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Abstract Neurons in the temporal visual cortical areas 
of primates have large receptive fields, which can show 
considerable selectivity for what the stimulus is irrespec- 
tive of exactly where it is in the visual field. This is called 
translation invariance. However, such results have been 
found when there is only one stimulus in the visual field. 
The question arises of how the visual system operates in a 
cluttered environment. To investigate this we measured 
the responses of neurons with face-selective responses in 
the cortex in the anterior part of the superior temporal 
sulcus of rhesus macaques performing a visual fixation 
task. We found that the response of neurons to an effec- 
tive face centred 8.5 ~ from the fovea was decreased to 
71% if an ineffective face stimulus for that cell was 
present at the fovea. In a similar way, introduction of a 
parafoveal ineffective face stimulus decreased the re- 
sponses of these neurons to an effective face stimulus at 
the fovea to 75%. In addition to these interactions, it was 
found that an effective stimulus object at the fovea pro- 
duced a larger response than when it was parafoveal, and 
that this weighting towards an object at the fovea was 
also seen when more than one object was present in the 
visual field. The implication of this weighting of the re- 
sponses of neurons towards objects at the fovea, even in 
an environment with more than one object present, is that 
the output of the visual system provides information to 
subsequent systems particularly about objects at the fo- 
vea, so that learning about these objects (and less about 
other objects elsewhere in the visual field) is facilitated. 
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Introduction 

There are two main processing streams: the dorsal 
stream, which is concerned with the relative spatial posi- 
tion of an object, and the ventral stream, which is con- 
cerned with its identification (Mishkin et al. 1983). Dam- 
age to the dorsal stream, through which the striate cortex 
projects to the parietal lobes, produces impairments on 
visuospatial tasks (Pohl 1973; Mishkin etal.  1982). 
Damage to the ventral system, through which the striate 
cortex projects to the temporal lobes, does not impair 
performance of visuospatial tasks but does impair perfor- 
mance of object discrimination tasks (Cowey and Gross 
1970; Gaffan etal.  1986; Weiskrantz and Saunders 
1984). As visual information passes through the ventral 
system a representation of objects is built up that is in- 
variant with respect not only to the cues which define it, 
such as colour, motion or luminance (Sary et al. 1993), 
but also to the size of the object (Rolls and Baylis 1986). 
In contrast, cells in the primary visual cortex (V1), at the 
start of the processing stream, are much more finely 
tuned to size/spatial frequency, with a typical spatial fre- 
quency tuning of 1.5 octaves. Further, one population of 
cells in the cortex forming the ventral lip of the superior 
temporal sulcus has responses which are relatively view 
invariant (Hasselmo et al. 1989; Perrett et al. 1991). It is 
hypothesised that along the ventral processing stream 
representations of objects are built which are invariant 
with respect to, for example, size, rotation and view, for 
such invariant representations form appropriate inputs to 
associative neuronal networks in the hippocampus and 
amygdala which appear to be involved in an intermediate 
term "on the fly" buffer store and in stimulus-reinforce- 
ment association memory (see, e.g. Rolls 1990, 1992a, b, 
1994a, b). Consistent with this, lesions of the inferior 
temporal visual cortex impair the ability of monkeys to 
respond to objects irrespective of changes in, for exam- 
ple, size, lighting and viewing angle (Weiskrantz and 
Saunders 1984). 

