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Abstract 
This study examined the idea that each mathematical operation 
(addition, subtraction, multiplication and division) is mainly linked to 
one of the components of working memory as proposed by Baddeley. 
The phonological loop, visual-spatial sketchpad and central executive 
have been studied using a dual-task methodology with 7 different 
secondary tasks. 35 undergraduate and graduate students were timed 
in their response time for mental calculation and error rates were 
calculated. Results show clear differences of operations and of number 
pairs. Interaction between conditions and operations was just 
approaching significance. Results did not give support to the idea that 
operations can be linked to a certain working memory component. 
Several factors, such as language, problem size, lack for detail in the 
working memory model, difficulty of the secondary tasks, and internal 
validity problems are discussed with regard to the results and mental 
arithmetic.  
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Introduction 
The aim of this study was to examine working memory with regard to 
mental arithmetic of the four basic operations addition, subtraction, 
multiplication, and division. Several previous studies have shown that 
mental arithmetic, namely mental multiplication, mental addition and 
mental subtraction were dependent on working memory resources. 
The model that was commonly used to interpret and analyse short-
term memory processes in mental arithmetic was the working memory 
(WM) model by Baddeley and Hitch (1974; Baddeley, 2001). The 
model was based on various laboratory findings, neurological 
evidence and brain activity visualisation studies and was able to 
account for some interesting short-term memory phenomena. It was 
also successfully used for analysing mental arithmetic (e.g. Logie, 
Gilhooly, & Wynn, 1994; Trbovich & LeFevre 2003; Seitz & 
Schumann-Hengsteler, 2002; Fürst & Hitch, 2000; DeRammelaere, 
Stuyven & Vandierendonck, 2001; Lemaire, Abdi & Fayol, 1996). 
Much of the work in mental arithmetic used the dual-task 
methodology to examine the cognitive processes involved. In the dual-
task methodology participants performed two tasks at the same time 
and Baddeley’s model was mainly based on evidence coming from 
these kinds of studies. Dual-task methodology used a main cognitive 
task (e.g. mental arithmetic) and a secondary task to study which parts 
of WM were used in the main task. In this study the dual-task 
methodology was used to study how working memory is involved in 
mental arithmetic.  
 
The introduction was structured such that first arithmetic is presented 
along with the important factors studied in this field of research. There 
then follows a description of Baddeley’s WM model, with each part 
(phonological loop, visual-spatial sketchpad, and central executive) 
discussed separately.  Since the dual-task methodology was used in 
this study secondary tasks are discussed with regard to working 
memory and its components. Mental arithmetic is then discussed 
together with working memory, which leads to the hypothesis of this 
study.  Several factors had to be taken into account for designing this 
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study, which are described followed by a section giving a detailed 
description of the hypothesis.  

Arithmetic 
Just like reading skills mathematical knowledge is important in 
modern society and is seen as fundamental knowledge, which 
everybody should master in school. Children learn arithmetic early in 
school as basic mathematical knowledge and later the learning of 
more complicated mathematical knowledge is based on arithmetic 
knowledge. Therefore researchers became interested in analysing the 
domain of arithmetic in order to explain the cognitive functions 
involved in arithmetic (see e.g. Dehaene, 1992). Baddeley’s model 
was successfully applied to findings in reading comprehension and 
language learning. Deficits in the phonological loop could be related 
to slower language learning and worse reading comprehension 
(Baddeley, 2003). This encouraged researchers to follow a similar 
research strategy for arithmetic. It was argued that WM had a central 
role in arithmetic and, in particular, in mental arithmetic. The aim was 
to understand the role of the WM model for mental arithmetic, which 
could also lead to explaining number disorders such as acalculia or 
other dysfunctions of arithmetic and mathematical knowledge. 
DeStefano and LeFevre (2004) pointed out another advantage of 
mental arithmetic as a domain for research. Mental arithmetic had the 
same complexity of processing and appeared to use the same mental 
structures and memory as other cognitive tasks. Nevertheless it was a 
well-defined domain with explicit rules and principles. This meant 
that understanding the cognitive functioning of mental arithmetic had 
strong implications for cognitive functioning in general.  
 
DeStefano and LeFevre (2004) tried to identify the main factors which 
needed to be manipulated in order to understand the WM processes 
involved in mental arithmetic. The factors were presentation 
conditions, problem complexity, task requirements, response 
requirements and consideration of individual differences in solving the 
problems. Each factor they argued influenced the results and cognitive 
functioning of mental arithmetic and as such could reveal general 
cognitive processes. Presentation condition summarised how an 
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arithmetic task was presented. Differences in results were observed if 
the stimuli were presented visually or aurally (Logie et al, 1994) and a 
difference was even observed if visual stimuli were presented 
horizontally or vertically (Trbovich & LeFevre, 2003). Even other 
aspects of stimuli presentation were involved, such as presenting 
number words instead of digits  but DeStefano and LeFevre (2004) 
pointed out that so far no study compared this aspect with regard to 
WM resources. When speaking of ‘problem complexity’ DeStefano 
and LeFevre (2004) meant that arithmetic tasks could vary in 
complexity. Procedures used for simpler arithmetic tasks differed 
from procedures for more complex tasks. Whereas the answer to 3 * 8 
might have been rote learned and was just activated in long-term 
memory (LTM) the answer to 13 * 18 might not have been rote 
learned and more complicated procedures were needed. Furthermore, 
the difference of 14 + 7 and 14 + 5 was not big in number terms but 
since a carry was involved in the solution of the first problem the 
procedures used differed for the two problems (Seitz & Schumann-
Hengsteler, 2002). Some studies used verification tasks where 
participants were asked to verify whether a given solution was correct 
or not. In other studies participants were asked to respond with the 
solution and these tasks were called ‘production tasks’. DeStefano and 
LeFevre (2004) called this distinction between production and 
verification tasks the task requirements. Studies using verification 
tasks could not be directly compared to studies using production tasks. 
Campbell and Tarling (1996) argued that this difference was not just a 
difference in response but might have been a difference in retrieval 
processes as well. In particular if speed was emphasised over accuracy 
WM resources might have been used differently. So far studies 
regarding WM resources have not compared the two task 
requirements, production and verification tasks directly. Another 
factor DeStefano and LeFevre (2004) stressed was the response 
requirements, which was concerned with in which modality 
participants were supposed to give the answer. Most studies used 
verbal responses. However allocation of WM resources could be 
different if the answers were to be given in writing. Finally, 
DeStefano and LeFevre (2004) pointed out that considering individual 
differences was important and suggested that WM was a source of 
these differences. Campbell and Xue (2001) even found a cultural 
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difference in arithmetic performance for Canadian university students 
of Chinese origin, Canadian university students of non-Asian origin, 
and Chinese university students educated in Asia. Their study did not 
look at how WM resources are involved in the arithmetic but implied 
differences in retrieval skills and cognitive processes between 
cultures. Whereas presentation conditions and response requirements 
had only an indirect influence on the cognitive processes, they were 
only concerned with the input and output stage, nevertheless they did 
have an influence on the cognitive processes. More direct influence on 
the cognitive processes had task requirements, problem complexity, 
and individual differences, since they described the task in more 
abstract cognitive and strategic terms.  

Baddeley’s working memory model 
Baddeley and Hitch (1974; Baddeley, 2001) proposed a multi-
component system for the temporary maintenance and manipulation of 
information in human cognition. This short-term memory system 
stores information over short time spans and co-ordinates information 
for the working processes of memory. Hence it was referred to as 
working memory (WM) and was seen as a separate system from long-
term memory (LTM). The model was based on the assumption that 
human cognition had a limited capacity for WM processes. Baddeley 
did not argue for an overall limit of information in WM, rather he 
proposed that each component handled a certain kind of information 
and that each component had its own limit for handling information. 
WM was divided into at least three components or subsystems: the 
phonological loop (PL), the visual spatial sketchpad (VSSP), and the 
central executive (CE). The CE was the main part of the WM system 
which among other functions handled co-ordination of information. 
PL and VSSP were two slave systems for phonological and visual-
spatial information respectively. Each component is discussed below. 
Recently Baddeley (2000) added the episodic buffer, but this 
component was not studied here.  

Phonological loop 
The phonological loop (PL) was a subsystem of the WM model 
proposed by Baddeley and Hitch (1974, Baddeley, 1999; 2001; 2003). 
The PL handled auditory information or phonological items and was 
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divided into two parts, a rehearsal system and a store. Each part 
accounted for different phenomena. The store was commonly referred 
to as the phonological store and the rehearsal system was called the 
articulary rehearsal system. The phonological store remembered or 
stored phonological representations of words, in short it stored verbal 
information (also referred to as acoustic or speech-based information). 
The store had the capacity to hold information for about one to two 
seconds. After that the information was lost from the store. A way to 
refresh the information in the store was to use the articulary rehearsal 
system. Information in the phonological store was repeated through 
subvocal articulation. The capacity was again about two seconds so 
that all verbal information in the phonological store was repeated once 
before the process needed to be started again in order to keep all 
information in the phonological store. Thus the phonological store was 
the actual memory for verbal information in WM. The articulary 
rehearsal system was a system or rather a procedure that kept the 
verbal information stored. The procedure was called subvocal 
rehearsal. The articulary rehearsal system was active, while the 
phonological store was passive.  
 
The phonological store could be accessed directly by phonological 
(auditory or verbal) stimuli. Written data or pictures had to be 
transformed into a phonological representation in order to be stored in 
the phonological store. This transformation happened through the 
articulary rehearsal system and might be under the control of the CE. 
Evidence for this model came from several effects which the model 
was able to account for: acoustic similarity effect, irrelevant speech 
effect, word length effect, and articulary suppression. 
 
The acoustic similarity effect (Conrad & Hull, 1964) described the 
phenomena that similar sounding items were recalled worse than 
different sounding items if items were presented as words in different 
lists. This seemed to occur because each item had fewer distinguished 
cues in comparison with different sounding items since the items were 
stored in phonological form and not in semantic form. This suggested 
that the short-term storage of items was phonological in nature. 
However the explanation was not precise, since the problem could 
occur during encoding, storing or retrieval. These were problems from 
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LTM but they were relevant here as well. The phonological store 
could store items perfectly well, but information could have been lost 
during subvocal rehearsal, which meant the articulary rehearsal 
system repeated faulty information. The irrelevant speech effect (Colle 
& Welsh, 1976) was observed when participants learned lists of words 
while listening to speech which was irrelevant for the learning task. 
Under such conditions the learning was worse than without the 
irrelevant speech. The effect occurred even when the speech was in a, 
for the participant, foreign language and even when the irrelevant 
speech were nonsense words. Presenting just a burst of noise, on the 
other hand, had little or no effect. It was assumed that phonemic 
information of these words had direct access to the phonological store 
and there the phonemic information was automatically stored. The 
word-length effect (Baddeley, Thomson, & Buchanan, 1975) seemed 
to be based on the fact that the memory span is about two seconds 
long. As long as the rehearsal time was less than two seconds all items 
were remembered. This implied that fewer longer words were 
remembered than shorter words, which was actually found in 
experimental studies. Even though the word-length effect is robust the 
theoretical implications were still under debate (Baddeley, 2003). 
Articulary suppression was a method which preoccupied the articulary 
rehearsal system such that it could not be used for rehearsal processes. 
An example was to ask participants to repeat ‘the’ over and over 
again. This resulted in eliminating the word length effect. Articulary 
suppression also interfered with the recoding of non-phonological 
stimuli into phonological representations, which depended on the 
articulary rehearsal system. The PL was generally seen as a language 
learning device (Baddeley, Gathercole, & Papagno, 1998). 

