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Abstract-There are neurons in the cortex in the anterior part of the superior temporal sulcus of the 
macaque monkey with visual responses which would be useful for face recognition (Rolls, 1984; Baylis 
et al., 1985). To analyze further the information which leads them to respond, their responses were 
measured to parametrically filtered stimuli. The responses of 48 such single neurons were measured to 
faces which were digitized and were bandpass spatial frequency filtered. The octave width bands were 2-4. 
4-88-16, 16-32, 32-64 and 64-128 cycles per image. It was found that the neurons could respond well 
to single octaves of the spatial frequencies normally present in faces, that the most effective bands were 
4-8,8-16 and 16-32 cycles per face (cpf), and that the bands 24 and 32-64 cpf were partly effective. In 
investigations of whether the responses of the neurons to an unfiltered face, and to low-pass and high-pass 
filtered images could be predicted by linear addition of their responses to each of the octave bands shown 
separately, it was found that the majority of the neurons were non-linear, and responded much less than 
predicted. It was also shown that this occurred even when the contrast was reduced to 0.25 of that 
normally present in a face, so that the result was not due just to a ceiling effect of the maximum firing 
rate. These results help to define parametrically the aspects of the information normally present in a face 
which are sufficient to produce responses of these neurons to them, and show that linear operations cannot 
account for information processing in this part of the visual system. 
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INTRODUCTION 

A small proportion of the neurons in the tempo- 
ral lobe visual cortex which respond to visual 
stimuli have responses which occur primarily to 
faces (Gross et al., 1972; Bruce et al., 1981; 
Perrett et al., 1982; Rolls, 1984; Desimone et al., 
1984; Baylis et al., 1985). The responses of 
these neurons to faces (real or projected, human 
or rhesus monkey) are selective in that they are 
2-10 times as large to faces as to gratings, 
simple geometrical stimuli or complex 3-D ob- 
jects. The responses to faces are excitatory, 
sustained and are time-locked to the stimulus 
presentation with a latency of between 80 and 
160 msec. The cells were unresponsive to audi- 
tory or tactile stimuli and to the sight of arous- 
ing or aversive non-face stimuli (Perrett et al., 
1982; Rolls, 1984; Baylis et al., 1985). It was 
suggested that these neurons are part of a 
system specialised to code for faces or features 
present in faces. It is possible (see Rolls, 1981a,b, 
1984) that damage to this system is related to 

prosopagnosia, or difficulty in face recognition, 
in man (Meadows, 1974; Whitely and War- 
rington, 1977; Benton, 1980; Damasio et al., 
1982) and to the tameness and social dis- 
turbances which follow temporal lobe damage 
and are part of the Kluver-Bucy syndrome in 
the monkey (Kluver and Bucy, 1939; Kling and 
Steklis, 1976). Consistent with these possi- 
bilities, it has been found that at least some of 
these neurons respond differently to different 
faces, so that they could provide information 
useful for recognition or for eliciting different 
emotional and social responses to different indi- 
viduals (Baylis et al., 1985). 

In order to analyze further the information 
which leads these neurons in the cortex in the 
superior temporal sulcus to respond, their re- 
sponses have been investigated to faces in which 
defined amounts of information had been para- 
metrically varied by spatial frequency filtering 
(Rolls et al., 1985). Lowpass and highpass spa- 
tial frequency filtered stimuli were used. It was 
found that many of the neurons could respond 
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to blurred images of faces, with a mean half- 
maximum amplitude of the neuronal response 
to the series of lowpass filtered images of faces 
at 3.3 cpf. Almost all the neurons had lowpass 
cutoff frequencies defined in this way below 
8 cpf. Many of the neurons could also respond 
to images of faces in which the only information 
remaining was a limited amount of high spatial 
frequency edge information. The mean half- 
maximum amplitude of the neuronal response 
to the series of highpass filtered images of faces 
was 29.7 cpf. Almost all the neurons had high- 
pass cutoff frequencies above 8 cpf. Thus, many 
of the neurons could respond to a lowpass and 
a highpass filtered image of a face even when 
these had no spatial frequencies in common. A 
comparison which suggests that these neurons 
are related to face perception is that face recog- 
nition in man can be performed with lowpass 
filtered images which contain only information 
up to 8 cpf, or with highpass filtered images 
which contain only information down to 8 cpf 
(Fiorentini et al., 1984). 

The response of the neurons was not always 
a smooth function of frequency, but could 
decrease as higher frequencies were included in 
the lowpass filtered images of faces, or as low 
frequencies were included in the highpass 
filtered images of faces (Rolls et al., 1985). This 
suggests that information in certain frequency 
bands was able to inhibit these neurons. This 
was particularly likely to occur for the non- 
optimal face stimulus for a given neuron, indi- 
cating that the selectivity of these neurons to 
different faces was a combination of the ex- 
citation produced by some information in faces 
and inhibition produced by other. 

