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Mental calculation is an important everyday skill involving access to well-learned procedures,
problem solving, and working memory. Although there is an active literature on acquiring concepts
and procedures for mental arithmetic, relatively little is known about the role of working memory
in this task. This paper reports two experiments in which dual-task methodology is used to study the
role of components of working memory in mental addition. In Experiment 1, mental addition of au
ditorily presented two-digit numbers was significantly disrupted by concurrent random letter gen
eration and, to a lesser extent, by concurrent articulatory suppression, but was unimpaired by con
current hand movement or by presentation of irrelevant pictures. Although the number of errors
increased with two of the dual tasks, the incorrect responses tended to be quite close to the correct
answer. In Experiment 2, the numbers for addition were presented visually.Here again, random gen
eration produced the largest disruption of mental arithmetic performance, while a smaller amount
of disruption was observed for articulatory suppression, hand movement, and unattended auditorily
presented two-digit numbers. The overall levels of performance were better and the absolute size of
the disruptive effects shown with visual presentation was very small compared with those found for
auditory presentation. This pattern of results is consistent with a role for a central executive com
ponent of working memory in performing the calculations required for mental addition and in pro
ducing approximately correct answers. Visuospatial resources in working memory may also be in
volved in approximations. The data support the view that the subvocal rehearsal component of
working memory provides a means of maintaining accuracy in mental arithmetic, and this matches
a similar conclusion derived from previous work on counting. The general implications for the role
of working memory in arithmetic problem solving will be discussed.

The concept ofworking memory is commonly invoked
as a mechanism for the processing and temporary stor
age of information in a wide variety of cognitive tasks.
For example, the limitations of working memory are
often claimed to place constraints on reasoning tasks
(e.g., Gilhooly, Logie, Wetherick, & Wynn, 1993;
Johnson-Laird, 1983; Johnson-Laird & Byrne, 1991),
problem solving (e.g., Gilhooly, 1988; Johnstone & Al
Naeme, 1991; Newell & Simon, 1972), and comprehen
sion (Just & Carpenter, 1992). The terms working mem
ory and short-term memory are also used in studies of
calculation and counting (e.g., Healy & Nairne, 1985;
Hitch, 1978; Logie & Baddeley, 1987; Widaman, Geary,
Cormier, & Little, 1989). However, relatively few stud
ies specify in detail the nature of the memory system in
volved or the nature of the constraints for which work
ing memory is held responsible. In this paper, we address
this issue by investigating the detailed role of working
memory in the area of mental arithmetic.
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Carolina at Greensboro. The support ofthat institution and particularly
of Marc Marschark is gratefully acknowledged. The authors are grate
ful to Mark Ashcraft and Keith Widaman for helpful comments on an
earlier draft of this paper. Correspondence should be addressed to
R. H. Logie, Department of Psychology, University of Aberdeen,
Kings College, Aberdeen AB9 2UB, Scotland.

Calculation and Counting
Mental arithmetic is an important everyday skill that

is a key component of an elementary education. There
is an established literature on the topic that has examined
arithmetic and counting in both normal and brain
damaged adults and children (e.g., Ashcraft, 1992;
Ashcraft & Stazyk, 1981; Dehaene, 1992; Ellis & Hen
nelley, 1980; Gallistel & Gelman, 1992; Geary &
Widaman, 1987; Healy & Nairne, 1985; Hitch, 1978;
Hitch & McAuley, 1991; Logie & Baddeley, 1987; Me
Closkey, Sokol, & Goodman, 1986; Sokol, McCloskey,
Cohen, & Aliminosa, 1991; Widaman et al., 1989).
From these and other studies it has become clear that
mental arithmetic involves well-learned procedures,
problem-solving skills, and reliance on short-term or
working memory. A number of relatively sophisticated
models of cognitive processing in arithmetic have been
developed to account for access to arithmetic knowledge
and skills. A common view is that normal adults have
available a vocabulary of known sums, products, and so
on, which are organized in the form ofan associative se
mantic network that capitalizes on the brain mechanisms
involved in processing language (e.g., Campbell &
Graham, 1985; Dehaene, 1992; McCloskey, Harley, &
Sokol, 1991). Thus, for example, most adults know the
answer to the sum 6+7 or the product 3x4, without hav
ing to follow any form of calculation algorithm. The an-
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swers to these problems are learned by association, thus
allowing for direct memory access. In the case of arith
metic problems that cannot be tackled in this way by
most people (e.g., 234+429 or 23 X47), more complex
models have been developed that specify stages in the
calculation. However, there is a continuing debate
among the authors of the various models as to the nature
of the cognitive processing that might be involved (e.g.,
Campbell & Clark, 1988; Dehaene, 1992; Geary &
Widaman, 1992; McCloskey, 1992; McCloskey et aI.,
1991; McCloskey et aI., 1986; Sokol, Goodman
Schulman, & McCloskey, 1989; Sokol et aI., 1991;
Widaman et aI., 1989) or how the necessary skills are ac
quired and applied by young children (Gallistel & GeI
man, 1992; Graham, 1987; Hitch, Cundick, Haughey,
Pugh, & Wright, 1987; Siegler, 1987). Despite the de
bate, most researchers in this area agree that there is a
requirement for temporary storage of information dur
ing calculation in addition to any other processes that
might be involved. Even in the case of"direct access" to
a solution, the individual has to retain, on a temporary
basis, the individual items that have to be summed or
multiplied. For example, Hitch (1978) demonstrated
that a number of errors in mental arithmetic occur be
cause subjects fail to retain in working memory an ac
curate record of"carries" and interim solutions. Also, in
some of their more complex problems, Widaman et al.
(1989) refer to the use of short-term memory and to the
use of "a relatively slow, implicit speech process"
(p. 914) in components of the calculation process. Yet in
these studies and elsewhere, the exact nature and extent
of the short-term memory involvement or the "implicit
speech process" remains underspecified. Moreover, al
though the nature of the cognitive processing involved
in counting and calculation has been discussed in some
detail, there has been very little discussion of the kind
of cognitive mechanisms that might support these
processes.

Working Memory
The notion of a single, flexible, short-term memory

system has in recent years largely been replaced in the
literature by the concept of working memory. It is now
well established that there are likely to be a number of
components of the cognitive architecture that are re
sponsible for different forms of processing and tempo
rary storage, and working memory often serves as a col
lective term for these various components. One coherent
model ofworking memory that has been singularly suc
cessful in accounting for a wide range ofdata is that de
veloped by Baddeley and his colleagues (e.g., Baddeley,
1986,1992; Baddeley & Hitch, 1974). This model com
prises three components, a central controlling executive
considered to be involved in on-line cognitive process
ing, such as problem solving and calculation, and in co
ordinating the activities of the other two more special
ized components (see, e.g., Baddeley, 1986; Gilhooly
et aI., 1993; Logie, 1993). One of these components,

known as the articulatory loop is involved in temporary
storage of verbal information (e.g., Baddeley & Logie,
1992; Baddeley, Thomson, & Buchanan, 1975; Salame
& Baddeley, 1982). Another component, known as the
visuospatial scratch pad, serves a similar temporary
storage function for visual and spatial material (Badde
ley & Lieberman, 1980; Farmer, Berman, & Fletcher,
1986; Logie, 1986, 1989, 1991).

There is now a considerable body of evidence sug
gesting that the articulatory loop comprises two subsys
tems: an active subvocal rehearsal process and a passive
phonologically based store (see, e.g., Baddeley, 1992;
Baddeley & Logie, 1992). The rehearsal process is in the
form of subvocal articulation and is closely linked with
the speech production system. The contents of the pas
sive store are subject to decay, but can be refreshed and
maintained by subvocal rehearsal. Evidence for this
view comes in part from the fact that when subjects are
required to suppress articulation by repeating aloud an
irrelevant speech sound, such as "blah, blah, blah" or
"the, the, the," this disrupts temporary memory for se
quences of verbal items, such as digits or words (e.g.,
Baddeley, Lewis, & Vallar, 1984; Levy, 1971; Murray,
1968). The evidence for phonological coding derives
from the finding that phonologically similar material is
recalled less accurately than is phonologically distinct
material. This finding is obtained when subjects are re
quired to read or to listen to the items for recall (e.g.,
Conrad, 1964). Suppressing articulation removes the ef
fect of phonological similarity for visually presented
material; this suggests that subvocal articulation is in
volved in translating visually presented verbal material
into a phonological code (Baddeley et aI., 1984). Finally,
when subjects are presented with a tape of irrelevant
speech during a verbal short-term memory task, their
ability is impaired for recall ofvisually presented verbal
material. This impairment is more pronounced when the
irrelevant speech is phonologically similar to the mate
rial for recall, again supporting the notion that verbal in
formation generally is stored in a phonological form.
This "irrelevant speech effect" also suggests that the
speech appears to have direct access to the phonological
store, thereby causing disruption ofits contents (Salame
& Baddeley, 1982).

