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Number forms, conscious visuo-spatial representations of the sequence of numbers, are
found in around 12% of the population. However, their contribution to numerical cognition
is not well understood. In this study we contrast the speeded performance of individuals
with number forms versus controls on single digit multiplication, subtraction and addition.
Previous research has suggested that multiplication may rely more on retrieval of verbal
facts whereas subtraction relies more on online calculation using a putatively spatial
‘mental number line’. If people with number forms rely more heavily on visual-spatial
strategies than verbal ones then we hypothesised that multiplication may be dispropor-
tionately affected by this strategy relative to subtraction, and this was found.

© 2009 Elsevier Srl. All rights reserved.

1. Introduction

It is now widely recognised that there is a spatial component
to numerical cognition (Fias and Fischer, 2005; Hubbard
et al., 2005). However, this spatial component is not fully
understood. It is unclear to what extent its involvement is
limited to certain numerical tasks (Lee and Kang, 2002), or to
certain individuals (Lonnemann et al., 2008), and it is unclear
whether it originates from reading direction, finger counting,
or elsewhere (Wood and Fischer, 2008). One potentially
important difference may lie in whether or not an individual
experiences a conscious image of the sequence of numbers,
also known as a ‘number form’ (Galton, 1880a, 1880b, 1883/
1907/1973). These number forms are reported to appear

automatically and take on a consistent shape over time (e.g.,
Sagiv et al., 2006; Seron et al., 1992). As such they share key
characteristics with other types of synaesthesia (e.g., Ward
and Mattingley, 2006). Although there are a large number of
idiosyncrasies between individuals, there is a general trend
for number forms to progress from left-to-right and for some
digits (e.g., multiples of 10) to be more prominent (Sagiv
et al., 2006). Despite the fact that number forms are reported
in around 12% of the population (Sagiv et al., 2006), there
have been very few studies that investigate how the pres-
ence of these explicit spatial representations affects
numerical cognition.

In magnitude comparison tasks (i.e., deciding which of two
numbers is larger or smaller), participants with number forms
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show an effect of spatial compatibility between the visual
display of digits and their number form (Piazza et al., 2006;
Sagiv et al., 2006; Tang et al., 2008). For example, if the number
form ascends vertically then these participants are faster at
determining which number is numerically larger/smaller if
the smaller number is presented below the larger number on
the screen than vice versa (Jarick et al., this issue, 2009; case S5
Sagiv et al., 2006). Most participants with number forms show
a left-to-right progression, but not all do. For those with
number forms that go right-to-left, they are faster if the
smaller number is on the right rather than the left (case S1
Sagiv et al.,, 2006; Piazza et al., 2006). Thus, in magnitude
comparison the number-space association is determined by
the number form rather than by the cultural norm. In Western
cultures, the norm is for smaller numbers to be on the left and
larger numbers on the right in implicit associations. This is
typically demonstrated using the Spatial-Numerical Associa-
tion of Response Codes (SNARC) effect in which participants
are faster at making a parity judgment (odd/even) when the
left hand responds to smaller numbers and the right hand
responds to large numbers (Dehaene et al., 1993). In one case
of a right-to-left number form, a normal SNARC effect was
found (i.e., left-to-right) despite the presence of a right-to-left
spatial compatibility effect for magnitude comparison (Piazza
et al., 2006). This raises the possibility that the number form
only exerts an influence under certain conditions (see also
Hubbard et al., this issue, 2009).

A recent functional imaging study found that participants
with left-to-right synaesthetic number forms showed
heightened bilateral activity in a region in the posterior intra-
parietal sulcus (as well as various frontal locations; Tanget al.,
2008). This region has been implicated in spatial aspects of
numerical cognition (Dehaene et al., 2003) and lies more
posteriorly to the region considered to be the ‘core’ area of
number semantics. However, the difference in activation
between those with number forms and controls was task-
specific. It was found when there was spatial compatibility
between the left-right number form and when deciding
whether a digit was in the correct left-to-right position in
a string (e.g., XXXX5). It was not found when participants with
a left-right number form had to make position judgments
from right to left (e.g., 5XXXX), or in a cardinality judgment
task (deciding whether the digit corresponds to the number of
tokens in the string).

