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Summary. An investigation was made into the sensitivity 
of cells in the macaque superior temporal sulcus (STS) 
to the sight of different perspective views of the head. 
This allowed assessment of (a) whether coding was 'view- 
er-centred' (view specific) or 'object-centred' (view in- 
variant) and (b) whether viewer-centred cells were 
preferentially tuned to 'characteristic' views of the head. 
The majority of cells (110) were found to be viewer- 
centred and exhibited unimodal tuning to one view. 
5 cells displayed object-centred coding responding equal- 
ly to all views of the head. A further 5 cells showed 
'mixed' properties, responding to all views of the head 
but also discriminating between views. 6 out of 56 viewer 
and object-centred cells exhibited selectivity for face 
identity or species. Tuning to view varied in sharpness. 
For most (54/73) cells the angle of perspective rotation 
reducing response to half maximal was 45-70 ~ but for 
19/73 it was > 90 ~ More cells were optimally tuned to 
characteristic views of the head (the full face or profile) 
than to other views. Some cells were, however, found 
tuned to intermediate views throughout the full 360 de- 
gree range. This coding of many distinct head views may 
have a role in the analysis of social signals based on the 
interpretation of the direction of other individuals' atten- 
tion. 

Key words: Viewer-centred - Object-centred - Charac- 
teristic views - Face coding - Single unit - Macaque 

Introduction 

Viewer and object-centred codin9 in models of  recognition 

Visual recognition of objects is a process of comparing 
sensory information with internal representations of ob- 
jects. Representation is used here to refer to the neural 
code or description of an object's attributes and appear- 
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ance. The type of representation involved must be able 
to account for the phenomenon of object constancy, that 
is the ability to extract knowledge of the unchanging 
three dimensional structure of an object from a changing 
two dimensional retinal image. Two major types of 
stored representations (or descriptions) have been sug- 
gested which could account for this. These have been 
termed viewer-centred and object-centred (for discussion 
see Marr 1982; Marr and Nishihara 1978; Feldman 
1989; Hinton and Parsons 1988 ; Rock and di Vita 1987). 

Viewer-centred coding depends on the position of the 
viewer relative to the object being recognized. A viewer- 
centred description of an object is specific to the par- 
ticular viewpoint from which the object is seen. Separate 
viewer-centred representations are therefore needed to 
enable recognition of the object from different perspec- 
tive views. Such coding poses the problem that different 
views of a particular object would have to be treated as 
separate objects. Learning associations between one view 
of an object and some property would not enable the 
retrieval of this property when a different view of the 
object is encountered. 

These problems are avoided using an object-centred 
representational system. Under this system features of 
the object are related not to the viewer but to some major 
part of the object itself (such as the longest axis). Al- 
though the apperance of features of an object change 
relative to the viewer when the angle of view is changed, 
their orientation relative to a point of reference on the 
object itself remains constant. [The head and legs are at 
opposite ends of the torso exemplifies an object-centred 
description of a human figure, and is valid for any view- 
point]. Theoretically only one object-centred description 
of an object would have to be coded for recognition to 
be possible from any view. 

Characteristic views 

Marr and Nishihara (1978) suggested that object-centred 
descriptions could be computed directly from low level 
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descriptions of surfaces relative to the viewer. Such com- 
putation is, however, likely to be complex, though prog- 
ress has been made in this framework (see Lowe 1987). 
While viewpoint independent recognition may be an aim 
of visual processing, this could be achieved by combining 
several high level view-specific descriptions of an object. 

A limited capacity to generalize across vantage point 
would allow recognition to be based on a small number 
of stored (viewer-centred) descriptions of an object from 
particular 'characteristic' views (e.g. Koenderink and van 
Doom 1976, 1979; Perrett et al. 1985a). Theoretical and 
computational models of visual recognition based on a 
limited number of views are becoming increasingly 
prevalent. Though different models suggest different 
numbers of view-specific templates need to be stored to 
allow view invariant recognition (Baron 1981; Ullman 
1989; Poggio and Edelman 1990; Seibert and Waxman 
1990). Thus the number of characteristic views necessary 
to represent an object and the manner in which the views 
can be defined are both controversial (Perrett and Har- 
ries 1989). 

Physiological evidence for representations 

Viewer-centred coding of heads. Cells have been found in 
various regions of the temporal cortex which are selec- 
tively activated by the sight of biologically important 
stimuli such as faces, hands and bodies (Gross et al. 
1972). Studies of cells in this area can therefore shed light 
on the way such objects are represented in the nervous 
system. 

The majority of cells responsive to the sight of the 
head are selective for particular perspective views. Sub- 
populations of cells in the superior temporal sulcus (STS) 
respond selectively to different views of the head, some 
respond most to the full face view, others to the profile 
view (Perrett et al. 1982, 1984, 1985a; Bruce et al. 1981; 
Desimone et al. 1984; Hasselmo et al. 1989a; Kendrick 
and Baldwin 1987). The cells show considerable 
generalization for the preferred view across changes in 
retinal position (Desimone et al. 1984; Bruce et al. 1981 ; 
Perrett et al. 1989a), size and distance (Perrett et al. 1982, 
1984; Rolls and Baylis 1986), isomorphic orientation 
(upright or rotated horizontal, Perrett et al. 1982, 1984, 
1985a, 1988) and lighting (Perrett et al. 1982, 1984). 
These findings indicate that the cells are not responding 
to simple visual features (local edges, texture etc.) since 
these change with image size, position and orientation. 
Instead the cells appear to represent high level descrip- 
tions of properties which are invariant across distance, 
orientation and size. 

A cell tuned to one perspective view of the head can 
therefore be seen as providing a high level viewer-centred 
description of this object. Only a limited number of such 
high level descriptions need exist to cover all the possible 
ways in which a head can be seen. From the initial studies 
of view (Perrett et al. 1985a, 1987) it appeared that cells 
were selectively tuned for just 4 'characteristic' views in 
the horizontal plane (face, left and right profiles and the 
back of the head). Approximate estimates of tuning in- 
dicated that for most cells, 45-90 ~ of rotation of the head 

reduced the magnitude of response to half that of the 
optimal view). With this width of tuning, a minimum of 
four populations of cells (each tuned to one of the four 
characteristic views) could cover all views in the horizon- 
tal plane, including the intermediate views such as the 
half profile. 

More recent physiological studies have questioned the 
importance of the putative characteristic views of the 
head. Hasselmo et al. (1989a) found that more cells were 
responsive to front views of the head than to back views 
but found no other evidence that 4 views were selectively 
coded, and Perrett et al. (1989a) suggested that all views 
might be represented evenly. 

Psychological studies also have disputed the impor- 
tance of different views of the head. Harries et al. (1990) 
found that face and profile views were the most impor- 
tant for coding and recognition whereas other studies 
have stressed the importance of the half profile view, 45 ~ 
from the full face (Thomas et al. in prep. Bruce et al. 
1987; Logie et al. 1987). 

While physiological and psychological evidence both 
demonstrate that perspective view is of central impor- 
tance to the recognition of heads it is by no means clear 
whether particular views receive preferential coding. 

Object~centred coding of heads. In the superior temporal 
sulcus populations of  cells have also been found to re- 
spond to all views of an object that were tested. Perrett 
et al. (1985a) found that 25% of cells responding to the 
face were relatively insensitive to viewpoint, responding 
equivalently to different views of the head rotated in the 
horizontal plane. These cells appeared to exhibit object- 
centred coding. We have suggested elsewhere that the 
view-invariant coding of such cells could be established 
hierarchically by combining the outputs of cells selective 
for particular views (Perrett et al. 1984, 1985a, 1989a). In 
essence this scheme amounts to establishing object- 
centred descriptions by combining the outputs of several 
viewer-centred descriptions. 

