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Abstract
The primary somatosensory cortex contains a topographic map of the body surface, with two notable discontinuities—the
representation of the face is next to that of the hands, and that of the feet is next to the genitals. Farah [Why does the somatosensory
homunculus have hands next to face and feet next to genitals? a hypothesis. Neural Computation 10(8) (1998) 1983–1985] has suggested
that these discontinuities are due to the mechanisms of self-organisation which underlie cortical map development. The typical position
of the foetus in the womb means that these two pairs of body parts will often touch and hence their representations will be simultaneously
co-active, even though they are distal in terms of the body surface. We use the Kohonen self-organising map algorithm to provide an
existence proof of the plausibility of Farah’s hypotheses. We then use the model to test the viability of other possible causes of the known
map structure and to explore the limitations of self-organisation for explaining the features of the somatosensory map. The model shows
that (a) the Kohonen algorithm requires high frequencies of co-activation to introduce a selective discontinuity into the map, and (b) that
higher frequency of separate activation of the critical patterns alone is not sufﬁcient to generate the selective discontinuity and (c) the
consistency of near-optimal map formation, and in particular the medial–lateral ordering, cannot be reliably generated by a simple
Kohonen algorithm.
r 2006 Elsevier B.V. All rights reserved.
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1. Introduction
The human somatosensory cortex contains a topographic map of the body surface, with more sensitive body
parts having a larger amount of the cortical surface
devoted to their representation. As is characteristic of
cortical maps, adjacent body parts are, in general,
represented by adjacent cortical areas. There are, however,
two notable discontinuities in the somatosensory map.
Firstly, the area representing the face adjoins the area
representing the hands. Secondly, the genital area adjoins
the feet area (although see [11], discussed below).
Farah [6] proposes that the arrangement of the
somatosensory map, and speciﬁcally the existence of the
discontinuities in the map, is due to the prenatal position of
the foetus during map development. Speciﬁcally, she
proposes that the arrangement is due to self-organisation
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of the map under conditions where co-activation of those
two pairs of body parts is more probable, because in the
prenatal fetal position these are the parts most likely to
touch each other.
We have investigated this hypothesis using self-organising Kohonen networks [12] which utilise a Hebb learning
rule [9] to create self-organised topographic maps. Simply,
we ask, using a grossly abstracted model of the mapping
between body surface and cortical representation, is it
possible for co-activation of distal body parts to create a
selective discontinuity in the topographic map? How
sensitive is map formation to the frequency of co-activation
of these distal parts? The Kohonen algorithm is the core of
a fundamental class of self-organising network: are there
elements of the organisation of the somatosensory map
which it does not explain?
Our motivation is not to capture all details of the
physiology of cortical somatotopic map development, but
to test the Farah [6] hypothesis. A working simulation can
merely provide an existence proof that self-organising
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2. Model speciﬁcation
The model inputs come from a sheet of 12 by 12 input
units. These represent the sensory inputs at the skin surface
and are universally connected to a sheet of 12 by 12 output
units, which represent the neurons in the primary
somatosensory cortex. These dimensions are arbitrary
and chosen merely to allow reasonable simulation run
times.
The patterns that make up the basic training set are
generated by selecting a random coordinate in the 12 by 12
input space and activating the corresponding input unit
and those immediately surrounding it. All input patterns
are 1 normalised.
The standard Kohonen algorithm [12,8], using a Hebb
learning rule, and a linearly decreasing neighbourhood
function is employed. A conscience mechanism [3] was used
to ﬁnesse map formation ([10] discusses why map formation can be unreliable without such a mechanism). Sources
of variability in the model outcome are limited to, ﬁrstly,
the initial weights of the network which are small and
random, and, secondly, the random selection of training
patterns.
These dynamics, and the basic training set, lead to the
formation of topographic maps which approach criteria for
map optimality: coverage universality (all output units
respond to some input), coverage uniformity (equal
representational space is given to all inputs), completeness
(all inputs are represented by some output unit) and map
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processes have the potential to explain the discontinuities
in the somatotopic map. Additionally, modelling provides
a structured framework for investigating the interaction of
the principles of self-organisation with the particular
details of somatotopy.
A recent report has claimed, counter to the assumption
of Farah [6] and all those following the convention
established by Penﬁeld and Rasmussen [15], that the
location of the representation of the penis in the male is
not such as to create a discontinuity in the somatotopic
map [11]. This single study alone, using a single methodology, is not sufﬁcient cause to abandon the conventional
map—not least because of the known capacity of the
somatosensory map to dynamically reorganise according
to input and task-dependent/attentional factors [1].
This ﬁnding does, however, suggest a useful simpliﬁcation of our modelling effort. Our purpose is to investigate
how principles of self-organisation, as embodied by the
Kohonen algorithm, can lead to map discontinuities, not to
provide a full account of the structure of the somatotopic
map. Given this, and given the high level of abstraction at
which we are working, it is as appropriate to investigate
how the principles of self-organisation can lead to just one
major map discontinuity rather than two. Kell et al.’s [11]
report suggests that only the discontinuity at the representation of the face and the hands should be the focus of
our initial investigation.
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Fig. 1. Fishnet plot showing typical mapping generated by the basic
training set. Each unit in the output layer is represented by a dot, which is
shown positioned according to which input it responds most strongly to.
Lines connect those units which are immediately adjacent in the output
layer.