In the experiments described here, the re- 
sponses of these neurons in the cortex in the 
superior temporal sulcus with responses selec- 
tive for faces were measured to band-pass spatial 
frequency filtered faces, and to combinations of 
different pass-bands of spatial frequency. The 
widths of the band-passed stimuli were one 
octave. The experiments had two main aims. 
The first was to analyze in more detail than was 
possible with the low-pass and high-pass filtered 
images of faces (Rolls et al., 1985) the im- 
portance of small regions of the spatial fre- 
quency spectrum normally present in faces in 
the responses of these neurons to faces. For 
example, with the low-pass filtered stimuli, it 
was found that the majority of the neurons 
responded well when frequencies up to 8 cpf 
were present, but as the band 4-8 cpf was 

always shown in combination with the bands 
24 and l-2 cpf, it was not clear to what extent 
the responses were due to the 4-8 band, or were 
due to a combination of the frequencies l-8 cpf 
(Rolls et af., 1985). This could be investigated 
with octave band-pass filtered stimuli. as de- 
scribed here. The aim was to investigate quan- 
titatively using parametric variation of the 
stimuli the information in faces which IS 
sufficient to activate these neurons. The second 
aim was to investigate whether the responses to 
a combination of bands of the spatial fre- 
quencies present in faces could be predicted 
from a linear addition of the responses of the 
neuron to each of the bands of frequencies 
presented separately. (It may be noted that on 
this model a smaller response to a combination 
than to some of the components presented 
separately might result if one or more of the 
components presented alone produced in- 
hibition.) The combinations were provided both 
by specially prepared combinations of some of 
the band-pass spatial frequency filtered images, 
and by low-pass and high-pass spatial frequency 
filtered images of faces, which are also of course 
combinations of some of the octave band-pass 
filtered images. The aim was to investigate the 
responses of these neurons at the contrast levels 
normally present in faces to test the utility of 
computations by the brain in the spatial fre- 
quency domain under normal viewing condi- 
tions. 

METHODS 

Recording techniques 

The activity of single neurons was recorded 
with glass-insulated tungsten microeltctrodes 
(after Merrill and Ainsworth, 1972, but without 
the platinum plating) in 3 alert macaque mon- 
keys (1 Macaca mulatta and 2 Macaca ficicu- 
laris) (weight 3.5-4.8 kg) seated in a primate 
chair using techniques that have been described 
previously (Rolls et al., 1976). The action poten- 
tials of single cells were amplified using tech- 
niques described previously (Rolls er al., 1979), 
were converted into digital pulses using the 
trigger circuit of an oscilIoscope, and were anal- 
ysed on-line using a PDPll computer. The 
computer collected peristimulus rastergrams of 
neuronal activity for each trial and displayed, 
printed and stored each trial, as well as com- 
puting the peristimulus time histogram by sum- 
ming trials of a given type. To facilitate latency 
measurements, the cumulative sum distribution 
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was calculated from the sum per$imulus time 
histogram. For each trial the n&tber of action 
potentials offing in a 500 msec period (and a 
250 msec period) starting 100 msec after the 
stimulus onset was printed. This period was 
chosen because the neurons studied responded 
to visual stimuli with latencies just greater than 
100 msec, and the monkeys ~ons~st~tly fixated 
the stimuli for this period. Fixation of the 
stimuli was confirmed using permanently im- 
planted silver/silver chloride electrodes for 
electro-oculogram recording. The EUG record- 
ings provided eye position with an accuracy of 
l-2 deg, and were sampled by the computer 
every 10 msec and saved with t 
tials for each trial. Data from trials during 
which the monkey was not already fixating the 
screen when the stimulus was switched on or 
during which eye movements of more than 3 deg 
occurred in the first 600 msec (while the firing 
rate was being measured) were rejected+ 

X-radiographs were used to locate the posi- 
tion of the ~croe~~~tro~e on each r~ord~Rg 
track relative to permanently implanted refer- 
ence electrodes and bony landmarks. The posi- 
tion of cells was r~onst~~ted from the X-ray 
co-ordinates taken together with serial histolog- 
ical sections which showed the reference e’tec- 
trodes and micro-lesions made at the end of 
some of the mi~roele~trode tracks. Alternate 50 
and 25 pm sections were stained for cyto- 
architecture with cresyl violet and for myelo- 
architecture by the Gallyas method (Baylis et 
al., 1986). 

