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Abstract. Hubel and Wiesel (1977) suggested that ocu-
lar dominance and orientation columns in the
macaque monkey striate cortex might be bands of
uniform width that intersected orthogonally. They
pointed out that if this were the case, there would be
an equal allocation of cells of different orientation
preference to each eye and to each point in visual
space. However, orientation and ocular dominance
columns have a more complex structural organization
than is implied by this model: for example, iso-orienta-
tion domains do not intersect ocular dominance stripes
at right angles and the two columnar systems have
different periodicities. This raises the question as to
how well the striate cortex manages to allocate equal
numbers of neurons of different orientation preference
to each eye and to each region of visual space, a factor
referred to here as coverage. This paper defines a
measure of uniformity of coverage, ¢’, and investigates
its dependence on several different parameters of
columnar organisation. Calculations were done first
using a simplified one-dimensional model of orienta-
tion and ocular dominance columns and were then
repeated using more realistic two-dimensional models,
generated with the algorithms described in the preced-
ing paper (Swindale 1991). Factors investigated in-
clude the relative periodicities of the two columnar
systems, the size of the cortical point image, the width
of orientation tuning curves, whether columns are spa-
tially anisotropic or not, and the role of the structural
relationships between columns described by Blasdel
and Salama (1986). The results demonstrate that cov-
erage is most uniform when orientation hypercolumns
are about half the size of ocular dominance hyper-
columns. Coverage is most uneven when the hyper-
columns are the same size, unless they are related in
the way described by Blasdel and Salama, in which
case coverage gets only slightly worse as the size ratio
(orifod) increases above 0.5. The minimum diameter of
cortical point image that ensures reasonably uniform
coverage is about twice the size of an ocular domi-
nance hypercolumn i.e. about 1.5-2.0 mm.

1 Introduction

Hubel and Wiesel (1974b, 1977) suggested that the
macaque monkey striate cortex is designed in such a
way as to ensure a uniform allocation of orientation
preferences to each point in visual space, and to each
eye. They showed that visual information present
within a small region of visual space could potentially
excite cells present within a relatively small region of
cortex 1-2mm in diameter, a region subsequently re-
ferred to as the cortical point image (Van Essen et al.
1984; Dow et al. 1981). The size of the point image was
shown to depend both on individual receptive field size,
and on the random scatter in receptive field position
about a local mean that is encountered when recordings
are made from cells in the same cortical column. Be-
cause ocular dominance and orientation columns both
have repeat periods that are smaller than the cortical
point image, a complete range of ocular dominance
values i.e. excitation strengths from either eye, and of
orientation preferences would be expected to be present
at all locations in the visual field. Provided that all
combinations of eye and orientation preference are
present, and equally frequent within the point image for
all visual field locations, vision would be expected to be
equally good through either eye. This is presumably an
important requirement if vision is to survive as best it
can the loss of one eye, a not infrequent occurrence,
and may also be necessary for other reasons, for exam-
ple to ensure adequate matching of the images in the
two eyes for the purposes of stereopsis.

Hubel and Wiesel (1977) pointed out that this re-
quirement would be met if orientation columns were
parallel slabs of uniform thickness that intersected ocu-
lar dominance stripes at right angles, and it is easy to
see that this arrangement would guarantee a uniform
allocation of orientations to each eye, provided that the
cortical point image was equal in size to, or larger than,
whichever set of columns had the larger spacing.
However, more recent structural studies of orienta-
tion columns have shown that they are morphologi-
cally complex, and although they form locally parallel
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domains, these are not of uniform thickness, and do not
intersect ocular dominance stripes at right angles
(Hubel et al. 1978; Blasdel and Salama 1986). Further-
more, ocular dominance columns are not always simple
stripes, but may have a relatively complex morphology
in which stripes may curve or branch; in addition, the
two sets of columns have different periodicities, and are
now thought to be structurally related in a complex
way (Blasdel and Salama 1986). These features make it
much less easy to determine the extent to which a
uniform combination of eye and orientation preference
is achieved in the cortex, and the role played by factors
such as the size of the cortical point image and the
relative periodicities of the two sets of columns. It
might be supposed (Cynader et al. 1987) that if orienta-
tion and ocular dominance columns had a similar peri-
odicity, interference ‘beats’ would be produced leading
to an absence of some combinations of eye and orienta-
tion preference in relatively large areas. But it is not
clear to what extent this would be a problem in the
macaque monkey, even if the columns did have the
same periodicity, given the local variability in both
patterns in stripe width and the angles at which the
stripes intersect.

