attention (Engle et al., 1999; Kane et
al., 2004). For instance, Vandierendonck et al. (2004) showed that the recall of long
spatial sequences (i.e., 6 or more items) was impaired under an executive interference
condition in which participants were required to tap a random temporal pattern rather
than a fixed temporal pattern, indicating that, in addition to the involvement of domainspecific STM resources, accomplishing STM tasks may invoke executive resources,
especially when the tasks become demanding. Compared with STM span tasks, WM
span tasks are generally believed to provide indices that better predict performance on
complex cognitive tasks because they mimic the demands typically imposed by those
complex cognitive tasks, for instance, simultaneously juggling on-going calculation
(concurrent cognitive processing) and retention of intermediate results (information
storage and rehearsal) in mental addition. In contrast, their storage-oriented STM
counterparts simply require encoding, perhaps rehearsal of some kind, and retrieval.
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Note that WM span tasks typically impose dual-task demands on participants,
with temporary storage assessed in the face of executive processing demands. However,
these WM span tasks differ from the task combinations used in dual-task interference
paradigms in several aspects, including the underlying rationale, the approach in
interpreting the data, and the nature of the research question. As described earlier, dualtask interference studies are typically designed to establish which components of WM
are invoked for particular cognitive tasks, whereas WM span tasks are typically used to
establish the role of individual differences in WM in the performance of a cognitive task
of interest. From an individual differences perspective, span scores from STM or WM
span tasks are used as indices of memory capacity and the role of individual differences
in WM for a given form of complex cognition can be examined using three related
analytic approaches: (a) assessing the associations between span scores and
performance on the given cognitive task using correlation analysis (e.g., Bull &
Johnston, 1997; Bull, Johnston, & Roy, 1999; Gathercole, Pickering, Knight, &
Stegmann, 2004; Holmes, Adams, & Hamilton, 2008; Lehto, 1995; Maybery & Do,
2003; Wilson & Swanson, 2001), (b) examining the extent to which memory span
scores can account for the variance in the given cognitive ability using regression
analysis (e.g., memory span scores as predictor variables and cognitive task scores as
criterion variables) (e.g., Baddeley, 1986; Bull & Johnston, 1997; Bull & Scerif, 2001;
Holmes & Adams, 2006; Holmes et al., 2008; Lee, Ng, Ng, & Lim, 2004; Maybery &
Do, 2003; Reuhkala, 2001; Wilson & Swanson, 2001), and (c) investigating the
underlying constructs of the WM system and their links with the given cognitive ability
using latent variable analysis, such as with exploratory or confirmatory factor analyses
and structural equation modeling techniques (e.g., Jarvis & Gathercole, 2003; Lee et al.,
2004). In the current project, I have employed memory span tasks to assess different
WM components and adopted the regression approach in testing hypotheses. In
particular, I have used hierarchical regression techniques to identify unique variance in
mental arithmetic accounted for by particular STM or WM predictor variables after
statistically controlling for the contributions from the other predictor variables.
WM Capacity and Higher-Level Cognition
What is responsible for the relation between WM and higher-level cognition? A
processing-plus-storage account proposes that the storage and processing (executive)
functions of WM each make a unique contribution to higher-level cognition and thus
individual variation in both storage capacity and processing capability are significant
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factors mediating the relationship between indices of WM capacity and higher-level
cognitive task performance. Evidence consistent with the processing-plus-storage
account has been provided from a series of studies that conceptualized the executive
resources in WM either as domain-independent resources (Bayliss, Jarrold, Baddeley, &
Gunn, 2005; Bayliss et al., 2003; Jarrold & Bayliss, 2007; Swanson & Sachse-Lee,
2001; Swanson & Kim, 2007) or as domain-specific resources (Shah & Miyake, 1996).
According to Shah and Miyake (1996), maintenance of information implicates
the functions of the two subsidiary verbal and visuospatial storage systems whereas
processing of information draws on executive resources. Further, they presented
evidence to support the view that WM span scores function in a domain-specific manner
in predicting performance on complex cognitive tasks, indicating that verbal and
visuospatial WM are supported by separate pools of executive resources. In one study,
Shah and Miyake (1996, Experiment 1) used a reading span task (Daneman & Carpenter,
1980) in which participants are required to read sentences for comprehension while
remembering the final words of the successive sentences for recall at the end of each
trial to assess verbal WM, and a visuospatial WM task in which participants were
required to perform visuospatial transformations while remembering orientations for
later recall to assess visuospatial WM. Scores from these two tasks were used to predict
verbal and spatial reasoning abilities. Verbal reasoning ability was assessed based on
self-reported Verbal SAT scores (evaluating reading comprehension and sentence
completion); spatial reasoning ability was assessed using (a) a battery of spatial
reasoning ability tests consisting of three spatial visualization tests (e.g. the Space
Relations Test, for which participants had to select, from four alternatives, the correct
folded drawing of an unfolded object) and one perceptual test (i.e., the Identical Pictures
Test, for which participants had to quickly search a set of five alternatives for a match to
a target figure or visual pattern) and (b) self-reported Quantitative SAT scores. Reading
span was a better predictor than visuospatial WM span of verbal reasoning ability while
the reverse held true in predicting spatial reasoning ability. In a second study, Shah and
Miyake (1996) derived four WM span tasks by crossing either a verbal or visuospatial
storage component (remembering words or arrow orientations) with either a verbal or
visuospatial processing component (sentence verification or mental rotation).
Participants were required to perform two WM span tasks sharing the same storage
component, either remembering words (verbal) or remembering arrow orientations
(visuospatial), one STM span task (matching the storage component of the two WM
span tasks but without any processing component), two spatial reasoning ability tests
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chosen from the first study and one reading comprehension test, and also to report their
Verbal and Quantitative SAT scores. The WM task involving the verbal processing and
verbal storage components (i.e., verification-word span task) correlated with verbal
reasoning ability whilst the WM task involving the visuospatial processing and
visuospatial storage components (i.e., rotation-arrow span task) correlated with spatial
reasoning ability, consistent with the dissociation patterns found in the first study.
Further, these correlations remained significant after controlling for performance on the
respective STM tasks. These findings provided evidence suggesting that separability
between verbal and visuospatial memory resources occurs also at the central executive
level, beyond the domain-specific temporary storage level. Furthermore, performance
for the two WM tasks requiring recall of words correlated strongly with verbal
reasoning ability whereas performance for the two WM tasks requiring recall of arrow
orientations correlated strongly with spatial reasoning ability, indicating that storage
capabilities make considerable contributions in predicting cognitive performance.
As described above, Shah and Miyake (1996) suggested that there are at least
separate verbal and visuospatial resource pools responsible for processing information,
which contrasts with the assumption of a single central executive in Baddeley‟s
(Baddeley, 2000; Baddeley & Hitch, 1974) multiple-component WM model. Regarding
the relationship between WM and higher-level cognition, results from the second of
Shah and Miyake‟s studies indicate that both the storage and processing components of
WM appear to contribute to complex cognition. Thus, in sum, the evidence from Shah
and Miyake (1996) is interpreted as support for the notion that, firstly, the central
executive comprises multiple domain-specific systems whereby processing verbal
information is independent from processing visuospatial information, and secondly, that
the verbal and visuospatial storage components of WM are distinguishable from the
corresponding processing components, and also contribute to complex cognitive
performance.
In contrast, Bayliss et al. (2003) claimed that a common processing efficiency
factor underlies both verbal and visuospatial WM. Bayliss and her colleagues (2003,
Experiment 1) administered to children a set of WM span tasks incorporating four
combinations of verbal and visuospatial storage crossed with verbal and visuospatial
processing to identify factors underlying WM span performance. To allow for direct
comparisons across the processing and storage components, consistent display
characteristics were used across all four tasks. In all four WM span tasks, nine circles
(each filled with a particular colour and one of the digits 1 to 9) were presented on the
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screen in fixed but random positions, with one of them bearing a beveled edge. The
verbal processing component required participants to identify targeted circles by
matching auditorily presented object names (e.g., banana) with colours (e.g., banana
with yellow), whereas the visuospatial processing component required participants to
locate targeted circles with a beveled edge. The verbal storage component required
participants to recall the number showing on the targeted circle, whereas the
visuospatial storage component required participants to recall the location of the
targeted circle. Test trials for the four WM tasks involved a sequence of processing and
storage operations, with span length increasing from two to six. For example, the
participant was required to first find the circle matching the color for that object and
verbalize the number inside the targeted circle for each memory item and then recall the
sequence of numbers in correct order at the end of the trial when completing the WM
span task involving the verbal processing and verbal storage components. Instead, the
task was to first identify the circle with the beveled edge and point to the targeted circle
for each memory item and then recall the sequence of locations in order at the end of the
trial when completing the WM span task involving the visuospatial processing and
visuospatial storage components. Independent measures of processing efficiency and
storage capacity for the verbal and visuospatial modalities were also taken. Two
processing efficiency tasks, designed as search tasks without any storage requirement,
adopted the two processing requirements of the WM span tasks. Digit span and Corsi
span tasks were used to assess verbal and visuospatial storage capacity, respectively. An
exploratory factor analysis revealed that three factors, that is, a verbal storage factor, a
visuospatial storage factor, and a general processing factor, accounted for performance
on the eight tasks. Thus Bayliss et al. interpreted their results as consistent with the
multiple-component WM model (Baddeley, 2000) comprising domain-specific storage
systems and a single domain-independent processing component.
To compare the relative importance of storage capacity and processing
efficiency to performance on each of the four WM span tasks, Bayliss et al. examined
each of the four WM span scores using a series of hierarchical multiple-regression
analyses. First, the two measures of processing efficiency were entered together into
the regression equation, followed by the task-specific storage measure, and second, the
regression analysis was then replicated by entering the same set of variables but in
reversed order. The purpose of these analyses was to identify unique variance
attributable to processing and storage components. Bayliss et al. found that both
processing and storage components made significant contributions to the performance
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on the two WM span tasks involving verbal processing while only the storage
component was predictive of performance on the two WM span tasks involving
visuospatial processing. Bayliss et al. argued that when the processing requirement of a
WM span task is not especially demanding of controlled attention, its performance may
primarily reflect its storage requirement. Thus because the visuospatial processing
component they selected was a fairly simple search task which, arguably, required a low
level of controlled attention compared with the corresponding verbal processing
component, the efficiency of visuospatial processing did not significantly predict WM
span performance. Bayliss et al. concluded that task structure appears to play a role in
determining which factors mediating WM span performance and that WM span
performance is constrained by individual differences in both storage capacity and
processing efficiency, providing that the level of processing demand involved in the
WM task is appropriate. The evidence given by Bayliss et al. (2003) supports a
significant role of domain-specific storage systems in contributing to WM span
performance. Given that a general processing factor resulted from the factor analysis in
Bayliss et al.‟s (2003, Experiment 1) study, and only the verbal but not the visuospatial
processing component contributing to predicting WM span performance in the multipleregression analyses, this study, however, did not provide conclusive evidence for
whether processing is domain-specific or domain-independent with respect to WM span
performance. Thus, the question of the extent to which performance on verbal and
visuospatial WM span tasks reflects a general, domain-independent processing
capability remains open to debate.
An alternative view proposed by Engle et al. (1999) is that a domain-general
factor captured by WM span tasks is the capability for attention control, and individual
differences in WM capacity primarily reflect individual variation in controlled attention.
Thus controlled attention is the fundamental mediator of the relationship between the
capacity of WM and the efficiency of higher-level cognitive task performance, a
proposition referred to as the controlled-attention account. Engle et al. (1999) analyzed
the relationship among memory span scores and fluid intelligence in adults using a
latent-variable approach. They administered three STM span tasks, three WM span
tasks, five additional tasks purported to assess executive resources, and two general
intelligence tests. The STM span tasks included a forward span task with phonetically
dissimilar words, a forward span task with phonetically similar words, and a backward
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span task2 with phonetically dissimilar words. The WM span tasks included an
operation span task (Turner & Engle, 1989), a modified version of the reading span task
(Daneman & Carpenter, 1980), and a counting span task (in which participants were
required to perform counting while remembering tallies for later recall). The five
additional tasks included the ABCD and Continuous Opposites tasks from the CAM4
battery (Kyllonen & Christal, 1990), a keeping track task (Yntema, 1963), the primary
and recency portions of immediate free recall, and a random generation task. Raven‟s
Progressive Matrices (Raven, Court, & Raven, 1977) and Cattell‟s Culture Fair Test
(Cattell, 1973) were used as the intelligence tests. When examining relationships
among the STM and WM span scores, the best-fitting model from confirmatory factor
analysis was a two-factor model, rather than a single-factor model, indicating that WM
and STM are separable constructs, but sharing some common variance.
By Engle et al.‟s view, WM is a system consisting of domain-independent,
limited-capacity controlled attention, which has similar functions to the central
executive component in the multiple-component WM model (Baddeley, 2000; Baddeley
& Hitch, 1974; Baddeley & Logie, 1999), and domain-specific storage systems with
associated rehearsal procedures. Further, Engle et al. proposed that WM capacity equals
STM capacity plus controlled attention (i.e., WM capacity = STM capacity + central
executive or controlled attention). When examining the relationship among STM span
scores, WM span scores, and fluid intelligence, Engle et al. argued that (a) the variance
shared between STM and WM span scores should reflect STM capacity, (b) after
statistically controlling for this shared variance, the residual variance in WM span
scores should reflect controlled attention whereas the residual variance in STM span
scores should reflect error of measurement, and (c) if controlled attention mediates the
relationship between WM span scores and general fluid intelligence, the residual
variance in WM span scores should be significantly related to general intelligence even
when the common variance shared between STM and WM span scores is statistically
removed. This prediction was confirmed in a hierarchical latent-variable analysis.
When extracting the common variance between STM and WM span scores (assumed to
reflect STM capacity) as a second-order factor, the correlation between this secondorder factor and general intelligence was significant. After controlling for this secondorder factor, Engle et al. found that the correlation between the residual variance in WM

2

Engle et al. argued that backward span task should be regarded as STM task because both the backward
and forward word span tasks displayed similar effects of phonological similarity and similar patterns of
correlation with the Verbal Scholastic Aptitude Test (VSAT) (Rosen & Engle, 1997).
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span scores (assumed to reflect controlled attention) and general intelligence was
substantial whereas the correlation between the residual variance in STM span scores
and general intelligence was not significant. Based on this pattern of results, Engle et al.
concluded that (a) STM and WM are highly related yet distinct constructs, (b) the STM
latent variable does not explain any unique variance in general intelligence above and
beyond that explained by the WM latent variable, though variance common to STM and
WM span scores does account for some variance in general intelligence, and (c)
controlled attention is the fundamental factor contributing to the relationship between
variance unique to the performance of WM tasks and general intelligence.
Since Engle et al (1999) did not use any visuospatial STM or WM span tasks,
then their study is not able to address whether there are distinct storage systems or
distinct pools of processing resources. Their technique of variance-partitioning
nevertheless has significant implications for the present project. The contention that
WM capacity = STM capacity + controlled attention has direct application to the series
of studies conducted in this project. The variance-partitioning methodology promoted
by Engle et al. can be used to investigate the contributions of storage and processing
components of WM in predicting mental arithmetic. Their partitioning procedure can be
implemented by conducting hierarchical regression analyses where common variance
between STM and WM span scores can be assumed to reflect storage capacity and
residual variance in WM span variables can be assumed to reflect processing capability
in testing hypotheses. It is noteworthy that Engle et al.‟s (1999) findings replicate those
from Shah and Miyake (1996, Experiment 2), in revealing that two components of WM
capacity (represented by common variance and residual variance) both significantly
relate to general intelligence despite Engle et al. emphasising the contribution of the
residual variance rather than that of the common variance. Thus, Engle et al.‟s findings
provide evidence in support of (a) the role of some function associated with processing
(e.g., controlled attention) in mediating the relationship between WM capacity and
higher-level cognitive capabilities, and (b) a significant contribution from variance
attributable to short-term storage systems in predicting higher-level cognition.
In summary, there is convergent evidence supporting the distinction between
storage and processing components of WM and their unique contributions to individual
differences in higher-level cognitive abilities. The present project sought to examine
whether the relationships between STM and WM span variables and arithmetic
performance are consistent with this pattern.
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Double-stimulus Tasks Used to Assess Purported Functions of the Central Executive
and Episodic Buffer under the Revised WM Model
As the episodic buffer is a newly identified construct in the revised WM model
(Baddeley, 2000), tasks that could assess its purported functions are of critical current
interest. As mentioned earlier, one of the revisions in the revised WM model is a respecification of the central executive; more specifically, an episodic buffer is
fractionated from the central executive and thus inherits certain aspects of functioning
previously attributed to the executive. Under the new framework, coordination of the
two subsidiary systems and attentional control of action still implicate the central
executive, whereas the mnemonic function of holding integrated representations (e.g., of
verbal and visuospatial information) is ascribed to the episodic buffer (Baddeley, 2000).
Thus, at the conceptual level, “coordinating information” (instantiated as holding both
verbal and visuospatial items in WM, but without connections between the two) is
identified with functioning of the central executive, whereas “integrating information”
(instantiated as retaining in WM not only verbal and visuospatial items but also their
associations) is identified with functioning of the episodic buffer as well as some
central-executive involvement.
In fact, before the emergence of the revised WM model, evidence had been
reported to indicate that the ability to integrate verbal and visuospatial information is
distinct from the abilities involved in processing each information source individually,
as is the ability to coordinate multiple sources of information (Emerson, Miyake, &
Rettinger, 1999). Later on, experiments studying neural activity associated with
maintaining verbal and visuospatial information in integrated and unbound conditions
provided further support for distinct representations or processes involved in integrating
rather than simply retaining these two classes of information (Campo et al., 2005;
Prabhakaran, Narayanan, Zhao, & Gabrieli, 2000; Wu, Chen, Li, Han, & Zhang, 2007).
Emerson et al. (1999) examined the simultaneous processing of verbal and
visuospatial information, in both a related and an unrelated manner. Related processing
was where specific pairings of verbal and visuospatial items had to be considered,
whereas no connecting between these two item types was required for unrelated
processing. Emerson labeled the tasks embodying these two forms of processing
integration and coordination tasks, respectively. Each task comprised two components
(i.e., visuospatial and verbal). In the visuospatial component, two triangles, white and
black, moved horizontally at different velocities on the computer screen and the task
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was to predict which triangle would arrive at its respective target first. In the verbal
component, there was a verbal statement which was related to the visual display for the
integration task (e.g., “The black ship will not arrive before the white ship”) but
unrelated to the visual display for the coordination task (e.g., “May does not come
before June” or “Tuesday comes after Wednesday”), and the participants were required
to verify whether the sentence was true or false. During testing, the visuospatial
component and the verbal component were presented simultaneously on the screen and,
for the integration task, the participants were required to verify the sentence on the basis
of the outcome of the visuospatial component whereas, for the coordination task, they
were required to first indicate which triangle would have arrived first and then verify the
sentence. Thus, the integration task required participants to link the visuospatial
representations to the verbal representations in order to derive a correct response while
the coordination task required participants to mentally manage two independent
representations and then sequence the two responses in correct order. There were also
two simple tasks consisting of just the verbal component or just the visuospatial
component. Altogether, the participants were required to perform the visuospatial and
verbal component tasks once each and the integration and coordination tasks twice each.
The findings from Emerson et al.‟s study showed that performances for the two runs of
the integration task were significantly correlated after controlling for performances on
the individual component tasks, as were the performances for the two runs of the
coordination task. These results indicated that distinct abilities, being different from the
ability to process either class of information alone, were required when participants
simultaneously processed verbal and visuospatial information, either in a related or
unrelated manner. In addition, Emerson et al. also found that the residual variances for
the integration task and for the coordination task (i.e. after controlling for performances
on the component tasks) were significantly correlated with each other, suggesting that
these two abilities were closely related to each other. Emerson et al. recommended that
more research should investigate how these integration and coordination abilities relate
to cognitive constructs such as the central executive component of WM.
Subsequently, Prabhakaran et al. (2000) provided evidence for a dissociation of
brain regions involved in maintaining integrated (or bound) versus discrete (or unbound)
information in WM. This was achieved by constructing two different probe-recognition
tasks in which four letters concurrent with four locations (marked by parentheses) were
displayed for study on the screen and, after a delay interval, a single letter enclosed by
parentheses was presented at a particular location as a recognition probe. The
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participant‟s task was to decide if the recognition probe comprised both a letter from the
study phase and also a location from that phase. Conceptually parallel to the two tasks
used in Emerson et al.‟s (1999) study, the letters were presented inside the parentheses
(which marked the locations) in the integration condition whereas the letters were
presented in the centre of the screen surrounded by the four empty pairs of parentheses
in the unbound condition. Prabhakaran et al. recorded fMRI scans while adults
completed the integration and unbound conditions, and scans were also recorded for
verbal and visuospatial conditions in which only the letters or the locations were
presented as memory stimuli. In comparing fMRI activation for the two dual-retention
conditions, Prabhakaran et al. found that maintenance of integrated information resulted
in greater activity in the right frontal cortex; in contrast, maintenance of unbound verbal
and visuospatial information brought about greater activity in multiple posterior brain
areas. Furthermore, in the comparison of the unbound condition and the combination of
the purely verbal and visuospatial conditions, differences in activation level rather than
differences in the regions involved were observed. In line with Baddeley (2000),
Prabhakaran et al. (2000) suggested that the frontal cortex may be responsible for a
buffer capable of temporarily retaining integrated information. Likewise, comparing
integrated and unbound conditions, Campo et al. (2005) reported greater MEG
activation of frontal and parietal regions when participants maintained integrated
representations of verbal (words) and spatial (locations) information. In addition, Wu et
al. (2007) analyzed oscillatory power and phase synchronization of EEG in which
oscillatory power in the frontal regions and phase synchronization in the temporalparietal regions were greater for maintaining integrated relative to unbound verbal
(letters) and spatial (locations) information. These three neuropsychology studies have
provided some evidence consistent with the notion that the ability to integrate verbal
and visuospatial information is somewhat independent of the ability to otherwise
coordinate these two classes of information.
The evidence described above has implications for the current project in two
respects. First, the technique of using double-stimulus tasks involving verbal and
visuospatial components seems to be a promising approach for evaluating the ability to
combine representations in WM. Second, in respect of the revised WM model
(Baddeley, 2000), the distinct patterns of neural activity for the integrated and unbound
conditions in the research of Prabhakaran et al. (2000), Campo et al. (2005), and Wu et
al. (2007), are consistent with distinct integrative and coordinative functions, identified
with, respectively, the episodic buffer and central executive of the revised WM system.
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Span tasks are good candidates for assessing these two distinct abilities. Indeed,
double-span tasks comprising verbal and spatial components have been employed in
two previous studies to investigate the integrative functioning of the central executive
(Martein et al., 1999; Towse & Houston-Price, 2001). Martein et al. (1999) employed a
double-span task in which sequences of words or pictures with span length starting from
2 items were presented in particular cells of a 4 x 4 grid and measured three types of
recall: (a) recall of content (words or names of pictures), (b) recall of location, and (c)
recall of both (content and location). Participants were instructed to encode both
content and location and were told the kind of material they would have to recall after
each memory sequence was presented. These encoding instructions are not ideal if the
aim is to isolate processes involved in retaining each of two classes of information in
isolation from the processes involved in retaining associations between the two classes
of information. A better method for isolating these processes was employed by Towse
(2001), who combined digit span and Corsi span tasks with an additional double-span
task. For the double-span task, digits were presented in Corsi locations and the two sets
of items as well as their associations (i.e., which digit appeared in which location) had
to be recalled (see below for a fuller description of this study).
The review above provides background information on isolating components of
WM. The sections that follow will now focus on research that has investigated
relationships between components of WM and either general mathematical ability or
mental-arithmetic skill more specifically.
WM and General Mathematical Ability
Evidence from correlational studies has established that WM is closely linked
with mathematical skills (e.g., Bull et al., 1999; Bull & Scerif, 2001; Gathercole &
Pickering, 2000a; Holmes & Adams, 2006; Jarvis & Gathercole, 2003; Lehto, 1995;
Maybery & Do, 2003; Reuhkala, 2001; Wilson & Swanson, 2001). However, the
pattern of association between WM and mathematical skills appears to vary as a
function of the type of mathematical task as well as age. Broadly speaking, the
contribution of executive resources to mathematics performance is stable across a broad
age span, from children to adults, as well as for a wide range of mathematical skills (e.g.,
Gathercole & Pickering, 2000a; Jarvis & Gathercole, 2003; Lehto, 1995; Wilson &
Swanson, 2001) whereas the contributions of verbal and visuospatial STM resources
appear to be restricted to certain domains of mathematical skill (e.g., Holmes & Adams,
2006; Reuhkala, 2001; Wilson & Swanson, 2001) and younger children appear to rely
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more on visuospatial than verbal STM resources in solving mathematical problems (e.g.,
Holmes & Adams, 2006).
Jarvis and Gathercole (2003) demonstrated that mathematical skills, as evaluated
using national mathematics tests, taxed both verbal and visuospatial WM resources
among children aged 11 to 14 years. Jarvis and Gathercole first identified a two-factor
model of WM consisting of verbal and visuospatial WM factors, with each factor
associated with four memory tasks (two STM and two WM) of the same modality. For
the verbal factor, the two WM span tasks were a backward digit recall task and a
listening recall task in which participants were asked to judge the veracity of sentences
presented in spoken form while remembering the final word of each sentence (Working
Memory Test Battery for Children [WMTB-C], Pickering & Gathercole, 2001) whereas
the two STM span tasks, also taken from the WMTB-C, were a digit recall test and a
word recall test. For the visuospatial factor, the two WM span tasks were the rotationarrow span task (Shah & Miyake, 1996) and an odd-one-out task in which participants
had to select the odd shape in a set of three shapes for each of two to seven sets, and
then recall the locations of all the odd-one-out shapes at the end of each trial (Russell,
Jarrold, & Henry, 1996) . The two STM span tasks were a visual patterns task (Della
Sala et al., 1999) and a computerized version of the Corsi task. Further analysis showed
that both the verbal and visuospatial WM factors were independent predictors of a
single scholastic attainment factor associated with English, mathematics, and science
attainment levels, for which the highest factor loading was for mathematics.
Lehto (1995) used two verbal WM span tasks (sentence-word span and
operation-word span) (Turner & Engle, 1989) and two verbal STM span tasks (digit
span and word span) in assessing relationships to school mathematics performance in
15-16 year olds. Lehto found that both WM span scores correlated with mathematics
performance, as did the two verbal STM span scores. The correlation between digit
span score and mathematics performance was rendered unreliable when variance
attributable to either of the two WM span scores was controlled, as was the correlation
between word span score and mathematics performance. However, the reverse did not
hold: the correlation between sentence-word span and mathematics performance
remained significant after the variance associated with either of the two verbal STM
span scores was partialed out, as did the correlation between operation-word span
measure and mathematics performance. This pattern of results supports a relationship
between mathematics performance and executive processing proficiency.
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A similar pattern was found in Gathercole and Pickering‟s (2000a) study in
which standardized mathematics attainment measures were administered to children
aged 6 and 7 years and two weighted scores were calculated to represent executive
function and verbal STM, respectively. The weighted score for executive function was
calculated based on standardized scores from three WM spans: listening recall span,
counting recall span, and backward digit recall span. The weighted score for verbal
STM was calculated based on standardized scores from four STM spans: nonword
repetition span, serial recall span, digit span, and serial recognition span. Gathercole
and Pickering found that the two weighted scores correlated with mathematics
performance, but the verbal STM weighted score was no longer linked to mathematics
performance once variance attributable to age and executive function was removed. The
executive function weighted scores, on the other hand, continued to correlate with
mathematics performance after the variance associated with age and verbal STM was
removed. These findings highlight the link between executive resources and
mathematics performance.
There is some evidence supporting an association between visuospatial memory
resources and mathematical skills (e.g., Holmes & Adams, 2006; Maybery & Do, 2003).
Maybery and Do (2003) administered to children aged 9 to10 years a set of four span
tasks - verbal STM, spatial STM, running verbal, and running spatial - and a
curriculum-based mathematics test assessing number, measurement, and space. They
argued that the two STM span tasks assess the verbal and visuospatial storage systems,
whereas the two running span tasks invoke executive functioning (or processing as well
as storage). Maybery and Do found that mathematics performance correlated with
verbal STM and spatial STM span scores, and spatial STM span scores accounted for
more variance in mathematics test scores than did verbal STM span scores, indicating
that the visuospatial sketchpad plays a more important role in mathematics performance
than the phonological loop. Surprisingly, scores from the running span tasks did not
account for significant additional variance in mathematics scores after STM span scores
were controlled for, suggesting a limited role for central executive processes in
mathematics performance.
Reuhkala (2001) reported a positive role of visuospatial memory in
mathematical attainment for students aged 15-16 years in two studies. In the first study,
Reuhkala separately examined the visual and spatial components of the visuospatial
sketchpad, with the visual component evaluated by a static spatial span task (visual
matrix patterns) and the spatial component evaluated by a dynamic spatial task (Corsi
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blocks). Executive functioning was assessed using mental rotation. Reuhkala found
that all three visuospatial measures were strongly related to performance on a national
mathematics test which included mental arithmetic, geometry, and algebra components.
In the second study, a verbal STM task and two WM tasks (word span and reading span)
were administered along with the visual matrix patterns task, mental rotation, and the
national mathematics test to the adolescent participants. Reuhkala found that the two
visuospatial measures, visual matrix patterns and mental rotation, correlated with the
mathematics test scores, consistent with the findings in the first study, but none of the
verbal STM or WM scores correlated with the mathematics test scores. These results
supported the proposition that mathematical skills relate closely to the visuospatial
sketchpad and the executive functions applied to the visuospatial modality, rather than
to their verbal counterparts.
Holmes and Adams (2006) used curriculum-based mathematical attainment
scores to examine relationship between WM components and mathematical skills in
four areas (number and algebra; shape, space, and measures; data handling; and mental
arithmetic) in 7-8 year-old and 9-10 year-old primary school children. They adopted
three tasks from the Working Memory Test Battery for Children (WMTB-C, Pickering
& Gathercole, 2001): nonword list recall (verbal STM), maze memory (visuospatial
STM), and listening recall (verbal WM). They reported that listening recall and maze
memory, but not nonword list recall, predicted mathematics performance, and
associations between maze memory and mathematics performance were stronger in
younger children than in older children. These results indicated that the central
executive and visuospatial storage systems, but not the verbal storage system, were
implicated in mathematics performance, and that younger children appeared to rely
more than older children on visuospatial STM resources in solving mathematics
problems.
However, several of these studies that support a role of visuospatial memory in
mathematics have used broad-based measures of mathematical competence. In contrast,
the association between verbal memory and mathematics performance has been shown
to be more substantial in studies where proficiency in solving arithmetic problems
mentally has been the focus of mathematics assessment. For example, Wilson and
Swanson (2001) examined arithmetic computation skills, as evaluated using the
arithmetic subtest of the Wide Range Achievement Test-Revised (Jastak & Jastak, 1984),
within a broad age span of children and adults (aged 11 to 52 years) with and without
disabilities in mathematics. The arithmetic subtest consisted of oral and written parts:
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the oral part involved counting, reading number symbols, and solving simple arithmetic
computation problems that were verbally presented to the examinee; the written part
focused on whole numbers, fractions, decimals, and working with all four operations.
WM was assessed using four tasks from a standardized battery (Swanson, 1995),
comprising two verbal WM tasks (story retelling task and semantic association task) and
two visuospatial WM tasks (mapping and directions task and visual matrix task).
Wilson and Swanson found that both verbal and visuospatial WM measures contributed
unique variance in predicting mathematical ability, with a larger percentage of the
variance accounted for by the verbal measures than by the visuospatial measures. Thus,
on this evidence, arithmetic skill is more heavily influenced by verbal than by
visuospatial WM resources.
Based on the results mentioned above, it is evident that WM is related to
mathematics performance across a broad variety of mathematical skills in children and
adults. However, apart from the finding of the involvement of verbal memory in
arithmetic computation skills (Wilson & Swanson, 2001), evidence from correlational
studies provides scarce information on how particular WM components specifically
relate to mental arithmetic, since few correlational studies have directly examined the
four basic arithmetic operations. As mental arithmetic is the main concern of the
present project, a review on the involvement of WM in mental arithmetic is given in the
following section. Most of the findings reviewed below are derived from dual-task
interference paradigms.
WM and Mental Arithmetic
Mental arithmetic may involve using a variety of mental codes, such as visual
digits (e.g., 5 & 85), visual number words (e.g., five & eighty-five), speech-based
representations (e.g., the spoken numbers “five” & “eighty-five”), analogical quantity
(or magnitude) codes (e.g. numbers represented on an abacus) or spatial magnitude
codes (e.g., a mental number line; see Umilta, Priftis, & Zorzi, 2009). These various
codes may be implicated at different stages of mental processing, including encoding
the operands, performing the calculation, and then generating a solution. For example,
solving the problem 5 + 6 may require activating numerical representations (e.g., visual,
phonological or magnitude codes) to represent the operands, then retrieving the sum
from memory or implementing a strategy such as counting on from the larger number,
followed by giving a spoken or written answer. With more complicated multi-digit
problems, calculation may involve additional steps of applying rules or algorithms for
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the required operation (addition, subtraction, multiplication or division), handling
trading (carrying and borrowing) procedures, and maintaining intermediate results.
The three main competing models of numerical representation, the abstract code
model (McCloskey, 1992), the triple-code model (Dehaene, 1992, 1997; Dehaene &
Cohen, 1995), and the encoding-complex model (Campbell, 1994; Campbell & Clark,
1988, 1992), advance different propositions as to how problem information is encoded
in the earliest stage of mental arithmetic. More specifically, the models differ as to
whether phonological, visual, magnitude or abstract codes are used for numerical
calculation, and so these models implicate different components of WM in the solution
process. The involvement of WM in mental arithmetic has been studied through
manipulating the conditions of problem presentation in various ways, including (a)
written versus spoken problems (Heathcote, 1994; Logie et al., 1994), (b) problems
presented using digits versus number words (Blankenberger, 2001; Noël, Fias, &
Brysbaert, 1997; Noël & Seron, 1997), (c) presenting numbers in horizontal versus
vertical alignment (Heathcote, 1994; Trbovich & LeFevre, 2003), and (d) problems
presented briefly versus continuously (i.e. until a solution is achieved) (Fürst & Hitch,
2000). However, few studies have examined mental arithmetic under an integrated
framework linking models of numerical representation with models of WM. It is
important to consider the cognitive architecture of numerical representations while
investigating the role of WM in the service of mental arithmetic because a closer
alignment between models of numerical representation and models of WM could
advance our understanding of arithmetic cognition. Thus, in the paragraphs that follow,
evidence supporting the involvement of particular WM components in mental arithmetic
is presented initially. Next, a review of the three major models of numerical
representation is provided, followed by a discussion of issues concerning the
incorporation of a cognitive architecture of numerical representations into a WM system.
Evidence Supporting the Involvement of WM Resources in Mental Arithmetic
Evidence from dual-task interference studies suggests that different components
of WM may have specialized roles in mental arithmetic (Fürst & Hitch, 2000; Heathcote,
1994; Logie et al., 1994; Trbovich & LeFevre, 2003). Evidence regarding the roles of
two components of Baddeley‟s multiple-component WM model, the central executive
and phonological loop, has been presented by Logie et al. (1994) and Fürst and Hitch
(2000). Logie et al. (1994) applied dual-task methodology to investigate the role of
different subsystems of WM in mental arithmetic in two studies, with arithmetic tasks
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presented auditorily for the first and visually for the second. In both studies,
participants were presented with a series of two-digit numbers, one at a time, and were
required to keep track of the running total and report aloud the sum at the end of each
trial, while concurrently performing a secondary task. The length of the number
sequence, ranging from three to six addends, was adjusted on the basis of each
participant‟s performance on a memory span task which was used to assess individual
memory capabilities. In the first study (with auditory presentation of the arithmetic
task), participants performed the arithmetic task alone as a control, or with one of four
interference tasks: articulatory suppression (i.e., saying “the” repeatedly), hand
movements (i.e., tapping a sequence of four buttons repeatedly), visual interference
from irrelevant visual patterns (i.e., looking at irrelevant pictures), and random letter
generation (i.e., saying random letters continuously). The same interference conditions
were used in the second study (with visual presentation of the arithmetic task) except
that listening to irrelevant speech (two-digit numbers) replaced looking at irrelevant
pictures. Articulatory suppression and irrelevant speech were expected to impair the
phonological loop, hand movements and irrelevant visual pictures were expected to
impair the visuospatial sketchpad, while random letter generation was expected to
disrupt the central executive in WM. Logie et al. found that random letter generation
produced the largest impairment on addition performance in both the auditory and
visual presentation conditions. They argued that the central executive is involved in
maintaining the intermediate results and performing the calculations in mental addition.
To a lesser extent, articulatory suppression also impaired performance in both
presentation conditions, but the effect was greater for the auditory condition than for the
visual condition. In addition, irrelevant speech disrupted performance (with visual
arithmetic presentation) but the disruption was much smaller than that for random letter
generation. Logie et al. therefore suggested that the phonological loop may also play a
role in maintaining intermediate results. Concurrent hand movement or visual
interference from irrelevant pictures had no effect with auditory arithmetic presentation;
however, concurrent hand movement produced a significant but very weak level of
interference with visual arithmetic presentation. Thus Logie et al.‟s findings fail to
provide conclusive information about the role of the visuospatial sketchpad in mental
arithmetic.
Later, Fürst and Hitch (2000) followed up Logie et al.‟s (1994) studies to further
examine the roles of the central executive and phonological loop in mental addition.
Participants were presented with three-digit addition problems in a vertical orientation,
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and with either no carry, one carry, or two carries. These problems were performed
either alone or in combination with either articulatory suppression or a simplified trailstype task in which participants were given a random letter and recited the alphabet from
that point. In their first study, Fürst and Hitch (2000) presented each addition problem
visually either for 4 s (brief presentation) or until a response was recorded (continuous
presentation). Fürst and Hitch found that participants made more errors under
articulatory suppression than in the control condition with brief problem presentation
whereas this effect was absent with continuous presentation. They argued that the
phonological loop may play a role in retaining problem information when the problem
is presented briefly. However, there was no significant difference in the interference
effect between the two dual-task conditions (ariticulatory suppression and simplified
trails-type task), that is, the disruption to addition performance induced by the recitation
task was indistinguishable from that of articulatory suppression. Fürst and Hitch argued
that the simplified trails-type task might be not demanding enough to cause any reliable
disruption associated with executive processes. They then examined the role of the
central executive in relation to keeping track of carrying in mental addition in two other
studies in which arithmetic problems were presented continuously These two studies
employed a full trails task, a more demanding central executive interference task.
Performance on the trails task alone was also measured to assess the impairment on
trails performance under the dual-task condition. The full trails task required
participants to generate a verbal sequence that alternated between letters and days of the
week (e.g., D, Tuesday, E, Wednesday, ….). Consistent with Logie et al.‟ s (1994)
findings, Fürst and Hitch found that the trails task impaired addition performance
relative to both the control and articulatory suppression conditions, reinforcing the view
that the central executive is required in performing calculations in mental addition. In
addition, their findings showed that performance declined as the number of carries
increased and this decline was greater under the trails task condition than under the
control or articulatory suppression condition, indicating that carrying places substantial
demands on central executive resources in WM.
However, there is less solid evidence from dual-task studies regarding the role of
the visuospatial sketchpad in mental arithmetic compared to that of the phonological
loop and central executive. According to Logie et al.‟s (1994) findings, the visuospatial
sketchpad appears to play a minor role in mental addition and be restricted to when
arithmetic problems are presented visually. Heathcote (1994) conducted a series of
studies to examine the role of the visuospatial sketchpad in mental addition with multi26

digit addends. Heathcote (1994) tested ten adults in the first experiment in which
participants were required to perform mental addition problems that were presented
auditorily or visually (for 1070 ms) in vertical format under four interference conditions:
control (addition task alone), articulatory suppression, spatial interference (i.e, pressing
keys along a 5 x 5 array on the Moar box), and visual interference (i.e., looking at
irrelevant pictures). The addition problems consisted of two three-digit numbers and
problem complexity was manipulated with no carry and two carries. During the dualtask conditions, the interference tasks began after the offset of problem presentation to
avoid disruption of problem encoding. On half the trials, participants were asked to
write down the intermediate results of the calculation of each column, and on the
remaining trials they were asked to retain the intermediate results and write down the
answer only after they had completed the calculation. Heathcote found that the
disruption associated with articulatory suppression was restricted to the retention of
intermediate results whereas the disruption associated with spatial or visual interference
was tied to the retention of carry information. Heathcote (1994) then tested nine adults,
seven of whom had participated in the first study, in a second experiment in which the
addition problems were presented in either horizontal or vertical format. Addition was
faster and more accurate for problems presented vertically relative to when they were
presented horizontally (see Table 1.1 for examples). On the basis of these findings,
Heathcote argued that the phonological loop is involved in the retention of intermediate
results whereas the visuospatial sketchpad is involved in the retention of carry
information as well as in the retention of problem information in a vertical spatial
alignment. Given the superior performance associated with vertical relative to
horizontal problem presentation, Heathcote further hypothesized that (a) problem
information is held in the visuospatial sketchpad in a vertical format because a vertical
format facilitates problem solution compared with a horizontal format, and (b) problems
in a horizontal format may place greater demands on the visuospatial sketchpad through
problem solvers mentally re-aligning the problems to a vertical format. However, these
hypotheses have not been directly examined. In addition, there are methodology
weaknesses in the two studies in that the small and overlapping samples for the two
experiments may jeopardize the reliability and generalizability of the results. As a result,
further research to test these two hypotheses directly is desirable.

