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Abstract-Johnston
(1986) proposed that the global geometry of the striate cortical map in primates can
be understood
with reference to a conic surface in visual space oriented with its base in the plane of the
eye and axis along the line of sight. Here, cortical magnification
data from the macaque, squirrel and cebus
monkeys and distance data from topographic
maps of the macaque and owl monkey cortex are used as
a further test of this proposal. Though there is a substantial
difference in the emphasis placed on fovea1
vision in the owl monkey and the macaque topographic
maps, both can be accommodated
by the conic
model with a change of parameter.
The theory has also been extended in an attempt to model the
differential changes in mean cortical receptive field size and inverse magnification
with eccentricity found
in the macaque. Though cortical receptive fields increase in size with eccentricity
when measured on a
spherical screen, mean receptive field size should be constant if measured on a tangent planes to a cone
with an apical half angle of around 6.4 deg.
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INTRODUCTION

In recent years there has been steady growth of
information about the geometry of the mapping
of the visual field onto striate cortex in primates
(Daniel & Whitteridge, 1961; Rolls & Cowey,
1970; Allman & Kaas, 1971; Hubel & Wiesel,
1974; Dow, Snyder, Vautin & Bauer, 1981; Van
Essen, Newsome & Maunsell, 1984; Gattas,
Sousa & Marcello, 1987; Tootell, Switkes,
Silverman & Hamilton, 1988a). A characteristic
of the mapping in all primates studied is that
much more cortex is given over to the central
region of visual space than to peripheral
regions, though the emphasis differs. The
amount of cortex given over to one degree
of visual space is described by the cortical
magnification factor, M. Its reciprocal, inverse
magnification, describes the amount of visual
space which maps onto some unit of cortical
distance. Inverse magnification increases with
visual eccentricity as does cortical receptive
field size but these changes are not in proportion (Dow et al., 1981; Van Essen et al.,
1984; Gattas et al., 1987). A variety of different analytic functions have been used in an
effort to describe these changes. Here an attempt is made to account for the mapping of
visual space in striate cortex from a single
perspective.

factor

Cortical

field size

A typical topographic map of one visual
hemi-field in visual cortex (Fig. la) is usually
described as being bounded almost entirely by
the vertical meridian: iso-eccentricity visual field
contours map onto straight lines in the map and
iso-polar contours run from the fovea1 projection to the margin of the far periphery.
Although this arrangement appears to be a
distortion of the retinal visual field map, there
is no need to provide an explanation of the
configuration in terms of a polar logarithmic
mapping (Schwartz, 1980), as has sometimes
been supposed, since a map of the visual field on
the retina has the same basic topography if
viewed from the side of the eye (Johnston,
1986). The circular symmetry of the eye around
the optic axis is to a large extent maintained in
the retino-cortical projection: both retinal and
cortical maps can be described as surfaces
of revolution. Assuming radial symmetry and
locally isotropic stretching, we can derive a
topographic map from linear magnification
factors by the method described by Daniel and
Whitteridge (1961) and Rovamo and Virsu
(1984).
A number of functions have been used to fit
cortical magnification data. The data are fairly
linear on a log-log plot for eccentricities greater
than 2 deg, suggesting a power law, but a
constant is required to bend the function near
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(b)

Cd)

projectton ofa typical corttcal topographic
map showtng the r na ~o r meridia. Iso-eccentricity
contours are labelled in degrees of visual angle. (b) A schematic
ligure illustratmg the main proposal. The dtagram represents a slice through an approximately
radially symmetric system showmg the projection
of an environmental
surface (S “)
onto the upper vertical meridian of the retina (r , ,,) and onto the cortical map (c, ,,). Th c compression
of spatial detail in the retinal image is greater for distant intervals than for
nearer intervals however it is suggested that the retino-striate
mapping allows distance along striate cortex to be directly related to distance along some conic environmental
surface
(c) .YY hes on a surface at an angle x to the line of sight OY. The pomt of regard Y IS at a distant I. from 0. the nodal point of the lens. The point P is at an angle E with respect
to OY and at a distance 5 form the point of regard. (d) A patch on a surface (ii.v,,Jc,,) at an angle 1 to the line of sight OY subtends the angles SE. and 6P.