Stimulus presentation 

The visual stimuli were presented in one of 
two ways. First, stimuli were stored in digital 
form on a computer disk, and displayed on a 
video monitor (Microvitec) using a video frame- 
store ~~atrox QRGB 256). The resolution of 
these images was 256 wide by 256 high with 256 
gray levels. The monitor provided maximum 
and minimum luminances of 8.0 and 0.13 
foot-lam~rts resistively, and was adjusted 
internally for linearity to witlnin 3% using a 
photometer, The computer randomized the 
order of presentation of these stimuli, switched 
the stimuli on and ofT for each trial, and syn- 
chronized its data collection so that the stimulus 
was turned on at the start of the 21st bin of the 
peristimulus time histogram. This method al- 
lowed ~umplet~~y standardize and ~~dQrniz~d 
presentation of quantitatively specified visual 
stimuli, and allowed image processing tech- 

r&@es such as spatid frequency filtering to be 
applied to the stimuli p&rented. The monitor on 
which the images were displayed was placed 1 m 
from the monkeys and subt~~ed 12 deg at the 
retina. 

Second, stimuli could be presented by the 
opening of a fast rise time (less than 15 msec), 
large aperture shutter (Compur Electronic 
5FM, 6.4 cm aperture) which opened for 1 .O set 
after a 0,5 set signal tone (400 Hz) provided to 
allow the monkey to fixate before the shutter 
opened. The stimufi were presented against a 
uniform background (a large white screen). This 
method allowed the presentation of three- 
dimensional stimuli such as real faces and 3-D 
objects which differed along a wide range of 
parameters such as size, shape, and color, and 
also allowed 2-D stimuli such as photographs of 
a wide range of faces to presented. 

The monkeys performed a visual discrimi- 
nation task during the testing to ensure that 
they looked at the stimuli, If any stimulus other 
than a square appeared (such as a grating, a 3-z) 
object, a face, or circle), then if the monkey 
licked he obtained fruit juice (i.e. all stimuli 
except the square were treated as positive dis- 
criminative stimuli, S + ). If a square of the same 
area and luminance as the circle, the negative 
discriminative stimulus (S - ), appeared the 
monkey had to ~thhold licking in order to 
avoid aversive hypertonic saline. A 0.5 set signal 
tone (400 Hz) preceded the presentation of the 
stimulus, and if the monkey was fixating car+ 
rectly before the stimulus appeared, he bad 
sufficient time to perform the discrimination 
and obtain multiple licks of the fruit juice tube 
in the short (1.0 set) period in which the stimu- 
lus was on, This pr~ure was desired to 
ensure fixation of the stimuli (Rolls et al., 1979). 
The order of presentation of the stimuli was 
randomized. The EOG recordings confirmed 
that this procedure resulted in consistent 
fixation of the stimuh. 

When digitized visual stimuli were being 
assented on the video monitory one set of 4-12 
visual stimuli was used at a time. Each set of 
stimuli was designed to provide neuronal re- 
sponse data relevant to one or several hypothe- 
ses, For ~xarn~~~, one set in~lud$d 5 different 
faces, to test whether the neuron responded 
differently to different faces, and some non-face 
stimuli such as a sine wave grating, a boundary 
creature descriptor, and a complex visual im- 
age (see Baylis et al., 1985, Fig. I), to provide 
an indication of whether the neuron responded 
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differently to face and to non-face stimuli. An- 
other set included octave band-pass images of a 
face, and another set low-pass and high-pass 
filtered images of a face. The computer random- 
ized the sequence in which the members of the 
set were presented, and after it had presented 
the sequence once, it restarted the set with 
another random sequence. The computer was 
allowed to repeat the set 4-10 times in order to 
provide sufficient data for an analysis of vari- 
ance in order to determine whether the neuron 
responded differently to the different stimuli 
within the set. After data had been collected on 
one set, the experimenter then started a different 
set. Within each set, S- trials appeared with a 
probability which was usually specified as 0.25, 
but could be reduced, and also blank trials on 
which an image set with the same gray level as 
the other images occurred with a probability of 
0.06. 