27

Table 1.1
Examples of of Two Presentation Formats for Arithmetic Problems, Using the Four
Basic Operations
Presentation Format
Vertical

Horizontal

523
 172

523  172

385
 127

385  127

465
 3

465  3

576
 8

576  8

Addition

Subtraction

Multiplication

Division
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Trbovich and LeFevre (2003) also employed a dual-task methodology to
investigate the involvement of the phonological loop and visuospatial sketchpad in
mental addition. In their study, the addition problems involved single and double digit
addends and were presented in either a horizontal or vertical visual format under one of
two interference tasks (verbal or visual). Further, the difficulty of each interference task
was manipulated using three levels: control (no interference task), easy, and hard. At
the beginning of each trial, a verbal or visual memory load was presented and this was
followed by an addition problem. In verbal interference, participants were required to
subvocally rehearse a single consonant-vowel-consonant (CVC) nonsense word (e.g.,
mus) in the easy condition or three CVC nonsense words (e.g., gub, nof, sul) in the hard
condition. They were tested for CVC recognition at the completion of each addition
problem. In visual interference, participants were required to remember a pattern of
four asterisks arranged in a transparent 5 x 5 grid in the easy condition or a pattern of
eight asterisks in the hard condition. They were tested for recognition of the visual
pattern when they finished each addition problem. Trbovich and LeFevre (2003) found
that both types of memory load impaired performance. However, participants made
more errors (combined across the arithmetic and interference tasks) on horizontal
problems than vertical problems under verbal load whereas the reverse held true under
visual load. Trobvich and LeFevre (2003) suggested that the two problem formats may
initiate different solution procedures, resulting in the selective involvement of the
phonological loop or visuospatial sketchpad in mental addition. In other words, the
presentation format of arithmetic problems appears to be one of the contributing factors
in influencing how mental arithmetic places demands on distinct WM components, and,
contrary to Heathcote‟s (1994) hypotheses, horizontal arithmetic problems appear to
implicate more verbal WM resources than visuospatial WM resources, whereas the
reverse holds true for vertical arithmetic problems.
Because the episodic buffer has been proposed only relatively recently as a new
component of the WM model, little research has been conducted to investigate its role
in mental arithmetic. Plausibly, the ability to retain associative links between verbal and
visuospatial information (a function identified with the buffer) may be significant in
mental arithmetic in at least two respects. Firstly, numbers can be represented in
different codes (e.g. in visual numeral form, in spatial magnitude form, or in
phonological form), and thus one‟s ability to transcode among verbal and non-verbal
numerical codes may facilitate calculation, and thereby influence arithmetic competence
(McIntosh, Reys, & Reys, 1992; Sowder, 1992). Secondly, the ability to integrate
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verbal and visuospatial information, such as holding digits and carry information
together with visual and spatial aspects of column positioning, may contribute to the
solution of multi-digit mental calculation, particularly in multiplication and division
problems.
Indeed, some evidence supporting the role of the episodic buffer in number
skills has been presented by Towse and Houston-Price (2001). Towse and HoustonPrice aimed to demonstrate that maintaining integrated representations of verbal and
visuospatial information in WM is an additional ability distinct from maintaining either
class of information in isolation. They further aimed to establish a link between this
integration ability and basic scholastic skills such as reading and number skills in
children. Towse and Houston-Price asked children aged 5 to 9 years old to complete an
articulation speed test, two scholastic attainment assessments (the number and word
reading tests from the British Abilities Scales), and three memory tests (digit span, Corsi
span, and a double-span task). The double-span task was critical in assessing the
capacity to maintain integrated representations in WM. Using sequential presentation,
digits were presented inside Corsi squares, and at recall, the children were asked to
point to each of the presented squares in turn while reporting the corresponding digit
orally. Analogous to the logic used by Emerson et al. (1999), Towse and Houston-Price
first estimated the residual variance in the double-span variable by partialing out the
effect associated with the digit span and Corsi span variables, and then demonstrated
that this residual variance was significantly related to number skills and reading
capability. Although Towse and Houston-Price‟s study was conducted prior to Baddeley
(2000) revising the multiple-component WM model to include the episodic buffer, the
results of the study are relevant to the revised WM model. Under the revised WM
model, the episodic buffer is responsible for maintaining integrated representations of
verbal and visuospatial information in WM. Therefore, Towse and Houston-Price‟s
results are consistent with how individual differences in this purported function of the
episodic buffer are important in mediating variation in individual scholastic attainment.
In summary, the central executive appears to be heavily involved in performing
multi-digit calculation, particularly in maintaining intermediate results, which includes
keeping track of carrying, though admittedly this conclusion is based primarily on the
study of mental addition. The central executive appears to be involved irrespective of
whether arithmetic problems are presented auditorily or visually. The phonological loop
and visuospatial sketchpad seem to play subsidiary roles in mental arithmetic and, more
specifically, the involvement of these two WM components appears to be sensitive to
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the presentation format of arithmetic problems, with preferential involvement of the
phonological loop in addition problems presented horizontally and preferential
involvement of the visuospatial sketchpad in addition problems presented vertically. In
addition, there is also evidence to support a potential link between the episodic buffer
and arithmetic performance. More important, taking the evidence described above
together, it appears that the investigation of the contribution of WM resources to
arithmetic performance cannot be done in a vacuum and the way in which numbers are
encoded must be taken into account since the differential activation of phonological
versus visual/spatial codes in the earliest stage of mental arithmetic probably impacts on
later stages of calculation. As a result, a review of models of numerical representation,
with an emphasis on linking these models into a model of the WM system, is provided
below.
Models of Numerical Representation
According to the abstract code model (McCloskey, 1992), number processing
consists of three cognitive systems: encoding, calculation, and response production.
The encoding system converts different surface formats of number (e.g., Arabic digit,
written or spoken number word) into a common abstract number representation. The
calculation system then employs this abstract number code to compute an answer. Then
the production system converts the answer in abstract number code back to either
Arabic digit or written or spoken number word. Since an amodal abstract number code,
rather than a more specific phonological, visual or spatial number code, is used in the
solution of mental arithmetic, the abstract code model implies that calculation is
independent from operand encoding and as a result, the involvement of WM resources
is not tied to the numerical format used in presenting the arithmetic problems.
However, Thevenot and Barrouillet (2006) investigated numerical encoding
process using a procedure where three two-digit numbers were presented in sequence on
a computer screen and the display interval for each of the three numbers was controlled
by the participant. They tested participants with three types of problems: addition,
subtraction and magnitude comparison. With addition problems, participants decided
whether the third number was the sum of the two numbers previously presented. With
subtraction problems, participants decided whether the third number equaled the
difference between two previous numbers. With magnitude comparison problems, they
had to decide whether the third number fell between the two previous numbers.
Thevenot and Barrouillet found that number encoding time (indexed by the participant31

controlled display time) varied as a function of the type of arithmetic operation
(addition, subtraction or magnitude comparison), a result which is at odds with the
abstract code model. Furthermore, the abstract code model does not provide substantial
explanation for the existing empirical evidence which suggests that both the
phonological loop (Lee & Kang, 2002; Logie et al., 1994; Trbovich & LeFevre, 2003)
and visuospatial sketchpad (Heathcote, 1994; Lee & Kang, 2002; Trbovich & LeFevre,
2003) are involved in at least some types of basic arithmetic operations. In addition,
empirical evidence further suggests that the selective involvement of the phonological
loop and visuospatial sketchpad in arithmetic appears to be affected by multiple factors,
such as presentation modality (e.g., visual or auditory) (see Logie et al., 1994), the type
of arithmetic operation (see Lee & Kang, 2002), and the problem presentation format
(see Trbovich & LeFevre, 2003). For example, the dual-task study of Logie et al.
(1994) showed that interference to mental arithmetic performance under articulatory
suppression was greater when the problems were presented auditorily than when they
were presented visually, whereas impairment to performance under spatial interference
was observed only when the problems were presented visually. Thus, the abstract code
model is apparently not the best candidate to be incorporated into the WM model.
The triple-code model (Dehaene, 1992; Dehaene & Cohen, 1995) is in
agreement with the abstract code model that the numerical representations used in
calculation can be independent of the mode in which information is presented in
arithmetic problems. However, rather than assume an amodal abstract numerical code,
the triple-code model acknowledges the existence of three specific forms of numerical
representation in calculation, that is, visual Arabic number form, auditory verbal word
form, and analog magnitude representation. Dehaene and Cohen argue that these three
different numerical representations are differentially involved in particular numerical
tasks, that is, the way in which numbers are encoded depends on the task in which they
are involved. They claim that the auditory-verbal code is used in counting tasks,
addition and multiplication fact retrieval, and written and spoken input and output. The
visual-Arabic code is involved in multi-digit operations, parity (odd/even) judgments,
and digit input and output. Finally, the magnitude code is used in approximate
calculation, numerical-size comparison (deciding which of two numbers is the larger),
and subitizing (a process associated with quick and accurate response to small
numerosities).
With simple calculation such as single-digit addition or multiplication (e.g., 3 +
8 or 3 x 8), the solution strategy simply involves direct memory retrieval of addition or
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multiplication facts, which is assumed to rely on verbal codes. Multi-digit calculations
are more complicated, involving a sequential combination of multiple procedures.
When handling multi-digit calculations, Dehaene and Cohen (Dehaene, 1992; Dehaene
& Cohen, 1995) propose that each task will be decomposed into a sequence of
component processes, with each component process encoding information in a specific
numerical representation (depending on the requested mental operation) for input.
Multi-digit addition (e.g., 35 + 42), for instance, involves at least two basic steps:
deriving the answer using a specific algorithm (e.g., adding the units and then the tens),
and retrieving the two sums from rote memory. Visual codes are assumed to be
involved in algorithmic procedures while verbal representations are assumed to be
implicated in retrieving arithmetic facts.
In sum, the triple-code model (Dehaene, 1992; Dehaene & Cohen, 1995) implies
that the differential involvement of the phonological loop and visuospatial sketchpad
components of WM in arithmetic is not tied to the mode of problem presentation, but is
related to the particular operation required. Lee and Kang (2002) have presented
evidence in support of the triple-code model using a simple arithmetic task. In their
study, participants were required to complete multiplication and subtraction problems
consisting of two single-digit numbers under three concurrent interference conditions:
arithmetic problem alone (control condition), articulatory suppression, and visuospatial
suppression. Articulatory suppression required participants to repeatedly whisper a nonword string while solving the arithmetic problems and the non-word strings were
changed every three arithmetic problems. Visuospatial suppression required
participants to recall an abstract figure and its location after they had finished every
three arithmetic problems. Lee and Kang found that articulatory suppression disrupted
performance for multiplication problems while visuospatial suppression impaired
performance for subtraction problems. They argued that the phonological loop was
involved in multiplication problems, whereas the visuospatial sketchpad was involved
in subtraction problems. Their sample size was small (n = 10), which is one of the
contributory factors to statistical power, and thus further research with a larger sample
size would be desirable. Nevertheless, Lee and Kang‟s findings seem to suggest that the
relative involvement of the phonological loop and visuospatial sketchpad is tied to the
particular arithmetic operation.
The encoding-complex model (Campbell, 1994; Campbell & Clark, 1988, 1992),
consistent with the triple-code model, acknowledges the existence of modality-specific
numerical representations (e.g., visual, auditory, and magnitude) but, unlike the two
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prior models, proposes that the encoding process does influence the calculation process.
According to the encoding-complex model, when an arithmetic problem is presented, all
numerical representations (e.g., visual, auditory, and magnitude) are activated in parallel
and linked together to form a network of associated numerical representations (the
encoding complex). In the solution of mental arithmetic, feature-specific task
information will first be extracted from the encoding complex for encoding and then for
later calculation. Campbell claims that surface features extracted could include
numerical format (e.g., Arabic digits or written number words) and presentation format
(e.g., horizontal or vertical). For example, presenting a problem as number words (e.g.,
four + seven) will preferentially activate phonological codes, whereas presenting the
same problem as Arabic digits (e.g., 4 + 7) will preferentially activate visual codes. He
further proposes that the efficiency of the extraction process is assumed to be related to
the degree of familiarity with the surface features of the arithmetic problem. For
example, a vertical configuration, a format which is commonly found in arithmetic
computation tasks, will be extracted more quickly from the encoding complex than a
horizontal configuration, a format which is less convenient in the solution procedure
relative to its vertical configuration (see Heathcote, 1994, Experiment 2; Trbovich &
LeFevre, 2003). Thus, the encoding-complex model implies that the way in which the
numbers are encoded is format-specific, reliant upon the surface form used in presenting
the arithmetic problem, and the numerical representations used in calculation are
dependent on how the numbers are encoded in the earliest stage of mental arithmetic. In
other words, the encoding-complex model is consistent with the view that the
differential involvement of the phonological loop and visuospatial sketchpad
components is tied to the surface features of the arithmetic problems, rather than to the
type of operation involved. Evidence consistent with the encoding-complex model has
been presented by Trbovich and LeFevre (2003) in a study reviewed earlier. These
authors showed that the recruitment of STM resources depends on at least one aspect of
the surface format of arithmetic problems, that is, horizontally aligned problems favour
verbal memory resources whereas vertically aligned problems favour visuospatial
memory resources.
In summary, the abstract code model and the triple-code model both argue that
encoding and calculation are separate. In addition, the abstract code model advocates
that there exists a domain-general representational code which is solely dedicated to
processing numerical information, while the triple-code model proposes the existence of
multiple forms of numerical representation in calculation with each type of numerical
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procedure (e.g., arithmetic operation) requiring a specific numerical format for input. In
contrast, the encoding-complex model argues that encoding and calculation are
interactive and thus the format of numerical representation implicated in calculation
may be tied to surface features of the arithmetic problems. As the triple-code model and
encoding-complex model both seem to be compatible with the multiple-component WM
model and have been supported by empirical evidence, the project therefore attempts to
clarify which of these two models provides a cohesive integrated framework in
explaining the role of WM in the solution of mental arithmetic across the four basic
arithmetic operations - addition, subtraction, multiplication, and division.
One central issue to be examined is whether the involvement of the phonological
loop and visuospatial sketchpad varies as a function of the type of arithmetic (consistent
with the triple-code model) or as a function of the surface format of the arithmetic
problem (consistent with the encoding-complex model). In the project described below,
problem format was varied across studies, that is, multi-digit arithmetic problems for
the four basic operations were presented vertically in the first two major studies but
horizontally in the last study. Central interest focused on whether there is selective
involvement of the phonological loop and visuospatial sketchpad as a function of the
type of arithmetic operation and irrespective of the surface format of problem
presentation (in support of the triple-code model) or whether there was evidence of
differential involvement of the phonological loop and visuospatial sketchpad as a
function of the surface format of the arithmetic problem irrespective of the type of
arithmetic operation (in support of the encoding-complex model).
Overview of Project
The project aims to explore relationships between individual differences in WM
capacity and in mental arithmetic proficiency in the context of the revised Baddeley
(2000) WM model. Following from the selective review presented above, the project
investigates six key issues. The first issue is whether individual differences in the
ability to combine mental representations through integration or coordination are
significantly correlated with arithmetic performance where integration refers to
retaining specific pairings between verbal and spatial items whereas coordination refers
to retaining verbal and spatial sequences without any connection between the two
strings. Since the integration of different forms of representation (e.g., verbal and
visuospatial) is purported to be handled by the episodic buffer, the investigation of this
first issue is therefore of critical significance in understanding the role of such a WM
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system in arithmetic. Together, the second and third issues are whether verbal and
spatial memory span scores (from either STM or WM span tasks) differentially relate to
arithmetic performance. Thus these two issues concern whether modality specificity
mediates the relationships between arithmetic proficiency and memory resources for
both temporary storage and processing. The nature of the memory resources involved
in arithmetic cognition has important implications for the revised model of WM,
particularly at the executive level where it has been debated whether these resources are
domain general or domain specific. The fourth issue is whether executive WM
resources contribute to arithmetic performance over and above resources concerning
temporary storage for verbal, visuospatial, and multi-modal codes. This issue can be
addressed through the prediction that residual variance in WM span scores (estimated
by partialing out the common variance between STM and WM span scores for either the
verbal or visuospatial modality) accounts for unique variance in arithmetic performance.
The last two issues concern two models of numerical representation, the triple-code
model (Dehaene & Cohen, 1995) and the encoding-complex model (Campbell, 1994;
Campbell & Clark, 1988, 1992). The fifth issue is whether the involvement of verbal
and visuospatial components of WM in multi-digit mental arithmetic depends upon the
type of arithmetic operation, as the triple-code model suggested. The sixth and final
issue is whether the involvement of the two components of WM is influenced by the
surface format of the arithmetic problems, as predicted by the encoding-complex model.
These issues therefore form the focus of the three major studies conducted in the project.
An additional, preparatory study was conducted to (a) verify the verbal and spatial
nature of two STM span tasks and (b) investigate the characteristics of two double-span
memory tasks (integration and coordination tasks) which were subsequently used in the
main studies. The series of studies conducted in the project is previewed below.
To date, few studies have directly compared variants of a double-span task
differing as to whether integrated representations of the verbal and spatial information
(expected to implicate the episodic buffer) are required or not. Study 1 described in
Chapter 2 developed two such variants, the integration and coordination tasks, and then
employ a dual-task interference paradigm to establish that the two variants invoke
distinct but related abilities, purportedly implicating the episodic buffer and executive
resources, respectively. These two double-span memory tasks as well as two tasks
assessing their components in isolation, that is, verbal STM and spatial STM tasks, were
combined with three secondary tasks. Articulatory suppression and spatial tapping were
used to disrupt the retention of verbal and spatial information, respectively, while a third
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condition - articulatory suppression in combination with spatial tapping - was used in an
attempt to interfere with the simultaneous retention of verbal and spatial information.
Three series of analyses were conducted to establish the validity of the various memory
tasks. The first series tested differences as a function of interference condition for each
memory task. The second series of analyses compared task performance for the doublespan and verbal or spatial STM span tasks. Finally, a third series of analyses contrasted
task performance for the integration and coordination tasks. The findings validated the
four memory span tasks for their intended use in investigating the contributions of
different WM components to arithmetic performance.
Studies 2 to 4, described in Chapters 3 to 5, were designed to examine the
contributions different WM components make to mental arithmetic performance. In
each of these main studies, participants were required to complete a multi-digit
arithmetic task that included addition, subtraction, multiplication and division problems.
A selection of memory span tasks was used in each study and the relationships between
individual differences in particular STM/WM span scores and arithmetic performance
for the four basic operations were analyzed using hierarchical regression techniques. In
Studies 2 and 3, the multi-digit arithmetic problems were presented in a vertical spatial
orientation, whereas a horizontal spatial orientation was used in Study 4 (see Table 1 for
examples).
Study 2 in Chapter 3 focused on investigating how individual differences in
verbal STM span, spatial STM span, integration span, and coordination span constrain
performance for each of the four arithmetic operations and so aimed to investigate the
contributions to mental arithmetic performance of verbal STM, visuospatial STM, and
an additional function involved in retaining multi-modal representations in WM. A
related aim was to examine whether the type of arithmetic operation influences the way
in which mental arithmetic invokes STM resources. Study 3 in Chapter 4 focused on
investigating (a) how individual differences in the performance of three WM span tasks
- verbal WM, spatial WM, and integration WM tasks - constrain arithmetic performance
across the four operations and (b) whether both storage and processing components of
WM span performance contribute to arithmetic performance. Study 4 in Chapter 5
focused on whether a change in problem format (vertical to horizontal) affected the
nature of the numerical representations encoded in WM and therefore the balance of
demands placed on verbal and visuospatial WM resources. Findings from this last study
were contrasted with those from the previous two studies to clarify which model of
numerical representation, the triple-code model or the encoding-complex model, is the
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better candidate for integration with the multiple-component WM model in explanation
of the relationship between individual differences in WM capacity and arithmetic
performance. The sixth and final chapter consolidates the discussion of the findings of
the project. Outcomes of the research are discussed with reference to implications for
the cognitive structure of WM, how individual differences in WM capacity contribute to
arithmetic performance, and the theoretical accounts of arithmetic cognition in WM.
Possible directions for future research are also discussed in Chapter 6.
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CHAPTER 2

STUDY 1: DUAL-TASK INTERFERENCE EFFECTS ON TWO DOUBLE-SPAN
MEMORY TASKS: EVIDENCE FOR INTEGRATION AND COORDINATION
OF MENTAL REPRESENTATIONS
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The first study of the project investigated two capabilities that can be linked to
different components of the revised WM model (Baddeley, 2000, 2002): the capacity for
retaining associations of verbal and spatial items (assumed to be a function of the episodic
buffer) and the capacity to coordinate the independent retention of verbal and spatial
information (argued to invoke the central executive). Two new double-span tasks were
developed to assess these capabilities. The intention then is to use these tasks in the
coming studies to investigate which aspects of WM relate to arithmetic performance.
Given the revised WM model as a theoretical framework, the approach adopted was to
construct the two double-span tasks to have close-matching structures that were based on
verbal and spatial STM span tasks. The first study then attempted to empirically verify the
purported nature of the STM and double-span tasks by using a dual-task interference
paradigm.
In developing the two double-span tasks, first of all, two tasks, one verbal STM and
one spatial STM, were adapted from Chuah and Maybery‟s (1999) study. In the verbal
STM task, participants were required to recall sequences of visually presented letters and a
verbal span score was calculated. Matching in structure, the spatial STM task required
recalling sequences of locations (presented visually as filled blocks) and a spatial span
score was derived. Then, these two verbal and spatial tasks were combined to form the
integration and coordination tasks which were based loosely on a manipulation used in the
integration and unbound conditions in Prabhakaran et al‟s (2000) study. The integration
task required participants to recall a sequence of letters together with their locations
whereas the coordination task required participants to retain a sequence of letters and a
sequence of locations without any requirement to associate individual letters and locations.
Basically, identical verbal and spatial sequences, but arranged in different ways, were used
to build the stimuli for these two double-span memory tasks. For the integration task, the
two sequences were presented concurrently, with letters presented inside blocks, and
participants were required to bind verbal and spatial codes within a sequence of integrated
items; in contrast, for the coordination task, the screen presented the location display in the
upper part and the verbal display in the lower part, and participants had to coordinate the
encoding and retention of two sequences presented serially rather than concurrently.
Performances for the two double-span tasks were measured with three span scores: (a)
verbal span, which was based on whether the letter sequences were recalled correctly, (b)
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spatial span, based on whether the location sequences were recalled correctly, and (c) a
composite span, based on whether both sequences were recalled correctly.
To establish the validity of the STM (verbal and spatial) and double-span
(integration and coordination) tasks, the study used a dual-task interference methodology
with a mixed experimental design in which participants were required to perform only one
memory span task, but under four different interference conditions. That is, their
performance on the assigned memory span task was assessed, either alone (control
condition), or under one of the following forms of interference: (a) articulatory suppression
(AS), (b) spatial tapping (ST), and (c) the combination of articulatory suppression and
spatial tapping (AS+ST). Articulatory suppression and spatial tapping were chosen as the
suppression tasks because articulatory suppression has been reported to selectively interfere
with verbal recall in many studies (Baddeley, 1986; Baddeley, Thomson, & Buchanan,
1975; Logie et al., 1994; Loisy & Roulin, 2003; Martein et al., 1999) as has spatial tapping
been shown to interfere with spatial recall (Baddeley & Lieberman, 1980; Farmer, Berman,
& Fletcher, 1986; Martein et al., 1999). Baddeley (1996) suggested that “the capacity to
combine performance on two tasks …is a necessary function of the central executive”
(p.10), implying that the combination of AS and ST should interfere with both verbal and
spatial recall, but in addition may make extra demands on the episodic buffer and central
executive resources. The third secondary task therefore was a combination of AS and ST in
which participants were required to perform the two secondary tasks concurrently. Note
that the use of the four interference conditions means that the absence and presence of AS
and absence and presence of ST constitute two repeated-measures factors in the
examination of interference effects on the four memory span tasks.
The first empirical goal of the study was to examine performance on the four
memory span tasks individually with respect to the patterns of interference under the two
factors, articulatory suppression and spatial tapping. For the verbal STM task, AS should
adversely affect the span scores, that is, the verbal span scores for the two AS-present
conditions, AS and AS+ST, should be lower than those for the two AS-absent conditions,
control and ST. The reverse should be the case for the spatial STM task in that ST should
adversely affect the span scores, that is, the spatial span scores for the two ST-present
conditions, ST and AS+ST, should be lower than those for the two ST-absent conditions,
control and AS. For the coordination task, AS should adversely affect the verbal span
scores and ST should adversely affect the spatial span scores, based on modality specific
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interference. If the combination of AS and ST adds competition for executive resources,
then this particular secondary task condition may adversely affect the verbal and spatial
span scores to an even greater extent than what would be expected based on when AS or ST
are imposed in isolation. In addition, if the composite score from the coordination task
especially reflects coordination of the retention of two complete sequences from different
modalities, then the combination of AS and ST might exert a prominent adverse effect on
the composite span score as well. Finally, for the integration task, there should be a greater
adverse effect of an interference task of the same, rather than a different, modality. Thus
AS should especially affect the verbal span scores and ST should especially affect the
spatial span scores extracted from this task. In addition, if verbal and spatial codes are
bound together to some extent in integrated representations, then there may be some crossmodal interference, that is, AS may affect spatial span scores and ST may affect verbal span
scores (Guerard, Tremblay, & Saint-Aubin, 2009; Morey, 2007, November; Morey &
Cowan, 2005). If the combination of AS and ST adds competition for episodic buffer
resources too, then this particular secondary task condition may adversely affect the verbal
and spatial span scores to a greater extent than would be expected from the effects of AS
and ST in isolation, just as was suggested for the coordination task. In addition, if the
composite span score from the integration task is particularly sensitive to the retention of
bound verbal-spatial representations, then the combination of AS and ST might have a
pronounced adverse effect on this span score also. Importantly, when examining
differentiation between the two double-span tasks, the most noteworthy feature is that
cross-modal interference should be found with the verbal and spatial span scores for the
integration task but not for the coordination task.
The second empirical goal of the study was to compare span tasks as to difficulty in
the control condition (no secondary task). Firstly spans were compared for the two STM
tasks to examine whether these verbal and spatial STM tasks are comparable in difficulty.
Then the contrasts between double-span tasks (using verbal span score and spatial span
score, separately) and STM tasks were performed. Since two sequences have to be retained
in the double-span tasks whereas only a single sequence has to be remembered in the STM
tasks, there should be a decrease in recall accuracy for each double-span task compared to
each STM task.
The third empirical goal of the study was to compare recall accuracy for the
integration and coordination tasks in the control condition (no secondary task). Since the
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verbal and spatial sequences were presented one after the other for the coordination task,
whereas they were presented concurrently for the integration task, then several factors
could affect the relative difficulty of the two tasks, in particular: (a) a longer period is
allowed for encoding and consolidating the memory items for the coordination task; (b)
however the retention interval is extended for the first sequence presented under this task,
with part of the interval filled with encoding of the second sequence; (c) there may be
economies associated with retaining an integrated representation of a verbal item and a
spatial item (e.g., the two could be linked to a common marker for position in the sequence).
Because there are multiple factors operating that could favour one or the other task, a clear
prediction as to the relative difficulty of the two is not possible.
Method
Participants
Sixty-four University of Western Australia (UWA) undergraduates (49 females and
15 males) aged 16 to 55 years (mean age = 21.0 years; SD = 6.1 years) served as paid
volunteers. Each provided written informed consent. Participants were randomly allocated
to four groups, with four females each in three groups and three females in the remaining
group. The ratios of male to female across the four groups were comparable, which was
confirmed by a 2 (gender) x 4 (group) chi-square analysis, χ2 = .261, df = 3, exact p = 1.00.3
The 16 participants of each group undertook one of the four memory span tasks in each of
the four dual-task conditions.
Apparatus
MetaCard software was used in programming all experimental tasks. Equipment
consisted of a 400MHz Intel PC fitted with a Soundblaster 16 soundcard, a 35 cm NEC
multisyn XV15 touch screen monitor, a pair of MLI CP-55 audio speakers (to present a
series of beeps as cues for the interference tasks), and a Panasonic RQ 2102 cassette
recorder (to record articulation for later inspection).

3

The analysis showed that 4 cells had an expected count less than 5, so an exact significance test was selected
for Pearson‟s chi-square.
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STM Span Tasks4
Verbal STM task. A schematic diagram of a single task trial is presented in Panel A
of Figure 2.1. Fourteen consonants ─ B, C, D, G, J, K, M, N, P, S, T, V, X, and Z ─ were
chosen to build up the stimuli. The stimuli presented for serial recall comprised sequences
of consonants displayed visually using 50-point Arial black font inside a dark bluebordered square (30 mm sides) at the centre of the monitor. Each letter was individually
presented inside the square for a duration of 1000 ms, with an inter-stimulus interval of 500
ms separating successive letters. The assignment of consonants to positions in each
sequence was random, but without replacement, and none of the sequences contained
alphabetic pairs or common acronyms. The trials were arranged into blocks, each
comprising six experimental trials. Sequences of two letters were used in the first block
and sequence length was incremented by one for each subsequent block of trials, consistent
with a span procedure. At the end of each sequence, the screen displayed an answer box in
the upper part and the 14 consonants in an alphabetic array in the lower part (see Figure 2.1,
Panel A). The participants were instructed to remember each sequence and then to recall it
by touching the consonants in the alphabetic array in exactly the same order. As consonants
were touched in the alphabetic array, they appeared in the answer box. The testing began
with one demonstration trial and three practice trials and ceased when all the test sequences
within a block were recalled incorrectly. A fractional scoring method (Hulme, Maughan, &
Brown, 1991) was used in the calculation of span. The span score was 1 plus 1/6 of a point
for each correctly recalled sequence (e.g., for six sequences correct at sequence length two,
four correct at length three, and none correct at length four, the span score would be 2.66).

4

The two STM span tasks are labeled as verbal STM task and spatial STM task, respectively, to emphasize
that they assessed memory resources for temporary storage and to differentiate them from their WM
counterparts used in Studies 3 and 4.
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A. Verbal STM Task

B
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B. Spatial STM Task

Present stimuli
(one letter per 1500 ms)

Recall stimuli
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Present stimuli
(one block per 1500 ms)

Signal for making response
(blocks flash to colour red)
Recall stimuli
Figure 2.1. Schematic diagram of the procedure for the STM span tasks.

Spatial STM task. The spatial span task, illustrated in Panel B of Figure 2.1, was
basically a computerized version of the Corsi Blocks test (de Renzi & Nichelli, 1975) and
was modified to match the design of the verbal task, including the number of stimulus
elements, the arrangement of the trial blocks, the criterion for termination of testing, and
the fractional method of calculating span. The stimulus ensemble was a set of 14 identical
dark blue-bordered blocks (22 mm sides) that occupied fixed but random positions on a
white computer screen background throughout testing. In each trial, a sequence of blocks
was presented by showing each block filled in with the colour grey for a duration of 1000
ms, and with an inter-stimulus interval of 500 ms. Blocks were assigned pseudo-randomly
to sequence positions, but so as to use the blocks approximately equally often, and avoid
having any obvious spatial patterns such as a sequence that followed the perimeter of the
collection of blocks. The participants were prompted to respond at the end of the sequence
when the border lines of all blocks changed colour from dark blue to red simultaneously for
a duration of 300 ms. They then attempted to recall the sequence by touching the blocks in
the same order as at presentation. Each block was filled in grey when touched.
Double-span Tasks
The two double-span memory tasks essentially combined the verbal and spatial
tasks by presenting letters and blocks as either sources of related information in the
integration task or sources of unrelated information in the coordination task. Aspects of the
design of the two tasks, including the number of stimulus elements, the arrangement of the
trial blocks, the criterion for termination of testing, and the fractional method of calculating
span, were analogous to aspects described for the two STM tasks. In addition to the verbal
and spatial span scores, an additional span score, a composite span score, was calculated
from each double-span task. The composite span score was 1 plus 1/6 of a point for each
trial in which the letter and location sequences both were correct; whereas the verbal span
score was 1 plus 1/6 of a point for each trial in which the letter sequence was correct
regardless of performance for the location sequence, and the spatial span score was 1 plus
1/6 of a point for each trial in which the location sequence was correct regardless of
performance for the verbal sequence. The two versions of double-span tasks, that is,
coordination and integration, differed in the way in which the two stimulus sequences were
presented and the way in which participants attempted to recall them.
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Coordination task. In the coordination task, as illustrated in Figure 2.2, the two
independent sources of information, that is, a sequence of letters and a sequence of blocks,
were presented one after the other, in counterbalanced order across trials. In other words,
for the six trials at each sequence length, three involved presenting the verbal sequence first,
and three the spatial sequence first to accomplish counterbalancing. Consistent with the
other memory span tasks, stimuli were shown for 1000 ms each, with an inter-stimulus
interval of 500 ms. (Note that the total stimulus presentation time was longer for the
coordination task than for the other span tasks, since the two sequences were presented in
series.) At the end of the presentation, the screen displayed the 14 blocks in the upper part,
an answer box in the middle, and the 14 consonants in the lower part. The participant was
prompted to recall the two stimulus sequences separately, according to their presentation
order. The verbal and spatial sequences were recalled using the methods described for the
two STM span tasks.
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Present stimuli
(one block per 1500 ms)

(one letter per 1500 ms)

Letter-Location
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Recall stimuli

T

(one block per 1500 ms)
Present stimuli
(one letter per 1500 ms)
Figure 2.2. Schematic diagram of the procedure of the coordination span task.

Integration task. In the integration task, consonants from the verbal task appeared
inside blocks of the spatial task and the participant was instructed to remember the letters
and their locations, as illustrated in Figure 2.3. That is, each letter individually appeared
inside a specific block for a duration of 1000 ms, with an inter-stimulus interval of 500 ms.
At the end of presentation of the sequence, the 14 consonants in an alphabetic array
appeared in the lower part of the screen beneath the set of 14 blocks. The participant was
instructed to recall the two stimulus sequences in an integrated manner by touching each
consonant from the sequence in the lower part of the screen and then touching the
corresponding block in the upper part. The chosen consonant appeared inside the chosen
block as each pair of responses was made.

T

BCDGJKMNPSTVXZ

Present stimuli
(one letter per 1500 ms)

Recall stimuli

Figure 2.3. Schematic diagram of the procedure for the integration span task.
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Interference Tasks
Figure 2.4 illustrates the procedure for the dual-task conditions used in the current
study. The interference tasks were introduced during a 6 s retention interval so that they did
not impair encoding of the memory items. This interval extended from the end of
presentation of the sequence(s) to the signal to start recall. It was filled either with no other
activity (control) or a secondary task. As illustrated in Figure 2.4, at the end of presentation
of the memory stimuli, after a further 500 ms interval, the computer generated an initial
tone that was the signal for the participant to start the interference task. A series of 12
beeps was then presented at a rate of 500 ms per beep to mark the 6 s inference interval.
The participant was required to repeatedly tap, articulate, or do both in time with the beeps
in the three interference conditions. In the control condition, the beeps were also presented,
but no activity was required. At the end of the 6 s interference interval, after a further 500
ms interval, the computer generated a second tone that was the signal for the participant to
start recall. The performance on each interference task was recorded and the recordings
were inspected to ensure that the pace of the interfering activity was maintained.
Control condition. The control condition required the participant to do nothing but
concentrate on remembering the to-be-recalled stimuli.
Articulatory suppression (AS). The articulatory suppression interference condition
required the participant to repeat aloud continuously the string of numbers “1, 2, 3, 4” at a
steady rate. This articulation was recorded on cassette tape.
Spatial tapping (ST). The spatial tapping interference condition required the
participant to repeatedly tap 4 keys in a 2 x 2 array in a clockwise direction at a steady rate
on the number pad of the computer keyboard using the index finger of the dominant hand.
The tapping was recorded on the computer.
Articulatory suppression and spatial tapping (AS+ST). This interference condition
required the participant to perform articulatory suppression and spatial tapping
simultaneously. Performance was recorded using the methods described for the AS and ST
interference conditions.
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Figure 2.4. An illustration of the procedure for the dual-task conditions used in Study 1.

Procedure
Each participant was tested on one memory span task under the four dual-task
conditions in a quiet test room. The order of administering the four conditions was
counterbalanced across the 16 participants assigned to each memory span task.
Standardized instructions and practice were provided for each dual-task condition. For
each trial, following presentation of the to-be-remembered stimulus sequence(s), there was
the 6 s interval during which participants were asked to rehearse the memory sequence(s)
mentally and perform the interfering task (if any) concurrently. Participants were instructed
to make their responses as quickly as possible without making errors.
Results
Mean span scores for the four memory tasks under different interference conditions
are shown in Figure 2.5 and descriptive statistics for all memory span measures are given in
Table 2.1. The findings can be summarized under three major series of analyses. The first
series focused on the patterns of interference exhibited for each of the STM and doublespan tasks and used two-way repeated-measures ANOVAs with the factors articulatory
suppression (absent, present) and spatial tapping (absent, present). The second series of
analyses submitted span scores from the control (no secondary task) condition to one-way
between-groups ANOVAs in order to compare the demands of the various span tasks. The
final series of analyses compared the composite span scores from the coordination and
integration tasks. Compared with the verbal STM, spatial STM, and integration tasks, the
coordination task doubled the time span in both stimulus presentation and response
episodes in that not one single but two independent sequences were presented and recalled.
Thus retaining the first and second sequences may have been affected by different factors.
Accordingly, following the three main series of analyses, the last section presents additional
analyses on the effects of presentation order on the verbal, spatial, and composite span
scores for the coordination task. For all repeated-measures ANOVAs reported in this study
and subsequent studies, univariate statistics were adopted, all significant tests incorporated
Greenhouse-Geisser corrected values where the Mauchly sphericity test was significant,
and Bonferroni corrections were used for any post hoc pair-wise comparisons. Unless
otherwise indicated, the level of significance was set at a two-tailed alpha level of 0.05 in
all analyses for all studies.
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Mean c omposite span score
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articulatory suppression (AS)

5.00
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spatial tapping (ST)
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2.00
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Integration
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Integration
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2.00
1.00
0.00
Spatial

Memory span task

Figure 2.5. Span scores as a function of interference condition and memory span task.
Error bars represent 95% within-subjects confidence intervals (Loftus & Masson, 1994).
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Table 2.1
Means (95% Within-subjects Confidence Intervals) for Each Memory Span Task under the Four Interference Conditions
Interference condition
a
b
c
Task
Control AS
ST
AS+ST
Control ASa STb AS+STc
Control ASa
STb
Verbal span score
Spatial span score
Composite span score
Verbal STM

5.57

4.83

5.53

4.56

AS+STc

(0.34)

Spatial STM

5.15

5.01

4.02

3.96

(0.33)

4.44

3.67

4.42

3.60

(0.26)

3.15

2.88

2.44

2.33

(0.23)

2.85

2.37

2.19

2.00 (0.22)

Integration

4.88

3.83

4.32

3.39

(0.25)

3.68

3.33

3.01

2.84

(0.22)

3.45

2.90

2.76

2.46 (0.22)
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Coordination

Note. N = 16 for each memory span task.
a
AS: articulatory suppression. bST: spatial tapping. cAS+ST: the combination of articulatory suppression and spatial tapping.

