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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 selective for faces. One aim of the present study was to analyze 
further the information which leads them to respond, by measuring their responses to parametrically 
filtered stimuli. The responses of 32 such single neurons were measured to faces which were digitized, 
lowpass filtered at spatial frequencies of 2, 4, 8, . . . 128 cycles/face, highpass filtered at frequencies of 4, 
8,. .64 cycles/face, and presented in random sequence using a video framestore. It was found that many 
of the neurons could respond to blurred images of faces, with a mean frequency at half-maximum 
amplitude of the neuronal response to the series of lowpass filtered images of faces of 3.3 cycles/face. 
Almost all the neurons had lowpass cutoff frequencies defined in this way below 8 cycles/face. 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 info~ation. The mean frequency at half-maximum amplitude of 
the neuronal response to the series of highpass filtered images of faces was 29.7cycIes/face. Almost all 
the neurons had highpass cutoff frequencies above 8 cycles/face. Thus, many of the neurons could respond 
to a towpass and a highpass filtered image ofa face even when these had no spatial frequencies in common. 
The mean separation between the lowpass and highpass cutoff frequencies was 3.2 octaves. For 
comparison, face recognition in man can be performed with images which contain only information up 
to 8 cycles/face, or with highpass filtered images which contain only information down to 8 cycles/face. 
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. This indicates 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, indicating that the selectivity of these neurons to different faces was a combination of the 
excitation produced by some information in faces and inhibition produced by other. 

Face Recognition Face recognition Spatial frequency inferior temporal cortex Monkey 
Superior temporal suIcus 

INTRODUCTION 

A small proportion of the neurons in the temporal 
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; 
Desimone er al., 1984). We have described one such 
population (48 of 497 cells recorded) in the cortex in 
the superior temporal sulcus (Perrett et al., 1982). The 
responses of these neurons to faces (real or projected, 
human or rhesus monkey) were seIective in that they 
were 2-10 times as large to faces as to gratings, simple 
geometrical stimuli or complex 3-D objects. The 
responses to faces were excitatory, sustained and were 
time-locked to the stimulus presentation with a 
latency of between 80 and 16Omsec. The cells were 
unresponsive to auditory or tactile stimuli and to the 
sight of arousing or aversive non-face stimuli. The 
magnitude of the responses of the cells was relatively 
constant despite transformations such as rotation so 

*Present address: Department of Neuroscience, University 
of Florida College of Medicine, Gainesvihe, Florida, 
U.S.A. 

that the face was inverted or horizontal, and alter- 
ations of color, size or distance. Rotation to profile 
substantially reduced the responses of 21 cells. Mask- 
ing out or presenting parts of the face (i.e. eyes, 
mouth, or hair) in isolation revealed that different 
cells responded to different features or subsets of 
features. For several cells, responses to the normal 
organization of cut-out or line-drawn facial features 
were significantly larger than to jumbled controls. 
These findings indicated that explanations in terms of 
arousal, emotional or motor reactions, or simple 
visual receptive fields are insu~cient to account for 
the selective responses to faces and face features 
observed in this population of STS neurons. 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; Whiteley and Warrington, 1977; Benton, 1980; 
Damasio et al., 1982) and to the tameness and social 
disturbances which follow temporal lobe damage and 
are part of the Kluver-Bucy syndrome in the monkey 
(Kluver and Bucy, 1939; Kling and Steklis, 1976). 
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Consistent kvith these possibilities, it has been found 

that at least some of these neurons respond differently 
to diKerent faces. SO that they could provide informa- 

tion useful for recognition or for eliciting different 
emotional and social responses to different individu- 
als (Baylis et 01.. 19SS). 

The aim of the study described here was to analyze 
further the information which leads these neurons to 

respond by measuring their responses to faces in 
which defined amounts of information had been 

parametrically varied by spatial frequency filtering. 
For example, responses to a series of low-pass fre- 
quency filtered faces with different cut-off frequencies 

(i.e. faces with different degrees of blurring) showed 
the extent to which different neurons required fine 
detail in order to respond. as opposed to a blurred 
face in which the general configuration of features 

might be preserved but in which no high frequency 

information remained. Responses were also mea- 

sured :o a series of high-pass frequency filtered faces 
to determine the extent to which the edge information 
present in faces might represent sufhcient information 
for the responses of these neurons to occur. In 
addition to allowing analysis of the information on 

the basis of which these neurons responded, these 
experiments allowed comparisons to be made be- 
tbveen the spatial frequencies in faces to which these 

neurons responded and the spatial frequencies neces- 
sary for face recognition by humans. Thus Harmon 

and Julesz (1973; Harmon. 1973) have shown that 

frequencies below 10 cycles/face image are sufficient 
for humans to recognize faces to at least some extent. 
Fiorentini (‘1 nl., (2984) have extended this by show- 

ing that spatial frequencies above 8 cycles/face, as 
well as those below 8 cycles/face, are adequate for 

recognizing different individuals’ faces. It was thus of 
interest to compare the spatial frequencies important 

for the responses of these neurons with those im- 
portant for face recognition. 