Evidence for the characteristics of the visuospatial
component of working memory suggests that it too ap
pears to comprise two subsystems: one that retains vi
sual material, such as color and shape, and one that re
tains spatial information, such as movements through
space (see, e.g., Glasgow & Papadias, 1992; Logie,
1986, 1989, 1991; Logie & Baddeley, 1990; Logie &
Marchetti, 1991; Logie, Zucco, & Baddeley, 1990;
Quinn & Ralston, 1986; Reisberg & Logie, 1993; Smyth
& Pendleton, 1989). For example, there is some evi
dence to suggest that temporary retention of visual in
formation is disrupted by irrelevant visual input but not
by concurrent hand tapping or arm movement. In con
trast, retention ofspatial material appears to be disrupted



by concurrent arm movement but not by concurrent ir
relevant visual input (e.g., Brooks, 1967; Logie, 1986;
Logie & Marchetti, 1991; Matthews, 1983; Quinn &
Ralston, 1986; Smyth & Pendleton, 1989). However, this
is still a developing area, and the evidence is by no
means conclusive. Nevertheless, the distinction between
the mechanism responsible for temporary storage of vi
sual and spatial information and that for verbal infor
mation (the articulatory loop) is well established (e.g.,
Brooks, 1967; Farmer, Berman, & Fletcher, 1986; Logie
et aI., 1990; Wickens & Liu, 1988).

Evidence for the characteristics of the central execu
tive is accumulating, and its role as coordinator of the
slave systems has empirical support (Baddeley, Bressi,
Della Sala, Logie, & Spinnler, 1991; Baddeley, Logie,
Bressi, Della Sala, & Spinnler, 1986). A similar concept
has arisen in studies ofdivided attention where this func
tion is referred to as a cost ofconcurrence (Navon & Go
pher, 1979) or as an executive time sharer (Hunt & Lans
man, 1982; McLeod, 1977; Moray, 1967; Yee, Hunt, &
Pellegrino, 1991). In contrast, the functioning ofthe cen
tral executive in reasoning and problem solving has been
tackled in only a few studies (Farmer et aI., 1986;
Gilhooly et aI., 1993; for discussions, see Della Sala &
Logie, 1993; Logie, 1993), although recent studies of
comprehension refer to a concept very similar to that of
the central executive (e.g., Just & Carpenter, 1992).1 In
studies of neuropsychological patients, tasks such as
card sorting are commonly referred to as relying on ex
ecutive functions, requiring focused attention, planning,
and control (e.g., Milner, 1963; for discussions, see
Della Sala & Logie, 1993; McCarthy & Warrington,
1990; Shallice, 1988). The involvement of the central
executive in tasks such as card sorting or more complex
cognitive tasks appears to be disrupted by the use of a
technique known as random generation (Baddeley,
1966). In this procedure, subjects are asked to generate
items from a well-known set, such as the alphabet or the
digit set 0 through 9. It is a task that requires subjects to
keep track of the number of times each item has been
generated and to inhibit well-known sequences such as
"ABCD" or "3456." These are cognitive demands that
would indeed appear to rely on planning and control
functions (Evans, 1978; Treisman & Faulkner, 1987). It
has been shown to disrupt performance in syllogistic
reasoning tasks (Gilhooly et aI., 1993) and in complex
dynamic tasks that place heavy demands on cognitive re
sources (Fabiani et aI., 1989; Logie & Salway, 1990; Sal
way, 1991).

It will be clear from this brief overview of the litera
ture that a common approach in the development of
working memory has been to use dual-task methodol
ogy. This approach has also been successful in identify
ing which components ofworking memory are involved
in performing cognitive tasks (Gilhooly et aI., 1993;
Logie, Baddeley, Mane, Donchin, & Sheptak, 1989;
Saariluoma, 1991). The logic of this approach is that
first we identify simple secondary tasks that have been
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shown empirically to place heavy loads on individual
components of working memory, and then we ask sub
jects to perform a concurrent cognitive task and assess
the pattern ofimpairment or sparing ofperformance that
obtains. This pattern then allows us to identify which, if
any, of the components ofworking memory are involved
in performing the cognitive task. Thus, for example, ar
ticulatory suppression (described above) appears to load
the subvocal rehearsal component of the articulatory
loop, without having any effect on visuospatial storage.
Irrelevant speech appears to disrupt the operation of the
phonological store, random generation disrupts the cen
tral executive, and tapping and irrelevant visual input
disrupt the visuospatial system in working memory.

Working Memory in Counting and Arithmetic
Some ofour previous work has shown the component

based dual-task approach (described above) to be fruit
ful in studying counting (Logie & Baddeley, 1987). In
these studies, subjects were required to count the num
ber of dots in a random array or to count the number of
times a square appeared at irregular intervals on a com
puter screen and respond with the total using a numeric
keypad. Results were consistent in showing that articu
latory suppression during counting produced a substan
tial disruption of counting performance. However, the
major disruptive effect of suppression was on the num
ber of errors produced rather than the size of the error.
When a subject made an error, it tended to be numeri
cally quite close to the correct total, suggesting that per
formance was not totally disrupted by articulatory sup
pression. We also observed an effect of irrelevant
speech, which was more prevalent when the speech was
phonologically similar to the numbers being counted
(tun, woo, tee, sore, thrive, etc.; Salame & Baddeley,
1982). However, although the effect was statistically re
liable, it was very small and certainly much weaker than
the disruption associated with articulatory suppression.
The irrelevant speech effect was not much larger even
when the speech comprised random two-digit numbers.
This was a surprising result, not least because of anec
dotal reports as to the disruptive effects of background
speech on everyday tasks involving counting. There was
no disruptive effect ofa concurrent hand movement task.
We tentatively interpreted these results in terms of two
separate components of the counting task: subvocaliza
tion of a running total, and priming of the most recently
accessed numbers in long-term memory. The contrast
between the effects of irrelevant speech and articulatory
suppression is consistent with the suggestion that sub
vocalization of the running total plays a more central
role in counting than does the phonology of the words
used for the number system (Healy & Nairne, 1985;
Nairne & Healy, 1983).

We mentioned above that Widaman et al. (1989) in
corporated the idea ofa relatively slow subvocal speech
based process in their more complex arithmetic tasks.
There is other evidence for the importance of subvocal
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articulation in arithmetic and counting. For example,
Ellis and HennelIey (1980; see also Ellis, 1992) showed
that arithmetic performance and verbal memory span in
children speaking the Welsh language are poorer than if
those same children perform the tasks in English. This
phenomenon does not arise from differential familiarity
with the respective languages but is accounted for by the
time taken to pronounce the words in each language.
Words that take longer to pronounce also take longer to
subvocalize, thus placing a heavier demand on the sub
vocal rehearsal mechanism. Similar cross-language con
trasts in digit span, counting, and arithmetic have been
shown, comparing a variety of languages, such as Chi
nese and English (Hoosain & Salili, 1988), Arabic, He
brew, Spanish, and English (Naveh-Benjamin & Ayres,
1986), and Italian and English (Della Sala & Logie,
1993). Further evidence is provided by Gonzalez and
Kolers (1982), who demonstrated that the surface char
acteristics of the number system used (in their case, Ara
bic vs. Roman number systems) can have a significant
impact on mental calculation.

Some authors have suggested that visual imagery may
also be involved in mathematics, and this opens the pos
sibility of some involvement of the visuospatial compo
nent of working memory. For example, Hayes (1973)
demonstrated how subjects could use visual images to
assist in the solution of mathematical problems. How
ever, in his studies, subjects were encouraged to use vi
sual imagery in solution of algebraic problems. It is not
clear from his data the extent to which people sponta
neously rely on visual imagery across different kinds of
arithmetic problems. Moyer and Landauer (1967) and
Restle (1970) argued that, in the case ofmental addition,
subjects use a mental analogue of a number line, which
is then extended in their mental representation by an
amount equivalent to the addend. This allows the subject
to "read off" the answer from the resulting analogue
image. More recently, this view has been extended, for
example, by Dehaene (1992), who suggests that an ana
logue magnitude representation can be used for arriving
at approximate solutions to arithmetic problems. This
process of approximation is viewed as distinct from
quantification, which is associated more closely with ac
curacy in numerical cognition. This distinction between
accuracy and approximation has cropped up in studies of
children's mathematics (Reyna & Brainerd, 1993) and
fits with the interpretation ofour own findings on the ef
fects on counting of articulatory suppression (Logie &
Baddeley, 1987). However, the extent to which people
spontaneously rely on visuospatial temporary storage or
visual imagery is still very much in debate. Indeed, it
may be that imagery offers one ofa number ofstrategies
available and that only some individuals would choose
to use imagery in laboratory studies ofmental arithmetic
(e.g., Siegler, 1987).