Initial studies suggested that cells responsive to heads 
responded similarly to different individuals (Perrett et al. 
1982). More recent investigations, however, suggest that 
a fraction of the cells (10-50% depending on the study) 
discriminate between different species or between in- 
dividuals of the same species (Perrett et al. 1984; Desi- 
mone et al. 1984; Rolls 1984, 1987; Leonard et al. 1985; 
Baylis et al. 1985; Kendrick et al. 1987; Yamane et al. 
1988; Hasselmo et al. 1989a). These cells may be regar- 
ded as representing viewer or object-centred descriptions 
of familiar individuals depending on their generalization 
over perspective view (Perrett et al. 1984, 1987, 1989a; 
Hasselmo et al. 1989a). 

Hasselmo et al. (1989a) compared cell responses to 
two different individuals in different views using 2-way 
analysis of variance (ANOVA). They found a significant 
main effect of identity for 18 cells (of 37 tested). Hassel- 
mo et al., interpreted this result as evidence for object- 
centred coding (for identity). Fifteen of the cells which 
were sensitive to identity, however, also showed sensitiv- 
ity to the viewing angle (evidenced by significant main 
effect of view). 



Object-centred coding of body motion. Body movements  
provide an impor tant  means of  analyzing the behaviour 
and intentions of  other individuals. I t  is interesting 
therefore that  neurons sensitive to body movements  have 
also been found in the temporal  cortex. These cells 
provide the strongest evidence of  view-independent 
coding. 

Hasselmo et al. (1989a) reported object-centred 
coding for neurons selective for head movements.  For  
example, some cells responded to the head flexing up 
relative to the body, and continued to respond when the 
body was seen f rom the back or was inverted so that  the 
retinal mot ion of  the head was directed down. The direc- 
tional selectivity can be understood as an object-centred 
description in which the head mot ion is referenced to the 
torso of the body, 

Object-centred coding of  limb and whole body move- 
ments has been described in several reports (e.g. cells 
selective for the sight of  bringing the a rm to the chest 
(Perrett et al. 1990a, b), walking backwards and walking 
forwards (Perrett et al. 1985b, 1989a, 1990a, b; Harries 
et al. in prep.). For  a cell responding to walking 'for- 
wards' ,  the front view of  the body is optimal when the 
body approaches the viewer, whereas the back view is 
optimal  when the body retreats away f rom the observer 
(Perrett et al. 1985b). Here the view and directional 
selectivity is understandable as an object-centred de- 
scription in which body mot ion is referenced to the direc- 
tion in which the torso or face is oriented. (Walking 
forward equals following one's nose.) 

Other cells with view-independent responses to body 
movements  use 'goal-centred'  coordinates where the di- 
rection of movement  is related to the goal of  the action 
(examples include: bringing food in the hand to the 
mouth,  reaching for a target; walking toward an external 
door, Perrett  et al. 1989a, 1990a, b). While view indepen- 
dent object- and goal-centred coding of  body mot ion has 
been demonstrated for some cells in the temporal  cortex, 
most  cells responsive to body mot ion  are selective for 
view. 

Aims of the present study 

The purpose of  the present study was to apply a system- 
atic and quantitative analysis to the tuning for perspec- 
tive view amongst  the populat ion of  cells selectively re- 
sponsive to static views of  the head. This analysis had 
three principle aims. 

The first aim was to assess the extent to which re- 
sponses of  single neurons to static information about  the 
head displayed viewer-centred or object-centred prop-  
erties. In the context of  this issue we analysed the effects 
of  both view and identity for some ceils, since Hasselmo 
et al. (1989a) argued that  consistent effects of  identity 
across different perspective views indicated object- 
centred coding. 

For  view-sensitive cells, the second aim was to deter- 
mine the distribution of  opt imal  views to examine the 
extent to which particular 'characteristic '  views might be 
selectively or disproportionately represented. 
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The third aim was to characterize the tuning function 
of cell's responses to views deviating f rom the optimal  
view. Assessment of  the width of  tuning for non-opt imal  
views allows evaluation of  the number  of  different views 
that  need to be represented to accommodate  recognition 
f rom any view. These data are impor tant  in assessing the 
biological applicability of  different computat ional  
models of  object recognition. 

Preliminary reports of  some of  the results have been 
presented elsewhere (Perrett et al. 1989a, b). 

Methods 

Subjects 

Two female (wt 4 kg) and three male (wt 5-10 kg) rhesus macaque 
monkeys were used. The monkeys are referred to as F, J, B, D 
and H. 

Fixation task 

Before beginning recording the subjects were trained to discriminate 
between the red or green colour of an LED light. The LED was 
situated level with the monkey's line of sight on a blank white wall 
at a distance of 4 m. The LED and test visual stimuli were presented 
from behind a large aperture (6.5 cm diameter) electromechanical 
shutter (Compur) or an alternative (20 cm square) liquid crystal 
shutter (Screen Print Technology Ltd.) Both types of shutter had 
rise times of < 15 ms. On each trial the shutter was opened (after 
a 0.5 s signal tone) to reveal the stimulus and remained open for a 
period of 1 s. 

The LED light became visible at the time of shutter opening 
(stimulus presentation) and was randomly red or green of different 
trials. The monkeys were trained to lick for fruit juice reward on 
trials with a green LED. On trials with a red LED they were trained 
to withhold response to avoid saline solution. Subjects were de- 
prived of water for periods of up to twenty-four hours before 
training and recording sessions to motivate task performance. 

The monkeys attended to the LED at the beginning of trials in 
order to lick several times for multiple juice rewards in the 1.0 s trial 
period. The 2D test stimuli were projected onto the wall on which 
the LED was located, 3D test stimuli were presented in front or to 
either side of the LED. In this way the monkey's attention was 
directed towards the experimental stimuli. The monkeys performed 
the task at a high level of accuracy and independent of simul- 
taneously presented 2D test stimuli. 

Recordin9 procedures 

Each monkey was sedated with a weight-dependent dose of intra- 
muscular ketamine and anaesthetised with intravenous barbiturate 
(Sagatal). Full sterile precautions were then employed to implant 2 
stainless steel recording wells (16 mm internal diameter, ID) 10 mm 
anterior to the interaural plane and 12 mm to the left and right of 
midline. Plastic tubes (5 mm ID) were fixed horizontally with dental 
acrylic in front and behind the wells. Metal rods could be passed 
through these tubes to restrain the monkey's head during recording 
sessions. 

For each recording session topical anaesthetic, lignocaine hy- 

drochloride (Xylocaine 40 mg/ml) was applied to the dura and a 

David Kopf micro-positioner fixed to the recording well. A trans- 

dural guide tube was inserted 3-5 mm through the dura and a 

tungsten in glass microelectrode (Merrill and Ainsworth 1972) ad- 

vanced with a hydraulic micro-drive to the temporal cortex. The 

target area for recording was the anterior part of the upper bank 

of the STS (areas TPO, PGa, TAa of Seltzer and Pandya 1978). 
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Localization of  recording 

FoUowing the last recording session, a sedating dose of  ketamine 
was administered followed by a lethal dose of  barbiturate anaesthet- 
ic. The monkey was then perfused transcardiaUy with phosphate 
buffered saline and 4% gluteraldehyde/paraformaldehyde fixative. 
The brain was removed and sunk in successively higher concentra- 
tions (10, 20 and 30%) of  sucrose solution or 2% Dimethylsulph- 
oxide (DMSO) and 20% glycerol (Rosene et al. 1986). 