continuity [2]. This can be seen in the plot shown in Fig. 1.
Note how the plot highlights a quirk of this instantiation of
the Kohonen algorithm whereby those inputs just inside
the edges do not have units tuned to them.
3. Results
To investigate the Farah [6] hypothesis we investigated
networks trained on altered training sets which incorporate
training patterns representing the co-activation of face and
hand inputs. Rows 12 and 6 on the sheet of input units are
denoted the rows representing ‘face’ and ‘hands’ inputs
respectively. For ‘co-active’ patterns, when the randomly
selected training pattern has a centre of activity which falls
on either of these rows, the corresponding unit in the other
row, and its surrounding units, are also active. The
probability of co-activation was systematically varied
between 0 and 1 to gain a more nuanced understanding
of how co-activation during self-organisation affects
representation co-localisation (and thus the map necessarily containing the critical discontinuity). Fifty networks
were trained at each level of co-presentation probability.
Co-localisation of the ‘hands’ and ‘face’ representations
was measured in the following way. The component inputs
of the critical patterns were presented and the maximally
responding units for each input were recorded. Thus two
sets of maximally responding units were identiﬁed, one set
for each critical pattern. The shortest distance between any
two maximally responding units, where one came from
each of the two sets, was taken as the distance measure.
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The simulations show that co-presentation of the critical
patterns can lead to co-localisation in the resulting
representational maps. Increased probability of co-presentation leads to an increased frequency of co-localisation
(see Fig. 2), such that above an 0.85 probability of copresentation the representations of the critical patterns are
nearly always adjacent. Interestingly co-localisation of
representations does not increase signiﬁcantly just before
this critical frequency.
As a control condition, we investigated the effect that
increasing frequency of presentation of the critical patterns,
separately rather than simultaneously, has on the frequency of co-localisation of their representations. This
gives a baseline for the effect of mere stimulus preponderance against which to compare the ﬁrst manipulation. A
rationale for this is that the face and hands also command
the largest representational area in the somatosensory map
as well as being the site of the major map discontinuity. Are
these two facts related? By increasing the frequency of the
presentation of the face and hands inputs, which increases
the number of output units that come to respond to these
inputs, we can test whether stimulus preponderance alone
can generate co-localisation, or whether co-activation in
particular is critical.
In order to encourage the formation of the basic
topographic map—it is nonsensical to look for discontinuities if there are no underlying elements of topography to
start with—the absolute frequency of the presentation of
the noncritical patterns was kept constant. This necessarily
means that as the frequency of presentation of the critical
patterns increases the absolute number of patterns the
model is trained on increases.
More frequent presentation of the critical patterns
separately does not result in more frequent co-localisation
in the resulting representational maps (see Fig. 3). In fact,
at ﬁrst elevated stimulus preponderance increases, rather

Fig. 3. Presenting the critical patterns more frequently, but not together,
does not lead to map co-localisation, even at very high frequencies.
Standard error bars are shown.

Fig. 4. Shaded contour plot showing average minimum distance between
representations for the critical patterns as probability of co-presentation
and frequency of presentation are varied in combination. Each point is the
average of 20 simulations. Dashed lines show the critical pattern
proportion values used for Fig. 5.

Fig. 2. Co-presentation of patterns leads to their co-localisation in the
somatotopic map, but only consistently at high frequencies. Standard
error bars are shown.

than decreases, the minimum distance between the
representations of the critical patterns.
Fig. 4 shows the interaction of these two factors, using
averages from 20 simulations at each point. Note that an
increase in the frequency of stimulus preponderance
reduces the minimum probability of co-activation that is
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Fig. 5. The minimum required probability of co-activation is reduced as
the critical patterns become more common in the training set. Each point
is the average of 20 simulations.

required to generate co-localisation (shown as the lightest
shading in Fig. 4). This can be seen clearly if selective data
from Fig. 4 are redrawn. Fig. 5 shows line plots of the
minimum average difference between the representations of
the critical patterns compared against all levels of the
probability of co-activation (as shown in Fig. 4), but for
only two levels of stimulus preponderance. The ﬁrst of
these, a critical pattern proportion of 0.17, is the frequency
in the basic training set (the critical patterns are 2 rows out
of 12. 2=12 ¼ 0:17 to 2 d.p.). The second is a frequency of
critical patterns approximately twice that of the basic
training set.