Finally, the nature of the hypothesized central execu
tive suggests that it ought to have a central role in nu
merical cognition, particularly in the case of more com-

plex arithmetical problems, although as yet there is scant
evidence for this assumption. It is clear that whether
working memory has anything more than a peripheral
role to play in numerical cognition is still an open ques
tion, and the empirical studies reported in this paper at
tempted to address this issue. Two experiments are re
ported, both of which investigated mental addition of
two-digit numbers. The arithmetic tasks were coupled
with a range of concurrent secondary tasks to explore
the possible role of the various components of working
memory that we discussed above. InExperiment I, sub
jects heard the numbers for mental addition, and the in
volvement of subvocal articulation was investigated by
using articulatory suppression. The visuospatial working
memory component was studied using irrelevant pic
tures and concurrent hand movement. Random genera
tion ofletters ofthe alphabet was used to investigate the
extent to which arithmetic depends on central executive
processes. With auditory presentation ofthe numbers for
adding, it is impractical to investigate the possible dis
ruptive effects of concurrent irrelevant heard speech, a
manipulation that produced a rather surprising lack of
interference in our previous experiments on counting
(Logie & Baddeley, 1987). Therefore, in Experiment 2,
the numbers for addition were presented visually, and
the possible role for the phonological store was studied
with auditory presentation of irrelevant words. In this
second experiment, we also studied the effects of artic
ulatory suppression, hand movement, and random letter
generation.

EXPERIMENT1
MentalArithmeticWIth Auditory Presentation

Method
Subjects. A total of24 subjects participated in this experiment

(14 females and 10 males). All were members of the Psychology
Department Volunteer Subject Panel, comprising members of the
general public. Their ages ranged from 18to 65 years, with a mean
of45 years.

Arithmetic task. The arithmetic task involved adding a series
of two-digit numbers, which were presented through headphones
over a period of 20 sec. The subjects were requested to maintain
mentally a running total of the addition, but only to report aloud
the final total when the complete series had been presented. We
were aware that subjects vary widely in their competence with
mental arithmetic, and this was confirmed in a pilot study. We
were anxious to avoid potential difficulties in interpreting data
from subjects performing tasks that were too demanding or too
simple, resulting in large intersubject performance variability or
floor and ceiling effects in our data. This problem arises in stud
ies of short-term verbal memory where subjects vary in ability. In
those cases, a common technique is to use a memory span proce
dure to equate task difficulty across subjects (e.g., Baddeley et aI.,
1991; Baddeley et aI., 1986). Therefore, the number of two-digit
additions was initially adjusted according to the arithmetic com
petence of each subject, using an arithmetic span procedure. The
span procedure involved presenting the subjects initially with two
two-digit numbers, which they were to add mentally; they were re
quested to report aloud the total as quickly and as accurately as
they could. They were then given a third two-digit number, which
they were to add to the previous total; they then reported aloud the



new total. This continued either for a maximum of six two-digit
numbers or when 20 sec had elapsed, whichever came first. This
procedure was repeated three times. The arithmetic span for each
subject was taken as the mean number of accurate additions com
pleted within the 20-sec period.

Thus, in the main task, a given subject could be presented with
3, 4, 5, or 6 two-digit numbers to add, depending on their adding
ability as measured by our arithmetic span procedure. In all cases,
the numbers for a given sequence were presented within a 20-sec
period according to the timing schedule shown in Table I. The
numbers of subjects presented with each series length are shown
in the same table. Each subject was presented with a total of 40
problems, split into two sets of20 problems. For each subject, one
set was performed as a single task, and the other set of 20 prob
lems was completed along with one of four different secondary
tasks (described below). The subjects were allocated to each ofthe
four groups so as to ensure that the groups did not differ in mean
age or adding span. An analysis of variance (ANaYA) across the
groups indicated that the subjects were matched on these variables
(F < I, in both cases). All of the problems were presented via
headphones from a tape recorder with different tapes used for 3-,
4-,5-, or 6-number sequences. Half of the problems (10) in each
condition had a maximum of two carries involved: for example,
13+ 18(31)+ 13(44)+21(65)+ 13(78)+25(103). For sequences of
less than 6 numbers, the problems involved only one carry, which
occurred on the first addition. In fact, only I subject achieved an
arithmetic span of six (see Table I); we therefore referred to these
as Single-carry problems. For the other half of the problems, each
addition in the sequence involved a carry: for example, 29+
18(47)+48(95)+22(117)+18(135)+27(162). These were re
ferred to as multiple-carry problems. In the latter case, one addi
tion in each problem sequence involved a carry that was in the
"tens" column rather than in the "units" column (in the example
above, 95+ 22). We felt, however, that the distinction in the num
ber ofcarries for the two problem types was sufficient to examine
number of carries as a factor in our experimental design, with the
multiple-carry problems perhaps placing a greater demand on
working memory than would the single-carry problems (Ashcraft,
Donley, Halas, & Vakali, 1992; Hitch, 1978).

The two different kinds of problems were presented randomly
within each set of 20 problems. The same random order of prob
lems within each set was used for all subjects, but the allocation
of a given set to the single- or dual-task condition was counter
balanced across subjects. On each trial, the subject heard a warn
ing beep on the tape 3 sec before the first number was presented.
Immediately following presentation of the last number in the se
ries, the subjects heard a beep and were given 7 sec in which to re
spond with their total for the number sequence before they heard
the warning beep for the start of the next trial. Throughout all tri
als, the subjects heard a regular metronome tick at one per second.
This was also present in the dual-task conditions (see below), and
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it was included in the adding-alone single-task condition to ensure
that any secondary task interference could not be attributed to the
distracting effect of a metronome beat.

The secondary tasks were chosen to involve different compo
nents of the working-memory system and comprised articulatory
suppression, random generation, irrelevant pictures, and hand
movement. Each ofthese secondary tasks is described below. With
the exception of the irrelevant pictures condition, subject perfor
mance was measured on each ofthe secondary tasks performed on
its own as well as when performed concurrently with mental ad
dition. Given the nature of dual-task performance, we were con
cerned that the subjects would become overly fatigued or would
improve with practice if all subjects were required to carry out the
addition task under all five experimental conditions (control plus
four dual-task conditions). The subjects might, for example, alter
their strategy in the course of the experiment (e.g., Della Sala,
Logie, Marchetti, & Wynn, 1991; Siegler, 1987) if they had ex
tensive experience of the experimental procedure. The subjects
were split into four groups of 6 subjects, with each group corre
sponding to one of the secondary tasks. That is, Group I per
formed adding alone and adding plus articulatory suppression,
Group 2 performed adding alone and adding plus random gener
ation, Group 3 performed adding alone and adding plus irrelevant
pictures, and Group 4 performed adding alone and adding plus
tapping. This is a design that we have used successfully in previ
ous studies that have used a range of secondary tasks (Gilhooly
et al., 1993). Halfof the subjects in each group performed the con
trol, adding task first followed by adding plus a secondary task;
half performed the conditions in the reverse order.

Articulatory suppression. We investigated the role of subvo
cal rehearsal in the mental arithmetic task by asking the subjects
to repeat the word the once per second throughout presentation of
the series of numbers. The rate of articulation was indicated by a
metronome beat once every second throughout each trial. Articu
latory suppression started in time to the metronome at the onset of
the warning beep 3 sec prior to the presentation of the first two
digit number in each sequence, and continued until the subject re
sponded orally with the final total. In addition, the subjects were
asked to perform the articulatory suppression task on its own for
10 25-sec periods, so as to provide a measure of control perfor
mance on this task. The subjects' articulations were monitored by
a throat microphone and a voice key connected to an Atari com
puter, which recorded articulation times. This allowed us to mea
sure whether the subjects successfully maintained a rate ofone re
sponse per second.

'Random generation. The role of the central executive com
ponent of working memory was studied using random generation
of letters of the alphabet. The subjects were to say aloud a letter
ofthe alphabet at a rate ofone per second and in as random a fash
ion as they could. The rate was indicated by a metronome that con
tinued throughout the trial. To assist the subjects in understanding

Table 1
Timing (in Seconds) and Number of Subjects for Presentation of
Sequences of 3, 4, 5, and 6 Two-Digit Numbers in Experiment 1

(Auditory Presentation) and Experiment 2
(Visual Presentation)

Number of Subjects

Sequence Timing Auditory Visual
Length 1st 2nd 3rd 4th 5th 6th (Exp. I) (Exp.2)

3 4 12 4 3
4 3 9 15 13 II
5 3 7 II 15 6 10
6 3 6 9 12 15 I 0

Note-Timings were taken from the initial warning signal at the start of each
trial.
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what was required, this task was likened to picking out a letter at
random from a hat, then replacing it in the hat and picking out a
letter again. Thus, a given letter was as likely to be picked out
again as any other letter. They were also asked to avoid stereotype
sequences, such as A-B-C-D, or spelling out words. Otherwise, the
procedure for the task was identical to that for articulatory sup
pression, except that responses were recorded on tape in addition
to being timed via the voice key and computer. We recorded the
actual responses made by the subject in order to assess the degree
of randomness achieved; however-to anticipate our results-the
subjects produced too few responses in the dual-task condition to
allow us to perform this analysis. As for the other secondary tasks,
the subjects were asked to perform the random-generation task on
its own for 10 25-sec periods to give a measure of single-task con
trol performance.