Frontal and lateral X-radiographs were taken of  the position of 
microelectrodes at the end of  each recording session. Reconstruc- 
tion of  electrode possition was achieved by reference to the posi- 
tions of  micro-lesions (10 microamp DC for 30 s) made at the end 
of  some electrode tracks which were subsequently identified using 
standard histological techniques. In 3 monkeys additional markers 
used in calibration of  electrode position were provided by micro- 
injection of anatomical tracers (horseradish peroxidase and fluores- 
cent dyes true blue and diamadino yellow) at the site of cell record- 
ing on 3 recording tracks. For these markers the position of injec- 
tion, recorded in X-radiographs, could be compared to the anatomi- 
cal location of injection revealed through normal or fluorescence 
microscopy. 

Recording methods 

Subjects were restrained in a primate chair for periods of 2-4 h. 
Various types of  visual stimuli were presented while the monkeys 
performed the fixation task (see below). Neuronal firing rates were 
measured using standard techniques in a period of 250 ms beginning 
100 ms after stimulus presentation. [A 500 ms sample period was 
occasionally used for cells with small or late responses.] These data 
were analysed on-line by a microcomputer Cromemco System 3 or 
AT compatible PC (Hyundai, Dell). 

Horizontal and vertical eye movements were monitored using an 
infra-red corneal reflection system (ACS, modified to allow record- 
ing of both signals from one eye) to determine whether any response 
differences reflected differential patterns of fixation. 

Visual stimuli 

Responses were measured to both real 3D heads (the experimen- 
ters') and 2D heads (video disk images and slides of the heads of  
humans and macaque monkeys). Four or eight different views of 
stimuli were tested. The views included four hypothetical charac- 
teristic views, namely the face (0~ left profile (90~ back of head 
(180 ~ ) and right profile (270~ plus the four intermediate views: 
45 ~ 135 ~ 225 ~ and 315 ~ 

Responses to heads were compared to responses to a variety of 
control stimuli. These included a collection of real (3D) objects of  
differing size, shape and texture and a large collection of  2D stimuli 
(slides and video disk images of  single objects or complex scenes) 
and simple geometrical images (bars, spots, gratings etc., generated 
on-line using a Fairlight Computer Video Instrument). 

Specific controls such as a hand or photographs of monkey 
paws, wigs, and pieces of artificial fur were used to test whether cells 
responding to the face or head responded to simple features such 
as hair/fur texture, or skin/fur colour. For  example a cell apparently 
responding to all views of  a head might respond because of the 
presence of hair, a feature visible in any view. 

Testing procedure 

Each cell recorded was first subjected to exploratory testing involv- 
ing the presentation of  a variety of static and moving control 
objects. Potential response to heads was first examined 'clinically' 
with a real head presented in 8 different views. Testing associated 
with other experiments involved presenting tactile, auditory stimuli 
and 4 views of the whole body walking (forwards and backwards). 

Cells which showed any tendency to discriminate one or more 
views of a head from control objects were then tested with 5 trials 
of four or eight views of  head and various controls presented in a 
computer controlled and randomized order. Testing was performed 
in one mode using either real 3D, projected 2D slides or video disk 
stimuli. Computer-controlled testing protocols enabled data to be 
subjected to ANOVA and regression analysis on-line. Cells showing 
significant tuning for view were subjected to further study using 
different modes of  presentation 2D/3D, identities or species of head, 
and for effects (to be reported elsewhere) of motion, gaze direction, 
lighting, and vertical head posture. 

Data analysis 

ANOVA. Cell responses to 4 or 8 views, controls and spontaneous 
activity were compared on line using 1-way ANOVA and post-hoc 
tests (protected least significant difference (PLSD), Snedecor and 
Cochran 1980). If more than one analysis was performed on a cell's 
responses (e.g. for different heads or time periods) the most statisti- 
cally significant results were used to classify the cell. 

Regression. For cells tested with eight views multiple linear regres- 
sion analysis was used to estimate the best relationship between 
response and 2nd order cardioid function of angle of view of the 
head. In effect this calculates the values of the coefficients 131- 5 of 
the Eq. (1) below which produce the highest correlation between re- 
sponse and the angle of  view. 

R = 131 + 132 cos (0) + 133 sin (0) + 134 cos (20) + 135 sin (20) 

where R is the response, 0 is the angle of head view and 131-5 are 
coefficients. 

This equation was chosen because it makes very few assump- 
tions about the nature of view tuning. At the outset of  the investiga- 
tion we were aware of only two types of view tuning; cells with a 
single preferred view and ceils with two preferred views approxi- 
mately 180 ~ apart (e.g. left and right profiles). For a cell with a single 
preferred view from the 360 degree range the sin 0 and cos 0 terms 
specify the angle of  best view and describe a monotonic decay of 
response with angular deviation from optimal view. The second two 
terms (sin (20) and cos (20) allow the description of variation in 
response with view to have two peaks and determine their relative 
amplitude, separation and sharpness. Thus the full 4 term equation 
was anticipated to provide a good approximation of the view tuning 
previously characterised. 

Cell responses giving a significant regression analysis were fur- 
ther assessed by statistical comparison (Chi-squared) of the ob- 
served response rates with the response rates predicted by equation 
(1). Chi-squared overestimates discrepancies when predicted re- 
sponses are small but presented a useful guide to 7 cases where the 
cardioid function was an inappropriate description of view tuning. 
These cases were dropped from further analysis. 

Where the regression analysis produced a significant (p<0.05) 
relation between predicted and observed values, the regression 
equation was used to define: (a) the optimal angle of view (0max), 
(b) the maximum response at this view (Rmax), (c) the sharpness 
of tuning (average angle of  rotation required to reduce the response 
to half Rmax) and (d) the angle and magnitude of any second peak 
in the view tuning. 

Results 

Cell classification 

119 cells  w e r e  c lass i f ied  as 'head-selective'when s ta t i s t i ca l  

ana lys i s  r e v e a l e d  the i r  r e s p o n s e s  to  o n e  o r  m o r e  v iews  o f  

the  h e a d  w e r e  s ign i f i can t ly  g r e a t e r  t h a n  r e s p o n s e s  to  



controls and spontaneous activity. These were sub- 
divided as follows: 

Viewer-centred cells. 110 cells were classified as 'viewer- 
centred' when their responses to one or more (but not all) 
views were significantly greater than responses to con- 
trois and spontaneous activity. Regression analysis re- 
vealed a significant relation between response and car- 
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Fig. 1. Responses  of  a viewer-centred cell with unimodal  tuning to 
perspective view. The mean  responses (_+ 1SE) are illustrated for 
one cell (J012 25.99) to 8 views o f  the head. View, expressed as the 
angle of  ro ta t ion  f rom face, is i l lustrated schematically at the top. 
The curve is the best  fit cardioid function,  relating response to view 
(R2=0.47 ;  F(4 ,35)=7.9 ,  p<0.0005) .  Dashed lines are the mean  
responses to control  stimuli and spontaneous  activity (S.A.). Re- 
sponses to the views close to the left profile (270, 315) were no t  
significantly different (Protected LSD tests p > 0.2) but  were signifi- 
cantly greater than  response to all o ther  views, controls  and spon- 
taneous activity (p < 0.03 each comparison) .  A N O V A :  
F(9,40) = 5.4, p < 0.0005 
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Fig. 2. The responses of  a b imodal  viewer-centred cell. Responses  
(mean -t-1SE) o f  cell D023 28.90 to 8 views o f  the head illustrated 
schematically at the top.  The curve is the best  fit cardioid function,  
relating response to view (RZ=0.77,  F(4 ,36)=29,5  p<0.0005) .  
Dashed lines are the mean  responses to control  stimuli and spon- 
taneous activity (S.A.). Responses  to the two profile views (90 and 
270 ~ were not  significantly different (p=0.064)  but  were bo th  
significantly greater  than  front  (0) and  back (180) views, controls  
and spontaneous  activity (p < 0.0005 each comparison) ,  A N O V A :  
F(9,40) = 26.2, p < 0.0005 
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dioid function of view for 69 of those cells tested with 8 
views. The responses of 99 of the viewer-centred cells 
followed a unimodal pattern, with one view evoking the 
optimal response and a monotonic decline in response as 
the head was rotated from that view (e.g. Fig. 1). 