In order to provide a completely standardized 

method of presenting a set of precisely spatial fre- 
quency filtered images repeatedly in a random se- 

quence. faces, together with a large range of non-face 
images, were digitized, spatial frequency filtered on a 
PDPl1 computer, stored on the computer disk, and 
loaded in random sequence in&o a video framestore 
ready for presentation on a video monitor on each 
trial. This method of stimulus presentation also 
allowed the responses of the neurons to be measured 
to sine wave gratings and to boundary curvature 
descriptors (see Schwartz er al., 1983), in order to 
provide evidence on whether these neurons could be 

activated by such stimuli varied systematically over a 

wide range of parameters. 

.METHODS 

Recording trchniques 

The activity of single neurons was recorded with 
glass-insulated tungsten microelectrodes (after 

&ierrtll and Xinsworrh. 197:. but uirhout the pl;lt- 

inum plating) in 3 alert macaque monkeys (Macaca 
mulatta) (weight 1.7-6.5 kg) seated in a primate chair 
using techniques that have been described previousI\ 
(Rolls er al., 1976). The action potentials of single 
cells were amplified using techniques described prs- 

viously (Rolls et ~1.. 1979). were converted into digital 
pulses using the trigger circuit of an oscilloscope, and 
were analysed on-line using a PDPI 1 computer. The 

computer collected peristimulus rastergrams of neu- 
ronal activity for each trial and displayed. printed 
and stored each trial. as well as computing the 
peristimulus time histogram by summing trials of a 

given type. To facilitate latency measurements, the 
cumulative sum distribution was calculated from the 
sum peristimulus time histogram. For each trial the 
number of action potentials occurring in a 500 msec 

period (and a 250msec period) starting lOOmsec 
after the stimulus onset was printed. This period was 
chosen because the neurons studied responded to 

visual stimuli with latencies just greater than 
IOOmsec. and the monkeys consistently fixated the 
stimuli for this period. Fixation of the stimuli was 
confirmed using permanently implanted silverisilver 
chloride electrodes for electro-oculogram recording. 
The EOG recordings provided eye position with an 

accuracy of l-2 deg. and were sampled by the com- 
puter every 10 msec and saved with the action poten- 
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 move- 

ments of more than 3 deg occurred in the first 
600msec (while the firing rate was being measured) 

were rejected. 
X-radiographs were used to locate the position of 

the microelectrode on each recording track relative to 
permanently implanted reference electrodes and bony 
landmarks. The position of cells was reconstructed 

from the X-ray co-ordinates taken together with 
serial 50~ histological sections which showed the 

reference electrodes and micro-lesions made at the 
end of some of the mi~roeiectrode tracks. 

The monkey’s behavioral reactions to the sight of 
the visual stimuli were monitored through a small 

hole in the side of the chair. 

Stimuh presentntiorz 

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 framestore (Matrox 
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 ft-L respectively, and was adjusted inter- 
nally for linearity to within 30/;, using a photometer. 
The computer randomized the order of presentation 
of these stimuli, switched the stimuli on and off for 
each trial, and synchronized its data collection SO tht 

the stimulus was turned on at the start of the 71st bin 
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of the pe~stimulus time histogram. This method 
allowed completely standardized and randomized 
presentation of quantitatively specified stimuli as 

diverse as sine wave gratings and faces, and allowed 
image processing techniques such as spatial frequency 
filtering and subregion extraction to be applied to the 
stimuli presented. Second, the stimuli were presented 
by the opening of a fast rise time (less than IS msec), 
large aperture shutter (Compur Electronic 5FM, 
6.4cm aperture) which opened for I.5 set after a 
0.5 set signal tone (400 Hz) provided to allow the 
monkey to fixate before the shutter opened. The 
stimuli 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 be presented. 

The monkeys performed a visual discrimination 
task during the testing to ensure that they looked at 
the stimuli. If a circle, the positive discriminative 
stimulus (Sf). appeared the monkeys could lick to 
obtain a fruit juice reward. and if a square of the 
same area and luminance, the negative discriminative 
stimulus (S-), appeared the monkey had to withhold 
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 
correctly before the stimulus appeared, he had 
sufficient time to perform the discrimination and 
obtain multipie licks of the fruit juice tube in the 
short (I .O or 1.5 set) period in which the stimulus was 
on. This procedure was designed to ensure fixation of 
the stimuli (Rolls er ul., 1979). If any other stimulus 
appeared (such as a grating, a 3-D object, or a face), 
then if the monkey licked he obtained fruit juice (i.e. 
all stimuli except the square were treated as St). The 
order of presentation of the stimuli was randomized. 
The EOG recordings confirmed that this procedure 
resulted in consistent fixation of the stimuli. 