It is likely that invariant representations for retinal po- 
sition are also built along the same processing stream 
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(Gross and Mishkin 1977; Rolls 1992a, 1994a, b; Wallis 
et al. 1993). Consistent with this, the receptive fields of 
single cells in VI are usually small (e.g. 0.5-1~ In con- 
trast the receptive fields of neurons in the inferior tempo- 
ral visual cortex are very large, almost always including. 
the fovea, and often extend to include large areas of the 
contralateral visual field (Gross et al. 1972; Desimone 
and Gross 1979). However, these studies on inferior tem- 
poral neurons were performed under anaesthesia and 
pharmacological immobilization, and it was not clear 
that the neuronal responses found will reflect those 
which occur when the cortex is operating normally, 
while the animal is awake and behaving. Recent studies 
on unanaesthetized macaques have shown that the re- 
sponses of face-selective neurons in the lower lip of the 
superior temporal sulcus and the inferior temporal cortex 
were invariant with respect to the fixation position on the 
face, and typically also showed largely translation invari- 
ant but still stimulus-selective responses when the fixa- 
tion position was 2-6 ~ away from the edge of a face (To- 
vee and Rolls 1993; Tovee et al. 1994). 

In the preceding investigations of translation invari- 
ance in the responses of temporal cortical neurons, the 
neuronal responses were measured when only one stimu- 
lus was placed at different positions relative to the fovea 
in the visual field. It is of considerable importance for 
understandig how the system operates normally in the vi- 
sual world to ask how the system would respond when 
more than one object is present in the visual field, as 
would normally be the case. Would it be the case that if a 
non-effective stimulus was being fixated, but an effective 
visual stimulus for that cell was present anywhere in the 
visual field, the cell would respond? This might be ex- 
pected by simple extrapolation from the findings already 
described on the translation invariance of single neurons 
in the temporal cortical areas. On the other hand, if the 
system did operate in this way, then it would mean that 
there would be massive activation of great numbers of 
inferior temporal neurons in normal, visually rich envi- 
ronments. In the case of face-selective cells, the result 
would be that a cell would respond whenever an effec- 
tive face for a cell was present anywhere in the visual 
field. Alternatively, it might be the case that under condi- 
tions when many stimuli were present, a cell would show 
its full response to an effective stimulus only when that 
stimulus was fixated. Similarly, if a non-effective stimu- 
lus were present at the fovea, but an effective stimulus 
were present parafoveally, then the cell might not re- 
spond maximally to its effective (parafoveal) stimulus. 
Operation in this latter way would have a number of 
advantages, including simplifying the interface to the 
memory systems which receive outputs from the visual 
system, for then there would be much less clutter in the 
output, which would be weighted towards the visual 
stimulus being fixated. Such a better-defined output 
would also be useful for an interface to action and motor 
systems, for then the stimulus to which action should be 
directed would not be ambiguous. 

Some interactions between simple visual stimuli pre- 

sented in different parts of the visual field have been de- 
scribed previously for neurons in the inferior temporal 
visual cortex (area TE) of macaques. Sato (1989) showed 
that neurons that responded to stimuli such as bars or 
coloured spots typically showed a similar or smaller re- 
sponse when two stimuli were present than when the bet- 
ter of the stimuli was presented alone. (The neurons he 
studied frequently did not show very good translation in- 
variance, and the effects were stronger for stimuli pre- 
sented contralaterally than ipsilaterally). Miller et al. 
(1993), using simple visual stimuli based on Fourier des- 
criptors, also found that the responses of most of the in- 
ferior temporal cortex (TE) neurons they studied were 
weaker to pairs of such stimuli than to the better single 
stimulus of the pair presented alone. Sato (1988), in line 
with earlier findings of Richmond et al. (1983), found 
that attention directed to a stimulus in order to detect its 
dimming reduced the responses of inferior temporal cor- 
tex (area TE) neurons to simple visual stimuli such as a 
bar of light. In the study described here, we pursued the 
investigation beyond interactions between simple stimu- 
lus features such as bars or coloured spots and focused 
on interactions that occur when more than one complex 
object (such as a face, itself consisting of many features), 
it present in the visual field. Indeed, in the study de- 
scribed here, we specifically investigated the responses 
of neurons with face-selective responses, in order to in- 
vestigate how the visual system codes for complex stim- 
ulus objects of this type when more than one object 
(face) is present in the visual field. Moreover, in this 
study we investigated the responses of neurons in the 
cortex in the anterior part of the superior temporal sul- 
cus, in which there have been no previous investigations 
of interactions between more than one object or stimulus 
present in the visual field. In the study described here we 
also made it a point not to require focal attention of the 
monkey to one or other of the stimuli, in order to approx- 
imate viewing conditions of the real world which occur 
frequently. We also took care to ensure that a fixation 
spot did not interfere with the neuronal responses to the 
test stimuli (see Richmond et al. 1983), by using a blink 
version of a visual fixation task. The properties of these 
neurons with face-selective responses have been de- 
scribed in a number of studies (see Rolls 1992a), and they 
are appropriate for the investigation described here also 
because a number of their properties have been analysed 
in detail (see Rolls 1992a; Desimone 1991; Rolls 1991). 