Visual stimuli 

Face stimuli. Photographs were prepared of 
macaque monkey faces (looking directly at the 
camera), and of human faces. The photographic 
negatives were digitized using a Scandig 3 
(Joyce-Loebl Ltd, Gateshead, U.K.) scanning 
digitizer of photographs, and stored in an image 
file with a resolution of 256 x 256 x 8 bits, 
ready for presentation on the Matrox QRGB 
256 framestore. The image processing was per- 
formed with the Semper image processing soft- 
ware package (Saxton and Koch, 1982) on a 
PDPl 1. All computations were performed with 
data in floating point format, to ensure accu- 
racy. The spatial frequency filtering was per- 
formed by a digital Fourier transform con- 
volution with filters circularly symmetric in the 
spatial frequency domain. The octave spatial 
frequency pass-bands were 2-4, 4-8, 8-16, 
16-32, 32-64 and 64-128 cpf. Several combina- 
tions of different pass-bands were also prepared, 
as shown in Fig. l(A-E). All these images for 
one face comprised a set of images, of which the 
members were shown repeatedly in random 
sequence. A separate set of images contained 
low-pass and high-pass filtered images of the 
same face. The cutoff frequencies of the low- 
pass filters were 2, 4, 8, 16, 32 and 64cpi (see 
Fig. 1). The cutoff frequencies of the high-pass 
filters were 4, 8, 16, 32 and 64cpi (see Fig. 1). 
In the frequency domain, the profile of the 
low-pass and band-pass filters was flat with a 
gaussian taper which occurred over two adja- 
cent frequency points (cf. Fig. 1 of Rolls et al., 
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1985). For the band-pass and high-pass filters 
the d.c. level was added to the filtered image in 
order to match the mean luminance to that of 
the original unfiltered image. As the face was 
adjusted to occupy the width of the image. the 
frequencies represent cycles per face (cp0. No 
adjustment was made to the contrast of the 
filtered images, as we wished to determine the 
contribution of the different frequencies present 
in a normal face to the neuronal response to 
that face. Examples of the computed filtered 
images used in this study are shown in Fig. 2. 
Each set of images included an unfiltered image 
of the face (the response to which is plotted at 
128 cpf for the low-pass point on graphs since 
the image resolution was 256 by 256. and thus 
the highest frequency represented in the digi- 
tized original was 128 cpi). The maximum con- 
trast achieved by the display system was 0.94, 
corresponding to gray level values of 255 and 0. 
The mean gray level value of all images was 127, 
and the standard deviation of the pixel range in 
each of the unfiltered faces was 45. 

Non-$zce stimuli. The responses of the cells 
were tested to a wide range of non-face stimuli, 
including sine wave gratings, boundary curva- 
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Fig. 1. The pass bands (shaded) of the low-pass and 
high-pass filtered images of faces, and of the combinations 

(A-E) of different octaves present in faces. 
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ture descriptors, complex 2-D images, and 
three-dimensional junk objects, as described 
previously (Baylis et al., 1985). 

Procedure 

As tracks were made into the cortex in the 
superior temporal sulcus, the responses of each 
neuron were measured to a standard digitized 
set of stimuli of different faces and of non-face 
stimuli (Baylis et al., 1985). If a neuron re- 
sponded to one or more of the faces, but to none 
of the non-face stimuli in the set, then a wide 
range of digitized and real 3-D non-face stimuli 
were shown, to determine whether the response 
of the neuron was selective for faces. The crite- 
rion was that the response to the optimal face 
stimulus should be more than twice as large as 
to the optimal non-face stimulus, and 
significantly different (P < 0.05). (In fact, for 
half these neurons, their response to the most 
effective face was more than five times as large 
as to the most effective non-face stimulus, and 
for 25% of these neurons, the ratio was greater 
than 10: 1, as shown by Baylis et al., 1985. These 
ratios show that while responding preferentially 
to faces, these neurons do not have absolute 
specificity for faces. Further information on and 
discussion of the extent to which these neurons 
have selective responses in given by Rolls, 1984 
and by Baylis et al., 1985.) If the neuron 
satisfied the criterion, then the octave band-pass 
series for the optimal face stimulus was run 
repeatedly until each image in the series had 
been shown 4-10 times (to allow statistical 
analysis of the results). Then other sets of 
images were shown, including a set of low-pass 
and high-pass images of the same face, and a set 
of octave band-pass filtered images of a non- 
optimal face. 

Treutmenf of results. For each cell measures 
of responses were calculated from the total 
number of action potentials occurring on each 
trial in the period 100-600 msec following stim- 
ulus onset. This period was chosen because the 
cells studied typically responded to visual 
stimuli with latencies just greater than 100 msec. 
Recordings of fixation usually confirmed that 
the monkeys fixated during this period of firing 
rate measurement, but trials with poor fixation 
were rejected from the analysis. 