When digitized visual stimuli were being presented 
on the video monitor, one set of 4-12 visual stimuli 
were used at a time. Each set of stimuli was designed 
to provide neuronal response data relevant to one or 
several hypotheses. For example, one set included 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 
curvature descriptor {see below), and a complex 
visual image (see Baylis et ol., 1985, Fig. I), to 
provide an indication of whether the neuron re- 
sponded differently to face and to non-face stimuli. 
Another set consisted of a series of low-pass and 
high-pass spatial frequency filtered images of one 
face. Another series consisted of sine wave gratings 
with different spatial frequencies, and another of 
boundary curvature descriptors (see below). The 
computer randomized 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 al- 
lowed to repeat the set b-10 times in order to provide 
sufficient data for an analysis of variance 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. 

Visual stimuli 

Face s~i~~ul~, Photographs were prepared of maca- 
que 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 performed with the Semper image processing 
software package (Saxton and Koch, 1982) on a 
PDPI I. All computations were performed with data 
in floating point format, to ensure accuracy. The 
spatial filtering was performed by a digital Fourier 
transform convolution with fitters circularly sym- 
metric in the spatial frequency domain. In the fre- 
quency domain, the profile of the low-pass and 
high-pass filters was flat with a gaussian taper (see 
Fig. I). The cutoff frequencies of the low-pass filters 
were 2, 4, 8, 16, 32 and 64 cyles,/image (see Fig. 1). 
The cutoff frequencies of the high-pass filters were 4, 
8, 16, 32 and 64 cycles/image (see Fig. I). For the 
high-pass filters the DC 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, these 
frequencies represent cycles/face. No adjustment was 
made to the contrast of the tittered images, as we 
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Fig. 1, The shapes of the six low-pass (a) and five high-pass 
(b) spatial frequency filters. 
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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. 7. 

Each set of images included an unfiltered image of the 

face (the response to which is plotted at 0 

cycles/image for the high-pass point and at 

125 cycles/face for the tow-pass point on graphs since 
the image resolution was 256 by 256. and thus the 

highest frequency represented in the digitized original 
was 128 cycies,‘image). (In the case of the images with 
two infants, the spatial frequencies at which points 
are plotted allows for two faces across the width of 
the image.) 

To determine the extent to which responses to 

parts of the face might be related to the spatial 
frequency tuning of a cell, parts of the face were 
presented in isolation or were blanked out. For each 

of several faces. series of such parts of faces were 
stored on disk, and the parts of one face were shown 
in random series as video images by the computer. 
The responses to these series of parts of a face were 

then compared to the responses of the neurons 
obtained in other series to low-pass and high-pass 
filtered images of the same face. 

Nan-face stimuli. The responses of the ceils were 

tested to a wide range of non-face stimuli. as follows. 
Sine-vacegratings: a set of sine wave gratings with 

spatial frequencies of 1-64 cycles/image and with 

orientations spaced a/4 radians apart was presented 
on the video monitor in random sequence. Each 

image subtended I2 deg at the retina. Boundary cur- 
L’LZW~ descriprors: A set of boundary curvature de- 
scriptors with frequencies of O-15 cycles, with ampli- 
tudes which ranged from 0.5 to 2.0, and with 4 
different phases was presented (Schwartz ef al.. 1983). 

T~l~ee-~i~~ensiQ~zui objects: Over one thousand three- 

dimensional junk objects were collected, and 6-30 of 

these, chosen randomly, were used to test whether 
there was any indication that a neuron responded to 
a complex non-face stimulus. If there was any indi- 
cation of a response, much more extensive testing 
with non-face stimuli was performed. The objects 

were chosen to differ from one another in size, shape, 
color, surface pattern and texture, but for convenience 

of storage the objects were less than 20cm long. 
Since these junk objects varied along different visual 
dimensions, testing neuronal responses to several 
of them could potentially reveal selectivity for parti- 
cular visual characteristics. Objects were positioned 

between 2 cm and I m behind the shutter. 
NM-fuce cideo images. Over 500 non-face video 

images of complex scenes were available on the 
system, and were used in recognition memory tasks 
(Bayiis and Rolls, 1983). Neurons which responded 
to these stimuli were not classified as face-selective, 
and were not studied here. One complex non-face 
image (stimulus H of Bay&s er al., 1985) was spatial 
frequency filtered with the same method used for the 
face stimuli, and the series of images generated was 

used to determine whether even for filtered images. 
the responses of the neurons described here v+ere 
selective for faces. 