Visual-spatial sketchpad 
The visual-spatial sketchpad (VSSP) was the second subsystem in the 
WM model (Baddeley and Hitch, 1974; Baddeley, 1999; 2001). This 
part maintained and manipulated visual and spatial information in 
WM processes. It handled information coming from the senses as well 
as from LTM and could integrate that information with motor and 
haptic input. In short the VSSP was responsible for processing image-
based information in WM. Baddeley (1999) argued that the VSSP was 
analogous to the PL in as much as it received input from perception 
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and self-generated visual images. The comparable phenomena in the 
PL were that it could receive information from perception and from an 
inner voice. Also there was an unattended picture effect observed for 
the VSSP, just as there was an unattended speech effect observed for 
the PL. Just like in the PL for phonological information it was 
necessary to use the VSSP for visual information. According to 
Baddeley (2001) the rehearsal in the VSSP was controlled by the CE. 
Logie (1995) on the other hand argued that even in the VSSP the 
rehearsal process was inherent to the spatial component that he called 
an “inner scribe” (p. 3 in Logie, 1995). The inner scribe redrew the 
content of the VSSP (or what he called the “visual cache”) by which 
the content could be rehearsed and manipulated.  
 
The VSSP was inspired by work in mental imagery. Paivio (1969) 
showed that vividness of an image correlated with how easy a word 
could be remembered, and visual imagery mnemonics where explored 
scientifically when mental imagery became relevant for research 
again. One of the important research questions in the field of mental 
imagery was how this was comparable to seeing. Was to visualise a 
house just like seeing a house with regard to the visual information 
processing? Some argued that visual imagery was analogous to seeing 
(Shepard & Chipman, 1970), while others argued visual imagery was 
propositional and thus dependent on different underlying structures. 
Baddeley (1999) argued that seeing and visual imagery were 
comparable and were dealt with in the same subsystem of temporal 
memory. According to Baddeley the research on visual imagery 
produced a range of visual phenomena that he used to design his 
model and which he started to study by using dual-task methodology. 
He was interested in defining the activities which would interfere with 
tasks that are based on imagery.  
 
One of the first tasks Baddeley studied were brightness judgements 
and spatial tracking in combination with a verbal matrix and a spatial 
matrix. These matrices were first introduced in a study by Brooks 
(1967) where participants had to remember a path in a matrix either by 
spatial terms or verbal terms (instead of left – right, good – bad was 
used). Baddeley and Lieberman (1980) found that brightness 
judgements disrupted the verbal matrix task and spatial tracking 
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disrupted the spatial matrix task. This suggested that the VSSP is 
based on spatial information. Further research showed that the VSSP 
clearly has a visual and a spatial component. Logie (1986) showed 
participants coloured patches on a screen which they were asked to 
ignore. This task disrupted the learning of words, suggesting an 
irrelevant vision effect similar to the irrelevant speech effect of the 
PL. Baddeley (1999) summarised the research regarding the VSSP 
stating that the VSSP could be fed from perception or by generating 
visual images. The unattended picture effect showed that access to the 
store by visual information was obligatory.  
 
Some research had been concerned with the idea to separate the 
visual-spatial component into two components: a visual and a spatial. 
Separating the two parts would have meant that there was one system 
for “what” information, meaning what was depicted and another 
system for “where”, storing and manipulating the location of objects, 
real and imagined ones. Some neurological evidence suggested that 
this could be done (Pickering, 2001). It was difficult to find clear 
evidence, since tasks were neither purely visual nor purely spatial but 
utilise both to some degree. Research did not satisfactorily answer the 
question of what the VSSP is for, according to Baddeley (1999) but he 
suggested that it was essentially involved in geographical orientation 
and in the planning of spatial tasks. He did not mention whether the 
VSSP was also involved in executing spatial tasks. Some research 
(Hatano & Osawa, 1983) suggested that visual-spatial mnemonics 
were learned by using the VSSP for manipulation of the visual-spatial 
information.  

Central Executive 
The central executive (CE) was the central part of Baddeley and 
Hitch’s (1974) WM model. When the model was first proposed it was 
easier to study the subsystems PL and VSSP and the CE was used as a 
vague concept accounting for the phenomena which could not be 
explained by the subsystems. The CE was also seen as the controller 
of the subsystems. So far it remained unanswered if the CE should be 
seen as a single co-ordinated system or as a cluster of independent 
control processes. 
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The phenomena and processes attributed to CE activity (Baddeley, 
1996) were the controlling of the subsystems, the interruption of an 
on-going task (also called ‘selective attention’), the patterns found in 
random sequence generation and the selection and manipulation of 
information in LTM. The evidence for the CE co-ordinating the 
subsystems came from studies with Alzheimer Disease (AD) patients 
(Logie, Della Salla, Wynn, & Baddeley, 2000). AD patients were 
generally seen as having impaired CE function and it was found that 
these patients performed worse on tasks that needed a co-ordination of 
the subsystems. These studies used the dual-task method by adjusting 
each of the two tasks in difficulty such that the performance of control 
participants was comparable to AD patients’ performance. When the 
two tasks were performed at the same time performance for AD 
patients dropped considerably more than that for control participants. 
This part of the CE functioning was linked to behavioural 
disturbances. Baddeley (1996) argued that in order to behave socially 
correct one had to monitor ones own and others behaviour at the same 
time, similar to monitoring two tasks in dual-task method.  
 
Baddeley (1996) proposed the Norman and Shallice’s (1986) 
supervisory attentional system (SAS) model for attention as a concept 
similar to that of one of the CE functions. In the model the idea was 
that an on-going information stream was supervised by attention and 
this on-going information stream could be interrupted and changed to 
a different information stream. That mechanism explained the 
changing of tasks in human behaviour, as well as the fact that humans 
sometimes fail to interrupt an unattended activity like placing the flour 
in the refrigerator instead of in the cupboard. Hence interruption of 
on-going tasks and attending just one stream of information while 
ignoring another was a function attributed to CE processes. Evidence 
for this claim came from studies regarding the effects of ageing. 
Baddeley (1996) reported some experiments that required participants 
to carry out a monitoring task, pressing a button when certain stimuli 
were shown. As found in other experiments older participants were 
slower to react than younger ones. Intelligence was known to vary 
with age, so the data was adjusted by using results from intelligence 
measures. In the adjusted data the age difference disappeared. 
However, when participants were asked to react to certain stimuli 



 10  

while ignoring other stimuli of the same kind (e.g. reacting to low 
pitch tones but ignoring high pitch tones) an effect of age was present 
even in the adjusted data. Baddeley suggested that this showed an 
interesting relationship between ageing and the CE and that the CE 
could be involved in selecting streams of information.  
 
Related to the selection of streams of information might have been the 
patterns Baddeley found in his studies regarding random letter 
sequence generation (Baddeley, 1966). Baddeley varied the rate at 
which participants were asked to produce the next letter and found 
that the shorter the time intervals between the letters were the less 
random the sequence became. The data was explained by the SAS 
model in as much as an information stream represented a non-random 
letter sequence which needed to be interrupted by the supervisory 
attentional system. The shorter the time interval was between the letter 
generation the less time the SAS had for supervision and non-random 
sequences were used by participants, instead of switching to other 
information streams which would increase randomness.   
 
Another process attributed to the CE is the temporary activation of 
items in LTM. Some neurological evidence suggested that in some 
amnesic syndromes WM might be able to activate items in LTM, 
which allowed the formation of a mental model (e.g. understanding a 
story). As soon as the model was not used in WM any more, the 
model was lost and not stored in LTM. Baddeley (1996) reviewed 
some evidence for the suggestion that the CE was the responsible part 
for activating areas of LTM temporarily. Converging measures for 
WM span for reading and arithmetic suggested a limited capacity 
system for the CE. Individual differences in intelligence and 
performance on various tasks could be accounted for by a difference 
in size and the number of areas activated in LTM. Nevertheless, the 
evidence was not straightforwardly supporting this idea, since only 
participants with a high WM span confirmed the model, whereas 
participants with low WM span did not.  
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Secondary tasks 
As mentioned above Baddeley’s WM model was based on the 
assumption that each WM component had a limited capacity. Once the 
limit for one component had been reached the cognitive processes 
were slowed down or disrupted and resulted in faulty responses. This 
was the assumption that was used for the dual-task methodology, 
which was often used to study WM and its components. Two tasks 
were performed at the same time without any disturbances until one of 
the WM components’ capacity limits was reached and performance 
for one or both tasks was impaired. Over the years research tasks have 
been designed to disturb directly one component without disturbing 
other components. These tasks were called secondary tasks. 
Performing a secondary task together with a main task showed if the 
main task needed certain WM resources. Mental arithmetic was 
analysed with this method if one performed mental arithmetic together 
with various secondary tasks. Analysing the factors involved in mental 
arithmetic as well as analysing the various secondary tasks revealed if 
and how WM was used in mental arithmetic. The secondary tasks 
were designed to disturb the Phonological Loop, (either the subvocal 
rehearsal system or the phonological store), the Visual spatial 
sketchpad (tasks were either more visual or more spatial in nature), or 
the Central Executive. In the following the secondary tasks used in 
mental arithmetic studies are presented. 
 
The main problem in the dual-task paradigm was to find a comparison 
for the performance because performance could only be said to be 
impaired if one could compare two conditions, of which one was a 
control condition. Researchers often did not use a secondary task in 
the control condition but this might have been a flaw in their design, 
since it was not correct to compare dual-task performance with single-
task performance. Some studies used neutral tapping (Seitz & 
Schumann-Hengsteler, 2000) to occupy participants with an extra 
task. It was seen as a fairly automatic task which did not disturb WM 
resources but justified a dual-task comparison. Ashcraft et al. (1992) 
used, for the control condition, constant pronunciation of a letter. This 
task was usually seen as disturbing the PL since talking disturbs 
subvocal rehearsal.  
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The common task to disrupt subvocal rehearsal of the articulary 
rehearsal system is letting the participants pronounce a definite article 
(“the” in English, “de” in Dutch, “le” in French) in their mother 
tongue (DeRammelaere, Stuyven & Vandierendonck, 1999; Logie & 
Baddeley, 1987). The rate for pronunciation varied between one per 
second and continuous pronunciation. Seitz and Schumann-Hengsteler 
(2000) used “lemonade” as the word to be pronounced, and Lee and 
Kang (2002) used non-words. A slight variation was to let participants 
say a sequence, usually the alphabet, starting with a random letter or 
using only a part of the alphabet. Two studies used irrelevant speech 
in order to disrupt the PL. One study by Logie et al (1994, exp. 2), 
used 2-digit numbers, which participants heard over headphones 
during the trial, in another study by Seitz and Schumann-Hengsteler 
(2000) participants were asked to listen to a story told in a foreign 
language (Armenian) while they were calculating. As mentioned in 
the discussion on the phonological loop above, the secondary tasks 
had different effects on the working of the PL. The subvocal rehearsal 
interfered with the PL by loading the articulary rehearsal system with 
other items than the ones in the phonological store. Hence the items in 
the phonological store cannot be rehearsed. Furthermore when visual 
stimuli were used the subvocal rehearsal interfered with the recoding 
of visual stimuli into their phonological representation. When 
participants listened to irrelevant speech the phonological store was 
automatically filled with the phonemic information of the speech and 
storage space of the phonological store is not free for the cognitive 
processes. The secondary tasks did not totally block the articulary 
rehearsal system and the phonological store but the tasks limited the 
possibility of fully utilising the PL.  
  