11 viewer-centred cells were classified as bimodal be- 
cause their responses to two non-adjacent views were 
both significantly higher than intervening views (either 
side of the bimodal peaks), controls and spontaneous 
activity. For 8 cells the two views evoking high responses 
were approximately 180 ~ apart. In 5 cases these were the 
profile views (e.g. Fig. 2). Three cells gave a major re- 
sponse to the full face view and a subsidiary response to 
the back view. The face and back of head have little in 
common visually but are equivalent in outline and differ 
from other views in having symmetry. Three cells ex- 
hibited bimodal responses for the two half profile views 
(45 and 315 ~ only 90 ~ apart. Thus for bimodal cells, 8 
were selective for views that were mirror images (5 for 
profile and 3 for 1/2 profile). 

The criteria for classification as bimodal used here was 
fairly stringent and a further 13 cells showed a degree of 
bimodal view tuning, in that their response to a second 
or minor view was greater than half the response to the 
optimal view. (The optimal and minor views being 
separated by views evoking responses less than half the 
maximal response). 

Object-centred cells. Four cells were classified as 'object- 
centred' because analysis revealed (a) their responses to 
all views of the head were significantly greater than re- 
sponse to control stimuli and spontaneous activity and 
(b) their response did not discriminate between any of the 
head views. The responses of  one such cell is illustrated 
in Fig. 3. 
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Fig. 3. The responses o f  a cell displaying object-centred propert ies.  
Responses  o f  cell H005 28.16 to all views were higher than  to 
control  stimuli and spontaneous  (p<0.0005),  indicating object- 
centred coding. The cell responses,  however,  showed little selectivity 
between views. Protec ted  LSD tests indicated a difference between 
0 and 45 degree views (p = 0.042) but  this is likely to reflect a Type 
I error  o f  statistical interpretat ion,  given overlapping s tandard  
errors. There were no  o ther  differences in response to different views 
(p > 0.05). A N O V A  : F(9,40) = 14.6, p < 0.0005. Regression analy- 
sis: R ~ = 0.07, F(4,35) = 0.6, p = 0.65) 
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Fig. 4. The responses of a cell displaying mixed object-centred and 
viewer-sensitive properties. Responses of cell Dl19 31.17 to all 
views were higher than to control stimuli and spontaneous activity 
(p<0.05), indicating object-centred coding. The cell responses, 
however showed selectivity for view with a significantly greater 
response to the face (0 ~ view than to views at 315, 135, 270 and 90 
degrees (p<0.05 each comparison). ANOVA: F(9,40)=8.8, 
p < 0.001. Regression analysis: R z = 0.35, F(4,35) = 4.7, p = 0.004 

Cells displaying mixed coding. Five cells were found to 
display mixed properties exhibiting both object-centred 
and viewer-centred properties in that analysis revealed (a) 
their responses to all views of  the head were significantly 
greater than responses to control stimuli and spon- 
taneous activity and (b) their responses discriminated 
between different views of  the head. Cells in this group 

displayed either unimodal view preference or a tendency 
to bimodal view preferences (e.g. Fig. 4). 

Anomalies. One cell discriminated some (but not all) 
views from controls and spontaneous activity, yet did not 
discriminate statistically between views. For  three other 
cells regression analysis indicated a significant effect of  
view on response but more conservative A N O V A  failed 
to confirm a significant effect of  view. These cells were 
view-sensitive but the difference in response between best 
and worst view was small. They are not considered fur- 
ther in the analysis. 

Discrimination between stimuli 

Control stimuli. For the majority of  head-selective cells, 
response to control stimuli was not significantly different 
to spontaneous activity. The average spontaneous activ- 
ity for the 119 head selective cells was 9.0_+0.67 spikes 
per second (mean+ 1SE) whereas the average response 
to control stimuli was 14.9 4- 1.28 spikes per second. The 
average response to the most effective head view for each 
cell was 46.6-t-2.15 (n=  119). 

To contrast cell responses to control stimuli with the 
response to heads an index of  discrimination was com- 
puted for each cell using the formula (Rctrl-SA)/ 
(Rmax-SA);  where R m a x = m e a n  response to the op- 
timal view, R c t r l = m e a n  response to controls and 
SA = mean spontaneous activity. The distribution of  the 
relative response to control stimuli is illustrated for cells 
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Fig. 5. Discrimination between optimal view and control stimuli. 
Responses to control stimuli (Rctrl) are expressed as a fraction 
[(Rctrl-SA)/(Rmax-SA)] of responses to the optimal view of the 
head (Rmax). SA = spontaneous activity 
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Fig. 6, Discrimination between views. The responses to the least 
effective view of the head (Rmin) are expressed as a fraction (Rmin- 
SA)/(Rmax-SA) of the responses to the most effective view (Rmax). 
SA = spontaneous activity. Upper: Relative response of least effec- 
tive view for cells displaying object-centred properties. Lower: Re- 
lative response of least effective view for cells displaying viewer- 
centred properties 

selective for heads excluding anomalies (see above) in 
Fig. 5. Negative values here are notable because they 
indicate that control stimuli inhibited activity relative to 
the spontaneous firing rate. 72% of  cells selectively re- 
sponsive to the head are five times as responsive to the 
optimal head view as to control stimuli. 

Discrimination between views. For  the 110 viewer-centred 
cells the average response to the least effective view was 
13.0_+1.31 spikes per second (mean _ I S E ,  n = l l 0 ) .  
Whereas the response to the optimal view of  the head was 
46.0_+2.29 spikes per second. To provide an index of  
discrimination between different views of  the head, cell 
responses to the least effective view were compared to the 
responses to the most effective view (in a similar manner 
to that described for control stimuli). Discrimination 



View tuning 

1 5 -  

Width of tuning of viewer-centred cells. Width of  tuning 
was calculated as the average angle required to reduce 
firing rate to half  of  the difference between response to 
the most and least effective views [(Rmax-Rmin)/2 or �89 
width at �89 height measure]. Width of  tuning estimated 
with this measure for viewer-centred cells tested with 8 
views is illustrated in Fig. 7. Half  width at half height 
ranged from 50 ~ to 125 ~ . 

The distribution of  tuning in Fig. 7 illustrates two 
important  points, first the majority of  cells have tuning 
less than 60 ~ (�89 width) and second, the distribution 
appears bimodal with a distinct population of  cells ex- 
hibiting tuning greater than 90 ~ (�89 width). Since the 
distribution of  width of  tuning indicated two types of  
cell, the population was split for further analysis. Using 
90 degree �89 width tuning as a cut off point 54 cells were 
defined here as having relatively 'narrow' tuning and 19 
cells as having 'broad'  or asymmetric tuning (with one or 
both �89 width measures were greater than 90~ [For each 
cell there being two �89 width at �89 height measures.] 

The distribution of  width of  tuning is skew positive 
with no cells having �89 width < 45 ~ This is in part  an 
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Fig. 7. Width of tuning. The average angle of rotation required to 
reduce response by half of difference between response to the most 
and least effective views {Rmax-Rmin)/2} is plotted for 73 view- 
selective ceils; 
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artifact of  regression analysis since the cardioid equation 
used cannot follow changes in response from maximum 
to minimum in less than 90 ~ . Therefore for narrowly 
tuned cells, the width of tuning is artificially broad (by 
an estimated 5-15 degrees). This error affected tuning 
estimates for a minority of  cells (10 out of  110 cells with 
tuning between 20 and 50 degrees 1/2 width at 1/z height) 
and therefore does not  affect estimates of  the width of  
tuning of  the cell population unduly. 