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 (Bayhs PI ni.. 

1985). If a neuron responded 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 re- 
sponse of the neuron was selective for faces. The 
criterion was that the response to the optimal face 
stimulus should be more than twice as large as to the 
optimal non-face stimulus. (In fact, the majority of 

the neurons in the cortex in the superior temporal 
sulcus classified as showing responses selective for 

faces responded much more specifically than this. 
For half these neurons, their responses to the most 
effective face was more than five times as large as to 
the most effective non-face stimulus, and for 25”6 of 
these neurons, the ratio was greater than 10: I These 

ratios show that while responding preferent~aliy 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 is given by Baylis et rzf.. 1985. The non-face 

stimuli from which the optimal was chosen included 
sine wave gratings, boundary curvature descriptors, 
complex 2D stimuli, and complex 3D junk objects, as 
described in the Method.) If the neuron satisfied the 
criterion, then the series which contained the low- 
pass and high-pass filtered images of the optimal face 

stimulus was run repeatedly until each image in the 
series had been shown -Cl0 times (to allow statistical 

analysis of the results). Then other series, such as 
parts of the same monkey’s face, or a spatial fre- 
quency filtered series of a non-optimal face for com- 

parison, were run. 

Treatment of remIts 

For each cell measures of responses were calculated 
from the total number of action potentials occurring 
on each trial in the period 10~6O~msec following 
stimulus 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 subsequent muI- 
tiple I, Tukey, and Newman-Keuls’ analyses (See 

Bruning and Kintz, 1977) were performed to deter- 
mine how the different stimuli differed in their 
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Fig. 9. Examples of images of parts of faces. 
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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 different low-pass and high-pass 
filtered images of the same face. In the figures, the 
mean firing rate and its standard error to each 
stimulus based on typically 4-10 presentations of the 
stimulus are shown. Pearson’s product-moment cor- 
relations are cited as values of r in the text. 

Cell 7.0530 

z 100 Lowpass 2 

9 
B 
2 0 Ia 

HIghpass 64 

l-i,1 I (, , , ,I 

-200 0 200 400 600 800 

Time (msl 

Fig. 3. Examples of the responses of one of the neurons to 
some of the stimuli used. Three peristimulus rastergrams, 
and 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 IOmsec. Low- 
pass 2 corresponds to the face low-pass filtered at a fre- 

quency of 2 cycles/face. 

RESULTS 

It was possible to measure the responses to IOW- 
pass and high-pass filtered images of faces of 32 
neurons in the cortex in the superior temporal SUlCUS. 
The recording sites of the neurons from which this 
subpopulation was drawn are shown elsewhere 

(Baylis er al., 1985). and were in many cases in region 
TPO (see Seltzer and Pandya, 1978). Peristimulus 
firing rate histograms and rastergrams illustrating 
how one cell (20530) responded to some of the 
stimuli used are shown in Fig. 3. An example of one 
of the response functions (that of neuron 20530) is 
shown in Fig. 4, with standard errors for each 
experimental point, and the response functions of the 
other neurons are shown in Fig. 5 in more com- 
pressed form. The responses are shown as the change 
of firing rate from the spontaneous value produced 
by each of the filtered images. Each point represents 
the mean of 4-10 observations. For the low-pass 
filtered images (see solid circles in Figs 4 and 5), the 
response to the most blurred image (2 and below 
cycles per stimulus) is frequentty small, and as the 
low-pass filter includes more and more high fre- 
quencies as the curve is foiiowed to the right, the 
response usually increases. The unfiltered image is 
plotted at the 128 cycles/stimulus point on the low- 
pass graph, as this represented all frequencies in the 
256 by 256 pixel image. For the high-pass filtered 
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Fig. 4. An example for one ceil (20530) of the response to 
low-pass (solid circles, continuous curve) and high-pass 
(open circles, dashed curve) filtered stimuli. Each point 
represents the mean of 47 presentations, and vertical bars 
show the standard error of the mean. The figure also 
illustrates the measurement of the low-pass and high-pass 
cutoff spatial frequencies. For example, the high-pass cutoff 
frequency, indicated by the right-hand vertical dashed line, 
is the frequency at which the firing rate of the cell was half 
that (see horizontal dashed line “unfiltered/2”) to the 
unfiltered face (see horizontal dashed line “response to 

unfiltered”). 
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Fig. 5. Responses to low-pass and high-pass filtered stimuli of faces of the 24 neurons for which 
measurements were made with one series of filtered images, namely the series made from the optimal face 

stimulus. For clarity standard errors are not shown. 