In order to disrupt the VSSP several visual and spatial tasks had been 
designed. In one task both elements were integrated, participants 
remembered shape and location of an abstract decorative figure (Lee 
& Kang, 2002). Other studies differentiate between visual and spatial 
tasks. Visual disruption was caused by irrelevant pictures (Logie et al, 
1994) or a random matrix pattern (Heathcote, 1994) which were 
shown to the participant. Participants were asked to look at pictures 
but should at the same time ignore them. It was not allowed for the 
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participants to close their eyes. The spatial tasks were usually tapping 
tasks in which participants were asked to tap a certain figure (Seitz & 
Schumann-Hengsteler, 2000), a square (Logie et al, 1994), or a 
previous shown pattern in a 5 by 5 matrix (Heathcote, 1994). The 
tapping was hidden from participants’ sight. The VSSP was not as 
clearly one coherent system as the PL was and it was therefore 
possible to disturb each part of the VSSP. Visual secondary tasks 
interfered more with visual attention and mental images, whereas 
spatial secondary tasks interfered with memory of locations in space. 
However, the distinction was not a straightforward one because visual 
input also carried spatial information and spatial input also carried 
visual information. In the spatial tapping task the idea was that 
participants had to visualise the pattern they were supposed to tap in 
order to execute the tapping and  therefore the spatial task had a strong 
visual component. When participants saw irrelevant pictures locations 
of images were also encoded. It remained unclear what were visual 
and what were spatial components in mental arithmetic processing.  
 
CE resources were normally disrupted by using tasks involving 
random sequence generation. Some experimenters used tapping in a 
random rhythm (DeRammelaere et al, 2001), whereas others used the 
generation of random letter sequences (Logie et al, 1994; Lemaire et 
al 1996; Hecht, 2002). A variation was to produce words beginning 
with a randomly chosen letter (Ashcraft et al, 1992; Lemaire et al) or 
to order 4 letters according to their place in the alphabet (Ashcraft et 
al, 1992).  The last task was first designed to test involvement of WM 
resources in mental arithmetic in general. However, in retrospect this 
task was a CE controlled task. Since Baddeley (1996) suggested 
several functions which are performed or controlled by the CE it 
would have been interesting to study each function as part of the 
processing in mental arithmetic. The secondary tasks presented in the 
literature involved mainly random pattern generation, which was the 
task to study the CE function of monitoring streams of information. 
This was the function of the CE connected to Norman and Shallice’s 
(1986) SAS model, as mentioned above. The other functions had not 
been studied in the context of mental arithmetic. 
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In summary the secondary tasks used in mental arithmetic within the 
dual-task paradigm could be classified into six groups: Control, 
subvocal rehearsal, irrelevant speech, spatial aspect of the VSSP and 
visual aspect of VSSP as well as random generation tasks. Using these 
six categories each component of Baddeley’s WM model could be 
studied. 

Mental arithmetic and working memory 
One idea was that the cognitive processes involved in arithmetic 
depended on the operation concerned (Andersson, 2003; Lee & Kang, 
2002). Multiplication was based on different strategies than addition 
and therefore different parts of WM were used for different operations 
(Seitz & Schumann-Hengsteler, 2002).  Kang and Lee (2002) have 
directly compared multiplication and subtraction. Whereas Seitz and 
Schumann-Hengsteler (2002) compared addition and multiplication. 
These were the only studies directly concerned with comparing two 
operations and the cognitive processes of WM. Kang and Lee (2002) 
asked participants to calculate single digit multiplication and single 
digit subtraction problems in three different conditions. In the control 
condition participants performed only mental arithmetic. In the 
phonological suppression condition participants repeated a non-word 
constantly, and in the visual-spatial suppression condition the 
participants remembered shape and location of an abstract figure. In 
all conditions participants calculated 40 multiplication problems and 
40 subtraction problems, which followed each other in groups of three 
tasks. The results showed a significant difference for response time 
results in multiplication for the phonological suppression condition 
when compared to visual-spatial suppression and control condition. 
They also showed a significant difference in reaction time for 
subtraction for the visual-spatial condition when compared to the 
phonological suppression and control condition.  
 
Seitz and Schumann-Hengsteler (2002) compared two levels of 
difficulty for addition and multiplication problems. For addition they 
used five sets of tasks with eight easy (no-carry) problems and eight 
difficult (carry) problems. Both easy and difficult tasks used 2-digit 
numbers as addends. One set was always used for practise and the 
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other four sets randomly assigned to a condition. For multiplication 
they also used five sets of tasks but only six easy (both operands were 
smaller than 6) problems and 16 difficult (first operand was single 
digit and the second was double digit) problems. Again one set was 
used as practise and the other four sets randomly assigned to a 
condition. Participants solved first the addition problems and then the 
multiplication problems and the response time was measured after the 
verbal answer was given. They used neural tapping, articulary 
suppression, canonical number generation, and random number 
generation as secondary tasks. The secondary tasks were chosen to 
interrupt the processing stages of addition and multiplication. In their 
study they broke down the solution of easy and difficult addition and 
multiplication problems in processing steps. The easy multiplication 
tasks needed merely fact retrieval. Easy addition tasks needed several 
processing steps: breaking down the problem, fact retrieval, temporary 
storage processes and synthesis of the partial results. Difficult addition 
included also the carry operation and difficult multiplication used the 
same processes as difficult addition but instead of the carry operation, 
addition processes took place. They argued that each processing step 
needed a definite amount of time, which is reflected in the means for 
response time. Easy multiplication was the fastest, followed by easy 
addition, difficult addition and the slowest was difficult multiplication. 
Each category was disturbed by the secondary task in different ways 
and the authors suggested that each processing step is connected to a 
certain subsystem of WM. Fact retrieval was under the supervision of 
the CE and as was seen in the results random number generation 
disturbed all conditions even easy multiplication. Canonical number 
generation, on the other hand did not disturb easy multiplication but 
the other three categories, which meant that pure fact retrieval was not 
disrupted but the other cognitive processes were. Articulary 
suppression disrupted neither the easy nor the difficult multiplication 
tasks but rather only addition tasks. The authors were not sure why 
difficult multiplication was not disrupted by subvocal rehearsal.  
 
A common phenomenon in mental arithmetic is the problem size 
effect (e.g. LeFevre, Sadesky, & Bisanz, 1996). The problem size 
effect is the observation that tasks involving bigger numbers take a 
longer time to calculate. This phenomenon was part of the problem 
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complexity as discussed by DeStefano and LeFevre (2004). The 
bigger the numbers involved were the more complex the problem was. 
The problem size effect was mainly attributed to CE resources which 
implied that solving task with bigger numbers demanded more CE 
resources than solving tasks with smaller number. Tronsky (2001) 
suggested that the problem size effect could be reduced through 
practise. 

Basic number facts for arithmetic and working 
memory resources 
The aim of this study was to compare all four mathematical operations 
directly. The problem was that each operation had its own properties. 
In addition, ‘carries’ was a well-defined concept and much practised 
in school. It was not such a clear concept in multiplication or even in 
division. At least the carry problem would be more complicated for 
multiplication than addition. In the addition problem 5 + 7 = 12 the 
carry was 1, whereas in the multiplication problem with the same 
numbers, 5 * 7 = 35, the carry was 3. Hence the carry operation was 
somewhat more complicated in multiplication. This showed that there 
was a problem with how to compare tasks across operations. Adams 
and Hitch (1997) used the response time of children for addition 
problems in order to separate easy from hard problems. The third 
category they used was carry, which was not a time-based category 
but taken to be more difficult than the hard problems. Fürst and Hitch 
(2000) used 3-digit numbers for the addition problem and categorised 
them according to zero, one, and two carries per task. These 
classifications were rather difficult to use for other operations since 
response time and/or difficulty would have been too big across 
operations. As argued by DeStefano and LeFevre (2004) several 
factors could have an impact on the cognitive processes in mental 
arithmetic. So the definition of problem difficulty had important 
consequences for how one could compare mental arithmetic across 
operations. In particular, if one wanted to make conclusions about the 
underlying cognitive processes of mental arithmetic.  
 
Another discussion, which was also important as a factor for analysing 
the data, revolves around the rote learning of tasks. The simplest 
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arithmetic was often called the “basic” or “simple number facts”. The 
basic number facts for addition were 0 + 0 up to 9 + 9 and Ashcraft, 
Donley, Halas, and Vakali (1992) argued that these were rote learned 
by adults and to answer such an addition problem would be done by 
automatic processes and not computation of arithmetic. Furthermore 
he argued that the more difficult addition problems were based on the 
knowledge of these facts and the rules for addition. The basic number 
facts for multiplication were the same tasks but for multiplication and 
were also argued to be rote learned (Lemaire et al, 1996). Even here 
and for the subtraction and division it was argued that the more 
complicated tasks were based on the knowledge of the simpler tasks. 
Seyler, Ashcraft and Kirk (2003) studied the simple number facts for 
subtraction by reversing the addition tasks to subtraction tasks. They 
took the sum as the minuend, the augend as the subtrahend and the 
addend as the difference (a + b = c => c – a = b). Lee and Kang (2002) 
compared basic number facts for multiplication and subtraction. They 
concluded that subtraction tasks depended more on VSSP resources 
whereas multiplication depended more on PL resources. This 
suggested that even in the domain of simple number facts differences 
in WM resource allocation existed for mental arithmetic. 
 
As discussed above it was rather difficult to compare several 
operations directly with each other. Each operation had its own 
properties which influence difficulty and processing. Since only few 
studies examined subtraction and no studies studied division with 
regard to WM resources so far, it was necessary to find a common 
starting point. The basic number facts were one starting point (0 + 0 
up to 9 + 9 for addition and 0 * 0 up to 9 * 9 for multiplication). Just 
as basic number facts for addition could be reversed to subtraction 
tasks (a + b = c => c – a = b) multiplication tasks could be reversed to 
division (a * b = c => c / a = b). This gave the basic number facts for 
all operations. Seyler et al (2003) found a step in response time for 
subtraction problems with a result bigger than 10 and problems with a 
result equal to 10 or smaller. Likewise, Adams and Hitch (2000) 
compared carries to no carries addition problems. In order to have a 
smaller but also more coherent set of tasks problems without carry 
operation were not used in this study. This left the more difficult part 
of the basic number facts for addition and subtraction. Mauro, 
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LeFevre, and Morris (2003) studied the basic number facts for 
division. They argued that individuals usually had a complete 
knowledge of basic multiplication number tables in LTM. LTM 
representation for basic division number facts was not complete, in 
particular for larger basic number facts. The larger basic number facts 
for multiplication and division were tasks with a product or dividend 
equal to or bigger than 27. They found that larger basic number facts 
were answered slower than the smaller ones for both mental 
multiplication and mental division. So the task set in this study used 
the bigger basic number facts for multiplication and division.  
 
The term ‘number pairs’ was introduced to describe a pair of two 
numbers which was used to create the tasks for all four operations. 
The number pair (6;8) was used to summarise the tasks: 6 + 8 = 14; 6 
* 8 = 54; 14 – 6 = 8; 54 / 6 = 8; 8 + 6 = 14; 8 * 6 = 54; 14 – 8 = 6; and 
54 / 8 = 6. The idea was to be able to analyse the task set across 
operations. The task set was slightly modified to include the same 
number pairs for all four operations.  