Average shape of view tuning. To make a visual com- 
parison across different tuning curves for those cells 
where regression analysis produced a good fit to ob- 
served data, the following analysis was performed: For  
each cell the regression analysis was used to estimate the 
maximal response (Rmax) and the optimal angle of  view 
(0max) at which Rmax occurred. The raw data for each 
cell was then scaled so that Rmax was equal to 1.0 and 
the mean spontaneous activity was equal to 0.0 spikes/sec- 
ond. For  each cell views used to measure responses were 
re-expressed as angles of  rotation from 0max. Regression 
analysis was then performed on the transformed data for 
each cell to produce 'normalized' tuning curves. This 
procedure aligns the peak of  each tuning curve (e.g. 
Fig. 1) along the horizontal axis and stretches the vertical 
(response) axis so that the height of  the peaks above 
spontaneous baseline is the same. Figure 8 displays the 
individual tuning curves for a sample of  43 unimodal 
viewer-centred cells with narrow tuning. 

To obtain the average tuning curve for different ceils 
the coefficients of  the regression analysis (equation 1, 
above) of  normalized data were averaged. Figure 9 dis- 
plays the average tuning curves for different categories of  
view tuning. The average tuning curves for all classes 
except broadly tuned cells exhibit a dip in response to 
views 90 ~ away from optimal view. This dip may well 
arise from inhibition from cells tuned to these orthogonal 
views. Evidence for inhibition comes from the observa- 
tion that for 46 cells response to non-optimal views was 
less than spontaneous activity. (For  such cells the relative 
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between views was computed for each cell using the 
formula, (Rmin-SA)/(Rmax-SA), where R m i n = m e a n  
response to the least effective view. Fig. 6 displays the 
distribution of  responses to the least effective view, de- 
fined in this relative way. Negative values again indicate 
that the least effective view reduced activity below the 
spontaneous firing rate. For  the majority of  viewer- 
centred cells response to the least effective view was less 
than 0.5 of  the response of  the most effective view. 

Not  surprisingly cells with object-centred properties 
(i.e. responding to all views of the head more than to 
controls and spontaneous) showed less discrimination 
between views of  the head than cells displaying viewer- 
centred responses. Consequently for object-centred cells 
the response to the least effective view ranged between 
0.4-0.9 of  the response to the most effective view. 

Fig. 8. Tuning curves of viewer-centred cells displaying unimodal 
narrow tuning. The tuning curves (estimated from best fit eardioid 
function relating response to angle of view) for 43 unimodal view- 
selective cells. Each tuning curve is normalized so that maximum 
response = 1.0 and spontaneous activity (S.A.)= 0. Angle of view is 
expressed as an angle of rotation from optimal view (0max) 
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F i g .  9 .  Average tuning curves for different classes of  cell. a Narrow band viewer-centred cells (n  = 43) .  b Broad band viewer-centred cell 

(n  = 1 1). c Bimodal viewer-centred cells (n  - -  8).  d Mixed object and viewer-centred cells (n  = 3)  

response to the worst view in Fig. 6b assumes negative 

values.) 

Distribution of optimal response angles. The optimal re- 

sponse angles were analysed for cells which (a) were tested 
with 8 views of the head, (b) displayed a significant 
(p < 0.05) relation between response and a cardioid func- 

tion of viewing angle (equation 1) and (c) for which 
Chi-Squared comparisons between predicted and ob- 

served response indicated a good fit. Thus data were 
considered for only those cells for which regression 

analyses produced appropriate optimal response angles. 
Further checks were made for the accuracy of the 

estimated optimal angle of view for cells with broad 
tuning. These cells were defined objectively as having an 
angle of rotation required to reduce response to % max- 

imal that was greater than 90 ~ . For nine such cells with 
broad view tuning, response was large and even to all 
views except one. The optimal view for these 9 cells was 
calculated as the view producing minimum response 
+ 180 ~ This method of estimating optimal view was 
introduced because the cardioid function correctly fits a 
single narrow peak (or trough) but introduces 1 to 2 

O 

0 
Fig. 10o The distribution o f  view tuning across the population of  

viewer-centred cells. Each line represents the view estimated from 

regression analysis to evoke maximal response for one cell. Signifi- 

cantly more cells exhibit a preference for views within 2 2 . 5 ~  

putative characteristic views (Face, left and right profiles and the 

back of  head) than for intermediate views ( B i n o m i a l / T e s t ,  

p = 0.0002) 



Table 1. Number of cells tuned to characteristic views of the head. 
The distribution of view tuning for cells in the STS is given separate- 
ly for four experimental subjects. On axis tuning refers to cells with 
an optimal view within 22.5 ~ of one of the four putative characteris- 
tic views (face, left profile, right profile and back views of the head 
or 0 ~ 90 ~ 270 ~ 180~ Off axis refers to cells tuned to other views 

Subject On Off Number tested 

J 5 1 
H 6 2 

D 34 8 

B 7 1 0  

Totals 52 21 

6 
8 

42 
17 

73 

small ripples with 'false' maxima in approximating very 
broad/flat peaks. 

Figure 10 shows the distribution of the optimal re- 
sponse angles of 73 cells from 4 monkeys B, D, H and 
J. Each cell is represented by a single line. To assess 
potential clustering around characteristic views, cells 
were divided into two categories: those with angles of 
optimal response 'on axis' within 22.5 ~ either side of one 
of the characteristic views and those with optimal angles 
'off axis' outside this range. For  73 cells tuned for view 
52 were found to be 'on axis'. This fraction is significantly 
greater than that expected by chance (Binomial Test 
p =  0.0002). Of the 73 cells 54 had narrow tuning for 
perspective view (of which 38 were on axis) and 19 had 
broad tuning (of which 14 were on axis). 

Previous assessments of the distribution of view 
tuning across cells (Perrett et al. 1989b, 1990d) were 
made using smaller numbers of cells and smaller numbers 
of views for some of the testing (4 rather than 8 used here 
for all cells illustrated). 

The number of  cells recorded in different subjects with 
on or off axis responses is given in Table 1. There is an 
indication of individual differences or sampling of dif- 
ferent cell populations across subjects. The majority of 
cells were on axis for 3 subjects (D, H and J) but not for 
the 4th subject B. The fraction of cells exhibiting on axis 
tuning in subjects D and B is significantly different (Chi- 
Squared = 7.25, d f =  1, p < 0.05). 

Sensitivity to identity 

Sensitivity to identity was not the main focus but such 
sensitivity is relevant to the issue of  cell classification and 
was studied additionally when cells were found by seren- 
dipity to respond differently to different individuals. 56 
cells were tested with more than one head. Using the 
same mode of presentation (e.g. all stimuli 3D or all 
stimuli 2D projected images), 6 of these cells showed 
significant differences in response magnitude to different 
individuals as assessed by 1- or 2-way ANOVA. Cells 
with sensitivity to identity were found in categories de- 
fined here as both viewer-centred and object-centred. 

