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Abstract-Striate cortex topography derives from a stretching of retinal space along the optic axis. At the 
retina, relative distances are preserved in a mapping of retinal space onto a spherical surface in the 
environment. At the cortex, relative distances along visual meridia in the cortical map are preserved in a 
mapping of striate cortex onto an environmental conic surface whose base is in the plane of the eye. This 
eco-cortical relationship can be considered a reference frame through which spatial relationships at the 
cortex might provide information about the environment. The present analysis provides an explanation of 
changes in cortical magnification with visual eccentricity in the primate and a detailed three-dimensional 
model of striate topography for the macaque monkey. In man, a conic environmental surface is shown to be 
uniformly resolvable along meridia in the visual field. Finally, the implications of this analysis of the 
structural properties of the retino-striate pathway and visual resolution are considered in relation to depth 
and distance perception. 

INTRODUCTION 
Classical explanations of the perception of depth and distance which can be traced 
through Helmholtz to Locke (Morgan, 1977) argue that the image projected onto the 
retina and our knowledge of the size of objects in our familiar environment are 
combined through a process of unconscious inference to provide our perception of a 
three-dimensional world. Though knowledge of the world may be of use in some 
circumstances we cannot have stored knowledge about the size of puddles or pebbles 
on a beach. As an alternative, Gibson (1950) proposed that the spatial density gradient 
in the retinal image projected by a uniform surface was a stimulus for distance 
perception. Gibson provided a specification for the direct perception of distance along 
surfaces like the ground but no computational theory or physiological model of how 
this might be achieved. 

Stevens (1981) has analysed the computational difficulties in determining the layout 
of surfaces from texture. He points out that projected dimension depends upon both 
scaling (distance) and foreshortening (surface slant). Surface slant might be derived 
through the computation of aspect ratios of textural units (Flock, 1964) but the 
measurement of textural primitives is non-trivial. Particular problems arise when we 
consider this approach as a model for human vision, since in man stimuli of constant 
retinal image size appear smaller when viewed in the periphery (Newsome, 1972; 
Georgeson, 1980). If 'retinal' textural primitives are perceived correctly at some visual 
field locus, they will be subject to a gradient of mis-perception elsewhere, which 
questions whether they can be considered as providing accurate sense data for 
subsequent analytic mechanisms. A different approach to the problem is required. 

When one looks ahead the spatial density of the projection of the ground plane onto 
the retina is greatest near the fovea and drops off towards the periphery. The expansion 
or magnification in the topographic projection of retinal space onto the surface of 
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striate cortex is also greatest near the fovea and drops off towards the periphery (Talbot 
and Marshall, 1941; Daniel and Whitteridge 1961 ; Van Essen et al., 1984). It is possible 
that the retino-cortical mapping might compensate for foreshortening and scaling 
under particular viewing conditions, providing an isomorphic relationship between the 
cortical surface and the ground. Under these conditions, distance along the environ- 
mental surface could be represented explicitly as distance along the cortical surface. 

The present paper will examine this question by first discussing the structural 
properties of the retino-cortical mapping and alternative functional proposals. A 
spatial density equation will be derived and fitted to cortical magnification data to test 
the compensation hypothesis. The paper will then address the relationship between 
visual resolution and spatial density gradients before going on to describe a three- 
dimensional model of striate cortex and its complementary environmental surface. 
Finally, the utility of these geometrical relationships is discussed. 

THE STRUCTURE AND FUNCTION OF THE STRIATE TOPOGRAPHIC MAPPING 
The topographic, 'spatially distorted' map of the visual field on the surface of visual 
striate cortex (Talbot and Marshall, 1941; Daniel and Whitteridge 1961; Van Essen 
etal., 1984) is shown schematically in Fig. l(a). We can see that, when flattened out, 
striate cortex is roughly oval with upper and lower vertical meridians forming the 
greater part of the boundary. The horizontal meridian for one hemi-field runs along the 
centre of striate cortex. There is approximately as much cortex given over to processing 
the central 10 deg as there is for the rest of the visual field, emphasising the prominence 
of the central visual field in the mapping. A description of this spatial compression 
achieved by the mapping with distance from the foveal representation is given by the 
linear cortical magnification function (Daniel and Whitteridge, 1961). This function 
describes the distance over the cortical surface which corresponds to one degree of 
visual space as a function of eccentricity in the visual field and is usually expressed as 
millimetres of cortex per degree of visual angle. No simple equation has been found to 
fit the linear inverse cortical magnification function satisfactorily (Daniel and 
Whitteridge, 1961). The available data, from electrophysiological studies of the 
primate, is either fitted closely by complex empirical functions which offer little clue to 
the role of the retino-cortical mapping in vision, or by simpler functions which, as a 
consequence, provide a poorer fit to the data. 