The plan of the experiments described here was to 
measure the responses of inferior temporal neurons when 
a non-effective face stimulus for a cell was present at the 
fovea, to determine whether this affected the otherwise 
large response to an effective face presented parafoveal- 
ly, and to determine whether the response to an effective 
face stimulus presented at the fovea was altered by non- 
effective face stimuli presented parafoveally. The awake, 
behaving monkeys performed a visual fixation task, and 
eye position was measured with the search coil tech- 
nique, to ensure that the stimuli were presented in known 
positions in the visual field. 



This investigation is part of a series of experiments 
performed in order to understand the normal functioning 
of the cerebral cortex and how disorders of its function 
lead to perceptual and cognitive dysfunctions (Rolls 
1992a, 1994a, b; Tovee and Rolls 1992; Tovee et al. 
1993, 1994; Rolls and Tovee 1994; Rolls et al. 1994a, b;). 

Materials and methods 

Recording techniques 

The activity of single neurons was recorded with glass-insulated 
tungsten microelectrodes (after Merrill and Ainsworth 1972, but 
without the platinum plating) i n  th ree  alert macaque monkeys 
(Macaca mulatta, weight 3 kg) seated in a primate chair using 
techniques that have been described previously (Rolls et al. 1976, 
1990; Tovee et al. 1993),  The action potentials of single cells were 
amplified using techniques described previously (Rolls et al. 
1979), were converted into digital pulses using the trigger circuit 
of an oscilloscope and were analysed on line using a MicroVaxlI 
computer. The computer collected peristimulus rastergrams of 
neuronal 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. Eye position was measured to 
an accuracy of 0.5 ~ with the search coil technique (Judge et al. 
1980), and steady fixation of a position on the monitor screen was 

ensured  by use of a bl ink version of a visual fixation task in which 
the fixation spot was blinked off 100 ms before the target stimulus 
appeared. The timing of the task is described below. The stimuli 
were static visual stimuli subtending 8.5 ~ in the visual field pre- 
sented in the top left and/or top right quadrant of the video moni- 
tor, placed at a distance of 1.0 m from the eyes. The fixation spot 
position was at the middle of ei ther the top left or the top right 
quadrant of the screen. The angle between the centre of the two 
quadrants was 8.5 ~ (see Fig. 2). The monitor was viewed binocu- 
larly, with the whole screen visible to both eyes. 

Task timing 

Task timing is shown in Fig. 1. Each trial started at - 5 0 0  ms (with 
respect to the onset of the test image) with a 500-ms warning tone 