Viewer~centred coding of identity. Two cells were studied 
where view selectivity was found for one individual in the 
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Fig. 11. Combined selectivity for view and identity. Cell D043 29.44 
gave significantly larger responses (p < 0.05 each comparison) to the 
left profile (90 ~ of RB than to other views of RB, MH and controls 
(23 spikes/s). No view of MH evoked higher responses than controls 
(p > 0.05 each comparison). 1 -way ANOVA: F(8,34) = 3.2, p < 0.01. 
A 2-way ANOVA showed a significant effect of view [F(3,32)= 5.2, 
p =  0.005]. The main effect of identity, however, did not reach 
significance [F(1,32)=0.22, p=0.65] but a significant interaction 
between view and identity (F=  2.93, D F =  3,32, p =  0.049) con- 
firmed that the pattern of response to the views was different for the 
two individuals 
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Fig. 12. Responses of a broadly tuned viewer-centred cell sensitive 
to identity. For cell D107 35.41 the back (180) views of the heads 
of two experimenters (ST and RB) evoked higher responses than the 
front (0) views (p < 0.001). Responses to the back of ST's head were 
higher than responses to the back view of RB, controls (1,6 spikes/s) 
and spontaneous activity (6.4 spikes/s) (p < 0.05 each comparison). 
1-way ANOVA: F(9,55)=14.2, p<0.001. A 2-way ANOVA 
showed a significant effects of view [F(3,43)= 15.9, p=0.001) and 
identity [F(1,43) = 6.6, p = 0.037]. There was no significant interac- 
tion [F(3,43) = 0.0, p = 1.0], showing that the pattern of view selec- 
tivity was the same for both individuals 

absence of any response (or view tuning) to a second 
individual. An example is illustrated in Fig. 11. For  the 
cell illustrated responses to one experimenter (RB) typi- 
fied a viewer-centred cell with narrow tuning for perspec- 
tive view. 1-way ANOVA (for F values see Fig. legends) 
indicated that just one of the four views of RB was 
significantly (p = 0.05) different from control stimuli and 
spontaneous activity. The cell, however, failed to distin- 
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guish any view of the head of a second experimenter 
(MH) from control objects and spontaneous activity. 

A 2-way ANOVA (comparing 4 views and 2 iden- 
tifies) showed a significant effect of view (p = 0.005). The 
main effect of identity, however, did not reach signifi- 
cance (p= 0.65), though there was a significant interac- 
tion between view and identity (p=0.049) which con- 
firmed that the pattern of response to the views was 
different for the two individuals. 

Figure 12 illustrates the responses of a cell with broad 
tuning for perspective view. While the cell showed the 
same pattern of view selectivity for two experimenters 
(ST and RB), in the optimal view (back of the head or 
180 ~ responses to ST were significantly higher than those 
to RB (p < 0.05). 

2-way ANOVA (with view and identity as main fac- 
tors) showed a significant effect of view (p = 0.001), iden- 
tity (p=0.037), but no interaction between view and 
identity (p = 1.0). The pattern of view selectivity was thus 
the same for both individuals. 

Object-centred codin9 of identity. A dramatic example of 
a cell sensitive to identity independent of view is shown 
in Fig. 13.1-way ANOVA revealed that the cell displayed 
object-centred properties. Firstly, responses to four views 
of one experimenter (JH) were all significantly greater 
than response to controls and spontaneous activity and 
secondly responses to the different views of JH were not 
significantly different. The cell was, however, unre- 
sponsive to a second experimenter (DP) with no view 
evoking responses higher than controls or spontaneous 
activity. 2-way ANOVA (view versus identity) showed 
significant effect of identity (p<0.001) but no effect of 
view (p =0.9) and no interaction (p= 0.5). 

The visual basis of this discrimination was not deter- 
mined but appeared to rely on cues from the head and 
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Fig. 13. Responses of  an object-centred cell sensitive to identity. 
Responses of cell D 105 29.74 to the 4 views of JH were not  signifi- 
cantly different (p > 0.05 each comparison) but  responses to each of 
the views of JH was significantly greater than responses to the views 
of DP, control stimuli (16.0 spikes/s) and spontaneous activity (13.6 
spikes/s) (p < 0.0005 each comparison). [1-way ANOVA, 
F(9,57) = 17.4, p < 0.0005]. A 2-way ANOVA (with view and iden- 
tity as main factors) showed a significant effect of identity 
[F(1,47)= 112.7, p<0 .001)  but  no effect of view [F(3,47)=0.12, 
p = 0.95] and no interaction [F(3,47) = 0.75, p = 0.53] 

the upper torso, since no responses were present to the 
head of JH when the body was obscured from sight (or 
to the body when the head was covered). This indicates 
that the sensitivity for identity was unlikely to have arisen 
from any simple visual cue such as hair style. 

View preference independent of identity. Cells insensitive 
to identity were important to the present study since they 
allowed assessment to be made of the consistency of view 
tuning across individuals. For 12 cells regression analyses 
gave significant relationships between response and view 
for the heads of two to five individuals (each tested 
separately and with 8 views). This testing allowed 22 
comparisons to be made between the estimated optimal 
angles of view for responses of one cell to the head of two 
different individuals. The optimal angles of view for any 
two assessments with the same cell were highly correlated 
(correlation coefficient = + 0.973, df= 20, p < 0.00005). A 
matched paired t test between the optimal views revealed 
no systematic difference between test and re-test (mean 
signed difference between test and re-test=2.3_+3.9 ~ 
(mean 4-1 SE); t=0.59, df--21, p=0.57). The mean 
absolute difference between any two assessments of opti- 
mal view for the same cell was 11.5 ~ (_  3.1). The results 
indicated a high degree of consistency of the cells' view 
preferences over time and confirmed the test re-test re- 
liability of the method of analysis. 

Figure 14 illustrates the consistency of view tuning 
across individuals and across presentation media. Re- 
sponses to views of one experimenter (MH) were assessed 
with real 3D images while responses to views of a second 
experimenter (MO) were assessed with 2D projected 
slides. Figure 14 illustrates the best fit regression equa- 
tion relating view to response for the two heads. For both 

�9 M.H. REAL 

5025.- ~ ~ ,  �9 M.O. SLIDES 

. . . . . . . . . . . . . . . . .  S.A. 
~ ~  CONTROLS 

w 

0 
0 9'0 1/~0 2-~0 aeo 

ANGLE OF VIEW 
Fig. 14. Consistency of view independent of identity and presenta- 
tion media. Responses of one cell (D114 29.83) to 2D slides of one 
individual (MO) and 3D real views of  a second individual (MH). 
For  both  individuals the cell showed a preference for the back view 
(regression analysis MH:  R2=0.83,  F(4,35)=9.3,  p<0 .0005 ;  
MO: R2=0.80,  F(4,35)=35.2, p<0.0005).  A 2-way ANOVA 
showed a significant effect of  view [F(7,64) = 42.3, p < 0.0005], but  
no effect of identity or media (2 or 3D) of presentation [F(1,7) = 0.6, 
p=0.46]  or interaction between view and identity [F(7,64)= 1.3, 
p=O.25] 
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F i g .  15.  H i s t o l o g i c a l  r e c o n s t r u c t i o n  o f  p o s i t i o n  o f  cel ls  se lect ive ly  

r e s p o n s i v e  to  v i e w s  o f  the  head .  Upper: S i d e  v i e w  a n d  c o r o n a l  

s ec t ion  at  8.0  m m  ant er ior  to  the  inter  aura l  p l a n e  s h o w i n g  the 

p o s i t i o n  o f  the  supe r ior  t e m p o r a l  su lcus  ( S T S ) .  Lower: serial  sec- 

t i ons  o f  the  u p p e r  b a n k  S T S  f r o m  4 .5  m m  t o  8 .0  m m  anter ior  to  the  

in teraura l  p l a n e  f r o m  o n e  m o n k e y  (B).  Lef t  c o l u m n  ind ica tes  the  

5 m m  

i 

position of  all recording tracks. Other coktmns indicate the position 

of  cells responsive to different views. The preferred angle of  view for 

each cell (to the nearest 2 3  ~ is  indicated by the direction of the 8 

arrow types, u p  = f a c e  (0~  d o w n  = back of head ( 1 8 0 ~  r i g h t  = r i g h t  

profile (90~ left = left profile (270 ~ diagonal arrows = intermediate 
views (45  ~ , 1 3 5  ~ , 2 2 5  ~ , 3 1 5  ~ ) 

heads the cell displays a preference for the back view. A 

2-way ANOVA of the responses to the 8 views of the 2 
heads showed a significant effect of view (p < 0.0005) but 
no effect of identity or media of presentation (p = 0.46). 
There was no significant interaction (p = 0.25), showing 
that the pattern of view selectivity was the same for both 
individuals. The lack of difference across the two heads 
also indicates that the cell responded equivalently to two 
and three dimensional images. 