Interference Patterns
Verbal STM task. Performance of the verbal span task, assumed to involve the
verbal component (phonological loop) of the WM model, should be adversely affected by
articulatory suppression, but not spatial tapping. As shown in the middle panel of Figure
2.5 and Table 2.1, the verbal span scores for when this task was performed alone were
comparable to the scores observed when the memory span task was completed in
combination with spatial tapping. However, the dual-task cost, as reflected in the decline in
span scores, was substantial when the verbal STM task was completed in combination with
articulatory suppression. These observations were confirmed in a two-way repeatedmeasures ANOVA with the factors articulatory suppression (absent, present) and spatial
tapping (absent, present). As expected, there was a significant main effect of articulatory
suppression, F(1, 15) = 18.53, MSE = 0.630, p = .001, partial 2 = .533, but not of spatial
tapping, F(1, 15) = 1.03, MSE = 0.380, p = .327, partial 2 = .064, and nor was the
interaction significant, F(1, 15) < 1. That is, articulatory suppression, but not spatial
tapping, adversely affected verbal STM performance.
Spatial STM task. By contrast, performance of the spatial STM task, assumed to
involve the visuospatial sketchpad of the WM model, should be adversely affected by
spatial tapping, but not by articulatory suppression. As shown in Table 2.1 and the lower
panel of Figure 2.5, the span scores for when the spatial STM task was performed alone
were comparable to those observed when this task was performed in combination with
articulatory suppression. However, dual-task costs were apparent in the two remaining
conditions, both of which incorporated spatial tapping. The spatial STM span scores were
also submitted to a repeated-measures ANOVA with the factors articulatory suppression
and spatial tapping. As predicted, the analysis revealed a significant main effect of spatial
tapping, F(1, 15) = 46.49, MSE = 0.408, p < .001, partial 2 = .756, but a nonsignificant
main effect of articulatory suppression, F(1, 15) = 1.59, MSE = 0.098, p = .226,
partial 2 = .096, and a nonsignificant interaction, F(1, 15) < 1.
Coordination task. Performance on the coordination task, assumed to engage
additional executive resources in additional to the resources from the two verbal and
visuospatial storage components, should exhibit three distinct interference patterns in
relation to the three types of span score, verbal, spatial, and composite. First, the verbal
and spatial span scores should demonstrate patterns of modality specific interference;
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second, the composite span score should be adversely affected by both articulatory
suppression and spatial tapping; and third, the dual-task costs for the three span scores
should be largest when the two interference tasks are in combination. Accordingly, three
separate two-way repeated-measures ANOVAs were conducted on the three types of span
score (coordination [verbal], coordination [spatial], coordination [composite]). As expected,
in the analysis of the verbal span scores from the coordination task, a significant main
effect of articulatory suppression was found, F(1, 15) = 24.90, MSE = 0.403, p < .001,
partial 2 = .996, but neither of the other effects was significant (Fs < 1). Correspondingly,
the analysis of the spatial scores from this task revealed a significant main effect of spatial
tapping, F(1, 15) = 31.45, MSE = 0.198, p < .001, partial 2 = .678, but also neither of the
other effects was significant (Fs < 1). With respect to the composite span score, there were
significant main effects for articulatory suppression, F(1, 15) = 8.10, MSE = 0.226, p = .012,
partial 2 = .351, and for spatial tapping, F(1, 15) = 19.78, MSE = 0.215, p < .001,
partial 2 = .569, but the interaction was not significant, F(1, 15) = 2.46, MSE = 0.148,
p = .138, partial 2 = .141. As can be seen in Figure 2.5, the lowest performances for the
three types of span score from the coordination task were observed when articulatory
suppression and spatial tapping were in combination. However, the nonsignificant
interaction indicates that imposition of the two secondary tasks together did not impose any
greater demand on executive resources than the sum of the individual demands of the two.
Integration task. Compared to the coordination task, the integration task is
assumed to additionally engage episodic buffer resources that are critical in holding
associations between verbal and spatial codes. The three types of span score from the
integration task were submitted to three separate two-way repeated-measures ANOVAs to
evaluate the following predictions. First, because this task required the retention of
associations between the verbal and spatial memory items, some cross-modal interference
was expected. Accordingly, the verbal span score should be impaired by both articulatory
suppression and spatial tapping, and so should the spatial span score, as reflected in
significant main effects associated with the factors articulatory suppression and spatial
tapping. Second, the composite span score also should be impaired by the imposition of
both articulatory suppression and spatial tapping. Third, there should be greatest
impairment associated with the combination of articulatory suppression and spatial tapping
across the three span scores. As predicted, the analysis of the verbal span scores revealed
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two significant main effects, with F(1, 15) = 50.23, MSE = 0.312, p < .001,
partial 2 = .770, for the effect of articulatory suppression; and F(1, 15) = 17.93,
MSE = 0.223, p = .001, partial 2 = .544, for the effect of spatial tapping. However, the
interaction was not significant, F(1, 15) < 1. The analysis of spatial span scores yielded
consistent findings in which there were significant main effects for spatial tapping,
F(1, 15) = 55.47, MSE = 0.098, p < .001, partial 2 = .787, and for articulatory suppression,
F(1, 15) = 6.24, MSE = 0.174, p = .025, partial 2 = .294, but the interaction was not
significant, F(1, 15) < 1. Again, analysis of the composite span scores revealed significant
main effects, with F(1, 15) = 15.24, MSE = 0.192, p = .001, partial 2 = .504, for the effect
of articulatory suppression; and F(1, 15) = 49.48, MSE = 0.102, p < .001, partial 2 = .767,
for the effect of spatial tapping, but a nonsignificant interaction, F(1, 15) < 1. The findings
from the analyses of the verbal and spatial span scores for the integration task are especially
informative, because they show evidence of cross-modal interference, that is, articulatory
suppression adversely affected retention of the spatial sequence and spatial tapping
adversely affected retention of the verbal sequence. Cross-modal interference was not
evident for the coordination task. Therefore, the requirement to remember associations
between verbal and spatial items in the integration task appears to have led to bound
representations of the two classes of information, which are then susceptible to cross-modal
interference.
Comparisons of Performance Across Tasks
Verbal STM task versus spatial STM task. This subsection reports the comparison
of span scores from the verbal STM and spatial STM tasks. A one-way between-groups
ANOVA with the factor task (verbal STM, spatial STM) showed that the difference
between the two span scores failed to reach significance, F(1, 30) = 1.09, MSE = 1.34,
p = .304, partial 2 = .035, indicating that performance was comparable for the STM span
tasks (see Figure 2.6). That is, if a single sequence was to be retained there was no
indication of a significant difference in the demands on memory resources for the verbal
STM task compared to the spatial STM task.
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Verbal STM Task

Spatial STM Task

Coordination Task

Integration Task
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Mean s pan score
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Memory span
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Figure 2.6. Means for each type of memory span score as a function of memory span task
for performance under the control condition. Error bars represent 95% confidence intervals.

Coordination task versus STM tasks. A significant reduction of verbal span score
was found for the coordination task compared to the verbal STM task, F(1, 30) = 6.01,
MSE = 1.72, p = .020, partial 2 = .167, and there was also a significant reduction of spatial
span score for the coordination task compared to the spatial STM task, F(1, 30) = 55.97,
MSE = 0.572, p < .001, partial 2 = .651, indicating that the verbal and spatial span scores
both were lower in the coordination task (see Figure 2.6).
Integration task versus STM tasks. The verbal span scores from the verbal STM
and integration tasks did not differ significantly, F(1, 30) = 3.17, MSE = 1.23, p = .085,
partial 2 = .095. However, there was a significant difference in span scores for the spatial
STM and integration tasks, F(1, 30) = 33.85, MSE = 0.510, p < .001, partial 2 = .530.
Thus, the spatial span scores were lower in the integration task than in the spatial STM task
but the verbal span scores were not significantly lower for the integration task compared to
the verbal STM task, though there was a trend in this direction (see Figure 2.6).
Taken together, as illustrated in Figure 2.6, the findings confirmed that there were
larger task demands on memory resources in concurrently retaining verbal (at least for the
coordination task) and spatial sequences (both for the integration and coordination tasks)
than in retaining either a verbal sequence or a spatial sequence alone. In addition, when
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both sequences were concurrently retained, the retention of locations appeared to be more
sensitive to the increase in task demands on memory resources compared to the retention of
letters. This observation was confirmed by two separate paired-samples t-tests comparing
verbal and spatial span scores for the integration task (t(15) = 5.27, p < .001) and for the
coordination task (t(15) = 5.16, p < .001).
Coordination Task versus Integration Task
The composite span scores differed significantly for the coordination and
integration tasks, F(1, 30) = 5.96, MSE = 0.473, p = .021, partial 2 = .166, with spans
lower for the coordination task than for the integration task (see Figure 2.6). That is, the
integration task, for which verbal and spatial codes could be held in integrated
representations for a comparatively shorter interval, appeared to impose less demands on
memory resources than did the coordination task, for which verbal and spatial codes were
held without any associations between them, and for longer periods, given the serial
presentation of the two sequences.
Additional Analyses for the Coordination Task
The coordination task was designed to present two sequences in counterbalanced
order, with half the trials presenting the letter sequence first and the other half presenting
the location sequence first, with these two trial types randomly intermixed. Thus,
participants were required to retain the verbal sequence under two slightly different
conditions: (1) interpolated with spatial encoding between encoding and recall of letter
items when the verbal sequence came first; and (2) preloaded with spatial stimuli plus
interpolated with spatial recall between encoding and recall of letter items when the spatial
sequence came first. In a similar way, the spatial sequence was retained under two
conditions: (1) interpolated with verbal encoding between encoding and recall of location
items when the spatial sequence came first; and (2) preloaded with verbal stimuli plus
interpolated with verbal recall between encoding and recall of location items when the
verbal sequence came first. To examine possible effects of presentation order, the three
coordination span scores (coordination [verbal], coordination [spatial], and coordination
[composite]) from the control condition were computed separately for the letter-location
and location-letter orders of sequence presentation. One-way repeated-measures ANOVAs
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with the factor presentation order (letter-location, location-letter) were then conducted on
these span scores.
Table 2.2 and Figure 2.7 indicate that the means for the verbal and spatial span
scores were lower when the sequence of interest was presented (and recalled) as the second
sequence for the coordination task. However, the ANOVA showed that the difference in
verbal span scores from the letter-location and location-letter trials was not significant,
F(1, 15) = 3.11, MSE = 0.540, p = .098, partial 2 = .172. On the other hand, there was a
significant decline in spatial span scores in the comparison of the location-letter trials to the
letter-location trials, F(1, 15) = 7.39, MSE = 0.481, p = .016, partial 2 = .330. Thus it
would appear that demands on memory resources for retaining the verbal sequence were
less susceptible to presentation order than were the demands on memory resources for
retaining the spatial sequence. Recall of the spatial sequence was worse when the spatial
sequence came second than when it came first. The composite span score showed a similar
trend to what was observed for the spatial span score. However, ANOVA revealed no
significant difference in the composite span scores for the location-letter and letter-location
trials from the coordination task, F(1, 15) = 3.44, MSE = 0.404, p = .083, partial 2 = .187.

Table 2.2
Means (95 % Within-subjects Confidence Intervals) of Span Scores for the Two Orders of
Presenting the Two Sequences for the Coordination Task and for the Control Condition
Task variant
Span
Letter-location Location-letter
Verbal
4.67a
4.21b
(0.39)
b
a
Spatial
2.81
3.48
(0.37)
Composite
2.65
3.06
(0.34)
a
b
The sequence of interest came first in the presentation. The sequence of interest came
second in the presentation.
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Figure 2.7. Means of span scores for the coordination task under the control condition, as a
function of order of presentation of the letter and location sequences. Error bars represent
95% within-subjects confidence intervals.

Discussion
The current study examined the application of STM and double-span tasks to the
investigation of the revised WM model (Baddeley, 2000, 2002). One aim of the study was
to evaluate verbal and spatial STM tasks in terms of their demands on purportedly
independent storage systems. A second and more substantial aim was to use double-span
tasks to isolate additional WM demands associated with (a) coordinating the retention of
both verbal and spatial information (purportedly involving the central executive) and (b)
maintaining integrated verbal and spatial representations (purportedly involving the
episodic buffer). The characteristics of the four memory span tasks were matched as
closely as they could be, as were span scores derived from them. For example, with respect
to double-span tasks, verbal and spatial span scores were used in the comparison to either
STM span task whereas a composite span score was used in comparisons between the two
double-span tasks. In general, the findings support a distinct interference pattern for each
span task, indicating that each task assesses distinct WM resources.
In considering the interference observed from articulatory suppression and spatial
tapping, first, the two STM span tasks exhibited consistent modality-specific interference
patterns, consistent with previous studies (Farmer et al., 1986; Loisy & Roulin, 2003;
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Martein et al., 1999): Recall for the verbal STM task was susceptible to interference from
articulatory suppression, whereas recall for the spatial STM task was susceptible to
interference from spatial tapping. These results are consistent with the view that the verbal
STM task makes demands on phonological loop resources whereas the spatial STM task
makes demands on visuospatial sketchpad resources. In addition, there was no evidence of
cross-modal interference for the two STM span tasks, providing further support for the
independence of subsystems responsible for retaining verbal and visuospatial information
in isolation.
Analyses on the three types of span score for the two double-span tasks also
indicated dissimilar interference patterns. For the coordination task, the verbal and spatial
span scores displayed modality-specific interference effects, much like those observed for
the two STM span tasks, confirming that the coordination task makes discrete and
independent demands on phonological loop and visuospatial sketchpad resources. The
evidence of interference from articulatory suppression and from spatial tapping but a nonsignificant interaction between these two factors for the composite span provides little
support for the view that the coordination task makes extra demands on executive resources
since the extra demands are supposed to manifest themselves as extra dual-task cost in
association with the combination of articulatory suppression and spatial tapping. One
possibility is that the task requirement of the coordination task (which required participants
to hold two independent verbal and spatial sequences in a particular order) makes only
minimal demands on coordination functions of the central executive. Another possibility is
that the concurrent execution of articulatory suppression and spatial tapping did not impose
any additional load on executive resources through the requirement to combine the two. It
is possible that there was some economy in executive load when the two secondary tasks
were combined, because each required attending to a common auditory signal and
coordination output (articulation or tapping) to it. Although there was not any significant
additional dual-task cost associated with implementing articulatory suppression and spatial
tapping together, the verbal and spatial span scores for the coordination task were
consistently lower than the corresponding span scores for the STM span tasks (Figure 2.5).
It is possible that the poorer performance for the coordination task reflects extra central
executive demands, but an alternative explanation is just that, relative to the STM span
tasks, the retention interval is longer for the coordination task, which leads to greater
interference or decay in memory. The present data cannot be used to distinguish between
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these possible accounts. In general, these results support the view that the coordination task
invokes the independent retention of the verbal and spatial sequences. Whether additional
demands are made on executive resources through requiring the encoding, retention and
recall of two sequences rather than one is a moot point.
For the integration task, verbal and spatial span scores both displayed cross-modal
interference effects (articulatory suppression affecting spatial span and spatial tapping
affecting verbal span) in addition to more substantial interference effects from the
secondary task of the same modality (articulatory suppression affecting verbal span and
spatial tapping affecting spatial span). These cross-modal effects are consistent with the
proposition that the verbal and spatial codes for the integration task are bound together in
integrated representations. In other words, similar to the coordination task, the verbal and
spatial span scores of the integration task reflect task demands primarily on phonological
loop and visuospatial sketchpad resources, but, in contrast to the coordination task, the
integration task appears to draw on unique resources involved in retaining associations
between verbal and spatial items. In differentiating the integration task from the
coordination task, the cross-modal interference effects lend support to the view that the
integration task implicates processes dedicated to binding, such as is proposed for the
episodic buffer.
The second series of analyses compared the task demands of the various span tasks
under the control (no interference) condition. First, our findings indicated that the verbal
and spatial STM tasks were comparable in difficulty. As expected, the results showed that
the coordination task was more difficult than either of the STM span tasks. For the
integration task, although spatial recall was poorer than what it was for the spatial STM
task, verbal recall was not significantly poorer for the integration task compared to what it
was for the verbal STM task. As shown in Table 2.1, the mean verbal span score was lower
in the integration task than in the verbal STM task; however, this difference did not reach
statistical significance. It is possible that this non-significant effect may represent low
power given that the number of participants completing each memory span task was not
large (n=16). In other words, this result is inconclusive, likely due to small sample size and
reduced power. Nevertheless, the results are compatible with the view that retaining an
additional verbal or spatial sequence leads to an increase in demands on memory resources.
In is noteworthy there were substantial reductions in spatial span scores for both
double-span tasks compared to the span scores from the spatial STM task. However, of the
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two double-span tasks, only the more difficult coordination task showed a significant
reduction in verbal span scores compared to the span scores from the verbal STM task.
Moreover, retention of the spatial information appeared to represent a greater constraint on
span performance than retention of the verbal information for both of the double-span tasks,
as reflected in the similarity of the composite and spatial span scores for the two tasks, and
the higher verbal span scores in each case (see Figure 2.6). These results suggest that
remembering locations appears to be more demanding than remembering letters when a
task requires retention of both. There appear to be two plausible accounts of the
observation. Upon completion of the testing, participants were encouraged to explain the
strategies they used in each condition. To facilitate their reflection, a couple of viable
options (e.g., using some form of verbal rehearsal verbally or subvocally,
organizing/grouping the items of each sequence in some way, or using visual imagery in
some form) were suggested to them as a reference guide. In light of the information they
provided, a plausible account for this difference could be proposed. It appears that
meaningful organization was one of the common strategies used by most participants
consistently. Acronyms, words, or sentences were common ways of chunking for letters,
while geometric representations, such as triangles, rectangles, and trapeziums, were
common ways of chunking spatial locations. Given that verbal codes are the building
blocks in our daily language, it is quite plausible that chunking of letters into word-based
units is much easier than chunking of blocks into geometric representations and this may be
the reason that retaining verbal codes appears to be easier than retaining spatial codes for
the double-span tasks. A second possibility is that there is an argument in the literature that
visuospatial STM draws more heavily on executive (or frontal lobe) resources than does
verbal STM (Kondo & Osaka, 2004; Miyake et al., 2001). So perhaps extra executive
demands associated with the double-span tasks impairs visuospatial STM more than verbal
STM.
Composite span scores were lower for the coordination task compared to the
integration task, suggesting that greater demands may be imposed in maintaining unrelated
information than related information. However, other factors could also contribute to the
greater difficulty of the coordination task, such as the longer retention interval for the
coordination task. It is intriguing that the order of presenting the two sequences for the
coordination task had a significant influence on spatial span scores but not verbal span
scores. Recall of the spatial sequence was poorer when this sequence was presented (and
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recalled) after the verbal sequence. A conceivable interpretation may be that some central
resources might be directed to rehearsing the first sequence when the second is being
presented and this diversion of resources might have a greater adverse effect on encoding a
spatial sequence than on encoding a verbal sequence. Another possibility is that the effect
of sequence order could arise at the recall stage. For the letters-locations order, at recall
participants were required to first locate the letters among the 14 letter options along the
alphabetic array and then located the blocks among the 14 block options from the stimulus
ensemble. It is plausible that the procedure of locating letters interfered with retention of
the spatial sequence, resulting in a significant decline in spatial span when verbal recall
preceded spatial recall for the coordination task.
In conclusion, the distinct interference patterns with respect to the verbal, spatial,
and composite span scores indicate that the four memory span tasks tap different
combinations of WM resources. The major findings support that (a) the verbal and spatial
STM tasks appear to be valid tasks for assessing domain-specific WM components
dedicated to the storage of these two classes of items, (b) the integration task does appear to
involve retention of associations between verbal and spatial codes, and (c) while there is no
clear evidence indicating that the coordination task involves additional central executive
resources over and above those individually demanded by remembering the two sequences,
it serves as a useful comparison task for the integration task. Given that these four memory
span tasks appear to assess different components of the revised WM model (Baddeley, 2000,
2002), they will be used as tools to investigate how WM resources relate to performance on
mental arithmetic in the three main studies conducted in the project, reported below.
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CHAPTER 3

STUDY 2: THE CONTRIBUTION OF STM AND INTEGRATIVE RESOURCES
TO PERFORMANCE ON VERTICAL ARITHMETIC PROBLEMS ACROSS
THE FOUR OPERATIONS
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The central aim of the study described in this chapter was to examine the relative
contributions of verbal and visuospatial STM resources to mental arithmetic
performance, in particular, to the solution of multi-digit problems for the four basic
operations, with problems presented in a vertical format. According to Lee and Kang
(2002), type of arithmetic operation affects the way in which STM resources contribute
to arithmetic performance, with verbal STM resources involved for single-digit
multiplication problems and visuospatial STM resources involved for single-digit
subtraction problems, which is consistent with the triple-code model (Dehaene & Cohen,
1995). Past studies have used simple arithmetic tasks to examine the triple-code model
(see Lee & Kang, 2002). To date, no studies have systematically examined the triplecode model with multi-digit problems, and with all four operations. The current project
sought to test the model with multi-digit arithmetic problems for all four operations.
Thus a particular aim of the present study was to establish whether different STM
resources are involved in mental arithmetic depending on the operation involved. This
issue is particularly relevant to the question of whether the type of arithmetic operation
influences the way in which operands are encoded, as suggested by the triple-code
model (Dehaene & Cohen, 1995). Since the binding of verbal and visuospatial
representations and the retention of a multi-modal code have been argued to be
important functions of the episodic buffer (Baddeley, 2000), the present study also
sought to investigate the extent to which these functions are significant in mental
arithmetic when the problems are presented vertically. Finally, a subsidiary aim was to
collect self-report data on the strategies used for each arithmetic operation to provide
potential insight into the WM systems involved. These aims are described in greater
detail below, in concert with developing sets of hypotheses.
In the present study, memory resources were assessed using four memory span
tasks: verbal STM, spatial STM, coordination and integration tasks. Based on the
findings from Study 1, the verbal and spatial STM tasks are believed to be true to name
and to assess verbal and visuospatial storage capacity, respectively. In Study 1, the
coordination task was found to primarily tap the capacity for retaining verbal codes and
spatial codes somewhat independently of each other while the integration task was
established as tapping the ability to retain associations between verbal and spatial
information. To assess arithmetic performance, multi-digit problems using the four basic
operations - addition, subtraction, multiplication, and division - were administered and
both accuracy and latency were recorded. At the completion of testing, a questionnaire
collected information on the solution strategies used for each of the four arithmetic
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operations. The questionnaire also provided information on mathematics education
background, including level of study and level of achievement in mathematics.
In investigating how STM resources are involved in mental arithmetic
performance, the present study allowed us to test three alternative sets of hypotheses.
On the basis of the existing evidence from dual-task interference research, solving
arithmetic problems appears to rely on the phonological loop to retain intermediate
results (Logie et al., 1994) and problem information when the problems is presented
briefly (Fürst & Hitch, 2000) yet the role of the visuospatial sketchpad is unclear.
Hence, verbal STM span should contribute to predicting individual differences in the
performance of addition, subtraction, multiplication, and division problems,
independent of the contribution of spatial STM span. Alternatively, research based on
individual differences supports the view that individual differences in visuospatial STM
storage is a source of variation in arithmetic performance (Holmes & Adams, 2006;
Holmes et al., 2008; Maybery & Do, 2003; Reuhkala, 2001). In this case, if
visuospatial STM resources are involved in arithmetic calculation, spatial STM span
should uniquely predict performance of addition, subtraction, multiplication, and
division problems.
To address these predictions, hierarchical regression analyses were employed to
examine the relative contributions of particular slave components, as indicated by the
unique amount of variance in arithmetic performance accounted for by a memory span
variable after the effects of other memory span variables had been statistically removed.
If there is a specific link between a given memory function and arithmetic performance,
there should be unique variance in arithmetic performance, as measured by a significant
increment in R2, accounted for by the corresponding memory span variable when it is
entered into the regression equation after the entry of other memory span variables.
Thus, for instance, if verbal STM is involved in arithmetic, verbal STM span scores
should account for additional variance in indices of arithmetic performance (accuracy
and RT) after controlling for spatial STM span scores. Likewise, if visuospatial STM is
involved in arithmetic, spatial STM span scores should account for additional variance
in indices of arithmetic performance after controlling for verbal STM span scores.
A third position is based on the findings of Lee and Kang (2002) in which the
type of STM resources (verbal and visuospatial) involved in arithmetic calculation
varied as a function of arithmetic operation. If multiplication problems invoke verbal
STM resources and subtraction problems invoke visuospatial STM resources, as Lee
and Kang (2002) suggested, verbal STM span scores should account for additional
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variance in accuracy and RT measures for multiplication performance after controlling
for spatial STM span scores and spatial STM span scores should account for additional
variance in subtraction accuracy and RT measures after controlling for verbal STM span
scores. The way in which addition and division are linked to STM resources will be
investigated in a similar manner. The present study was designed to investigate possible
differences as a function of arithmetic operation in a systematic manner, with evidence
drawn from all four basic operations instead of restricted to multiplication and
subtraction. In addition to being of interest in itself, examination of this set of
hypotheses also casts light on theoretical accounts of numerical representation in WM.
A further set of hypotheses relates to (a) the involvement of additional processes,
purportedly of the episodic buffer, in managing integrated representations; and (b) the
involvement of additional processes in coordinating the retention of two sequences
involving the two subsidiary systems. Again, hierarchical regression analyses were
employed to test this set of hypotheses. Regarding (a), if resources involved in
maintaining links between verbal and visuospatial representations in WM (a function
dedicated to the episodic buffer) are also involved in mental arithmetic, as suggested by
Towse and Houston-Price (2001), integration (composite) span scores should account
for additional variance in indices of arithmetic performance (accuracy and RT) after
controlling for verbal and spatial STM span scores. Regarding (b), it is important to
note that Study 1 provided inconclusive evidence for the involvement of executive
functions in the coordination task. To recap briefly, the findings indicated that each of
the secondary tasks appeared to impact specifically on retention of the sequence of the
same modality, suggesting that performance on the coordination task primarily reflected
involvement of verbal and visuospatial storage systems. It is possible that the extra
difficulty of the coordination task simply reflected the extra demands of encoding,
retaining and recalling two sequences in series (i.e., over an extended time period), with
these demands impacting especially on spatial recall. However, it is also the case that
the involvement of executive resources in the coordination task was not put to a strong
test in the first study since neither of the secondary tasks specifically targeted executive
resources. Therefore, if the coordination task does demand additional executive
resources compared to the two STM span tasks, and if the central executive is
implicated in arithmetic performance (Fürst & Hitch, 2000; Logie et al., 1994),
coordination (composite) span scores should account for additional variance in indices
of arithmetic performance after controlling for verbal and spatial STM span scores.
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Method
Participants
Eighty UWA undergraduates (48 females and 32 males) aged 17-30 years (mean
age = 18.8 years; SD = 2.0 years) participated for credit in partial fulfillment of a firstyear psychology course requirement. Each provided written informed consent and none
had participated in the first study.
Apparatus
All tasks were programmed with MetaCard software and equipment consisted of
a 400MHz Intel PC, and a 35cm NEC multisyn XV15 touch screen monitor.
Memory Span Tasks
The verbal STM, spatial STM, integration, and coordination tasks were as
described in Study 1 with one minor change wherein six experimental trials were
replaced with four experimental trials in each block of testing to avoid participant
fatigue. Accordingly, the span score was 1 plus ¼ of a point for each correctly recalled
sequence when applying the fractional scoring method (Hulme et al., 1991) in the
calculation of span (e.g., for four sequences correct at sequence length two, three correct
at length three, and none correct at length four, the span score would be 2.75).
Arithmetic Task
The arithmetic task consisted of 96 four-option multiple choice trials (24 trials
each for addition, subtraction, multiplication, and division). The complexity of problem
for each type of operation was selected to be suitable for young adults, and a
manipulation of difficulty was adopted for each operation in an attempt to introduce
variance in the scores. For addition and subtraction problems, both operands were
three-digit numbers and the difficulty of the operations was manipulated using either no
trade (carry or borrow), one trade, or two trades. For multiplication problems, a singledigit number was multiplied with either a two-digit or a three-digit number, which was
the manipulation of difficulty for this operation. For division problems, a single-digit
number was used as the divisor with either three-digit or four-digit numbers. None of
the problems contained an operand of zero or identical operands. The arithmetic trials
were grouped into two trial sets comprising 4 practice trials (1 of each operation type)
and 48 experimental trials (12 of each operation type) in each set. The four types of
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operation were randomly intermixed within each trial set. Participants attempted one
trial set in each session.
Each arithmetic problem (i.e. the two operands and the operation) was shown at
the centre of the touch-sensitive monitor in standard column-wise Arabic code using
Arial boldface font size 34. The problem remained on the screen until the participant
pressed a “continue” label, which caused the display to switch to the screen displaying
four response options (i.e., the problem disappeared). The participants were asked to
select (by touch) the appropriate option as quickly and accurately as possible. The
choice and the reaction time, from the onset of the problem to the touch of the
“continue” label, were recorded. Then the correct option changed to red once the choice
was made. This immediate feedback was given to encourage the participants to make
their best effort on the task.
Questionnaire
Participants were asked to complete a questionnaire after they had completed all
tasks in the second session. The questionnaire asked participants about their education
background in mathematics as well as the solution procedures they used in solving the
four types of arithmetic task.
The information collected from the questionnaire regarding mathematics
education background was supplemented by accessing the student‟s academic record,
when available. Together this information was used to derive three measures. The first
measure was a rating for high-school mathematics subjects completed. Calculus,
Applicable Mathematics, and Discrete Mathematics, the three mathematics subjects
available in the West Australian high school curriculum, were regarded as advanced,
intermediate, and elementary, respectively, in reference to teaching content. An
advanced level rating (3) was for participants who passed Calculus, an intermediate
level rating (2) was for those who did not complete Calculus but passed Applicable
Mathematics, while an elementary level rating (1) was for those who passed only
Discrete Mathematics in high school. The second measure was the mean Tertiary
Entrance Examinations (TEE) scaled score across mathematics subjects which could be
interpreted as the level of achievement in learning mathematics at high school. The
third measure, the first year mathematics course score, indicated the number of firstyear mathematics units the participant had passed in their tertiary education.
The items in the questionnaire concerning solution procedures for the arithmetic
problems related to three aspects: the type of solution strategy used, the representational
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format for retaining partial answers, and whether a number line or beads were used in
representing number (see Appendix A for the complete questionnaire). Participants
were required to rate how frequent they used each strategy or form of representation on
a four-point scale ranging from 0 (never) to 3 (always) for each type of arithmetic
operation.
Procedure
Informed written consent was obtained for each participant to complete the
experimental tasks. Signed consent was also obtained for those participants who agreed
to allow access to their UWA academic records (a process approved by the UWA
Human Research Ethics Committee).
Altogether there was a single arithmetic task (testing the four basic operations)
and four memory span tasks (verbal STM, spatial STM, coordination, and integration).
All tasks were computer-administered. The tasks were individually administered to
each participant in two sessions on different days, with a session consisting of half the
trials for the arithmetic task followed by two complete memory span tasks. The order of
administering the four memory span tasks was counterbalanced across participants. The
procedure for the four memory span tasks was as described in Study 1. In each session,
standardized instructions and practice were given before each task, consistent with the
procedure in Study 1. Participants were prompted to make their responses as quickly as
possible without making errors. They were asked to fill in the questionnaire at the
completion of the experiment.
Results
Analyses of the data are grouped into five sections. The first section presents
analyses of differences in performance for the memory span tasks, and for the four
arithmetic operations. The second section provides correlation matrices for memory
span variables, for arithmetic performance for the four operations, and for arithmetic
performance with memory variables, focusing on any noteworthy features for each of
the matrices. The third section reports hierarchical regression analyses to assess
whether individual differences in particular memory span variables account for
significant unique variance in arithmetic performance for each basic operation once the
variance associated with one or more additional memory span variables has been
removed. The fourth section describes the reported use of solution strategies for the
four basic operations based on the information given in the questionnaire. The final
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section presents regression analyses on scores for the two double-span tasks
(coordination and integration tasks) to demonstrate their unique task nature.
Preliminary Analyses
Data screening. WM was measured in terms of eight memory span variables
(see Table 3.1). With respect to arithmetic performance, accuracy was recorded as the
percentage of responses correct and processing speed was measured in terms of median
response time (RT) for correct responses. Each measure was recorded separately for
addition, subtraction, multiplication, and division problems, and a total variable was
also computed by taking a mean across the four operations. Given that multiple
regression assumes multivariate normal distributions and is sensitive to extreme outliers,
the data were screened for univariate and multivariate outliers. Univariate outliers were
defined as cases more than 3 SD above or below the mean. Eleven values (out of 1440
in the data set) were identified as univariate outliers and each was replaced with the next
most extreme value in the distribution. Multivariate outliers were identified as any case
with Mahalanobis distance greater than a criterion distance, which was evaluated as χ2
with degrees of freedom equal to the number of independent variables at p < .001. To
check for multivariate outliers, the three criterion Mahalanobis distances were 13.82
(for 2 df), 16.27 (for 3 df), and 18.47 (for 4 df). No multivariate outliers were identified.
Descriptive statistics. Descriptive statistics for all measures are presented in
Table 3.1. All of the variables were approximately normally distributed, with skewness
values less than 2 and kurtosis values not greater than 3.5. The reliability estimates
shown in the table were derived from split-half correlations (based on correlations
between even- and odd-numbered items) and adjusted by the Spearman-Brown formula
(Ferguson, 1976). The majority of the reliability estimates were in an acceptable range
(0.64-0.95). The two memory measures with reliability substantially lower than 0.70
were the coordination (spatial) and coordination (composite) span scores; however,
since they were used as multiple indices for the coordination task, they were retained.
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Table 3.1
Descriptive Data and Reliability Estimates for All Memory and Arithmetic Measures
Variable

M

SD

Range
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Mathematics Educational Background
Rating for high-school mathematics subjects
1.90
0.76
1.00-3.00
Average TEE scaled score across mathematics subjects
68.34
9.32
44.91-97.19
First year mathematics course score
0.69
0.81
0-2
Memory
Verbal STM
5.19
0.93
3.25-7.25
Spatial STM
5.63
0.76
3.25-7.25
Coordination (verbal)
4.45
0.84
2.50-7.00
Coordination (spatial)
3.37
0.61
2.00-4.75
Coordination (composite)
3.03
0.59
1.25-4.50
Integration (verbal)
4.42
0.68
2.75-5.75
Integration (spatial)
3.69
0.64
1.75-4.75
Integration (composite)
3.38
0.64
1.50-4.75
Arithmetic Accuracy (%)
Addition
94.48
6.39
70.83-100.00
Subtraction
91.25
9.46
66.67-100.00
Multiplication
82.76
13.47
41.67-100.00
Division
84.69
15.40
37.50-100.00
Total
88.16
9.38
59.38-100.00
Arithmetic RT (ms)
Addition
8577.16 3109.14 2832.50-16919.50
Subtraction
11193.79 3872.84 3072.50-19594.00
Multiplication
13983.85 5382.34 3092.00-27729.00
Division
16790.18 7806.94 3711.00-36762.50
Total
12636.24 4363.01 3259.63-24176.63
Note. Reliability estimates are Spearman-Brown split-half reliability coefficients. N=80 for all measures.

Skew Kurtosis

Reliability

0.17
0.24
0.63

-1.22
0.78
-1.17

-

0.34
-0.40
0.38
0.02
-0.21
0.00
-0.47
-0.19

-0.25
0.21
0.77
-0.29
0.31
-0.43
0.03
-0.11

0.73
0.68
0.64
0.42
0.44
0.71
0.73
0.75

-1.64
-1.36
-1.02
-1.68
-1.30

3.33
1.13
0.89
2.64
1.38

0.71
0.74
0.78
0.88
0.92

0.54
0.16
0.54
0.78
0.29

-0.03
-0.53
0.09
0.35
-0.01

0.89
0.87
0.86
0.91
0.95

Differences in Performance for Memory Span Tasks and for Arithmetic Operations
Comparing STM measures. Two separate one-way (task: verbal STM,
coordination [verbal], integration [verbal]; or spatial STM, coordination [spatial],
integration [spatial]) repeated-measures ANOVAs revealed significant effects of task:
F(2, 158) = 39.75, MSE = 0.387, p < .001, partial 2 = .335, for verbal span scores; and
F(1.73, 136.69) = 453.47, MSE = 0.306, p < .001, partial 2 = .852, for spatial span
scores. Post hoc pair-wise comparisons revealed, not surprisingly, that the verbal span
scores were higher for the verbal STM task compared to either the coordination or
integration task (p < .001), but span scores did not differ significantly for the latter two
tasks (Table 3.1). The spatial span scores were also higher for the spatial STM task
compared to each of the two double-span memory tasks (p < .001) but the integration
task yielding higher spatial span scores relative to the coordination task (p < .001; see
Table 3.1).
Comparing arithmetic operations. Two separate one-way (arithmetic operation:
addition, subtraction, multiplication, division) repeated-measures ANOVAs provided
significant effects of arithmetic operation for arithmetic accuracy,
F(2.25, 177.95) = 32.98, MSE = 97.58, p < .001, partial 2 = .295; and for arithmetic
latency, F(1.92, 151.88) = 78.31, MSE = 19,994,780.59, p < .001, partial 2 = .498.
Post hoc comparisons revealed significant differences (p < .008) between accuracy for
all pairs of arithmetic operations except multiplication and division and significant
differences (p < .001) between RTs for all pairs of arithmetic operations. As shown in
Table 3.1, accuracy was higher by a modest amount for addition relative to subtraction.
However, accuracy was substantially higher for these two operations than for
multiplication and division. The time required for problem solving increased
progressively from addition through subtraction, multiplication, and division.
Pearson Correlation Coefficients
Correlation matrices are given in Tables 3.2 to 3.5. As can be seen in Table 3.2,
none of the memory and arithmetic measures correlated with age, no doubt because the
dispersion of age in the sample was quite restricted. Measures of mathematics
education background did not correlate with most arithmetic measures. The few
significant correlations (for subtraction, division, and total arithmetic with either mean
TEE score or 1st year course score) were small in magnitude. This pattern therefore
does not support the idea that mathematics education background mediated mental
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arithmetic performance in the current study.5 Most correlations between mathematics
education background measures and memory variables also were nonsignificant except
for Mean TEE scale score with measures derived from either the spatial STM task or the
coordination task. This suggests that there is some involvement of visuospatial STM
capacity in mathematics capability, and perhaps also some involvement of WM
resources associated with maintaining multiple sets of information in WM (as on the
coordination task).
All memory measures correlated moderately with one another (Table 3.3), as did
the four arithmetic operations in both accuracy and latency (Table 3.4). There were two
notable features regarding the correlations among memory measures. First, there were
high correlations between the spatial and composite span scores derived from each of
the double-span memory tasks (Table 3.3), indicating that variance in spatial memory
under each of the double-span memory tasks contributed more to the composite score
than did variance in verbal memory. Second, there is no substantial evidence in this
data set for the separation of verbal and visuospatial WM storage systems, at least with
reference to correlations among the memory variables themselves.6
For arithmetic measures, addition correlated more highly with subtraction than
with the other operations in latency, as did division with multiplication in accuracy (see
Table 3.4). With regard to correlations between memory and arithmetic measures,
significant correlations with arithmetic operations were far more common for spatial
STM span than for verbal STM span (Table 3.5).

5

Information regarding participants‟ mathematics education background was therefore not collected in
Studies 3 and 4.
6
These six memory span variables, verbal STM, coordination (verbal), integration (verbal), spatial STM,
coordination (spatial), and integration (spatial), failed to produce two independent factors when submitted
to a maximum likelihood extraction; instead, one factor emerged with eigenvalue greater than 1.00,
accounting for 41.49% of variance.
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Table 3.2
Correlations of Memory and Arithmetic Measures with Age and with Three Measures of Mathematics Educational Background
Mean TEE scaled score
Rating for high-school
First year mathematics
Variable
Age
across mathematics
mathematics subjects
course score
subjects
Memory
Verbal STM
-0.01
-0.06
0.13
-0.17
Spatial STM
0.05
0.16
0.34**
0.14
Coordination (verbal)
0.09
0.05
0.28*
0.02
Coordination (spatial)
0.09
0.13
0.33**
0.11
Coordination (composite)
0.16
0.07
0.26*
0.06
Integration (verbal)
0.00
0.06
0.18
0.17
Integration (spatial)
0.09
0.14
0.17
-0.02
Integration (composite)
0.05
0.15
0.15
-0.02
Arithmetic Accuracy
Addition
Subtraction
Multiplication
Division
Total
Arithmetic RT
Addition
Subtraction
Multiplication
Division
Total
Note. N=80, *p<.05, **p<.01.

0.06
-0.04
-0.04
0.08
0.03

0.21
0.02
0.14
0.22
0.19

0.01
-0.04
0.13
0.18
0.12

-0.07
-0.18
-0.18
-0.20
-0.20

0.15
0.35**
0.16
0.25*
0.27*

-0.16
-0.15
-0.12
-0.09
-0.14

0.02
0.02
0.14
0.07
0.09

-0.13
-0.15
-0.30*
-0.21
-0.24*

Table 3.3
Correlation Coefficients for Memory Measures
Verbal
STM

Spatial
STM

Coordination Coordination Coordination Integration
(verbal)
(spatial)
(composite) (verbal)

Integration
(spatial)

Integration
(composite)

Verbal STM
Spatial STM
0.35**
Coordination (verbal)
0.38**
Coordination (spatial)
0.43**
Coordination (composite) 0.41**
Integration (verbal)
0.55**
Integration (spatial)
0.37**
Integration (composite)
0.47**
Note. N=80, *p<.05, **p<.01.