Fig. 6. A typical distribution of the maximally responding units for each
of the inputs of the two critical patterns for a well-ordered topographic
map (‘face’ shown by unﬁlled circles, ‘hands’ shown by ﬁlled circles).

4. Discussion
Our simulation results conﬁrm that self-organisation, in
combination with co-active inputs—as is plausible given
the prenatal fetal position—can lead to selective discontinuities in the somatotopic map. Figs. 6 and 7 illustrate the
change that co-presentation of the critical patterns
introduces. Fig. 6 shows the distribution of the units which
maximally respond to the critical patterns in a typical, wellordered, map. Fig. 7 shows how co-activation of these
patterns during training of the map results in the colocalisation of the units which respond maximally to them.
This is an existence proof of the plausibility of the Farah [6]
hypothesis, although it in no way demonstrates that other
processes are not or could not lead to known map
structure.
Further to this result, a higher frequency of copresentation results in co-localisation in a higher proportion of resulting maps. Increasing the frequency at which
the ‘face’ and ‘hand’ patterns are separately presented to
the model does not produce co-localisation of representations. Instead, initially, the increase in the preponderance
of the critical stimuli in the training set increases the
minimum distance between their representations. This can

Fig. 7. A typical distribution of the maximally responding units for each
of the inputs of the two critical patterns when the map demonstrates colocalisation (‘face’ shown by unﬁlled circles, ‘hands’ shown by ﬁlled
circles).

be understood in terms of the dynamics of the Kohonen
algorithm which attempts to create output units trained to
all inputs in the training set. As the critical patterns are
presented more frequently they will compete for representational resources and this mutual competition will drive
them to colonise more distal regions of the output space.
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As the frequency of presentation increases further these
patterns will come to dominate the representational map,
distorting the underlying topography, so that some
decrease in the distance measure can be seen (Fig. 3), but
this is still not comparable to the decrease seen with pattern
co-activation.
A moderate increase in the frequency of presentation of
the critical patterns appears to increase the inﬂuence that
the probability of co-activation has on co-localisation; the
average minimum distance between representations falls
more rapidly as the probability of co-presentation increases. This suggests that the fact that the face and hands
command the largest representational areas in the somatotopic map may contribute to their co-localisation in the
map, although their co-activation remains the driving force
overall.
There are features of the topographic map which are not
explained by the model. For example, the topographic
map, although it contains signiﬁcant local variation
between individuals, is consistent in its medial–lateral
ordering. Conversely, the model is orientation neutral and,
although it will learn a topographic map of the input space,
does not do this at a consistent orientation—in other words
the top of the input space is equally likely to be represented
at the bottom of the output space as it is at the top
(compare Figs. 6 and 7, for example). Additionally, no
simulation conditions explored here, including the basic
condition in which no inputs have preponderance or are
co-active, ensure near-perfect map formation on every
simulation run.
To some extent this variability in map outcome is seen in
biological maps (e.g. [14]), so its existence in the model
should not overly concern us. However, given also the
demonstrable optimality of some cortical maps [17,4], and
the consistency of the medial–lateral ordering of the
somatotopic map, there is sufﬁcient reason to look for
additional mechanisms which play a role in map formation
and/or additional constraints on the orientation of
the map.
It is known that some topographic organisation of
somatosensory inputs begins before the primary somatosensory cortex, even as early as the spinal cord. There is
strong evidence that pre-cortical organisation is not
essential to the formation of an ordered somatosensory
map [7], but it seems possible that pre-cortical map
processes form part of the additional, and multiply
redundant, mechanisms which allow optimal, consistent
and developmentally robust cortical map formation. Of
particular interest to the present topic, it has been shown
that the pre-cortical segregation of innervation plays a role
in the hand/face discontinuity of the somatosensory
map [13].
Consistency of medial–lateral map ordering may be
established by different areas of somatosensory cortex
becoming plastic at different points in development. Such a
‘chronotopic constraint’ [5] would be a biologically
plausible way of promoting consistent orientation of the

somatotopic map. The possibility of timing-dependent
plasticity being sufﬁcient to produce consistent map
orientation is certainly amenable to investigation via
simulation studies (see, for example, [16]).
Explaining other salient features of the human somatotopic map is not the sole motivation or beneﬁt for
extending the model. Incorporating additional biologically
plausible mechanisms of self-organisation, such as these,
into the model will formalise the possibilities for which
biological mechanisms could be operating in map formation, as well as drawing out the strengths and limitations of
the standard self-organisation algorithm as established by
Kohonen [12].
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