At present, there is scant evidence for the role of number
forms in arithmetic. Spalding and Zangwill (1950) report
a neurological patient with penetrating head injuries to the
parietal lobes who not only reported disruption to his number
form but also presented with acquired dyscalculia. Question-
naire studies of people with number forms also suggest that
they use them during calculation (Seron et al., 1992)." For
example, 7 + 4 may be realised by locating 7 on the number form
and moving 4 units to the right. Similarly, Pinhas and Fischer
(2008) found, in the general population, that addition was
associated with rightward bias and subtraction with leftwards.

! In our sample of 154 people with number forms, 77.3% say
that they use it in calculation. However, it remains to be deter-
mined which aspects of calculation it is used for or indeed
whether the remaining 22.7% may use it unintentionally.

Although, evidence from people with number forms is
lacking there is far more evidence for the role that spatial
processes play in various aspects of arithmetic in the pop-
ulation at large. According to the influential model of Dehaene
and Cohen (1995, 1997), addition, subtraction and multiplica-
tion make different demands on verbal versus spatial strate-
gies. Specifically, it is argued that simple multiplication (e.g.,
of single digits) depends on a verbal strategy of rote retrieval of
facts from a verbal memory store. In contrast, it is argued that
simple subtraction is not rote-memorised but tends to be
calculated online using a ‘mental number line’ that has
a spatial component to it. Addition is assumed to rely partly
on both strategies. Lee and Kang (2002) present evidence that
is consistent with this view. Holding irrelevant phonological
information in working memory affects multiplication but not
subtraction, whereas subtraction is affected more than
multiplication when irrelevant visuo-spatial information is
held in mind. According to this model, how might the pres-
ence of visuo-spatial number forms affect arithmetic? One
possibility is that the presence of a number form results in an
over-reliance on visuo-spatial arithmetical strategies and an
under-reliance on verbal strategies (assuming they have not
developed alternative compensatory strategies). Seron et al.
(1992) gave their participants a questionnaire (that of Paivio
and Harshman, 1983) about the use of visual imagery and
verbal strategies in everyday life, although not specifically
arithmetic. Those with number forms did not report a greater
reliance on visual strategies in everyday life relative to
controls, but they did report significantly less usage of verbal
strategies. If people with number forms fail to rely on verbal
strategies in arithmetic then one predicts that they, relative to
controls, will be more affected on multiplication relative to
addition relative to subtraction. This prediction depends on
the assumption that there is a normal, albeit conscious,
spatial representation of number in people with number
forms. An abnormality in the spatial representation of
number should affect subtraction more than multiplication or
addition (i.e., the opposite profile). In the study below, we test
these predictions.

2. Experiment

Our previous research established that number forms are
more prevalent amongst synaesthetes who experience
grapheme-colour synaesthesia (Sagiv et al., 2006). In order to
establish whether differences in arithmetic are due to the
presence of number forms or the presence of these co-occur-
ring types of synaesthesia, these factors were contrasted.

2.1. Method

2.1.1. Participants

Seventy-seven participants were divided into 4 groups as
a 2 x 2 between-subjects design. One factor was the presence
or absence of spatial forms (+NF and —NF), including for
numbers. The second factor was the presence or absence of
non-spatial synaesthesias (+syn and —syn), minimally, the
non-spatial synaesthesias included colour or taste experi-
ences induced by numbers and other verbal stimuli. Those
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participants lacking both spatial forms and other types of
synaesthesia (—syn/—NF) served as a ‘normal population’
control group that were recruited opportunistically from the
undergraduate population and from acquaintances of the
researchers (N=34; mean age=30.0, range=18-65; 18
females). Using this sampling method, we found 6 partici-
pants (out of the initial 40) who reported number forms but
not non-spatial synaesthesia (—syn/+NF) and these were
treated as a separate group (N=6; mean age=230.0,
range = 18-57; 5 females). From our database of known syn-
aesthetes, we tested a group who lacked spatial forms but
possessed other synaesthetic experiences, i.e., +syn/—NF
(N=18; mean age=35.6, range=20-60; 15 females) and
a group of synaesthetes who possess both, i.e., +syn/+NF
(N=19; mean age=38.7, range = 18-64; 15 females). In all
analyses, the age and sex of participants were entered as
covariates given that it was not possible to match across
groups exactly. The presence of taste/colour synaesthesia was
assessed by measuring the internal consistency of their colour
or gustatory associations to verbal stimuli over two time
periods separated by at least two weeks, and comparing each
case against a group of controls by Z-score and a cut-off of
p < .05 (for detailed method and control scores see Sagiv et al.,
2006; Ward and Simner, 2005; Ward et al., 2005). The presence
of a number form was by self-report on an initial question-
naire followed by interview with one of the experimenters for
confirmation.