0.42**
0.54**
0.55**
0.30**
0.28*
0.30**

0.43**
0.62**
0.38**
0.34**
0.43**

0.87**

-

Variable

0.87**
0.44**
0.50**
0.48**

0.46**
0.48**
0.47**

0.45**
0.67**
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Table 3.4
Correlation Coefficients Among Arithmetic Measures for Accuracy (Below Diagonal) and Latency (Above Diagonal)
Variable

Addition

Addition
Subtraction
0.39**
Multiplication
0.34**
Division
0.38**
Total
0.58**
Note. N=80, *p<.05, **p<.01.

Subtraction

Multiplication

Division

Total

0.75**
0.59**
0.43**
0.72**

0.65**
0.68**
0.75**
0.90**

0.59**
0.65**
0.64**
0.88**

0.81**
0.86**
0.86**
0.89**
-

Table 3.5
Correlations of Arithmetic Measures with Memory Measures
Variable
Arithmetic Accuracy
Addition
Subtraction
Multiplication
Division
Total

Verbal
STM
0.32**
0.27*
0.17
0.07
0.22*

80

Arithmetic RT
Addition
-0.19
Subtraction
-0.19
Multiplication
-0.26*
Division
-0.11
Total
-0.21
Note. N=80, *p<.05, **p<.01.

Spatial
STM

Coordination Coordination Coordination Integration
(verbal)
(spatial)
(composite) (verbal)

0.29**
0.32**
0.25*
0.33**
0.36**

0.22
0.31**
0.38**
0.30**
0.39**

0.26*
0.33**
0.37**
0.32**
0.40**

-0.34**
-0.25*
-0.40**
-0.36**
-0.40**

-0.25*
-0.27*
-0.35**
-0.18
-0.29**

-0.23*
-0.27*
-0.21
-0.27*
-0.29**

0.23*
0.29**
0.34**
0.30**
0.37**

-0.26*
-0.25*
-0.23*
-0.21
-0.27*

Integration
(spatial)

Integration
(composite)

0.32**
0.22*
0.25*
0.18
0.29**

0.42**
0.33**
0.36**
0.35**
0.44**

0.43**
0.32**
0.39**
0.34*
0.45**

-0.30**
-0.36**
-0.28*
-0.20
-0.31**

-0.13
-0.40**
-0.19
-0.19
-0.26*

-0.12
-0.38**
-0.26*
-0.19
-0.27*

Hierarchical Regression Analyses
The relationships between particular WM components (indexed by the different
span variables) and mental arithmetic performance (accuracy and latency) were
investigated using hierarchical regression analyses. As shown in Table 3.6, the memory
span(s) being partialed out are presented in the first column of the table, the memory
span of interest is given in the second column, and the unique contributions (increment
in R2) in accounting for arithmetic performance (accuracy and RT) for each of the four
operations and for total arithmetic performance are given in the fourth to eighth
columns, with the initial row of entries for accuracy and the following row of entries for
latency for each set of analyses.
Contributions of verbal and spatial STM span variables in predicting
performance on arithmetic problems. Comparing the relative contributions of the two
STM span scores, verbal STM span accounted for a significant 6% of additional
variance in accuracy of addition, but did not make a significant unique contribution in
accounting for variance in any other accuracy or latency arithmetic measure after
partialing out the influence of spatial STM span (first two blocks of entries, Table 3.6).
However, after partialing out the influence of verbal STM span, spatial STM span
accounted for significant additional variance in performance for all four operations as
well as for total arithmetic performance, with increments in variance of 6% for
subtraction, 11% for division, and 9% for total arithmetic performance in accuracy; and
with increments of 8% for addition, 11% for multiplication, 12% for division, and 11%
for total arithmetic performance in latencies (third and fourth blocks of entries, Table
3.6).
Unique contribution of coordination (composite) span in predicting
performance on arithmetic problems. After controlling for the two verbal and spatial
STM spans, coordination (composite) span accounted only for 5% of significant
additional variance in accuracy of multiplication, and made no other significant unique
contribution in accounting for variance in any other accuracy or latency arithmetic
measure (fifth and sixth blocks of entries, Table 3.6).
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Table 3.6
Hierarchical Regression Analyses for Arithmetic Measures with Verbal STM, Spatial STM, Integration (Composite), and Coordination (Composite)
Span Scores Entered as Predictor Variables in Two Stages in Different Combinations (Numbers in Parentheses are the Total R2 Values for the Initial
and Augmented Regression Equations)
Variable(s) in Regression Variable Added
Additional Variance Accounted for in Criterion Variable (Change in R2)
Equation Initially
to Regression
Equation
Addition
Subtraction
Multiplication Division
Total
Spatial STM

Verbal STM
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Accuracy 0.06*
0.03
(0.08, 0.14)
(0.10 0.13)
RT 0.01
0.01
(0.11, 0.12)
(0.06, 0.07)
Verbal STM
Spatial STM
Accuracy 0.04
0.06*
(0.11, 0.14)
(0.07, 0.13)
RT 0.08**
0.04
(0.04, 0.12)
(0.04, 0.07)
Verbal STM
Coordination
Accuracy 0.00
0.01
Spatial STM
(composite)
(0.14, 0.14)
(0.13, 0.14)
RT 0.01
0.01
(0.12, 0.12)
(0.07, 0.08)
Verbal STM
Integration
Accuracy 0.08**
0.03
Spatial STM
(composite)
(0.14, 0.22)
(0.13, 0.16)
RT 0.00
0.09**
(0.12, 0.12)
(0.07, 0.17)
Verbal STM
Integration
Accuracy 0.09**
0.03
Spatial STM
(composite)
(0.14, 0.23)
(0.14, 0.16)
Coordination (composite)
RT 0.00
0.08**
(0.12, 0.12)
(0.08, 0.17)
2
Note. N=80, *p<.05, **p<.01, *** p≤.001 (based on F tests of increments in R ).

0.01
(0.06, 0.07)
0.02
(0.16, 0.17)
0.04
(0.03, 0.07)
0.11**
(0.07, 0.17)
0.05*
(0.07, 0.12)
0.00
(0.17, 0.18)
0.10**
(0.07, 0.17)
0.01
(0.17, 0.19)
0.07*
(0.12, 0.19)
0.01
(0.18, 0.19)

0.00
(0.11, 0.11)
0.00
(0.13, 0.13)
0.11**
(0.01, 0.11)
0.12**
(0.01, 0.13)
0.02
(0.11, 0.14)
0.00
(0.13, 0.13)
0.09**
(0.11, 0.20)
0.01
(0.13, 0.14)
0.07*
(0.14, 0.20)
0.01
(0.13, 0.14)

0.01
(0.13, 0.14)
0.01
(0.16, 0.16)
0.09**
(0.05, 0.14)
0.12***
(0.04, 0.16)
0.03
(0.14, 0.18)
0.00
(0.16, 0.17)
0.12**
(0.14, 0.26)
0.02
(0.16, 0.19)
0.09**
(0.16, 0.27)
0.02
(0.17, 0.19)

Unique contribution of integration (composite) span in predicting
performance on vertical arithmetic problems. Finally, the data were submitted to two
further sets of hierarchical regression analyses. In the first set, after partialing out the
influence of the verbal and spatial STM spans, integration (composite) span accounted
for significant additional variance in performance for all types of operation and in total
arithmetic performance, with increments in variance of 8% for addition, 10% for
multiplication, 9% for division, and 12% for total arithmetic performance in accuracy;
and with a 9% increment for subtraction in latency (seventh and eighth blocks of entries,
Table 3.6). In the second set of analyses, after controlling for verbal STM, spatial STM,
and coordination (composite) spans, the significant additional variance in arithmetic
performance accounted for by integration (composite) span was 9% for addition, 7% for
multiplication, 7% for division, and 9% for total arithmetic performance in accuracy and
8% for subtraction in latency (last two blocks of entries, Table 3.6).
In summary, when comparing the relative contributions of the verbal and spatial
STM span variables, verbal STM span uniquely accounted for variance in only addition
accuracy when entered after spatial STM span, whereas after statistically removing the
variance associated with verbal STM span, spatial STM span was related to arithmetic
performance for all basic operations in either latency or accuracy. Once the effects
associated with verbal and spatial STM span variables were statistically removed,
coordination span was predictive of only multiplication accuracy; however, integration
span was predictive of mental arithmetic performance for all operations (based on either
the latency or accuracy measure). Taken together, these findings indicate that individual
differences in visuospatial storage capacity and in the ability to maintain associations
within integrated (verbal-spatial) representations are significant predictors of
performance on vertical arithmetic problems across all basic operations.
Solution Procedures for Vertical Arithmetic Problems
Figure 3.1 presents the frequencies for the reported use of different solution
strategies. As expected, direct retrieval of arithmetic facts from rote memory was an
indispensable part of the solution procedure. Among the other four solution strategies,
calculating in the conventional direction of working (right-to-left for addition,
subtraction, and multiplication problems and left-to-right for division problems) was the
major solution strategy whereas regrouping of operands, calculating in the
unconventional direction of working (left-to-right for addition, subtraction, and
multiplication problems and right-to-left for division problems), and guessing all or part
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of the answer were less popular across the four basic operations. In addition,
participants appeared to rely on the unconventional direction of working more for
addition and subtraction problems than for division and multiplication problems where
the solution procedures become complicated. An interesting discovery was made when
questioning participants about when the unconventional direction of working approach
was used. Most participants reported that they used this unconventional direction in
addition and subtraction when the problems contained no carrying or borrowing. As
shown in Figure 3.2, the pattern regarding the retention of partial answers indicates that
verbal representations were the primary mode for retaining partial answers, and visual
imagery and external aids were equally important in acting as secondary modes of
representation across all basic operations. Furthermore, all participants but one reported
that they did not use any sort of magnitude-related number code, such as a number line
or beads, in calculation.

Frequenc y of us e

3.00

Addition

Subtraction

Multiplication

Division

2.50
2.00
1.50
1.00
0.50
0.00
Retrieval from
Memory

Regrouping of
operands

Conventional
Unconventional
direction of working direction of working
approach (right-toapproach (left-toleft for addition,
right for addition,
subtraction and
subtraction and
multiplication, and
multiplication, and
left-to-right for
right-to-left for
division)
division)

Guessing all or part
of the answer

S o lutio n s tra te g y

Figure 3.1. Rated frequencies of reported use of various strategies for addition,
subtraction, multiplication, and division problems. Error bars represent 95% confidence
intervals.

84

Frequenc y of us e

3.00

Addition

Subtraction

Multiplication

Division

2.50
2.00
1.50
1.00
0.50
0.00
Verbal
representations

Visual imagery

External aids

R e te ntio n s tra te g y fo r p a rtia l a ns we rs

Figure 3.2. Rated frequencies of reported use of strategies for
retaining partial answers for addition, subtraction, multiplication,
and division problems. Error bars represent 95% confidence
intervals.

In summary, participants used a combination of solution strategies in solving
addition, subtraction, multiplication, and division problems and two strategies were
reported to be used more frequently than others. However, a consistent pattern was
observed across all four operations. There were three common features: (1) there was
no evidence supporting the use of magnitude-related representations of numbers even
for the more difficult problems, (2) calculating in the conventional direction and
memory retrieval were two major strategies in the solution procedures, and (3) partial
answers were primarily retained in verbal codes.
Regression Analyses on the Coordination and Integration Tasks
Here hierarchical regression analyses were carried out for the two double-span
tasks to test whether there was evidence for a differentiation of function identified with
the episodic buffer. If the integration task assesses the retention of associative links
between the verbal and spatial memory items, integration (verbal) span should account
for significant variance in integration (spatial) span after variance accounted for by the
verbal and spatial STM spans is removed. A similar outcome should be observed in a
regression analysis for which the roles of integration (verbal) and integration (spatial)
span are switched. However, analogous outcomes should not be observed for the
coordination task because this task, unlike the integration task, requires no preservation
of associations between the verbal and spatial memory items.
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These predictions were confirmed in a series of hierarchical regression analyses
(Table 3.7). After controlling for verbal and spatial STM span, integration (spatial) span
accounted for a significant 6.4% of additional variance in integration (verbal) span (first
row, Table 3.7). Similarly, integration (verbal) span accounted for a significant 7.8% of
additional variance in integration (spatial) span (second row, Table 3.7). However, after
controlling for the verbal and spatial STM spans, coordination (spatial) span did not
account for any significant additional variance in coordination (verbal) span (third row,
Table 3.7). Similarly, neither did coordination (verbal) span account for any significant
additional variance in coordination (spatial) span (fourth row, Table 3.7).
Discussion
The purpose of the present study was to identify which WM resources predict
mental arithmetic performance for the four basic operations and with problems
presented in a vertical format. The study aimed to determine whether verbal span
(purportedly involving verbal STM) and spatial span (purportedly involving
visuospatial STM) differentially relate to arithmetic performance, and whether the
involvement of these verbal and visuospatial STM resources in arithmetic performance
shows an operation-specific pattern. A second aim of the study was to investigate
whether integration (composite) span (purportedly involving the episodic buffer)
uniquely predicts arithmetic performance above and beyond the contributions of verbal
and spatial STM span scores, and whether coordination (composite) span (argued to
implicate WM resources involved in coordinating the retention of verbal and spatial
representations) also makes any unique contribution to predicting arithmetic
performance, though there is less clear evidence from Study 1 that the coordination task
is particularly demanding of executive resources. Overall, the findings provide
substantial support for the notion that WM resources are implicated in mental arithmetic
performance but not in an operation-specific manner. In particular, solving vertical
addition, subtraction, multiplication, and division problems appears to require
visuospatial STM resources and also resources linked to a multi-modal buffer involved
in retaining associations between verbal and spatial representations. In the discussion
that follows, the findings related to the four sets of hypotheses will be reviewed.
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Table 3.7
Hierarchical Regression Analyses for Verbal and Spatial Span Scores Derived from the Integration and Coordination Tasks, with Verbal and Spatial
STM Span Scores Entering the Regression Equation as an Initial Block of Predictor Variables (Numbers in Parentheses are the Total R2 Values for the
Initial and Augmented Regression Equations)
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Variables in Regression Equation
Initially

Variable Added to
Regression Equation

Criterion Variable

Verbal STM, Spatial STM

Integration (spatial)

Integration (verbal)

Verbal STM, Spatial STM

Integration (verbal)

Integration (spatial)

Verbal STM, Spatial STM

Coordination (spatial)

Coordination (verbal)

Verbal STM, Spatial STM

Coordination (verbal)

Coordination (spatial)

Note. N=80, *p<.05, **p<.01 (based on F tests of increments in R2).

Additional Variance Accounted for in
Criterion Variable (Change in R2)
0.064**
(0.314, 0.378)
0.078**
(0.161, 0.239)
0.031
(0.235, 0.266)
0.026
(0.359, 0.385)

Verbal versus visuospatial STM resources. Comparing outcomes for the
measures purportedly reflecting verbal and visuospatial storage capacity, the recruitment
of STM resources for mental arithmetic appears to be domain-specific, favouring the
visuospatial modality over the verbal modality, as can be seen in patterns of correlation
(Table 3.5) and in outcomes of hierarchical regression analyses (Table 3.6). The results
of the regression analyses clearly show that when spatial STM span was partialed out,
verbal STM span predicted only addition accuracy, whereas when verbal STM span was
partialed out, spatial STM span uniquely predicted arithmetic performance for all basic
operations either in accuracy (for subtraction and division) or latency (for all operations
except subtraction).
The present findings are consistent with those of the studies of Maybery and Do
(2003) and Trbovich and LeFevre (2003), reviewed in Chapter 1. To recount, Maybery
and Do (2003) examined relationships between WM measures and mathematics
performance for three domains - number, space, and measurement - in 9-10- year- old
children. They employed two simple verbal and spatial tasks, similar to the two STM
span tasks used in the present study, and found that simple spatial span uniquely
accounted for more variance in mathematics performance than did simple verbal span.
Maybery and Do suggested that visuospatial STM memory might play a role in
supporting spatial arrangements (Seron, Pesenti, Noel, Deloche, & et al., 1992),
carrying operations (Heathcote, 1994), visual imagery associated with counting (Bull et
al., 1999) and perhaps the selection of more advanced strategies for arithmetic problems
(Geary & Burlingham-Dubree, 1989).
As summarized earlier, Trbovich and LeFevre (2003) examined performance on
addition problems presented in two spatial orientations (horizontal versus vertical). The
adult participants completed the addition problems while remembering verbal stimuli
comprising either one or three nonwords (verbal interference) or static visual patterns
consisting of four or eight asterisks arranged in a 5 x 5 grid (visual interference). They
found disruption to performance associated with both types of interference, but the
visual load affected vertical problems more, whereas a verbal load affected horizontal
problems more. Consistent with the current results, Trbovich and LeFevre suggested
that visual representations maintained in the visuospatial sketchpad are involved in
solving vertical addition problems.
There are three possible roles of visuospatial STM in the solution procedures for
vertical arithmetic problems. The first possibility, which concerns the representation of
numerical information, is that visuospatial STM supports an analogical magnitude code
88

by which individuals generate a mental representation of the number line (Dehaene,
1992, 1997; Dehaene & Cohen, 1995). The second possibility, which also primarily
concerns the visual aspect of the visuospatial sketchpad, is that the sketchpad supports
visual imagery. Individuals may visualize information such as trading (carrying or
borrowing) and intermediate answers (e.g., retaining the sum of the units while adding
the tens in multi-digit addition) (Hayes, 1973; Trbovich & LeFevre, 2003). The last
possible role, which concerns principally the spatial aspect of the visuospatial sketchpad,
is that the sketchpad functions as a “mental blackboard” on which individuals retain
spatial alignment in performing calculations (Hayes, 1973; Heathcote, 1994; Rourke,
1993).
As reported in the questionnaire, the possibility of the involvement of
visuospatial STM owing to any sort of magnitude-related number codes is excluded
because only one of the 80 participants reported the use of beads in calculation. As to
the two other possibilities, it has been suggested that remembering sequences of spatial
locations, such as for the spatial STM task used in the present study, primarily taps
spatial storage capacity while remembering abstract patterns, such as the visual patterns
test, primarily taps visual storage capacity (Della Sala et al., 1999; Logie & Pearson,
1997; Pickering, 2001a). Furthermore, based on the section of the questionnaire
concerning solution strategies, it would appear that participants overwhelmingly
favoured the conventional direction of working approach more than the other methods
like regrouping or an unconventional direction of working. With participants apparently
performing the mental calculations in ways similar to those they would use with paper
and pencil, visuospatial STM might then function as a mental blackboard, as Heathcote
(1994) suggested, supporting the spatial alignment of information under vertical
algorithmic solution procedures. Retaining information on the columns to which trades
and carries apply may also be a spatial function fulfilled by the sketchpad.
The present results extend the work of Trbovich and LeFevre (2003) to all types
of arithmetic operation, suggesting that the involvement of the visuospatial sketchpad in
solving vertical arithmetic problems applies to all four of the basic operations. Yet the
interpretation offered here for this involvement is primarily in terms of utilizing spatial
representations for a series of vertical algorithmic solution procedures. However, the
results do not preclude the possibility that a visual function of STM might also be
important in solving vertical arithmetic problems. This possibility represents a potential
avenue for future research that will be considered further in Chapter 6.
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On the other hand, verbal STM seems to play a limited role in mental arithmetic
despite the fact that, consistent with the findings from Logie et al.‟s (1994) study, the
information from the questionnaire showed that verbal STM seems to be recruited to
retain partial answers. A limited role for verbal STM seems more puzzling when the
ability to retain associations of verbal and spatial representations, as measured by
integration (composite) span scores, appears to be predictive of arithmetic performance.
Because verbal STM resources have been found to be involved in maintaining problem
information when multi-digit addition problems are presented visually for limited time
periods (Fürst & Hitch, 2000) and because these resources may also assist the central
executive in retaining partial answers (Logie et al., 1994), one possible explanation for
our limited evidence of an association between verbal STM capacity and arithmetic
performance is that the arithmetic problems under test were presented in visual form
continuously. Consequently, it may not have been necessary for participants to rely on
verbal STM resources to a substantial extent (i.e. an extent that meant limits of verbal
STM capacity were approached) in remembering the problem information while
performing the calculations.
Does the relative involvement of verbal and visuospatial STM resources differ
for different arithmetic operations? It is intriguing that the capacity for the retention of
visuospatial information, as assessed by spatial STM span, and also the capacity for the
maintenance of associations between verbal and spatial items, as assessed by integration
(composite) span, are common significant contributors in predicting efficiency in
solving addition, subtraction, multiplication, and division problems. It is also
noteworthy that a consistent pattern of solution strategies was reported for the four
operations, as shown in Figure 3.1. Together these results suggest that the type of
arithmetic operation has little influence on the selective involvement of STM resources
as well as on the general nature of the solution strategy. This notion is inconsistent with
Lee and Kang‟s (2002) finding that the involvement of WM in arithmetic performance
was affected by the type of arithmetic operation, with verbal STM resources implicated
in the solution of multiplication problems while visuospatial STM resources were
involved in the solution of subtraction problems. It is important, however, to point out
that the triple-code model (Dehaene & Cohen, 1995) which proposes that the type of
arithmetic operation may affect operand encoding processes, cannot accommodate the
present findings. This issue is discussed in more detail in Chapter 6.
Cognitive resources involved in retaining associations between, or alternatively,
coordinating, verbal and spatial representations in WM. There is compelling evidence,
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supported by the hierarchical regression analyses, that the ability to integrate verbal and
spatial codes is predictive of arithmetic performance for all types of operation (on either
accuracy or RT), whereas the ability to coordinate the retention of independent
sequences of verbal and spatial codes seems to be not particularly involved in any type
of arithmetic operation except multiplication (and only for accuracy). The hierarchical
regression analyses show that, after controlling for other memory span variables,
integration (composite) span accounted for significant additional variance (within the
range of 7% to 9%) in arithmetic performance for either accuracy or latency.
The evidence from the hierarchical regression analyses for the integration and
coordination tasks strengthens the proposition that the integration task taps a distinct
resource pool in WM, purportedly identified with the episodic buffer. The present
evidence of a significant link between the episodic buffer and mental arithmetic is in
agreement with the results of Towse and Houston-Price‟s (2001) study. These authors
reported that the associations between a combination span (a memory measure similar
to the integration [composite] span used in the current study) and number skills
remained significant after controlling for digit span and spatial span in children. This
empirical evidence has two important implications. First, since integration (composite)
span does account for significant unique variance in arithmetic performance over and
above the two verbal and spatial STM span variables, it would seem that solving
vertical arithmetic tasks makes demands on an integrative function of a system like the
episodic buffer. Such a system might be involved in retaining associations between
each digit and its location, perhaps because retaining intermediate answers may require
the maintenance of the mental position of each digit. Because fractionating the episodic
buffer from the central executive is a very recent concept, there remains a great deal of
theoretical uncertainty concerning the nature and function of the episodic buffer.
However, it is quite plausible that the resources recruited from a multimodal buffer
might be responsible for simply linking verbal and visual codes for digits or for tying
mental representations of digits to specific locations as part of the solution algorithm for
vertical problems. Second, this evidence is also consistent with the view that there is a
distinct ability to control the integration process which is different from the abilities
implicated in performing the two corresponding component tasks in isolation (Bayliss et
al., 2003; Emerson et al., 1999; Towse & Houston-Price, 2001). Our results could be
interpreted as indirect evidence supporting the existence of the episodic buffer
(Baddeley, 2000, 2002).
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As might be expected, the present results failed to find a significant link between
coordination (composite) span and arithmetic performance. That the coordination task
showed poor reliability might account for the failure to find any such relationship.
Given that many previous studies (Adams & Hitch, 1997; De Rammelaere, Stuyven, &
Vandierendonck, 1999, 2001; De Rammelaere & Vandierendonck, 2001; Fürst & Hitch,
2000; Lemaire, Abdi, & Fayol, 1996; Logie et al., 1994; Seitz & Schumann-Hengsteler,
2000) presented evidence consistent with the involvement of the central executive in at
least some arithmetic operations, another possible explanation is that the coordination
task may not tap executive resources to any substantial extent. Another possible
explanation is based on differentiating executive processes. The coordination task,
which requires participants to coordinate the encoding and retention of two independent
sequences, is assumed to reflect a coordinating function of the executive. However,
most of the previous research investigating central executive involvement in arithmetic
is based on a dual-task interference methodology and evidence of central executive
involvement is inferred from a significant impairment in arithmetic performance
associated with a concurrent executive suppression task. A trails test (Fürst & Hitch,
2000), in which participants are required to switch between familiar streams, and a
random generation task (De Rammelaere et al., 1999, 2001; De Rammelaere &
Vandierendonck, 2001; Lemaire et al., 1996; Logie et al., 1994; Seitz & SchumannHengsteler, 2000), which requires participants to randomly generate a sequence of
letters at a given rate, are executive suppression tasks commonly used in the dual-task
literature. Bull and Scerif (2001) claimed that executive suppression tasks in a dual-task
paradigm generally capture the ability of the central executive to inhibit irrelevant
information from entering WM, an entirely different aspect of executive functioning to
the coordination function addressed in our study. Although these interpretations
potentially explain the inconsistency between the present study and other previous
studies, they do not clearly establish the role of central executive components in mental
arithmetic. In the study described in the next chapter, three WM span tasks that
incorporated substantial processing demands, but were matched to the verbal STM,
spatial STM, and integration tasks in storage demands, were employed to assess how
executive resources contribute to arithmetic performance.
Conclusions
On the basis of the current findings, there is little support for fundamental
differences in solution strategy as a function of arithmetic operation, because the
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traditional algorithmic solution strategies were predominantly reported for all four basic
operations. Consistent with the uniformity in solution strategies, the involvement of
memory resources in solving vertical arithmetic problems does not appear to vary as a
function of arithmetic operation. Instead, individual differences in visuospatial storage
capacity and in the ability to retain associations between verbal and spatial
representations are significant predictors of arithmetic performance on vertical problems
for all types of operation.
Visuospatial storage capacity may be implicated in mental arithmetic skills
because the visuospatial sketchpad might function as the mental blackboard on which
participants can utilize vertical algorithmic solution procedures analogous to those they
would use on paper. As regards the function of the retention of multi-modal items, it
might be responsible for linking verbal and visual codes for numbers or maintaining the
integrity of an on-going vertical algorithmic structure during the course of the
calculation process. However, at this point it would be premature to draw any
conclusions on whether solution strategy or the involvement of STM resources varies
with problem input condition (i.e. vertical versus horizontal format), which has
significant implications for theoretical accounts of numerical representation in WM.
Nevertheless, the findings relating to solving horizontal problems reported in Study 4
(see Chapter 5) will allow more definitive conclusions.
Finally, the results indicate that the coordination task has little utility in
predicting mental arithmetic performance, suggesting that this task might not be a
rigorous test of executive functions. One promising approach to investigating executive
processes might be to compare WM span tasks (requiring processing-plus-storage) with
STM span tasks (requiring storage only) with respect to their relative contributions to
arithmetic performance, as is done in the study described in the next chapter.
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CHAPTER 4

STUDY 3: THE CONTRIBUTION OF STM, INTEGRATIVE, AND
EXECUTIVE RESOURCES TO PERFORMANCE ON VERTICAL
ARITHMETIC PROBLEMS ACROSS THE FOUR OPERATIONS
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Study 2 provided insights into the roles of short-term storage subsystems in
arithmetic performance, including the role of a subsystem capable of retaining
associations between verbal and visuospatial information. However, the study did not
provide extensive information about the involvement of executive processes in
arithmetic computation. Executive processes were tapped in Study 2 using the
coordination task. Coordination of two information sources or mental operations in a
dual-task situation is generally agreed to be one of the functions under the control of
executive resources (Baddeley, 1986; Baddeley, 1996). However, the most common
function associated with the executive is the simultaneous storage and processing of
information (Baddeley, 1986; Baddeley, 1996; Kyllonen & Christal, 1990; Salthouse,
1991). WM span tasks requiring concurrent storage and processing have been widely
used to examine the involvement of executive processes in a broad range of higher level
cognitive activities, including scholastic achievement (Bayliss, Jarrold, Baddeley, &
Leigh, 2005; Hitch et al., 2001; Maybery & Do, 2003; Swanson, 2004; Swanson & Kim,
2007), reasoning (Kyllonen & Christal, 1990), and intelligence (Bayliss et al., 2003;
Conway et al., 2002; Engle et al., 1999). WM span tasks are also argued to invoke the
central executive‟s coordinative function (see Fournier, Larigauderie, & Gaonac'h, 2004;
Oberauer, 2005) since mentally coordinating storage and processing operations is
typically a requirement of these tasks.
It is feasible that the nonsignificant unique contributions of coordination task
span scores in accounting for arithmetic performance in Study 2 reflect the limited
demands this task makes on the processing of information. The coordination task
simply requires recalling the two sequences as presented, albeit with a coordination
component since one sequence is argued to involve the phonological loop and the other
to involve the visuospatial sketchpad. As a consequence, the present study was
designed to provide a more powerful test of the involvement of executive processes in
arithmetic performance by using WM span tasks that involve an explicit processing
component. By also using the verbal STM, spatial STM and integration tasks, Study 3
therefore provided a more comprehensive assessment of how individual differences in
memory span variables constrain performance for vertical addition, subtraction,
multiplication, and division problems. To test the robustness of the results regarding
STM and integrative resources, the arithmetic problems will again be presented in a
vertical context. Another advantage will be that the current findings can provide a
contrast to Study 4 where the arithmetic task will be presented horizontally to
investigate the influence of problem presentation format.
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As reviewed in Chapter 1, WM span tasks are different from STM span tasks
because STM span tasks simply involve the temporary storage and retrieval of
information whereas WM span tasks implicate extra processing in addition to storage
and retrieval (Engle et al., 1999). That is, participants are required to simultaneously
combine a processing requirement with the maintenance of related or unrelated
information in WM span tasks. The processing component is purported to make
demands on the central executive whereas the storage component is purported to be
supported by the domain-specific STM subsystems (Baddeley & Logie, 1999).
Therefore, WM span scores are assumed to reflect the balance of executive processing
capability and STM storage capacity in WM. Studies investigating the relationship
between mathematics and WM in children and adults present evidence supporting the
utility of both WM and STM span tasks in tapping distinct memory resources related to
mathematics attainment, although with inconsistency in their relative contributions
(Jarvis & Gathercole, 2003; Shah & Miyake, 1996; Swanson, 1994; Swanson & Kim,
2007).
Swanson and Kim (2007), for example, used four STM span tasks and five WM
span tasks in a latent-variable approach to compare the relative contributions of storage
and executive components of WM to arithmetic calculation in children aged 5 to 11
years. The arithmetic assessment comprised three sections, arithmetic subtests from the
Wide Range Achievement Test (WRAT; Wilkinson, 1993) and the Wechsler Individual
Achievement test (WIAT; Psychological Corporation, 1992), and tests adapted from the
Test of Computational Fluency (Fuchs, Fuchs, Eaton, Hamlett, & Kams, 2000). They
found that the STM and WM span variables loaded on different factors which were
moderately correlated (r = .63), indicating that storage capacity and capability for
executive processing can be assessed somewhat independently in young children.
When examining the relationship between memory and mathematics performance by
testing a series of structural equation models, Swanson and Kim, consistent with Engle
et al.‟s proposition (Engle et al., 1999), hypothesized that the capacity of WM equals
the capacity of STM plus controlled attention (i.e., WM capacity = STM capacity +
controlled attention) (also see Colom, Abad, Rebollo, & Shih, 2005; Colom, FloresMendoza, Quiroga, & Privado, 2005). Accordingly, they therefore loaded both STM and
WM span variables onto a construct representing a storage subsystem but only the WM
span variables onto a construct representing a central executive system (see Conway et
al., 2002). Swanson and Kim found that both the storage and executive constructs were
significant unique predictors of mathematics performance, independent of each other.
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Thus both the executive and storage aspects of WM appear to contribute to arithmetic
computation.
While the findings from Swanson and Kim‟s (2007) study provide evidence in
support of the contributory role of an executive component of WM in mathematics
performance, their work leaves open the question of whether there is differentiation
between verbal and visuospatial resources at the executive level in the context of
solving mathematical problems. However, research on older children and teenagers
supports this differentiation in WM in contributing to the solution of mathematical
problems (Jarvis & Gathercole, 2003; Reuhkala, 2001; Shah & Miyake, 1996).
As reviewed in Chapter 1, Jarvis and Gathercole (2003) tested two groups of
older children, aged 11 and 14 years, with eight memory span tasks, two each for verbal
WM, visuospatial WM, verbal STM, and visuospatial STM, as well as with national
curriculum tests for English, mathematics, and science. A mathematics score was
computed based on graded mathematics and mental arithmetic tests. Their partial
correlation patterns between memory measures and mathematics scores showed that the
verbal memory measures predicted mathematics performance independent of the
visuospatial memory measures and vice versa. Their memory measures formed a twofactor structure, consisting of a verbal factor associated with both verbal STM and
verbal WM span scores and a non-verbal factor associated with both visuospatial STM
and visuospatial WM span scores, under confirmatory factor analyses. Thus,
surprisingly, Jarvis and Gathercole were not able to differentiate STM and executive
components, instead differentiating verbal and visuospatial resources, with each
contributing to mathematics performance.
Likewise, Reuhkala (2001, Experiment 2; see Chapter 1) also demonstrated a
dissociation between verbal and visuospatial WM in teenagers, aged 15 to 16 years,
although the pattern of relationships between the WM and mathematics scores for this
age group was different to the pattern reported by Jarvis and Gathercole (2003) for
younger children. Reuhkaka found that two measures identified with visuospatial WM
correlated significantly with mathematics national test scores but this was not the case
for two verbal WM measures.
On closer inspection, many studies of the relationships between mathematical
skills and STM and WM capabilities suffer from shortcomings. For instance, the WM
span tasks employed have been mainly verbal in nature (D'Amico & Guarnera, 2005;
Gathercole & Pickering, 2000a; Gathercole et al., 2004; Holmes & Adams, 2006). Also,
STM and WM tasks have sometimes differed in basic task structure (e.g., in the nature
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of the storage demands) (Jarvis & Gathercole, 2003; Reuhkala, 2001), which
complicates isolating executive and storage capabilities. To avoid these limitations, the
current study used two pairs of matched STM and WM tasks, one for the verbal domain
and one for the visuospatial domain. A processing component was added to each STM
span task used in the previous study in order to implicate executive processes in a WM
span task. As a result, each WM task and its corresponding STM task shared a common
storage component, thereby minimizing any influence of idiosyncratic task
requirements and allowing for direct comparison of the contributions of processing and
storage components to arithmetic performance using the variance-partitioning technique
suggested by Engle et al. (1999). In addition to closely matching the storage
requirements for each pair of tasks, the STM and WM tasks were constructed to have a
common span procedure. Thus, the number of stimulus elements, the arrangement of
the trial blocks, the criterion for termination of testing, and the fractional method of
calculating the span score, were identical for the STM and WM span tasks in the verbal
and visuospatial domains.
In addition, a unique feature of the present study is that two multi-modal
(verbal-spatial) tasks, the integration task used in Studies 1 and 2 and an integration
WM task (involving storage and processing components) were also used. The
integration WM task was developed by combining a processing requirement with a
storage component matched to that of the integration task. By then using a matched
pair of integration STM and WM tasks, Study 3 was able to once again assess the
capacity to retain verbal-spatial associations in STM, but also assess any additional
demand on WM that might be imposed by requiring additional processing of those
verbal-spatial elements.
The design of Study 3 enabled the investigation of two major aims concerning
the contributions of processing and storage components of WM in the verbal and
visuospatial domains to arithmetic performance. The first aim was to examine whether
there is differential involvement of verbal and visuospatial WM resources in mental
arithmetic. Lee and Kang (2002) proposed that type of arithmetic operation mediates
the selective involvement of STM resources in arithmetic performance. They presented
the supporting evidence that ariticulatory suppression impaired performance on
multiplication problems while concurrently holding a visuospatial pattern impaired
performance on subtraction. It is important, however, to point out that findings in Study
1 provide little support for this claim in that spatial STM span was uniquely predictive
of arithmetic performance for all four basic operations either in accuracy or latency, but
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verbal STM span was independently linked to addition accuracy only. Here the
investigation sought to establish whether the patterns observed in STM span tasks
would apply to WM span tasks. This aim was addressed by comparing the utility of
verbal and spatial WM span scores in predicting arithmetic performance.
The second aim was to examine whether the storage and processing components
of WM each make a contribution to arithmetic performance in both the verbal and
visuospatial domains. This aim was addressed in each domain by first estimating the
variance attributable to executive processing in WM span scores. This was done using
the residual variance in WM span after partialing out variance shared with STM span,
which is attributed to a common storage component. Next, this residual variance in
WM span (representing the processing or executive component) and STM span
(representing the storage component) was used to predict arithmetic performance.
Apart from these two main aims, two additional aims of the current study were
to investigate whether two outcomes reported in Study 2 are replicable. These are (a) the
evidence of greater involvement of visuospatial STM relative to verbal STM in
arithmetic performance, and (b) evidence of a unique contribution to arithmetic
performance of a capacity that enables the retention of multi-modal associations, as
assessed using the integration task. Furthermore, by using a matched pair of tasks – the
integration task from Study 1 and a new integration WM task - a fifth and related aim
was to investigate whether cognitive resources involved in processing multi-modal
associations in WM are uniquely predictive of arithmetic performance. This aim was
addressed by firstly estimating variance attributable to a processing component of
integration WM span using the residual variance in this span measure after controlling
for the integration span scores, and secondly, examining whether this residual variance
in integration WM span contributes unique variance in predicting arithmetic
performance.
With these aims in mind, the current study used the arithmetic task and the three
STM span tasks (verbal STM, spatial STM, and integration) from the previous study,
but added three WM span tasks (verbal WM, spatial WM, and integration WM) in order
to assess individual differences in WM capacity in the three corresponding domains. As
indicated above, each WM span task was developed to match, as closely as possible,
one of the STM span tasks, except for containing an additional processing component.
This processing component took a similar form across the verbal, spatial and integration
WM tasks.
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The task requirement for the processing component was designed to be
analogous to the processing required for the Letter-Number Sequencing subtest of the
Wechsler Memory Scale (Wechsler, 1997). In the Letter-Number Sequencing subtest, a
series of alternating digits and letters is presented (e.g., J 7 E 4), and participants must
recall the digits first, in ascending order, followed by the letters in alphabetical order
(e.g., 4 7 E J). In a similar vein, each WM span task presented a sequence of to-beremembered stimuli in alternating red and blue colours. These red and blue stimuli
comprised letters for the verbal WM task, blocks for the spatial WM task, and letters in
blocks for the integration WM task (see Figures 4.1 to 4.3 for examples of the stimulus
sequences). For each of the three WM tasks, participants were required to recall the red
items in the order in which they were presented, followed by the blue items in their
order of presentation. Note that the Number-Letter Sequencing subtest and the current
WM tasks involve a similar processing component in which participants are required to
segregate the to-be-remembered stimuli into two subsets, with numbers and letters for
the former and red and blue items for the latter, and then recall the two sets of stimuli in
accordance with a prescribed rule. There are two advantages associated with using the
red-blue colour cue in implementing a processing component for the WM span tasks.
First, essentially the same stimuli can be used for each STM span task and its WM
counterpart (letters, locations, or letters in locations). Second, the processing task
(requiring reordering sequence items for recall) is comparable for the verbal, spatial,
and integration WM tasks.
Four sets of predictions can be developed for the current study. First of all, since
the WM span tasks have been developed to include a processing component as well as a
storage component, then on the assumption that this additional processing demand will
reduce memory spans, it is predicted that each WM span task will yield lower span
estimates than its corresponding STM counterpart.
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A. Example of a four-letter stimulus sequence

P

B. Correct response sequence

P
BCDGJKMNPSTVXZ
Z

PV
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BCDGJKMNPSTVXZ
V

PVZ
BCDGJKMNPSTVXZ
D

PVZD
BCDGJKMNPSTVXZ

Figure 4.1 Schematic diagram of screen displays for the stimulus and response sequences for the verbal WM task.

A. Example of a four-block stimulus sequence

B. Correct response sequence
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Figure 4.2. Schematic diagram of screen displays for the stimulus and response sequences for the spatial WM task.

A. Example of a four-item stimulus sequence

B. Correct response sequence

P

P
p

BCDGJKMNPSTVXZ
Z
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V
BCDGJKMNPSTVXZ
Z

V
BCDGJKMNPSTVXZ

D

D

BCDGJKMNPSTVXZ

Figure 4.3. Schematic diagram of screen displays for the stimulus and response sequences for the integration WM task.