Irrelevant pictures. This task was included to determine
whether or not visual imagery is heavily involved in mental arith
metic. Irrelevant pictures in the form of line drawings of objects
and animals were projected by a slide projector onto a screen ap
proximately 2 m in front of the subject and at a rate of one slide
every 1.5 sec throughout each trial. The projected pictures were
approximately 1.5X 1.5m. Presentation ofthe pictures started with
the warning beep 3 sec before the subjects heard the first two-digit
number and stopped when the subject responded with the final
total. The subjects were instructed to simply keep their eyes open
and looking in the direction ofthe pictures. There was also a video
camera directed toward the subjects' eyes as an incentive to fol
low instructions. However,unknown to the subject, no actual video
recording was taken.

Hand movement. This task was included to test for the possi
ble involvement of spatial manipulation of images. With their pre
ferred hand, the subjects had to press in sequence each offour but
tons. The buttons were in the form of four sprung switches
arranged in a square on a 190X190 mm wooden board. The but
tons and the subject's hand were hidden from the subject's view to
ensure that this was primarily a spatial rather than a visual sec
ondary task. This follows the procedure used in previous studies
of spatial imagery (Baddeley & Lieberman, 1980; Farmer et aI.,
1986; Quinn & Ralston, 1986). The buttons were to be pressed at
a rate of one per second in response to the metronome that con
tinued throughout the trial. The rate ofpressing was recorded by
an Atari microcomputer connected to the buttons. When perform
ing the task concurrently with arithmetic, the subjects commenced
hand movement 3 sec prior to presentation of the first number in
the series and stopped when the subject responded with the cor
rect total. In addition, the subjects performed the movement task
on its own for 10 separate periods of 25 sec to assess control lev
els of performance.

Results
Performance on mental addition. Arithmetic per

formance was measured in terms of both the number of
incorrect totals reported by subjects and the size of their
errors.

Looking first at number of errors (incorrect totals),
the data for each subject were entered into a three-way
mixed design ANOVA, with groups (4 levels) as a
between-subject factor, and single versus dual task (2
levels) and single- versus multiple-carry problems (2
levels) each as within-subject factors. It is possible that,
despite our attempt to control for individual differences
in arithmetic ability, factors such as age or facility with
mental calculation might have a systematic effect on our
data pattern. Therefore, age and adding span were en
tered into the analysis as covariates so as to control for
any effects of these variables.

Results of the analysis showed that there was an over
all difference in the numbers of errors produced by the
four subject groups [F(3,18) = 6.87, p < .01]. There
was also a highly significant disruption under dual-task
conditions, with a mean of4.5 errors (22.5%) compared
with performing mental addition on its own (M = 2.4 er
rors; 12%) [F(l, 18) = 59.68, P < .001). The number of
carries also had a substantial effect, with a mean for
single-carry problems of2.5 errors (12.5%) and a mean
for multiple-carry problems of 4.4 errors (22%)
[F(1,18) = 34.36, p < .001). The number of carries did
not interact with group [F(1, 18) = 1.54, p > .2] or with
single versus dual task (F < I). Finally, whether addi
tion was performed alone or with a secondary task in
teracted with the group variable [F(3,18) = 16.34, P <
.001). Mean data for each group under single- and dual
task conditions are shown in Table 2, from which it ap
pears that random generation produces a much larger
disruption in performance than do the other secondary
tasks. Post hoc pairwise comparisons were carried out
on the means for this interaction using Newman-Keuls
tests, revealing that only articulatory suppression (p <
.01) and random generation (p < .001) resulted in sig
nificantly poorer performance.

Despite our attempts to control for adding span and
age, it is possible that other sources of intersubject vari
ability in the scores obtained from our relatively small
sample of subjects could result in systematic differences
between the groups. One way to reduce the influence of
intersubject variability in mean scores is to analyze the
differences between conditions for each subject. For
this, we derived a single difference score for each sub
ject by subtracting the single-task error score from the
dual-task error score. We also had a priori expectations
about the relative effects of each of the secondary tasks.
A model that implicated subvocal rehearsal and general
executive resources in mental arithmetic would predict
that random generation would result in a larger differ
ence between single- and dual-task performance across
subjects than would articulatory suppression, and this in

Table 2
Mean Number and Percent of Addition Errors With Auditory

and Visual Presentation of Numbers for Four Groups of Subjects
in a Single-Task Control Condition and With Irrelevant Pictures,

Hand Movement, Articulatory Suppression, Random
Generation, and Irrelevant Speech

Task

Single Dual

M % M %

Auditory Presentation
Pictures 2.3 11.5 2.42 12.1
Movement 3.0 15.0 3.75 18.8
Articulatorysuppression 1.6 8.0 4.1 20.5
Randomgeneration 2.8 14.0 7.7 38.5

Visual Presentation
Speech 1.3 6.5 2.8 14
Movement 1.6 8.0 3.0 15.0
Articulatory suppression 1.3 6.5 2.8 14
Randomgeneration 0.7 3.5 8.8 44
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Table 3
Mean Percentage Error Magnitude of Addition Errors With

Auditory and Visual Presentation of Numbers for Four
Groups of Subjects in a Single-Task Control Condition

and With Irrelevant Pictures, Hand Movement,
Articulatory Suppression, Random Generation,

and Irrelevant Speech

Visual Presentation

Single

3.7
I.7
5.7
9.0

Dual

1.8
1.7
2.1

12.3

Task

1.0
0.8
0.8
0.4

Auditory Presentation

2.7
1.0
2.2
2.1

Pictures
Movement
Articulation suppression
Random generation

Speech
Movement
Articulation suppression
Random generation

turn would yield larger dual-task decrements than would
either irrelevant pictures or concurrent tapping. Using
a priori contrasts, these expectations were confirmed,
with significant contrasts between random generation
and articulatory suppression [F(l,I8) = 10.76, P <
.005] and between articulatory suppression and the
combined effects of movement and irrelevant pictures
[F(I,I8) = 13.06,p < .005]. All subjects in the move
ment, articulatory suppression, and random-generation
groups committed more errors under dual-task condi
tions. Only 2 of the 6 subjects in the pictures condition
showed poorer performance under dual-task conditions.

In our earlier studies on counting (Logie & Baddeley,
1987), we found it fruitful to analyze error magnitude as
well as the number of errors, and we turned next to the
analyses of these data from our present experiment.
Error magnitude was calculated as a percentage of the
correct total as follows:

Modulus(Subject Response-Correct Total)
% ErrorSize = CorrectTotal X 100.

By using the modulus, all negative scores were con
verted to positive values.

Data from all 24 subjects were entered into an
ANOVA identical to that used for number of errors. As
before, age and adding span were entered as covariates.
The analyses showed a marginal difference among the
four groups in the overall mean error magnitudes
[F(3,I8) = 3.03, P < .06]. There was a main effect of
performing a secondary task [F(l,I8) = 19.06, P <
.001] and an effect of number of carries [mean single
carry = 2.81 %; mean multiple carries = 4.23%;
F(I,I8) = 5.70,p < .05]. There was an interaction be
tween group and single versus dual task [F(3,I8) = 4.26,
P < .025]; the means for this interaction are shown in
Table 3. Number of carries did not interact with group
(F < I) or with single/dual task [F(I,I8) = 1.75,
P > .2]. The three-way interaction was not significant
(F < I). Post hoc comparisons on the group X single/
dual task interaction showed that only random genera
tion produced a significant increase in error magnitude
(p < .001), with a marginal effect of articulatory sup
pression (p = .073). The effects of movement and pic
tures were nonsignificant.

Again, we carried out paired contrasts on the dual
task-single-task difference scores, which revealed that
random generation produced larger dual-task decre
ments than did pictures and movement combined
[F(l,18) = 13.40, P < .01], but the contrast between
random generation and articulatory suppression was
marginal [F(l,I8) = 3.47, .05 <p < .1], and the con
trast between articulatory suppression and the combined
effects of pictures and movement was not significant
[F(l,18) = 2.22,p > .1]. Looking at the performance of
individual subjects, all subjects in the random-generation
and articulatory suppression groups showed larger error
magnitude scores under dual-task conditions. In the pic
tures condition, 5 of6 subjects showed poorer dual-task

performance; in the movement condition, 4 of the 6 sub
jects showed poorer dual-task performance.

In each of our analyses, we examined the data pattern
while covarying out the influence of age and adding
span. To evaluate whether age difference or adding span
scores might account for some of the variability in this
experiment, we calculated the correlations between age,
adding span, and the dual-task-single-task difference
scores across all 24 subjects, both for error number and
for proportional error magnitude. There were no signif
icant correlations between any of these variables, most
notably between age and dual-task interference (for
error number, r = - .02; for error magnitude, r = - .09)
and between adding span and dual-task interference (for
error number, r = .07; for error magnitude, r = - .25).
Finally, age and adding span were unrelated (r = .07).