Schwartz (1977, 1980, 1983) has offered a simple function to describe the global 
retino-cortical mapping and has commented on the functional significance of the 
mapping for visual perception. He argues for a complex logarithmic mapping of the 
form w = log (z), outlined in Fig. 1 (b). This function maps retinal polar coordinates, 
given by the complex number z in its polar form, onto a cortical rectangular coordinate 
space specified by the complex number w where the imaginary axis (ordinate) 
represents meridional angle and the real axis (abscissa) represents eccentricity. The 
functional hypothesis is that the logarithmic mapping has a role to play in size 
invariance (the ability to see an object as being the same under a transformation in size), 
since a logarithmic retino-cortical mapping will produce a spatial translation but no 
magnitude change for the cortical representation of a stimulus that increases in retinal 
subtense in direct proportion to retinal eccentricity. Clearly, a stimulus whose retinal 
image falls along an arc between the horizontal meridian and 45 deg from the vertical 
meridian [Fig. 1 (b)] maintains the same extent under the log(z) transformation 
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Figure 1. (a) Shows on the left, a drawing of the central 40deg of one half of the visual field and on the right, 
a schematic two-dimensional map of the topographic organisation of striate cortex derived from Van Essen 
et al. ( 1 984). The horizontal meridian (hm) and the upper vertical meridian (uvm) are marked and the lower 
vertical meridian is labelled in degrees of eccentricity. The schematic cortical map is drawn with reference to 
four basic features of two-dimensional maps of striate cortex; an oval boundary, uniform magnification along 
lines of constant eccentricity (iso-eccentricity contours), approximate logarithmic magnification along 
meridional lines of constant polar angle (iso-polar contours) and an approximately orthogonal relationship 
between iso-eccentricity and iso-polar contours. Radial symmetry cannot be portrayed using a two- 
dimensional map since iso-polar contours cannot have equal lengths. (b) Shows a comparable view of the log 
polar spatial mapping which maps a polar coordinate scheme onto orthogonal axes. In (c) we have the 
mapping w = log (z + a) suggested by Schwartz ( 1977) as an approximation to cortical topography. 

independent of its retinal position. However, even if the cortex has this property, the 
role of the mapping in size invariance, as it has been developed thus far, is limited. 
Cavanagh (1982) points out that a simple translation of an object in space will not 
provide an invariant cortical representation. 

There are additional problems. As Rovamo and Virsu (1984) indicate, w = log (z) is a 
mapping of one planar surface onto another, but striate cortex, like the retina, is a 
curved surface embedded in three dimensions. The invariance property of the log (z) 
mapping requires the cortical topographic representation to be rectangular as in 
Fig. 1 (b) but this condition is approximated only for the central part of the cortical map 
between around 5 to 20 degrees of eccentricity. Log (z) is not defined at zero 
eccentricity; thus the invariance property requires an infinite foveal representation. The 
addition of a constant to the mapping function w = log (z + a) is used to match the 
function to the curved boundary of the cortex at the fovea, as shown in Fig. 1 (c), but 
devices of this nature, in effect, disable the limited invariance property of the mapping. 
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Figure 2. On the left, a retinal spherical coordinate system specified in terms of visual eccentricity and polar 
angle is projected into the picture plane showing the major meridia and semi-circular iso-eccentricity 
contours. On the right, the spherical coordinate system is projected onto a plane parallel to the line of sight. 
This lateral projection and the cortical map [Fig. I (a) have the same basic features. The vertical meridia form 
the major boundary, iso-eccentricity contours project onto straight lines and eccentricity increases from right 
to left as drawn. 