The second set of predictions relates to the role of individual differences in
storage capacity in the prediction of arithmetic performance. To address these
predictions, I replicated the procedures for the hierarchical regression analyses
conducted in the previous study. The first procedure evaluated the relative contributions
of verbal and visuospatial memory resources to arithmetic performance by estimating
the unique variance in arithmetic performance accounted for by verbal STM span scores
once the effect associated with spatial STM span scores is removed. This regression
procedure is then repeated, but with entering the two STM spans variables in reverse
order. An additional regression analysis assesses the involvement of any additional
processes, purportedly of the episodic buffer, in managing integrated representations by
examining the unique variance in arithmetic performance accounted for by the
integration span scores once the effects associated with the two STM span variables are
statistically removed. The results are expected to be consistent with the findings of
Study 2. Firstly, the involvement of STM resources in arithmetic performance is
expected to be domain-specific, more specifically, spatial STM span scores are expected
to better predict arithmetic performance than verbal STM span scores. Secondly, the
integration span scores are expected to account for additional variance in arithmetic
performance beyond the variance accounted for by the verbal and spatial STM span
scores.
The third set of predictions relates to whether the findings for the three WM
span variables are similar to those for the counterpart STM span variables. WM span
scores are submitted to a similar series of hierarchical regression analyses as those
applied in comparing the contributions of the verbal STM, spatial STM, and integration
span variables in predicting arithmetic accuracy and RT. Assuming that the processing
and storage components of WM are independent (Baddeley, 1986; Baddeley, 1996) and
there is unique variance attributable to each component (i.e., „WM capacity = storage
capacity + processing capability, Engle et al., 1999), two outcomes are possible when
comparing the verbal and spatial WM span variables.
One possibility is that spatial WM span scores, but not verbal WM span scores,
contribute uniquely to predicting arithmetic performance, consistent with the pattern
associated with the STM span tasks. This could be due to the fact that, as the previous
study suggested, executive processes play a nonsignificant role in predicting arithmetic
performance. The resulting patterns of prediction of arithmetic performance would
therefore reflect the storage demands imposed by the WM span tasks, which are
expected to be similar to the demands imposed by their STM counterparts.
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Alternatively, it is possible that executive processes do contribute to arithmetic
performance, but that the processes applied to the visuospatial modality are central to
arithmetic performance (Reuhkala, 2001; Shah & Miyake, 1996). This position would
also carry the prediction that spatial WM span scores, but not verbal WM span scores,
should contribute uniquely to predicting arithmetic performance. (Note that, as
described below, an additional series of multiple regression analyses assessing the
processing and storage components in isolation can disentangle these two possible
explanations.) It is also important to point out that this prediction is inconsistent with
the proposition by Lee and Kang (2002) that the type of arithmetic operation mediates
the selective involvement of WM resources in arithmetic performance. As summarized
above, Lee and Kang argued that verbal STM resources contribute to the solution of
multiplication problems whereas visuospatial STM resources are involved in the
solution of subtraction problems. The current investigation aimed to examine whether
the patterns of prediction for verbal and spatial STM tasks also hold for verbal and
spatial WM span tasks.
To our knowledge, the integration WM task is a novel task and the present study
will for the first time examine the role of processing resources involved in the retention
of associations of verbal and spatial codes in arithmetic performance. This part of the
current investigation is therefore exploratory in nature. Critical interest will centre on
whether integration WM span variables uniquely predict arithmetic performance after
controlling for the verbal and spatial WM span variables.
The fourth set of prediction relates to the unique contributions to arithmetic
performance of the storage and processing components for each pair of matched
STM/WM measures. Engle‟s method for partitioning variance in memory span
variables allows for the contributions of STM storage capacity and a capacity associated
with executive or active processing (which they label controlled attention) to be
assessed independently. Of critical interest to this study is whether executive processing,
as assessed under their method, contributes significantly to the prediction of arithmetic
performance. Assuming that STM span reflects storage capacity, in order to estimate
the unique variance (in WM span) attributable to executive processes, WM span score is
submitted to a variance-partitioning procedure, as suggested by Engle et al. (1999), by
regressing the WM span variable onto its corresponding STM span variable. Given that
Engle et al.‟s study (1999) has been reviewed in Chapter 1, here I simply reiterate the
gist of their proposition that variance common to the WM and STM span variables
should reflect primarily storage capacity, and the residual variance in the WM span
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variable should reflect primarily active processing (i.e., WM capacity = STM capacity
[common variance] + controlled attention [residual variance]). The utility of this
analysis in understanding contributions to arithmetic performance will then be
addressed using standard multiple regression analyses in which the two independent
variables, residual variance in WM span and its STM counterpart, are entered together
in predicting arithmetic performance. If the WM span scores partly reflect executive
processing capacity, and if executive processes are implicated in mental arithmetic, then
the residual variance in WM span should predict arithmetic performance. This form of
analysis will be conducted for each pair of STM/WM measures (verbal, spatial, and
integration).7
Method
Participants
Eighty UWA undergraduates (57 females and 23 males) aged 16-48 years (mean
age = 20.7 years; SD = 6.7 years) participated either for credit in partial fulfillment of a
first-year psychology course requirement or for a small honorarium. Each provided
written informed consent. None had participated in the previous two studies.
Apparatus
All tasks were programmed with MetaCard software. The equipment was
identical to that used in the previous study.
STM Span Tasks
The verbal STM, spatial STM, and integration tasks were as described in the
previous study except for one minor change: Consistent with the procedure for the WM
span tasks (see below), sequences of three items were used in the first block of testing
rather than sequences of two items.
WM Span Tasks
There were three WM span tasks, the verbal WM, spatial WM, and integration
WM span tasks. Each WM span task was closely matched in structure to its
corresponding STM span task. The WM span tasks presented similar stimulus
sequences to those of the STM span tasks but incorporated an additional processing
demand. To allow for transformations of the to-be-recalled stimuli, sequences of three

7

Analysis on the pair of verbal STM/WM measures was dropped because none of the arithmetic
measures correlated with verbal WM span (see Table 4.4).
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items were used in the first block of trials for each task. Sequence length was
incremented by one for each subsequent block of trials, consistent with the span
procedure used in the STM span tasks. Each WM span task and its STM counterpart
differed minimally in the way in which the two stimulus sequences were presented, but
differed substantially in the way in which participants attempted to recall the sequences.
The to-be recalled stimuli in each STM task were presented in a single colour whereas
the to-be recalled stimuli in each WM task were presented in two colours (blue and red),
with colour alternating for successive stimuli. That is, with each WM task, the first item
in the sequence was presented in red, the next item in blue, the next item in red, and so
on (see Figures 4.1 to 4.3). In making responses, participants were instructed to recall
each sequence in exact order for all the STM tasks. In contrast, for the WM tasks,
participants were instructed to first recall all the red sequence items according to their
presentation order, followed by all the blue sequence items in their presentation order
(see Figures 4.1 to 4.3). Other aspects regarding task design were identical for each pair
of STM and WM span tasks.
Arithmetic Task
The arithmetic task was as described in Study 2
Questionnaire
The questionnaire concerning the solution procedures used in solving the four
basic operations in the arithmetic task (see Appendix A) was as described in Study 2.
Procedure
Each participant attended two sessions on two different days to complete the
arithmetic task, three STM span tasks, three WM span tasks and the questionnaire. All
the tasks were computer-administered. In each session, participants attempted half the
trials of the arithmetic task and three memory span tasks, either all the STM or all the
WM tasks. Half of the participants completed the STM tasks in the first session
whereas the remaining participants completed the STM tasks in the second session.
Within each session, the order of administering the verbal, spatial, and integration tasks
was counterbalanced across participants. The questionnaire was administered at the end
of the second session. The instructions for the STM span tasks and the questionnaire
were as described in Study 2. For the WM span tasks, the instructions matched those
for the STM span tasks except for the instruction to recall the sequence items coloured
red followed by those coloured blue, in each case in their order of presentation.
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Results
The results are arranged in four sections. The first section uses ANOVAs to
compare performance on the STM and WM span tasks, and also to examine accuracy
and RT across the four arithmetic operations. The second section presents correlation
matrices for the memory span variables, for accuracy and RT variables for the four
arithmetic operations, and for the memory variables with the arithmetic variables. The
third section reports the central results of the study in the form of multiple regression
analyses directed at identifying the aspects of memory involved in arithmetic
performance. The final section summarizes the solution strategies reported for the four
basic arithmetic operations based on the information collected in the questionnaire.
Preliminary Analyses
Data screening. WM was measured in terms of ten memory span variables (see
Table 4.1). As described in the previous study, arithmetic performance was measured in
terms of accuracy (percent correct) and median RT for correct responses. Seven values
in the data set were identified as univariate outliers (cases more than 3 SD above or
below the mean) and each was replaced with the next most extreme value in the
distribution. With multiple regression, multivariate outliers were identified as any case
with Mahalanobis distance greater than a criterion Mahalanobis distance, which was
evaluated as χ2 with degrees of freedom equal to the number of independent variables
and with α = .001. The two criterion Mahalanobis distances were 13.82 (for 2 df) and
16.27 (for 3 df). No multivariate outliers were identified.
Descriptive statistics. Descriptive statistics for all measures are presented in
Table 4.1. There was no evidence of significant skewness or kurtosis in any of the
variables, indicating that all of the variables were approximately normally distributed.
The reliability estimates were derived from split-half correlations in the manner
described for the previous study (Ferguson, 1976). The majority of the reliability
estimates were in an acceptable range (0.58-0.97) except for addition accuracy (0.42),
so any analyses involving this variable must be interpreted with caution.
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Table 4.1
Descriptive Data, Reliability Estimates and Pearson Correlation Coefficients with Age for All Memory and Arithmetic Measures
Variable
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Memory
Verbal STM
Spatial STM
Integration (verbal)
Integration (spatial)
Integration (composite)
Verbal WM
Spatial WM
Integration WM (verbal)
Integration WM (spatial)
Integration WM (composite)

M

SD

5.27
5.61
4.64
3.71
3.48
4.79
5.35
4.26
3.51
3.25

0.86
0.82
0.72
0.66
0.60
0.85
0.79
0.75
0.67
0.63

Range
3.50-7.50
3.50-7.00
3.00-6.75
2.00-5.00
2.00-4.75
3.00-7.00
4.00-7.25
2.75-6.25
2.25-5.25
2.25-5.00

Skew Kurtosis
0.38
-0.35
0.53
-0.17
-0.12
0.35
0.10
0.18
0.68
0.80

-0.31
-0.39
0.58
-0.07
-0.25
-0.56
-0.67
-0.35
0.10
0.18

Reliability r with Age
0.70
0.78
0.64
0.65
0.62
0.65
0.79
0.73
0.60
0.62

Arithmetic Accuracy (%)
Addition
95.16
4.52
83.33-100.00
-0.65
-0.36
0.42
Subtraction
91.20
7.70
70.83-100.00
-0.71
-0.30
0.58
Multiplication
82.08
12.43
45.83-100.00
-0.65
0.04
0.68
Division
85.99
14.07
45.83-100.00
-1.42
1.62
0.85
Total
88.40
7.88
65.63-98.96
-1.10
0.82
0.87
Arithmetic RT (ms)
Addition
8684.05 2904.22 3761.00-14852.00
0.41
-0.54
0.93
Subtraction
11401.04 3893.43 4605.50-22554.00
0.75
0.40
0.87
Multiplication
14713.44 5597.83 3646.00-27698.00
0.19
-0.58
0.78
Division
16520.25 7772.13 4714.00-38834.50
1.05
1.00
0.90
Total
12829.70 4455.72 4738.00-24980.73
0.34
-0.41
0.97
Note. Reliability estimates are Spearman-Brown split-half reliability coefficients. N=80 for all measures. *p<.05.

-0.12
-0.24*
-0.22
-0.15
-0.20
-0.09
-0.19
-0.21
-0.23*
-0.23*

0.00
0.04
-0.15
0.03
-0.03
0.04
0.12
0.10
0.20
0.13

Differences in Performance for Memory Span Tasks and for Arithmetic Operations
Comparing STM measures. The mean span scores for the three STM span tasks
are presented in Table 4.1. In comparing verbal and spatial STM span scores, a oneway repeated-measures ANOVA revealed a significant effect of task, F(1, 79) = 8.93,
MSE = 0.520, p = .004, partial 2 = .102, with the means in Table 4.1 showing that
participants were more capable in recalling visuospatial information than verbal
information. In the comparison of the integration span task to each of the two STM
span tasks, two separate one-way repeated-measures ANOVAs revealed significant
effects of task, with F(1, 79) = 53.77, MSE = 0.294, p < .001, partial 2 = .405, for the
comparison of verbal STM and integration (verbal) span scores; and F(1, 79) = 496.11,
MSE = 0.290, p < .001, partial 2 = .863, for the comparison of spatial STM and
integration (spatial) span scores. Consistent with the results in Studies 1 and 2, the
findings indicated that, not surprisingly, there was some cost associated with
remembering a sequence when it had to be retained in combination with another.
Comparing WM measures. One-way repeated-measures ANOVAs were used to
evaluate whether the WM span scores exhibited similar patterns of difference as found
for the STM span scores. Verbal WM and spatial WM span scores differed significantly,
F(1, 79) = 21.09, MSE = 0.600, p < .001, partial 2 = .211. Participants performed
better in retaining visuospatial information than in retaining verbal information
irrespective of whether they were required to perform additional processing on the
information (see Table 4.1 for means). Next, one-way repeated-measures ANOVAs
revealed F(1, 79) = 45.98, MSE = 0.246, p < .001, partial 2 = .368, for the comparison
of verbal WM and integration WM (verbal) span scores, and F(1, 79) = 372.18,
MSE = 0.364, p < .001, partial 2 = .825, for the comparison of spatial WM and
integration WM (spatial) span scores. As expected, participants achieved lower span
scores for the integration WM span task relative to either the verbal WM or spatial WM
span task (see Table 4.1). Both the storage and processing requirements of the
integration WM task may contribute to the decrease in performance for this task relative
to the other WM tasks. The demands on storage systems associated with the retention
of links between verbal and spatial information would be common to the integration
task and integration WM tasks whereas an additional cost associated with the concurrent
processing of two sequences would be specific to the integration WM task.
Relative difficulty of STM and WM tasks. Further one-way repeated-measures
ANOVAs were conducted to establish whether each WM span task (involving storage
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and processing) was in fact more difficult than its STM counterpart (involving storage
without additional processing). These analyses revealed a significant effect of task (WM
vs. STM) for each of the five span scores examined: F(1, 79) = 30.78, MSE = 0.293,
p < .001, partial 2 = .280, for the comparison of verbal STM and verbal WM span
scores; F(1, 79) = 7.95, MSE = 0.322, p = .006, partial 2 = .091, for spatial STM versus
spatial WM span scores; F(1, 79) = 19.75, MSE = 0.290, p < .001, partial 2 = .200, for
the comparison of integration (verbal) and integration WM (verbal) span scores;
F(1, 79) = 10.73, MSE = 0.145, p = .002, partial 2 = .120, for integration (spatial)
versus integration WM (spatial) span scores; and F(1, 79) = 12.47, MSE = 0.171,
p = .001, partial 2 = .136, for the comparison of integration (composite) and integration
WM (composite) span scores. Table 4.1 and Figure 4.4 show that participants
performed better in the STM span tasks compared to the WM span tasks across all five
span scores, indicating that, as expected, the additional processing required for the WM
span tasks impacted negatively on performance.
These results confirm a significant drop in span in imposing a processing
component upon the storage component for each of the verbal WM, spatial WM, and
integration WM span tasks. In order to compare the magnitudes of these reductions in
span with the addition of the processing component, a span different score was
calculated for each of the pairs of variables (a) verbal STM span and verbal WM span,
(b) spatial STM span and spatial WM span, (c) integration (verbal) span and integration
WM (verbal) span, and (d) integration (spatial) span and integration WM (spatial) span.
A one-way repeated-measures ANOVA conducted on these difference scores yielded
F(3, 237) = 2.58, MSE = 0.485, p = .054, partial 2 = .032, suggesting that the
processing requirements of the three WM span tasks were matched, albeit only
approximately, in difficulty.
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Figure 4.4. Means of span scores for the STM and WM span tasks in Study 3. Error
bars represent 95% confidence intervals.

Comparing arithmetic operations. One-way repeated-measures ANOVAs
provided significant effects of arithmetic operation (addition, subtraction, multiplication,
division) for arithmetic accuracy, F(2.47, 194.74) = 36.88, MSE = 87.14, p < .001,
partial 2 = .318, and latency, F(1.89, 149.26) = 81.06, MSE = 19,012,509.66, p < .001,
partial 2 = .506. Post hoc comparisons revealed significant differences between all
pairs of arithmetic operations for both accuracy (p < .008) and RTs (p < .001). As
shown in Table 4.1, accuracy levels decreased from addition through subtraction,
division, and multiplication. This pattern of differences is similar to what was observed
in Study 2, except for accuracy being significantly lower for multiplication in the
current study, whereas the corresponding difference was not significant in Study 2.
Consistent with the trend observed in the previous study, the solution times required for
the four basic operations increased from addition through subtraction, multiplication,
and division.
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Pearson Correlation Coefficients
Correlation coefficients for memory and arithmetic performance measures with
age are presented in Table 4.1. Given the limited age range, most of the memory
measures did not correlate with age and nor did any of the arithmetic measures, just as
was the case in the previous study. Tables 4.2 and 4.3 present correlation coefficients
for memory measures and arithmetic measures, respectively. Consistent with the
patterns of correlation in the previous study, the integration (spatial) span score
correlated highly with the integration (composite) span score, as did the integration WM
(spatial) span score with the integration WM (composite) span score (see Table 4.2). In
addition, memory span variables tended to correlate more highly for variables within the
same modality (e.g. verbal STM span with verbal WM span) than for pairs of variables
involving different modalities (e.g. verbal STM span with spatial WM span; see Table
4.2). As shown in Table 4.3, correlations are consistently high for the latency arithmetic
variables. For accuracy, correlations of addition with the other operations are low, but
otherwise the correlations are of moderate magnitude.
Correlation coefficients for memory measures with accuracy and latency
measures for the arithmetic problems are given in Table 4.4. As to STM resources,
arithmetic performance showed stronger relationships with the spatial STM span score
and with the verbal, spatial, and composite span scores derived from the integration
span task than with the verbal STM span score. Furthermore, three additional features
are worth mentioning. Firstly, spatial WM span score correlated significantly with all
types of arithmetic operation but verbal WM span score did not, consistent with more
substantial involvement of visuospatial storage or processing than verbal storage or
processing in arithmetic performance. Secondly, correlations involving the spatial WM
span score tend to be of greater magnitude than those involving the spatial STM span
score, consistent with spatial WM span tapping a source of individual differences in
arithmetic performance relating to information processing beyond spatial STM.
However, a similar pattern was not observed for the pair of verbal tasks or the pair of
integration tasks. Thirdly, performance on multiplication problems correlated
significantly with more memory span variables than did performance on problems
involving the other three operations. As can be seen in Table 4.4, multiplication
accuracy scores correlated significantly with most of the memory span variables except
verbal STM and verbal WM span scores.
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Table 4.2
Correlation Coefficients for Memory Measures
Variable

Verbal
STM
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Verbal STM
Spatial STM
Integration (verbal)
Integration (spatial)
Integration (composite)
Verbal WM
Spatial WM
Integration WM (verbal)
Integration WM (spatial)
Integration WM (composite)
Note. N=80, *p<.05, **p<.01.

0.27*
0.55**
0.42**
0.39**
0.60**
0.01
0.51**
0.40**
0.51**

Spatial Integration Integration Integration Verbal
STM (Verbal)
(Spatial)
(Composite) WM
0.43**
0.49**
0.42**
0.31**
0.50**
0.27*
0.56**
0.50**

0.44**
0.56**
0.47**
0.15
0.47**
0.47**
0.53**

0.90**
0.36**
0.37**
0.29*
0.67**
0.58**

0.38**
0.30**
0.31**
0.61**
0.55**

Spatial
WM

0.09
0.62**
0.42**
0.53**

Integration Integration
WM
WM
(Verbal)
(Spatial)

0.08
0.31**
0.25*

Table 4.3
Correlation Coefficients Among Arithmetic Measures for Accuracy (Below Diagonal) and Latency (Above Diagonal)
Variable

Addition

Addition
Subtraction
0.09
Multiplication
0.22*
Division
0.05
Total
0.28*
Note. N=80, *p<.05, **p<.01.

Subtraction

Multiplication

Division

Total

0.78**
0.49**
0.49**
0.73**

0.72**
0.71**
0.57**
0.82**

0.59**
0.73**
0.69**
0.87**

0.81**
0.89**
0.89**
0.91**
-

0.47**
0.68**

0.91**

Table 4.4
Correlations of Arithmetic Measures with Memory Measures
Variable
Accuracy
Addition
Subtraction
Multiplication
Division
Total

Verbal
STM
-0.06
0.00
0.19
0.22*
0.18

Spatial
STM
0.17
0.12
0.35**
0.24*
0.31**
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RT
Addition
-0.01
-0.15
Subtraction
-0.07
-0.20
Multiplication
-0.14
-0.06
Division
-0.05
-0.19
Total
-0.09
-0.17
Note. N=80, *p<.05, **p<.01.

Integration
(verbal)

Integration
(spatial)

Integration Verbal
(composite) WM

Spatial
WM

-0.04
0.10
0.36**
0.35**
0.34**

0.28*
0.13
0.36**
0.22
0.33**

0.26*
0.12
0.38**
0.29*
0.36**

0.01
-0.08
0.22
0.11
0.12

0.28*
0.26*
0.41**
0.18
0.35**

-0.12
-0.15
-0.08
-0.12
-0.13

0.05
0.09
0.06
0.09
0.09

0.01
0.04
0.06
0.03
0.04

0.01
0.02
-0.03
-0.10
-0.05

-0.25*
-0.31**
-0.25*
-0.27*
-0.31**

Integration Integration Integration
WM
WM
WM
(verbal)
(spatial)
(composite)
0.09
0.10
0.30**
0.19
0.25*

-0.24*
-0.19
-0.18
-0.18
-0.22

0.15
0.07
0.40**
0.13
0.25*

-0.04
-0.03
-0.05
-0.18
-0.11

0.12
0.05
0.36**
0.12
0.22

-0.12
-0.08
-0.13
-0.21
-0.17

Multiple Regression Analyses
The unique contributions of individual memory span variables to arithmetic
performance were estimated using hierarchical regression analyses, as in the previous
study. Outcomes of these analyses are presented in Tables 4.5 to 4.6, in which the
memory span(s) being partialed out are given in the first column, the memory span of
interest is given in the second column, and the unique contributions (increment in R2) in
accounting for performance (accuracy and latency) for each of the four operations and
for total arithmetic performance are given in the last five columns. The outcomes of
these analyses are summarized in the first four of the subsections that follow.
The remaining two subsections then summarize the outcomes of analyses
conducted using the regression methods of Engle et al. (1999). Verbal WM span scores
did not correlate with any arithmetic variable, whereas the spatial WM and integration
WM span scores each correlated significantly with one or more of the arithmetic
measures (see Table 4.4). Thus, Engle et al.‟s procedure was applied only to spatial
WM and integration WM span scores. Two additional analyses were then performed to
estimate the contributions of processing capability and storage capacity to arithmetic
performance, with separate analyses conducted for each pair of STM and WM span
variables (i.e., using spatial STM span and spatial WM span in one case, and integration
[composite] span and integration WM [composite] span in the other). In each case,
residual scores from regressing WM span scores on STM span scores were used along
with STM span scores in predicting arithmetic performance. Outcomes of these
regression analyses are presented in Tables 4.7 and 4.8.
Contributions of verbal and spatial STM span variables in predicting
arithmetic performance. Consistent with the findings of Study 2, verbal STM span did
not account for significant additional variance in any of the arithmetic accuracy or
latency measures after partialing out the influence of spatial STM span (first four rows
of entries, Table 4.5) but spatial STM span accounted for significant additional variance
in multiplication accuracy and total arithmetic accuracy after the variance accounted for
by verbal STM span was removed (see rows 5-8, Table 4.5). The results indicate that
the capacity to retain visuospatial information in STM appears to be involved in mental
arithmetic at least for vertically aligned problems.
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Table 4.5
Hierarchical Regression Analyses for Arithmetic Measures with Verbal STM, Spatial STM, and Integration (Composite) Span Scores Entered as
Predictor Variables in Two Stages in Different Combinations (Numbers in Parentheses are the Total R2 Values for the Initial and Augmented
Regression Equations)
Variable(s) in Regression Variable
Additional Variance Accounted for in Criterion Variable (Change in R2)
Equation Initially
Added to
Regression
Equation
Addition
Subtraction
Multiplication Division
Total
Spatial STM
Verbal STM
Accuracy 0.01
0.00
0.01
0.03
0.01
(0.03, 0.04)
(0.01, 0.01)
(0.12, 0.13)
(0.06, 0.08) (0.10, 0.11)
RT 0.00
0.00
0.02
0.00
0.00
(0.02, 0.03)
(0.04, 0.04)
(0.00, 0.02)
(0.04, 0.04) (0.03, 0.03)
Verbal STM
Spatial STM
Accuracy 0.04
0.01
0.10**
0.03
0.08*
(0.00, 0.04)
(0.00, 0.01)
(0.04, 0.13)
(0.05, 0.08) (0.03, 0.11)
RT 0.02
0.04
0.00
0.03
0.02
(0.00, 0.03)
(0.00, 0.04)
(0.02, 0.02)
(0.00, 0.04) (0.01, 0.03)
Verbal STM
Integration
Accuracy 0.06*
0.01
0.05*
0.03
0.05*
Spatial STM
(composite)
(0.04, 0.10)
(0.01, 0.02)
(0.13, 0.19)
(0.08, 0.11) (0.11, 0.16)
RT 0.01
0.02
0.02
0.02
0.02
(0.03, 0.03)
(0.04, 0.06)
(0.02, 0.04)
(0.04, 0.05) (0.03, 0.05)
Note. N=80, *p<.05, **p<.01 (based on F tests of increments in R2).
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Table 4.6
Hierarchical Regression Analyses for Arithmetic Measures with Verbal WM, Spatial WM, and Integration WM (Composite) Span Scores Entered as
Predictor Variables in Two Stages in Different Combinations (Numbers in Parentheses are the Total R2 Values for the Initial and Augmented
Regression Equations)
Variable(s) in
Variable
Additional Variance Accounted for in Criterion Variable (Change in R2)
Regression Equation
Added to
Initially
Regression
Equation
Addition
Subtraction
Multiplication Division
Total
Spatial WM
Verbal WM
Accuracy 0.00
0.01
0.03
0.01
0.01
(0.08, 0.08)
(0.07, 0.08)
(0.16, 0.20)
(0.03, 0.04) (0.13, 0.13)
RT 0.00
0.00
0.00
0.01
0.00
(0.06, 0.06)
(0.10, 0.10)
(0.06, 0.06)
(0.07, 0.08) (0.09, 0.09)
Verbal WM
Spatial WM
Accuracy 0.08*
0.07*
0.15**
0.03
0.12**
(0.00, 0.08)
(0.01, 0.08)
(0.05, 0.20)
(0.01, 0.04) (0.02, 0.13)
RT 0.06*
0.10**
0.06*
0.07*
0.09**
(0.00, 0.06)
(0.00, 0.10)
(0.00, 0.06)
(0.01, 0.08) (0.00, 0.09)
Verbal WM
Integration WM
Accuracy 0.01
0.00
0.04*
0.00
0.01
Spatial WM
(composite)
(0.08, 0.08)
(0.08, 0.08)
(0.20, 0.24)
(0.04, 0.04) (0.13, 0.14)
RT 0.01
0.00
0.01
0.01
0.01
(0.06, 0.07)
(0.10, 0.10)
(0.06, 0.07)
(0.08, 0.10) (0.09, 0.10)
Note. N=80, *p<.05, **p<.01 (based on F tests of increments in R2).
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Table 4.7
Standard Multiple Regression Analyses for Arithmetic Measures with Spatial STM Span and
Residual Variance in Spatial WM Span Entered Together as Predictor Variables (Numbers in
Parentheses are the Variance Accounted for in the Criterion Variable by the Predictor Variable)
Standardized Coefficient ()
Criterion
Residual Variance in
Variable
F
R2
Spatial STM span
Spatial WM span
Addition
Accuracy 3.32*
0.08
0.17
(0.03)
0.22*
(0.05)
RT 2.52
0.06
-0.15
(0.02)
-0.19
(0.04)
Subtraction
Accuracy 2.67
0.07
0.12
(0.01)
0.23*
(0.05)
RT 4.30*
0.10
-0.20
(0.04)
-0.25*
(0.06)
Multiplication Accuracy 9.27***
0.19
0.35*** (0.12)
0.26*
(0.07)
RT 2.69
0.07
-0.06
(0.00)
-0.25*
(0.06)
Division
Accuracy 2.54
0.06
0.24*
(0.06)
0.07
(0.01)
RT 3.27*
0.08
-0.19
(0.04)
-0.21
(0.04)
Total
Accuracy 6.79**
0.15
0.31**
(0.10)
0.23*
(0.05)
RT 3.97*
0.09
-0.17
(0.03)
-0.25*
(0.06)
Note. N=80. A negative Beta coefficient indicates that there is an inverse relationship between the
predictor and criterion variables.
*p < .05, **p < .01, ***p  .001.
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Table 4.8
Standard Multiple Regression Analyses for Arithmetic Measures with Integration (Composite) Span
and Residual Variance in Integration WM (Composite) Span Entered Together as Predictor Variables
(Numbers in Parentheses are the Variance Accounted for in the Criterion Variable by the Predictor
Variable)
Standardized Coefficient ()
Residual Variance in
Criterion
Integration
Integration WM
2
Variable
F
R
(composite) span
(composite) span
Addition
Accuracy 2.69
0.07
0.26*
(0.07)
-0.02
(0.00)
RT 0.85
0.02
0.01
(0.00)
-0.15
(0.02)
Subtraction
Accuracy 0.57
0.02
0.12
(0.01)
-0.02
(0.00)
RT 0.60
0.02
0.04
(0.00)
-0.12
(0.01)
Multiplication Accuracy 8.20***
0.18
0.38***
(0.14)
0.19
(0.03)
RT 1.58
0.04
0.06
(0.00)
-0.19
(0.04)
Division
Accuracy 3.53*
0.08
0.29*
(0.08)
-0.05
(0.00)
RT 2.94
0.07
0.03
(0.00)
-0.27*
(0.07)
Total
Accuracy 5.65**
0.13
0.36***
(0.13)
0.03
(0.00)
RT 2.12
0.05
0.04
(0.00)
-0.23*
(0.05)
Note. N=80. A negative Beta coefficient indicates that there is an inverse relationship between the predictor
and criterion variables.
*p < .05, ***p  .001.

Unique contribution of integration (composite) span in predicting arithmetic
performance. After controlling for the verbal and spatial STM spans, integration
(composite) span accounted for significant additional variance in accuracy for addition,
multiplication, and total arithmetic performance (last four rows, Table 4.5). These
results reinforce the view that the ability to retain associations in STM (such as between
verbal and spatial information) appears to affect the accuracy with which vertical
arithmetic problems are solved.
Contributions of verbal and spatial WM span variables in predicting
arithmetic performance. Verbal WM span did not account for significant additional
variance in any of the arithmetic measures after partialing out the influence of spatial
WM span (first four rows, Table 4.6). In contrast, after partialing out the influence of
verbal WM span, spatial WM span accounted for significant additional variance in all
arithmetic accuracy variables except division accuracy and in all arithmetic RT variables
(rows 5-8, Table 4.6). The findings reveal that the involvement of WM resources in
arithmetic appears to be domain-specific. More specifically, ability in remembering and
processing visuospatial information is evidently important to arithmetic performance
irrespective of the operation entailed.
Unique contribution of integration WM (composite) span in predicting
arithmetic performance. After controlling for the verbal WM and spatial WM span
variables, integration WM (composite) span accounted for significant additional
variance in accuracy of multiplication but did not make any other significant
contribution in accounting for variance in any other arithmetic accuracy or latency
measure (last four rows, Table 4.6). This outcome for multiplication is consistent with
the analyses reported earlier for the STM tasks, adding further support to the view that
solving multiplication problems relies on memory functions identified with the retention
and perhaps the manipulation of integrated verbal and spatial information.
Unique contributions of visuospatial processing capability and visuospatial
storage capacity in predicting arithmetic performance. In order to unveil any effects
exclusively associated with visuospatial processing capability, spatial WM span scores
were regressed on the spatial STM span scores, with the residuals (interpreted as
reflecting processing capability) then used in combination with the spatial STM span
scores to predict arithmetic performance measures. Spatial STM span and spatial WM
span residual each accounted for significant variance in several arithmetic performance
measures. Spatial STM span accounted for significant variance in accuracy for
multiplication, division, and total arithmetic performance (fifth and sixth columns, Table
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4.7) and spatial WM span residual accounted for significant variance in all arithmetic
accuracy variables except division, and also accounted for significant variance in
subtraction, multiplication, and total arithmetic latencies (last two columns, Table 4.7).
Unique contributions of verbal-spatial processing capability and verbal-spatial
storage capacity in predicting arithmetic performance. Similar to the series of analyses
reported above, the residual variance reflecting verbal-spatial processing capability
represented in the integration WM (composite) span scores was first estimated by
regressing integration WM (composite) span onto integration (composite) span.
Residual scores from this analysis were then used in combination with the integration
(composite) span scores in predicting arithmetic performance. Predictably, integration
(composite) span accounted for significant variance for all arithmetic accuracy scores
except subtraction (fifth and sixth columns, Table 4.8). However, integration WM
(composite) span residual accounted for significant additional variance in division and
total performance latencies only (last two columns, Table 4.8).
Solution Procedures for Vertical Arithmetic Problems
The questionnaire asked participants to reflect on (a) the solution strategies for
each operation, (b) the way in which intermediate results were coded, and (c) any use of
a number line or beads in doing the calculations. Figure 4.5 presents the information
regarding solution strategies and Figure 4.6 provided summary information on the
representation of intermediate results. As can be seen in Figure 4.5, the patterns are
similar to those found in Study 2 (see Figure 3.1, page 82) in that participants rated the
conventional direction of working approach and retrieval of partial answers from rote
memory more often as their strategies than regrouping of operands, an unconventional
direction of working approach, and guessing all or part of the answer, for all four
arithmetic operations. In addition, the unconventional directional of working approach
was reported to be used more often for addition and subtraction than for multiplication
and division. It is not surprising in that participants indicated that they simply
calculated in thousands-to-units direction in addition and subtraction problems when
there was no trading (carry or borrow) involved when they were questioned about when
the unconventional direction of working approach was used, consistent with the
participants taking part in Study 2. Again, as can be seen in Figure 4.6, a common
pattern was found for the two studies (see Figure 3.2, page 83) as to the coding of
information in that verbal number codes were preferable to visual number codes in the
retention of intermediate results. In line with the findings of the previous study, none of
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the participants reported using any sort of magnitude-related number codes in
calculation in the present study. In summary, the present results are consistent with the
findings in the previous study, indicating that participants tend to solve vertical
problems for all four basic operations using a common repertoire in which calculating in
the conventional direction and retrieving partial answers from rote memory, with
reliance on verbal coding, are indispensable procedures.
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Figure 4.5. Rated frequencies of reported use of various strategies for addition,
subtraction, multiplication, and division problems. Error bars represent 95% confidence
intervals.
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Figure 4.6. Rated frequencies of reported use of strategies for retaining
partial answers for addition, subtraction, multiplication, and division
problems. Error bars represent 95% confidence intervals.
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Discussion
The main objective of this study was to examine how processing capability
influences performance on vertical arithmetic problems. The present study replicated
some aspects of Study 2 but extended the investigation to consider the utility of WM
measures in predicting arithmetic performance. Consequently the current study
addressed four empirical questions: (a) whether WM span scores are significantly lower
than their STM counterparts, consistent with the WM tasks demanding additional
processing resources, relative to their STM counterparts; (b) whether spatial STM span
scores and integration span scores, but not verbal STM span scores, predict arithmetic
accuracy or latency, giving further weight to the findings of Study 2; (c) whether the
relationships between arithmetic performance and WM span scores are similar to the
corresponding relationships observed for STM span scores in respect of the
contributions from verbal, spatial, and multi-modal (verbal-spatial) measures; and (d)
whether residual variance in WM span (purportedly reflecting WM processing
capability) and counterpart STM span scores (purportedly reflecting storage capability)
differentially predict arithmetic accuracy or latency for each STM/WM pair of verbal,
spatial and integration tasks.
In accordance with the first set of predictions, the findings from ANOVA
analyses indicated that WM span scores were consistently lower than their STM
counterparts and further analyses on the magnitudes of reduction confirmed that the
processing requirements for the three WM span tasks were comparable in difficulty.
These findings provide evidence that the three WM tasks created for the study are
reliable measures for tapping processing resources in WM in the three domains, verbal,
visuospatial, and multi-modal (verbal-spatial).
Consistent with the second set of predictions, results from the present study
basically replicate the findings of Study 2. Regression analyses for Studies 2 and 3
provide converging evidence that spatial STM span and integration (composite) span
predict arithmetic performance in vertical presentation context, whereas verbal STM
span makes a negligible contribution to this prediction.
The important findings in the study concern the contribution to arithmetic
performance of processing resources applied to the visuospatial modality, which has
important implications for the structure of WM. In agreement with the important role of
spatial STM span scores in arithmetic performance, the regression analyses on WM
span scores showed that spatial WM span scores contributed uniquely to arithmetic
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performance for the four basic operations whereas verbal WM span scores failed to
make any independent contribution to arithmetic performance. Regression analysis on
residuals in spatial WM span and spatial STM span variables provided further evidence
that a processing component of spatial WM span performance predicts unique variance
in either accuracy or latency for most operations except division, independent of spatial
STM span. However, the role of a processing component in integration WM span
performance appears to be less substantial relative to that of a storage component
represented by integration span, since regression analyses showed that integration span
scores uniquely predicted accuracy measures for most arithmetic operations except
subtraction while residuals in integration WM span accounted for unique variance in
division only among the four basic operations.
In summary, with respect to models of WM, a visuospatial short-term store, a
temporary store responsible for retaining associations between verbal and spatial
representations, and an aspect of executive processing involved in the manipulation of
visuospatial information each appear to contribute to the solution of vertical arithmetic
problems. Furthermore, an additional feature of the results of the current study is worth
mentioning. The evidence from correlation analyses and hierarchical regression
analyses provides little support for the claim by Lee and Kang (2002) that the
recruitment of specific memory resources is conditional on the type of arithmetic
operation. Instead, based on the current results, the four operations appear to invoke
similar rather than distinct memory resources, although multiplication may involve a
broader range of memory resources relative to the other three operations. That mental
multiplication may place demands on a broad range of WM resources might, in part, be
explained by the magnitude of the intermediate answers occurring in these problems.
These intermediate answers are typically larger for multiplication problems than for
addition, subtraction, and division problems.
The remainder of this section focuses on a discussion of the factors that may
mediate the relationship between visuospatial WM capabilities and arithmetic
performance, and the nature of the contribution of processing resources to performance
on vertical arithmetic problems. Implications of the results for the cognitive structure of
WM will be reviewed in the final chapter, where I will also consider in more detail the
interpretation of results common to Studies 2 and 3.
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Factors Mediating the Relationship between Spatial WM span and Arithmetic
Performance
Spatial WM span was found to be a better predictor of individual differences in
arithmetic performance than spatial STM span. This should not be taken to mean that
the involvement of a processing component of WM is more important than that of a
storage component. Quite the contrary, as demonstrated in the multiple regression
analyses, spatial STM span and residual variance in spatial WM span each accounted
for significant independent variance in arithmetic performance, and sometimes the
contribution of the former was larger than that of the latter (in terms of variance
accounted for). It is important to point out that these findings are inconsistent with the
proposition suggested by Engle et al. (1999) that the processing component of WM
capacity (argued to reflect controlled attention ability) is primarily predictive of higherlevel cognition (here, mental arithmetic performance). Rather, the findings provide
evidence supporting the influence of a storage component independent of that of a
processing component, with each of these components of spatial WM making a unique
and substantial contribution to arithmetic processing. Similar findings have been
reported by Swanson and Kim (2007), who demonstrated significant links between
arithmetic calculation and each of two independent factors, executive and verbal storage,
in a two-factor WM model in children aged 5-11 years old. Likewise, Bayliss et al.
(2003, Experiment 1) identified three factors, verbal storage, visuospatial storage, and
general processing, constraining WM span performance in young children and further
demonstrated that both the general processing and visuospatial factors were
independently related to mathematics performance yet the verbal storage factor was not.
Therefore, a plausible explanation for spatial WM span being a better predictor of
arithmetic performance than spatial STM span is that the former measure reflects the
influence of executive functioning on top of that of temporary storage, while the latter
measure solely reflects the influence of storage capacity. However, the role of the
spatial STM span in arithmetic performance should not be neglected.
Contribution of Processing Resources to Performance on Vertical Arithmetic
Problems
The correlation analyses and hierarchical regression analyses revealed distinct
patterns of results for verbal and spatial WM span variables: Spatial WM span predicted
arithmetic performance across all operations whereas verbal WM span failed to show
any significant link to arithmetic performance. The findings suggest a domain-specific
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differentiation of executive resources, which converges with the view from Shah and
Miyake (1996), who argued for a separation between verbal and visuospatial
components in WM resources and a close link between visuospatial WM resources and
spatial thinking.
Note that there is evidence for an executive involvement in the maintenance of
visuospatial representations (Klauer & Stegmaier, 1997; Kondo & Osaka, 2004; Meiser
& Klauer, 1999; Miyake et al., 2001). Klauer and Stegmaier (1997) demonstrated that
disruption to Corsi task performance was consistently observed when participants either
listened to tones presenting from different spatial locations or discriminated tones
presenting from a single location. Klauer and Stegmaier argued that listening to tones
from different sources may have involved visuospatial processes, but discriminating
tones presenting from a single location primarily involved executive processes rather
than visuospatial processes, and thus visuospatial STM tasks appear to involve
executive resources to a considerable extent. There is also evidence that visuospatial
STM tasks appear to implicate executive functioning to a similar extent as do
visuospatial WM span tasks (Miyake et al., 2001).
However, when examining the unique contributions of visuospatial storage and
visuospatial processing, the specific link between visuospatial processing (as reflected
by the residual variance in spatial WM span) and arithmetic performance was still
significant for most of the arithmetic operations (see Table 4.7). The results therefore
support the view that solving vertical arithmetic problems requires domain-specific
processing resources, and ability in processing visuospatial information is crucial to
arithmetic proficiency. Note that, if the spatial STM task is executively demanding, the
current findings regarding the involvement of visuospatial processing in arithmetic
performance might be an underestimation of this form of involvement, in that the shared
variance between spatial STM span and WM span might contain variance attributable to
visuospatial processing.
A study by Hayes (1973) sheds some light on the function of visuospatial
processing in solving mathematical problems. Hayes (1973, Study 1) investigated the
use of spatial imagery in solving elementary mathematics by asking adults to report any
imagery they used in their solution strategies. Participants were presented with a variety
of problems (e.g. problems involving addition, multiplication, division, or algebraic
equations) either in a horizontal or vertical format. Hayes found that imagery is
commonly involved in (a) the representation of problem information, (b) the retention
of partial results, and (c) the execution of calculation. The most important finding of his
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study is that participants did not simply reproduce the problem visually, but instead
mentally manipulated the problem information and then generated a “spatial schema” (p.
183) to facilitate the solution procedure. An example would be visually moving the 12
and the 6 to the same side of the equation in solving the algebraic equation “6 + X = 12”.
In addition, Hayes suggested that this form of spatial imagery is used very frequently in
the solution of basic arithmetic operations with multi-digit operands. On the basis of his
findings, Hayes concluded that visual imagery appears to be significant in mental
arithmetic for two reasons: (a) It could be used as “a surrogate for the external visual
cues which the problem solver would generate if he had pencil and paper” (p. 188), and
(b) it is effective in “encoding the spatial properties and relations of digits” (p. 189). In
summary, a plausible account of the role of visuospatial processing in arithmetic skill is
that solution strategies commonly used in mental arithmetic, such as with the
conventional and unconventional directions of working approaches, or the regrouping of
operands, rely upon algorithmic strategies in which the calculation invokes a sequence
of procedural operations. According to Hayes (1973, Study 1), solving arithmetic
problems using algorithmic strategies is facilitated by visuospatial processing in
generating “spatial schema” and these spatially mediated solution strategies implicate
visuospatial WM resources.
Now this raises the question of how problem presentation format might
influence spatially mediated solution strategies. The three common models of
numerical representation - the abstract code model (McCloskey, 1992), triple-code
model (Dehaene & Cohen, 1995), and encoding-complex model (Campbell, 1994;
Campbell & Clark, 1988, 1992) - focus on how problem information is encoded in WM
but are silent on how encoding might influence subsequent calculation. The present
findings, in supporting the view that solution strategies mediated by visuospatial
executive resources are essential in the calculation process for problems presented in a
vertical format, have important implications for the theoretical account of numerical
processing in WM. However, it is premature to draw a conclusion solely based on
findings with vertically presented problems. In view of the nature of the mental
manipulation process described for generating the “spatial schema” (Hayes, 1973, Study
1), spatially mediated solution strategies appear to be equally applicable to both vertical
and horizontal arithmetic problems. The explanation of the role of visuospatial
processing in mental arithmetic given here therefore appears to provide little support for
the notion that the involvement of visuospatial WM resources is sensitive to the surface
format of arithmetic problems. Study 4 described in the next chapter examined
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performance for horizontally presented problems as to assess whether “spatial schema”
supported by visuospatial processing are involved in solving mental arithmetic
problems irrespective of the format of problem presentation.
Conclusions
The central aim of this study was to provide evidence as to how WM span
variables, argued to reflect central-executive processing capabilities, contribute to the
solution of vertical arithmetic problems for the four basic operations. Despite the fact
that multiplication problems seem to make demands on additional memory resources,
the four basic operations appear to recruit a similar mix of executive resources, which
provides little support for the notion that the involvement of executive processing
resources varies as a function of arithmetic operation. The involvement of executive
processing resources appears to be specifically linked to the visuospatial domain, which
lends support to the notion of a differentiation of verbal and visuospatial resource pools
in the executive system (Shah & Miyake, 1996). Visuospatial executive resources
might contribute to generate spatial schema (Hayes, 1973, Study 1) for algorithmic
solution strategies applied to the vertical problems. However, whether this spatial
schema supports algorithmic solution strategies regardless of problem input conditions
(e.g. a vertical versus horizontal presentation format) is an open question and the final
study reported in next chapter attempted to shed light on this question.
The second significant aspect of the results is in advancing our understanding of
the structure of WM and its relationship to arithmetic performance. The results cast
light on two issues: (a) the factors underpinning the relationship between visuospatial
WM and arithmetic cognition, and (b) the cognitive mechanisms underlying spatial WM
span. Individual differences in visuospatial processing capability and visuospatial
storage capacity both appear to mediate the relationship between visuospatial WM and
arithmetic cognition. Consequently, spatial WM span better predicts arithmetic
performance than does spatial STM span. By this proposition, the WM span variable is
hypothesized to reflect the functioning of individual WM components (storage and
processing components) working together, which is not quite equivalent to the
conception of a pivotal role for controlled-attention capacity (Engle et al., 1999). The
relationship between WM and mental arithmetic performance is therefore better
explained by a processing-plus-storage account than by a controlled-attention account.
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CHAPTER 5