Fig. 1 The timing used in the 
visual fixation blink task 

Tone 

Fixation 

Spot 
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to allow fixation of the fixation point, which appeared at the same 
time. At - 1 0 0  ms the fixation spot was blinked off so that there 
was no stimulus on the screen in the 100-ms period immediately 
preceding the test image. The screen in this period, and at all other 
times including the inter-stimulus interval, was set at the mean lu- 
minance of the test images and the mask. At 0 ms, the tone was 
switched off and the test image was switched on for 500 ms. At 
the termination of the test stimulus the fixation spot reappeared, 
and then after a random interval in the range 150-3350 ms it 
dimmed, to indicate that licking responses to a tube in front of the 
mouth would result in the delivery of saline. The dimming period 
was 500 ms and after this the fixation spot was switched off, and 
reward availability terminated 500 ms later. The monkey was re- 
quired to fixate the fixation spot in that, if he licked at any time 
other than when the spot was dimmed, saline instead of fruit juice 
was delivered from the tube, and in that, if the eyes moved by 
more than 0.5 ~ from time zero until the start of the dimming peri- 
od, then the trial was aborted. (When a trial aborted, a high-fre- 
quency tone sounded for 0.5 s, no reinforcement was available for 
that trial, and the inter-trial interval was lengthened from 8 to 11 
s). It should be noted that this is not a task in which attention ei- 
ther at or away from the test visual stimuli was explicitly reward- 
ed. The reward the monkey received was not contingent on the 
monkey making any response to the test stimuli. What  the fixation 
task does is to allow the fixation position of the monkey to be con- 
trolled. This then enabled stimuli to be shown in different posi- 
tions with respect to the fovea. In this way we were able to exam- 
ine the effects of having more than one visual stimulus present in 
the visual field at one time. 

Stimuli 

Both macaque and human faces were used as test stimuli. Exam- 
ples have been shown by Baglis et al. (1985) and Leonard et al. 
(1985). The stimuli were stored in digital form on a computer 
disk, and displayed on a monochrome video monitor using a video 
framestore (Advanced Electronic Design 512). The resolution of 
these images was 256 wide by 256 high with 256 gray levels. At 
all times the mean luminance of whatever was displayed on the 
monitor (even when it was a blank screen) was set to gray level 
128, so that there were no luminance changes during each trial. 
The monitor provided maximum and minimum luminances of 6.0 

................ 1 dim 

Stimulus 

Reward 

Available 

Firing Rate 
Measurement  

L 

I r 

-500 0 500 1000  1500  2 0 0 0  

Time (msec) 
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and 0.13 footlamberts (ftl), respectively, and was adjusted internal- 
ly and by use of a lookup table for linearity to within 3% using a 
photometer. The computer randomized the order of presentation of 
the test stimuli, switched the stimuli on and off for each trial and 
synchronized its data collection so that the stimulus was turned on 
at the start of the 21 st bin of the peristimulus time histogram. 

During initial investigation of the responsiveness of a temporal 
cortical cell, 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 re- 
sponse data relevant to one or several hypotheses. For example, 
one set included five different faces, to test whether the neuron re- 
sponded differently to different faces, and some non-face stimuli 
such as a sine wave grating, a boundary curvature descriptor, and a 
complex visual image (see Baylis et al. 1985, their Fig. 1), to pro- 
vide an indication of whether the neuron responded differently to 
face and to non-face stimuli. The computer randomized the se- 
quence in which the members of the set were presented, and after 
it had presented the sequence once, it restarted the set with another 
random sequence. The computer was allowed to repeat the set 
4 -10  times in order to provide sufficient data for an analysis of 
variance, so as to determine whether the neuron responded differ- 
ently to the different stimuli within the set. 

Procedure 

As tracks were made into the cortex in the superior temporal sul- 
cus, the responses of each neuron were measured to a standard 
digitized set of stimuli of different faces and of non-face stimuli 
(Baylis et al. 1985). If  a neuron 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 three-dimensional (3D) non-face stimuli 
were shown, to determine whether the response of the neuron was 
selective for faces. The criterion was that the response to the opti- 
mal face stimulus should be more than twice as large as to the op- 
timal non-face stimulus. (In fact, the majority of the neurons in the 
cortex in the superior temporal sulcus classified as showing re- 
sponses selective for faces responded much more specifically than 
this. For half  these neurons, their response to the most effective 
face was more than 5 times as large as to the most effective non- 
face stimulus, and for 25% of these neurons the ratio was greater 