Secondary task performance. We next turned to an
analysis ofperformance on the secondary tasks. With ir
relevant pictures, there was no measure ofperformance;
therefore, we concentrated on data for hand movement,
articulatory suppression, and random generation.

For the movement task, we used the mean inter
response times as our measure ofperformance. Thus, for
each subject in the movement control condition, we cal
culated the mean interpress interval for each of the 10
25-sec periods, ignoring the intervals for the first 3 sec
and for the last 2 sec in each period. In the dual-task con
dition, we calculated the mean interpress interval for
each of the first 10 trials, ignoring for each trial the first
3 sec prior to onset of the number sequence. We used
mean interpress intervals from each trial rather than raw
data in the analysis because the number ofkeypresses on
each trial varied depending on the actual rate achieved
by the subjects. For each of the 6 subjects in this group,
this gave us 10 data points for control (single task)
movement and 10 data points for trials when movement
was performed concurrently with mental addition. An
ANOVA on these data showed that there was no signif
icant difference [F(l,54) = 1.52, P > .2] in the intertap
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intervals for the single-task condition (M = 1,559 msec)
or the dual-task condition (M = 1,611 msec).

We carried out a similar analysis on the interresponse
interval data for articulatory suppression. For the 6 sub
jects in this group, there was a highly significant differ
ence [F(l,54) = 60.93, P < .001] between the single
task condition (M = 1,249 msec) and the dual-task
condition (M = 1,817 msec).

Turning to random generation, we had available data
on interresponse times and in addition we tape-recorded
the actual responses produced by each subject. Our in
tention in collecting these latter data was to analyze the
effect of dual-task demands on degree of randomness of
the responses. This analysis requires an equal number of
responses in each of the two conditions to be compared;
however,4 of the 6 subjects in this group produced fewer
than 10 responses on 34 of the 80 dual-task trials for
these subjects. On 10 of these 34 trials, fewer than six
responses were generated, and on one of these trials, 1
subject produced no responses at all. The 4 subjects who
failed to produce sufficient responses had adding spans
of4,5,4, and 3. The 2 subjects who produced sufficient
responses had adding spans of 4 and 5. Therefore, there
was no tendency for a failure to produce randomly gen
erated responses under dual-task conditions to be asso
ciated with a low adding span. In contrast, all ofour sub
jects successfully performed the random-generation task
on its own. Across all subjects, there were significantly
fewer responses (t = 7.16, P < .001) generated under
dual-task conditions (M = 13.47, SD = 2.97) than under
single-task conditions (M = 19.25, SD = 5.88).

These observations on their own attest to the size of
the disruption when combining random generation with
mental arithmetic. However, we were also able to carry
out a one-way ANOVA on the data that were available
for interresponse times. This supported the conclusion
that dual-task performance was highly disruptive
[F(l,40) = 43.66,p < .001], with a single-task mean of
1,184 msec and a dual-task mean of 1,539 msec.

Discussion
Random generation produced very substantial error

scores in both number and magnitude. Articulatory sup
pression produced a smaller degree of disruption, but
mental addition was largely unimpaired by hand move
ment or presentation of irrelevant pictures. The disrup
tive effects of random generation and articulatory
suppression clearly were not due to a tradeoff in perfor
mance between the primary and secondary tasks. Inter
response intervals for articulatory suppression and ran
dom generation were significantly slower under
dual-task conditions, suggesting that performance on
these tasks was also disrupted when coupled with men
tal addition. Moreover, the lack of a disruptive effect on
mental arithmetic of the hand movement task was
matched by a similar lack of disruption of hand move
ment by concurrent arithmetic.

The data arising from the use of articulatory suppres
sion are highly consistent with a role for subvocalization

in mental arithmetic and are in line with the data ob
tained in our previous experiments on counting. The
large disruption ofperformance associated with random
generation is particularly striking, supporting the view
that the cognitive mechanisms that underlie mental ad
dition are also pivotal to oral generation of random let
ter sequences. In view of our interpretation of random
generation as a task that reflects the operation of the cen
tral executive system in working memory, these data are
consistent with the suggestion that mental arithmetic as
studied here also relies on central executive resources.
In contrast, the lack of any disruptive effect of concur
rent hand movement or irrelevant pictures is not consis
tent with a role for visual or spatial imagery in this form
of mental addition.

Of additional interest is that, although the disruptive
effects on error number were quite substantial, the effect
on error magnitude was rather small. In other words, al
though subjects make more calculation errors when car
rying out random generation or articulatory suppression,
the response they give is quite close to the correct total.
This mirrors a finding in our previous experiments on
counting and is consistent with the idea that components
of working memory may be involved in maintaining ac
curacy in arithmetic but that, even when working mem
ory is occupied, subjects still have available to them
some means of producing a reasonable estimate of the
correct total. We shall return to this point in the final
discussion.

While the pattern of data maps well onto our hy
pothesized roles for working memory in mental arith
metic, it is important to consider alternative interpreta
tions of these data. One possibility is that the
differences in the levels of disruption associated with
each of the secondary tasks could arise from the rela
tive levels of difficulty of these tasks. This view is dif
ficult to sustain, since there are no a priori reasons to
suggest that, for example, the hand movement task
would be any less or any more difficult than articulatory
suppression. However, the general issue of task diffi
culty is a topic that we shall consider in more depth in
the final discussion.

Another possible objection to the working-memory
hypothesis is that the pattern of data obtained may be
due to the modality of input. That is, auditory presenta
tion of the numbers for adding clearly requires the use
of an auditory verbal input system. Thus, one possible
alternative interpretation for our results is that articula
tory suppression and random generation may somehow
be interfering with the initial encoding of the numbers
and that the processes required for calculation do not
rely on our hypothesized components of working mem
ory.Therefore, in Experiment 2, we examined the effects
of these secondary tasks when the numbers for addition
were presented visually rather than auditorily. If this in
terpretation is correct, we should find that the disruptive
effects of articulatory suppression and random genera
tion would be removed. We should also find that the
overall error rates and error magnitude levels on the



arithmetic test under single-task conditions would be
more or less the same as for auditory presentation.

The working-memory hypothesis predicts a contrast
ing outcome from a switch to the visual input modality.
Specifically, the model of the articulatory loop as de
scribed in the introduction serves as an input buffer for
speech as well as a temporary storage system for verbal
material. Thus, if the processes involved in calculation
do rely at least in part on the articulatory loop in work
ing memory, we might expect that requiring subjects to
listen to the numbers that they have to add up would in
volve the articulatory loop as an input buffer and there
fore would interfere with the role that the articulatory
loop serves in accurate mental addition. As a conse
quence, visual presentation of the numbers for addition
should reduce the load on the articulatory loop as an
input buffer, allowing it more easily to serve its function
in calculation. From this, we would predict that overall
levels of arithmetic performance should be better with
visual presentation. We would also predict that articula
tory suppression should produce a smaller, but signifi
cant, disruptive effect.

The argument that we have outlined for articulatory
suppression could in principle also be applied to random
generation. Random generation could be seen as a more
complicated form of articulatory suppression in which
the subject has to produce a series ofdifferent utterances
rather than repeating the same word throughout. It could
be this involvement of the speech system, instead of
general-purpose executive resources, that account for
the role ofrandom generation in these tasks. Ifthis turns
out to be an adequate explanation for the effects of ran
dom generation in these experiments, we should find
that the disruptive effects ofthis task, like the disruptive
effects of articulatory suppression, will disappear with
visually presented numbers for addition. In contrast, the
hypothesis that links random generation and key aspects
of arithmetic with functioning of a central executive
would predict a replication in Experiment 2 of the sub
stantial mutual disruption associated with the use ofran
dom generation in Experiment 1.

An additional motivation for changing the modality of
input was to further investigate the very modest inter
ference by irrelevant speech obtained in our previous ex
periments with counting (Logie & Baddeley, 1987).
Clearly, it would have been impractical in Experiment 1
to couple the auditory presentation of irrelevant speech
with auditory presentation of the numbers for adding.
For similar reasons, it would not be practical to couple
visual presentation of numbers for addition with the vi
sual presentation of irrelevant pictures, and this latter
condition was omitted from Experiment 2.

Finally, for the same reasons that we might expect au
ditory input to interfere with some ofthe processing and
storage involved in mental arithmetic, it will be inter
esting to discover whether visual presentation will result
in demands being placed on visuospatial processing or
storage. That is, although we did not get significant dis
ruption from concurrent hand movement with auditory
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presentation of numbers, the requirement to encode vi
sually presented input may well place demands on visuo
spatial working memory arising from its function as a
visuospatial input buffer. As such, it is possible that hand
movement will result in some disruption ofthe subject's
ability to encode and calculate sums from visually pre
sented numbers.

EXPERIMENT 2
Mental Arithmetic With VISualPresentation

Method
Subjects. A total of 24 subjects participated in this experiment

(13 females and II males). All were members of the Psychology
Department Volunteer Subject Panel comprising members of the
general public. Their ages ranged from 29 to 66 years, with a mean
of 47 years.

