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The foundations of
numerical thinking in a
brain without numbers

Tony J. Simon

ln a recent paper, Dehaene et al’
investigated the cognitive and neural
bases of mathematical thinking, the key
findings of which were summarized by
Butterworth as indicating that ‘math-
ematical ability... results from the inte-
gration of twa non-numerical neural
circuits in the brain®. One of these non-
numerical circuits is in the left frontal
lobe, which is associated with linguistic
representations, in this case, represen-
tations of exact numerical values. The
other is found bilaterally in the parietal
lobes, a part of the brain associated with
visuospatial functions in general, and, by
Dehaene et al. in particular, with rep-
resentations of approximate quantities
in the form of a number line?.

These findings are compelling and
provecative and they provide further
support for the view that humans have
at least two means of representing and
processing guantity. One is the abllity
to make perceptually based judgments
and comparisons. In this, degree of ac-
curacy varies with set size. The other al-
lowws precise quantification through the
use of symbols, concepts and rules, Whike
Dehaene ef al. address the sources of
these different abilities in terms of the
adult human brain, they leave un-
touched the issde of how such func-
tional arganization arises. Put another
way, their findings beg the question of
whether these neural sources of adult
mathematical thinking are found in a
brain designed for numerical represen-
tation and processing, or in one that
invents such functions when faced with
particular task demands, In what follows
I shall suggest (in line with Butterwarth's
staterment) that the latter case is the
more plausible. This requires us to ask
how the mathematical representations
and processes that Dehaene et al's
data paint to emerge from an initially
non-numerical brain.

It is important 1o note that evidence
linking numerical processing to neural
structures in humans has, perhaps un-
surprisingly, been restricted to cortical
sites’! " Cerebral cortex is a part of the
human brain which, thaugh structurally
complete at birth, is to a considerable
extent functionally, and thus represent
ationally, undetermined, Current esti-
mates suggest that no more than 25% of
cortex is functional ly connected initially,
andl the immense postnatal changes in

density and ronnectivity indiate almost

open-ended plasticity. Despite intense
debate about the nature and extent of
environmental influence on cortical
function™®, the fact that some such
shaping does occur makes hard-wired
representational systems as complex as
that required by number quite unten-
able. Maore plausibly, to quote Thatcher,
numerical competence s constructed
via, 'iterative growth spurts and patterns
of development during the postnatal
period... slowly sculpting and shaping
the brain’s microanatomy to eventually
meet the demands and requirements
of an adult waorld™.

Where then might we look to find
the foundations of numerical processing
in a brain without numbers? Clearly,
Dehaene et al's frontal-lobe ‘exact’ nu-
merical circuit is an unlikely candidate:
infants do not have formal language or
number symbols, they are incapable of
symbolic arithmetic, and their frontal
lobes are functionally underdeveloped,
However, the apparent implementation
of "approximate’ numerical represent-
ation and processing by visuospatial
areas does converge with an existing de-
velopmental account. | have suggested
that numerically relevant competencies
demonstrated by infants lie predomi-
nantly in their object representation and
individuation abilities, which also appear
to depend on the brain's visuospatial
processing regions'. In what follows, |
shall outline a developmental trajectory
whereby the simplest functions available
to infants are handled by visual areas
that develop very early, More complex
and developmentally advanced functions
then rely on visuospatial areas, including
those identified by Dehaene et al

Linking enumeration and attention

There is now little doubt that infants are
capable of forming representations of
simple physical objects, that they can
maintain expectations for a short time
about the existence of those objects
when hidden by a screen, and that they
can detect viclations of their expec-
tations when objects have ‘magically’
appeared or disappeared during the
time they were not visible'". | have pro
posed an account wherehy the observed
reactions of infants can be generated
fram a set of domain general compe
tencies, each documented in infancy,
which tegether are co-opted by task re

quirements into behaviors that super
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ficially resemble numerical reasoning™'2.
At the heart of this set is the ability to
individuate, or create unique markers
for, up to three or four entities. Infants
evidence this competence by being able
to make simple discriminations between
sets of up to four entities™, Children and
adults exhibit the same processing in
their almost effortless ability to subitize,
or guickly apprehend quantity, in collec-
tions of up to four items,

The subitizing phenomenan is mani-
fested when individuals quantify visually
presented entities as quickly and accu-
rately as possible. The same discontinuity
always emerges: up to three or four ob-
jects are quantified rapidly and without
errar, with each extra object adding
argund 50 ms to reaction time. Larger
collections require at least 300 ms for
each new item, and errars appear. Trick
and Pylyshyn linked this discontinuity
with the so-called ‘preattentivefatten-
tive’ dichotomy in spatial attention'.
Subitizing was possible when targets
weere distinet from other entities in the
visual field (e.g, when letter Os 'popped
out’ from a field of letter Xs}. Dramati-
cally, the authors transformed the char-
acteristic subitizing/counting reaction-
time ‘elbow’ into a linear slope when
the same targets required effortful dis-
ambiguation from the distractors (e.qg.
when the distractor Xs were replaced
by an unchanged number of letter Qs),
That created a standard conjunctive
wisual search task that engenders serial
individuation. Yantis’ finding that atten-
tion can be automatically captured by
more than one but not more than four
abrupt onset stimuli'® further links indi-
viduation of small collections to pre
attentive visuospatial processing.

Direct neural evidence connecting
different modes of attention and enu
meration comes from a recent study car
ried out by my colleagues and myself".
Using PET imaging we shiowsed that dur
ng the task of subitizing, a site in the
right middlafinferior cocipital gyrus was
activated {Talairach coordinates: 28, -87,
A4), consistent with the invalvement of
early, preattentive visual processing. By
contrast, during counting, widespread
dreas were activatod, the most relevant
1o this discussion Being bilateral foci in
the superior parietsl gyrifintraparietal
sulce {Talairach coordinates; 28, 56, 43
and 21, 57 43 These are areas of cor

iex that appear 10 play a central reode in
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