This problem can be investigated computationally
given the availability of morphologically realistic models
of both orientation and ocular dominance columns
described in the preceding paper (Swindale 1991). It is
possible to define a measure of the uniformity of cover-
age, and to investigate how this measure might depend
on the geometrical properties of the columns, the size of
the cortical point image, and the structural relationships
discovered by Blasdel and Salama. The results of the
calculations can be understood in terms of the behaviour
of a simplified one-dimensional model of the visual
cortex, and suggest that many aspects of cortical mor-
phology may be designed to ensure uniform coverage.

2 Methods

2.1 Definition of a measure of coverage

The measure of coverage used here is based on the total
amount of neural activity, 4, evoked in the striate
cortex by a contour of a particular orientation # present
at a particular visual field location (¢, ¥) in one of the
two eyes, e € {L, R}. The hypothesis being investigated
is that the cortex is designed in such a way as to
minimize local variation in A(6, ¢, ¥, e), i.e. its depen-
dence on 0, ¢, ¥ and e. A simple measure of non-uni-
formity, analogous to the d' measure of statistical
uncertainty used in information theory, can be obtained
by taking the ratio between the standard deviation of 4
and its mean value. This will be referred to here as
coverage uniformity and denoted by the symbol ¢’.
A(D, @, ¥, €) can be derived as follows: let n.(x, y)
represent ocular dominance at a position (x, y) on the
cortical surface, on a scale from 0 to 1, with 1 repre-
senting maximum input strength from a particular eye.
Let 0.(x, y) represent preferred orientation as a func-

tion of cortical position, and let (68 — 6,) be an aver-
aged orientation tuning curve i.e. total neural response
at any given location as a function of the difference
between a stimulus orientation # and the preferred
orientation #.. For simplicity, assume that the map of
visual field space on the cortex is isotropic, and that the
magnification factors relating ¢ and ¥ to x and y are
both unity i.e that x maps to ¢ and y maps to . If the
distribution of activity in the cortex evoked by simula-
tion of a point in visual space (¢, ¥) is the cortical point
image P.(x, y), then,

A(aa 0, 'ﬁ, e) :jne(x _x,’y —y,)
x Q{0 —0.(x—x",y —y)}

x P.(x',y")y - dx'- dy'. 2.1
Coverage uniformity is then defined as
" = standard deviation(4)/mean(4) (2.2)

Note that when ¢’ is large, coverage is bad ie. 4 is
uneven. Figure 1 illustrates some of the stages involved
in calculating coverage.

2.2 Orientation tuning

For the calculations to be described here, the orienta-
tion tuning curve (0 — 6.) was assumed to be a gaus-
sian function of orientation:

Q60— 0,) = exp{ —h(|0 — 6, |150)*/203 } (2.3)
where

h) =20 0 <90°

) =180°—0 0 > 90°,

0 is the stimulus orientation, and 8, is the preferred
orientation of the region of cortex in question. Quanti-
tative studies of orientation tuning curves in the mon-
key (Schiller et al. 1976) suggest that a gaussian is a
reasonable approximation for single cells, provided tun-
ing is relatively narrow. Since it is the summed tuning
curves from a number of cells in the same column that
is relevant to the present calculations, and there is likely
to be scatter in both the widths and the center positions
of the individual curves, the approximation to a gaus-
sian seems even more likely to be correct. The effect of
changing the width o, of the tuning function was
explored in the calculations; values typically used were
in the range 12° to 32°. The measurements of Schiller et
al. (1976) showed that the most common value of 6, in
a large population of cells in macaque striate cortex,
including both simple and complex types, was about
24°. For simplicity, the value of o, was assumed not to
vary with position in the cortex, despite the evidence
that it varies in the upper layers.

2.3 The cortical point image

The cortical point image, P.(x, y) was assumed to be a
gaussian function of distance,

P.(x,y) ={1/(2n0o, - 0,)} - exp(—x?*/20% — y?[262)
(2.4)
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Fig. 1a—d. Illustration of the method used to calculate coverage: the
calculation is for the two-dimensional case, with periodic boundary
conditions. The initial patterns of ocular dominance and orientation
selectivity were produced using the algorithms described in the pre-
ceding paper. All four panels are hypothetical maps of neural activity,
the intensity of shading (i.e. blackness) being approximately propor-
tional to the amount of activity. a Shows the activity evoked in a
small area of cortex by all orientations seen through one eye, derived
from the pattern of ocular dominance columns as described in the
text; b shows the activity evoked in the same area of cortex by a single
orientation seen through both eyes, and is derived from the pattern of
orientation columns. Note that the size of the responsive areas is
dependent on the width of the orientation tuning curve, which in this
case was defined by (2.3), with 6, =24°, Panels a and b can be
compared with the activity patterns found in deoxyglucose experi-
ments (e.g. Fig. 2 in Tootell et al. 1988a and Fig. 8a in Hubel et al.
1978). Panel ¢ shows the product of a and b i.e. the activity evoked by
a single orientation seen through one eye. Panel d is a transformation
of panel ¢ into retinotopic coordinates and the density of shading at
each point is proportional to the total activity evoked in the cortex by
a single orientation seen through one eye at a single visual field
location. This transformation is effected by convolving the image in ¢
with the cortical point image (2.1), under the assumption that cortical
magnification factor is locally uniform and isotropic. The lowest and
highest intensities of shading in d correspond to coverage values (i.e.
values of A) of about 1.05 and 1.48 respectively. In this simulation the
periodicity ratio (orifod) was 0.71, ocular dominance columns were
anisotropic (i.e. elongated in one direction), orientation columns
isotropic (i.e. no preferred direction), and there was no coupling
between the two sets of columns