images (see open circles in Figs 4 and 5), the response 
to the image with only the highest frequencies in- 
cluded (64 and above cycles per image) is frequently 
small, and increases as the high-pass filter includes 
more and more low frequencies as the curve is 
followed to the left. The unfiltered image is pfotted at 
the 0 cycles per stimulus point on the low-pass graph, 
as this represented afi frequencies in the 256 by 256 
pixel image. The significance of the effect of different 
frequencies on the response magnitude was confirmed 
for every neuron with analyses of variance. To enable 
the response functions of the different neurons to be 
compared+ high-pass and low-pass cutoff frequencies 
were obtained from the curves as follows. The cutoff 
frequencies were measured from the curves as the 
frequencies at which the response had decreased to 
half its value to the unfiltered stimulus. Interpolation 
was used along the logarithmic frequency axis. Thus 

for the neuron illustrated in Fig. 4, the low-pass 
cutoff frequency was P’ cycles/face (i.e. 4.3 cycles/ 
face), and the high-pass cutoff frequency was 24.6 
cycles/face (i.e. 24.3 cycles/face). Although the curve 
is not very steep, and is more like a roilof?‘, use of this 
measure is conventional (Kufikowski et al., 19821, 
and does allow the tuning of the diKerent neurons to 
be compared. The difference between these cutoff 
frequencies was also calculated to give an estimate of 
the bandwidth of the neuron, and for the example 
shown in Fig. 4 was 4.6-2.1 (i.e. 2.5) octaves. 

It is shown in Figs 4 and 5 that as the width of the 
low-pass filter (solid circles) is increased from low 
values upwards (i.e. as the image becomes less 
bfurred), the majority of the neurons started to 
respond more vigorously, with quite sharp increases 
in response frequentfy becoming evident as fre- 
quencies up to 4 or 8 cycles/stimulus for the different 
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Fig. 6. Histograms showing the distribution of the low-pass (a) and high-pass (b) cutoff frequencies of 
all 32 neurons analyzed, when the optimal face stimuius was shown. 

neurons were included in the stimulus. The mean 
position on these curves at which the response 
amplitude was half that to an unfiltered face was 
3.3 cycles/stimulus. (This was calculated using the 
frequency obtained for each neuron by interpolation 
along the logarithmic frequency axis). The median 
value was 3.1 cycles/image. The distribution of these 
cutoff frequencies for the low-pass filtered stimuli is 
shown for the different neurons in Fig. 6. It is clear 
from Figs 4, 5 and 6 that the low-pass cutoff fre- 
quencies and the pattern of the responses to the 
low-pass filtered stimuli were different for the 
different cells. For every cell studied, the ANOVA 
showed a significant effect of spatial frequency. 

As the width of the high-pass filter was increased 
from high values downwards (i.e. as the image in- 
cluded more than just the sharpest edges), the major- 
ity of the neurons started to respond more vigor- 
ously. with quite sharp increases in response fre- 
quently becoming evident as frequencies (from 128 
cycles/image) down to 32, 16 or 8 cycles/stimulus for 
the different neurons were included in the stimulus 
(see Figs 4 and 5, solid circles). The mean position on 
these curves at which the response amplitude was half 
that to an unfiltered face was 29.7cycles/stimulus. 
(This was calculated using the frequency obtained for 

each neuron by interpolation along the logarithmic 
frequency axis.) The median value was 29.3 cycles, 
image. The distributjon of these cuto~frequencies for 

the high-pass filtered stimuli is shown for the different 
neurons in Fig. 6. It is clear from Figs 4, 5 and 6 that 
the high-pass cutoff frequencies and the pattern of the 
responses to the high-pass filtered stimuli were 
different for the different cells. 

It was found that many of the neurons could 
respond to a low-pass and a high-pass filtered image 
of a face even when the filtered images had no 
frequencies in common. This is shown in Figs 4 and 
5 in which the frequencies at which the response 
amplitudes were half those to an unfiltered face were 
separated by l-3 octaves in many cases. The mean 
separation between these frequencies was 3.2 octaves, 
calculated over the different neurons. Thus many of 
these neurons could respond to a blurred image of :I 
face, and a face with primarily high spatial Frequency 
edge information in it, when these images were 
so different that their nearest common spatial fre- 
quencies were 3 octaves apart. The number of octaves 
which separate the low-pass and the high-pass cutoff 
frequencies for the different neurons is shown in 
Fig. 7. rnterestingly, there was no correlation between 
the low-pass cutoff frequency and the high-pass 

Cutoff frequency separation (octaves) 

Fig. 7. Histogram showing the separation of the low-pass and high-pass cutoff frequencies of all 32 
neurons. Each point represents data from one neuron. 
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Fig. 8. Each point shows for one neuron the measured 
high-pass and low-pass cutoff frequencies. There is little 
correlation between these cutoR frequencies, and it is 
notable that the low-pass cutoff frequency is never higher 
than the high-pass cutoff frequency. The dashed line is the 

y = x line. 

cutoff frequency (define as above) of each neuron 
(r = 0.14, d.f. = 30) (see Fig. 8). 