Arithmetic task. The procedure was essentially the same as
that for Experiment I, except that the numbers for adding were
presented one at a time in the center of a computer screen. Each
number appeared for I sec, with warning beeps and the timings be
tween numbers identical to those shown in Table I for Experi
ment 1. As before, each subject's arithmetic span was measured
first; this served as the basis for the length of the number se
quences used for each subject in the main experiment. The num
bers of subjects for each sequence length are shown in Table 1.
When each sequence was completed, three question marks ap
peared in the center of the screen, indicating that the subject was
to respond orally with the calculated total.

Secondary tasks. Three of the secondary tasks were identical
to those used in Experiment I-namely, hand movement, articu
latory suppression, and random generation of letters-with per
formance recorded for each secondary task performed alone as
well as when combined with the arithmetic task. The fourth sec
ondary task involved presenting through headphones, spoken at a
one per second rate, a series of two-digit numbers, which the sub
jects were instructed to ignore as much as possible. There was no
attempt to synchronize the presentation of the spoken numbers
with the visual presentation of the numbers for addition. On each
trial, the tape recording of "unattended speech" was started before
commencing presentation of the numbers for addition and stopped
after the last item was shown on the screen. The choice of two
digit numbers rather than other forms of speech stemmed from the
fact that our previous studies have shown little or no interference
from unattended speech on simple counting tasks (Logie & Bad
deley, 1987), even when the heard material consisted of tape
recorded random numbers. We wished to maximize the sensitiv
ity of the procedures to any interference that might ensue. That is,
ifno interference effect were to be obtained, it would then be dif
ficult to criticize our procedures on the grounds that they lacked
sensitivity with respect to the variables under study.

Results
Performance on mental addition. As for Experi

ment 1, we first analyzed the number of incorrect totals
for each of the four subject groups, within groups for
single- and dual-task performance, and for single- and
multiple-carry problems. As for Experiment 1, age and
adding span were included as covariates.

The ANOVA showed that there was an overall differ
ence in the numbers of errors produced by the four
groups [F(3,18) = 28.10, P < .001] and a significant
overall disruptive effect of performing a secondary task
[F(l, 18) = 581.90, P < .001]. There was also a main ef-



Table 4
Index of Degree of Redundancy (Evans, 1978) for 5 SUbjects
When Randomly Generating Letters Alone (Single Task) or

When Concurrently Performing Mental Arithmetic
With Visual Presentation (Adding)

- .12) or error magnitude (r = -.01). Similarly, adding
span did not correlate with dual-task interference for
error number (r = - .11) or error magnitude (r = - .09).
Finally, age and adding span did not correlate with one
another (r = - .16).

Secondary task performance. Next, we analyzed
the secondary task performance, following the proce
dure for analysis used with the data from Experiment 1.
The subjects had slower interresponse intervals for ar
ticulatory suppression under dual-task conditions (M =
1,183 msec) than when they performed suppression on
its own (M = 1,108 msec) [F(1,54) = 34.91,p < .001].
Although the absolute size ofthe effect was quite small,
it was shown by all subjects in this group. The rate of
hand movement did not change significantly between
single- and dual-task conditions [F(l,54) < 1], with a
mean interresponse interval for single-task movement of
999 msec compared with a mean of984 msec when hand
movement was combined with concurrent arithmetic.
Random-generation interresponse intervals differed sig
nificantly between single-task conditions (M =

1,151 msec) and dual-task conditions (M = 2,379 msec)
[F(l,54) = 233.17,p < .001]; this was shown by all sub
jects in this group.

Five out of the 6 subjects in the random-generation
group were able to produce an adequate number of ran
domly generated responses, allowing for a comparison
of randomness between single- and dual-task perfor
mance. For this comparison, we used the Evans RNG
index (Evans, 1978). This index strictly measures the
amount of redundancy in the response, so that a higher
index indicates more redundancy and less randomness.
Since the indices are derived from different numbers of
responses for each subject, and so few subjects are in
volved, it is not appropriate to carry out a formal statis
tical analysis on these data. The relevant indices for each
of the 5 subjects are shown in Table 4, from which it is
clear that all 5 subjects showed a higher index of redun
dancy under dual-task conditions than when random
generation was performed as a single task.

We were also interested in the extent to which the
overall levels of performance in this experiment
matched those found for auditory presentation in Ex
periment 1. For this, we examined just the control (sin
gle task) levels of performance for addition in Experi
ments 1 and 2, again including age and adding span as
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fect ofnumber of carries in problems [F( 1,18) = 33.08],
with a mean of 1.9 errors for single-carry problems and
a mean of 3.7 for multiple-carry problems. The number
of carries did not interact with the subject group
[F(3,18) = 1.01,p > .1] or with single versus dual task
[F(l, 18) = 2.66, p > .1]. There was a highly significant
interaction between group and single versus dual task
[F(3,18) = 168.31,p < .001]; mean data for this inter
action are shown in Table 2. Post hoc comparisons using
Newman-Keuls tests revealed that all four of the sec
ondary tasks produced a significant disruption in adding
performance (in all cases,p < .001). However, it appears
from Table 2 that the disruption associated with random
generation was much larger than that for the other three
secondary tasks. The three-way interaction of problem
demand, single/dual task, and group was not significant
[F(3,20) < I].

As in Experiment I, we tested our predictions about
the relative effects of the different secondary tasks by
means of a priori contrasts on the dual-task-single-task
difference scores. Random generation produced signif
icantly larger dual-task decrements than did articulatory
suppression [F(l,I8) = 337.40, p < .001], arm move
ment [F(l,I8) = 269.97,p < .001], or presented speech
[F(l,I8) = 345.48,p < .001]. The size of the dual-task
decrements produced by the latter three secondary tasks
did not differ from one another.

A similar analysis was carried out on the percentage
error magnitude data. As for the number oferrors, there
was a significant difference in the size of the errors pro
duced by the four different subject groups [F(3,I8) =
37.84,p < .001], an overall disruptive effect ofdual-task
performance [F(l,I8) = 90.20,p < .001], and an inter
action between group and dual task [F(3,I8) = 48.17,
P < .001]. The mean data for this interaction are shown
in Table 3. Post hoc pairwise comparisons using New
man-Keuls tests revealed that random generation was
the only secondary task that significantly increased
error magnitude (p < .001). None of the other sec
ondary tasks showed a significant disruptive effect (in
all cases, p > .4 ). Finally, the multiple-carry problems
(M = 3.30%) produced larger errors overall than did the
single-carry problems (M = 1.94%) [F(l,I8) = 20.78,
P < .001]. Carries did not interact with group (F < 1)
or with single versus dual task [F(l,I8) = 2.9I,p > .1],
and the three-way interaction was not significant (F < 1).

Planned comparisons on the dual-task-single-task
difference scores revealed that random generation pro
duced larger dual-task decrements in performance than
did articulatory suppression [F(1,18) = 99.86, P <
.001], movement [F(I,I8) = 102.20,p < .001], or pre
sented speech [F(l,I8) = 1I2.7I,p < .001]. The effects
of the last three secondary tasks did not differ from one
another.

As for Experiment 1, we examined the possible rela
tionship between age, adding span, and sensitivity to
dual-task interference. Age did not correlate with dual
task-single-task difference scores for error number (r =

Subject Number Single Task

19 .2025
20 .0871
21 .1118
22 .0791
23 .0790

Adding

.4643

.2514

.1329

.1821

.1140



covariates. There was a significant difference in the num
ber of errors produced in the two experiments [F(I,38)
= 12.48,p < .002], with a mean of 2.42 (12.1%) errors
for auditory presentation and a mean of 1.23 (6.2%) er
rors for visual presentation. The same result was found
for error magnitude [F(I,38) = 9.13, p < .005], with a
mean for auditory presentation of2.02% and a mean for
visual presentation of0.74%. Inneither case did the dif
ference between auditory and visual presentation inter
act with the four subject groups in each experiment.

Finally, although age and adding span did not corre
late with the size of dual-task disruption in either Ex
periment I or Experiment 2, we thought it would be
worthwhile to look at the correlation between adding
span and overall levels ofarithmetic performance across
both experiments. Age did not correlate with single- or
dual-task performance. However, adding span did cor
relate significantly with the number of errors observed
in the control conditions for the single-carry problems
(r = -.41, n = 48, p < .05) and the multiple-carry prob
lems (r = - .42, n = 48, p < .05). Adding span did not
correlate with dual-task performance when performance
was measured by error frequency or error magnitude.

Discussion
The motivation for Experiment 2 was threefold. First,

we wished to see whether the disruptive effects ofartic
ulatory suppression and random generation that we
found for auditory presentation in Experiment I also
would appear with visual presentation. Second, we
wanted to determine whether or not unattended speech
would disrupt mental arithmetic. Finally, we were inter
ested in whether overall levels of performance differed
between the two experiments.