where o, and o, describe the spread in the x and y
directions respectively. Accurate measurements of this
quantity do not exist; if however the cortical magnifica-
tion factor is known it can be calculated as an inverse
of the distribution of visual field locations, weighted for
response strength, that can activate cells in a given
cortical column. Hubel and Wiesel (1974b) estimated
that this cortical region is roughly circular with an
overall diameter of about 2—3 mm, and that this size is
largely independent of retinal eccentricity. Assuming
that their estimate of overall diameter is about 4 times
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larger than the standard deviation of an underlying
gaussian distribution this would imply that ¢, and o,
are in the range 0.5 mm-0.8 mm. Later work suggests
that P, varies slightly in size over the cortex (Dow et al.
1981; Van Essen et al. 1984) being larger in the foveal
representation than elsewhere; overall however the
more recent measurement suggest that values of g,, g,
in the range 0.25 mm to 0.6 mm would be appropriate.
It should be noted in addition that ¢, and o, are likely
to vary with depth in the cortex, being the smallest in
layer IVCB (Tootell et al. 1988b), and, since receptive
field size is involved, may even depend on factors that
affect neuronal response threshold such as behavioural
arousal or selective attention.

2.5 Calculations

The calculations explored the effects on ¢’ of changing
the ratio between the wavelengths 4, and 1, of the
orientation and ocular dominance columns respectively.
As the wavelengths are the repeat periods of the
columns, 4, corresponds to the size of an orientation
hypercolumn, and 4, to the size of an ocular dominance
hypercolumn, as defined by Hubel and Wiesel. In order
to explore the influence of wavelength ratio per se, and
not the effect of simply making one set of columns
smaller (which always makes coverage more uniform),
the geometric mean of the two wavelengths was kept
constant. Thus as one set of columns was made larger,
the other set was made smaller, while ¢, and o, were
kept constant. Increments and corresponding decre-
ments in wavelength were kept equal on a logarithmic
scale, and ratios covered the range 0.25 to 4.0. Cover-
age was calculated (2.1 & 2.2) for 9 different values of
8, 20° apart.

Two kinds of model cortex were studied: @) a simple
one-dimensional model in which both ocular domi-
nance and orientation were periodic and perfectly regu-
lar functions of distance, and k) more realistic
two-dimensonal models of orientation and ocular dom-
inance columns, generated using the algorithms de-
scribed in the previous paper (Swindale 1991). In the
latter case the effect of coupling the two sets of columns
in the manner described in the previous paper was also
studied. This introduces a tendency for regions of rapid
orientation change to lie close to the centers of ocular
dominance stripes, although as shown in the preceding
paper this effect is itseif dependent on the relative
periodicities of the columns. The effect of causing one
or both sets of columns to be spatially anisotropic i.e.
extended in a given direction, was also studied, since
this anisotropy is often present in at least one set of
columns.

The ocular dominance values provided by the
model alternate between +1 and —1 (corresponding to
ocular dominance groups 1 to 7) with few intermediate
values, and thus do not accurately represent the gradual
changes with distance in the physiological responsive-
ness to one eye that occurs in the cortex (Hubel and
Wiesel 1968). For example in the monkey, monocular
regions (ocular dominance groups 1 and 7) generally
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only occur in regions in the centers of ocular domi-
nance stripes. In order to model the physiological pa-
tern of ocular dominance more accurately, the values
provided by the model were smoothed by convolution
with a radially symmetric gaussian function, with a
width chosen to produce a roughly uniform distribution
of ocular dominance values, similar to that found in the
monkey (Hubel et al. 1977). After smoothing, responses
to one eye varied roughly sinusoidally, and fell close to
zero only in the centers of ocular dominance stripes
(Fig. 1a). The width of the smoothing function was
scaled to the period of the ocular dominance bands and
this ratio remained the same in all the calculations
described here. Anisotropic bands were generated by
changing the value of § (Eq. 3.2 in Swindale 1991). For
any given set of parameters (4,, 44, 0o, P,, and f) an
average measure of coverage uniformity was usually
calculated for three different sets of model patterns,
generated using a different seed for the random number
generator (which is responsible for the variations in
structure between one simulation and the next). Be-
cause large numbers of different patterns had to be
generated, care was taken to ensure that the random
number generator was a good one (Sedgewick 1988)
with a shortest cycle in excess of 40,000 numbers.
Unless otherwise described, parameter values for the
initial calculations of ocular dominance and preferred
orientation are the same as those used in the preceding
paper to generate Fig. 4.