Difficulties in the discussion of the retino-cortical mapping appear to arise if the 
retinal visual field map is projected onto the picture plane. We habitually conceive of 
visual space projecting onto the back of the eye, but the retina is hemi-spherical; the 
nasal visual field projects onto the side of the eye. A projection of the retinal visual field 
map onto a plane parallel to the line of sight has the same basic topography as the 
conventionally drawn cortical map (Fig. 2). The striate topographic map can be 
derived by stretching retinal space along the optic axis in a manner described by the 
cortical magnification factor. I will refer to visual-field maps with this orientation as 
lateral-aspect visual-field maps and the picture plane map as a pictorial-aspect visual- 
field map. 

We are aware that relative distances along the retinal surface are preserved in a 
mapping of the retina onto a spherical surface in visual space but what might be 
preserved in a mapping of striate cortex onto an environmental surface? Epstein (1984) 
drew a regular coordinate system on the surface of cat striate cortex and projected the 
grid onto a plane, with the assumption that the cat was standing on that planar surface 
and fixating at some distance along the surface. Interestingly, the projected grid had 
blocks of approximately equal area along the lower vertical meridian. Thus the retino- 
cortical mapping might compensate for the scaling and foreshortening caused by the 
projection of an extended surface like the ground onto the upper vertical meridian of 
the retina, giving equal weight at the cortex to equal distances along the environmental 
surface. 

THE LINEAR CORTICAL MAGNIFICATION FUNCTION 
We can now test the above proposal for the primate. We want to show a constant 
proportional relationship between distance along a surface at some angle to the line of 
sight and distance along a meridian of striate cortex. However, cortical magnification 
data are usually expressed in a derivative form (mm/deg); distance along the cortex is 
given relative to a change in visual eccentricity. To find a comparable spatial function 
to the cortical magnification function, we want to express distance along an 
environmental surface at some angle to the line of sight, directly, as a function of 
degrees of visual eccentricity subtended by the surface segment, and then differentiate 
with respect to eccentricity. 
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Figure 3. A linear strip XY at an angle a to the line of sight. The origin is at the nodal point of the lens of the 
eye. A point P (x, y) on the surface is at some eccentricity E in the visual field and at a distance s from X. 

From Fig. 3 

Therefore 

whence 

Differentiating with respect to E, we have 

This spatial density function S(E) is the rate of change of surface extent with respect to 
angular subtense for a linear surface strip which intersects the line of sight. 

A proportional relationship between distance along striate cortex and distance along 
some surface extended in space can exist if we can find an inverse spatial density 
function (in deg/s', where s' is a unit of surface distance) which is proportional to the 
inverse cortical magnification function (in deg/mm): 

If this relationship holds, distance along an environmental surface is related to distance 
along the surface of visual cortex by a constant factor (k in s'/mm) determined by 
cortical dimensions and the total extent of the surface in question. To test the 
relationship we can attempt to fit an inverse spatial density function to inverse 
magnification data by varying the angle of incidence parameter (oc) and a 
multiplicative constant. 

Measurements of primate linear inverse cortical magnification were collated from a 
variety of sources (Talbot and Marshall, 1941; Daniel and Whitteridge, 1961; Hubel 
and Wiesel, 1974; Guld and Bertulis, 1976; Dow et al., 1981). A fit to the inverse cortical 
magnification data (Fig. 4) was derived from the inverse spatial density function by non- 
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Figure 4. Inverse magnification data from a number of studies of primate striate cortex are plotted against 
retinal eccentricity. The data from Talbot and Marshall (1941) (triangle), Hubel and Wiesel (1974) 
(oblique crosses) and Dow et al. ( 1 98 1 ) (square crosses) are all from the macaque monkey. The data from Guld 
and Bertulis (1976) (diamonds) are from the vervet monkey and the Daniel and Whitteridge (1961) data 
(squares) are from a mixture of macaque, vervet and baboon. The raw data from Dow et ul. (1981) were 
averaged separately for the two monkeys used in the study. The line drawn through the points is the 
magnification function derived from the spatial density equation 

where E and M-' are expressed in degrees and degrees per millimetre respectively. 

linear regression (Optimise in Genstat 4.04, Lawes Agricultural Trust, 1983). Means 
were weighted with respect to single data points (those of Daniel and Whitteridge) by a 
ratio of two to one. 