Fig. 2A, B The arrangement 
of the stimuli and fixation spots 
on the screen of the video mon- 
itor. The stimuli were normally 
placed in the upper left and/or 
upper right quadrant of the 
screen, and the fixation point 
was at the centre of one of 
these quadrants. The angle 
subtended by one of the images 
was 8.5 ° . The effective stimu- 
lus for a cell is depicted with 
dark shading and the ineffec- 
tive stimulus with light shad- 
ing. A The three test conditions 
for investigation of whether 
the response to a parafoveal 
effective face stimulus was 
affected by the presence of 
an ineffective visual stimulus 
at the fixation point. B The 
three test conditions for investi- 
gation of whether the response 
to a foveal effective face stimu- 
lus was affected by the pres- 
ence of an ineffective visual 
stimulus parafoveally 

A 

m° 
B 
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than 10:1. These ratios show that, while responding preferentially 
to faces, these neurons do not have absolute specificity for faces. 
Further information on and discussion of the extent to which these 
neurons have selective responses is given by Baylis et al. (1985) 
and by Rolls (1984, 1992a, c). 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 above.) 

If  the neuron satisfied the criterion for face selectivity, then the 
following experiment was performed to assess how the presence 
of more than one visual stimulus in the receptive field of the neu- 
ron affected the neuronal responses. Two or more face stimuli 
were selected, usually including one effective and one relatively 
ineffective in driving the cell. One of the two fixation positions 
shown in Fig. 2 was selected at random and then held constant for 
the remainder of the experiment on that neuron. Then three test 
conditions were run. These were presentation of stimulus 1 at the 
fixation point, presentation of stimulus 2 in the non-fixated quad- 
rant, or presentation of both stimuli simultaneously in the same 
quadrants in which they were presented for the first two condi- 
tions. The order of these conditions in a test sequence was ran- 
domised. Once the set of three stimuli had been presented once in 
random order, the set was repeated with a new random order and 
testing was continued until 6 -12  sequences had been completed. 
This provided six to ten repetitions for each stimulus condition. 

This experimental design was used in the following ways. 
First, the non-effective face stimulus (for the particular cell being 
recorded throughout) could be allocated to the quadrant being fix- 
ated and the effective face stimulus to the quadrant not being fixat- 
ed. This allowed testing of the effects of a non-effective stimulus 
at the fixation point on what would without it be a large neuronal 
response to the parafoveally presented effective visual stimulus. 
Second, the effective face stimulus could be allocated to the quad- 
rant being fixated and the non-effective face stimulus to the quad- 
rant not being fixated. This allowed testing of the effects of a non- 
effective stimulus parafoveally on what would without it be a large 
neuronal response to the effective visual stimulus presented at the 
fovea. Every cell described here was tested in both the first and the 
second conditions. 

Third, the effective face stimulus could be allocated to the 
quadrant being fixated, and another different effective face stimu- 
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lus to the quadrant not being fixated. This allowed testing of 
whether there would be linear summation, or any type of interac- 
tion, between two effective visual stimuli present simultaneously 
in the visual field. Fourth, we also investigated whether there were 
interactions, or linear summation, between two different non-ef- 
fective face stimuli for a particular cell present simultaneously. 

The trials in this testing protocol followed each other with a 
fixed inter-trial interval, and all the testing and neuronal spike col- 
lection were fully automatic. All the neurophysiological data were 
saved to disc for subsequent analysis. 