Analyses of variance were then performed on 
the responses of each cell to the different stimuli. 
If a significant difference between the responses 
to the different stimuli was indicated, then sub- 
sequent multiple t, Tukey, and Newman-Keuls’ 

analyses (see Bruning and Kintz, 1977) were 
performed to determine how the different stim- 
uli differed in their efficacy. One analysis of 
variance was performed over the responses to a 
wide range of non-face and face stimuli, to 
determine whether a neuron responded 
differently to the face as compared to the non- 
face stimuli. Other analyses of variance were 
performed to analyse the differences of response 
to stimuli within one set, such as to different 
band-pass images of faces and combinations of 
these, and to low-pass and high-pass filtered 
images of the same face. In the figures, the mean 
firing rate and its standard error to each stimu- 
lus based on typically 4-10 presentations of the 
stimulus are shown. 

RESULTS 

It was possible to measure the responses to 
the octave band-pass spatial frequency filtered 
images of faces af 48 neurons. Examples of the 
responses of one neuron in rastergram and 
peristimulus time histogram form to the octave 
band-pass filtered images of a face are shown in 
Fig. 3. 

The mean responses of the population of 
neurons to the octave band-pass stimuli of 
optimal faces, and for comparison to non- 
optimal faces, are shown in Fig. 4. It is clear that 
large responses are obtained to some of the 
individual octaves present in a face, with the 
octaves 4-8, 8-16 and 16-32 being particularly 
effective, and 2-4 and 32-64 somewhat effective. 
[It may be noted that the median response of the 
neurons to the most effective octave of the 
optimal face stimulus was 30 spikes/set (inter- 
quartile range 23-36), with corresponding val- 
ues for the non-optimal face of 19 (12-28). The 
ratio of the response to the most effective octave 
in the non-optimal face stimulus to the most 
effective octave in the optimal face stimulus had 
a median of 0.71 (0.58-0.85).] 

The responses of 3 neurons to combinations 
of band-pass filtered images, to low-pass and 
high-pass filtered images of the same face, and 
to the unfiltered face are shown in Fig. 5. A 
comparison of the response to the unfiltered 
face with the responses to individual octaves 
shows that the latter can in some cases approach 
the magnitude of the response to the unfiltered 
face. To show whether the responses to the 
unfiltered face, to the combinations of octaves, 
and to the low-pass and high-pass images can be 
predicted by the response to a linear addition of 
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Fig. 3. Examples of the responses of one of the neurons to 
some of the stimuli used. Four peristimulus time ras- 
tergrams, and peristimulus time histograms based on 6 
presentations of the stimulus, are shown for each stimulus. 
The onset of the visual stimulus was at time 0. The bin width 

was IOmscc. 

the responses to individual octaves, the latter is 
also shown for the 3 neurons in Fig. 5 (open 
symbols). For two of these neurons (CiG332 and 
DDO89), it is clear that a linear addition of the 
neuronal responses to each octave separately 
produces a value which is greater than the 
actual neuronal response obtained. For one of 
the neurons (GG439) illustrated in Fig. 5, the 
neuronal response could be predkted approxi- 
mately from an addition of the responses to 
each octave presented separately. 

The results for the population of neurons 
tested are shown in Fig. 6(a), as the mean 

response obtained to the different low-pass and 
high-pass images, and to the combinations of 
octaves (normalized for each neuron to 100% as 
the response to the unfiltered face), and the 
mean response predicted from the responses to 
the octaves presented separately. It is clear that 
for the population as a whole, a much greater 
response was predicted than was obtained. The 
responses shown in Fig. 6(a) are with the 
optimal face stimulus. For comparison, the 
responses obtained when a non-optimal face 
stimulus was used are shown in Fig. 6(b). It is 
shown that the actual response obtained from 
the neurons was even less well predicted by a 
linear addition of the responses to single oc- 
taves, particularly near the center of the curve 
(i.e. with an unfiltered or little filtered face). This 
implies that with a non-optimal face stimulus, 
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Fig. 5. The responses (solid symbols) of three cells to the octave stimuli, to the combinations of octave 
sttmuh, and to the low-pass and high-pass filtered images of the same face. Also shown (open symbols) 
are the responses predicted from a linear addition of the responses to each of the octave stimuli presented 

separately. 

the response to the whole face results from 
processes different from addition, and it is 
suggested that in fact inhibition by part of the 
information present in a whole (unfiltered) face 
accounts for the lower response obtained to a 
non-optimal than to an optimal face stimulus. 