It was of interest to analyse whether the response 
of the neurons to these low-pass and high-pass 
filtered images of faces correlated with their response 
to different parts of the face. For example, it was 
possible that neurons which could respond to a part 
of the face such as an eye presented alone might do 
so on the basis of relatively high spatial frequencies 
contained in such parts of a face. The parts of the face 
which were presented in random series included eyes 
alone, mouth alone, nose alone, and the face without 
these parts (see examples in Fig. 9). When the propor- 
tion of these parts to which the neuron responded 
with a response greater than half that to a whole face 
was compared with the high-pass filter cutoff fre- 
quency, a highly significant correlation was found 
(r = 0.69, d.f. = 20, P -C 0.001). Thus neurons which 
tended to respond well to individual parts of faces 
could respond to a high-pass filtered image of a face 
with only relatively high frequencies in it (see Fig. 10). 
The correlations between the fraction of the response 
to a whole face which couId be obtained with one of 
the parts eyes, nose and mouth with the high-pass 
cutoff frequencies were also in some cases significant 
(with eyes, r = 0.42, d.f. = 20, P < 0.05; with 
nose, r =0.74, d.f. = 10, P ~0.01; with mouth, 
r =OSl, d.f. = 10, P <O.l; with nose and mouth, 
r = 0.53, d.f. = 8). There was no correlation be- 
tween the low-pass cutoff frequencies and the re- 
sponses to these parts of the face. Because of the 
correlation between the high-pass cutoff frequency 
and the responses to parts of the face, there was some 
correlation between the octave separation of these 
neurons and whether they responded to parts of the 
face. 

It -was also of interest to analyse whether the 
-*octave separation”. which provided a measure of 
the extent to which a neuron could utilize widely 
separated spatial frequencies (see Fig. 7) correlated 
with other response properties of the neurons. One 
possibiiity for example was that neurons with a wide 
octave separation might respond to a relatively large 
proportion of different faces. The generalization in- 
dex was defined as the proportion of faces in the 
standard digitized set of 5 different faces to which the 
neuron responded with greater than half its response 
to its optimal face stimulus. It was found that there 
was no correlation between the octave separation and 
the generalization index (r = 0.01, d.f. = 24). (Nor 
was there any correlation between the generalization 
indices of the neurons and their low-pass and high- 
pass cutoff frequencies.) There was also no cor- 
relation between the discriminability between the 
most and least effective faces in the standard set of 
faces (i.e. 8, see Baylis, Roils and Leonard, 1985) or 
the breadth of tuning to the set of faces (i.e. N, see 
Baylis er al., 1985) and the spatial frequency sepa- 
ration index and cutoff frequencies. 

The responses to low-pass and high-pass filtered 
faces described above were to the optimal face stim- 
ulus in the digitized series. Different types of response 
were obtained if the neuronal response was measured 
to low-pass and high-pass images from a face which 
was not optimal for that neuron. Several examples of 
the differences are shown in Fig. I I. For example, 
neuron RI644 [Fig. 1 l(a)] simply responded less to 
most of the filtered stimuli of the non-optimal face as 
compared to the optimal face. Neurons ZOO60 and 
ZO117 [Fig. I I(C) and (f)] did not respond to the 
filtered images of the non-optimal face. On the other 
hand, neurons 20527, 20522 and RI 731 [Fig. 
Il(b-d)] responded to some but not to other of the 
filtered stimuli of the non-optimal face stimulus. This 
is consistent with the possibility that information 
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Fig. IO. The proportion of the set of the series of parts of 
faces to which each neuron responded plotted as a function 
of the high-pass cutoff frequency of that neuron. Neurons 
which responded to many of the individual parts of faces 
tended to have high high-pass cutoff frequencies (see text). 
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Fig. I I. Responses to low-pass and to high-pass filtered images of the optimal face stimulus (above in 
each case) and a non-optimal face stimulus (below), for 6 neurons for which responses to filtered stimuli 

of both optimal and non-optimal face stimuli were measured. 

relevant to some aspects of the neuron’s criteria for It was found that the images in the non-face spatial 

responsiveness were met by some of the filtered frequency filtered series were not effective in eliciting 

stimuli, but that introducing further frequencies from responses from nineteen of these neurons tested. 

the non-optimal face introduced information which (Typically these non-face filtered images produced no 

produced inhibition and was normally responsible for significant change of firing rate, and in the few cases 

the lack of response of the neuron to the non-optimal where there was a small change of firing rate, this was 

face. not greater than one fifth of the response to an 
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Fig. 12. Responses to low-pass and high-pass filtered images of the optimal, median, and least effective 
face stimuli for two neurons in which it was possible to measure the responses to filtered stimuli of all 

three types. 

effective face stimulus.) Thus their responses to the 
spatial frequency filtered images of faces represented 
responses which occurred primarily to information 
contained in an image of a face, even when this 
information was reduced by spatial frequency 
filtering. 