2.1.2. Materials

The stimuli consisted of 28 single digit additions (e.g., 5 + 6); 28
single digit subtractions (e.g., 8—4); 28 single digit multiplica-
tions (e.g., 8 x 4), and 28 single and double-digit numbers that
served as a control. The control stimuli consisted of a repre-
sentative sample of the solutions of previous problems (e.g.,
11, 4, 32) that the participants were required to name.? This
condition was included to discount any general difficulties in
visual processing or naming of numbers. All answers were
positive numbers (e.g., items such as 5-8 were avoided). There
were no ties (e.g., 3+ 3, 5 x 5) and the digits between 0 and 9
were included, with approximately the same set of digits
being used in each of the three arithmetical tasks.

2.1.3.  Procedure

Each type of stimuli was presented blocked together in the
order: addition, subtraction, multiplication and number
naming. Participants sat approximately 42 cm from a 14 inch
monitor. The first four items in each series served as practice
trials and were excluded from the analysis. Before each block,
participants were told of the nature of stimuli and were
instructed to give their response into a microphone as quickly
and accurately as possible. The procedure on each trial was as
follows. A fixation cross appeared in the middle of the screen
for 1500 msec. Following this the stimulus appeared centrally
in Times font (size 50, black on white) until a response was
made. Each digit subtended a visual angle of 3° by 1.5°.

2 The control condition was introduced after the first batch of
participants had been tested, and so no data is available from 6
synaesthetes (3 in +syn/+NF and 3 in +syn/—NF) and 9 controls
(—syn/—NF).

2.2. Results and discussion

Technical errors (related to the microphone) and outliers more
than 3 standard deviations from the mean were removed from
the analysis. Incorrect responses were removed from the
response time analysis and were considered separately. A
2 x 2 x 3 mixed ANOVA was conducted with the factors pres-
ence or absence of a number form (2 levels, between subjects),
presence or absence of other synaesthetic experiences (2
levels, between subjects) and arithmetical task (addition,
subtraction, multiplication). The dependent measure is voice-
onset response times. The data is summarised in Fig. 1. There
was a significant main effect of task [F(2,138) =9.92, p <.001]
suggesting that the response time in some arithmetical tasks
was slower than others. There was a significant main effect of
presence/absence of a number form [F(1,71) = 6.22, p < .05] and
this interacted significantly with task [F(2,142) = 3.37, p < .05].
This suggests that presence of a number form does affect
performance on simple arithmetical tasks, although it may
affect some operations more than others. Those participants
with number forms (irrespective of whether they had other
types of synaesthesia) were significantly slower on addition
[t(75) = 2.64, p < .01] and multiplication [t(75) = 2.43, p < .05] but
not subtraction [t(75) = 1.88, N.S.] than those without number
forms. Using Cohen’s d, the effect sizes for addition, multi-
plication and subtraction are .61, .57 and .45. There was no
effect of non-spatial synaesthetic symptoms
[F(1,71)=.53, N.S.] and no other interactions approached
significance (all p’s >.10). The covariates of age and sex were
not significant and did not interact with any variables (all
p’s >.10). The number of incorrect responses were collapsed
across the three tasks (owing to a generally low rate of errors)
and analysed in a 2 x 2 ANOVA contrasting presence/absence
of number forms and presence/absence of other synaesthetic
tendencies. There were no significant main effects and no
interaction (all p’s > .10; average errors in the +NF groups was
4.6% and average errors in the —NF group was 4.7%). Thus, the
difference in response times is unlikely to reflect a speed/
accuracy trade-off. Moreover, the presence or absence of
a number form had no effect on the digit naming task
[t(60) = 1.64, p > .10] suggesting that these individuals are not
generally slow in processing numerical stimuli.