3 Results

3.1 A one-dimensional model

The behaviour of a simplified one-dimensional model of
the cortex was first investigated. Ocular dominance was
assumed to vary sinusoidally as a function of position
x, i.e

ng(x) =3 +1sin(2nx/4,) (3.5a)
n,(x) =3 —3sin(2nx/A,) (3.5b)
and orientation to change linearly with distance

.(x) = 1180x//19l180 (3.6)

where 4, and 1, are the spatial wavelengths of ocular
dominance and orientation respectively. Calculation of
coverage proceeds as follows (2.1): the one-dimensional
response Ry(x) to a given orientation 8 seen by both
eyes, ie

Ry(x) = exp{—h(|0 - 0c|180)/20?2} . 3.7

This a series of gaussian curves, of width ¢ = 6,1,/180,
separated by a distance A,. The response to a given eye
is a sinusoidal function with a period 2, (3.5), and the
net response to a given orientation in a given eye is in
the product of these two functions. This product is then
convolved with the one-dimensional point image, a
gaussian of width o¢,, to give evoked activity as a
function of position in visual space:

A(x >, 0, L) = {Ry(x) - n(x) } » PAx) (3.8

This calculation is then repeated for the other eye, and
for a range of values of 6 (which simply introduce
different phase relations between R, and n) and x, to
give a set of coverage values. The standard deviation of
these values is then divided by the mean to give ¢’.
Results of calculations of this kind are shown in
Fig. 2a and b, which shows how coverage uniformity
varies as a function of the wavelength ratio between the
two sets of columns (44/4,). In Fig. 2a this has been
calculated for four different sizes of the cortical point
image, and in Fig. 2b for four different values of
orientation selectivity. The graphs show that coverage is
always least uniform when orientation and ocular dom-
inance have the same periodicity; except for the largest
point image sizes it is most uniform when orientation
has a period half that of ocular dominance. There are
also subsidiary minima in ¢’ at period rates (44/4,) of
1.5 and 3.0, as well as a local maximum at a ratio of
2.0, except when the point image is small or orientation
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Fig. 2. a Coverage uniformity (¢') graphed as a function of wave-
length ratio (orifod) for four different point image sizes for the
one-dimensional model. Orientation tuning was kept constant and
had a value o, (2.3) = 24°. The numbers on the right give the value
of 6, (2.4) of the point image in array units. At a ratio = 1.0 both
columns had a period =50 array units. Column periods 4, and 4,
were varied reciprocally around a geometric mean value of 50. Thus
at wavelength ratios of 0.25 and 4.0. periods were in the ratio 25:100
and 100:25 respectively. b Coverage uniformity as a function of
wavelength ratio for four different values of orientation tuning.
Values on the right give g, in degrees; point image size was constant
and had a value o, = 30 array units



tuning is broad, in which case there is a local minimum
at a ratio of 2.0. As would be expected, increasing the
size of the point image improves coverage uniformity at
all frequency ratios, except at unity, and also narrows
the range of ratios around unity for which ¢’ is larger
than some specified value (Fig. 2a). For relatively large
sizes of point image there is a relatively large range of
frequency ratios below unity, as well as others above it,
for which coverage is almost completely uniform. In-
creasing the width of orientation tuning has relatively
little effect on coverage at ratios less than about 0.5, but
improves coverage for ratios larger than this, the largest
improvements occurring at ratios close to 1 and 2.