To provide an indication of the degree of 
non-linearity of each of the neurons, the devi- 
ation from non-linearity, estimated from the 
ratio of the mean response obtained with the 
unfiltered image to that predicted from linear 
addition of the responses to each octave is 
shown in Fig. 7(a) for the population of 38 
neurons for which this information is available. 
(To provide estimates with little variance for 
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each neuron, this ratio for each neuron was 
calculated from the actual and predicted re- 
sponses not only to the unfiltered face, but also 
to the LP64 and HP4 images, which are almost 
unfiltered.) It is clear that for the majority of the 
neurons, non-linearity occurred, in that the 
response to the unfiltered face and to the two 
most similar images from the LP and HP series 
was much less than that which was predicted by 
a linear summation of the response to each of 
the octaves. The results for Fig. 7(a) are for 
neuronal responses to the optimal face stimulus. 
For comparison, the results with a non-optimal 
face stimulus are shown in Fig. 7(b). It is clear 
that even lower levels of linearity were obtained, 
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Fig. 6.(a) The mean response obtained, and the mean response predicted, to the different images for the 
population of 38 neurons analyzed with optimal face stimuli, and (b) of 19 neurons analyzed with 
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consistent with the hypothesis that more than 
just linear summation, and in fact inhibition as 
suggested above, accounted for the lower re- 
sponses of the neurons to a non-optimal than to 
an optimal face. 

These experiments indicated that at normal 
contrast, the responses of the neurons to a face 
could not in most cases be predicted from the 
responses of the neurons to each octave con- 
tained in the face. However, it was possible that 
saturation had occurred, with a ceiling of firing 
rate produced as soon as two or three octaves 
were combined, resulting in non-linearity. In 
order to determine whether the responses of the 
neurons might behave more linearly at low 
contrast, the above experiments were repeated 
with all stimuli reduced to one quarter (or in a 
few cases to one eighth or one half) of the 
normal contrast. 

Examples of the responses of the neurons to 
the reduced contrast low-pass and high-pass 
filtered images of a face, and of the unfiltered 
face are shown in Fig. 8. It is clear that de- 
creasing the contrast did result in less satur- 
ation, in that there is a smaller range of stimuli 
for which the firing rate has reached a plateau. 
The result of this is that the frequencies at 
which the half-maximal firing rates occurred 
(called the cutoff frequencies here) shifted to- 
wards the centre of Fig. 8. That is, the low-pass 
cutoff frequency became higher, and the low- 
pass cutoff frequency became lower. This effect 
was found for the majority of the neurons 
tested, as shown by the comparison of the cutoff 
frequencies at normal and at low contrast in 
Fig. 9. 

It was possible to measure the responses of 10 
neurons to both the reduced contrast octave 
images and to the reduced contrast images of 
combinations of band-pass filtered images, of 
low-pass and high-pass filtered images of the 
same face, and of the unfiltered face. The re- 
sponses of one neuron (DD14 1) to the reduced 
contrast images of combinations of band-pass 
filtered images, of low-pass and high-pass 
filtered images of the same face, and of the 
unfiltered face are shown in Fig. 10, Also shown 
are the values of firing rate predicted from the 
neuronal response to each octave presented 
separately. It is clear that even at reduced 
contrast, it is not possible to predict the re- 
sponses to combinations of octaves from the 
response to each octave alone, although the 
neuronal response approaches linearity for a 
greater range than at high contrast. The nor- 

malized mean response found for the popu- 
lation of neurons analyzed and the predicted 
response is shown in Fig. 11. To provide an 
indication of the degree of non-linearity of all 11 
of the neurons at reduced contrast, the deviation 
from non-linearity, estimated from the ratio of 
the mean response obtained with the unfiltered 
image to that predicted from linear addition of 
the responses to each octave is shown in Fig. 12. 
(To provide estimates with little variance for 
each neuron, neuronal responses obtained to 
LP64 and HP4, and the predicted values, were 
used to give further estimates of the non- 
linearity, and the values from these data points 
are included in the estimate for the deviation 
from non-linearity of each neuron shown in Fig. 
12. This is the same procedure used for Fig. 7.) 
It is clear that for the majority of the neurons 
even at reduced contrast, non-linearity oc- 
curred, in that the response to the unfiltered face 
and to the two most similar images from the LP 
and HP series was much less than was predicted 
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Fig. 9. Low-pass (a) and high-pass (b) cutoff frequencies at 
normal and at reduced contrast. Each point represents data 
for one neuron. Inverted triangles: half contrast; circles: 
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Fig. 10. Example for one neuron of the responses to low 
contrast as well as to normal contrast images. The actual 
response obtained is shown by the closed symbols, and the 
predicted response by open symbols. Squares-low con- 

trast. Circles-high contrast. 

by a linear summation of the response to each 
of the octaves. 