Data analysis 

The default period for which the firing rate was calculated was a 
500-ms period starting 100 ms after the onset of the target stimulus. 
The period was chosen to start at 100 ms because all the neurons 
had started to respond strongly by this time. (Typical response la- 
tencies for the neurons were 70-90 ms). The mean neuronal re- 
sponse over the 6-12 trials for each stimulus condition together 
with its standard error was calculated by the computer for each of 
the stimulus conditions for graphical presentation. The neuronal 
response was calculated at the firing rate in the specified period 
minus the mean spontaneous firing rate of the neuron in the inter- 
stimulus interval. The mean across all the neurons described here 
of the spontaneous firing rate was 9.3 spikes/s (SD 5.6). (Through- 
out this paper, firing rate indicates the absolute firing rate of the 
neuron, and the response indicates the firing rate minus the sponta- 
neous rate of the neuron.) In addition, a one-way analysis of vari- 
ance was performed over the same set of data, with the three condi- 
tions described above being compared; t-tests using the appropriate 
error term from the analyses of variance and Tukey tests were then 
used if particular pairs of neuronal responses were to be compared. 

Peristimulus rastergrams were produced to show the temporal 
aspects of neuronal firing, and peristimulus time histograms were 
made from the spike arrival times, which were saved with an accu- 
racy of 1 ms. A peristimulus spike density function was computed 
from the 1-ms time histogram formed from 6-12 trials of a given 
stimulus condition smoothed with a Gaussian filter (with a tj of 10 
ms and a cutoff of 3 SDs). These functions confirmed that 
100-600 ms poststimulus was a relevant response period for mea- 
surement of the neuronal firing. 
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Recording sites 

X-radiographs were used to locate the position of the microelec- 
trode on each recording track relative to permanently implanted 
reference electrodes and bony landmarks. The position of cells 
was then reconstructed from the X-ray co-ordinates taken together 
with serial 50-gm histological sections which showed the refer- 
ence electrodes and micro-lesions made at the end of some of the 
microelectrode tracks (Feigenbaum and Rolls 1991). 

Results 

The responses of a large sample of cells in the temporal  
cortical visual  areas were recorded on both sides of the 
brain. It was possible to perform 96 exper iments  on in- 
teractions of st imuli  in the receptive field on 33 neurons  
in three monkeys.  An  exper iment  consisted of one of the 
four s t imulus configurat ion paradigms described in the 
Materials  and methods section. Whenever  paradigm 1 (a 
parafoveal effective st imulus and a foveal noneffect ive 
st imulus)  was run, paradigm 2 (a foveal effective st imu- 
lus and a parafoveal  noneffect ive st imulus)  was also run 
on the same cell (with a different order for different 
cells), so that the magni tudes  of the interact ions could be 
directly compared for each cell. 

An  example  of the results of  an exper iment  in which 
an effective face st imulus was shown parafoveally is 
shown in Fig. 3. The fixation posi t ion was at the point  
indicated by a dot in the centre of the upper  right quad- 
rant on all trials. W h e n  only the effective face s t imulus 
was shown parafoveally (in the upper  left quadrant) ,  the 
neuron had a large response to it (Fig. 3, left). The mag- 
ni tude of the response in this condi t ion  was almost  the 
same as when the effective s t imulus was at the fovea. 

F i g .  3 The neuronal firing rate 
of one cell when an effective 
stimulus was present parafove- 
ally and an ineffective stimulus 
for that cell was present at the 
fovea. Fixation was always 
at the point shown by a dot 
in the centre of the upper right 
quadrant. Left, the neuron had 
a large firing rate when the 
effective stimulus was shown 
parafoveally. Middle, the neu- 
ron did not respond when 
the non-effective stimulus was 
present at the fovea. Right, the 
neuron had only a small firing 
rate to the parafoveal effective 
stimulus if a non-effective 
stimulus was present at the 
fovea. The means and standard 
errors of the firing rate are 
shown. The mean spontaneous 
rate of the cell was 10 spikes/s 
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Table 1 Mean responses of neurons in the macaque temporal vi- 
sual cortex to effective and non-effective stimuli 