DISCUSSION 

The responses of these neurons to low-pass and 
high-pass filtered faces show that these neurons can 
in many cases respond to simplified images of faces, 
that is to faces in which considerable information has 
been removed. The responses to these filtered images 
also indicate the types of information necessary to 
activate these neurons. For example, many of the 
neurons responded to low-pass filtered faces which 
included frequencies up to 8 cycles/face (see Figs 4, 5 
and 6). These images are very blurred {see Fig. 2) and 
contain reiatively little information. This opens the 
way for further analyses of the minimal stimulus 
configuration necessary to activate these neurons. 
For example, it will be of interest to determine how 
rearrangement of different parts of these low-pass 

filtered images of faces influences the responses of 
these neurons, to determine how sensitive these neu- 
rons are to the configuration of the features present in 
these images. Many of the neurons also responded to 
high-pass filtered images of faces which included only 
frequencies above 16 cycles/face (see Figs 4, 5 and 6). 
Thus low frequencies are not essential for the activa- 
tion of these neurons, and edge information is 
sufficient. It is of interest that in many cases a neuron 
could be activated by either low frequencies or high 
frequencies present in a face (see Figs 4, 5, 6 and 7), 
even when these frequencies were separated by 3 
octaves. This could be useful in a system in which 
responses to a face should occur irrespective of 
whether the face was blurred or was presented as 
edges, as in a line drawing. It may be noted here that 
it is a property of human perception that objects 
including faces can be recognised even when an object 
is blurred, and even when only a Iine drawing of an 
object containing only edge information is presented. 

The tuning of the neurons to the different low-pass 
and high-pass filtered faces was different for the 
different neurons, as shown in Fig. 5 and by the cutoff 
frequencies shown in Fig. 6, so that an explanation 



for the tuning in terms of a single function such as the 
o\erali modulation transfer function of the visual 
sqstsm is not sufficient to account for the results. 

Indeed. the fact that the neurons responded ditTer- 
entl> to the different frequencies is further evidence 

that these neurons could act as filters useful in 
conveying information useful in distinguishing be- 

ttvesn faces (Baylis et al.. 1985; Leonard et al., 19S5). 
The tinding that the response of the neurons was not 
always a smooth function of frequency, but could for 

example decrease as higher frequencies were included 

in the low-pass filtered images of faces or as low 
frequencies were included in the high-pass filtered 

images of faces (e.g. neuron R1731) indicates that 
information in certain frequency bands was able to 

inhibit these neurons. (These inhibitory effects were 
statistically significant in many cases, as shown by the 

Newman-Keuls’ analyses which followed the anal- 

yses of variance.) This was particularly likely to occur 
for the non-optimal face stimulus for a given neuron, 
indicating that the selectivity of these neurons to 
different faces was a combination of the excitation 

produced by some aspects of faces and inhibition 
produced by others. Such inhibition was particularly 
likely to occur for high spatial frequencies, implying 

that these frequencies might be particularly im- 
portant in distinguishing between individual faces. 
Sometimes some inhibition at some frequencies was 

apparent in the responses of a neuron to the optimal 

face in the set. This is not surprising in terms of the 
present hypothesis, in that it is not likely that the face 

most effective in activating a neuron will happen to 

have been included in the set of 5 faces for which 
series of spatial frequency filtered images were avail- 
able. 

Harmon and Julesz (1973; Harmon, 1973) have 
shown that in man low spatial frequencies, below 
lOcycles/face, are sufficient for the recognition of 

faces of different individuals. Fiorentini, MafFei and 
Sandini (1984) have extended this work, and shown 

that the spatial frequencies above 8 cycles/face that 
are present in a face can also provide the basis for 
face recognition. It is of interest that the great 
majority of the cells described here had low-pass 

cutoff frequencies below 8 cycles/face, that is they 
responded weli to faces containing only frequencies 
below 8 cycles/face (see Fig. 6). Similarly, the great 
majority of the cells described here had high-pass 
cutoff frequencies above 8 cycles/face (and even 
above 16cydesjface), that is they responded well to 
faces containing onfy frequencies above 8 cycles/face 
(see Fig. 6). Thus almost ali of the ceils described here 

responded well to both the low frequencies shown by 
Harmon and Julesz (1973) to be sufficient for face 
recognition, and to the high spatial frequencies 
shown by Fiorentini et al. (1984) to be sufficient for 
face recognition. The responsiveness of these neurons 
to both low and to high spatial frequencies present in 
faces could thus provide a basis for these psycho- 
physical findings. 