Hypothesis 
In this study the four operations were directly compared. Generally it 
was expected that WM resources were needed for each operation and 
that all components were involved in mental arithmetic. Furthermore, 
it was expected that usage of each component varied for each 
operation. While all subsystems should be used for each operation the 
amount of resources used in each operation and subsystem were 
expected to vary. This meant that some operations were more 
dependent on one subsystem and used more of that subsystem’s 
resources. In particular it was expected that addition and 
multiplication were most dependent on PL resources and subtraction 
mainly on VSSP resources. The literature was not clear about WM 
resources used in division but both PL and VSSP resources were 
expected to be involved.  CE resources were expected to be needed for 
at least LTM retrieval which meant that CE resources were involved 
in all mental arithmetic though the degree was expected to vary across 
operations. Predictions were expected to hold for response time as 
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well as error rates and this meant that both measurements were 
indicating similar results for each operation and subsystem. 
 
Predictions could be made for each operation and each WM resource 
with regard to the disruption of mental arithmetic performance. 
Despite the fact that the WM model was too general to allow direct 
descriptions of the cognitive processes underlying each operation and 
how a secondary task could disturb the processes. Seitz and Schuman-
Hengsteler (2002) were able to describe the cognitive processes 
involved in some detail for easy and difficult addition and 
multiplication problems. However, they used different tasks, which 
did not allow direct implications for this study. Lee and Kang (2002) 
found only general disruptions and did not describe how cognitive 
processes were interrupted.  
 
In order to study the WM resources involved in mental arithmetic 
several secondary tasks were chosen for disrupting each WM 
resource. A subvocal rehearsal and an irrelevant speech task were 
chosen for disturbing the PL. The two tasks should have a similar 
effect, despite the fact that subvocal rehearsal disrupted the articulary 
rehearsal system while the irrelevant speech task impaired the 
phonological store. A spatial and a visual secondary task were chosen 
to study the VSSP. Since the visual and spatial aspects cannot be 
clearly separated both tasks should affect mental arithmetic in a 
similar way even though discrepancies could show visual and spatial 
aspects of mental arithmetic. The secondary task disrupting the CE 
(random sequence generation) was expected to affect performance of 
all operations since CE processes were relevant for LTM activation. 
All basic number facts were expected to be stored in LTM memory. 
One secondary task combined the usage of CE and PL resources 
(random subvocal rehearsal) which was expected to result in 
disturbances accumulated for operations that used both resources and 
should confirm findings from the other PL secondary tasks conditions. 
 
That PL resources were used for mental addition was shown in several 
studies (e.g. Seitz & Schuman-Hengsteler, 2002; Trbovich & LeFevre, 
2003). Tasks were usually bigger than the ones studied here, which 
could mean that only little PL resources if any were needed in the 
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mental arithmetic tasks here. It was also found that mental addition 
needed VSSP resources (Trbovich & LeFevre, 2003), in particular for 
tasks presented horizontally. However, the studied tasks were bigger 
than the ones used in this study. Hence, only small if any impairment 
of mental addition was expected to mental addition from the VSSP 
secondary tasks. As mentioned above, Lee and Kang (2003) found 
that mental subtraction was not disturbed by PL but by VSSP 
secondary tasks. Since they used similar tasks the same result was 
expected in this study. Mental multiplication was also studied by Lee 
and Kang (2003) with similar tasks. Their study showed that mental 
multiplication was using PL but not VSSP resources, which was 
expected in this study as well. Furthermore, it was expected that 
division problems depended on PL resources. Mauro et al (2003) 
suggested that cognitive processes for solving mental division 
problems, at least the larger basic number facts for division studied 
here, depended on processes for solving multiplication. Hence 
division should be impaired by PL secondary tasks as well. 
Furthermore, Mauro et al suggested that mental division problems 
became recoded into a multiplication format (e.g. 72 / 8 = __ became 
recoded into 8 * __ = 72) and the multiplication format is then used to 
retrieve the solution from LTM. This recoding should also depend on 
WM resources and should show impairment in PL, VSSP or CE 
secondary tasks.   
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Method 

Participants 
In this study 35 participants were tested, 17 female and 18 male. The 
age range was 21 to 34. All participants were undergraduate or 
graduate students at Linköping University, Sweden, except one 
participant who had just received his diploma and was working at 
Linköping University. Students were studying several different 
programs, such as engineering, cognitive science, political science, 
among others and all received their lower education in Swedish 
schools. Six participants were left-handed. All participants were native 
Swedish speakers and had normal or corrected to normal vision. The 
participants were assigned to a condition at random. The only 
restriction was that at least two males and two females were tested in 
each condition. It was ensured that none of the participants used their 
fingers to support mental calculation. Five participants were tested per 
condition. 

Design 
In this experiment the error rate and response time were analysed. 
Error rate was analysed with a 2-factor design. The first factor was the 
operation used in the mental task: addition, subtraction, multiplication, 
and division. This factor was a within group factor. The second factor 
was the secondary task performed and this factor was a between group 
factor. The secondary tasks performed were: Neutral tapping, random 
tapping, subvocal rehearsal, random subvocal rehearsal, spatial 
tapping, irrelevant pictures, and irrelevant speech. So the design was a 
4 (within) by 7 (between participant) design.  
 
The response time was analysed twice: Once with a 2-factor design as 
used in the error rate analyses and once with a 3 factor analysis. The 
additional factor was number pair, which was also a within group 
factor. One number pair was summarised across operations. This 
factor had five levels ((3,6); (4,7); (5,7); (6,8) and (6,9)) in the control 
part and ten levels ((3,8); (3,9); (4,6); (4,7); (4,8); (5,6); (5,9); (6,7); 
(6,9) and (7,8)) in the experimental part. 
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The experiment was divided into two parts. The first was the control 
part and the second was the experimental part. The control part was 
equal for all participants and was used as a comparison between 
groups in order to make sure that performance was equal for all 
groups before each group was manipulated. During the experimental 
part participants were asked to perform a secondary task while 
performing mental arithmetic. In this part the control group performed 
neutral tapping as a secondary task, which was compared to the other 
secondary tasks in the experimental part. 

Stimulus and apparatus 
The experiment was run on a common laptop computer with a flat 
screen monitor. Instructions and arithmetic tasks were presented 
visually on the screen. The instructions were written in Swedish and 
presented in black Times New Roman letters on a white screen. Tasks 
were presented in bold black Arial type letters. All tasks were 
presented in the same size and format, which is: number, operation 
sign, number, equal sign, all on one line (e.g. 30 / 5 = ). For the four 
operations the common signs were used (addition: +, subtraction: -, 
multiplication: *, division: /). The numbers were 9 mm high and the 
whole task line varied from 35 to 40 mm in length. The experiment 
was run in a quiet room without windows. The participants were 
placed at a table with the laptop in front of them. The distance to the 
screen was about 50 cm, though participants were allowed to adjust 
the distance if they wanted to.  
 
The tasks consisted of 18 pairs of numbers (3 paired with 6, 7, 8, and 
9; 4 paired with 6, 7, 8, and 9; 5 paired with 6, 7, 8, and 9; 6 paired 
with 7, 8, and 9; 7 paired with 8 and 9; 8 paired with 9). Each pair is 
used twice for each operation, once with the bigger number first and 
once with the smaller number first, therefore the total number of tasks 
is 144.  
 
The control part started with 16 practise tasks and was followed by 40 
non-practise tasks. The experimental part started also with 16 practise 
tasks, which where followed by 72 non-practise tasks. It was 
necessary to make sure that the tasks are comparable for the practise 
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parts as well as for the control and experimental parts. So the order of 
the tasks was not randomised overall, instead the tasks were sorted 
into equivalent groups for each part. The groups were equivalent with 
regard to task difficulty for all operations, distribution of tasks with 
the small and the bigger number first, and distribution of number pairs 
across the task set. Since each number pair was used twice their order 
was balanced. It was made sure that all tasks in the experimental part 
had been used before in the practise or control parts but in the reverse 
order. The order of the tasks within each part was randomised with the 
restriction that no two tasks with the same result followed each other. 
The tasks and order of the tasks can be seen in appendix A. 
 
The apparatus did not change for the control part but it varied for each 
condition in the experimental part. For the neutral tapping and random 
tapping conditions no additional apparatus was used. The participants 
were tapping on the table in front of them. For the spatial tapping 
condition a sheet of paper with an eight printed on it was fixed on the 
table (the eight was 169 mm high and 90 mm wide in the upper part 
and 95 mm wide in the lower part). A small wall kept the eight out of 
sight for the participants when they were tapping. Right-handed 
participants performed the tapping with the right hand and left-handed 
participants with the left hand. In the irrelevant speech condition a 
Grundig tape recorder was used to play a tape with a story in polish. 
The loudness level was at about conversational level. In the irrelevant 
picture conditions the task was shown as in the other condition with 
the difference that also two coloured figures were shown. No figure 
shielded or touched the task digits, which means that the numbers 
were always shown with a black on white contrast. The figures were 
abstract pictures and did not carry a distinct meaning. At any one time 
two figures were visible in two different corners of the screen. The 
figures varied from about 10 to 15 cm in diameter and were brown, 
red, green, blue, yellow and orange in colour. Every 1000 ms the 
figures changed in the background, but the task was shown until the 
participant answered. No apparatus was used to record and analyse the 
randomness of the rhythm in neither of the random conditions 
(random subvocal rehearsal and random tapping). 
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Procedure  
All participants were tested individually, sitting down in front of a 
table with the laptop on the table. The experimenter was sitting 
diagonally to the right behind the participants and was able to see the 
screen. First an introduction to the experiment was shown on the 
screen. If the participant said s/he has read it the experimenter pressed 
the mouse button to continue the experiment. The instructions for the 
first part were then shown explaining what the participant had to do, 
emphasising both accuracy and speed for solving the arithmetic 
problems. When the participant said s/he had understood the 
instructions and was ready the experimenter started the experiment. If 
the participant had any questions they were answered before 
continuing. First a white screen was shown, then a screen with a focus 
point (using this sign: #) in the centre of the screen. After 1500 ms the 
arithmetic task appeared in the centre of the screen. When participant 
said the answer out loud the experimenter stopped the time, wrote 
down the answer and started the next task when there was no 
objection from the participant or other factors which might have 
caused distraction.  
 
As mentioned above the experiment was divided into two parts, each 
with its own instructions. The experiment started with 16 practise 
tasks. After these tasks a short break was given to the participants, 
then after another 20 tasks another short break was given. The next 20 
tasks in the control condition were followed by a short notice that the 
first part was over and instructions to the experimental part were 
given. Following the instructions the first 16 tasks were again practise 
tasks, which were followed by another short break. During the 
experimental part a short break was given every 18 tasks. The break 
was indicated by a sentence appearing on screen, stating that the 
participant may take a break now.  
 
The difference of practise and non-practise tasks was not apparent to 
the participants. All tasks were treated with the same seriousness but 
during the practise tasks the experimenter might correct the 
participants if the instructions were not understood or executed 
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correctly. It was not necessary to correct participants after the practise 
periods because the instructions were followed correctly. 
 