Fig. I. (a) An orthographic
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The geometry of the topographic map

deg in order to provide reasonable predictions
of fovea1 magnification factors, giving an
equation of the form M = a .(b + E)’ where E
is visual eccentricity (Van Essen et al., 1984). If
the transformation from visual field coordinates
to cortical coordinates was logarithmic, as
Schwartz (1980) suggested, c would be - 1.
Those unhappy with the fit provided using a
function of this type have used polynominals in
log E to provide an empirical description (Dow
et al., 1981; Gattas et al., 1987). However
equations of this kind are not defined for 0 deg
and give inappropriate estimates of magnification factors near the fovea.
Although it is generally agreed that the magnification
function
reflects a biologically
efficient allocation of processing resources between fovea and periphery, this position leaves
the actual form of the function relatively unconstrained. This leads to the question of what
constraints there might be on resource allocation. Given the evolution of a fovea, it could
be useful for an animal to be able to allocate
uniform processing resources to the ground
before it, while looking ahead, so that the neural
description of parts of the surface does not
change radically as the animal moves towards
them. The wearers of bifocal spectacles could
testify to this. On the basis of this argument,
there should be an angle of view for which the
projection of the retina onto striate cortex will
invert the projection of the ground onto the
retina (Fig. lb) and the rate of change of
distance along the ground with respect to visual
angle will match the rate of change of cortical
distance from the fovea1 representation with
respect to visual angle; the cortical magnification factor (Johnston, 1986). We would of
course need a further teleological justification
for the approximate radial symmetry found in
primate topographic maps.
0

The spatial density model

We want to describe distance along a surface
at some angle a to the line of sight as a function
of eccentricity E. From the sine rule:
, -\

S(C)

=

v.sin E
sin(E + a)’

where v is the distance from the nodal point of
the lens to the point of regard (Fig. lc). Differentiating with respect to E we get the spatial
density function
.,-.

s’(E)

=

v*sina
sin’(E + a)’
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Assuming M(E) is proportional
separating gives:
M(E) = M(O).

to s’(E) and

SinLa

sin* (E + a)’