The behaviour of this one-dimensional model can
be explained in general terms as follows: multiplication
of the two periodic functions n(x) and R,(x) (3.8) gives
a function in which both the original periodicities are
present, as well as a d.c. component, and sum and
difference periods. Convolution with P_(x) is equivalent
to multiplication of this function in frequency space by
a gaussian centered on the origin (i.e. zero frequency)
with a width inversely proportional to the width of P,.
P, is generally wide enough (and thus narrow in fre-
quency space) to substantially attenuate the original
frequencies a well as the sum terms, but reduces the
difference frequency term by a much smaller amount. It
is this term that makes the largest contribution to the
variance of 4 and thus to ¢’. Note that when the
periods of n(x) and R,(x) are equal, the difference
frequency is zero and its magnitude is unaffected by the
width of P., as Fig. 2a illustrates. Note also that
because R,(x) is not sinusoidal, additional energy terms
are present in its frequency spectrum at integer multi-
ples of 1/1,. This introduces additional difference fre-
quencies into the product with n(x) which under some
conditions can cause additional peaks in ¢’ at frequency
ratios of 2 and 3 (Fig. 2).

3.2 Two-dimensional cortical models

The calculations just described show that uniform cov-
erage is severely compromised when very regular pat-
terns of orientation and ocular dominance have a
similar periodicity, but it is not certain that coverage
would be similarly compromised in the cortex, given the
lesser degree of regularity of the patterns that are found
there. To test this, the calculations done on the one-
dimensional maps were repeated, with little essential
change, on the two-dimensional models generated using
the algorithms described in the previous papers. Figure
1 illustrates how the calculations were carried out.

3.2.1 No coupling. In this set of calculations, orienta-
tion and ocular dominance stripes were structurally
independent i.e. the relations described by Blasdel and
Salama (1986) were absent, and « (3.5; Swindale
1991) = 0. Much of the behaviour of the one-dimen-
sional model is manifested in this situation, although
there is overall a much smaller range of variation of
values of ¢’ with coverage never being as uniform, or as
non-uniform, as in the one-dimensional case.
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Figure 3a shows calculations of ¢’ across a four-fold
range of frequency ratios (i.e. A4/4,) for three different
sizes of cortical point image. In these calculations both
sets of columns were isotropic i.e. bands could run in
any direction and the angle of intersection between
individual iso-orientation domains and ocular domi-
nance stripes was thus random. As in the one-dimen-
sional case, coverage was always most uniform at a
periodicity ratio of about 0.5, i.e. when orientation
column wavelength was half that of the ocular domi-
nance stripes. The increase in ¢’ at a periodicity ratio of
1 was much less pronounced than in the one-dimen-
sional case however. Increasing the size of the cortical
point image made coverage more uniform at all wave-
length ratios including unity.

An interesting result of the one-dimensional calcula-
tions (Fig. 2a and b) is that coverage uniformity is not
a symmetric function of periodicity ratio: thus for ex-
ample, coverage would be more uniform if orientation
and ocular dominance columns have periods of 0.5 mm
and 1 mm respectively, than if the reverse were the case
and the periods were 1 mm and 0.5 mm. This lack of
symmetry is evident also in the results obtained from
the two-dimensional model columns: coverage is gener-
ally more uniform at frequency ratios below unity than
at the reciprocal ratio above it. This bias towards low
ratios is most evident when the point image is small
(Fig. 3a) and when orientation tuning width is narrow
(Fig. 3b).

3.2.2 Effect of column anisotropy. Figure 3c shows the
effect on coverage uniformity of changing the overall
direction of elongation of either the ocular dominance
or the orientation columns, or both. In all of these
conditions coverage seems to be most uniform at fre-
quency ratios (4,/4,) of about 0.5. The figure shows
that there is little effect on coverage of making only one
set of columns run in a single direction, but if both sets
of columns run in the same direction, coverage at
frequency ratios close to unity is impaired. When the
columns run in orthogonal directions (the condition
which is closest to Hubel and Wiesel’s original model of
the relation between the columns) the coverage deficit
at frequency ratios close to 1 is absent, but coverage is
still more uniform when the orientation hypercolumns
are smaller than the ocular dominance hypercolumns.

3.2.3 Effect of coupling. Figure 4 shows the effect on
coverage of introducing structural relations between
orientation and ocular dominance columns similar to
those discovered by Blasdel and Salama (1986). This
was done for the case where neither set of columns has
a preferred direction of elongation: the effect 1s to make
coverage more uniform at frequency ratios close to
unity. There is little effect on coverage at ratios above 2
or below about 0.7.

3.2.4 Effect of point image size and shape. Figures 2a
and 3a show, not surprisingly, that increasing the size
of the point image improves coverage uniformity, ¢’, at
all frequency ratios; Fig. 5a shows in more detail how ¢’
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depends on point image at a single frequency ratio,
close to that found in the monkey. For the purpose of
comparison with experimental estimates of point image
size, this has been expressed here in cortical mm, as-
suming that an experimental measure of diameter is
likely to equal about 40 of the underlying distribution,
and that ocular dominance column periodicity equals
800 um. The figure shows that coverage uniformity
decreases rapidly (i.e. ¢’ increases) as point image size
decreases below a value of about 1.5 mm, about twice
the period of the ocular dominance columns.