With respect to the first of these, the results evidently
support the view that articulatory suppression has a sig
nificant disruptive effect on mental arithmetic, even
with visual presentation of the numbers. This was shown
in the number oferrors in arithmetic and in performance
on the suppression task itself, although there was no ef
fect on error magnitude. What is notable, however, is
that the disruptive effect ofarticulatory suppression was
much reduced in Experiment 2, relative to the disruption
shown in Experiment 1. This supports the view ex
pressed above that at least some of the interference
shown in Experiment I arose from disruption of audi
tory input. Nevertheless, the level of disruption shown
in Experiment 2 is sufficient to argue that subvocal re
hearsal is indeed required for mental arithmetic, inde
pendently of the modality of input. Random generation
produced a substantial disruptive effect on performance
that was much greater than that shown by any of the
other secondary tasks, and this disruption was reflected
in an increased error rate and an increase in the size of
the errors made under dual-task conditions. The ap
pearance of these interference effects in Experiment 2
supports the view that working memory is involved in
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the arithmetic task, and not merely in the initial encod
ing of the number stimuli.

With respect to the second motivation for this study, it
is notable that we did obtain a small increase in the num
ber of errors when arithmetic was coupled with presen
tation of a tape of words that were to be ignored. The ef
fect is by no means dramatic, but it is at a level that is not
statistically distinguishable from the effect of articula
tory suppression. What is somewhat surprising is that it
did not produce a much larger disruption ofperformance,
given that these "unattended" words themselves were in
the form oftwo-digit numbers. This is consistent with the
view that the source of the interference was at the level
of phonological or articulatory processing of the num
bers rather than at a more abstract semantic level.

The small interference effects found for hand move
ment with visually presented numbers for adding is con
sistent with a role for the visuospatial component of
working memory in this form of the addition task.
Clearly, with visual presentation, subjects have the op
portunity to retain the numbers in the form of visual
codes. It is also open to them to translate the visually
presented information into some other form, such as a
phonological or articulatory code for temporary storage.
We referred in the introduction to the possibility that
subjects can perform mental arithmetic in a variety of
ways and that they are not necessarily restricted to one
particular strategy. That is, visual coding ofthe numbers
is one possible strategy that is available to them. Like
wise, the suggestions by Moyer and Landauer (1967)
and Dehaene (1992) that subjects can use an image of a
"number line" to assist mental arithmetic is entirely con
sistent with our data. However, our data also suggest that
visual imagery is probably not used spontaneously when
the materials for the calculation are presented auditorily.

Despite these dual-task impairments, it was also in
teresting to note that the overall error rate and error mag
nitude were much smaller than those shown in Experi
ment I. From Tables 2 and 3, the absolute size of the
dual-task disruption appeared to be smaller in Experi
ment 2. An alternative measure of the difference in per
formance between the two experiments might have been
to use the mean arithmetic span that was determined for
each subject. However, the adding-span scores shown in
Table I for the subjects in each experiment do not differ
statistically, suggesting that the subjects in the two ex
periments were roughly matched for arithmetic ability.
In any case, any differences between experiments on this
measure could have been attributed to chance differ
ences in the samples ofsubjects who took part. Thus, de
spite the fact that the demands of the addition tasks were
adjusted for each subject's competence with mental ad
dition in both experiments, the subjects were better able
to cope with the arithmetic task under both single-task
and dual-task conditions when input was visual. This
pattern of results is consistent with the view that some
ofthe interference found in Experiment I arose from the
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modality of input of the numbers for addition, but it is
equally clear that not all of the interference can be at
tributed to this source.

GENERAL DISCUSSION

Our original aim in conducting these experiments was
to investigate whether the everyday task ofmental addi
tion would be amenable to an analysis within the frame
work of working memory. With the use of dual tasks, it
appears that just such an analysis is informative, and the
data we have obtained are consistent with the relatively
unexplored assumption that working memory has a role
in this task. Furthermore, the differential nature of the
disruption associated with each of the secondary tasks
employed indicates differential loading on the various
components of working memory.

We briefly discussed earlier the possibility that the
differential disruptive effects of our secondary tasks
could be tackled by reference to the relative difficulty of
the secondary tasks. In part, we have answered that chal
lenge by questioning whether we might be able to de
termine independently ofour reported data which of, for
example, articulatory suppression or hand movement is
the more difficult task. A number of previous studies
have shown that hand movement in the form used here
disrupts performance of visuospatial tasks under cir
cumstances in which articulatory suppression does not,
whereas the converse is the case for verbal short-term
storage tasks (e.g., Farmer et al., 1986). In sum, it is the
nature, rather than the difficulty, of the tasks which is
crucial. Task difficulty could also be explored in dis
cussing the effects of random generation. However, in
voking the concept of task difficulty in itself begs a
number of questions as to what it is about the task that
makes it difficult. For example, task requirements may
be thought to be difficult because they make demands on
shared cognitive resources. Moreover, subjective esti
mates of the difficulty of two tasks when performed on
their own turn out to be poor predictors ofhow well sub
jects perform when the two tasks are performed concur
rently (e.g., Logie et aI., 1989; Wickens & Weingartner,
1985; Yeh& Wickens, 1988). The concept of task diffi
culty risks the danger of circularity in that it can be de
fined only in terms oftask performance, and it turns out
not to be a very useful explanatory construct.

A further objection to our claims might arise from the
use of subjects from the general population who vary
widely in age. Such a sample clearly is not as homoge
neous as the more frequently used samples of college
students, and we may pay the penalty that our procedures
are not sufficiently sensitive to the phenomena of inter
est. However, there is a significant advantage to using
less homogenous samples in that it gives us much
greater confidence as to the generality of our findings.
Any phenomena that arise from the data derived from
such groups are likely to reflect the cognitive processes
of a much larger range of the population, rather than the

specific educational experience of college students within
a narrow age band. Moreover, given the lack of signifi
cant correlations between age, adding span, and dual
task disruption, our findings cannot readily be explained
in terms of chronological age or individual differences
in ability with mental arithmetic.

One intriguing aspect of the data stems from our ma
nipulation of "task demand"-namely, the number of
carries in each of the addition problems. There was
clearly an overall effect of task demand manipulated in
this way,but the effect of number of carries was not en
hanced under dual-task conditions in either experiment.
This may simply be because the variability in task de
mand between the two problem types was insufficient,
or that the subject samples were too small and were
drawn from a wide age range. However, we believe that
these are unlikely explanations since the problem types
show a main effect of number ofcarries, and the subject
samples allowed sufficient sensitivity to show up differ
ential effects of our secondary tasks on both problem
types. A more likely account is that the processing de
mands ofnumber ofcarries may rely on part of the cog
nitive system that was not required for performing any
of the secondary tasks. That is, the system required for
keeping track of carries is not necessarily the same sys
tem that maintains accuracy in calculation (see discus
sion below). One possibility is that keeping track ofcar
ries relies on some form of rule-based procedure.
Another possibility is that the load on working memory
of keeping track of a single carry at anyone time is not
sufficient to be sensitive to dual-task interference. Of
course, the lack of an interaction may stem from a more
mundane procedural factor, such as the use of mixed
rather than blocked presentation ofthe different problem
types. However, our intuition is that a blocked design
would reduce the effects of problem demand because
subjects could develop strategies to deal with the con
sistent problem types in a given set of trials. Clearly, the
issue ofhow carries are handled is well worth exploring
in future studies using larger subject samples and a
wider range of problem types.

A more straightforward aspect of the data pattern
arose from the dual-task manipulations and replicated
one of the findings that we reported in our earlier ex
periments on counting (Logie & Baddeley, 1987).
Specifically, although both articulatory suppression and
random generation produced a significant increase in
the number oferrors observed, these incorrect responses
tended to be very close to the correct total. Even with
concurrent random generation, the size of the error was
relatively modest and, in the group averages, was within
10% to 12% of the correct total.

This leads to the suggestion that working memory
does have a role to play in addition, and that subjects
have available to them strategies that allow respectable
levels of performance even when working memory is
otherwise occupied. One possible way to account for this
is to return to the idea that there are at least two compo-



nents of counting and arithmetic tasks: one that main
tains accuracy and is prone to interference from random
generation and articulatory suppression, and one that al
lows for reasonable guesses even under dual-task con
ditions. From our earlier review of the literature, it was
clear that subjects appear to have access to a vocabulary
of sums and totals or arithmetic facts that they can ac
cess relatively automatically (Campbell & Graham,
1985; Dehaene, 1992; Sokol et al., 1991). Automated re
trieval ofarithmetic facts would allow accurate answers
to a range of sums depending on the arithmetic vocabu
laries of the subjects involved. Moreover, access to such
a knowledge base would allow approximations where
the exact total was not immediately available. Thus, for
example, given the sum of 28+19, most subjects would
recognize that this was very close to 30+20, the answer
to which would be readily available. Subjects might
also notice that both numbers are a little less than 20
and 30, so that the correct answer would be a little bit
less than 50. They could then guess 46, 47, or 48, and
be assured of being very close to the correct total. In
deed, they have a reasonable chance of being correct.
All ofthis could occur with only a very limited reliance
on a system that was concerned primarily with ensur
ing accuracy.