The spatial density proposal can be compared with other fits to the same data set 
(Dow et al., 1981 ; Schwartz, 1983). The Dow et al (1981) equation provides a good fit to 
the data set since it is empirically determined and employs four parameters. However, 
the equation they provide is not defined for 0° of eccentricity and provides very high 
estimates for foveal magnification. At 1 min arc of eccentricity cortical magnification is 
given as 76.6 mm/deg. The equation provided by Schwartz (1983) for this data set also 
gives a high M(0) value of 25 mm/deg. The spatial density fit derived here gives a value 
of 8.53 mm/deg for M(0) which is closer to the value of 13 mm/deg suggested by Van 
Essen et al. (1984) and to the value of 12 mm/deg given by Guld and Bertulis (1976). 
Dow et al. (1985) report a maximum value for foveal magnification of 25 mm/deg in one 
macaque monkey and 14 mm/deg in a cynomolgous monkey. Differences in these 
estimates for foveal magnification may be accounted for in part by the substantial 
variation in cortical dimensions between different brains (690-1560 mm2 for the 
macaque; Van Essen et al., 1984) and we should also note that measurements of foveal 
magnification are intrinsically more susceptible to experimental error because large 
cortical displacements correspond to small displacements in visual field location and 
undiscovered translations of the V 1- V2 border are possible. 

The data in Fig. 4 are from a range of species and a number of experiments which 
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Figure 5. Inverse cortical magnification data for the squirrel monkey from Rolls and Cowey (1970). The fit 
utilizes the magnification function derived above (a = 7.2; M(0) = 4.767). 

have used different techniques and which have concentrated on different segments of 
the visual field. In Fig. 5 average inverse magnification data from Rolls and Cowey 
(1970) are redrawn for the squirrel monkey. The data are fitted using the magnification 
function developed above. A close fit to the data supports the proposal that a direct 
relationship can be established between the environmental and cortical surfaces under 
examination. 

VISUAL ACUITY AND ECCENTRICITY OF VIEW 
Visual resolution is poorer in the periphery. Daniel and Whitteridge (1961) showed that 
the relative change in visual acuity with eccentricity in man corresponds well with the 
change in cortical magnification found in their study though the relationship need not 
be causal. A further study (Cowey and Rolls, 1974) employing information about 
cortical topography in man (Brindley and Lewin, 1968) confirmed the relationship 
between acuity and cortical magnification. On the basis of this work we should expect 
the spatial density function derived here to give rise to an acceptable fit to the change in 
visual acuity with eccentricity. Relative acuity data from Wertheim (1894) and 
Weymouth (1928) are redrawn in Fig. 6. As in Fig. 4 data for all meridia are taken 
together. A good fit to the data is achieved, though the angle of incidence parameter 
(8.87 deg) is slightly greater than for macaque (5.98 deg) and squirrel monkey (7.2 deg) 
inverse magnification. This difference may be reflected in cortical topography in man 
because of the relationship between acuity and inverse cortical magnification (Cowey 
and Rolls, 1974). We can conclude that for a uniformly structured environmental 
surface strip placed at approximately 9 deg to the line of sight the limit of resolution can 
be expressed as a distance along the surface independent of its visual field location. 

Having shown that the variation in cortical magnification and visual acuity with 
eccentricity allows for uniformity in the analysis of a surface strip at around 6-9 deg to 
the line of sight, the analysis of the relationship between cortical and environmental 
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Figure 6. Relative minimum angle of resolution (MAR) as a function of eccentricity. Data within 2 deg of 
eccentricity are from Weymouth (1928) and the data from 2 deg eccentricity are from Wertheim ( 1 894). Data 
from the temporal field (square crosses) nasal field (circles) and from the upper (oblique crosses) and lower 
fields (squares) are plotted separately. The data are fitted by the equation 

surfaces can be developed by considering the three-dimensional shape of the striate 
cortical map in the macaque and its environmental associate. 