The secondary tasks varied for the different condition in the 
experimental part. One of the experimental conditions was a control 
comparison called neutral tapping. Participants were asked to tap on 
the table in a fast non-changing rhythm. In the spatial tapping 
condition the participants followed the pattern of an eight with the 
finger while tapping at a fast non-changing rhythm. In the subvocal 
rehearsal condition the participants said “den” (Swedish translation of 
“the”) at a fast non-changing rhythm. In the random subvocal 
rehearsal conditions participants were asked to say “den” in a 
randomised rhythm. In the random tapping condition participants were 
asked to tap in a randomised rhythm. In the irrelevant speech 
condition participants heard a story in Polish while calculating. 
Participants were instructed to ignore the story. In the irrelevant 
picture condition participants saw the tasks presented with other visual 
stimuli, which they were asked to ignore. Instructions for the second 
part explained the secondary task and asked the participants to practise 
it without performing any mental calculation tasks. If a participant 
was unsure of how to do the secondary task the experimenter showed 
it to the participant. The participants practised the secondary task until 
they felt comfortable doing it and the experimenter saw that it was 
done in the right way. After the short practise period the experiment 
continued with the practise for the experimental part. In all 
experimental conditions the same 72 tasks were presented in the same 
order. After the experiment the participants were thanked for 
participating and received some cake for their effort.  
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Result 
The main analysis in this study was based on the arithmetic 
performance, which was measured in how many errors were made and 
how fast the answers were given: error rate and response time. The 
control part was used to compare each group’s performance with each 
other as a basic comparison. Performance should not have varied 
between groups in order to be able to compare group performances in 
the experimental part and attribute differences in performance to the 
secondary tasks performed. The result analysis was divided into a 
section for error analysis and one for response time analysis. In each 
section the control and experimental part were analysed separately. 
The response time was analysed in two different ways, once with a 2-
way ANOVA and once with a 3-way ANOVA. Mauchly’s test of 
sphericity was significant for all within-subject analyses, except for 
the first one, which compared the error rates in the control part. So the 
ANOVA reported here were based on Huynh-Feldt adjustments. 
  
In the result section each condition was abbreviated as follows (in 
brackets follows, which WM resource was preoccupied by the 
respective secondary task):  

• Control:    Control 
• Subvocal Rehearsal:  SubReh 
• Irrelevant Speech:  IrrSpe 
• Spatial Tapping:  SpaTap 
• Irrelevant Picture:   IrrPic 
• Random Tapping:  RanTap 
• Random Subvocal Rehearsal: RanSub 

 

Analysis of Errors 
The answers participants gave were written down by the experimenter. 
A total of 3920 tasks (excluding practise tasks) were shown to 
participants. 13 tasks were excluded from the error analysis either 
because participants did not answer or the experimenter made a 
mistake. This means that 0,34 % of the data was excluded from this 
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analysis (0,29 % for the control part and 0,36 % for the experimental 
part). 
 
As errors counted all answers which were wrong. The total number of 
errors was 111 in the control part and 164 in the experimental part, 
with is 7,93 % and 6,51 % respectively. These errors were analysed 
with a 2-way (operation and condition) split-plot ANOVA, once for 
the control part and once for the experimental part. A significant level 
of α = 0,05 was used.  
 
Means and standard deviations for the control part are shown in table 
1. The main important point was the high standard deviations for all 
groups and operations. This indicated strong individual differences for 
errors. Multiplication had the highest overall mean, with 1,03. Each 
participant was calculating 10 tasks per operation and this means that 
about 10 % of the multiplication tasks were wrong. Subtraction had 
the lowest average mean: 0,60. The highest variation of means within 
a group was in the irrelevant speech group. In this group addition had 
a main error of 1,80, whereas no subtraction errors were made.  
 
The analysis for the control part did not indicate any differences 
between operations (F(3,84) = 1,166; p > 0,05), between groups 
F(6,28) = 0,851; p > 0,05), nor for interaction (F(18,84) = 1,067; p > 
0,05). All these comparisons were not significant. In this case 
Mauchly’s test of sphericity was not significant and the F-values for 
assumed sphericity and Huynh-Feldt are identical. That the 
comparisons were non-significant was as expected since group 
performance should not have varied in the control part.  
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Table1:  
Means and Standard Deviation for Errors Made in the Control Part  
 Control* SubReh* IrrSpe* SpaTap* IrrPic* 
Addition 0,40 0,40 1,80 0,80 0,40 
 0,89 0,55 2,17 1,10 0,89 
Subtraction 1,00 0,20 0,00 1,20 0,60 
 0,71 0,45 0,00 1,30 0,89 
Multiplication 1,20 0,20 0,40 1,20 1,00 
 1,30 0,45 0,55 1,64 1,73 
Division 1,00 0,80 0,60 0,80 0,60 
 1,22 0,45 0,89 0,84 0,89 
* = Group name indicate which tasks participants of that group performed in the 
later part of the experiment (in this part groups were not manipulated).  
 
Table 1 continued: 
Means and Standard Deviation for Errors Made in the Control Part  
 RanTap* RanSub* Total 
Addition 0,40 1,00 0,74 
 0,55 1,00 1,15 
Subtraction 0,60 0,60 0,60 
 0,55 0,89 0,81 
Multiplication 1,60 1,60 1,03 
 0,89 0,89 1,18 
Division 1,20 0,60 0,80 
 0,45 0,89 0,80 
* = Group name indicate which tasks participants of that group performed in the 
later part of the experiment (in this part groups were not manipulated). 
 
 
The following describes the error analysis for the experimental part. 
Table 2 shows the means and standard deviations and Figure 1 shows 
the means of operations in comparison for the conditions. The error 
analysis showed also a high standard deviation for all groups and 
operations. The standard deviation was about as high as the mean. The 
total means were higher for all operations in the experimental part 
except for the addition compared to the control part. The means for 
random subvocal rehearsal condition were the highest for 
multiplication and division, close to average for the subtraction and 
one of the lowest for addition.  The analysis of error in the 
experimental part did however show some significant results. The 
comparison for operations was significant ( F(3,84) = 6,002) p < 
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0,01). The interaction was not significant, though close to the α-level 
of 0,05 (F(18,84) = 1,669; p = 0,062). The comparison between 
groups, the between subject effect, was not significant (F(6,28) = 
1,677; p > 0,05).  
 
Table 2:  
Means and Standard Deviation for Errors Made in the Experimental Part 
 Control SubReh IrrSpe SpaTap 
Addition 0,80 0,60 0,60 1,20 
 0,84 0,89 0,55 0,45 
Subtraction 1,20 1,40 0,80 1,40 
 1,64 1,14 1,30 1,52 
Multiplication 0,40 0,40 0,40 1,40 
 0,55 0,89 0,55 1,67 
Division 2,00 1,20 1,00 2,00 
 2,24 1,30 1,00 1,58 
 
Table 2 continued:  
Means and Standard Deviation for Errors Made in the Experimental Part 
 IrrPic RanTap RanSub 
Addition 0,20 0,80 0,20 
 0,45 0,45 0,45 
Subtraction 1,00 0,80 1,20 
 1,00 0,84 0,84 
Multiplication 1,20 1,80 2,80 
 1,10 1,64 1,48 
Division 0,80 1,40 3,80 
 0,84 1,52 2,49 
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Figure 1:  
Means for Errors Made in the Experimental Part 

 
 

A pairwise comparison for operations based on the Least Significant 
Difference revealed that addition was significantly different to all 
other operations and subtraction and division were also significantly 
different from each other at p < 0,05.  
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Analysis of Response Time 
The response times were measured in milliseconds. 42 tasks of a total 
of 3920 tasks had to be excluded from the analysis because of 
disturbing factors or experimenter mistakes. That means that 1,07 % 
of cases were excluded, 9 cases (0,64 %) in the control part and 33 
cases (1,31 %) in the experimental part. Outliers were treated in the 
same way as reported by Seitz and Schuman-Hengsteler (2002). The 
mean for each operation (M) was calculated for every participant 
separately and the standard deviation (SD) was calculated for every 
condition and operation separately. The value then used as a cut-off 
point was the mean plus two times the standard deviation (M + 2 * 
SD). If a participant’s response time for a single task was higher than 
that cut-off value the response time value was replaced with the cut-
off value.  

2-way ANOVA 
Table 3 shows the means and standard deviation per operation and 
condition, which the participants performed in the experimental part. 
For the control group all means were above the total means for each 
operation as was for random tapping group. For spatial tapping and 
irrelevant picture three means were above the total means. On the 
other hand were the means for subvocal rehearsal, irrelevant speech, 
and random subvocal rehearsal below average. The overall total for 
multiplication was higher than that for division.  
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Table 3: 
Means and Standard Deviation for Response Time in Control Part 
 Control* SubReh* IrrSpe* SpaTap* IrrPic* 
Addition 2047,97 1682,53 1566,35 1687,21 1934,81 
 458,41 191,67 191,11 543,99 301,47 
Subtraction 2477,73 2259,66 2021,65 2406,98 2538,76 
 377,34 751,46 354,28 994,87 907,20 
Multiplication 3011,57 2253,14 2477,21 3514,97 3066,70 
 747,23 416,33 426,92 2540,37 866,09 
Division 2618,70 1936,49 2361,55 3170,45 2571,20 
 525,37 300,23 553,63 2272,65 574,38 
* = Group name indicate which tasks participants of that group performed in the 
later part of the experiment ( in this part groups were not manipulated).  
 
Table 3 continued: 
Means and Standard Deviation for Response Time in Control Part 
 RanTap* RanSub* Total 
Addition 2115,59 1624,84 1808,47 
 591,51 278,02 414,53 
Subtraction 2460,08 2037,27 2314,59 
 635,86 571,30 661,23 
Multiplication 3638,73 2590,55 2936,12 
 1285,08 794,30 1210,73 
Division 3085,94 2467,84 2601,74 
 1015,92 789,64 1038,65 
* = Group name indicate which tasks participants of that group performed in the 
later part of the experiment ( in this part groups were not manipulated).  
 
A split-plot ANOVA, with operation as within group variable and 
condition as between group variable, was performed on the data. The 
means for operations were significantly different (F(2,49;69,59) = 
25,99, p < 0,001). The interaction between conditions and operations 
was not significant (F(14,91;69,59) = 0,909, p > 0,05). The between 
group factor, condition, was not significant either (F(6,28) = 0,820, p 
> 0,05). A post hoc pairwise comparison using the Least Significant 
Difference showed that all operations were different to each other at p 
< 0,05. These results were as expected. There was a significant 
difference in how fast operations were calculated, but there was no 
significant difference for the different groups and neither was there an 
interaction between group and operation. The response time for each 
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operation did not vary for the different groups. This would have been 
surprising since there were no factors, which should influence 
performance in the control part. 
 
The next part of the analysis was the response time in the 
experimental part, where participants were performing a secondary 
task along with mental arithmetic. Table 4 shows means and standard 
deviation for the experimental part. The means showed the same 
pattern as table 3. Means for the control and random tapping group 
were higher than the total means. For spatial tapping and irrelevant 
pictures three of the means were higher than the respective total 
means. For the subvocal rehearsal, irrelevant speech and random 
subvocal rehearsal groups the means were all lower than the total 
means. The mean for division was higher than that for multiplication, 
contrary to means for multiplication and division in the control part 
(see table 3).  Furthermore means for all operations in the neutral 
tapping condition were higher than means in the respective operations 
for subvocal rehearsal, irrelevant speech, irrelevant picture, and 
random subvocal rehearsal. 
 