Effective Non-effective Both 
alone alone 

I I I I I I I 
40 60 80 100 120 140 160 

Percentage firing rate to an effective parafoveal stimulus, 

when a non-effective stimulus is fixated 

Fig. 4 The neuronal responses of the population of cells when an 
effective stimulus was present parafoveally and an ineffective 
stimulus for that cell was present at the fovea. The histogram 
shows the percentage of the cells's response to an effective parafo- 
veal face that was produced when in addition there was an ineffec- 
tive face at the fovea 

Fixation on non-effective 34.6 t2.6 22.4 
(spikes/s) 
Fixation on effective 49.0 11.6 34.4 
(spikes/s) 

This is the basic finding of translation invariance, which 
was found for all the cells described in this paper, and 
has been more fully documented by Tovee et al. (1994). 
The fact that this cell did not respond to the non-effective 
visual stimulus is shown in Fig. 3 (middle). The stimulus 
was shown in the upper right quadrant, where the mon- 
key was fixating. The interesting test condition is on the 
right in Fig. 3. The effective face stimulus was shown 
parafoveally, and the cell responded to it very much less 
than previously as shown on the left in Fig. 3, associated 
with the presence of a non-effective stimulus where the 
monkey was fixating. (The responses of the cell to the 
three stimulus conditions was significantly different 
(one-way ANOVA, F=207.34 df=-2, 117, P<0.00001), 
and the response to the effective face shown parafoveally 
is significantly different from the simultaneous presenta- 
tion of both faces (Tukey test, P<0.01). Thus for this 
cell, translation invariance did not operate irrespective of 
what other stimulus was in the receptive field. Instead, 
the presence of a non-effective stimulus at the fovea de- 
creased the response of the neuron to an effective stimu- 
lus that was presented parafoveally. 

Some reduction was found for the majority of the 28 
neurons analysed with this arrangement of stimuli, as 
shown in Fig. 4. In Fig. 4 the percentage is shown for 
each cell of the response to a parafoveal effective stimu- 
lus alone which occurred when there was an ineffective 
stimulus at the fovea. For 82.5% of the cells shown in 

Fig. 4, the reduction in the response was statistically sig- 
nificant (65% of the cells showed a decrease significant 
at the P<0.01 level and 17.5% of the cells showed a de- 
crease that was significant at the P<0.05 level). The 
mean across the 28 cells of the percentage of the re- 
sponse (firing rate spontaneous) with both stimuli com- 
pared with that with only the effective stimulus parafove- 
ally was 71.4%. The mean response rate to the effective 
stimulus presented parafoveally was 34.6 spikes/s, to the 
non-effective stimulus at the fovea was 12.6 spikes/s, 
and to both stimuli present simultaneously (with fixation 
on the non-effective stimulus) was 22.4 spikes/s (see Ta- 
ble 1). (Although the mean response to both faces was 
intermediate between that to the effective and the non- 
effective face, as shown in Table 1, individual cells 
showed effects of differing magnitude, as shown in Fig. 
4, and the magnitude of these effects was not simply re- 
lated to the size of the response to the effective and non- 
effective faces). 

The results of the second type of experiment are illus- 
trated in Fig. 5. Figure 5 (left) shows that the cell had a 
large response when an effective face stimulus for the 
cell was presented at the fovea. (In this experiment, the 
fixation position was in the centre of the upper left quad- 
rant of the screen). There was little response when the 
non-effective face stimulus for that cell was presented 
parafoveally, as shown in Fig. 5 (middle). However, the 
firing rate of the neuron when the monkey was looking at 
the effective face stimulus was decreased from 110 to 37 
spikes/s if the ineffective stimulus was present parafove- 
ally in the visual field (Fig. 5, right). The cell's response 
to the three stimulus conditions was significantly differ- 