In the calculations so far described, the point image
has been assumed to be radially symmetric (ie. o, =
—a,), although this is known not to be the case in area
18 of the cat (Cyander et al. 1987). The latter authors
suggested that if one or both sets of columns is elon-
gated in a particular direction, the point image might be
narrowed in one or other direction without impairing
coverage uniformity. Figure 5b illustrates that elongat-
ing the point image in either the x- or the y-direction,
keeping the total area constant, has only a slight effect
on coverage uniformity when both sets of columns run
the same direction. This suggests that for a given total
area, point image shape has much less of an impact on
coverage uniformity than does total area, even when
both sets of columns run in a similar direction.

4 Discussion

4.1 Independence and proportionality

An important assumption about the behaviour of visual
cortical neurons is built into (2.1), which defines the
calculation of coverage. This is that a cell’s response to
some combination of eye, orientation and stimulus
position can be expressed as a separable product of
functions describing the response to each of these three
variables. Only if this is the case is it possible to define
a preferred eye, orientation and receptive field position
(and maps for these properties) that are independent of
each other. This assumption seems to be at least ap-
proximately correct although it has not been explicitly
tested in physiological studies. For example neither a
cell’s ocular dominance, nor the shape of its orientation

Fig. 3. a Graphs of coverage uniformity as a function of wavelength
ratio (orifod) for three different point image diameters, for the
two-dimensional simulations. For these simulations, there was no
coupling between orientation and ocular dominance columns (g = 0;
(3.5) Swindale 1991) and both sets of columns were structurally
isotropic, i.e. bands could run in any direction (f = 1.0, (2) Swindale
1991). At a periodicity ratio of one, both columns had a period
A =12 array units. Numbers on the right give the diameter of the
cortical point image in millimeters. In this and subsequent figures
each plotted symbol is the average coverage value derived from three
different patterns. The tick mark above the x-axis marks a ratio of
0.73, similar to the period ratio found in the macaque monkey. b
Graphs of coverage uniformity as a function of wavelength ratio for
four different values of orientation selgctivity (o), given in degrees on
the right of each graph. Values are calculated from the same set of
patterns analysed in a, and the point image had a constant diameter
of about 1.9 mm. ¢ Graphs of coverage uniformity for various
cortical designs. For these calculations o, = 24°, and the point im-
age = 1.9 mm in diameter. See text for further description
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Fig. 4. The effect of coupling orientation and ocular dominance
columns on coverage uniformity. For these calculations both sets of
columns were isotropic (no preferred direction of elongation), and
coupling was produced by setting a (Eq. 3.5, Swindale, 1991) = 20.
Point image size and orientation selectivity were the same as for Fig.
3c. The tick mark on the x-axis marks a periodicity ratio =0.73,
about the same as in the macaque monkey

tuning curve have been reported to depend on position
within its receptive field, nor has ocular dominance
been reported to change with the orientation of stimu-
lus. Some forms of dependence have been reported:
preferred orientation can differ in the two eyes by a few
degrees (Blakemore et al. 1972; Nelson et al. 1977), as
can receptive field position (Barlow et al. 1967). These
effects are small however, and, when averaged over the
cells in a single column, may not have a significant
effect on the conclusions obtained here.

The further assumption of proportionality in re-
sponses (i.e. that the net response can be written as a
simple product of separable functions) has not, to the
author’s knowledge, been explicitly tested, although this
would be well worth doing. It is reasonable to expect
that points on an orientation tuning curve will be scaled
down in magnitude if measurements arc made in the
periphery of the receptive field, or if the less responsive
eye is stimulated, but it is not certain whether this and
similar interactions can be expressed as a multiplicative
scaling, or whether there is some other relationship. At
present however there are no obvious reasons for think-
ing that a non-multiplicative scaling of responses would
lead either to improved coverage, or to conclusions that
are substantially different from those drawn here.