One series ot‘ inisstlgations which uould pro\& 
useful further esidencr <W [h;s nrurai system uouid 
be to determine to ‘ithat sutent these nsurons can 
distinguish between dlffersnt faces ishen these arc 

low-pass or high-pass filtered with cutoff frequencies 
of 8 cycles face. Some evidence on this is sho%n In 
Fig. 10, from which it appears that even when 

frequencies below 8 cycles face are included in the 

stimulus, the neurons still respond differently to the 
different faces. Although more experiments on this 
are needed. this preliminary evidence suggests a kerv 
close parallel between the ability of the human oh- 

server to distinguish between the faces of different 
individuals when only for example low spatial fre- 

quencies are present, and a corresponding property of 

the neurons described here. A further interesting 
series of related investigations would be to compare 
the responses of these neurons, and of human face 

recognition. to bandpass tiltered images of faces (e.g. 
2-4, and 4-8 cycles;face). to obtain further evidence 
on the function of different parts of the spatial 
frequency spectrutn in face recognition and its neural 
basis. 

The relatively wide range of frequencies within 
which information can activate these neurons is of 
interest in relation to the hypotheses that there are 
tuned spatial frequency channels at earlier stages 
of the visual system. The width of these channels 
has been estimated as I.5 octaves (Campbell, 1983; 

Kulikowski ct a!., 1982). and simple cells in area 17 
of the cat have estimated mean bandwidths at half 
maximal amplitude of 1.0 _+ 0.2 (Maffei and Fioren- 
tini, 1973), I .3 rf: 0.3 (Andrews and Pollen, 1979) or 

1.4 octaves (Kulikowski and Bishop, 1981). Values 
consistent with these have been found in the monkey 
(Schiiler ff (ii’.. 1976; DeVaiois CI ni., 1982). Insofar 
as the neurons described here can respond to infor- 
mation from a wider frequency range than this, if 

there are spatial frequency channels earlier in the 
visual system, then information from these channels 
would need to be recombined (in a particular way) in 
order to account for the width of tuning of the 

neurons described hers. It is also worth noting here 
that although the neurons described here are tuned to 

. 
accept Information in a certain range of spatial 
frequencies, this does not mean that any power in this 
frequency band will activate these neurons. Indeed, 
the contrary is the case, in that these neurons were 
activated by only some of the face stimuli (see the 
values for ri’ and the generalization index in Figs 1 
and 5 of Baylis et ul., 19853, and not by non-face 
stimuli such as gratings or complex stimuli, so that to 
the extent that their response properties depend OKI 

the spatial frequency of the stimulus, an additional 
constraint is that the phase information within this 

frequency band must also be appropriate. 
It was found that these neurons were more likely 

to respond well to isolated parts of a face if they had 
a high cutoff frequency for high-pass filtered stimuli 
(see Fig. IO). This is understandable. in thnt if R 
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flewOn can respond to only a small range Of high Kling A. and Steklis H. D. (1976) A neurai substrate for 

spatial frequencies present in a face, then it is consis- affiliative behavior in nonhuman primates. Bruin Beha. 

tent that it can also respond to a part of that face, in 
Ewl. 13, 216-238. 

which of course the high frequencies are present, but 
Kluver H. and Bucy P. C. (1939) Preliminary analysis of 

the very lowest spatial frequencies are absent. The 
functions of the temporal lobes in monkeys. Archs &‘eurol. 
Psvchiat. 42. 979-1000. 

observ,ation that the high-pass cutoff frequency, the Kuliiowski J. j. and Bishop P. 0. (1981) Linear analysis of 

low-pass cutoff frequency, and the octave separation, the responses of simple cells in the cat visual cortex. Expl 

did not correlate with the extent to which the neuron 
Brain Res. 44, 386-400. 

responded differently to the different faces, as 
Kulikowski J. J., Marcelja S. and Bishop P. 0. (1952) 

reflected by the values for d’, breadth of tuning (H) 
Theory OF spatial position and spatial frequency relations 
in the receptive fields of simple ceils in the visual cortex. 
Biol. Cybeket. 43, 187-198. and the generalization indices, could be because in 

the majority of cases the spatiaf frequency measure- 

ments were for the optimal face stimulus. It will be 

of interest to determine whether there is any relation 
between these spatial frequency measures taken on 
the non-optimal face stimulus, and the selectivity of 
the neurons for different faces. 
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