THE ECO-CORTICAL REFERENCE FRAME 
The linear cortical magnification function is approximately invariant for all meridia in 
the visual field (Daniel and Whitteridge, 1961); anisotropies found in individual brains 
tend not to be systematic (Van Essen et al., 1984). Although two-dimensional maps 
provide a useful global view of cortical topography, there is an inevitable loss of 
symmetry: a three-dimensional map is necessary if the cortical representation of all 
meridia are to be the same length, and for the orthogonal relationship between iso- 
polar and iso-eccentricity contours on the cortex, characteristic of the lateral-aspect 
representation of the visual field. The requirement for a three-dimensional model was 
understood by Daniel and Whitteridge (1961) who constructed a wire and latex 
topographic map of monkey striate cortex on the basis of their linear magnification 
data, with the additional observation that magnification is locally isotropic. Rovamo 
and Virsu (1984) provide a mathematical formulation of the procedure. 

Figure 7 shows a lateral-aspect projection of the three-dimensional map computed 
using the Daniel and Whitteridge procedure and the linear magnification function 
derived here (Fig. 4). The computer-generated surface is radially symmetric along a line 
in the projection plane passing through the foveal region of the cortical map. The 
cortical area of the model at 1454 mm' is at the higher end of the range (Van Essen et al., 
1984). There are some differences between the computer-generated surface and the 
Daniel and Whitteridge model. The model derived here is less pointed in the foveal 
region than that of Daniel and Whitteridge, as is the two-dimensional map of Van 



327 

Figure 7. An orthographic projection of a theoretical three-dimensional topographic map for macaque 
striate cortex derived from the inverse magnification function in Fig. 4. The three-dimensional map is radially 
symmetric around a line in the projection plane passing through the foveal projection. 

Figure 8. (a) Shows an orthographic projection of the theoretical three-dimensional map of visual striate 
cortex in the macaque monkey. A regular coordinate grid has been drawn on the surface of the map by 
partitioning iso-polar contours into six equal divisions and by partitioning iso-eccentricity contours into 
four equal divisions to provide the major meridia and bi-meridional contours. In (b) a conic environmental 
frame, which preserves relative distances along iso-polar contours, has been drawn in orthographic 
projection. In (c) the apex of the frame is swung away from the reader and shown in perspective projection. (d) 
Places the reader at a point of observation in line with the hypothetical observer. It may be noted that a view 
of the reference frame in perspective projection (d) is similar to the retinal grid drawn in Fig. 1. The dotted line 
picks out an iso-eccentricity contour in the reference frame. 
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Essen et al. (1984). The 90 deg iso-eccentricity contour is very small in the Daniel and 
Whitteridge model but the margin of the far periphery is cleary represented in Fig. 7 
and in the Van Essen et al. map. 

In Fig. 8 the relationship between cortical and environmental surfaces is elaborated 
by drawing a regular coordinate system on the cortical surface and determining an 
environmental surface which preserves relative distances along iso-polar contours in 
the cortical map; an eco-cortical reference frame which will allow for translation 
between spatial relations in the environmental and cortical domains. In the macaque 
monkey a regular cortical coordinate system as drawn in Fig. 8(a) maps equal divisions 
along iso-polar contours onto a regular grid on a hemi-conic surface, depicted in 
Fig. 8(b, c and d). In Fig. 8(b) the concave reference frame is orthogonal to the reader. 
Below 8(b), the apex of the frame is swung away from the reader, through the position 
depicted in 8(c), to give a perspective view of the environmental frame from the 
viewpoint of the hypothetical observer in 8(d). The upper and lower bounds of the 
reference frame fall along the upper and lower vertical meridia in 8(d) and the central 
axis of the reference frame falls along the horizontal meridian. 

The reference frame has certain interesting properties. Unit translations along iso- 
polar contours in Fig. 8(a) correspond to unit spatial translations towards and away 
from the observer in the environment. Translations along iso-eccentricity contours in 
the cortical map lie in equidistant planes in the reference frame and oblique trajectories 
in the cortex either rise up towards or slope away from the observer. Though spatial 
relations in the cortex may allow an explicit representation of significant features of our 
three-dimensional environment, the reference frame is not situated in any absolute 
environmental location; it is a relative frame of reference. 

Having discussed the structural and geometrical properties of the retino-cortical 
mapping we can now consider whether this analysis of cortical topography and visual 
resolution presents us with a new functional approach to the role of visual cortex. The 
retino-cortical configuration appears to have particular advantages for the comput- 
ation of depth, distance and surface orientation. 