This leaves us with a requirement to account for the
additional interference obtained from random genera
tion. Our interpretation handles this very readily by sug
gesting that random generation interferes in part with
the same processes that are disrupted by articulatory
suppression-namely, maintenance of accuracy-but
that it places demands also on the system that carries out
calculations and strategies for estimation. That is, sub
vocal articulation assists retention of accurate running
totals, but a more general-purpose executive resource is
involved in implementing the calculation procedures or
estimation strategies when these are required. The
observation that, on some dual-task trials (especially in
Experiment 1), several of our subjects simply stopped
generating items at random to allow them to perform the
mental arithmetic task lends strong support to this
interpretation.

This interpretation fits with data collected elsewhere.
For example, Dehaene and Cohen (1991) have reported
a brain-damaged patient with a severe impairment in
calculation. However, the impairment appears to be re
stricted to accuracy, since the patient can perform ap
proximate calculations satisfactorily. For example, when
asked whether 2+2 = 5, the patient is likely to say "yes."
However, the patient rarely makes a mistake when asked
whether 2+2=9. Dehaene and Cohen interpret these
data as suggesting that there are two mechanisms in cal
culation: one dealing with accuracy, the other with ap
proximation. It is interesting to note that their patient
also appears to have a fairly severe verbal short-term
memory deficit, which fits well with our hypothesis that
the articulatory loop system provides some of the func
tions for maintaining accuracy by means of subvocal re-
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hearsal. It also fits with Widaman et al.s (1989) sug
gestion that accuracy in calculation involves a relatively
slow, implicit speech process.

Further support is derived from theoretical develop
ments in studies of mathematical reasoning carried out
from a very different perspective by Brainerd and his
colleagues (e.g., Reyna & Brainerd, 1993). Reyna and
Brainerd present an account of the problem-solving and
reasoning processes involved in mathematics by sug
gesting that there are essentially two forms ofreasoning:
quantitative (linked with numerical accuracy) and gist
based or "fuzzy" reasoning. They have argued that fuzzy
reasoning is the form that would be adopted naturally by
adults and that develops naturally in children. Thus, in
most cases in everyday life, we use concepts like more,
less, longer, and shorter, or more fine grained versions
such as a little more or a bit shorter. Rarely, they argue,
are we required to specify an exact quantity. Reyna and
Brainerd maintain that this natural form of reasoning is
in stark contrast with the common approach taken to
teaching mathematics, which tends to emphasize accu
racy. This in turn may lead to widespread difficulties in
mathematics encountered both in the classroom and in
everyday adult life. For example, when calculating the
price of our chosen purchases in the supermarket, nor
mally we would be interested in whether the bill came to
around £30 or around £100 but would be less concerned
about the whether the exact total came to £30.28 or
£29.56. The concept of fuzzy reasoning in Reyna and
Brainerd's terms does make intuitive sense and is con
sistent with our own thesis that approximate calculations
are carried out by mechanisms that are at least partly in
dependent of those systems required for accuracy.
Whether or not fuzzy reasoning is the more natural form
of reasoning is a moot point. Accuracy often is also im
portant, and although we may work in ball-park figures
when filling our shopping cart, it is important to get the
numbers correct when it comes to writing the check.

Our data fit less readily with the model developed by
McCloskey and his colleagues (e.g., McCloskey, 1992;
McCloskey et aI., 1991; Sokol et aI., 1991), who argue
that mental arithmetic involves operations carried out on
relatively abstract representations of numbers and num
ber facts and that this occurs independently of the
modality or form of input or output. At least one ap
proach to this apparent disagreement would be to refer
to differences in the experimental procedures used. For
example, one difference between our experiments and a
number of other studies is that it is common in this area
ofresearch to use verification paradigms where subjects
are given an answer along with the sum and are asked
whether or not the given answer is correct. This ap
proach has the advantage of allowing the collection of
response times as well as accuracy scores. Even in stud
ies where a numerical response is required (e.g., Sokol
et al., 1991), it is common to present subjects with a se
ries of single sums with a response required for each
one. A feature of our procedures is that not only do sub-
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jects have to respond with a total, they also have to keep
in mind a series of running totals to which they add the
next presented item. This procedure probably places
greater demands on working memory than do individual
sums. Furthermore, when more than two numbers are
presented in a sequence, subjects may not have within
their vocabulary ofsums the answers to the third, fourth,
or fifth addition in the sequence. For example, subjects
may represent as an arithmetic fact the sum 18+17=35,
but they are less likely to have a specific representation
of 35+18=53 or of 53+29=82. These kinds of de
mands on the cognitive system probably represent a very
common requirement for arithmetic in everyday life
(e.g., adding up the prices of a series of purchases).
Whether the components of working memory and sub
vocal rehearsal in particular are required for single sums
would be an interesting topic to explore.

In a recent paper, Ashcraft et al. (1992) have argued
that working-memory resources are indeed required for
single sums in verification paradigms. In one of their ex
periments, they also used dual-task procedures, although
they did not select their dual tasks so as to involve dif
ferent components ofworking memory, nor did they for
mally record performance on the secondary tasks.
Ashcraft et al. concluded that even for relatively simple
arithmetic, access to arithmetic facts and their manipu
lation are not entirely automatic and probably rely on
working-memory resources.

One comment raised by a reviewer of an earlier draft
of this paper was that working memory might be in
volved only under dual-task conditions. That is, work
ing memory might be required to coordinate the perfor
mance of two simultaneous tasks but not be essential to
the performance of mental arithmetic when performed
alone. We believe this is unlikely for the following rea
sons. First, this interpretation rests on the assumption
that working memory comprises a single flexible system
for processing and storage, which would have a coordi
nating role in dual-task performance. We have argued
that working memory is better thought of as a set of
components that act in concert in various combinations
according to task demands. Only one of these compo
nents, the central executive, would serve a coordinating
role. There is a considerable body of evidence for such
a multicomponent system based on data from normal
adults, neuropsychological patients, and children (e.g.,
Baddeley, 1986, 1992; Logie, 1993). A second reason
why the dual-task coordination hypothesis is unlikely is
that not all of our secondary tasks result in interference.
Of course, it could be argued that only some dual-tasks
conditions result in demands on a coordinating function,
but all of these tasks have been shown to interfere with
different primary tasks and their tendency to interfere
depends on the task with which they are combined rather
than the inherent difficulty of the task itself. This view
then boils down to the task-difficulty interpretation,
which, as we have argued above, is not a very useful ap
proach. Finally, of course, as we discussed in the intro-

duction, we are not alone in suggesting that mental arith
metic draws on working-memory resources.

The extent to which working memory is shown to be
crucial in arithmetic may also depend on the nature of
the working-memory system envisaged. As noted ear
lier, our own view is of a multicomponent system; some
authors view working memory as a single flexible sys
tem providing temporary storage, processing resources,
and the allocation of attention (e.g., Engle, Cantor, &
Carullo, 1992; Geary & Widaman, 1992; Just & Car
penter, 1992). This latter form of working memory ap
pears to correspond roughly to the central executive
component in the Baddeley and Hitch (1974; Baddeley,
1986) model of working memory. In a study ofindivid
ual differences, Geary and Widaman (1992) have sug
gested that the measure ofworking memory used in their
studies is related to arithmetic performance. This is en
tirely consistent with our own view that the central ex
ecutive component of working memory serves an im
portant function in these tasks. We should be cautious,
however, about drawing close parallels between the
Geary and Widaman data and our own, since the nature
of the arithmetic tasks involved and the conceptions of
working memory are not necessarily equivalent.

A comprehensive discussion concerning the nature of
working memory is beyond the scope of the present
paper, but it is a topic that has considerable potential for
fruitful debate. Suffice it to say here that working mem
ory in some form appears to be important for some as
pects of arithmetic, and an approach based on a multi
component view of working memory appears to be a
fruitful way of providing insight into the nature of the
cognitive processing and cognitive mechanisms on
which arithmetic relies.
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NOTE

I. Just and Carpenter (1992) view working memory as a single flex
ible resource that provides both storage and processing functions, par
ticularly in language comprehension. They specifically mention that
their concept ofworking memory corresponds fairly closely to the cen
tral executive system in the Baddeley and Hitch (1974; Baddeley,
1986) model, and they see the articulatory loop as being a system that
is quite independent of working memory. It is certainly clear that this
more restricted view of working memory serves processing and stor
age functions in tasks other than language comprehension (see, e.g.,
Baddeley, Logie, Nimmo-Smith, & Brereton, 1985; Engle et aI., 1992;
Turner & Engle, 1989). Our view is that this distinction is simply a
matter ofhow the terminology is used, and we feel that it is more use
ful to employ the term working memory to refer to a coherent collec
tion of components that act in concert and that are coordinated by a
central flexible resource.
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