It has been observed previously that for non- 
optimal face stimuli, there is in some cases 
inhibition of the neuronal response as more 
frequencies are added into a low-pass series of 
face images (Rolls et al., 1985). A corresponding 
finding occurs when a high-pass series includes 
more low spatial frequency information (Rolls 
et al., 1985). To investigate to what extent this 
effect might be predictable from the responses to 
the octave stimuli, the experiments described 
above were performed for some neurons with 
stimuli which were non-optimal for the neurons. 
An example of the results obtained from one 
neuron are shown in Fig. 13. To show whether 
the responses of neurons to a low-pass and 
high-pass series of faces might di&r if responses 
to optimal and to non-optimal face stimuli were 
measured, and whether these could be r&ted to 
the responses to octaves presented alone, the 
actual and predicted responses for optimal and 
non-optimal stimuli for the set of neurons tested 
in this way have been shown in Fig. 6(b), and 
the linearity of the set in Fig. 7(b). To analyze 
further whether some non-linear process makes 
it more difficult to predict the neuronal re- 
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sponses to a non-optimal than to an optimal 
face, the correlation between the predicted and 
the actual responses (calculated across the pop- 
ulation of neurons tested) to the optimal and 
non-optimal face stimuli are shown in Fig. 14. 
It is clear that in the central region of the figure 
(unfiltered and adjacent little filtered sttmuli) 
there is a smaller correlation between the actual 
and predicted response for the non-optimal than 
for the optimal face stimulus. Thus non-linear 
processes appear to contribute especially to the 
lack of response produced in these neurons by 
non-optimal face stimuli. 

The recording sites of the neurons from which 
this subpopulation was drawn are shown else- 
where (Baylis et al., 1987), and were in most 
cases in region TPO, TEa or TEm (see Seltzer 
and Pandya, 1978). 

DISCUSSION 

First, it can be seen from Fig. 3 that neurons 
can respond vigorously to images containing a 
very small proportion of the spatial frequency 
information normally present in a face. The 
most effective octave in many cases led to a 
response as great as that to the unfiltered face. 
The mean response of the population of neurons 
to the octaves 4-8, and g-16 cpf, was more than 
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Fig. 11. The mean response obtained (solid circles), and the 
mean response predii (open cireks), to the di!knt 
images presented at low contrast for the population of IO 

neurons analyzed. 
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Fig. 12. The proportion of the response obtained to an unfiltered face to that predicted from linear 
addition of the responses to each of the octaves presented separately, labelled as linearity, for the 

population of 10 neurons analyzed at low contrast. 

half that to the unfiltered face. Inspection of 
Fig. 1 shows that these neurons had half max- 
imal responses to very degraded stimuli. For 
each cell the spatial frequency tuning was deter- 
mined from the responses to individual octaves 
as follows. The response of the neuron to each 
octave was plotted at the geometric mean fre- 
quency on a logarithmic scale (in the same way 
as is shown for the whole population in Fig. 4). 
By linear interpolation on this scale the point at 
which the response dropped to half that to the 
most effective octave could be calculated. There 
are clearly two such points--representing low 
and highpass cutoff frequencies. The median 
and interquartile range of these frequencies for 
the optimal face stimulus was as follows. For 
optimal face stimuli the lowpass was 3.9 cpf 
(2.1-5.4), and the highpass was 24Scpf 
(18.3-37.1). Although derived somewhat 
differently, these estimates of the spatial fre- 
quency tuning of neurons with responses selec- 
tive for faces agree closely with those deter- 
mined by Rolls et al. (1985). 

Second, the spatial frequency tuning for non- 
optimal face stimuli was determined in the same 
way. The mean responses for the population are 
shown in Fig. 4. A similar pattern of response 
is seen to that to the optimal stimuli, and this is 
reflected in the values of highpass and lowpass 
cutoff frequencies. The lowpass had a median of 
3.8 cpf (1.3-4.6), and the highpass 26.4 cpf 
(16.4-65.1). There was no significant difference 
between the distribution of such values for the 
optimal and non-optimal stimuli (as shown by 
a Kolmogorov-Smirnov test). Thus the tuning 
of cells to individual octaves of the spatial fre- 
quency spectrum does not appear to depend on 
whether the stimulus was optimal for the 
neuron. 