Table 4: 
Means and Standard Deviation for Response Time in Experimental Part 
 Control SubReh IrrSpe SpaTap 
Addition 2102,09 1663,35 1552,61 1880,20 
 487,54 178,27 229,13 639,33 
Subtraction 2542,71 1994,17 1702,36 2297,45 
 612,99 492,62 170,23 958,97 
Multiplication 2696,10 1978,20 2063,02 3222,46 
 669,17 253,16 272,62 2384,63 
Division 2929,01 2039,66 2054,75 3181,22 
 765,09 180,58 174,21 2200,36 
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Table 4 continued: 
Means and Standard Deviation for Response Time in Experimental Part 
 IrrPic RanTap RanSub 
Addition 2028,14 2303,46 1900,37 
 389,77 663,99 480,56 
Subtraction 2443,23 2291,03 2032,04 
 894,81 630,00 439,06 
Multiplication 2485,65 2985,88 2308,70 
 627,21 652,65 682,44 
Division 2660,24 3100,54 2552,60 
 802,69 890,31 836,53 
 
 
This data was also analysed with a split-plot (conditions as between 
group variable and operation as within group variable) ANOVA. The 
difference between operation was significant (F(2,12;59,42) = 17,01, p 
< 0.001). The difference between groups was not significant (F(6,28) 
= 1,094, p > 0,05). The interaction was not significant either 
(F(12,73;59,42) = 0,85, p > 0,05). A post hoc pairwise comparison 
using the Least Significant Difference showed that all operations were 
different to each other at p < 0,05, except the comparison between 
multiplication and division, which failed to reach significance.  
 
The relation between error rate and response time was analysed by 
calculating Pearson correlations between error rates and response 
times for each operation. None of the operations showed a significant 
or close to significant correlation (neither positive of negative) 
between error rates and response times in the control part at a 
significance level of α = 0,05 (2-tailed). In the experiment part error 
rates and response times for multiplication were significantly 
correlated (r = 0,43; p < 0,05). The other operations were not 
correlated.  

3-way ANOVA 
Two factors were the same factors as above, the condition and the 
operation (condition as between and operation as within variable). The 
third factor was the number pair. Each number pair was used for all 
operations and performed by all participants, so this is a within factor 
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as well. This factor compared performance for each number pair 
which meant that a problem size effect could be analysed with this 
factor. Again this analysis was conducted for the control part and the 
experimental part separately.  
 
In the control part five number pairs were excluded since several 
results were excluded from the data set because of disturbing factors 
or experimenter mistakes during testing, as described above. The 
included number pairs were: (3,6); (4,7); (5,7); (6,8) and (6,9). The 
ANOVA analysis showed some significant results. Number pairs were 
performed significantly different (F(2,72;73,36) = 9,21, p < 0,001), 
operations differed significantly (F(2,89;78,00) = 33,65, p < 0,001). 
The interaction between operation and number pairs was also 
significant (F(6,53;176,24) = 4,34, p < 0,001). The between group 
factor, condition, was not significant (F(6,27) = 0,95, p > 0,05). The 
interactions between number pairs and condition (F(16,30;73,36) = 
0,72, p > 0,05) and operation and condition (F(17,33;78,00) = 1,13, p 
> 0,05) were both non-significant. The three way interaction 
(F(39,16;176,24) = 0,76, p > 0,05) was not significant either. That the 
condition comparison was not significant was expected since 
participants should not have differed in their performance in the 
control part. A least significant difference post hoc analysis of number 
pairs revealed that the pair (3;6) was significantly different to all other 
number pairs. (4;7) and (5;7) were not significantly different from 
each other but different to all other pairs. (6;8) and (6;9) were also not 
significantly different from each other but significantly different to all 
other pairs. Figure 2 shows these results graphically. The means for 
each number pair and operation was the average of all subjects across 
conditions for the control part. A post hoc pairwise comparison using 
the Least Significant Difference showed that all operations were 
different to each other at p < 0,05. Comparing the means in figure 2 
shows also the interaction for number pairs and operation. As 
expected the problem size effect is bigger for division and 
multiplication.  
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Figure 2: 
Means of Number Pairs in Control Group per Operation 
 
 
The same analysis was done for the experimental part. The included 
number pairs were (3,8); (3,9); (4,6); (4,7); (4,8); (5,6); (5,9); (6,7); 
(6,9) and (7,8). The other eight number pairs were excluded because 
of data excluded from the data set. The ANOVA for the experimental 
part showed also several significant results. Number pairs differed 
significantly (F(8,82;211,72) = 9,26, p < 0,001). Operation was also 
significant (F(3,00;72,00) = 20,57, p < 0,001). The interaction 
between operation and number pairs was significant, too 
(F(21,04;504,83) = 3,10, p < 0,001). Condition was not significant 
(F(6,24) = 1,42, p > 0,05). The interactions between number pairs and 
condition (F(52,93;211,72) = 1,14, p > 0,05) and operation and 
condition (F(18,00;72,00) = 0,70, p > 0,05) were both non-significant. 
The three-way interaction approached significance (F(126,21;504,83) 
= 1,22, p = 0,069). A post hoc pairwise comparison using the Least 
Significant Difference showed that all operations were different to 
each other at p < 0,05, except the comparison between multiplication 
and division, which failed to reach significance. This was also the case 
in the 2-way ANOVA for the experimental part.  
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Figure 3: 
Response Time Means for Addition per Condition and Number Pairs. 
 

0
500

1000
1500
2000
2500
3000
3500
4000
4500
5000

Control SubReh IrrSpe SpaTap IrrPic RanTap RanSub

Condition

M
ea

n 
R

es
po

ns
e 

Ti
m

e 
in

 m
s 3;8

3;9
4;6
4;7
4;8
5;6
5;9
6;7
6;9
7;8

Figure 4:  
Response Time Means for Subtraction per Condition and Number 
Pairs.  
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Figure 5: 
Response Time Means for Multiplication per Condition and Number 
Pair.  
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Figure 6: 
Response Time Means for Division per Condition and Number Pair. 
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The aim with figures 3 to 6 is to visualise the 3-way interaction 
between number pairs, conditions, and operation. Every value in all 
the figures is based on the mean of 5 response times which were given 
by five participants per condition. Some values were missing from the 
response time data (as discussed above) but each mean was based on 
at least 4 values. Generally means in the control condition were 
among the highest means in every operation. Subvocal rehearsal and 
irrelevant speech means were generally lower than means of the other 
conditions. Means for addition (fig. 3) were generally lower than 
means of other operations and means were not as widely spread over a 
bigger range as means in other operations. The range over which 
means are distributed than increases gradually for subtraction, 
multiplication and finally division. Regarding the interaction it was 
interesting to note that means for number pairs (5;6) and (5,9) were 
1.5 to 2 seconds higher than means of other multiplication tasks in the 
spatial tapping condition. These number pairs did not diverge in other 
conditions. For division the biggest range was in the random tapping 
condition. None of these observations were statistically based since 
post hoc analyses were not performed on the 3-way interaction.  
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Discussion 
In total six Split Plot ANOVA test were used to analyse the data. 
Figure 3 gives an overview of the significant ANOVA results. All 
ANOVA tests, except error analysis for the control part, showed a 
difference for operations. A difference in conditions was not observed 
in any ANOVA. On the other hand an interaction between conditions 
and operations was close to a significance level of 0,05 for the error 
analysis in the experimental part. An interaction between condition, 
operation and number pair was also close to a significance level of 
0,05 for the 3-way response time analysis in the experimental part.  
 
Since the interaction and condition failed to reach significance a 
further analysis was conducted with regard to the specific tasks. A 
reason for the lack of significance might be due to the error which can 
be attributed to the number pair factor and analysed to find a problem 
size effect. In the 2-way ANOVA all tasks were collapsed per 
operation which meant that a problem size effect could not be found 
with that analysis. A 3-way ANOVA was performed for that reason. 
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Table 5: 
Summary of Significant and Close to Significant ANOVA Results for Control 
and Experimental Parts 
 Control Part Experimental Part 
Error, 2-way ANOVA 
 
 
 
 
 

 • Operation 
 

• Close: Operation 
& Condition 
Interaction  

Response time,  
2-way ANOVA 
 
 

• Operation • Operation 

Response time,  
3-way ANOVA 

 

• Number pair 
 

• Operation 
 

• Number pair & 
Operation 
Interaction 

• Number pair 
 

• Operation 
 

• Number pair & 
Operation 
Interaction 

 
• Close: Condition 

& Number pair & 
Operation 
Interaction 

 
Most striking was the constant differences for operations. Addition is 
the first operation to be learned and also the most trained operation. It 
is therefore not surprising that addition is performed best of all 
operations, measured in errors and response time. Subtraction is then 
the second best performed operation. Division was performed 
significantly better than multiplication in the control part with regard 
to response time. That division can be performed faster than 
multiplication is contrary to predictions. It is usually argued that 
mental division processes are based on multiplication processes 
(Mauro et al, 2003). The results here do not support this claim since 
for that to hold division should be slower than multiplication. 
Addition and subtraction were both performed better than 
multiplication and division. Several reasons can be given for the 
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difference in operations. Each operation is learned differently in 
school, each with its own kinds of strategies. Another reason for that 
difference can be the problem size effect. Multiplication and division 
involve bigger numbers than addition and subtraction and as problems 
size increases so do response time and error rates. A third reason 
might be how mental arithmetic is used in every day life. Doing 
arithmetic with small numbers might be quite common and as such 
small numbers are easier activated. Also operations in general might 
vary in how frequently they are used. Addition might be used most 
frequently in particular with small numbers, e.g. when people do their 
shopping. Subtraction could also be used for that reason quite often 
though not as frequent as addition. Multiplication and division might 
not be used as often as addition and subtraction. In particular people 
might be more willing to use artefacts which help calculation for 
multiplication and division than for addition and subtraction in mental 
arithmetic. So mental addition and mental subtraction, in particular 
mental addition, might be better integrated in daily life than 
multiplication and division. Using mental addition and subtraction in 
every day life would facilitate recall from LTM as well as processing 
speed.  
 
According to predictions results should show an interaction between 
operation and condition in the experimental part but not in the control 
part. As table 3 shows an interaction including the factor condition 
were close to significance for error rates and response time in the 
experimental part but not in the control part. The fact that these 
interactions were close to significance suggests that there was some 
influence of at least some of the secondary tasks on performance. This 
study is based on only five participants per condition and therefore 
only strong effects could have led to significant results. An interaction 
close to significance suggests that there might be an effect. Figure 1 
shows the interaction between conditions and operations for error 
rates. The main part of the interaction is due to the random subvocal 
rehearsal condition. Multiplication and division showed a big increase 
in error rates while addition and subtraction did not. This suggests that 
occupying PL and CE resources increases error even for the well 
known simple number facts of multiplication and division.  
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Interpreting the results from the 3-way ANOVA one has to keep in 
mind that the interaction was just close to significance. So only some 
tendencies can be suggested. In a comparison the number pair tasks 
are performed best in the PL conditions, subvocal rehearsal and 
irrelevant speech. According to prediction performance should be 
worst in multiplication and possibly division but there are only small 
differences. Spatial tapping and irrelevant pictures occupy VSSP 
resources. So a higher response time was expected for subtraction in 
these conditions, which was not found. Overall means did increase 
compared to addition for VSSP conditions but means for 
multiplication increased even more. Increased multiplication means 
could be explained with the problem size effect. Means for response 
time and their distribution increased for the random tapping condition 
in multiplication compared to other conditions in multiplication as 
well as to addition and subtraction. This suggests that more CE 
resources were used for multiplication. Multiplication was not 
expected to depend more on CE resources than other tasks. The same 
comparison for division shows an even stronger increase of means and 
their distribution. Division was actually predicted to depend on CE 
resources. On the other hand results from random tapping are not 
supported by random subvocal rehearsal. This actually raises 
questions about the validity about such a conclusion. This supports the 
hypothesis that CE resources are involved in the problem size effect.  
 
