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time. A tuning curve for Vernier offset 
could also be obtained by flashing the 
targets on the receptive field. It seems pre
mature to claim that such results in cortical 
cells demonstrate a specific sensitivity for 
relative position when a simpler explana
tion based on sensitivity for absolute posi
tion is possible. 

In the case of cat retinal ganglion cells, 
experiments have revealed thresholds as 
low as I arc min for simple positional 
sensitivity and models based on linear 
summation account for these results4
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For monkey cortical cells our own 
measurements and theoretical predic
tions2 showed positional thresholds as low 
as 10-20 arcs. With the addition of a tem
poral component5

, these models also pre
dict the kind of results obtained by Swin
dale and Cynader in cortical cells. 

Indeed, all the current results for cor
tical cells in hyperacuity tasks are readily 
predicted from similar linear models of 
receptive field organization. There is good 
evidence that linear models can be applied 
to the spatial summation properties of cor
tical simple cells and to the linearly
summating subunits of complex cells 7-

9
. 

If a specific nonlinear mechanism for 
extracting relative position were to be 
demonstrated in cortical cells this would 
be highly significant, but present evidence 
indicates that cortical cells have thresholds 
in the hyperacuity range by virtue of essen
tially the same type of mechanism that is 
present in retinal ganglion cells. This simi
larity is reinforced by the recognition that 
the firing of a striate cortical cell is 
ambiguous in much the same way that 
the firing of a retinal ganglion cell is 
ambiguous. Changes of contrast, position, 
spatial frequency, orientation and direc
tion of drift are all effective in altering the 
firing rate of cortical neurons. 

For these reasons, it is also mistaken to 
conclude that the existence of cortical 
neurons with positional sensitivity in the 
hyperacuity range is an argument against 
the existence of a fine-grain spatial recon
struction10. Strictly speaking, current 
neurophysiological data do not address 
this question directly. Psychophysics has 
pointed to the importance of interpolation 
over a spatially-sampled luminance profile 
and to the necessity of constructing an 
exact signal for spatial location, but it is 
an open question whether this is accom
plished by the construction of a fine-grain 
spatial map or by other means . 

The most interesting feature of compar
ing the hyperacuity performance of retinal 
and cortical neurons is that the cortical 
transformation of information preserves 
very well the accuracy of the positional 
signals supplied by the retina, even though 
cortical cells acquire new forms of selec
tivity, such as orientation and binocular
ity. The existence of single neurons at 
several levels in the visual system with 
thresholds close to those of a psychophy-

sica! observer strikingly demonstrates the 
precision of organization of the early 
visual pathways and the high quality of 
the 'components' used for visual compu
tation. 
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SWINDALE AND CYNADER REPLY-It 
is obvious that the information required 
to make hyperacuity judgements must be 
present in the signals from the retina. As 
such judgements can be made for spots of 
light that stimulate only small numbers of 
retinal ganglion cells\ it is not surprising 
that absolute positional sensitivity in 
retinal neurons can be as good as the sensi
tivity to Vernier offset demonstrated 
behaviourly. The fact that calculated 
retinal positional sensitivities2

•
3 may be 

even higher than those needed to account 
for behavioural hyperacuity implies, as 
Martin suggested4

, that the limiting factors 
in hyperacuity are cortical and not retinal 
in origin. Thus it makes sense to study 
hyperacuity in the cortex and not, as 
Parker and Hawken would have us do, in 
the retina. 

Although retinal signals contain the 
information about absolute position 
required for hyperacuity judgements, such 
judgements involve comparisons of the 
positions of features that are further apart 
than the sizes of ganglion cell receptive 
fields5

• Furthermore, changes in the retinal 
position of the stimulus (caused for 
example by eye movements) during or 
between successive presentations, do not 
degrade acuitl. For both these reasons it 
is unlikely that a signal from the type of 
retinal detector hypothesised by Parker 
and Hawken will, on its own, be much use 
as a basis for a hyperacuity discrimination. 

The claim that our results are " readily 
predicted" from linear models of receptive 
field organization is not supported. We 
know of no theoretical predictions of the 
acuity of retinal or cortical neurons for 
moving Vernier stimuli. Our preliminary 
modelling indicates that linear summation 
within a simple cell's receptive field would 
produce tuning curves flatter than those 
observed, and the same is almost certain 

to be true for retinal cells. There is however 
experimental evidence for non-linearities 
of integration along the receptive field axis 
of simple cells6

-
8 which could increase the 

Vernier sensitivity of an otherwise linear 
cell. 

It is true that the firing rate of a cortical 
cell is an ambiguous signal but it is cer
tainly less ambiguous than the firing of a 
retinal cell, by virtue of the cortical cell 's 
feature selectivity. In any case, these 
ambiguities may not pose as serious a 
problem for relating cortical neuronal 
responses to psychophysics as one might 
suppose. In psychophysical experiments, 
potentially confounding variables such as 
the brightness, contrast, length and veloc
ity of the bars in a Vernier target are nor
mally kept constant, and it is possible that 
random variations in these parameters 
would indeed degrade performance. If 
such variations were present it might still 
be possible to disambiguate a response by 
combining signals from cells (for example, 
by subtracting the signals from cells with 
the same contrast sensitivity, but different 
Vernier sensitivities). 

There are other reasons besides our 
experimental results (or our interpretation 
of them) for supposing that a fine-grain 
representation of receptive field position 
is not a necessary prerequisite for explain
ing hyperacuity. One is that the receptive 
field sizes of the cells involved in such a 
representation will be no smaller than 
those of the more coarsely spaced fields 
of the cells that form the input. Their posi
tional sensitivities will be no greater than 
that of their inputs, and it is not clear how 
this extra stage would help the subsequent 
extraction of information about relative 
position. The other evidence is the lack of 
a neuronal substrate for a fine grain rep
resentation in the cat: there is no evidence 
for a layer of closely packed cells with 
small non-oriented receptive fields as there 
is in the monkey. Nevertheless, cats have 
hyperacuity. 
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