In summary, the presence of a number form does influence
performance on arithmetic and this is the first study to
demonstrate this. The reasons for this are considered in the
General discussion.

main

3. General discussion

Our results show that the presence of a number form affects
arithmetical processing speed, particularly for multiplication
and addition but less so for subtraction. In the general pop-
ulation, it is suggested that simple multiplication tends to rely
on verbal rote retrieval whereas subtraction relies upon online
calculation using a spatial ‘mental number line’, with addition
relying on a mixture of both (e.g., Dehaene and Cohen, 1995,
1997; Geary et al., 1993; Cochon et al., 1999). An over-reliance
on a visuo-spatial number form, and/or an under-reliance on
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Fig. 1 - Performance on speeded arithmetic tasks depending on the presence or absence of number forms (+ NF/— NF) and
the presence or absence of synaesthetic experiences of colour and/or taste (+syn/—syn). Error bars show 1 S.E.M.

the use of verbal facts, would therefore be expected to affect
multiplication more than subtraction, as was found. This is
consistent with previous research suggesting that those
individuals who possess a number form rely significantly less
on verbal strategies in everyday cognition (Seron et al., 1992).
Given that this model assumes that addition could be per-
formed either by spatial or verbal strategies, it is harder to
make specific predictions about addition except for the fact
that any manipulation that affects addition should also affect
either subtraction or multiplication (see Van Harskamp and
Cipolotti, 2001).

It is important to note that our assumption, so far, is that
the spatial number form is ‘normal’, albeit being explicit in
nature. Although it is not possible to give an a priori definition
of what constitutes normality in this instance, it is to be noted
that the number forms vary in complexity. Whilst some
perceive the numbers as arranged linearly, others perceive
bends and breaks in the number form (e.g., 1-12 arranged like
a clock, or separate blocks for 10 sec, 20 sec, 30 sec etc.). This
heterogeneity could be important, as more complex spatial
arrangements may differ from the normally implicit (and
putatively linear) arrangement in the general population.
However, itis also possible that implicit spatial associations in
the general population may occasionally take on forms that
buck the cultural norm and may go undetected by the SNARC
effect (in which the spatial positions are fixed by the location
of the keyboard) but could possibly be detected with other
types of spatial/motor tasks (Fischer and Campens, 2009).

It is important to consider alternative explanations of our
data. First of all, we can discount the idea that the differences
on arithmetic are due to synaesthesia per se. This is because
non-spatial synaesthetic experiences had no significant affect
on task performance. It is possible that some other difference
that we didn’t control for (e.g., occupation) could explain the
pattern but there is no reason to think that there is an
unwanted sampling bias given that participants with and
without number forms were recruited in the same way.
Further research is needed to test our hypothesis, for example,

using verbal and spatial interference (Lee and Kang, 2002).
However, we believe that the present results make an
important, if preliminary, contribution in showing that
number forms are not a mere epiphenomenon when it comes
to arithmetic.

Even in people without number forms, there is evidence
that single digit multiplication is not performed solely by
verbal fact retrieval given that larger answers are retrieved
more slowly than smaller ones (Ashcraft et al., 1992; Lefevre
et al.,, 1996; Manly and Spoehr, 1999; Penner-Wilger et al.,
2002). As such, tasks such as multiplication could be
regarded as an outcome of different procedures with indi-
vidual differences in the weighting of the strategies rather
than solely relying on verbal retrieval. The presence of
a number form could therefore be regarded as leading to
a skew in arithmetical strategies. Given that number forms
are found in as many as 12% of the adult population (Sagiv
et al., 2006), our study highlights the fact that these atypical
experiences should be taken into account in other studies
of numerical cognition even though they are not routinely
looked for.
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