That two tasks in the spatial tapping condition for multiplication 
increased by 1.5 to 2 seconds might suggest that just these number 
pairs depend on cognitive processes using spatial resources. This does 
not comply with the predictions because it was expected that all tasks 
in one operation use the same subsystems of WM. One explanation is 
that the multiplication table of 5’s uses different cognitive processes 
and involves other subsystems of working memory. The effect found 
here is nor significant but it might be of benefit to check the 
possibility of how tasks are linked to cognitive processes and not just 
how operations are linked to cognitive processes.  
 
It was predicted that error rates and response time should be 
converging measures for impairments of mental arithmetic 
performance. This would mean that if an error rate is high for one 
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operation in a particular condition response times should also be 
slower for that operation in that condition. For a general comparison 
one can compare which means are above average and which ones are 
below for error rates and response times. In the control part the 
general trend is the same for three groups with three or four means 
corresponding for response time and error rates being above or below 
the total mean. Four groups do not show a correspondence. According 
to the predictions errors and response time should increase for certain 
operations in some condition. A pattern of this kind was not found in 
the experimental part except for the correlation between multiplication 
errors and response times. A reason why other operations did not 
show a correlation could be the lack of clear impairment by the 
secondary tasks. The error analysis showed a higher error rate for 
random subvocal rehearsal for multiplication and division. Since this 
secondary task is disturbing both the PL and CE it should have lead to 
higher impairment. The error rate for that condition is actually higher 
but response times for subvocal rehearsal is not slower in neither the 
2-way nor 3-way analyses. 
 
A number pair effect was found for both the control and experiment 
part. A number pair effect is interesting for several reasons. Because 
operations were directly compared in this study one can also compare 
the same numbers used in different operations. As the past hoc test for 
the 3-way ANOVA of the control part showed smaller number pairs 
are significantly faster calculated than bigger ones. This can be 
explained with the problem size effect. Bigger numbers take longer 
time to calculate in mental arithmetic. Additionally, this shows that 
certain number pairs are better accessible than others. If for example 
the number pair (5;7) is well practised for multiplication, the same 
task in division might benefit from that and vice versa. So this 
suggests that mental arithmetic cannot just be divided according to 
operation but the numbers involved in each task are a contributing 
factor to mental arithmetic. The post hoc analysis allowed the 
grouping of tasks. Pair (3;6), pairs (4;7),(5;7), and pairs (6;8), (6;9) are 
each a group with regard to how fast they were calculated. Hence 
analysing number pairs might uncover groups of tasks that utilise the 
same processing resources. The interaction between number pair and 
operation is also significant and supports this idea. Some groups of 
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tasks might utilise some WM resources for certain operations in 
mental arithmetic. A contributing factor for the interaction between 
number pairs and operations was surely the randomisation of tasks. In 
other studies including several operations (Lee & Kang, 2002; Seitz & 
Schuman-Hengsteler, 2002) tasks with the same operation were 
presented a constant number of times. So participants kind of knew 
which operation they were expecting. Participants did not have this 
kind of information in this study.  
 
One concern regards the lack of significance or for the sake of 
comparison the lack of an interaction close to significance for the 2-
way response time analysis. This might be partly due to the fact that 
the error for the between subject factor was too high, due to the 
variation in the data. The standard deviations in some conditions for 
some operations were quite high, for example the standard deviations 
for multiplication and division in the random tapping condition. In the 
3-way response time analysis some of the error was accounted for by 
the number pair factor and interaction between number pairs and 
operations, which were both significant factors. So a 3-way analysis 
gave a better analysis of the data in as much as some of the between 
subject error can be attribute to these factors. An interaction close to 
significant for conditions, number pairs and operations indicates some 
influence of the various conditions. This is supported by the 3-way 
response time analysis for the control part since both number pair and 
interaction between number pair and operation were also significant. 
In the control part, on the other hand, the accounted error did not 
result in a 3-way interaction close to significance as in the 
experimental part. Thus a close to significant interaction in the 
experimental part compared to a not significant interaction in the 
control part actually suggests that there was some non-random 
influence of the secondary tasks on the response time. A main 
problem for interpreting the interactions is that different parts do not 
support each other. If random tapping disturbs CE resources for 
mental multiplication random subvocal rehearsal should also have the 
same effect, which was not found in this study. 
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Problem with the design 
The control part was supposed to reveal any differences between the 
groups with regard to this particular task set used in experimental part. 
Therefore the same tasks were used in both the control and the 
experimental part. Direct priming was excluded from the task set since 
no two consecutive tasks had the same answer. However, priming 
effects which result from calculations in the control or one of the 
practise parts were not ruled out. Each task was calculated twice, once 
in the control or one of the two practise parts and then in the reverse 
order in the experimental part. That the task was calculated in the 
reverse order did not rule out priming effects. This would not be a 
problem if all operations equally benefit from that but some might not 
actually benefit as much as others since tasks were in reverse order.  
 
Another design problem with the control part was the comparison 
between single- and dual-task performances. Participants have been 
tested under single task condition and the analysis did not show any 
differences between groups. Part of the CE functions described by 
Baddeley was the coordination of tasks under dual-task performance 
and small differences in single task performance could become bigger 
differences under dual-task performance. Furthermore other factors 
such as math anxiety (Ashcraft & Kirk, 2001) can act as an additional 
task. Effects of math anxiety might be more apparent when 
participants were performing two tasks at the same time but only for 
participants who are anxious about mental arithmetic. This suggests 
that participants with math anxiety have a bigger drop in performance 
than participants without math anxiety when comparing single- and 
dual-tasks performance.  
 
Since no clear differences between groups (conditions) were found in 
neither the experiment nor the control part it is difficult to conclude 
about type I and type II errors. If as expected there were no 
differences between conditions in the control part but a difference in 
the experiment part differences in performance could be attributed to 
secondary tasks in the experimental part. If a difference was found in 
the control part this would clearly indicate different levels of 
mathematical skills in the various groups. No such differences were 
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found in this study which means no clear conclusions can be drawn. 
Mathematical skills may vary between groups but the effect was too 
little to be found in the data set. On the other hand mathematical 
performance might vary because of these secondary tasks as indicated 
by the close to significant interactions but effects are too small to 
affect performances. A bigger sample size could be a solution to this 
flaw in the experiment. For that an analysis of power for the ANOVA 
test is helpful in order to estimate the needed sample size.  

Secondary tasks 
Secondary tasks have not been recorded and hence cannot be analysed 
with regard to performance. The impression of the experimenter was 
that secondary tasks were preformed correctly but small discrepancies 
could of course not be observed. Since tasks used in this study were 
rather easy and response times for calculation rather fast it is 
reasonable to assume that discrepancies in secondary tasks 
performance were rather small. The capacity for phonological store, 
articulary rehearsal system, and VSSP is about two seconds. Since the 
mean response times were between 1800 and 3000 milliseconds the 
resources the secondary tasks demanded might not be big enough to 
actually cause a delay or lead to errors. The subsystems might only be 
used for a short time which causes only small delays in the secondary 
tasks. However, secondary tasks were not analysed, as mentioned 
above.  Even a post hoc analysis of secondary tasks would be difficult 
because margins are not exact. 
 
In the experimental part the control group performed neutral tapping. 
This was not supposed to disrupt any WM resources since this task is 
neither phonological nor visual-spatial but automatic. Three out of 
four mean error rates for the operations in the control group were 
above total average in both control and experimental parts. Means for 
response times for all operations in the control group were above total 
means. Results in the control group were not significantly different to 
other groups but it was expected that the control group’s performance 
should be among the better performing groups. The reasons might be 
that math ability was worse in the control condition or that the control 
task was actually influencing performance. Furthermore it can be 
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questioned if tapping is actually an automatic process. Even though no 
participant had problems tapping participants reported getting tired in 
the muscles. None of the participants had performed that task before 
over a longer period of time as it was done in this study. Becoming 
tired of the tapping movement itself might require CE resources for 
controlling that task. Using CE resources for short intervals in the 
arithmetic increases randomness in the tapping rhythm. Another 
explanation is that the other secondary tasks did not actually need 
enough resources to disrupt performance. 
 
Subvocal rehearsal was performed constantly and participants stopped 
only to say the answer. This secondary task showed effects in several 
studies (DeRammelaere et al., 1999) but did not show effects here. 
One reason might be that mental arithmetic in Swedish does not 
employ the PL but design problems in this study do not allow for such 
a strong conclusion. On the other hand this should be of concern in 
further studies since cultural differences have been found in mental 
arithmetic (Campbell & Xue, 2001). So far subvocal rehearsal was not 
performed by native Swedish speakers with regard to mental 
arithmetic. Studies reporting effects of subvocal rehearsal were 
conducted, among other languages, in German (Seitz & Schumann-
Hengsteler, 2000) and French (DeRammelaere et al., 1999) but not 
Swedish.  
 
In the irrelevant speech condition participants listened to a polish 
story. The tape was played by a cassette player in the corner of the 
laboratory. Effects of foreign languages on PL resources have been 
shown before (Seitz & Schumann-Hengsteler, 2000). Since no effects 
were found in this study this secondary task might have been too easy. 
  
The spatial tapping task was to tap a pattern of an eight with one 
finger. The tapping itself was supposed to be automatic and thus 
comparable to neutral tapping. The additional part was to visualise an 
eight while tapping. The experimenter’s observation was that 
participants were good in following the eight-pattern even though the 
tapped eight varied in size between the individuals and over time of 
the experiment for each participant. An exact analysis in not really 
possible but the observations suggest that participants did execute the 
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tasks correctly. The question arises if it actually happened through the 
visualisation of an eight. An alternative explanation could be that 
participants could perform the tapping and orientation in an automatic 
process. So the eight-pattern might have been too easy to actually 
need a visualisation of an eight or a spatial orientation of the ongoing 
tapping. At least it could be suggested that the tapping task did not 
require enough of the VSSP to actually disrupt performances. More 
complicated patterns should be used to affect performance.  
 
The irrelevant picture task had similar problems. The additional 
figures on the screen should have triggered additional visual 
processing and using VSSP resources. It seems that the additional 
visual processing was not enough to disrupt the mental arithmetic 
task. Probably moving figures or short animated movies could 
increase additional cognitive processes in the VSSP.  
 
The random tapping task was in particular difficult to control. The 
idea was that the CE should interrupt a non-random rhythmic 
sequence in order to create randomness. If CE resources are used for 
mental arithmetic the CE cannot allocate resources to supervise the 
randomisation. A problem is that interrupting the tapping only once in 
a while will create sufficient randomness which makes it difficult to 
spot a rhythm. Two to four non-random taps are difficult to identify in 
a non-random sequence without sophisticated analysis. That amount 
of time is enough to finish calculating the simple number facts in this 
study. Even for longer calculation times the interruption of tapping 
can be rather short in order to create randomness. This could be 
executed when CE resources are not needed. Just as tapping speed can 
be hastened for a short while which also increases randomness. 
Furthermore tapping might require CE resources once the participant 
becomes tired of tapping. Than it is difficult to interpret whether the 
randomness in tapping means that more or less CE resources are 
needed for that task.  
 
A similar argument can be made for random subvocal rehearsal. If the 
subvocal rehearsal task is not fully automatic and needs some CE 
supervision using the CE resources for mental arithmetic increases 
randomness. The argument is thus ambiguous, high randomness could 
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mean high or low CE resource activity. Another difficulty for 
analysing the randomness is that saying the results breaks of subvocal 
rehearsal and increases randomness. Random subvocal rehearsal was 
supposed to be the most difficult secondary task because it used both 
PL and CE resources. The error rates increased for multiplication and 
division for this secondary task. The interaction between condition 
and operation was close to the significance level probably because of 
an increase of errors in multiplication and division but not for other 
operations. This hints at the possibility that multiplication and division 
processes are disrupted when PL and CE resources are used by other 
tasks. Design problems do not allow any conclusions in this regard. It 
can be interpreted in as much as other secondary tasks were too easy 
to actually affect mental arithmetic. Blocking just one resource at a 
time might be not enough to cause errors in simple mental arithmetic.  
 