Third, it is clear that the responses of most of 
these neurons to unfiltered faces or to combina- 

tions of spatial frequency bands cannot be 
predicted by linear addition of their responses to 
octaves of the spatial frequency information 
present in faces (see Figs 5-13). This is not just 
because the firing rate reaches a limiting high 
value, as shown by the observation that non- 
linearity occurred even with the low contrast 
images (see Figs 8-12), and at values of firing 
rate which were below those attained with the 
high contrast images (see e.g. Fig. 10). Never- 
theless, at low contrasts, the responses of the 
neurons were somewhat more linear than at 
high contrasts (cf. Figs 7 and 12). However, this 
result emphasises the point that linearity, for 
these neurons at least, is a property which is 
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Fig. 13. The responses (solid symbols) of one cell to the 
combinations of octave stimuli, and to the low-pass and 
high-pass filtered images of the same face+ which was 
non-optimal for the cell. Also shown (open symbols) are the 
responses predicted from a linear addition of the responses 

to each of the octave stimuli presented separately. 
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approached only at low contrast. That is, under 
normal viewing conditions even of a video 
image, which is by no means the highest con- 
trast or brightest image normally viewed by the 
visual system, there is clear evidence for non- 
linearity, and we believe that a linear approach 
to visual information processing in the spatial 
frequency domain could not work at this level 
of the visual system. The extent to which lineari- 
ty is a property which is found most clearly in 
earlier parts of the visual system (Campbell, 
1983; Andrews and Pollen, 1979; Kulikowski 
and Bishop, 1981; Kulikowski et al., 1982; 
Schiller et al., 1976; DeValois et al., 1982) only 
when contrast is very low (that is at contrasts 
which are below those at which the visual 
system normally functions) deserves consid- 
eration. Further, for the neurons at the level of 
the visual system described here, we note that 
even at low contrast, the responses of the neur- 
ons do not reflect linear operations in the spatial 
frequency domain (see Figs 8-12). 

It is shown in Fig. 14 that the correlation 
between the response predicted from a linear 
combination of the responses to individual oc- 
taves and the response actually obtained from 
the neuron was poorer for the non-optimal than 
for the optimal face stimuli. This difference was 
particularly prominent for the stimuli with little 
filtering, that it is those near the middle part of 
Fig. 14. This is consistent with the hypothesis 
that inhibition produced by information in 
some parts of the spatial frequency spectrum of 

‘“‘$4 I 4’4 24 16 

Lowpass U Hqhposs 

Fig. 14. The correlation between the response obtained and 
that predicted with optimal (solid symbols) and non-optimal 

(open symbols) face stimuli. 
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a non-optimal face contributes to the small 
response of that neuron to an unfiltered version 
of the non-optimal face, and that this inhibition 
can be detected once a neuron is responding, but 
is not evident relative to the spontaneous activ- 
ity of the neuron when that octave is presented 
alone. Indeed, in a number of cases a single 
octave presented alone led to an increase of 
firing rate of the neuron. but when added to 
another stimulus (such as a lowpass, or highpass 
image), led to a significant reduction (as tested 
by Neuman-Keuls analysis) in the firing rate, 
For example, in neuron DD236 the octave 
8-16 cpf produced a response of 16.0 spikes per 
set, but the effect of adding this to a lowpass 8 
image (thus making it a lowpass 16) was to 
reduce the firing rate from 48.6 to 26.4 spikes 
per set, suggesting that in this combination the 
octave 8-16cpf was inhibitory. A total of 7 
neurons (out of a total of 38, or 18%) showed 
this effect for optimal faces, and 1 1 / 19 (58%) for 
non-optimal faces. A chisquare test showed that 
such inhibition was more likely to occur for 
non-optimal than for optimal faces (x’ = 7.4, 
d.f. = 1, P < 0.01). The octaves at which such 
reversal was found for non-optimal faces were 
often those with high frequencies, as shown in 
Table 1. These results provide a further indi- 
cation that these neurons are not linear with 
respect to individual octaves. and that there is 
less linearity when the face stimulus is not 
optimal for the cell. 

In conclusion, in quantitative investigations it 
has been shown that these neurons can respond 
to simplified images of faces containing as little 
as one octave of the spatial frequency informa- 
tion normally present in a face. It has also been 
shown that the responses of these neurons can 
not be predicted by linear addition of their 
responses to each of the octave bands shown 
separately, and that this non-linearity was par- 
ticularly pronounced for responses to non- 
optimal faces. This indicates that at least part of 
the differential responsiveness of these neurons 

Table I Percentage (number) of cells show- 
ing reversal 

Octave Optimal face Non-optimal face 

O-2 0 0 
2-4 5.1 (2) 5.3 (1) 
4-8 7.7 (3) 15.7 (3) 
8-16 7.7 (3) 10.5 (2) 

1632 0 10.5 (2) 
32-64 0 21.0 (4) 
64-128 0 10.5 (2) 
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to different faces (Baylis et al., . 1985) W&S 

because of inhibition produced by information 
present in non-optimal faces. It also shows that 
linear operations are not used at this stage of the 
visual system, although of course it does not 
exclude the possibility that at earlier stages of 
the visual system there is linear spatial fre- 
quency processing, with its possible advantages 
for size and translation invariance. 
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