where M(0) is the fovea1 magnification
given by
M(0) =

factor

A
sin a

Since v is arbitrary it can be used as a scaling
constant.
We can use the inverse of the function, M(E),
to fit inverse magnification data. The parameter,
a, controls the shape of the function on log-log
axes and M(O)-’ locates it. Figure 2 shows the
fit to inverse cortical magnification data in (a) a
range of species (primary macaque), (b) squirrel
monkey, and (c) cebus monkey. The function
provides a reasonably good fit to the data in
each case although the a parameters differ. This
function tends to provide lower estimates for
fovea1 magnification factors than is generally
expected. This is partly because quoted fovea1
magnification factors are always an extrapolation of the function used to fit the extra fovea1
data and these functions have steeper slopes
near the fovea than the present model. Central
magnification factors will in any case follow
variations in cortical extent (Tootell et al.,
1988a), which are substantial (Van Essen et al.,
1984), and measurements might vary by a factor
of 2.5 from the mean (Fig. 2a). The shape of the
function is more significant for the purpose of
this model.
The function used here differs most markedly
from a power function near the fovea but there
are less data for cortical magnification factors
close to the fovea and the data are subject to
greater error because of possible transitions of
the Vl/V2 border and because measurements of
small changes in receptive field position are
required. The best way to evaluate the model
close to the fovea is to plot distance along
cortical maps against distance along the putative environmental surface for various visual
field locations. It is generally considered that
2-deoxyglucose maps of visual cortex provide
the most accurate method of determining
cortical topography (Van Essen et al., 1984;
Tootell et al., 1988). Tootell et al. (1988) provide
data for distance along the horizontal meridian
of the operculum averaged over a number of
macaque monkeys. Figure 3a showed a good
fit to the distance function for an a parameter
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Fig. 2. (a) Inverse magnification data from Daniel and Whitteridge (1961) and Hubel and Wiesel (1974). The Huhel and Wiesel data (squares) are from the macaque monkey and
the Daniel and Whitteridge data (circles) are from a mixture of macaque. vervet and baboon. We are primary interested in the way in which magnification
changes with eccentricity.
Therefore data from studies m the macaque which have looked exclusively at fovea1 magnification
have not have been included, since any main effects of brain size or techniques
on the magnification
factor will not have an even spread across eccentricity,
although these datd were included in an earlier paper (Johnston,
1986). The parameters
of the spatial
density function are cx = 8.46 and M(O) = 5.12 accounting
for 92.3% of the variance (GENSTAT
~5). (b) Inverse magnification
data for the squirrel monkey taken from Rolls and
Cowey (1970). This previously published fit to the spatial density model (Johnston,
1986) is presented here for comparison
with other species. (CI = 7. 2: M(O) = 4.77). (c) Inverse
magnification
factors for the cebus monkey from Gattas et al. (1987). ix = 10.57; M(O) = 4.1: 99% of variance).
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Fig. 3. (a) Distance from the fovea along the horizontal meridian on the opercular surface as a proportion
of total opercular distance plotted against distance along an environmental surface with an a parameter
of 6.3 I. The model accounts for 99.2% of the variance and gives a value of 63% of total cortical length
for the operculum. Values for cortical distance as a function of eccentricity are taken from Tootell et al.
(1988a, b) who averaged across measurements of cortical distance on DG maps of striate topography in
a number of macaques. (b) Distance from the fovea along the cortical surface of the owl monkey plotted
against distance along an environmental surface at 17.26 deg to the line of sight. The model accounts for
99.7% of the variance. The best fitting model uses a total surface distance which is 98% of the measured
distance. This could readily be accounted for in terms of a 2% uniform shrinkage of the cortex relative
to the in uivo state. The cortical distance data were measured directly from the cortical map provided by
Allman and Kaas (1971) which summarises data for 28 owl monkeys. Measurements were made along
the vertical meridian since the map is an orthographic projection of an ellipsoid like surface.

of 6.31. This method also allows us to test
the model against data from the owl monkey
(Allman & Kaas, 1971) which has a much
smaller representation of the peri-fovea than the
other species. Again there is a good fit to the
model but with an a parameter of 17.26 deg.
The shape of the function relating mean
cortical field size to eccentricity differs from the
inverse magnification function. Consequently,
striate cortex cannot be homogeneous. However, it would be surprising if the changes in
magnification and the changes in field size were
not related in some way. To investigate this we
can attempt to fit both sets of data using
functions derived from the same putative surface. Magnification has been linked to the rate
of change of distance along the model surface
with respect to eccentricity. Changes in receptive field size with eccentricity should follow
changes in contrast sensitivity and Johnston
(1987) has shown that contrast sensitivity functions overlap for gratings placed at different
eccentricities if they are scaled in size so that
they project equivalent forms on a surface at 9
deg to the line of sight. This suggests mean field
area may vary with eccentricity to project a
constant sized patch on a planar surface strip at
some particular angle to the line of sight.

To test this proposal we want to describe how
the projected area of a patch (deg’) changes
with eccentricity (Fig. Id). In the radial or
iso-polar direction, the angle (6E) subtended by
a small surface segment (6s,) can be approximated by &,/s’(E). In the polar or iso-eccentricity direction, for a small surface increment
(6s,), the angle 6P is inversely related to the
distance from the focal point of the lens to the
surface, d, which can be expressed as a function
of eccentricity. From the sine rule (Fig. lc):
d=

vesina
sin(E + a)’

Since for a small angle, tan(6P) may be approximated by 6P
6p=6s,
d’

Given that 63, and 6s, are just scale factors it can
then be seen that
FS(E)

= SE *6P =

sin3(E + a)

u2 SinZ a .