4.2 Is coverage a significant constraint
on cortical design?

Coverage uniformity, as defined here, is a measure of
one source of uncertainty in the amount of neural
activity evoked in the cortex by a contour of a particu-
lar orientation lying in a particular receptive field posi-
tion in one eye. As such, ¢’ quantifies a potential source
of noise, additional to other sources, in the cortical
response to an oriented stimulus. Typical values of ¢’
calculated for model parameters similar to those found
in macaque striate cortex were in the range 0.05 to 0.1.
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Fig. 5. a The effect of point image size on coverage uniformity at a
single wavelength ratio (1,/4,) = 0.71, approximately the same as in
the macaque monkey. Ocular dominance columns were anisotropic,
and orientation tuning width was also similar to that in the monkey
(o, = 24°). To facilitate comparison with the experimental data, point
image size is expressed as a diameter = 4¢,., assuming that 1, = 13.47
array units is equivalent to 800pm in the monkey. b The effect of
point image asymmetry on coverage uniformity for the case where
both sets of columns run parallel to each other. The x-axis shows the
degree of asymmetry, expressed as o, /o, (2.4). The results of three
sets of calculations are shown; in each the ratio was varied keeping
the geometric mean of ¢, and g, constant, and thus the total area of
the point image. The mean size is indicated on the right hand side of
each graph. Note that the effects on coverage uniformity are smaller
than the effects of changing total point image area

Although these alues are small (indicating a standard
deviation in coverate value equal to 5% to 10% of the
mean) the total range of values encountered is some-
what larger: e.g. Fig. 1d shows how coverage (i.e. the
value A(6, ¢, ¥, e), 2.1) varies with the visual field posi-
tion (¢, ) for a single orientation seen through the
right eye. Although ¢’ in this case had a value of 0.08,
the values in Fig. 1d range between extremes of 1.05
and 1.48, a variation of +17% about the mean.

Some factors might operate to reduce ¢’. For exam-
ple groups of cells could vary in their responsiveness, or
the strength of their connections with subsequent cells
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in the visual pathways, in such a way as to make the net
response to a given stimulus more predictable. Alterna-
tively, it may be the case that the nature of cortical
processing is such that large variations in coverage
value can be tolerated, provided the value remains
above some threshold level. Since it is difficult to guess
what this threshold might be, one cannot be sure
whether any of the design conditions considered here
would produce coverage values that fell below such a
threshold.

The calculations of ¢’ have been carried out on
patterns that visually resemble those found in the mon-
key, but it is possible that there are unrecognized
structural differences between the real and model pat-
terns which would have the effect of altering the cover-
age estimates. One way of checking for this would be to
calculate coverage values from the voltage sensitive dye
patterns using the methods described here, and to com-
pare the results with the predicted values.

The estimates of ¢’ are likely to be smaller than the
ones that are functionally significant, because factors
additional to those considered here are likely to influ-
ence the response of a given cortical location to a
particular stimulus. Thus for example the length of an
edge, or its colour or velocity of motion are all factors
that might influence the response of any particular cell.
If selectivity along any of these (or other) dimensions
has a columnar representation additional to that for
orientation and ocular dominance then the stimulus
space to be considered in the calculation of ¢’ should be
expanded along each of these additional dimensions.
The results of such a calculation would necessarily yield
larger values of ¢’, although the role of the factors
studied here would be expected to remain essentially the
same. There is evidence that selectivity for direction of
movement in the cat visual cortex has a columnar
representation that is at least partially independent of
that for orientation preference (Tolhurst et al. 1981;
Payne et al. 1981; Swindale et al. 1987) as well as
evidence for a systematic representation in the monkey
(Blasdel, personal communication). There is also evi-
dence that colour preference (Michael 1981; Living-
stone and Hubel 1984; Tootell et al. 1988c) has a
columnar organization. No attempt was made to in-
clude these dimensions in the present calculations partly
because it is not clear yet how these columnar systems
are organised in the monkey, and plausible models of
them have not been devised. It seems unlikely that
including these additional factors would change the
general conclusions drawn here, since obtaining uni-
form coverage values along a subset of dimensions in
stimulus space is presumably a prerequisite for obtain-
ing uniform values over all the relevant dimensions.

In general, the assumption that values of 4 (2.1)
should be unform along all the dimensions that are
represented in a map is unlikely to be correct. For
example it is believed that horizontal and vertical orien-
tation preferences predominate in some areas of striate
cortex (Blakemore et al. 1981) and this suggests that
there is some functional advantage in having coverage
values that are higher for these orientations than oth-

ers. Obviously, for more complex stimulus spaces in-
cluding for example colour, temporal and spatial fre-
quency, not all possible combinations of these variables
can or need be represented. Coverage uniformity should
then be calculated relative to some ‘ideal’ value of A
that varies with location in stimulus space in a system-
atic way determined by functional considerations.

4.2 Psychophysical correlates of uneven coverage

The possibility that the visual cortex does not achieve a
uniform representation of stimulus attributes across the
visual field is supported by psychophysical findings of
irregular variations with eccentricity in contrast sensi-
tivity for simple stimuli, such as gratings of particular
orientations (Regan and Beverly 1983) and for posi-
tional hyperacuity thresholds (Jiang and Levi 1991). In
addition, more severe defects, including complete blind-
ness to motion in depth within irregularly shaped re-
gions of the visual field have been observed in
apparently normal observers (Hong and Regan 1989).