STUDY 4: THE CONTRIBUTION OF WM RESOURCES TO PERFORMANCE
ON HORIZONTAL ARITHMETIC PROBLEMS ACROSS THE FOUR
OPERATIONS
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Findings from Studies 2 and 3 provided evidence that solving multi-digit arithmetic
problems in a vertical format relies on the ability to hold associations between verbal and
spatial representations in STM. These studies also showed that both domain-specific STM
resources for encoding and maintaining numerical information and domain-specific
executive resources for processing such information appear to be implicated in the solution
of vertical problems. More specifically, visuospatial storage capacity and an aspect of
executive processing applied to the visuospatial modality appear to be preferentially
involved in solving vertically aligned arithmetic problems. The present study examined
whether similar patterns of relationship are observed when arithmetic problems are
presented in a horizontal format (see Table 1.1, page 27).
The current study also provided a test of two models of numerical representation,
for which pertinent findings in literature are ambiguous. Heathcote (1994 , Experiment2)
argued that when arithmetic problems are presented in a horizontal format, visuospatial
STM resources are required for mentally re-aligning the numerical information to a vertical
orientation since participants responded faster and more accurately to addition problems
when they were in vertical format rather than in horizontal format. On the other hand, there
is evidence suggesting that solving arithmetic problems in a vertical format invokes STM
resources distinct from those involved in solving problems presented horizontally
(Trbovich & LeFevre, 2003). Trbovich and LeFevre (2003) found that solving vertical
problems preferentially involves visuospatial STM resources whereas solving horizontal
problems preferentially involves verbal STM resources. They proposed that the selective
involvement of verbal versus visuospatial STM resources in solving horizontal versus
vertical arithmetic problems was due to “the variability in the solution procedures that
participants select as a function of format” (p.743). Trbovich and LeFevre argued that,
instead of using visuospatial STM resources to re-align problems from horizontal to vertical
format as Heathcote suggested, participants adopt different solution strategies as a function
of problem input format: Problems in a horizontal format trigger a strategy relying on
verbal STM resources while problems in a vertical format encouraging a strategy involving
visuospatial STM resources.
Thus, the current study had three broad aims: first, to examine how STM resources
contribute to performance on horizontal addition, subtraction, multiplication, and division
problems; second, to investigate how executive resources constrain performance on
horizontal arithmetic problems for the four operations; and third, to explore whether the
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ways in which STM and WM resources contribute to arithmetic performance depend on the
specific problem format (by comparing results across Studies 2-4). Addressing the first aim
can also shed light on which model of numerical representation provides a better account of
the role of WM in arithmetic performance in that two competing models of numerical
representation, the encoding-complex model and triple-code model, make opposite
predictions relating to how STM memory resources contribute to arithmetic performance
for different operations. I consider these two models in greater detail later in this
introduction.
The present study was basically a rerun of Study 3 but with three changes. First,
since the coordination task (in Study 2) and integration WM task (in Study 3) appeared to
play only minor roles in predicting arithmetic performance based on the findings from
Studies 2 and 3, both tasks were dropped from the memory battery. Consequently,
participants were tested on five memory span tasks - the verbal STM, spatial STM,
integration, verbal WM, and spatial WM span tasks. It was expected that solving horizontal
arithmetic problems, particularly multiplication problems involving multi-digit operands
and multiple carries, would be more difficult than solving vertical arithmetic problems, thus
the second change was that the carry demand of the multiplication problems was simplified
from one or two carries to a single carry. Finally, the third change was that the arithmetic
problems were presented in a horizontal format. As the design of the study is very similar
to that of Study 3 except for the change in presentation format for arithmetic problems,
three sets of predictions can be examined in the present study.
The first set of predictions is related to how STM resources are involved in solving
arithmetic problems presented horizontally. The two models of numerical representation
referred to above can be used to develop opposite predictions regarding the contributions of
STM resources to arithmetic performance. The triple-code model (Dehaene & Cohen, 1995)
argues that the activation of different forms of numerical representation is a function of
arithmetic operation instead of problem format. Empirical evidence based on a dual-task
study examining the memory demands associated with single-digit multiplication and
subtraction problems suggests that multiplication problems appear to invoke verbal STM
resources whereas subtraction problems appear to implicate visuospatial STM resources
(Lee & Kang, 2002). It should be noted, however, that the findings in Studies 2 and 3
provide little support for the triple-code model in that the type of operation failed to
mediate the involvement of memory resources, with visuospatial STM resources appearing
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to be involved in all four basic operations. While the previous two studies did not lend
support for the triple-code model, presenting problems in a horizontal format in Study 4
will provide a somewhat different test of the model. If the recruitment of WM resources is
influenced by the type of operation, as the triple-cope model suggests, there should be at
least some differentiation of memory demands between multiplication and subtraction
problems.
On the other hand, the encoding-complex model (Campbell, 1994; Campbell &
Clark, 1988; Campbell, 1992) postulates that the nature of numerical input, such as
problem format, dictates the way in which a numerical task is processed in the WM system.
It is also important to note that the findings from the verbal and spatial STM tasks in
Studies 2 and 3 were broadly consistent with the encoding model in that, for the vertical
problems used in those studies, spatial STM span played a greater role in accounting for
arithmetic performance than did verbal STM span. If problem presentation format does
influence the nature of the memory demands placed on the WM system, as the encoding
complex model proposes, there should be a change in the involvement of STM resources
associated with the shift of problem format from vertical to horizontal - verbal STM span
scores should play a more significant role in predicting performance for horizontal
problems compared to spatial STM span scores.
The second set of predictions concerns WM span scores. Note that models of
numerical representation are silent as to the nature of WM executive resources involved in
arithmetic processing. Based on the findings of Study 3, it is predicted that spatial WM
span scores should make independent contributions to predicting arithmetic performance,
but verbal WM span scores should not. Whether the change in problem format influences
the nature of the WM executive resources involved in arithmetic will be of central interest.
The final set of predictions concerns the relative contributions of particular
components of WM for each of the verbal and visuospatial modalities. When applying
variance-partitioning to examine the unique contributions of storage and processing
components of WM to arithmetic performance, Study 3 failed to demonstrate support for
hypotheses based on Engle et al. (1999). For each modality it was expected that residual
variance in WM span scores (reflecting executive resources or controlled attention), but not
the counterpart STM span scores (reflecting storage capacity), should account for a
substantial proportion of variance in arithmetic performance. Instead, for the visuospatial
modality at least, Study 3 provided evidence that STM span scores and the residual
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variance in its WM counterpart each accounted for significant variance in arithmetic
performance. Again, the current study provides another opportunity to evaluate predictions
stemming from Engle et al. (1999).
Method
Participants
The 80 participants (56 females and 24 males) were aged 17-27 years (mean age =
19.8 years; SD = 2.5 years). They were UWA undergraduates who participated either in
partial fulfillment of a first-year psychology course requirement or for a small honorarium.
Each provided written informed consent. None had participated in the previous studies.
Apparatus
All tasks were programmed with MetaCard software. The equipment was identical
to that used in Studies 2 and 3.
Memory Span Tasks
A battery of five memory span tasks consisting of the verbal STM, spatial STM,
integration, verbal WM, and spatial WM tasks was used to tap STM, integrative, and WM
resources. The five memory span tasks were as described in Study 3.
Arithmetic Task
The arithmetic task was essentially the same as that used in Study 2, except that 12
multiplication problems, which involved a three-digit operand multiplied by a single-digit
operand each, were modified from bearing two carries to involve a single carry. Further,
each arithmetic problem was shown horizontally at the centre of the touch-sensitive
monitor in Arabic code with Arial boldface font size 34 (see Table 1.1, page 27).
Questionnaire
As described before, the questionnaire was used to collect information for each
operation on how participants solved horizontal arithmetic problems in three aspects: (a)
the solution strategies for each operation, (b) the way in which intermediate results were
coded, and (c) any use of a number line or beads as the numerical representations (see
Appendix B for details). Since the problems were presented horizontally rather than
vertically, the questionnaire was modified with two additional solution strategies,
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decomposition and vertical alignment. In the revised questionnaire, the decomposition
strategy was referred to as “breaking down the operands into smaller numbers” and the
vertical alignment strategy was referred to as “visualizing the problem in column-wise
format”. The questionnaire therefore consisted of all the items for vertical arithmetic
problems and two new items (items 3 and 4; see Appendix B). Participants were instructed
to rate how frequent they used each strategy or form of representation on a four-point scale
ranging from 0 (never) to 3 (always) for each type of operation, consistent with the
instructions given in the questionnaire in the previous two studies.
Procedure
The procedure was as described for Study 3, except that participants were required
to complete two rather than three WM span tasks.
Results
The results are arranged in five sections. First, ANOVAs are presented to compare
performance on the various memory span tasks and on arithmetic operations. Second,
Pearson correlation coefficients are presented to identify any particular patterns of
relationship among memory and arithmetic variables. Third, multiple regression analyses
are reported to examine unique relationships between particular WM constructs and
performance for the different arithmetic operations. Fourth, information collected in the
questionnaire is summarized to describe patterns in the solution procedures for horizontal
addition, subtraction, multiplication, and division problems. Finally, additional follow-up
analyses on two post-hoc groups are reported to investigate whether the pattern of
involvement of STM resources in arithmetic performance is influenced by individual
differences in solution strategy.
Preliminary Analyses
Data screening. WM was measured in terms of seven memory span variables (see
Table 5.1). Arithmetic performance was assessed with the same accuracy and RT variables
described for Study 3. There were 10 values in the data set which were identified as
univariate outliers (cases more than 3 SD from the mean) and each was replaced with the
next most extreme value in the distribution. Multivariate outliers were identified using
Mahalanobis distance, as described in Study 3. The two criterion Mahalanobis distances
were 13.82 (for 2 df) and 16.27 (for 3 df). No multivariate outliers were identified.
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Table 5.1
Descriptive Data, Reliability Estimates and Pearson Correlation Coefficients with Age for All Memory and Arithmetic Measures
Variable
Memory
Verbal STM
Spatial STM
Integration (verbal)
Integration (spatial)
Integration (composite)
Verbal WM
Spatial WM

M

SD

5.39
5.90
4.59
3.80
3.51
4.90
5.64

0.83
0.68
0.65
0.54
0.46
0.87
0.78

Range
3.25-7.50
4.00-7.00
3.00-6.75
2.25-5.25
2.25-4.75
3.50-7.25
3.75-7.25

Skew Kurtosis
-0.05
-0.77
0.23
0.02
-0.01
0.51
-0.41

-0.09
0.44
0.98
0.75
0.28
-0.06
-0.15

Reliability
0.70
0.70
0.64
0.49
0.29
0.75
0.80
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Arithmetic Accuracy (%)
Addition
92.14
7.65
70.83-100.00
-0.91
0.03
0.54
Subtraction
88.65
9.38
62.50-100.00
-1.11
0.91
0.72
Multiplication
84.48
11.41
54.17-100.00
-0.65
-0.20
0.72
Division
80.78
17.62
37.50-100.00
-1.02
0.18
0.88
Total
86.41
9.29
62.50-98.96
-0.88
0.12
0.92
Arithmetic RT (ms)
Addition
8858.52 3344.32 3040.50-18870.00
1.19
1.48
0.88
Subtraction
10844.67 4746.44 3949.00-23869.00
1.50
2.04
0.90
Multiplication
11234.73 5469.65 3516.50-25584.00
1.19
0.97
0.94
Division
15169.73 7625.51 5451.50-39043.00
1.42
2.32
0.91
Total
11526.91 4929.02 5005.50-26841.50
1.41
1.99
0.96
Note. Reliability estimates are Spearman-Brown split-half reliability coefficients. N=80 for all measures. *p < .05.

r with Age
0.05
-0.16
-0.14
-0.11
-0.04
0.08
-0.17

0.19
0.26*
0.21
0.10
0.22*
0.10
0.10
0.08
0.11
0.11

Descriptive statistics. Descriptive statistics for all measures are presented in Table
5.1. Skewness values were less than 2 and kurtosis values were not greater than 2.5,
indicating that all of the variables were approximately normally distributed. The reliability
estimates were derived from split-half correlations in the manner described for the previous
study. The majority of the reliability estimates were in an acceptable range (0.54-0.96).
However, the reliability estimates of two span scores derived from the integration memory
span task failed to reach an acceptable level, with 0.49 for integration (spatial) span and
0.29 for integration (composite) span. Therefore, any analysis in relation to the integration
span task must be interpreted with caution.
Differences in Performance for Memory Span Tasks and for Arithmetic Operations
Comparing STM measures. The mean span scores for the three STM span tasks
are presented in Table 5.1. In comparing verbal STM and spatial STM span scores, a oneway repeated-measures ANOVA yielded F(1, 79) = 26.92, MSE = 0.376, p < .001,
partial 2 = .254, with the recall of visuospatial information easier than the recall of verbal
information. In comparing the integration task to the verbal STM and spatial STM tasks,
two separate one-way repeated-measures ANOVAs revealed F(1, 79) = 91.05, MSE = 0.281,
p < .001, partial 2 = .535, for comparing the verbal STM and integration (verbal) span
scores; and F(1, 79) = 818.83, MSE = 0.215, p < .001, partial 2 = .912, for comparing the
spatial STM and integration (spatial) span scores. In agreement with the findings of the
previous studies, concurrent retention of verbal and spatial sequences was more demanding
than retention of either the verbal or the spatial sequence alone.
Comparing WM measures. Analyses comparing WM measures to each other and
to corresponding STM measures were conducted to investigate the robustness of the
patterns of differences reported for Study 3. Firstly, in comparing the verbal WM and
spatial WM span variables, a one-way repeated-measures ANOVA yielded F(1, 79) = 41.93,
MSE = 0.523, p < .001, partial 2 = .347, reinforcing that, even when under extra demands
of additional processing, participants performed better in the retention of visuospatial
information in the face of processing demands than in the retention of verbal information.
Secondly, two separate one-way repeated-measures ANOVAs were conducted to
establish whether each WM span task (involving storage and processing) was in fact more
difficult than its STM counterpart (involving storage without additional processing). Each
of these analyses revealed a significant effect of task (WM vs. STM): F(1, 79) = 26.74,
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MSE = 0.365, p < .001, partial 2 = .253, for the comparison of verbal STM and verbal WM
span scores; and F(1, 79) = 12.21, MSE = 0.215, p = .001, partial 2 = .134, for the
comparison of spatial STM and spatial WM span scores. As shown in Table 5.1, STM span
was higher than WM span for both the verbal and visuospatial modalities, supporting the
expectation that the processing requirements associated with the WM span tasks would
carry a cost to performance.
Thirdly, in order to compare the influence of the processing component in the verbal
WM and spatial WM span tasks, the magnitude of the reduction of span score in moving
from each STM span task to its corresponding WM span task was calculated, consistent
with the analyses conduced in Study 3. Thus, span difference scores were calculated using
(a) verbal STM span and verbal WM span, and (b) spatial STM span and spatial WM span.
A one-way repeated-measures ANOVA revealed that the effect of modality (verbal vs.
visuospatial) with respect to the difference-score index of processing demand was not
significant (though the effect approached statistical significance), F(1, 79) = 3.918,
MSE = 0.576, p = .051, partial 2 = .047, indicating that the active processing requirement
was approximately matched in difficulty for the two WM span tasks.
Comparing arithmetic operations. Two separate one-way repeated-measures
ANOVAs provided significant effects of arithmetic operation (addition, subtraction,
multiplication, division) for arithmetic accuracy, F(2.02, 159.44) = 22.61, MSE = 128.265,
p < .001, partial 2 = .222, and for arithmetic latency, F(1.69, 133.66) = 68.11,
MSE = 14,538,356.96, p < .001, partial 2 = .463. Post hoc pair-wise comparisons revealed
significant differences (p ≤ .001) between accuracy for all pairs of arithmetic operations
except multiplication and division, and significant differences (p < .001) between RTs for
all pairs of arithmetic operations except subtraction and multiplication. As shown in Table
5.1, when the problems were presented in a horizontal format, the ordering of the four
operations from hardest to easiest, according to both accuracy and RT, was division,
multiplication, subtraction, and addition. These differences in difficulty for the four basic
operations in both accuracy and latency were therefore fairly comparable to those found in
the previous two studies where the arithmetic problems were presented in a vertical format.
Pearson Correlation Coefficients
Pearson correlation coefficients for memory and arithmetic performance measures
with age are presented in Table 5.1. Correlation matrices for memory measures and for
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arithmetic performance are given in Tables 5.2 and 5.3, respectively. The patterns for these
correlation coefficients are on the whole consistent with those found in the previous two
studies. None of the memory measures correlated with age and nor did most of the
arithmetic measures (see Table 5.1). Verbal STM span score correlated more strongly with
verbal WM span score than with either the spatial STM or spatial WM span score (see
Table 5.2). Similarly, spatial STM span score correlated more highly with spatial WM span
score than with either verbal STM or verbal WM span score (see Table 5.2). A similar
pattern was observed in the verbal and spatial span scores derived from the integration task
for which the integration (verbal) score correlated more highly with verbal STM span than
with spatial STM span whereas the integration (spatial) span score exhibited the reverse
pattern of correlations, consistent with domain-specific storage systems. The four
arithmetic operations correlated moderately with one another in both accuracy and latency
(see Table 5.3).
The correlation matrix for memory measures with arithmetic accuracy and latency
variables is given in Table 5.4. Six points are of note. Firstly, correlations show
considerable consistency across the four arithmetic operations. For instance, the verbal
STM span score correlated moderately (above .46) with all types of operation in latency,
and this pattern also held true for the spatial STM (above .40) and spatial WM (above .50)
span scores. Thus, the type of arithmetic operation appeared to play a limited role in the
differential activation of verbal versus visuospatial WM resources in solving horizontal
problems. Secondly, spatial STM span and spatial WM span, which were identified as
significant predictors of arithmetic performance in the previous studies, correlated
substantially with the latency scores for the four arithmetic operations. These correlations
indicate that visuospatial storage capacity, as assessed under the spatial STM task,
contributes to arithmetic performance not only for vertical problems but also for horizontal
problems, as does visuospatial WM capacity, as assessed under the spatial WM task.
Thirdly, verbal STM span correlated moderately with all of the arithmetic latency
measures. This is inconsistent with the results observed in previous studies where verbal
STM span correlated modestly with fewer operations (see Table 3.5, page 78, and Table 4.4,
page 114). This finding suggests that, different from its nonsignificant role in solving
vertical arithmetic problems, verbal memory appears to play a role in solving horizontal
arithmetic problems, with variance in verbal storage capacity assessed under verbal STM
task contributing to arithmetic performance across all four operations.
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Table 5.2
Correlation Coefficients for Memory Measures
Variable

Verbal STM
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Verbal STM
Spatial STM
0.36**
Integration (verbal)
0.51**
Integration (spatial)
0.29**
Integration (composite)
0.36**
Verbal WM
0.50**
Spatial WM
0.32**
Note. N = 80, *p < .05, **p < .01.

Spatial STM

0.34**
0.44**
0.35**
0.25*
0.60**

Integration
(verbal)

Integration
(spatial)

Integration
(composite)

0.84**
0.03
0.28*

0.05
0.27*

0.14
0.42**
0.35**
0.38**

Verbal WM

0.23*

Table 5.3
Correlation Coefficients Among Arithmetic Measures for Accuracy (Below Diagonal) and Latency (Above Diagonal)
Variable
Addition
Subtraction
Multiplication
Division
Total
Note. N = 80, **p < .01.

Addition
0.55**
0.43**
0.29**
0.64**

Subtraction
0.90**
0.50**
0.45**
0.74**

Multiplication
0.85**
0.88**
0.60**
0.82**

Division
0.71**
0.81**
0.81**
0.85**

Total
0.90**
0.95**
0.94**
0.93**
-

Table 5.4
Correlations of Arithmetic Measures with Memory Measures
Variable
Accuracy
Addition
Subtraction
Multiplication
Division
Total

Verbal STM

0.22*
0.17
0.28*
0.19
0.27*
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RT
Addition
-0.46**
Subtraction
-0.47**
Multiplication
-0.51**
Division
-0.49**
Total
-0.52**
Note. N = 80, *p< .05, **p< .01.

Spatial STM

0.14
0.11
0.19
0.13
0.18

-0.48**
-0.43**
-0.41**
-0.40**
-0.46**

Integration
(verbal)
0.13
0.19
0.37**
0.20
0.29*

-0.23*
-0.24*
-0.22
-0.32**
-0.28*

Integration
(spatial)
0.11
-0.05
0.06
-0.08
-0.01

-0.19
-0.19
-0.18
-0.29**
-0.24*

Integration
(composite)

Verbal WM

0.11
0.00
0.22
0.00
0.09

0.16
0.16
0.14
0.04
0.14

-0.14
-0.14
-0.12
-0.28*
-0.20

-0.27*
-0.24*
-0.25*
-0.20
-0.25*

Spatial WM

0.17
-0.01
0.17
0.20
0.18

-0.57**
-0.52**
-0.50**
-0.56**
-0.58**

Fourthly, there were consistent yet low correlations between verbal WM span
and most arithmetic latency variables (except division) for horizontal problems whereas
verbal WM span failed to show any significant correlation with arithmetic variables for
vertical problems (see Table 4.4, page 114). These distinct patterns with respect to
verbal STM and verbal WM tasks lends support to the notion that different formats in
arithmetic problem presentation may lead to differential activation of WM resources.
Fifthly, there were fewer and weaker correlations of integration span scores with
arithmetic variables for horizontal problems than for vertical problems (see Table 3.5,
page 78, and Table 4.4, page 114), suggesting that cognitive resources involved in
holding associations between verbal and spatial representations appear to play a less
important role in solving horizontal problems than in solving vertical problems.
Finally, verbal STM correlated more higher with the latency variables for all
arithmetic operations than did verbal WM span (via Fisher‟s z-score transformation,
ps < 0.05 for the four operations except addition and p < .01 for overall), indicating that
resources for the temporary storage of verbal information, rather than its transformation,
are more important to the solution of horizontal arithmetic problems. However, the
reverse was the case for the spatial STM and spatial WM span measures, for which
spatial WM span exhibited higher correlations with arithmetic performance than did
spatial STM span although the magnitude of difference for the five pairs of correlation
coefficients were nonsignificant (via Fisher‟s z-score transformation, all ps > .05),
indicating that the processing component of the spatial WM span appears to contribute
to its correlation with arithmetic performance. The results presented in the regression
analyses section provide further support for these claims.
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Table 5.5
Hierarchical Regression Analyses for Arithmetic Measures with Verbal STM, Spatial STM, and Integration (Composite) Span Scores Entered as
Predictor Variables in Two Stages in Different Combinations (Numbers in Parentheses are the Total R2 Values for the Initial and Augmented
Regression Equations)
Variable(s) in Regression Variable
Additional Variance Accounted for in Criterion Variable (Change in R2)
Equation Initially
Added to
Regression
Equation
Addition
Subtraction
Multiplication Division
Total
Spatial STM
Verbal STM
Accuracy 0.03
0.02
0.05*
0.02
0.05*
(0.02, 0.05)
(0.01, 0.03)
(0.04, 0.09)
(0.02, 0.04) (0.03, 0.08)
RT 0.10***
0.11***
0.15***
0.14***
0.15***
(0.23, 0.33)
(0.19, 0.30)
(0.17, 0.32)
(0.16, 0.30) (0.21, 0.36)
Verbal STM
Spatial STM
Accuracy 0.00
0.00
0.01
0.01
0.01
(0.05, 0.05)
(0.03, 0.03)
(0.08, 0.09)
(0.04, 0.04) (0.07, 0.08)
RT 0.12***
0.08**
0.06*
0.06*
0.08**
(0.21, 0.33)
(0.22, 0.30)
(0.26, 0.32)
(0.24, 0.30) (0.27, 0.36)
Verbal STM
Integration
Accuracy 0.00
0.01
0.01
0.01
0.00
Spatial STM
(composite)
(0.05, 0.05)
(0.03, 0.04)
(0.09, 0.10)
(0.04, 0.05) (0.08, 0.08)
RT 0.01
0.01
0.02
0.00
0.00
(0.33, 0.34)
(0.30, 0.31)
(0.32, 0.34)
(0.30, 0.30) (0.36, 0.36)
Note. N = 80. *p < .05, **p < .01, ***p  .001 (based on F tests of increments in R2).

Multiple Regression Analyses
Hierarchical regression analyses and standard multiple regression analyses were
conducted to match those reported for Study 3. Findings of hierarchical regression
analyses regarding, firstly, the comparison of the verbal STM, spatial STM, and
integration tasks, and secondly, regarding the comparison of the verbal WM and spatial
WM tasks are presented in Tables 5.5 and 5.6, in which the memory span(s) being
partialed out are given in the first column, the memory span of interest is given in the
second column, and the unique contributions (increment in R2) in accounting for
arithmetic performance (accuracy and latency) for each of the four operations and for
total arithmetic performance are given in the last five columns. Results of standard
multiple regression analyses conducted using components of STM/WM performance
based on Engle et al.‟s (1999) methodology are presented in Tables 5.7 and 5.8.
Contributions of verbal and spatial STM span variables in predicting
performance on horizontal arithmetic problems. Compared with the patterns found in
solving vertical arithmetic problems, solving horizontal arithmetic problems resulted in
distinct patterns in which the verbal STM and spatial STM span variables each
accounted for substantial additional variance for all four basic operations as well as for
total arithmetic performance. That is, after partialing out the influence of spatial STM
span, verbal STM span accounted for significant additional variance in multiplication
accuracy and total arithmetic accuracy; and also accounted for significant unique
variance for all arithmetic latency variables (first four rows, Table 5.5). After partialing
out the influence of verbal STM span, spatial STM span accounted for significant
additional variance for all arithmetic latency variables (rows 5-8, Table 5.5). It should
be noted, however, that none of the unique contributions of spatial span were significant
for arithmetic accuracy scores. This pattern of significant relationships for latency but
not for accuracy might reflect the influence of a particular speed-accuracy trade-off (i.e.,
more cautious responding could limit individual differences in arithmetic accuracy, but
exaggerate differences on the latency variables).
Unique contribution of integration (composite) span in predicting
performance on horizontal arithmetic problems. Inconsistent with the findings from
the results described in the previous two studies, integration (composite) span failed to
account for substantial additional variance in any of the arithmetic accuracy and latency
measures after controlling for the verbal STM and spatial STM spans (last four rows,
Table 5.5).
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Contributions of verbal and spatial WM span variables in predicting
performance on horizontal arithmetic problems. In contrast to the findings relating to
the verbal STM and spatial STM tasks, which showed distinct patterns compared with
those found in Study 3, the results for the two WM span tasks are consistent across the
two studies. Verbal WM span did not account for significant additional variance in any
of the arithmetic accuracy or latency measures after partialing out the influence of
spatial WM span (first four rows, Table 5.6). However, after partialing out the influence
of verbal WM span, spatial WM span accounted for significant additional variance in
arithmetic latency for all types of operations as well as for total arithmetic performance
(last four rows, Table 5.6). Again, none of the unique contributions of spatial WM span
were significant for arithmetic accuracy scores, which reinforces the possibility that a
cautious speed-accuracy trade-off on the arithmetic tasks influenced the patterns of
relationship of the arithmetic variables to the span variables.
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Table 5.6
Hierarchical Regression Analyses for Arithmetic Measures with Verbal WM and Spatial WM Span Measures Entered as Predictor Variables in Two
Stages in Sequence (Numbers in Parentheses are the Total R2 Values for the Initial and Augmented Regression Equations)
Variable(s) in
Variable
Additional Variance Accounted for in Criterion Variable (Change in R2)
Regression Equation
Added to
Initially
Regression
Equation
Addition
Subtraction
Multiplication Division
Total
Spatial WM
Verbal WM
Accuracy 0.02
0.03
0.01
0.00
0.01
(0.03, 0.05)
(0.00, 0.03)
(0.03, 0.04)
(0.04, 0.04) (0.03, 0.04)
RT 0.02
0.01
0.02
0.01
0.01
(0.32, 0.34)
(0.27, 0.28)
(0.25, 0.27)
(0.32, 0.32) (0.34, 0.35)
Verbal WM
Spatial WM
Accuracy 0.02
0.00
0.02
0.04
0.02
(0.03, 0.05)
(0.03, 0.03)
(0.02, 0.04)
(0.00, 0.04) (0.02, 0.04)
RT 0.27***
0.23***
0.21***
0.28***
0.29***
(0.07, 0.34)
(0.06, 0.28)
(0.06, 0.27)
(0.04, 0.32) (0.06, 0.35)
Note. N = 80. **p < .01, ***p < .001 (based on F tests of increments in R2).

Unique contributions of verbal processing capability and verbal storage capacity in
predicting performance on horizontal arithmetic problems. The residual variance reflecting
verbal processing ability represented in the verbal WM span scores was first estimated by
regressing verbal WM span onto verbal STM span. Residual scores from this analysis were
then used in combination with the verbal STM span scores in predicting arithmetic
performance. Inspection of the regression coefficients showed that verbal STM span
uniquely accounted for significant variance in accuracy for addition, multiplication, and
total arithmetic performance, as well as accounting for significant variance in all arithmetic
latency variables (fifth and sixth columns, Table 5.7). However, verbal WM span residual
did not account for significant unique variance in any of the arithmetic accuracy or latency
measures (last two columns, Table 5.7).
Unique contributions of visuospatial processing capability and visuospatial storage
capacity in predicting arithmetic performance. In similar vein, the residual variance
reflecting visuospatial processing ability represented in the spatial WM span scores was
first estimated by regressing spatial WM span onto spatial STM span. Residual scores from
this analysis were then used in combination with the spatial STM span scores in predicting
arithmetic performance. Both spatial STM span and spatial WM span residual revealed
identical patterns wherein each uniquely accounted for significant variance in latency for
the four basic arithmetic operations as well as for total arithmetic performance (last four
columns, Table 5.8). However, neither predictor variable accounted for unique variance in
arithmetic accuracy scores.
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Table 5.7
Standard Multiple Regression Analyses for Arithmetic Measures with Verbal STM Span and
Residual Variance in Verbal WM Span Entered Together as Predictor Variables (Numbers in
Parentheses are the Variance Accounted for in Criterion Variable by Predictor Variable)
Standardized Coefficient ()
Residual
Criterion
Variance in
Variable
F
R2
Verbal STM span
Verbal WM span
Addition
Accuracy 2.16
0.05
0.22*
(0.05)
0.06 (0.00)
RT 10.58***
0.22
-0.46*** (0.21)
-0.05 (0.00)
Subtraction
Accuracy 1.44
0.04
0.17
(0.03)
0.08 (0.01)
RT 10.86***
0.22
-0.47*** (0.22)
0.00 (0.00)
Multiplication Accuracy 3.25*
0.08
0.28*
(0.08)
0.00 (0.00)
RT 13.32***
0.26
-0.51*** (0.26)
0.01 (0.00)
Division
Accuracy 1.55
0.04
0.19
(0.03)
-0.06 (0.00)
RT 12.28***
0.24
-0.49*** (0.24)
0.05 (0.00)
Total
Accuracy 3.06
0.07
0.27*
(0.07)
0.01 (0.00)
RT 14.36***
0.27
-0.52*** (0.27)
0.01 (0.00)
Note. N = 80. A negative Beta coefficient indicates that there is an inverse relationship between
the predictor and criterion variables.
*p < .05, ***p ≤ .001.
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Table 5.8
Standard Multiple Regression Analyses for Arithmetic Measures with Spatial STM Span and
Residual Variance in Spatial WM Span Entered Together as Predictor Variables (Numbers in
Parentheses are the Variance Accounted for in Criterion Variable by Predictor Variable)
Standardized Coefficient ()
Criterion
Residual Variance in
2
Variable
F
R
Spatial STM span
Spatial WM span
Addition
Accuracy 1.24
0.03
0.14
(0.02)
0.11
(0.01)
RT 20.91***
0.35
-0.48*** (0.23)
-0.35*** (0.12)
Subtraction
Accuracy 0.87
0.02
0.11
(0.01)
-0.10
(0.01)
RT 15.86***
0.29
-0.43*** (0.19)
-0.32*** (0.10)
Multiplication Accuracy 1.63
0.04
0.19
(0.04)
0.07
(0.00)
RT 14.38***
0.27
-0.41*** (0.17)
-0.32 *** (0.10)
Division
Accuracy 1.58
0.04
0.13
(0.02)
0.15
(0.02)
RT 18.52***
0.33
-0.40*** (0.16)
-0.40*** (0.16)
Total
Accuracy 1.63
0.04
0.18
(0.03)
0.10
(0.01)
RT 21.03***
0.35
-0.46*** (0.21)
-0.38*** (0.15)
Note. N=80. A negative Beta coefficient indicates that there is an inverse relationship between the
predictor and criterion variables.
***p  .001.