DISCUSSION 

Distance information for locomotion 
When walking, running or driving we have to look ahead to avoid disaster, yet be aware 
of our motion relative to the environment and the disposition of obstacles on the 
surface of support as they are approached during forward locomotion. Assuming 
parity between man and macaque, it follows from the present eco-cortical analysis that 
when looking at a point around ten eye heights away equal distances along the ground 
map onto equal distances along the lower vertical meridian in the striate cortical map. 
This finding supports Gibson's (1950) assertion that distance along the ground might 
be perceived directly but questions of scale remain. 

With the viewing conditions described above, a unit displacement forward generates 
a uniform translation of all isomorphic landmarks along the representation of the 
lower vertical meridian in the cortical map, providing a single value which describes the 
translation of the observer relative to the environment. Since relative distances are 
preserved in the mapping, the cortical map and the environment could be segmented 
using body-scaled metrics, like paces (Lee, 1980), allowing the cortical distance of an 
obstacle from the representation of the far periphery to be directly related to the body- 
scaled displacement along the surface of support required to approach it. 
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Studies of the disposition of the eye to the ground plane during locomotion could 
determine whether this particular relationship between striate cortex and the 
environment is utilized by the visual system. Important information about the 
environment and an observer's motion relative to the ground plane could be picked up 
by an active process of visual orientation (Johnston and Wright, 1986) but a more 
general approach to space perception would be required for the recovery of surface 
layout from optic flow or from surface structure. Since a description of a three- 
dimensional environment follows from a description of surface orientation (Marr, 
1982) we can begin by considering whether eco-cortical analysis suggests a novel 
approach to the more general problem of recovering surface orientation from surface 
structure. 

Surface orientation 
The usual construction of the surface orientation from surface structure problem 
requires the registration of textural primitives. Surface orientation is recovered from 
textural primitives with additional assumptions about the uniformity of surface 
structure. Stevens (1981) has discussed the difficulties in this approach. The alternative 
approach considered here highlights the relationship between spatial density gradients 
and visual resolution. 

We can ask whether the uniformity of surface structure might be detected rather than 
assumed. The crucial constraint on this problem is that a region on a surface can only 
be detected and represented as uniform if that region is uniformly resolvable. It follows 
from this that a picture plane surface can only be detected as uniform along concentric 
circles in the visual field. As a uniform planar surface is oriented away from the vertical, 
the projected size of surface features changes. Nearer surface features will be more 
readily resolved and more distant surface features will be more difficult to resolve. 
Contours of equal resolution will be nearer the fovea for distant surface features and 
further from the fovea for near surface features. With further rotation the planar surface 
will become tangent to the conic environmental reference frame and can be detected as 
uniform along a radial line in the visual field. The orientation of a uniform planar 
surface could be determined by the characteristic form of the equal resolution contours 
in the visual field. 

Note that a picture-plane surface will give rise to a uniform representation along iso- 
eccentricity visual field contours in the cortical map and a surface tangent to the 
environmental reference frame will give rise to a uniform cortical representation along 
a meridional visual field contour. Since equal resolution contours for picture plane and 
tangent planar surfaces take the form of conic sections in the pictorial visual field map, 
we might expect, given the discussion of resolution and the environmental reference 
frame, that equal resolution contours would, in general, take the form of conic sections. 
The relationship between conic sections in the visual field and cortical topography can 
be understood with reference to Fig. 8. A thorough analysis of the distribution of 
uniformities in the cortical representation in relation to surface structure could provide 
an understanding of monocular mechanisms involved in the recovery of the disposition 
of surfaces in the environment. 

Conclusion 
There is no need of recourse to homuncular arguments in this analysis. The cortical 
map is not a restatement of the retinal image or a 'distortion' but a spatial 
transformation which constitutes a stage in visual information processing. Vision is not 
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mediated by a uniformly resolvable, fundamentally occluded, two-dimensional 
pictorial image. The retina, though locally flat, is a globally three-dimensional, variable 
resolution, panoramic receptive surface. Retinal space is stretched at the cortex to 
emphasise the lateral projection of the visual field, offering a fundamental relationship 
between neural surfaces and the layout of surfaces in a three-dimensional environment. 
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