Since v is arbitrary it can be used as a scaling
constant. This function differs from the function
describing inverse area1 magnification,
the
square of linear magnification, because the
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Fig. 4. The root of cortical receptive field size is plotted against eccentricity.
Data are taken from Dow
et al. (1981) (triangles), Van Essen et al. (1984) (circles) and Gattas et al. (1981) (squares). Occasionally
overprinting
meant that individual data points could not be determined.
This resulted in means being
represented
as single data points which should not have a substantial
effect on the outcome.
The
parameters
of the model are c( = 6.39; KS(O) = 0. I9 which accounts for 82% of the variance. Dow et al.
used single cell recording whereas the other studies used multiple cell recording but the Dow et al. and
Van Essen et al. data are in good correspondence
in the region in which they overlap. Any artifact due
to differences in techniques would tend to flatten the function.

effects of foreshortening, incorporated in this
(see Johnston,
model, are not isotropic
1987).
The field size function is fitted to data from
the macaque (Dow et al., 1981; Van Essen et al.,
1984; Gattas, Gross & Sandell, 1981) in Fig. 4.
The c( parameter, 6.39, is very close to that
found for the 2DG macaque data, 6.31, and the
difference is within the standard errors of the
estimates (SE = 0.18 for FS data; SE = 1.05 for
2DG data).
DISCUSSION

The design of the visual system has accommodated the competing constraints of providing
detailed spatial information and representing a
wide field of view by allocating greater processing resources to central vision, forcing an active
inspection of the environment. However, this
solution to the initial problem of allocation of
resources leaves the specific form of the relationship relatively unconstrained, allowing scope for
adaptation to the environment. A distribution
of resources which allows uniform processing
of the ground plane in front of an animal
would appear to have some benefits for
locomotion. Uniform processing of the ground
plane has been suggested as an explanation of

differences in the topography of upper and
lower quadrants of the cortical map in the cat
(Epstein, 1984).
Evidence from the macaque suggests that if
the ground plane is viewed at an angle of around
6.4 deg, equal distances along the surface map
onto equal distances along the lower vertical
meridian of the striate topographic map and
receptive fields measured with respect to
the surface would have the same mean size at
each eccentricity. The approximate symmetry in
radial magnification in the primate points to a
relationship between the topography of striate
cortex and the perspective geometry of a cone in
space.
There is a radical difference in the emphasis
placed on fovea1 vision in the nocturnal owl
monkey when compared to diurnal monkeys
but this is not simply an under-representation of
the fovea. The organisation of owl monkey
striate cortex conforms to the conic model with
an Mparameter of 17.26 deg demonstrating that
apparently different cortical maps have the same
underlying structure. The model also accounts
for differential changes in inverse magnification
and mean receptive field size with eccentricity
in the macaque monkey. Both functions can
be referenced to a cone in space with an r
parameter of around 6.35 deg.