4.4 Is the visual cortex designed to optimize
coverage uniformity?

A number of features of visual cortical structure seem
designed to avoid large values of ¢’, if not to optimize
it. For example it is striking that in all species studied,
ocular dominance and orientation columns have differ-
ent periodicities. In the monkey, the period of ocular
dominance columns has variously been given as 848 um
(Hubel et al. 1977), 770 um (Hubel et al. 1978) and
880 um (LeVay et al 1985), although the latter authors
report that the period decreases with visual field eccen-
tricity. Orientation column periodicity has been given
as 570um (Hubel et al 1978) and 640 pm or less (Hubel
and Wiesel 1974a). Averages of these measurements
yield a periodicity ratio (orientation/ocular dominance)
of 0.73. As the ocular dominance columns get narrower
towards the periphery of striate cortex it would be
interesting to know whether there is a similar change in
the repeat period of orientation columns. In the cat,
Fourier powers spectral measurements in area 17 give
an orientation periodicity of 1.0-1.1 mm (Lowel et al.
1987) and an ocular dominance periodicity of 800 pm
(Lowel and Singer 1987), a ratio of 1.3. Similar values
were obtained by Diao et al. (1990) in a study of
physiological maps made in area 17 close to the border
with area 18. In area 18, the periodicities are 1.25 and
1.86 for orientation and ocular dominance respectively
(Cynader et al. 1987), a ratio of 0.67, with similar
values obtained in area 18 in the separate study by
Diao et al. (1990). These differences show that although
a range of periodicity values is available to both sets of
columns, the ratios between them are always signifi-
cantly different from unity.

A slight reduction in orientation column width,
accompanied by an increase in the size of ocular domi-
nance stripes to give a periodicity ratio closer to 0.5
would improve coverage uniformity: the fact that this
does not happen suggests an interaction with some
other constraint that puts a lower limit on orientation



column spacing (for example an orientation discrimina-
tion task might require the detection of some minimum
change in the locus of cortical activation, and this
would be related to column periodicity). This or some
other constraint on column periodicity is presumably
important because simply decreasing the size of either
or both sets of columns, while keeping point image size
constant will increase coverage uniformity, as would
assigning orientation and eye preference at random to
cells in any particular cortical location.

4.5 Coupling

It is shown here that linking orientation and ocular
dominance columns in a manner that is probably simi-
lar to that demonstrated by Blasdel and Salama (1986)
reduces the increase in ¢’ found at periodicity ratios
close to unity (Fig. 4), although it has little apparent
effect on ¢’ at other ratios (e.g. below about 0.7 and
above 2.0). Since the periodicity ratio in the monkey is
about (.73 this means that the present analysis does not
provide an obvious functional explanation for coupling.
However it might be unwise to conclude from this that
the role of coupling is unrelated to improving coverage
uniformity. One possibility is that coupling could be
significant when calculation of coverage is expanded to
include more stimulus dimensions than are considered
here. Another is that the orientation/ocular dominance
periodicity ratio in the monkey is not fixed but deviates.
For example ocular dominance columns decrease in size
from fovea to periphery by a factor of two (LeVay et
al. 1985), and unless orientation columns change simi-
larly in size, the periodicity ratio between the two is
certain to fall into a range where coupling would signifi-
cantly improve coverage uniformity. It is also possible
that there are local variations in the sizes of both sets of
columns and this would have the same effect of causing
periodicity to have values for which coupling would
help ensure uniform coverage.

4.6 Point image size

An obvious role of point image size, which as defined
here is a consequence of both receptive field scatter
(Hubel and Wiesel 1974b) and receptive field size, is to
ensure even coverage, and for a sufficiently large point
image this can be guaranteed for almost any condition,
presumably at the expense of a decrease in the accuracy
of visual localization and related functions. Because
there is unlikely to be any advantage, beyond obtaining
uniform coverage, of having the point image be large, it
is reasonable to suppose that the point image is no
larger than is required by the coverage constraint, and
Fig. S5a illustrates that this is probably the case. For
parameter values similar to those in the macaque, ¢’
increases rapidly as point image size decreases below a
value of about 1.5 mm i.e. about twice the period of the
ocular dominance columns. This is similar to current
estimates of point image size in the monkey. The fact
that point image size decreases with eccentricity (Dow
et al. 1981; Van Essen et al. 1984) may be related to the
decrease in the size of ocular dominance columns in the
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visual periphery (LeVay et al. 1985), and a consequent
decrease in the absolute values of 4 (2.1), indicating
less complete analysis of visual information there.
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