The same interaction between conditions and operation for random 
subvocal rehearsal was not found in the response time analysis. Means 
for multiplication and division were not higher than average response 
times. This raises further questions about the assumption that response 
time and error rates should converge to give similar results. Whereas 
one secondary task might increase error rates it might not increase 
response time as well. The reason for this could be found in how 
secondary tasks interrupt the cognitive processes in mental arithmetic. 
Blocking the storage of an intermediate result could cause error rates 
to increase while the calculation process is not slowed down. On the 
other hand interrupting process control could lead to delays in 
processing while error rates do not change.  
 
So far involvement of WM in mental arithmetic has been studied in 
general. If the aim is to understand more specifically the cognitive 
processes for each operation of even each task the secondary tasks 
have to be more exact and better defined in order to know how they 
affect the cognitive processes in mental arithmetic. That the secondary 
tasks did not have a great impact can also be interpreted as simple 
number facts had good foundations in long term memory.  
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Strategies and cognitive processes 
The solution strategies for arithmetic are well taught in school. 
Children learn how to add, subtract, multiply and divide according to 
well-established strategies. While children become more sophisticated 
in arithmetic strategies become more advanced and summarised. For 
example addition is first taught as counting: 4 + 2 is calculated by 
counting 4, 5, 6. Later the carry strategy is added and more 
complicated addition problems can be solved. Sometimes several 
strategies exist for the same kind of problems 24 – 8 can be solved by 
borrowing or carrying. These are all strategies taught in school and 
certainly they must have a great impact on cognitive processes. The 
cognitive processes are internal processes which calculate and produce 
the results. If a participant calculates 8 + 4 different strategies can be 
used, depending on the participant’s mathematical abilities, e.g. 
counting, remembering the answer, using the carry operation, or even 
combinations of those. A problem in the dual-task paradigm is to find 
out what strategies correspond to which cognitive processes. The 
strategies need to be transformed into the information processing 
paradigm which is the basis for Baddeley’s WM model. It is not 
entirely correct to say that the carry operation is disrupted by a 
random number generation task rather the cognitive processes which 
correspond to the carry operation as well as the cognitive processes 
for the random number generation task use the same resources. A 
major problem in this study was that the WM model was not detailed 
enough to actually allow for detailed descriptions of cognitive 
processes in mental arithmetic. The reason that results were not 
internally consistent with regard to the WM model poses a problem 
for interpretation. A more detailed WM model would help resolving 
the inconsistencies. One aim of the information processing paradigm 
is to actually describe these processes and computer model (e.g. 
Miyake & Shah, 1999) have been used to simulate detailed cognitive 
processes. For this study a WM model predicting mental arithmetic 
cognitive processes could have helped in the designing of the 
experiment. The design was mainly based on Baddeley’s own 
descriptions of WM but it turned out that this was not detailed enough. 
Further research could benefit from looking at detailed computer 
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models of WM and explicitly differentiating between solution 
strategies and cognitive processes.  
 
The difference between cognitive processes and solution strategies 
becomes clearer if one looks at verbal reports. Kirk and Ashcraft 
(2001) point out that cognitive processes in mental arithmetic are at 
least partially automatic and argue that this is a problem when asking 
participants for how they solved an arithmetic problem. Participants 
tend to give a solution strategy when asked but this solution strategy 
does not have to correspond to the cognitive processes they actually 
used. Participants are often unaware of the automatic processes which 
they use for solving arithmetic problems and are therefore unlikely to 
report those. Instead they are biased to report a common solution 
strategy which they thought they used. Since these automatic 
processes are the actual cognitive processes they should be the main 
focus of mental arithmetic research instead of the presupposed 
solution strategies taught in school.  
 
DeStefano and LeFevre’s (2004) main factors for studying mental 
arithmetic were presentation conditions, problem complexity, task 
requirements, response requirements and individual differences, as 
described in the introduction. Presentation condition and task 
requirements were constant across all tasks and conditions. Response 
requirements were also constant for all conditions. In a broader sense 
response requirements can include language. Asking participants to 
response in different languages could consume different cognitive 
resources. The German and English languages are closely related in 
linguistic terms, both are Germanic languages, still there is a 
difference in how numbers are counted. For number between 13 and 
99 one says the single unit first and then the tens unit (92 in German: 
zwei und neunzig, in direct translation: two and ninety). In Swedish 
on the other hand the order is like the one in English (nittio två, in 
direct translation: ninety two). In the Seitz and Schuman-Hengsteler 
study which was conducted in German, the language characteristics 
for numbers might be a factor why predictions from their study do not 
apply in this study. Counting in Korean might also include different 
features than English, German, and Swedish. An analysis of these 
features would be helpful to understand the implications of the Lee 
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and Kang (2002) study for, in the case of this study, mental arithmetic 
in Swedish. In general the relation of language features and cognitive 
processes needs to be taken into account even for mental arithmetic.  

Conclusion 
The aim of this study was to compare simple arithmetic problems for 
all four operations. The main effects found were a difference in 
operation and number pairs. It is suggested that number pairs is also a 
factor of mental arithmetic and groups of number pairs, in particular 
for one operation, might use certain WM resources. Problem size 
effect had certainly an influence on the number pair and number pair, 
operation interaction results. Two interactions including condition as a 
factor were approaching significance showing some subtle disruption 
of WM resources with regard to operation specific WM resource 
utilisation. Result from error rates and response times did not 
converge to give supporting evidence to the idea that operations are 
closely related to a specific component of Baddeley’s WM model. 
 
The main problem was the control part which did not actually work 
out as a control comparison. Also some issues of priming can be 
raised. This could mean that not actually the cognitive processes but 
rather the primed cognitive processes in mental arithmetic were 
studied here. If the tasks of the control part primed the answers in the 
experimental part it would mean that processing was different in the 
experiment part than it was supposed to be. 
   
Furthermore secondary tasks might have been too easy to actually 
disrupt mental arithmetic in this study. The small numbers of 
participants made it impossible to find small effects. Results cannot be 
interpreted without a big risk for both type I or type II errors.  
 
Other problems in this study were detailed predictions of each 
secondary task and its impact on each operation. So far studies mainly 
showed that secondary tasks impaired mental arithmetic. Even though 
differences were observed when operations were directly compared it 
is difficult to find concrete predictions for operation specific cognitive 
processes. WM has been modelled in several attempts in order to 
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describe its functioning in more detail. So far models have not been 
applied to mental arithmetic. The field might benefit from these 
attempts since more precise models could give better predictions.  
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Appendix A      
Practise control part: 
 10 - 4 = 6 
 8 + 5 = 13 
 40 / 8 = 5 
 11 - 8 = 3 
 4 * 6 = 24 
 14 - 5 = 9 
 7 + 8 = 15 
 12 - 9 = 3 
 56 / 7 = 8 
 5 * 9 = 45 
 9 * 3 = 27 
 72 / 8 = 9 
 63 / 9 = 7 
 9 + 7 = 16 
 8 * 3 = 24 
 8 + 9 = 17 
       
A short break      
First block of tasks in control part:    
 7 + 6 = 13 
 4 * 8 = 32 
 11 - 5 = 6 
 6 + 9 = 15 
 5 * 6 = 30 
 35 / 5 = 7  
 12 - 4 = 8  
 11 - 7 = 4  
 8 * 6 = 48  
 5 + 7 = 12  
 21 / 7 = 3  
 42 / 7 = 6  
 9 + 4 = 13  
 7 * 4 = 28  
 9 - 3 = 6  
 54 / 6 = 9  
 36 / 9 = 4  
 14 - 8 = 6  
 3 * 6 = 18  
 7 + 3 = 10  
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A short break      
Second block of tasks in control part: 
 5 * 7 = 35 
 13 - 7 = 6 
 6 * 9 = 54 
 7 * 8 = 56 
 30 / 5 = 6 
 5 + 6 = 11 
 15 - 7 = 8 
 48 / 8 = 6 
 15 - 6 = 9 
 7 + 4 = 11 
 13 - 9 = 4 
 12 - 5 = 7 
 28 / 7 = 4 
 9 * 4 = 36 
 8 + 6 = 14 
 9 + 3 = 12 
 27 / 9 = 3 
 18 / 3 = 6 
 7 * 6 = 42 
 3 + 6 = 9 
      
A short break      
Practise task for experiment part:    
 17 - 8 = 9 
 6 + 4 = 10 
 24 / 8 = 3 
 13 - 8 = 5  
 5 + 9 = 14  
 24 / 6 = 4  
 45 / 5 = 9  
 4 + 8 = 12  
 8 * 5 = 40  
 32 / 4 = 8  
 7 * 9 = 63  
 10 - 7 = 3  
 8 + 3 = 11  
 16 - 7 = 9  
 8 * 9 = 72  
 7 * 3 = 21  
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A short break      
First block of tasks in experimental part: 
 7 + 9 = 16 
 63 / 7 = 9 
 54 / 9 = 6 
 8 + 7 = 15 
 6 * 3 = 18 
 3 * 9 = 27 
 56 / 8 = 7 
 6 * 4 = 24 
 12 - 8 = 4 
 4 + 9 = 13 
 3 + 7 = 10 
 72 / 9 = 8 
 8 * 4 = 32 
 21 / 3 = 7 
 5 + 8 = 13 
 14 - 9 = 5 
 4 * 7 = 28 
 12 - 3 = 9 
      
A short break      
Second block of tasks in experimental part: 

40 / 5 = 8  
 9 - 6 = 3  
 6 * 8 = 48  
 11 - 6 = 5  
 9 + 8 = 17  
 10 - 6 = 4  
 9 + 6 = 15  
 36 / 4 = 9  
 11 - 4 = 7  
 6 + 7 = 13  
 3 * 8 = 24  
 14 - 6 = 8  
 9 * 5 = 45  
 35 / 7 = 5  
 11 - 3 = 8  
 42 / 6 = 7  
 6 * 5 = 30  
 7 + 5 = 12  
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A short break      
Third block of tasks in experimental part: 
 6 + 3 = 9 
 17 - 9 = 8 
 6 + 5 = 11 
 4 + 6 = 10 
 15 - 9 = 6 
 9 * 7 = 63 
 24 / 3 = 8 
 8 * 7 = 56 
 9 * 6 = 54 
 9 + 5 = 14 
 5 * 8 = 40 
 15 - 8 = 7 
 4 * 9 = 36 
 3 + 8 = 11 
 8 + 4 = 12 
 30 / 6 = 5 
 3 * 7 = 21 
 28 / 4 = 7 
      
A short break      
Fourth block of tasks in experimental part: 
 45 / 9 = 5 
 3 + 9 = 12 
 6 + 8 = 14 
 16 - 9 = 7 
 27 / 3 = 9 
 4 + 7 = 11 
 12 - 7 = 5 
 48 / 6 = 8 
 13 - 4 = 9 
 18 / 6 = 3 
 13 - 5 = 8 
 10 - 3 = 7 
 6 * 7 = 42 
 13 - 6 = 7 
 9 * 8 = 72 
 32 / 8 = 4 
 7 * 5 = 35 
 24 / 4 = 6 
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