Location of cells 

Histological reconstruction of the positions of cells re- 
corded in monkeys F, B, D indicated that the majority of 
cells responsive to faces and other views of the head were 
located in the cortex of the upper bank of the superior 
temporal sulcus (areas TPO and PGa of Seltzer and 
Pandya 1978). The proportions of cells found responsive 
to the head varied from subject to subject (65 out of 524 
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cells recorded in the STS upper bank in the right hemi- 
sphere of B, 45/914 for D right hemisphere, 9/483 D left 
hemisphere and 15/1553 F right hemisphere). [N.B. these 
figures include cells responsive to the head that were not 
investigated for view sensitivity.] Measurements of the 
position of recording electrodes (from X-radiographs) 
indicated cells responsive to faces in monkeys J and H 
were recorded in the temporal cortex (mainly in the 
upper bank of the STS but also in the lower bank and 
inferior temporal cortex). 

Figure 15 displays cells selectively responsive to head 
views that were recorded in the upper bank of the STS 
in the right hemisphere of one monkey. With the resolu- 
tion of reconstruction present (__+ 1.0 mm) there was no 
obvious anatomical organization of view coding within 
the cortex of this monkey. All views in the horizontal 
plane appeared to be coded in the same patch of cortex. 

Discussion 

Viewer-centred codin9 

Previous work with cells responsive to the head focused 
mainly on coding of the face or frontal views. The current 
study evaluated coding of the head throughout the hor- 
izontal plane. One of the clearest findings of the present 
study was the prevalence of view specific or viewer- 
centred coding. Cells responsive to the head in the STS 
were most frequently sensitive to perspective view. 96% 
(129/134) of the cells in the present study exhibited sen- 
sitivity to view in the horizontal plane. 

Previous work also emphasises the prevalence of view 
sensitive coding. Perrett et al. (1985a) found 67 % of cells 
responsive to the face were view selective. In the study of 
Hasselmo et al. (1989a), 16/19 of cells insensitive to 
identity and 15/18 of those sensitive to identity, were 
selective for view. View sensitivity was also evident in 
earlier reports (Bruce et al. 1981; Desimone et al. 1984; 
Perrett et al. 1982; Kendrick and Baldwin 1987). 

The data from different studies of the processing of 
static information about the head are thus comparable 
and indicate that coding is critically dependent on the 
view-point of the observing subject. 

Object-centred coding 

The present study provided evidence for some cells in the 
temporal cortex coding in an object-centred manner. The 
most important property of object-centred coding is the 
ability to generalize response across different perspective 
views. This capacity was demonstrated here at the level 
of object class in that some cells responded to all views 
of heads (in the horizontal plane) but not to other objects 
(e.g. Figs 3, 4). The capacity was also found in the coding 
of identity in that cells were found selective to all views 
of one individual's head but were unresponsive to all 
views of a different individual (e.g. Fig. 13). Such object- 
centred coding of  identity has been reported in other 
studies (e.g. Hasselmo et al. 1989a; Perrett et al. 1984, 
1987, 1989a). 

Despite the undisputed existence of object-centred or 
view invariant coding, we found such coding rare in the 
STS. Very few cells (n = 9) responded to all views of the 
head and even less (n = 4) responded equally to all views. 
We found that half of the cells responding to all views of 
the head in the horizontal plane showed significant dif- 
ferences in their response to different views of the same 
head. 

We therefore diverge from Hasselmo et al. (1989a) in 
the stress placed on the relative importance of viewer and 
object-centred coding for STS cells responsive to static 
heads. We emphasize that since the majority of cells are 
selective for perspective view they should be considered 
examples of viewer-centred coding. 

It could be argued that the degree of generalization 
across perspective view depends on the supposed func- 
tion of the cells. If one considers the STS cells as part 
of a face recognition system rather than part of a system 
analyzing the head (and other parts of the body), then 
one might not expect complete generalization to the back 
views of the head. A cell might be considered object- 
centred in its coding of the face if it responded equally 
to the front and side views of the head. This would lead 
to the prediction of broad tuning for cells responsive to 
the frontal views. Overall the width of tuning for perspec- 
tive view, however, was not found to vary with optimal 
view (r = 0.034, df= 64, p = 0.784). Indeed the only excep- 
tion to this was the observation of a very few (n = 4) cells 
with the sharpest tuning (�89 at �89 < 30~ The 
tuning of these cells was associated with and was symme- 
trically centred on the full face view. Thus most cells 
responding well to the face view, responded significantly 
less to the profile (or vice versa). Therefore coding lacked 
generalization across perspective view even when analy- 
sis is restricted to views in which the facial features were 
visible. 

As amplified in the introduction there have been 
demonstrations of some cells exhibiting object-centred 
coding for body movements (Perrett et al. 1985b, 1990a; 
Hasselmo et al. 1989a). Again we would stress that the 
responses of the majority (98 %, Harries et al. in prep; see 
also Perrett et al. 1985b) of STS cells coding body move- 
ments are dependent on the perspective view as shown in 
the present study for the coding of static heads and 
bodies. 

The results of the present study thus emphasise the 
importance of viewer-centred coding of heads. Of course 
the present results do not deny that object-centred coding 
may be more prevalent in other regions of the brain 
(perhaps at a processing stage subsequent to the STS). 

Range of views preferred by cells 

The work of Hasselmo et al. (t989a) revealed cells tuned 
to a range of views. They noted, however, that the face 
or front of the head was disproportionately represented. 
In their Fig. 11, it appears that 29/49 (or 59%) of the 
displayed lines marking the preferred viewing angles (at 
which different neurons responded optimally), occurred 
to front views of the head (within 45 ~ of the frontal view). 
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[Hasselmo et al. studied 31 cells in total but presumably 
displayed 2 preferred viewing angles for each of the 18 
cells responding differently to the 2 heads tested, 
31 + 18 = 49]. Hasselmo et al. note that the bias for front 
views could reflect the fact that the front view contains 
most information and is most important socially. 

The present study does not show such a bias towards 
the full face view. We found that cells were clumped 
around the face and the profile views. The differences in 
the two studies could represent the results of sampling 
differences. Perrett et al. (1984), showed that cells respon- 
sive to faces are clumped in distribution. Most frequently 
cells processing different views of the head are found in 
the same clump or patch of cortex (Perrett et al. 1984, 
1985a, and here). Clumps of cells can occasionally be 
found, however, where processing of one view predomi- 
nates. For example Perrett et al. (1987, 1988) reported 
separate clumps processing face and profile views. Stud- 
ies sampling from clumps containing multiple views will 
produce evidence of even distribution of view tuning 
while studies sampling from clumps processing the face 
will emphasise the importance of the front view of the 
head. 