The geometry of the topographic map

The model tends to predict lower fovea1 magnification factors than are usually cited. The fit
to the Daniel and Whitteridge (1961) data gives
a fovea1 magnification of 5.12 mm/deg. Van
Essen et al. (1984) reported a value 13 mm/deg
for the macaque but this is estimated by matching the integral of an area1 magnification function of the form AM = a. (b + E)’ to the
measured value for fovea1 area. The spatial
density function used here to fit magnification
data has a much flatter slope near the fovea than
the expression used by Van Essen et al. and
lower estimates of fovea1 magnification are to be
expected. Gattas et al. (1987) using the Van
Essen et al. method estimated fovea1 magnification as 12 mm/deg: the value for fovea1 magnification in the Cebus monkey suggested here
is 4 mm/deg. Since direct measurements of
fovea1 magnification are difficult, the behaviour
of the model near the fovea was tested using
distance data from 2-deoxyglucose maps. A
good fit to this data provides strong support
for the conic model in fovea1 vision. If we
assume a cortical distance of 28 mm for 8 deg
eccentricity (Tootell et al., 1988a, Fig. 12A) the
conic model would predict an M(0) value of
8 mm/deg. This compares well with Tootell et
al.‘s value of 9 mm/deg for the horizontal
meridian derived from a linear fit to inverse
magnification data.
The model addresses the macro-structure
rather than the micro-structure
of striate
cortex. The degree of spatial order in the mapping of visual space in striate cortex suggests the
geometry has some functional significance but,
of course, Vl does not hold a simple pictorial
representation of visual space. At a local level,
the representation of spatial pattern in striate
cortex is complex. There is a precise topographic map of the visual field in layers IVccc
and IV@ but the mapping is discontinuous. In
the macaque cortex, in layer IVc, the ipsilateral
and contralateral input from the eyes remain
separate and these ocular dominance columns
can be visualised using the 2-deoxyglucose techniques (Tootell, Silverman & DeValois, 1982). It
is assumed, for the purposes of exposition, that
magnification does not differ in nasal and temporal fields, and in any case, the data used in
this analysis does not differentiate between nasal
and temporal fields, but there is evidence for
nasal/temporal asymmetries in the width of
ocular dominance columns in the cortical map
(LeVay, Connolly, Houde & Van Essen, 1985).
This cortical asymmetry presumably reflects
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nasal/temporal asymmetries in ganglion cells
density in the retina (Perry & Cowey, 1985).
Similar nasal/temporal asymmetries are found
in psychophysical tasks (Fahle & Schmid, 1988;
Paradiso & Carney, 1988). These asymmetries
might be accommodated by disassociating the
axis of the reference cone from the line of sight.
In the upper layers, particularly layer III,
there is considerable evidence for a modular
organisation centred on cytochrome oxidase
blobs (Braitenberg & Braitenberg, 1979; Blasdel
& Salama, 1986; Tootell, Silverman, Hamilton,
Switkes & De Valois, 1988b). It has also been
proposed that the magnocellular and parvocellular inputs from the LGN remain separate in
Vl and eventually form concurrent processing
streams in visual cortex leading to higher cortical areas in parietal and inferotemporal cortex
respectively. The parvo stream, it is suggested.
is broadly concerned with object identification
whereas the magno stream is concerned with
spatial relationships (Mishkin, Ungerleider &
Macko, 1983; but see DeYoe & Van Essen,
1988). Although modular, striate cortex is unlikely to be homogeneous since the change in
mean receptive field size does not mirror the
change in inverse magnification. In addition
Schein and DeMonasterio (1987) have demonstrated that afferent density of parvocellular
inputs to striate cortex is approximately uniform across Vl whereas the afferent density of
magnocellular inputs increases with eccentricity
(see also Schein, 1988). Though striate cortex is
inhomogenous, the magnification and field size
functions can be referred to the same putative
environmental surface. However, it is not yet
clear whether cortical inhomogeneity resulting
from differences in magno/parvo afferent densities can be incorporated within this scheme.
There has been no attempt to model the radial
asymmetries in visual cortex described by Van
Essen et al. (1984) and Tootell et al (1988a, b)
(but see Gattas et al., 1987) or differences in
magnification between iso-polar and iso-eccentricity contours in striate cortex (Van Essen
et al., 1984; Gattas et al., 1987) and, of course,
individual brains do vary considerably (Van
Essen et al., 1984; Tootell et al., 1988a, b).
However, one imagines that cortical topography
is as regular as it needs to be. The data point to
an underlying design principle of Vl in the sense
that there is an underlying design to the hand,
each hand is different yet within limits which
maintain its functionality. It is perhaps too early
to be conclusive of what functional benefits this
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geometry may provide but it may play a role in
the analysis of perspective cues to depth, like
texture gradients (Johnston, 1986, 1987).
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