Solution Procedures for Horizontal Arithmetic Problems
Solution strategies commonly reported for Studies 2, 3, and 4. Figure 5.1 presents
the pattern of usage for each of the five major categories of solution strategy that were
assessed in Studies 2, 3, and 4. Five features are of note. First, across the three studies, the
pattern of strategy usage was comparable, indicating that a change in problem presentation
format has little influence on the reported use of these five categories of solution strategy.
Second, on the whole, participants used a combination of strategies to solve multi-digit
arithmetic problems. Not all five categories of solution strategy were reported to be used
equally frequently, however. Third, retrieving partial answers from memory was the
predominant strategy reported for all arithmetic operations, and procedural strategies, such
as the conventional and unconventional directions of working approaches or the regrouping
of operands, also constituted important parts of participants‟ repertoires in solving
arithmetic problems. The variability across addition, subtraction, multiplication, and
division problems in reported use of direct memory retrieval of partial answers was not
salient. Fourth, the conventional direction of working approach was reported more often
for division problems than for addition and subtraction problems and the reverse was true
for the unconventional direction of working approach. Fifth, guessing all or part of the
answer was reported to be used as a last resort and was more often used for division
problems than for addition, subtraction, and multiplication problems. This may be because
division is the most difficult operation among the four basic operations to master due to less
practice with this operation than with the other operations, since division is the last of the
four arithmetic operations to be learned in the school curriculum.
In summary, the solution strategies employed on the horizontal arithmetic problems
did not depend to any substantial extent on the type of arithmetic operation, with the most
common solution strategies being memory retrieval and the conventional direction of
working approach, which coincided with those commonly endorsed in solving vertical
arithmetic problems.
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Study 4
Addition

Frequenc y of us e

3.00

Subtraction

Multiplication
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Figure 5.1. Rated frequencies of reported use of various strategies for addition,
subtraction, multiplication, and division problems, in Studies 2 (lower panel), 3 (middle
panel), and 4 (upper panel). Error bars represent 95% confidence intervals.
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Alternatives in retaining partial answers and in representing numbers for
Studies 2, 3, and 4. As can be seen in the upper panel of Figure 5.2, for the horizontal
problems, verbal number codes were preferable to visual number codes in the retention
of intermediate results, which is in agreement with the preferences found in Studies 2
and 3 (middle and bottom panels, respectively) for the vertical problems. In addition,
consistent with the results from the previous two studies, none of the participants used
any sort of magnitude-related number codes in calculation in the present study, based on
the information reported in the questionnaire, indicating that horizontal arithmetic
problems did not favour the use of magnitude-related numerical representations.
Solution strategies uniquely addressed for the current study. Empirical
evidence shows that problems presented vertically are solved faster than problem
presented horizontally (Heathcote, 1994; Trbovich & LeFevre, 2003). It is likely that
problems presented in a vertical format facilitate faster application of solution strategies
whilst problem presented in a horizontal format require extra elaborate procedures.
Applying associative and distributive laws to break down the operands into small
numbers (decomposition) and visualizing the horizontal problems in column-wise
format (vertical alignment) were two categories of solution strategy added to the
questionnaire in the current study. Figure 5.3 presents the reported use of all categories
of solution strategy in the current study, with the two new categories presented as the
last two anchor marks on the abscissa. While participants reported using direct memory
retrieval of partial answers and the conventional direction of working approach most
frequently, the next most popular strategies were visualizing the horizontal problems in
a column-wise format and breaking down the operands into smaller numbers. Vertical
alignment was reported to be used more frequently for multiplication and division
problems than for addition and subtraction problems whereas the reported use of
decomposition changed little across the four problem types.
With horizontal problems, before performing the calculation, it is plausible that
participants are inclined to either break down the operands into smaller numbers or
visualize the problems in vertical format in order to facilitate the subsequent execution
of calculation. Note that these two strategies are not exclusive of each other.
Nevertheless, the relative frequency of reported use of vertical alignment and
decomposition did vary across individuals. Thus, the next section presents additional
follow-up analyses with the aim of investigating these two strategies in conjunction with
arithmetic and memory data to evaluate whether solution strategy plays a role in
mediating the differential involvement of working memory resources.
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Figure 5.2. Rated frequencies of reported use of strategies for retaining
partial answers for addition, subtraction, multiplication, and division
problems in Studies 2 (lower panel), 3 (middle panel), and 4 (upper panel).
Error bars represent 95% confidence intervals.
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Figure 5.3. Rated frequencies of reported use of various strategies for addition, subtraction, multiplication, and division problems in Study 4.
Error bars represent 95% confidence intervals.

Additional Analysis on Decomposition and Vertical Alignment Strategies
First, two mean scores for the reported frequency of use of the decomposition
and vertical alignment strategies were calculated across the addition, subtraction,
multiplication, and division problems for each participant. A difference score (mean
frequency rating for decomposition strategy – mean frequency rating for vertical
alignment strategy) was then calculated for each participant. A positive score would
mean that reported use of the decomposition strategy was greater than that of the
vertical alignment strategy, whereas a negative score would mean that reported use of
the decomposition strategy was less than that of vertical alignment strategy. Next,
participants were classified into groups based on the difference score: Participants in the
top 37.5% (n = 30, difference score ≥ 0.25) were classified as High Decomposition,
Low Vertical-alignment (HDLV) participants, those in the bottom 37.5% (n = 30,
difference score  -1.25) were classified as Low Decomposition, High Verticalalignment (LDHV) participants, and the remaining 25% of participants (n = 20) were
excluded from the analyses.
Comparing memory variables and arithmetic performance for the HDLV and
LDHV groups. Table 5.9 shows the means and standard deviations for memory
variables and arithmetic performance (accuracy and RT) for the two groups (HDLV and
LDHV). The probability values yielded by independent-samples t-tests are also shown
in the table. There was only one significant group difference for the STM and WM
variables: Surprisingly, verbal STM span scores were lower for the HDLV group
compared to the LDHV group. This unexpected outcome is considered in the
Discussion section.
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Table 5.9
Descriptive Statistics for the High Decomposition, Low Vertical-Alignment Group and the Low
Decomposition, High Vertical-Alignment Group on Arithmetic Performance, with Probability Values for
Group Comparisons Based on Independent-samples T-tests
Group
High Decomposition Low
Low Decomposition
Vertical-Alignment
High Vertical-Alignment
Group
n = 30
n = 30
comparison
Task
Mean
SD
Mean
SD
(p)
Memory
Verbal STM
5.11
0.85
5.60
0.83
.027
Spatial STM
5.88
0.77
5.89
0.68
ns
Integration (composite)
3.48
0.46
3.55
0.51
ns
Verbal WM
4.80
0.76
4.88
0.94
ns
Spatial WM
5.48
0.87
5.71
0.81
ns
Arithmetic accuracy (%)
Addition
Subtraction
Multiplication
Division
Total
Arithmetic RT (ms)
Addition
Subtraction
Multiplication
Division
Total

90.97
87.50
82.36
74.86
83.65

8.05
10.21
12.41
20.63
11.25

93.75
89.58
86.94
87.22
89.38

6.90
8.60
10.19
9.54
6.49

ns
ns
ns
.005
.020

9483.12
11970.90
13651.13
18098.33
13300.87

3929.66
5879.57
6471.15
9155.30
5885.09

8602.12
9878.77
9770.87
13689.23
10485.25

3197.81
3759.52
4694.49
6655.63
4319.14

ns
ns
.010
.037
.039
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Table 5.10
Correlation Coefficients between Verbal STM Span, Spatial STM Span and Arithmetic Performance for
the High Decomposition Low, Vertical-Alignment and Low Decomposition, High Vertical-Alignment
Groups
Memory Measures
High Decomposition
Low Decomposition
Low Vertical-Alignment
High Vertical-Alignment
n = 30
n = 30
Verbal
Spatial
Integration Verbal
Spatial
Verbal
Spatial
Integration Verbal
Tasks
STM
STM
(composite)
WM
WM
STM
STM
(composite)
WM
Accuracy (%)
Addition
0.11
0.11
0.02
0.08
0.22
0.38*
0.25
0.29
0.20
Subtraction
0.05
0.17
0.05
0.12
-0.02
0.47**
0.24
0.08
0.25
Multiplication
0.29
0.22
0.13
0.20
0.22
0.26
0.16
0.33
0.18
Division
0.20
0.11
-0.01
0.12
0.14
0.33
0.23
-0.08
0.42*
Total
0.21
0.17
0.05
0.17
0.17
0.48**
0.29
0.21
0.36*
RT (ms)
Addition
-0.57**
-0.48**
-0.22
-0.45*
-0.62**
-0.48**
-0.60**
-0.21
-0.25
Subtraction
-0.53**
-0.47**
-0.26
-0.41*
-0.58**
-0.45*
-0.56**
-0.16
-0.26
Multiplication -0.59**
-0.44*
-0.23
-0.44*
-0.62**
-0.43*
-0.53**
-0.05
-0.18
Division
-0.62**
-0.45*
-0.43*
-0.35
-0.65**
-0.24
-0.47**
-0.23
-0.13
Total
-0.63**
-0.50**
-0.33
-0.44*
-0.67**
-0.40*
-0.56**
-0.18
-0.20
Note. *p < .05, **p < .01.

Spatial
WM
0.21
0.10
-0.06
0.12
0.11
-0.52**
-0.39*
-0.32
-0.45*
-0.44*

Table 5.11
Partial Correlation Coefficients between Verbal STM Span, Spatial STM Span and Arithmetic Performance for the High Decomposition, Low
Vertical-Alignment and Low Decomposition, High Vertical-Alignment Groups
Memory Measures
High Decomposition
Low Decomposition
Low Vertical-Alignment
High Vertical-Alignment
n = 30
n = 30
Correlation with:
Verbal
Spatial
Integration
Verbal
Spatial
Verbal
Spatial
Integration Verbal
Spatial
STM
STM
(composite)
WM
WM
STM
STM
(composite)
WM
WM
Partialing out:
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Spatial
STM
Accuracy (%)
Addition
0.05
Subtraction
-0.07
Multiplication
0.20
Division
0.17
Total
0.14
RT (ms)
Addition
-0.40*
Subtraction
-0.36
Multiplication
-0.46*
Division
-0.49**
Total
-0.49**
Note. *p < .05, **p < .01.

Verbal
STM

Verbal
STM,
Spatial
STM

Spatial
WM

Verbal
WM

0.06
0.18
0.08
-0.01
0.06

-0.07
-0.06
-0.03
-0.12
-0.09

-0.02
0.14
0.11
0.06
0.11

0.20
-0.08
0.15
0.10
0.10

-0.24
-0.24
-0.16
-0.16
-0.22

0.15
0.07
0.11
-0.18
0.01

-0.24
-0.20
-0.23
-0.08
-0.20

-0.52**
-0.48**
-0.53**
-0.58**
-0.59**

Spatial
STM
0.33
0.43*
0.23
0.28
0.43*
-0.39*
-0.36
-0.33
-0.12
-0.29

Verbal
STM

Verbal
STM,
Spatial
STM

0.15
0.12
0.09
0.14
0.18

0.19
-0.08
0.27
-0.21
0.06

-0.55**
-0.50**
-0.47*
-0.43*
-0.51**

-0.03
0.02
0.15
-0.14
-0.02

Spatial
WM
0.17
0.24
0.20
0.41*
0.35
-0.19
-0.21
-0.13
-0.06
-0.14

Verbal
WM
0.19
0.06
-0.09
0.05
0.05
-0.49**
-0.37
-0.30
-0.44*
-0.42*

With arithmetic performance, the two strategy groups did not differ significantly
on performance for addition and subtraction problems in either accuracy or RT.
However, significant group differences were found in performance for multiplication
and division problems. The LDHV group was significantly faster than the HDLV group
for multiplication problems, and was both faster and more accurate than the HDLV
group on division problems (see Table 5.9). Thus, visualizing horizontal problems in a
column-wise format may be a more adaptive strategy than decomposition, at least for
the more difficult arithmetic problems. Alternatively, since the LDHV group
outperformed the HDLV group on the verbal STM task, better arithmetic performance
of the LDHV group may, in part, be due to greater capability in retaining verbal
representations. It should be noted that these two possibilities are not mutually
exclusive and the present findings cannot differentiate between them.
Correlations between arithmetic performance and STM variables for the
HDLV and LDHV groups. The findings reported above from regression analyses for
the full sample showed that both verbal and spatial STM span variables predicted
performance for horizontal arithmetic problems. In order to examine the way in which
differential use of these two strategies relates to the selective involvement of verbal and
visuospatial STM capabilities in arithmetic performance, the patterns of correlations
between arithmetic performance and each of the two STM span scores were compared
for the two groups. As can be seen in Table 5.10, while RTs for the HDLV group
correlated significantly with both verbal and spatial STM span scores, the correlations
tended to be higher for verbal STM span, suggesting a greater involvement of verbal
STM in accounting for differences in arithmetic performance in this strategy group.
Both verbal and visuospatial STM appear to be implicated in individual differences in
arithmetic competence for the LDHV group, though the correlations of verbal STM
with arithmetic accuracy measures are less common and weaker than those of
visuospatial STM with arithmetic latency measures.
However, these correlation coefficients may be affected by variance shared
between the verbal and spatial STM span variables. In order to adjust for this, partial
correlation coefficients were calculated, and these are shown in Table 5.11. For the
HDLV group, correlations of verbal STM span with arithmetic performance all
remained significant, except for the correlation with subtraction latency, after partialing
out the variance associated with spatial STM span. On the other hand, correlations of
spatial STM span with arithmetic performance were all rendered non-significant for this
group after controlling for the variance associated with verbal STM span. In other
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words, verbal STM span, but not spatial STM span, makes unique contributions to
predicting arithmetic performance for the HDLV group. In contrast, verbal STM and
visuospatial STM each made unique contributions to predicting arithmetic performance
for the LDHV group, with spatial STM span scores accounting for unique variance in
all arithmetic latency variables and unique contributions of verbal STM span restricted
primarily to arithmetic accuracy variables (Table 5.11).
Consistent with the patterns found in the earlier regression analyses, integration
(composite) span scores did not correlate with any arithmetic measures for the two
groups except division latency for the HDLV group (see Table 5.10). Further, the
integration (composite) span scores did not correlate with any arithmetic measures after
controlling for the verbal and spatial STM span scores (see Table 5.11). Thus, ability in
integrating verbal and spatial representations, as assessed by integration task, plays a
nonsignificant role in predicting performance for horizontal arithmetic problems for
each of the two strategy groups.
Correlations between arithmetic performance and verbal WM and spatial WM
spans for the HDLV and LDHV groups. For the HDLV group, it is intriguing that a
reverse pattern of correlations with arithmetic performance is observed for the verbal
and spatial WM span scores compared to that for the verbal STM and spatial STM span
scores (see Table 5.10). Most latency measures (except division) correlated with both
verbal WM and spatial WM span scores and yet the correlations were generally higher
for spatial WM span compared to verbal WM span (Table 5.10). The opposite pattern
was observed for the magnitudes of the corresponding correlations for the verbal and
spatial STM span scores (Table 5.10). Returning to the WM variables, for the HDLV
group, correlations of spatial WM span with the arithmetic latency measures all
remained significant after controlling for verbal WM span, but the correlations of verbal
WM span with the arithmetic latency measures were rendered nonsignificant after
controlling for spatial WM span (Table 5.11). Thus, spatial WM span, but not verbal
WM span, accounted for unique variance in arithmetic performance for the HDLV
group, consistent with the findings from the regression analyses reported earlier for all
participants.
For the LDHV group, the pattern of correlations with WM span scores followed
the trend observed for the STM span scores – verbal WM span scores correlated with
two of the arithmetic accuracy measures, and spatial WM span scores correlated with all
the arithmetic latency measures except multiplication (Table 5.10), The correlations of
verbal WM span with arithmetic accuracy measures were less common and weaker than
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those of spatial WM span with arithmetic latency measures. Partial correlations are
consistent with this observation. For the LDHV group, after controlling for verbal WM
span, spatial WM span still correlated with latency measures for addition, division, and
total performance whereas, after controlling for spatial WM span, verbal WM span
correlated with division accuracy only (see Table 5.11). Thus, while verbal WM plays
some part in predicting arithmetic performance for the LDHV group, visuospatial WM
seems more central to arithmetic performance, consistent with the regression analyses
reported for all participants.
Considering the results together, there is evidence that (a) spatial WM span
contributes independent variance in arithmetic performance for both strategy groups and
(b) verbal WM span makes some contribution to arithmetic performance, independent
of spatial WM span particularly when solving difficult problems such as division, for
the LDHV group.
Discussion
The present study, the final study of the project, addressed three aims. The first
and second aims were to examine how STM and executive memory resources,
respectively, contribute to performance on horizontal addition, subtraction,
multiplication, and division problems. The final aim of the study was to clarify whether
different presentation formats for arithmetic problems influence the way in which STM
resources make contributions to mental arithmetic performance. This was done by
contrasting the present results with the findings from Studies 2 and 3, which revealed
that solving vertical problems recruits memory resources from three sources,
visuospatial STM, a buffer capable of retaining associations between verbal and
visuospatial representations, and an aspect of executive processing involved in the
manipulation of visuospatial information.
The regression analyses showed that both verbal and spatial STM span scores
independently contributed to the prediction of arithmetic performance, indicating that
solving horizontal addition, subtraction, multiplication, and division problems relies on
verbal and visuospatial STM resources. It appears that the recruitment of STM
resources is tied to problem format in that effectiveness in solving horizontal problems
was found to be related to verbal STM resources as well as visuospatial STM resources
whereas effectiveness in solving vertical problems was related to visuospatial STM
resources and the ability to retain associations within multi-modal representations (see
Chapters 3 & 4). These findings are relevant to testing two models of numerical
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representation. The triple-code model (Dehaene & Cohen, 1995) assumes that the type
of arithmetic operation mediates the recruitment of STM resources but presentation
format does not. On the other hand, the encoding-complex model (Campbell, 1994;
Campbell & Clark, 1988; Campbell, 1992) assumes that surface features of arithmetic
problems, such as a vertical or horizontal presentation format, mediate the involvement
of STM resources. The present findings therefore are at odds with the triple-code model
but lend weight to the encoding-complex model.
Concerning the involvement of executive memory resources, the regression
analyses using WM span scores showed that spatial WM span scores made unique
contributions to predicting all arithmetic latency measures but verbal WM span scores
did not. These results are consistent with the results of Study 3, and indicate that ability
in processing visuospatial representations in WM appears to be crucial in mental
arithmetic across all types of operation. The involvement of a visuospatial WM
executive capability in multi-digit mental arithmetic appears to be independent of
problem presentation format.
When examining the relative contribution of processing and storage components
of visuospatial WM to arithmetic performance, the findings indicated that spatial STM
span scores and residual variance in spatial WM span each accounted for independent
variance in all arithmetic latency measures. Again, the present findings cannot be
accommodated by the assumption that, relative to storage components, a processing
component of WM plays a primary role in accounting for variance in higher-level
cognition, such as mental arithmetic (Engle et al., 1999). In contrast, the findings give
support to the processing-plus-storage account (Bayliss et al., 2003; Jarrold & Bayliss,
2007; Shah & Miyake, 1996). Both storage and processing components are responsible
for the relationship between spatial WM span and arithmetic performance.
Note that most of the significant results in the current study are found in latency
measures rather than in accuracy measures, which might be caused by a strategy-driven
speed-accuracy trade-off. It is possible that solving horizontal arithmetic problems is a
less common, and so less practiced task than solving problems in a vertical format.
Consequently, participants may have adopted a more conservative response criterion on
the horizontal problems, preferring accuracy over speed. Sacrificing speed for accuracy,
however, might result in insensitive accuracy measures with limited statistical power.
The present results have significant implications for the theoretical accounts of
numerical representation in WM as well as proposals as to the way in which models of
numerical representation link to the model of the WM system. The discussion in the
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remainder of this section focuses on the contribution of WM resources to performance
on horizontal arithmetic problems in an attempt to provide an account of the seeming
inconsistency in the influence of problem format on the nature of problem encoding and
subsequent calculation. The broader implications for how WM capacity constrains
arithmetic performance as well as how numerical information is encoded in WM, and
finally, an account of how numerical representation and WM may be related, will be
discussed in Chapter 6.
Contribution of WM Resources to Performance on Horizontal Arithmetic Problems
STM resources. On the basis of the results from correlation analyses and
hierarchical regression analyses, both verbal and visuospatial STM resources appear to
be involved in solving horizontal arithmetic problems and these resources appear to be
somewhat independent. These results are relevant to two proposals advanced in the
literature. According to Heathcote (1994, Experiment 2), vertical format is more
facilitative for mental calculation compared with horizontal format for which numerical
representations may first be translated into more task-facilitating representations in
preparation for later task execution. In this connection, transforming horizontal
problems to a vertical alignment involves visuospatial STM resources. In contrast,
according to Trbovich and LeFevre (2003), solution strategy is influenced by problem
format and the strategies used in solving horizontal problems preferentially invoke
verbal STM resources whereas strategies for solving vertical problems recruit
visuospatial STM resources. Based on the regression analyses on the whole sample, the
present findings are generally consistent with the view of Trbovich and LeFevre (2003)
in providing evidence that solving horizontal problems, unlike solving vertical problems,
relies on verbal STM resources. However, in the present study there is also evidence of
the involvement of visuospatial STM resources in solving arithmetic problems in
horizontal format.
Further, Trbovich and LeFevre‟s account does not readily accommodate
additional results reported above. In light of the information collected in the
questionnaire and the follow-up additional analyses on the two post hoc groups (HDLV
and LDHV), an alternative position, which allows for different strategies being
employed from one individual to another, suggests itself. As reported in the
questionnaire, breaking down the operands into smaller numbers or re-arranging the
problem into a vertical format (see Table 5.2) were two common approaches to tackling
the horizontal problems. A possibility is that breaking down operands into smaller
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numbers may be a kind of phonological solution strategy relying on verbal STM
resources, and so this is why verbal STM span, but not spatial STM span, plays a
contributory role in predicting arithmetic performance for the HDLV group. On the
other hand, restructuring problems to a column-wise format may be a kind of
visualization strategy involving visuospatial STM resources, and so this is why spatial
STM span makes significant contributions to predicting arithmetic performance for the
LDHV group. For this group, verbal STM resources may play a supportive role in
retaining the operands, since Fürst and Hitch (2000) suggested that phonological coding
is involved in maintaining operands when problem information is not continuously
visible.
Clearly, re-arranging problems to a vertical format would not be necessary if the
problems were initially presented in that format. The questionnaire used in Studies 2
and 3, however, did not provide any information about the possibility that vertical
problems invoke use of a decomposition strategy. Nevertheless, it is reasonable to
hypothesize that individuals employ either of these two extra solution procedures in
solving horizontal problems across all types of arithmetic operation, with the choice of
strategy varying as a function of learning or idiosyncratic experience. That is, certain
individuals may prefer decomposition to a vertical alignment strategy based on learning
or for idiosyncratic reasons, while others might prefer the opposite. However, the
present findings concerning the comparisons of the HDLV and LDHV on the various
span measures do not support the notion that strategy selection is influenced in any
straightforward way by the profile of each individual‟s WM capabilities (Hecht, 2002),
since, paradoxically, the LDHV group had higher verbal STM spans than the HDLV
group. Leaving aside the issue of what motivates strategy choice, it is reasonable that
decomposition might implicate verbal STM resources in retaining the intermediate
operands in the course of solving problems in a horizontal format. If, instead, problems
are changed from a horizontal format, the vertical re-alignment might implicate
visuospatial STM resources in constructing and retaining the vertical orientation and, to
a lesser extent, verbal STM resources in assisting with maintenance of operands.
However, this interpretation is speculative because the present information cannot rule
out the possibility that participants in previous studies employed a decomposition
strategy in solving vertical problems.
Executive memory resources. In contrast to the recruitment of STM resources,
the involvement of executive memory resources in arithmetic performance appears to be
domain-specific, preferentially involving visuospatial rather than verbal resources,
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despite individual variability in solution strategy. The present results with horizontal
problems are consistent with the findings for vertical problems (see Study 3 for details),
indicating that processing capability associated with visuospatial representations, but
not verbal representations, is primarily important in solving multi-digit arithmetic
problems, irrespective of problem format and type of arithmetic operation. The
consistency in findings from Studies 3 and 4 may well be explained by the possibility
that use of a “spatial schema” (Hayes, 1973, Study 1) is not restricted to the horizontal
or vertical orientation for arithmetic questions and equations. In other words, spatially
mediated solution strategies appear to be involved in solving horizontal arithmetic
problems, and as a result of this, performance on these problems also is constrained by
visuospatial processing capability, as is performance on vertical arithmetic problems. It
is important to point out, however, that the findings are inconsistent with the notion of a
domain-independent executive system but are generally in agreement with the notion of
separate processing resource pools for the visuospatial and verbal domains in the WM
system. Chapter 6 will return to this issue in discussing the implications of these
findings for models of WM.
As a final point, the current findings showed that processes tapped by the
integration task appear to play a non-significant role in the solution of horizontal
problems although the integrative resources involving in the maintenance of digits in
their locations are critical in the solution of vertical problems (see Study 3). A possible
interpretation for a less significant role of integration span in accounting for arithmetic
performance for the horizontal format compared to the vertical format might be that
digits are represented differently in the two situations, as suggested under the encodingcomplex model. It is possible that digits are commonly encoded as verbal (i.e., speechbased/auditory) codes for the vertical condition where the vertical alignment is visible.
In contrast, for the horizontal condition, where the vertical alignment might be
represented using visual imagery for the LDHV group, it may be more convenient to
encode the digits as visual codes than verbal codes. The integration task is purported to
capture the associations between verbal and visuospatial codes rather than between
visual and spatial codes. The integration span score therefore might be less sensitive to
index the visual-spatial binding processes involved in the horizontal condition.
In summary, the present results are in support of the notion that different
presentation formats bring about different solution strategies but the different strategies
appear to all rely on spatial schemata, and thus may all benefit from ability in

166

manipulating visuospatial information. As a result of this, visuospatial WM processing
capability is predictive of arithmetic performance in both presentation conditions.
Conclusions
The study reported in this chapter extended the evidence on how WM capacity
constrains arithmetic performance by investigating horizontal rather than vertical
arithmetic problems in order to clarify whether problem format influences the nature of
WM resources employed in mental arithmetic. The findings from the three studies
provide an elaborate picture of how WM capacity constrains arithmetic performance. In
all, the present results indicated that individual differences in both processing capability
and storage capacity are significant predictors of arithmetic performance across all types
of arithmetic operation; the involvement of storage capacity is affected by problem
presentation format, however. Two important findings support this claim. Firstly, the
switch from vertical to horizontal problems resulted in a distinct pattern for the
involvement of STM resources in which both verbal and visuospatial STM resources
were involved in performance for the four operations. Furthermore, when comparing
two post hoc groups relying preferentially on either a decomposition or vertical
alignment strategy, the differences in arithmetic performance and in patterns of partial
correlation of STM variables to arithmetic measures provide evidence of the influence
of individual differences in strategy on the differential involvement of STM resources.
The present evidence therefore supports the view that problem input conditions
influence encoding in WM during mental arithmetic. Secondly, visuospatial processing
capability is predictive of performance for both vertical and horizontal arithmetic
problems, consistent with the idea that a “spatial schema” (Hayes, 1973, Study 1) can
support a variety of solution strategies for multi-digit arithmetic calculation.
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CHAPTER 6

GENERAL DISCUSSION
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This project had two broad objectives: (a) to investigate how individual differences
in WM capacity contribute to arithmetic performance for the four basic arithmetic
operations, and (b) to explore whether different presentation formats for the arithmetic
problems mediate the involvement of WM resources in arithmetic performance. The first
investigation (Study 1) described in Chapter 2 served as a preparatory study to establish the
validity of two novel double-span memory tasks, the integration and coordination tasks, in
addition to each of the two component tasks, the verbal and spatial STM tasks. One critical
interest in this study was to attempt to demonstrate that the integration task is distinct from
the coordination task with respect to the capturing of an integrative function of the episodic
buffer. The second investigation (Study 2) described in Chapter 3 examined how individual
differences in storage capacity for verbal information, visuospatial information, and verbalspatial associations constrain performance on arithmetic problems presented in a vertical
format, for the four operations – addition, subtraction, multiplication and division. A
particular aim was to examine whether different representations (e.g., auditory verbal word
form, visual Arabic numeral, or analog representation) are invoked in solving problems
involving the different arithmetic operations, as proposed under the triple-code model
(Dehaene & Cohen, 1995). The third investigation (Study 3) reported in Chapter 4 then
proceeded to examine how individual differences in verbal and visuospatial processing
capabilities constrain performance on vertical arithmetic problems for the four basic
operations so as to clarify the role of executive processes in arithmetic performance.
Specifically, this study aimed to replicate the findings reported in the previous study and
then extend the investigation of WM by examining (a) the differential contributions of
verbal and spatial WM span scores and (b) storage and processing components isolated for
each modality in predicting arithmetic performance. The final investigation (Study 4)
reported in Chapter 5 basically reran the preceding study but changed the presentation
format of the arithmetic problems from a vertical to a horizontal orientation to examine any
effect of format on the involvement of WM resources in arithmetic performance.
The aim of this chapter is to consolidate the main findings of the project and discuss
their theoretical and applied implications. Firstly, the section that follows summarizes the
main findings of each study. Secondly, the implications of the main findings are then
reviewed in relation to: (a) the cognitive structure of WM, (b) how individual differences in
WM capacity contribute to arithmetic performance, and (c) theoretical accounts of
arithmetic cognition. The final section provides possible directions for future research.
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Summary of the Main Findings
A dual-task interference paradigm was employed in the preparatory study to
examine four structurally matched memory span tasks – the verbal STM, spatial STM,
integration, and coordination span tasks. As reviewed in Chapter 1, an episodic buffer is
proposed as a multi-modal storage component in the revised WM model to account for
cross-modal binding, among other phenomena, in WM (Baddeley, 2000). An integration
task was thus developed to assess capability in cross-modal binding, that is, the capacity to
retain associations between verbal and spatial information, while a coordination task was
developed to measure capability in retaining independent sets of verbal and spatial
information, thereby providing a contrast for the integration task. Participants performed
one of the four memory tasks (n = 16 per group) in four dual-task conditions - control (no
secondary task), articulatory suppression (AS), spatial tapping (ST), and articulatory
suppression and spatial tapping (AS+ST).
Comparing the verbal and spatial STM tasks, modality-specific interference effects
were observed: AS impaired performance for the verbal STM task without affecting
performance for the spatial STM task, whereas ST resulted in the reverse pattern of effects.
These findings were interpreted as providing evidence that the verbal STM task does
indeed involve verbal STM resources whereas the spatial STM task implicates visuospatial
STM resources.
Turning to the integration and coordination tasks, verbal and spatial span scores
derived from these tasks displayed evidence of greater interference from a secondary task
of the same, rather than a different, modality (i.e., AS substantially impaired verbal recall
whereas ST substantially impaired spatial recall). However, importantly, the integration
task did exhibit moderate levels of cross-modal interference (i.e., AS had some detrimental
effect on spatial recall and ST adversely affected verbal recall). Cross-modal interference
was not evident for the coordination task. This unique finding for the integration task is
consistent with the view that this task invokes multimodal resources devoted to crossmodal binding, a function proposed for the episodic buffer.
Supporting evidence that the integration task is distinguished from the coordination
task in tapping into a multimodal WM system was provided from hierarchical regression
analyses reported in Chapter 3 for Study 2, in which all of the memory tasks were
administered to a substantial sample of undergraduates (n = 80). After controlling for the
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variance accounted for by the verbal STM and spatial STM spans, integration (verbal) span
accounted for significant unique variance in integration (spatial) span, and integration
(spatial) span accounted for significant unique variance in integration (verbal) span.
However, no effects of this kind were found when comparable analyses were conducted for
the verbal and spatial span scores derived from the coordination task. The significant link
between the verbal and spatial span scores for the integration task further strengthens the
notion that this task invokes multimodal WM resources, such as is assumed for the episodic
buffer, while the coordination task does not. Establishing that the integration span is a valid
index for assessing the capacity of a multimodal subsystem capable of binding verbal and
visuospatial information was a prerequisite for conducting the three main studies.
In the study reported in Chapter 3, the 80 undergraduate participants were tested
with the four memory span tasks (i.e., verbal STM, spatial STM, integration, and
coordination tasks) and an arithmetic task comprising 24 four-option multiple choice trials
each for addition, subtraction, multiplication, and division problems presented vertically.
A questionnaire was used to collect information about participants‟ mathematics education
background and their solution strategies for each operation.
On the whole, no differences were found across the four arithmetic operations in the
pattern of involvement of WM resources based on regression analyses. These analyses
provided evidence that visuospatial STM is involved in arithmetic performance for the four
basic operations in that spatial STM span accounted for significant additional variance in
arithmetic performance for all four operations (for either the accuracy or RT measure) after
partialing out variance accounted for by verbal STM span. Relative to visuospatial STM,
verbal STM appears to play only a limited role in arithmetic performance. Verbal STM
span accounted for significant additional variance in only one arithmetic variable, addition
accuracy, after partialing out variance accounted for by spatial STM span. In addition,
integration (composite) span was also a unique predictor of variation in arithmetic
performance for the four operations, independent of variance accounted for by the spatial
and verbal STM span scores. However, coordination (composite) span played a limited
role in accounting for arithmetic performance. Coordination (composite) span accounted
for significant additional variance in only a single arithmetic variable, multiplication
accuracy, after controlling for the two STM span scores. These findings represent evidence
of the positive role of two particular WM components - visuospatial STM and a subsystem
capable of binding multimodal information - in arithmetic performance for vertically
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presented addition, subtraction, multiplication and division problems. The results of Study
2 did not support the proposition that different arithmetic operations make different
demands on WM resources, as suggested by the triple-code model (Dehaene & Cohen,
1995).
With respect to the information collected in the questionnaire, neither memory span
performance nor arithmetic performance exhibited any moderate-to-strong association with
measures taken from the participants‟ mathematics education background. A consistent
pattern regarding solution strategies was observed across the four arithmetic operations,
with the major solution strategies being memory retrieval and conventional direction-ofworking methods of calculation. Participants also reported that intermediate answers were
preferentially retaining in verbal codes, and problem information was rarely encoding using
magnitude-related representations during calculation. The reported use of verbal codes in
retaining partial answers is a surprising finding given that verbal span played only a very
limited role in accounting for arithmetic performance in the regression analyses.
The study reported in Chapter 3 failed to provide any substantial evidence of a role
for central-executive resources in mental arithmetic, as assessed by the coordination span
task. This might be due to the poor reliability of the coordination task. However, as noted
in the discussion section of Chapter 2, the coordination span task may not provide a
rigorous index of executive resources. With this limitation in mind, the study reported in
Chapter 4 developed three WM span tasks by adding a closely-matched processing
component to each of the three STM span tasks - the verbal STM, spatial STM, and
integration tasks. The merits of this methodology are threefold: (a) WM span tasks that
incorporate storage and processing components are widely-accepted instruments for
tapping individual differences in central-executive resources (see Conway et al., 2005), (b)
the addition of a closely-matched processing component should impose comparable
processing costs to the three STM span tasks, and (c) each pair of STM and WM span tasks
share a common storage component, which allows for direct comparison of the
contributions of processing and storage components to arithmetic performance using the
variance-partitioning techniques suggested by Engle et al. (1999). The design of Study 3
was similar to that of Study 2 but participants were required to complete three pairs of WM
and STM tasks - verbal, spatial, and integration.
Some initial analyses conducted for Study 3 addressed the validity of the WM tasks.
A significant drop in WM span score compared to its STM counterpart was found for each
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of the three pairs of WM and STM span tasks. Also, no significant differences were found
when comparing the reduction of span scores associated with imposing a processing
component in the three pairs of WM and STM span tasks, indicating comparable levels of
difficulty of the processing component requirements across the three WM tasks. These
findings support the validity of the three WM span tasks as instruments for assessing the
contributions of central-executive processing resources to arithmetic performance.
As expected, consistent with the findings in Study 2, in Study 3 spatial STM span
and integration span both were predictive of arithmetic performance but verbal STM span
was not. The information regarding solution strategies collected in the questionnaire was
strikingly similar to that found in the previous study: Participants reported that they (a)
hardly ever used magnitude-related representations to encode problem information, (b)
primarily employed memory retrieval and the conventional direction-of-working methods
of calculation to solve addition, subtraction, multiplication and division problems, and (c)
verbally rehearsed partial answers during the course of calculation.
The main interest of Study 3 concerned the power of WM span tasks in predicting
arithmetic performance. Comparing verbal and spatial WM spans, spatial WM span
independently predicted performance for the four basic arithmetic operations (with
problems presented in vertical format) but verbal WM span did not. Integration WM span
was found to play a limited role in predicting arithmetic performance. After controlling for
variance associated with the verbal and spatial WM spans, integration WM span was
uniquely predictive of multiplication accuracy only. Again, these findings challenge the
triple-code model (Dehaene & Cohen, 1995) in that the type of memory resources involved
in arithmetic performance did not appear to vary for the different arithmetic operations.
Finally, the variance-partitioning techniques of Engle et al. (1999) were used to examine
the contributions to predicting arithmetic performance of processing and storage
components identified from each pair of STM and WM tasks (spatial and integration). For
the spatial STM and WM tasks, the processing and storage components were both unique
predictors of arithmetic performance. For the pair of integration tasks, the storage
component generally accounted for more variance in arithmetic performance and for more
types of arithmetic operation than did the processing component, although the latter did
account for variance in two latency measures (division and total performance). In sum,
arithmetic performance appears to rely on executive resources devoted to processing
visuospatial information, and perhaps cognitive resources dedicated to processing multi174