A further potential source of bias concerns methods 
of estimating optimal tuning angle. The method used by 
Hasselmo et al. (1989a) is not appropriate for bimodal 
cells. To illustrate this, consider a bimodal cell with a 
large but equal response to the left and right profile 
views, a small response to the face and no response to the 
back of the head (e.g. Fig. 10b, Hasselmo et al. 1989a). 
The method of determining the optimal view used by 
Hasselmo et al. (1989a) would wrongly ascribe the 
orientation preference to the front view. This is because 
the influence of the two profiles effectively cancel out and 
the front/back difference becomes the major determinant 
of the estimated orientation specificity. By contrast the 
cardioid equation used here would indicate 2 modal 
angles close to the profile views. Thus methods of analy- 
sis can influence the estimation of preferred views par- 
ticularly in bimodal cells. 

Results of previous studies may also be biased to- 
wards finding front view preferences because more front 
views were tested than back views. Ideally testing a larger 
number of views than the 8 used here would present a 
more accurate specification of view tuning. Indeed views 
changing the vertical elevation of the head have been 
found to effect some cell responses yet were not studied 
here (Perrett et al. 1985). 

Characteristic views 

In the present study, the optimal angles of view for the 
entire population were not evenly distributed through 
360 ~ of rotation in the horizontal plane. The overall 
results showed statistically significant clustering around 
putative characteristic views (the face, left and right 
profile and back). These data provide empirical support 
for the notion that particular views of an object are 
differentially represented in the nervous system. It is 
relevant that the physiological evidence for the impor- 

tance of the face and profile views presented here, paral- 
lels the importance of the same views in psychological 
studies of preferential inspection (Harries et al. 1990). 
Indeed both studies indicate preferential coding of the 
face and profile views and only a small degree of coding 
for the back view. 

Physiological data from different experimental sub- 
jects suggested individual differences. While data for 
three subjects were consistent with the notion of charac- 
teristic views, data from a fourth subject did not. These 
individual differences most likely reflect limitations in 
sampling. It is also possible that subregions of cortex 
involved in the analysis of heads, may be specialized for 
processing particular views (as suggested by previous 
studies, Perrett et al. 1987). Neurophysiological studies 
can only explore a minority of cells and regions of the 
cortex. Thus some differences in the results from different 
laboratories and experimental subjects may be inevitable. 

Function in codin9 attentional direction 

The present study emphasises the importance of the 
visual appearance of the entire head. Cells responsive to 
the front view of the head have been found to be sensitive 
to socially important information about facial expression 
(Perrett et al. 1984; Hasselmo et al. 1989b; Perrett and 
Mistlin 1990). Expression is not visible from the back of 
the head yet, as argued below, even this view may have 
significance in a social context. 

Given the width of tuning for perspective view of cells 
studied here (range 50-125 ~ �89 width at 1A height), recog- 
nition of an object as a head or as an individual could 
be accomplished by cell populations coding just 4 evenly 
spaced views (e.g. the 4 proposed characteristic views). 
It is clear, however, that there are many cells analysing 
views in-between the putative characteristic views. More 
views receive coding at the single cell level than are 
theoretically necessary for recognition independent of 
view. 

One clue as to the function of the 'supernumerary' 
coding of view comes from the observation that most 
cells are not affected by the identity of the face or its 
species (monkey/human). It is therefore unlikely that 
these cells are involved in the recognition of identity or 
species. By contrast the majority of cells responsive to the 
head are selective for the direction in which the head 
points. It is more reasonable to speculate that cells selec- 
tive for head view have some function in coding the 

direction in which other individuals point. This may itself 
provide an index of where the attention of others lies. 

Realizing the direction of others' attention is vital for 
many aspects of social life. It is not only important to 
know that X is threatening, it is also important to know 
whether the threat is directed at oneself, one's ally, one's 
kin, etc (Chance 1967). 

Human infants, exhibit a capacity to react to where 
in the environment another individual is attending using 
the cue of gaze direction (Butterworth and Cochran 
1980). This capacity appears early in life and is perhaps 
a basis for the development of more complex under- 
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standing of  the attention and even the 'minds' of  others, 
both for humans and monkeys (Byrne and Whiten 1987; 
Baron-Cohen 1989). 

I f  the view coding has a role in the analysis of  where 
other individuals are attending, then one would expect 
gaze direction to influence responses, since gaze direction 
is a more accurate guide to the direction of  attention. 
This suggestion is borne out. Perrett  et al. (1985a) found 
that 64 % of  cells responsive to the face or profile views 
of  the head were also selective for the direction of  gaze. 
Optimal gaze direction was found to be compatible with 
optimal head direction; cells responsive to the head di- 
rected towards the observer (face view) were more re- 
sponsive to eye contact than laterally averted gaze; cells 
responding to the profile responded more to gaze di- 
rected laterally. For  several cells gaze direction was 
found to be more important  than head view. (For  more 
detailed consideration see Perrett  et al. 1990c). 

Deriving view-invariant descriptions 

Stressing the importance of viewer-centred coding in its 
own right does not  deny the possibility that such coding 
could also be used as in intermediate stage in establishing 
view independent recognition (with object- or goal- 
centred frames of  reference). Cells responsive to many 
views of  an object or action could be established by 
combining the outputs of  several view sensitive cells 
tuned to different views of  the same object or action. 
Indeed such a scheme of  processing has been suggested 
many times on the basis of  physiological evidence (Per- 
rett et al. 1984, 1985a, b, 1987, 1989a, 1990a, b; Hasselmo 
et al. 1989a). An analysis of  the time course of  responses 
supports this contention, since view-selective cells re- 
spond at a slightly earlier latency compared to cells with 
view invariant responses (Oram and Perrett, unpublished 
studies). 

Identity sensitivity 

Examples of  selectivity for identity were found here for 
cells displaying viewer-centred and object-centred 
coding. The responses of  the cell illustrated in Fig. 11 
indicates that sensitivity to the difference between in- 
dividuals can be restricted to one view. Such view specific 
sensitivity to identity has been noted in other reports 
(Perrett et al. 1984, 1987, 1989a). 

Hasselmo et al. (1989a) emphasised that cellular sen- 
sitivity to identity was largely independent of  view and 
was consistent with object-centred coding. They based 
this claim on the fact that 18 cells exhibited a significant 
main effect of  identity in 2-way ANOVA (with identity 
and view as main factors). It is important  to note that 
reliance on main effects of  identity in 2-way ANOVA 
overlooks the possibility of  selectivity for identity occur- 
ring at specific views. Main effects also overlook situa- 
tions where responses to two individuals may be different 
at some views but not  at other views. The interaction 
term of  2-way ANOVAs may confirm such combined 
sensitivity to view and identity (see Fig. 11). 

I f  it is proposed that cells exhibiting sensitivity to 
identity but generalizing across many views are built by 
combining view specific descriptions, then it is not sur- 
prising that sensitivity to identity should occur amongst 
view specific cells. 
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Width of tunin 9 

Receptive fields of  cells in the early stages of  the visual 
system are characterised by a central excitatory region 
flanked by an inhibitory surround. The response profile 
thus has a familiar 'Mexican hat '  like structure. The 
inhibitory side bands arise from antagonistic influences 
from cells with adjacent receptive fields. It is interesting 
to note the 'Mexican hat'  shape of  view tuning amongst 
the majority of  cells responsive to the sight of  the head. 
The dip in response, for perspective views 90 ~ to the cells' 
preferred views, may represent inhibitory interactions 
between cells tuned to different views. Indeed inhibition 
relative to spontaneous activity was observed for many 
cells to non-optimal views. 

In keeping with the relatively low rate of  spontaneous 
activity, optimal views appeared to be coded by excita- 
tion rather than inhibition. A cell could theoretically 
code the presence of one head view by a selective reduc- 
tion of  response rate below spontaneous activity for one 
view, with no change in activity for other views. No such 
cells were found. 
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