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The small compound eyes of water fleas are usually regarded as unsophisticated,
with low visual acuity. Indeed this is true for the most common water flea, Daphnia
(Young & Downing, 1976). However, another species, Polyphemus pediculus, is a
visually guided predator (Ischtereyt, 1933). The cyclopic eye of Polyphemus is not
larger than that of Daphnia but it certainly appears more elaborated. Looking at the
pseudopupil, it is obvious that the interommatidial angles are different in different
regions of the eye. To reveal the extent of these regional differences, the inter-
ommatidial angles were recorded. This was done by mounting an animal in a gonio-
meter and observing the position of the pseudopupil while the goniometer was turned
(Horridge, 1977 a) (Fig. iA). The recorded co-ordinates can be characterized as
points on a spherical surface. Transforming this spherical surface to a flat map
inevitably introduces distortions in the angular pattern. Different chartographic
projections imply different types of distortions (see Deetz & Adams, 1945; Raisz,
1948; Strahler, 1969). After a thorough consideration, a stereographic projection,
named Wulff's network (Kleber, 1970), was chosen. This projection is conformal (true
shape) which entails that the packing geometry of visual axes is not altered (Fig. 1B).
Moreover, this projection covers a hemispheric field, which is large enough for
mapping an entire eye.

The eye map of Polyphemus reveals a zone of high acuity (fovea) in the central
upper part of the visual field. Here, the interommatidial angles are as small as 2°
(Fig. 2), which must be considered exceptional for an eye not more than 0-2 mm in
diameter. The fovea comprises about 20 ommatidia and the rest of the 130 ommatidia
are spread out on the map with increasing interommatidial angles towards the
periphery.

The interommatidial angles were correlated to the acceptance angles in the fovea
and in the periphery of the eye. Acceptance angles were estimated by measuring the
angular span in which an ommatidium remains in the pseudopupil. The pseudopupil
covers a small number of ommatidia, with the central ones black and the peripheral
ones brown. Only the black area was taken as the true pseudopupil, because the
brown colour probably originates from screening pigment. When plotting the accept-
ance angle on the map, care must be taken as to the scale magnification in the peri-
phery of the stereographic projection. To do this, the diameter of each circle was
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Fig. i. (A) Goniometer recording and (B) Wulff's network. In (A) the eye (not drawn in the
figure) that is mounted in the centre of the goniometer is viewed by a microscope objective.
A presumed sphere with an angular grid is drawn to show the correlation between recording
and plotting. The eye itself need not be spherical if it is much smaller than the distance to the
observing objective, as it is the eye's visual axes and not its surface that is recorded. The
a-axis is turned along meridians and the yff-axis along parallels. (B) Wulff's network with
parallels and meridians drawn for each io°. A symmetric and equally spaced hexagonal
pattern is plotted at three locations.

multiplied by a factor corresponding to the scale magnification at the actual distance
from the centre of the map. Projection geometry (see Kleber, 1970) proves that the
linear distance from the centre of the map can be expressed as a function of the
angular distance from the centre, by the equation

d, = tan \y, (r)

where ds is the linear distance from the centre, expressed as a factor of the map
radius, and 7 is the angular distance from the centre. The magnification (change in
scale) is then revealed by the derivative equation (1):

F =
i + cos 7

where F is the scale magnification at the angular distance 7.
Using equation (2) it is possible to calculate the proper diameter of each circle

irrespective of its localization on the map, by multiplying the diameter it should have
at the centre of the map by the factor F. The scale at the centre can be determined by
equation (1) once the size of the complete map hemisphere has been decided.

Acceptance angles from two places in the eye were introduced in the map, according
to the above principles. It is revealed that the acceptance angles correlate nicely with
the interommatidial angles, and the visual overlap is approximately the same in the
fovea and the periphery.

A detailed study of the optics and anatomy of the Polyphemus eye will be given
(D-E. Nilsson & R. Odselius, in preparation). Beside the present findings on the
Polyphemus eye, stereographic mapping has proved to be a suitable method for large
field representation of visual axes in compound eyes.
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Fig. 2. Hemispherical mapping on Wulff's network of the cyclopic eye of Polyphemus pediculus.
The parallels and meridians in Wulff's network can easily give an illusion that the projection
is different for different directions. To avoid this, the net is removed leaving only the vertical
and horizontal axes which are given the angular scales. The map is centred around the front
of the animal. As it is a freshwater animal, it was immersed in water during the measurement.
The dark pseudopupil of the eye was- used to detect the optical axes. Each dot represents the
optical axis of one ommatidium. The map reveals an extreme fovea with relatively high
acuity and a rapidly decreasing acuity towards the periphery of the visual field. The acceptance
angles are plotted for two foveal and two peripheral ommatidia.

An angular map of ommatidial visual axes reveals the nature of an acute zone as
well as quantifying the spatial resolution in any part of the visual field. Angular maps
can also be used for plotting Airy discs (Snyder, 1977; Horridge, 1978), acceptance
angles (Young & Downing, 1976; Mimura, 1981), neurone receptive fields (Swihart &
Schiimperli, 1974) and visual fields of entire eyes (Hughes, 1979; Kuster & Evans,
1980).

The following points summarize the advantages of Wulff's network. (1) It retains
the shape of the receptor optical packing pattern (for compound eyes; packing
pattern of ommatidial axes). (2) It enables accurate plotting of circles such as Airy
disc circles on the map. (3) It gives full control over the distortion (scale magnifi-
cation) as it is uniform in all directions from the centre. This property is essential to
assure that the map distortions are not interpreted as regional differences in the eye.

urther, all the above properties are valid for the entire hemisphere.
a single receptive field is to be plotted on a map, the small angular span makes
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chartographic projection unnecessary. For maps not larger than + 200 on both ^
an ordinary cartesian co-ordinate net will suffice. The principle described in this wo
was developed to cope with the special problems that arise with large field mappings.

If the measurements are restricted to one dimension (following a straight line)
(Rossel, 1979), and if the recording is made along a great circle (i.e. a meridian or the
equator), the mapping is completely free of distortions. Therefore, it is essential not
to do line-mappings by turning the inner (/?) axis of a tilt-tilt goniometer when the
outer (a) axis is not in zero position (see Fig. 1).

In a number of publications (Horridge, 1977 a, b, 1978, 1980) a two-dimensional
map is constructed by plotting more than one line-map onto a cartesian co-ordinate
system. The resulting map is accurate along the lines (if recorded according to the
criteria above), but the rest of the map is undefined.

Clarkson (1966, 1969) demonstrated the visual sampling of fossil trilobites on an
angular grid, called the Lambert equal-area net. This projection is circular and covers
a hemisphere. It resembles Wulff's network, but differs by being equivalent (true
area) instead of conformal (true shape). The Lambert equal-area net cannot therefore
correctly represent the packing geometry of visual axes. Furthermore, circular fields
of centre in this projection are represented as ellipses, making the mapping procedure
inconvenient.

We are greatly indebted to Prof. Rolf Elofsson for critically reading the manuscript
and Miss Ylwa Andersson for typing it. The investigation was supported by a grant
from the Swedish Natural Science Research Council (no. 2760-104).
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