modal representations, rather than on executive resources dedicated to processing verbal
information.
To examine the influence of problem presentation format on the involvement of
WM resources in mental arithmetic, an additional group of 80 participants was recruited for
the final study. The assessment battery was adapted from Study 3 with three modifications.
Firstly, the integration WM task was dropped; secondly, the multiplication problems were
simplified to bear a single carry only; and thirdly, all arithmetic problems were presented in
a horizontal format. In this connection, the questionnaire was also revised to include two
additional solution strategies - decomposition, which was referred to as “breaking down the
operands into smaller numbers”, and vertical alignment, which was referred to as
“visualizing the problem in column-wise format”.
In comparison to the findings observed in Studies 2 and 3, where arithmetic
problems were presented vertically, regression analyses for Study 4 revealed a distinct
pattern of prediction of arithmetic performance with respect to the two STM span variables.
With the horizontal problems in Study 4, both spatial and verbal STM span made unique
contributions in predicting performance for each of the four arithmetic operations.
Interestingly, integration span played a nonsignificant role in predicting performance on the
horizontal arithmetic problems after controlling for the verbal and spatial STM span scores.
However, consistent with Study 3, Study 4 also provided evidence of the significant
predictive role of spatial WM span and of the unique predictive power of both processing
and storage components of visuospatial WM in accounting for arithmetic performance.
Together the findings from Studies 3 and 4 support the view that problem format does
influence the way in which WM resources are involved in arithmetic performance but are
inconsistent with the idea that the type of arithmetic operation occasions a change in the
recruitment of WM resources.
A shift of problem presentation format from vertical to horizontal alignment did not
induce any difference in the information collected in the questionnaire in which (a) retrieval
of answers from memory, and the conventional directions of working were commonly
reported procedural strategies, (b) verbal number codes were preferred to other forms of
representation in the retention of intermediate answers, and (c) magnitude-related
representations were not reported in any sort of calculation. These findings did not provide
any basis for understanding the distinct pattern of involvement of STM memory resources
in solving horizontal arithmetic problems. However, an explanation for this pattern was
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generated from a comparison on two post hoc groups of participants formed on the basis of
differences in their strategy reports: a High Decomposition, Low Vertical-alignment
(HDLV) group who preferred a decomposition strategy to a vertical alignment strategy for
the four operations, and a Low Decomposition, High Vertical-alignment (LDHV) group
who favoured the reverse. These two groups were fairly closely matched with respect to
memory capability, though the LDHV group had higher verbal STM spans than the HDLV
group. While no between-group differences were significant for performance on addition
and subtraction problems, the LDHV group was significantly faster that the HDLV group
for multiplication problems, and was both faster and more accurate than the HDLV group
on division problems. Compared to decomposition, visualizing the problem in a columnwise format appears to be a more effective strategy, at least for the more difficult arithmetic
problems. Finally, the two alternative solution strategies implicated distinct types of STM
resources. On the whole, verbal STM span and spatial WM span were independently
predictive of arithmetic performance for the HDLV group whilst spatial STM span, spatial
WM span and, to a lesser extent, verbal STM span made unique contributions to predicting
arithmetic performance for the LDHV group.
The decomposition strategy, while presumably maintaining a horizontal alignment
of problem information, appears to invoke verbal STM resources whilst a vertical
alignment strategy seems to implicate visuospatial STM and, to a lesser extent, verbal STM
resources. It is important to point out that this finding is, in part, consistent with the
findings reported in Studies 2 and 3 wherein visuospatial STM resources were implicated in
solving vertically presented addition, subtraction, multiplication, and division problems,
though integration span was also found to be a unique predictor of arithmetic performance
in these earlier studies. However, the present information cannot rule out the possibility
that participants in Studies 2 and 3 employed a decomposition strategy in solving vertical
problems. Nevertheless, together these findings from Studies 2-4 provide tentative
evidence that the solution strategy adopted mediates the differential involvement of STM
resources in arithmetic performance. The strategy adopted also appears to affect efficiency
in solving horizontally presented multiplication and division problems. It seems unlikely
that the choice of solution strategy is dependent on individual capability in either retaining
or transforming verbal and visuospatial information, however.
As a final point, in each of the studies reported in the thesis, female participants
outnumbered male participants. Since there is some evidence that males outperform
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females on some spatial tasks (Lawton, 2010; Linn & Petersen, 1985; Tlauka, Brolese,
Pomeroy, & Hobbs, 2005; Voyer, Voyer, & Bryden, 1995), it is possible that the results
reported here underestimate the involvement of visuospatial strategies in arithmetic
performance.
Theoretical Implications of the Main Findings
WM
Given that outcomes of the current research support a multi-component model of
working memory, they represent a difficult set of outcomes for single-resource accounts of
working memory (Barrouillet, Bernardin, & Camos, 2004; Cowan, 1995; Engle et al, 1999)
to accommodate. The evidence supporting a multi-resource account is discussed below.
For the current research, the theoretical WM framework employed has been the
revised WM model (Baddeley & Wilson, 2002) in which the central executive is
supplemented by two domain-specific temporary storage systems - the phonological loop
(purported to retain verbal information) and the visuospatial sketchpad (purported to retain
visual and spatial information) - and a fourth component, the episodic buffer, is fractionated
from the central executive. The central executive is considered a unitary construct
responsible for coordinating multiple tasks within the WM system, focusing and switching
attention, and processing information, although there is evidence in support of a verbalvisuospatial distinction at the storage and executive levels in WM (Friedman & Miyake,
2000; Haavisto & Lehto, 2005; Handley, Capon, Copp, & Harper, 2002; Jarvis &
Gathercole, 2003; Shah & Miyake, 1996). The episodic buffer is proposed as a limited
capacity storage system responsible for integrating mental representations from different
sources into coherent episodes with multidimensional codes. The studies reported in this
project provide evidence relevant to three features of the revised WM model: (a) the
separability of verbal and visuospatial storage systems, (b) the existence of an episodic
buffer capable of binding together information in different modalities, and (c) a unitary CE.
Evidence for separability of verbal and visuospatial storage systems. The
independence of the phonological loop and the visuospatial sketchpad is supported by the
selective interference patterns in concurrent performance observed for the verbal STM and
spatial STM tasks under the dual-task methodology of the first study. The temporary
storage systems of the WM system purportedly have limited capacity. Thus, if the
phonological loop and the visuospatial sketchpad are two distinct temporary storage
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systems, in accordance with the logic of the dual-task methodology, concurrent articulation
should selectively interfere with the operation of the phonological loop but not the
visuospatial sketchpad by competing for verbal storage resources, and so result in a
detriment specific to performance of the verbal STM task. In addition, concurrent spatial
tapping should selectively disrupt the operation of the visuospatial sketchpad and lead to an
impairment specific to the performance of the spatial STM task. The ANOVAs on span
performance conducted in Study 1 confirmed the modality-specific detrimental effect of
concurrent articulation on verbal STM span and of spatial tapping on spatial STM span,
consistent with the separability of the phonological loop and the visuospatial sketchpad.
When comparing the STM span variables involved in arithmetic performance in
later studies, and with problems presented vertically in particular, spatial STM span was a
significant unique predictor of arithmetic performance after partialing out the influence of
verbal STM span but verbal STM span did not explain any significant unique variance in
arithmetic performance after controlling for spatial STM span. Again, the differential
patterns displayed by the spatial and verbal STM span variables are consistent with the
notion of a differentiation of verbal and visuospatial representations for temporary storage
in WM, which is not surprising because this is a feature found in most of the WM models
that contain multiple short-term stores (Kintsch et al., 1999; Miyake & Shah, 1999b).
Evidence for a temporary episodic store. As introduced in Chapter 2, the
integration task, in requiring that participants recall a sequence of letters paired with their
locations, was developed to tap the capacity to bind information across modalities, a
function attributed to the episodic buffer. The coordination task, in requiring that
participants recall a sequence of letters and a sequence of locations without any
requirement to associate individual letters and locations, bore similar task requirements to
the integration task except that the core feature of retaining the associations between letters
and locations was removed. The main evidence for the notion that the integration task
implicates resources of the kind attributed to the episodic buffer comes from results from
Study 1: The integration task exhibited cross-modal interference effects for both spatial
recall and verbal recall, but the coordination task did not. That is, the retention of locations
in the integration task was impaired not only by spatial tapping (a within-modality
interference effect) but also by articulatory suppression (a cross-modal interference effect).
Similarly, the retention of letters in the integration task was impaired not only by spatial
tapping but also by articulatory suppression. The task requirement of retaining associations
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between the letters and locations in the integration task is consistent with the notion of
maintaining “strong associative links within a chunk” (Baddeley, 2007, p.148) where the
chunk is regarded as a representation unit incorporating “multidimensional codes”
(Baddeley, 2007, p.151) and reflecting functioning of the episodic buffer (Baddeley, 2007).
Further evidence consistent with the integration task tapping a function consistent with the
episodic buffer construct was gathered in Study 2, described in Chapter 3, when submitting
the verbal and spatial span scores for each of the integration and coordination tasks to
hierarchical regression analyses. It was found that the verbal and spatial span scores for the
integration task uniquely accounted for significant variance in each other, but this was not
the case for the coordination task. Further, in both Study 2 and Study 3, it was
demonstrated that integration span accounted for significant additional variance in
arithmetic performance for problems in a vertical format even when the effects associated
with the verbal STM, spatial STM, and coordination span variables were statistically
removed. These unique contributions of integration span are consistent with the episodic
buffer being considered a separate construct in WM distinct from the phonological loop,
visuospatial sketchpad, and central executive. In sum, several pieces of evidence are
consistent with the integration task tapping a unique function of WM, one that is consistent
with the episodic buffer construct of the revised WM model. However, it is unclear
whether the episodic buffer should be seen as a system that draws on some general
attentional (or executive) resources in maintaining associations between features (Allen et
al., 2006; Elsley & Parmentier, 2009).
Evidence for separability of verbal and visuospatial resources at the level of the
central executive. In Studies 3 and 4 (reported in Chapters 4 & 5), large groups of
undergraduate students were tested on three WM span tasks (verbal WM, spatial WM, and
integration WM span tasks), their STM counterparts (verbal STM, spatial STM, and
integration tasks), and sets of arithmetic problems to investigate how executive memory
resources affect individual differences in arithmetic performance. Interestingly, a selective
contribution of spatial WM span to the prediction of arithmetic performance was observed
for both studies when comparing the verbal WM and spatial WM span scores. Following
this, the unique contribution of a visuospatial processing component of WM to arithmetic
performance was confirmed when spatial STM span and the residual variance in spatial
WM span after controlling for spatial STM span were used as predictor variables in
multiple regression analyses. However, regression analyses using verbal STM span and the
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residual variance in verbal WM span after controlling for verbal STM span did not display
a similar pattern: That is, there was no evidence that the residual variance in verbal WM
span (expected to reflect verbal processing in WM) accounted for significant variance in
arithmetic performance. The account of a domain-general executive system for processing
information (Baddeley, 2000; Baddeley & Hitch, 1974; Cowan, 1995; Engle et al., 1999;
Jarrold & Bayliss, 2007) cannot readily accommodate the present findings in which the
selective involvement of visuospatial WM resources in arithmetic processing lends support
to a distinction between visuospatial and verbal WM resources at the level of the central
executive. Instead, the present findings are compatible with a multiple resource account in
which two distinct resource pools for verbal and visuospatial processing, in addition to the
phonological loop and visuospatial sketchpad storage systems, are involved in the
maintenance and manipulation of verbal and visuospatial representations (Friedman &
Miyake, 2000; Jarvis & Gathercole, 2003; Shah & Miyake, 1996).
In conclusion, the findings for the present study provide little support for the notion
that the central-executive component of WM is a unitary system. Instead, as shown in
Figure 6.1, the theoretical structure of WM might be best seen as a “hybrid” model which is
consistent with the multiple-component WM model (Baddeley, 2000) at the level of
temporary storage but is hypothesized to be domain-specific at the level of the central
executive (Shah & Miyake, 1996). By this account, WM is comprised of three subsidiary
systems, including the phonological loop, visuospatial sketchpad, and episodic buffer,
responsible for temporary storage of verbal, visuospatial and multi-modal representations,
respectively, and two distinct verbal and visuospatial resource pools responsible for
processing information and perhaps other control functions at the executive level. Note
that Baddeley (2007) recently suggested that the episodic buffer could be assumed to have
direct links to the phonological-loop and visuospatial sketchpad storage components, which
is different to what was proposed in the initial version of the revised model (Baddeley, 2000,
2002) where links between the storage systems and the episodic buffer were via the central
executive. In the hybrid WM model proposed here, the episodic buffer has links to both
storage and processing (executive) components across the verbal and visuospatial domains.
Following this scrutiny of the WM model, I now turn to discuss how individual differences
in WM capacity contribute to arithmetic performance.
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Figure 6.1. A schematic representation of the WM model supported by the present evidence.

How Individual Differences in WM Capacity Contribute to Arithmetic Performance
Taking the findings from Studies 2-4 together, there is evidence supporting a
significant role of WM in arithmetic performance. The central features of how individual
differences in WM capacity make contributions to arithmetic performance are highlighted
below. The present results provide evidence that individual differences in both storage
capacity and processing capability in WM are important predictors of arithmetic
performance across all types of arithmetic operation. However, these two classes of
predictor make contributions to arithmetic performance in different ways, depending on the
format in which the arithmetic problems are presented.
Individual differences in storage capacity. Performance on vertical addition,
subtraction, multiplication, and division problems is predicted by individual differences in
visuospatial storage capacity, as measured by the spatial STM task, and also by differences
in a capacity involved in retaining associations of verbal and visuospatial information
(purportedly a function of the episodic buffer), as measured by the integration task.
However, individual differences in both verbal and visuospatial storage capacities, as
measured by the verbal and spatial STM tasks, make unique contributions to the prediction
of arithmetic performance for all operations when the problems are presented in a
horizontal format. The account advanced by Lee and Kang (2002), according to which
there is differential recruitment of verbal and visuospatial STM resources depending upon
the type of arithmetic operation, cannot accommodate the absence of any effect of the type
of arithmetic operation on the involvement of STM resources in arithmetic performance
across the three studies. The type of arithmetic operation is not critical to the differential
involvement of WM resources, yet the format of the arithmetic problems appears to be
important, which has important implications when discussing models of numerical
representation below.
Individual differences in processing capability. Performance on both vertical and
horizontal problems for all arithmetic operations is constrained by individual differences in
visuospatial processing capability, as indexed by the residual variance in spatial WM span
after partialing out the variance attributable to visuospatial STM storage. It is important to
note that the involvement of WM processing resources does not appear to vary as a
function of problem presentation format, in contrast with the way in which STM resources
contribute to the prediction of arithmetic performance. A plausible account may be that
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solving both vertical and horizontal arithmetic problems relies on “spatial schema” (Hayes,
1973, Study 1) and the generation of “spatial schema” involves visuospatial processing
resources. This may be why solving both vertical and horizontal arithmetic problems is
constrained by visuospatial processing capability.
Two propositions have been put forth to explain the relationship between WM and
higher-level cognition. The controlled-attention account argues that the primary component
accounting for the predictive power of WM is an executive attention capability (Conway et
al., 2002; Engle & Kane, 2004; Engle et al., 1999; Kane, Conway, Hambrick, & Engle,
2007) whereas the processing-plus-storage account suggests that performance on higherlevel cognitive tasks is mediated by both processing capability and storage capacity in WM
(Bayliss et al., 2003; Jarrold & Bayliss, 2007; Shah & Miyake, 1996). The current results
indicate that individual variation in both visuospatial storage capacity and visuospatial
processing capability is predictive of arithmetic performance, which can be interpreted as
supporting the processing-plus-storage account (Bayliss et al., 2003; Jarrold & Bayliss,
2007; Shah & Miyake, 1996) but challenging the controlled-attention account (Engle et al.,
1999).
Several points are worth mentioning with respect to the relative predictive power of
STM and WM span measures in relation to higher-level cognition. Firstly, for a pair of
WM and STM span tasks sharing a common storage component, if both processing and
storage components of WM are involved in the performance of a given higher-level
cognitive task, the WM span measure should predict significant variance in performance
over and above what can be accounted for by the STM span measure. However, it may
nevertheless be the case that the contribution of the storage component (as indexed by the
STM span measure) may be larger than that of the processing component (as indexed by
the residual variance in the WM span measure after partialing out variance shared with the
STM span measure). Thus the significance of WM storage systems, as indexed by the STM
span measures, should not be under-rated. Thus, in future research, when investigating the
relationship between WM capacity and performance on higher-level cognitive tasks, it is
therefore desirable to conceptualize both storage capacity and processing capability as
independent potential contributing factors and examine the relative importance of these two
factors in predicting task performance.
As final point, the present evidence that STM and WM span variables can be
considered as two independent predictors of arithmetic performance is not consistent with
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Jarvis and Gathercole‟s (2003) findings in which the authors examined the relationship
between WM and achievements on national curriculum tests, including mathematics skills,
in children aged 11 and 14 years. They used STM and WM span tasks in both the verbal
and visuospatial modalities and found that performances for the STM and WM tasks from
the same modality were not separated as two distinct components but identified as a
common factor (thus a verbal WM factor captured individual differences for the verbal
STM and verbal WM tasks and a non-verbal WM factor accounted for individual
differences for the spatial STM and spatial WM tasks). It would be worthwhile to
investigate whether the present results found for young adults generalize to populations of
children, a possibility that will be discussed further in the next section. Having considered
the relationships between WM and mental arithmetic performance in terms of individual
differences in storage capacity and processing capability, I now turn to consider
implications of these relationships for theories of arithmetic cognition.
Arithmetic Cognition and WM
It is widely accepted that performing arithmetic mentally begins with encoding the
problem to form numerical representations, then executing a series of algorithmic
operations represented by the mental number codes, with the aim of producing an answer
ultimately. However, the three popular models of numerical representation provide
hypotheses only as to how numerical information is encoded, failing to explain how the
mental number codes are operated on in WM during the course of calculation. The abstract
code model (McCloskey, 1992) assumes that numbers are coded into a common abstract
number representation irrespective of the type of arithmetic operation or problem input
format. The triple-code model (Dehaene & Cohen, 1995) and the encoding-complex model
(Campbell, 1994; Campbell & Clark, 1988, 1992) both propose that numbers are
represented in three primary codes (magnitude, verbal and visual) but they differ in the
factors that influence the ways in which the numbers are encoded. The triple-code model
argues that encoding of numbers is affected by task nature such as the type of arithmetic
operation while the encoding-complex model proposes that surface features such as the
problem input format mediates how numerical information is represented during mental
calculation. Two parallel studies presenting arithmetic problems in vertical (Study 3)
versus horizontal (Study 4) format were conducted in the project to test the assumptions of
these models. Difference between the two studies was found in the involvement of STM
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resources in mental arithmetic, though same type of (primarily visuospatial) processing
capability was recruited for both studies. On the whole, the current findings are consistent
with the predictions derived from the encoding-complex model. In the paragraphs that
follow, I will consider each model in turn in relation to the results on the types of numerical
representation (in terms of the involvement of verbal/visuospatial STM resources) that
seem to be involved as a function of problem format.
The abstract code model (McCloskey, 1992) leads to a basic prediction: Processes
of calculation are executed after different surface forms of number are all converted to a
common abstract code; consequently, the nature of the encoding of numbers should be
independent of the surface features of arithmetic problems, including the problem format
(vertical vs. horizontal). Obviously, the evidence of differential involvement of STM
resources mediated by problem presentation format is not consistent with this aspect of the
abstract code model.
In the triple-code model (Dehaene & Cohen, 1995), a variety of representations of
numbers may be used depending on the nature of task (e.g., on the type of arithmetic
operation), and processes of calculation are executed after the numerical information of the
task is transcoded into the appropriate internal representation. Consequently, any effect of
task format should be limited to the process of transcoding to the appropriate internal
representation and the type of number code adopted should be influenced by the nature of
the task in which these numbers are involved. However, it seems unlikely that the
involvement of particular STM resources is influenced by the type of arithmetic operation
in that the findings in Studies 2-3 consistently showed that spatial STM span (in addition to
integration span) is predictive of the performance of vertical problems for all four basic
operations (addition, subtraction, multiplication and division), suggesting that a
visuospatial representation but not verbal representation of numbers is activated for all
operations. Thus this aspect of the results is not consistent with the triple-code model. In
addition, the evidence that the involvement of STM resources operates as a function of the
surface format of the arithmetic problem cannot be accommodated by the triple-code model
either. Perhaps any effects of arithmetic operation would be more evident for single-digit
problems than for multi-digit problems.
On the other hand, the encoding-complex model (Campbell, 1994; Campbell &
Clark, 1988, 1992) assumes that numerical inputs activate multiple specific representations
functionally integrated in an encoding-complex where the representations differ in strength
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and efficiency as determined by the individual‟s prior experience with them, and encoding
of numbers and processes of calculation are interactive. By the encoding-complex view,
number-encoding efficiency will vary with surface format; specifically, encoding processes
will be more efficient when numerical inputs appear in a familiar, well-practiced format,
relative to the processes activated by an unfamiliar surface format. In other words, the
encoding-complex model predicts that numerical format mediates the involvement of STM
resources during the course of mental calculation. As mentioned before, findings from
Studies 3 and 4 provide evidence that problems in a vertical format appear to rely on the
visuospatial representation of numbers rather than on the verbal representation of numbers,
whereas problems in a horizontal format appear to encourage both verbal and visuospatial
representations of numbers, which is in agreement with the predictions derived from the
encoding-complex model.
Furthermore, the information reported in the questionnaire in Study 4, where
arithmetic problems were presented in a horizontal format, indicates that presentation
format of arithmetic problems does affect calculation by influencing strategy, supporting
the view that calculation and problem encoding processes are not independent but rather
interactive, as the encoding-complex model assumes. Concerning the solution of horizontal
arithmetic problems, findings from the additional analyses on two post hoc groups provided
evidence that participants tended to translate the problem into a more readily manageable
mental format by applying additional solution procedures, such as re-arranging the
information into a vertical format or decomposing the task according to the hundreds, tens,
and units place values (e.g., 467 + 354 = [400 + 300] + [60 + 50] + [7 + 4]), though
basically these two strategies involved performing equivalent cognitive processes
(retrieving arithmetic facts, executing calculation processes, and retaining intermediate
answers). This observation fits well with the encoding-complex model which assumes that
a single operation could activate a variety of numerical representations to form an encoding
complex, but then a specific numerical representation might be preferred for later
processing, presumably depending upon the individual‟s idiosyncratic solution-strategy
preference. In light of the findings on the contribution of memory resources (STM and
executive) to arithmetic performance (with problems presented vertically and horizontally)
and the information collected from the questionnaire in Studies 2-4, a revised model (see
Figure 6.2) linking arithmetic cognition to WM system is outlined below.
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Numerical representation with problems in a horizontal format
Phonological loop
1. Retaining the new problem
operands during decomposition
particularly for problems
presented horizontally
2. Retaining intermediate results

Visuospatial sketchpad
Numerical
representation
with problems
In a vertical format

1. Supporting the spatial alignment of
spatial schema for both problem
formats
2. Retaining the problems in a vertical
format particularly for problems
presented horizontally

Episodic buffer
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1. Tying the mental
representation of numbers to
specific locations during
processes of calculation
particularly for problems in a
vertical format

Verbal processing
(executive) component

Visuospatial processing
(executive) component
1. Generating a spatial schema for
the solution strategy in both
formats

Numerical processing in
both formats
Figure 6.2. A schematic representation of the role of WM in arithmetic cognition wherein arithmetic cognition is identified with two
interactive processes: numerical representation and numerical processing, with the association between numerical representation and
specific WM components mediated by the problem presentation format (horizontal versus vertical). The WM component shown in
grey fails to show a direct association with arithmetic cognition.

Numerical representation in WM. It appears that the recruitment of STM resources
for arithmetic is tied to the specific format in which problems are presented. From the
perspective of the revised WM model, solving problems in a vertical format places
demands on the visuospatial sketchpad and episodic buffer whereas solving problems in a
horizontal format implicates the phonological loop along with the visuospatial sketchpad.
A speculative role of the phonological loop (see Figure 6.2) might be to retain the new
problem operands (generated by applying the distributive or associative laws to the given
problem operands) during decomposition for arithmetic problems in a horizontal format as
well as to retain the partial results for arithmetic problems in both the vertical and
horizontal formats (as indicated by the questionnaire data). Note that the phonological loop
might also be involved in retaining problem operands when problems are presented in
vertical format, provided the problems are presented for a limited amount of time (Logie et
al., 1994). A possible role of the visuospatial sketchpad (see Figure 6.2) might be to
function as a blackboard (Heathcote, 1994) so as to support the spatial alignment of the
spatial schema (Hayes, 1973) for solving arithmetic problems in both vertical and
horizontal formats. For a subgroup of participants the sketchpad may be used to represent
problems in a vertical format after they have been presented in a horizontal format. Finally,
a potential role of the episodic buffer (see Figure 6.2) might be to support the “associative
links” (Baddeley, 2007, p.148) between the verbal and visuospatial codes within numerical
chunks (multi-modal representations) so as to maintain the integrity of an on-going vertical
algorithmic structure during the course of the calculation process. In this way, the buffer
might support the use of the procedural algorithms learned for written calculation,
particularly for problems presented vertically.
Numerical processing in WM. It appears that while the problem presentation
format influences the way in which participants choose solution procedures during the
course of calculation, it does not affect the demands made on executive WM resources,
however. The evidence from Studies 2-4 suggests that processing numerical information
relies on visuospatial executive resources for both vertical and horizontal presentation
formats (see Figure 6.2). As discussed in Chapters 4 and 5, a probable account is that
visuospatial processing capability, spatial visualization in particular, appears to be capable
of supporting the procedural solution strategies for arithmetic problems presented vertically
and horizontally by means of generating spatial schema (Hayes, 1973).
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In conclusion, the revised model is in part consistent with the notion of the
encoding-complex model with respect to the hypothesis of how numerical representations
are encoded in WM, but incorporates additional assumptions to address how processes of
calculation are executed in WM. This revised model is best viewed as a model for mental
calculation and not as a general all-purpose model for arithmetic performance.
Future Research
Both spatial STM and spatial WM span variables were found to predict arithmetic
performance. The spatial tasks used in the present investigation involved the maintenance
of sequences of locations, and so involved the spatial functions rather than the visual
functions of the visuospatial sketchpad. However, there is now a general consensus that
visual and spatial information may be stored in separate but related components of WM: a
temporary visual store (visual cache) linked to visual perception and representing features
such as shape and colour, and a temporary spatial store (inner scribe) linked to spatial
planning and execution of movement in three dimensional space (Carlesimo, Perri,
Turriziani, Tomaiuolo, & Caltagirone, 2001; Della Sala et al., 1999; Logie & Pearson, 1997;
Luzzatti et al., 1998; Quinn & McConnell, 1996; Smith & Jonides, 1997). It has been
proposed that maintaining column positioning in a vertical format relies specifically on
spatial memory resources (Hayes, 1973; Heathcote, 1994; Rourke, 1993) while visualizing
information such as trading (carry or borrow) and intermediates answers so as to retain any
running outcomes relies on visual memory resources (Hayes, 1973; Trbovich & LeFevre,
2003). More important, there is evidence suggesting that not only do the spatial and visual
aspects of the visuospatial sketchpad play different roles in mental arithmetic in children
(Holmes & Adams, 2006; Holmes et al., 2008) as well as in adults (Coleman, 2005), but
their roles also vary with age in children (Holmes & Adams, 2006; Holmes et al., 2008).
Coleman (2005) conducted two studies to investigate the different roles of visual
and spatial memory components in solving multi-digit addition problems by employing a
memory load (dual-task interference) paradigm, with a visual memory load in one study
and a spatial memory load in the other. The visual memory load involved the maintenance
of visual black-and-white grid patterns while the spatial memory load involved the
maintenance of movement sequences comprising sequences of highlighted squares in a 10square grid. In each study, the adult participants were required to remember a memory load,
either visual or spatial, while concurrently solving multi-digit addition problems, with half
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of the participants solving addition problems presented horizontally and the remaining
solving addition problems presented vertically. Consistent with the current findings,
Coleman presented evidence showing that the two components of visuospatial resources
appear to contribute to the solution of addition problems and, more importantly, spatial
resources seem to play a more important role in vertical problems than in horizontal
problems. Coleman found that both memory load conditions disrupted addition
performance yet resulted in different interference patterns, indicating that both types of
memory resources are involved in processing addition problems. Under visual memory
load, errors in solving addition problems did not vary as a function of format, yet
participants took longer to respond to horizontal problems than vertical problems. Under
spatial memory load, the latency results showed a similar trend for the two formats, but
errors showed a distinct pattern, though the effect of format was not significant. Under the
spatial memory load, participants made more errors on the vertical problems than on the
horizontal problems, which was inconsistent with the pattern observed under the visual
memory load. This suggests that the two types of memory resources appear to have distinct
functions in processing addition problems. Since Coleman‟s dual-task design provided
evidence of the involvement of visual WM resources in solving addition problems, it would
be informative to use both visual and spatial memory measures in an investigation of
individual differences in arithmetic skills.
Recently, Holmes, Adams, and Hamilton (2008) examined age-related differences in
the relationships between visual and spatial STM measures and mathematical skills. Two
groups of primary school students from Year 3 (7- 8 years old) and Year 5 (9-10 years old)
were tested with a visual patterns test (visual memory measure), a block recall test (spatial
memory measure), and a standardized mathematics assessment covering four skill domains:
(a) number and algebra; (b) shape, space, and measures; (c) handling data; and (d) mental
arithmetic. Their study provided evidence that the visual and spatial memory span tasks
exhibited unique patterns in predicting mathematical skills. More particularly, in younger
children, spatial span was a significant predictor of performance in one domain - number
and algebra - while, in older children, visual span was a significant predictor of
performance in two domains - number and algebra, and handling data. Thus these
outcomes suggest age differences in the involvement of visual and spatial memory
resources in mathematics performance. Holmes et al. (2008) suggested that the differences
might be due to a shift in solution strategies, with younger children relying on spatial
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solution strategies but older children making more use of verbal solution strategies that rely
less on the visuospatial sketchpad. To account for a significant relationship between spatial
WM and mathematics performance in young adults (Reuhkala, 2001), Holmes et al. argued
that the early spatial solution strategies might function as back-up solution strategies and be
utilized particularly in solving complicated problems in older children. This may well
account for the present evidence that spatial STM and WM span variables are predictive of
arithmetic performance in young adults. Nevertheless, how spatial and visual memory
resources relate to mathematics abilities in young adults is an essential area to explore
regarding the theoretical accounts of mathematical cognition as well as those of WM.
The findings of Holmes et al.‟s (2008) study have two implications for the
directions of future research. First, they reinforce the view that future research on the
relationships between WM components and mathematics skills should assess both visual
and spatial memory, as mentioned above. Second, the Holmes et al. study highlights the
need for further empirical and theoretical work concerning developmental changes. Indeed,
there is also practical significance in that educators would benefit from a better
understanding of the factors mediating the relationship between WM capacity and
arithmetic performance, especially at the point at which children enter formal education and
start developing academic abilities because this understanding could be applied to the
identification of young children who may be at risk of developing mathematical learning
difficulties. Because of this, a second productive avenue for future research would be to
replicate the studies reported in Chapters 4 and 5 in children of different ages to examine
the extent to which the present findings on the relationships between individual differences
in components of WM capacity and arithmetic performance generalize to children. It is
important to note that there are probably two possible sources of age-related changes in the
relationship between individual differences in WM capacity and arithmetic performance in
children: (a) developmental changes, if any, in the cognitive systems underpinning WM
capacity across the childhood years (Alloway, Gathercole, & Pickering, 2006; Alloway,
Gathercole, Willis, & Adams, 2004; Bayliss, Jarrold, Baddeley, & Leigh, 2005; Swanson &
Kim, 2007), and (b) changes in solution strategies through the acquisition of mathematical
competence from children (novices) to adults (masters), as Holmes and her colleagues
suggested (Holmes & Adams, 2006; Holmes et al., 2008). In order to disentangle these two
sources, one could either continue to ask the participants to describe their solution strategies,
as in the present studies, or train groups of children in the use of a single strategy to see if
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consistent relationships between memory measures and arithmetic performance are
observed for different age groups when they use a common strategy, and also if these
relationships change when other strategies are taught.
Last but not least, the close links between deficits in WM and mathematical learning
difficulties (Keeler & Swanson, 2001; McLean & Hitch, 1999; Siegel & Ryan, 1989;
Wilson & Swanson, 2001) are well established, however, the sources of these WM deficits
is less well understood. For example, Siegel and Ryan (1989) found that children with
mathematical learning difficulties were impaired on counting span, suggesting that children
with mathematical learning difficulties suffer from verbal WM deficits whilst van der Sluis
and her colleagues (2005) found that children with arithmetic disabilities showed
impairment on a task involving the memorization of dynamic visual information, indicating
a deficit in visuospatial WM. However, Wilson and Swanson (2001) found that
mathematics-disabled children showed deficits in both verbal and visuospatial WM, though
verbal WM may play a more important role in predicting arithmetic performance. Because
the approach adopted in the current project enables a systematic investigation of the
relationships between individual variation in different components of WM capacity and
higher-level cognitive task performance, this approach could be applied to add clarity in
three key areas: (a) whether differences in both verbal storage capacity and verbal
processing capability contribute to the sources of WM deficit in children with mathematical
learning difficulties, (b) whether differences in both visuospatial storage capacity and
visuospatial processing capability contribute to the sources of WM deficit in this population,
and (c) whether children with mathematical learning difficulties show more pronounced
deficits in one modality (verbal or visuospatial) rather than the other, for with STM or
processing (executive) components of WM. Thus, another fruitful direction for future
research would be to replicate the studies reported in Chapters 4 and 5 in both typically
developing and mathematics-disabled children so as to isolate the sources of WM deficits
in children with mathematical learning difficulties.
General Conclusions
The results of the present series of studies show that individual differences in both
storage capacity and processing capability are significant unique predictors of mental
arithmetic performance for the four basic operations. More specifically, encoding and
maintaining numerical information, assumed to be supported by storage subsystems in WM,
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appear to be influenced by problem input format in that vertical arithmetic problems appear
to draw on capacity for retaining visuospatial information as well as capacity for retaining
associations within multimodal representations while horizontal arithmetic problems appear
to implicate both verbal and visuospatial STM resources. In relation to the involvement of
executive WM resources, the execution of solution strategies appears to rely on visuospatial
processing ability for both vertical and horizontal arithmetic problems for the four basic
operations.
The present evidence contributes towards a better understanding of the theoretical
accounts of WM as well as those concerning arithmetic cognition. As to the WM structure,
the present evidence supports the addition of the episodic buffer under the revision to the
WM model (Baddeley, 2000) but demonstrates a separability of verbal and visuospatial
WM resources over and beyond the level of the phonological loop and the visuospatial
sketchpad. In addition, the processing-plus-storage hypothesis appears to better account for
how individual differences in WM capacity constrain higher-level cognition than the
controlled-attention hypothesis. In future research on WM capacity and higher-level
cognition it is therefore desirable to examine storage capacity and processing capability as
two independent potential contributing factors. As to models of arithmetic cognition, the
evidence reported in this thesis favours the encoding-complex model. A revised model
linking the two essential processes of arithmetic cognition, numerical representation and
numerical processing, to the WM system was outlined.
Finally, because the approach adopted in this project provides a systematic means of
examining the cognitive processes underpinning the relationships between components of
WM capacity and arithmetic performance, it could be further applied in three areas of
future research: (a) to investigate the differential roles of visual and spatial memory in
mental arithmetic performance, (b) to examine the extent to which the present findings
generalize to children, and (c) to explore the sources mediating WM deficits in children
with mathematical learning difficulties.
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APPENDIX A
SUBJECT # _____

Questionnaire
The questionnaire collects general information about your education and your
solution procedures for the arithmetic task. All information collected here will be
treated anonymously – no names or other identifying information will be stored with
this data. Please answer all questions as accurately and honestly as possible. If you
have any questions or concerns, please ask the experimenter.
I
General Information
(a) Gender
__________
(b) Age __________
II

Education Background
(a) Tertiary Entrance Rank (TER)
________________
(b) Please list the subjects you completed in year 12 (or the equivalent year of high
school) and enter the grade you earned for each subject.
Subject

Grade

1)
2)
3)
4)
5)
6)
7)
8)

(c) Degree (or Course) you are currently enrolled in at UWA
___________________________________________________________
(d) For any units completed at UWA (or another tertiary institution), please list
each unit and the grade obtained:
___________________________________________________________
___________________________________________________________
___________________________________________________________
___________________________________________________________
___________________________________________________________
(e) Please list the units you are taking in 2004 at UWA:
___________________________________________________________
___________________________________________________________
___________________________________________________________
___________________________________________________________
___________________________________________________________
___________________________________________________________
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III.

Solution procedures for the arithmetic task
Please think about how you solved the addition problems and consider each of the
solution procedures listed below. Use the following scale to indicate how often you
used each procedure with addition problems:
0
1
2
3
never
sometimes
often
always
How often?

1. Directly retrieved parts of the answer from memory
2. Changed some of the numbers before adding (e.g. 6+7 = 6+6 plus 1; or to
add 195, add 200 and then take 5)
3. Used the standard right-to-left method of multi-digit addition (i.e. start with
units column, then move to the tens and then the hundreds columns)
4. Used a left-to-right method of multi-digit addition (i.e. start with hundreds
column, then move to the tens and then the units columns)
5. Remembered parts of the answer, intermediate results, or carries by talking
to myself, either out aloud or subvocally.
6. Remembered parts of the answer, intermediate results, or carries by using
visual imagery (e.g. by visualizing numbers in digit form)
7. Remembered parts of the answer, intermediate results, or carries by using
hand tricks or fingers, or some other external aid
8. Visualized a number line or visualized the magnitudes of numbers in
some other way
9. Guessed all or part of the answer
10. Other (please specify)
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Please think about how you solved the subtraction problems and consider each of the
solution procedures listed below. Use the following scale to indicate how often you
used each procedure with subtraction problems:
0
1
2
3
never
sometimes
often
always
How often?
1.

Directly retrieved parts of the answer from memory

2.

Changed some of the numbers before subtracting (e.g. to subtract 195,
subtract 200 and then add 5)

3.

Used the standard right-to-left method of multi-digit subtraction (i.e. start
with units column, then move to the tens and then the hundreds columns)

4.

Used a left-to-right method of multi-digit subtraction (i.e. start with
hundreds column, then move to the tens and then the units columns)

5.

Remembered parts of the answer, intermediate results, or borrows by
talking to myself, either out aloud or subvocally.

6.

Remembered parts of the answer, intermediate results, or borrows by
using visual imagery (e.g. by visualizing numbers in digit form)

7.

Remembered parts of the answer, intermediate results, or borrows by
using hand tricks or fingers, or some other external aid

8.

Visualized a number line or visualized the magnitudes of numbers in
some other way

9.

Guessed all or part of the answer

10. Other (please specify)
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Please think about how you solved the multiplication problems and consider each of the
solution procedures listed below. Use the following scale to indicate how often you
used each procedure with multiplication problems:
0
1
2
3
never
sometimes
often
always
How often?
1.

Directly retrieved parts of the answer from memory

2.

Changed some of the numbers before multiplying (e.g. “3x19” = 3x20
take 3 )

3.

Used the standard right-to-left method of multiplication (i.e. start with
units column, then move to the tens and then the hundreds columns)

4.

Used a left-to-right method of multiplication (i.e. start with hundreds
column, then move to the tens and then the units columns)

5.

Remembered parts of the answer, intermediate results, or carries by
talking to myself, either out aloud or subvocally.

6.

Remembered parts of the answer, intermediate results, or carries by using
visual imagery (e.g. by visualizing numbers in digit form)

7.

Remembered parts of the answer, intermediate results, or carries by using
hand tricks or fingers, or some other external aid

8.

Visualized a number line or visualized the magnitudes of numbers in
some other way

9.

Guessed all or part of the answer

10. Other (please specify)
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Please think about how you solved the division problems and consider each of the solution
procedures listed below. Use the following scale to indicate how often you used each
procedure with division problems:
0
1
2
3
never
sometimes
often
always
How often?
1.

Directly retrieved parts of the answer from memory

2.

Changed some of the numbers before dividing (e.g. 595 5 = 600 5 take
1)

3.

Used the standard left-to-right method of division (i.e. start with
thousands and hundreds columns, then move to tens and units columns)

4.

Used a right-to-left method of division (i.e. start with units and tens
columns, then move to the hundreds and thousands columns)

5.

Remembered parts of the answer, intermediate results, or carries by
talking to myself, either out aloud or subvocally.

6.

Remembered parts of the answer, intermediate results, or carries by using
visual imagery (e.g. by visualizing numbers in digit form)

7.

Remembered parts of the answer, intermediate results, or carries by using
hand tricks or fingers, or some other external aid

8.

Visualized a number line or visualized the magnitudes of numbers in
some other way

9.

Guessed all or part of the answer

10. Other (please specify)

We appreciate your taking time to respond to these questions.
Thank you for your assistance!
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SUBJECT # _____

APPENDIX B
Solution Procedures for Horizontal Arithmetic Tasks
Please think about how you solved the addition problems and consider each of the
solution procedures listed below. Use the following scale to indicate how often you
used each procedure with addition problems:
0
1
2
3
never
sometimes
often
always
How often?
1. Directly retrieved parts of the answer from memory
2. Changed some of the numbers before adding (e.g. 6+7 = 6+6 plus 1; or to
add 195, add 200 and then take 5)
3. Broke down into smaller numbers before adding
(e.g. 467 + 354 = (400 +300) + (67 + 54) = 700 + 121 = 821)
4. Visualized the problem in column-wise format (e.g 467 )
+ 354
5. Used the standard right-to-left method of multi-digit addition (i.e. start with
units column, then move to the tens and then the hundreds columns)
6. Used a left-to-right method of multi-digit addition (i.e. start with hundreds
column, then move to the tens and then the units columns)
7. Remembered parts of the answer, intermediate results, or carries by talking
to myself, either out aloud or subvocally.
8. Remembered parts of the answer, intermediate results, or carries by using
visual imagery (e.g. by visualizing numbers in digit form)
9. Remembered parts of the answer, intermediate results, or carries by using
hand tricks or fingers, or some other external aid
10. Visualized a number line or visualized the magnitudes of numbers in
some other way
11. Guessed all or part of the answer
12. Other (please specify)
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Please think about how you solved the subtraction problems and consider each of the
solution procedures listed below. Use the following scale to indicate how often you
used each procedure with subtraction problems:
0
1
2
3
never
sometimes
often
always
How often?
1. Directly retrieved parts of the answer from memory
2. Changed some of the numbers before subtracting (e.g. to subtract 195,
subtract 200 and then add 5)
3. Broke down into smaller numbers before subtracting
(e.g. 812 – 694 = (700 – 600) + (112-94) = 100 + (12 +6)= 100 + 18 =
118 )
4. Visualized the problem in column-wise format (e.g 812 )
 694
5. Used the standard right-to-left method of multi-digit subtraction (i.e. start
with units column, then move to the tens and then the hundreds columns)
6. Used a left-to-right method of multi-digit subtraction (i.e. start with
hundreds column, then move to the tens and then the units columns)
7. Remembered parts of the answer, intermediate results, or borrows by
talking to myself, either out aloud or subvocally.
8. Remembered parts of the answer, intermediate results, or borrows by
using visual imagery (e.g. by visualizing numbers in digit form)
9. Remembered parts of the answer, intermediate results, or borrows by
using hand tricks or fingers, or some other external aid
10. Visualized a number line or visualized the magnitudes of numbers in
some other way
11. Guessed all or part of the answer
12. Other (please specify)
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Please think about how you solved the multiplication problems and consider each of the
solution procedures listed below. Use the following scale to indicate how often you
used each procedure with multiplication problems:
0
1
2
3
never
sometimes
often
always
How often?
1. Directly retrieved parts of the answer from memory
2. Changed some of the numbers before multiplying (e.g. “3x19” = 3x20
take 3 )
3. Broke down into smaller numbers before multiplying
(e.g. 715 x 3 = (700 x 3) + (15 x 3) = 2100 + 45 = 2145 )
4. Visualized the problem in column-wise format (e.g 715 )
x
3
5. Used the standard right-to-left method of multiplication (i.e. start with
units column, then move to the tens and then the hundreds columns)
6. Used a left-to-right method of multiplication (i.e. start with hundreds
column, then move to the tens and then the units columns)
7. Remembered parts of the answer, intermediate results, or carries by
talking to myself, either out aloud or subvocally.
8. Remembered parts of the answer, intermediate results, or carries by using
visual imagery (e.g. by visualizing numbers in digit form)
9. Remembered parts of the answer, intermediate results, or carries by using
hand tricks or fingers, or some other external aid
10. Visualized a number line or visualized the magnitudes of numbers in
some other way
11. Guessed all or part of the answer
12. Other (please specify)
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1.
2.
3.
4.

Please think about how you solved the division problems and consider each of the solution
procedures listed below. Use the following scale to indicate how often you used each
procedure with division problems:
0
1
2
3
never
sometimes
often
always
How often?
Directly retrieved parts of the answer from memory
Changed some of the numbers before dividing (e.g. 595 5 = 600 5 take
1)
Broke down into smaller numbers before dividing
(e.g. 2856  4 = (2800  4) + (56  4) = 700 + 14 = 714 )
Visualized the problem in column-wise format (e.g 4 2856 )

5.

Used the standard left-to-right method of division (i.e. start with
thousands and hundreds columns, then move to tens and units columns)
6. Used a right-to-left method of division (i.e. start with units and tens
columns, then move to the hundreds and thousands columns)
7. Remembered parts of the answer, intermediate results, or carries by
talking to myself, either out aloud or subvocally.
8. Remembered parts of the answer, intermediate results, or carries by using
visual imagery (e.g. by visualizing numbers in digit form)
9. Remembered parts of the answer, intermediate results, or carries by using
hand tricks or fingers, or some other external aid
10. Visualized a number line or visualized the magnitudes of numbers in
some other way
11. Guessed all or part of the answer
12. Other (please specify)

We appreciate your taking time to respond to these questions.
Thank you for your assistance!
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