Fig. 5 The firing rate of the ~4o 
same cell as that shown in Fig. 3 
when an effective stimulus was ~2o present at the fovea and an 
ineffective stimulus for that cell 
was present parafoveally. Fixa- ~ ~oo 
tion was always at the point ._ 
shown by a dot in the centre ~ 8o 
of the upper left quadrant. Left, *. 
the neuron had a large firing ~ 6o 
rate when the effective stimulus 
was at the fixation point. Mid- ~_ 4o 
die, the neuron did not respond 
when the non-effective stimu- 
lus was present parafoveally, z0 
Right, the firing rate of the neu- 
ron to the effective stimulus at 0 
the fixation point was reduced 
by the non-effective stimulus 
present parafoveally. The 
means and standard errors 
of the firing rates are shown. 
The mean spontaneous rate 
of the cell was 10 spikes/s m 
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Fig. 6 The neuronal responses of the population of cells when an 
effective stimulus was present at the fovea and an ineffective stim- 
ulus for that cell was present parafoveally. Histogram in which the 
abscissa shows the percentage of the cell's response to an effective 
face that was produced when in addition there was an ineffective 
face for that cell parafoveally 

ent ( o n e - w a y  A N O V A ,  F = 5 4 7 . 8 9 ,  df=2,117,  P < 0 . 0 0 0 0 1 ) ,  
and the decrease  in the ce l l ' s  firing rate to the ef fect ive  
st imulus when  a non-ef fect ive  st imulus appeared para- 
foveal ly  was  statistically significant (Tukey test, 
P<0.01). 

A similar result was  found for the majority of  the neu- 
rons tested, as shown in Fig. 6. For 60.0% of  the cel ls  

I I I I I I [ I I I [ I [ I 
40 60 80 100 120 140 160 

Percentage  firing rate to an e f fec t ive  foveal  s t imulus ,  

w h e n  a non-e f fec t ive  s t imulus  appears parafoveal ly  

tested, the decrease in the neuronal response to an effec-  
tive fixated face st imulus produced by the presence  o f  a 
non-effect ive  face st imulus was  significant at P<0 .01;  for 
an additional 6.7% of  the neurons, the decrease was  sig- 
nificant at P<0 .05 .  The mean percentage response  rate 
was  decreased to 75%. The mean response rate to the ef- 
fect ive st imulus presented foveal ly  was  49.0  spikes/s ,  to 
the non-effect ive  st imulus parafoveally was  11.6 spikes/s  
and to both stimuli  present s imultaneously  (with fixation 
on the effect ive st imulus)  was  34.4 spikes/s  (see  Table 1). 

The results for the third type o f  exper iment  are i l lus- 
trated in Fig. 7. On the left (Fig. 7), it is shown that the 
neuron had a good  response  to one  ef fect ive  face st imu- 
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Fig. 7 The firing rate of the 
same cell as that shown in 
Figs. 3 and 5 when an effective 
stimulus was present at the 
fovea and another effective 
stimulus for that cell was 
present parafoveally. Fixation 
was always at the point shown 
by a dot in the centre of the 
upper left quadrant. Left, the 
neuron had a large firing rate 
when the first effective stimu- 
lus was parafoveally. Middle, 
the neuron had a similarly large 
firing rate when another effec- 
tive stimulus was present 
foveally. Right, the firing rate 
of the neuron to the first effec- 
tive stimulus parafoveally and 
to the second effective stimulus 
at the fixation point was the 
same as that to either stimulus 
separately. The means and stan- 
dard errors of the firing rate 
are shown 
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Fig. 8 The neuronal responses of the population of cells when an 
effective stimulus was present at the fovea and another effective 
stimulus for that cell was present parafoveally. Histogram in 
which the abscissa shows the percentage of the cell 's response to 
an effective face at the fovea that was produced when in addition 
there was another effective face for that cell parafoveally 

lus when it was presented alone parafoveally. Figure 7, 
middle, shows that the neuron had a comparably large 
response when another effective face stimulus was pre- 
sented at the fovea. On the right, Fig. 7 shows that when 
both stimuli were presented simultaneously, the neuron 

had a response which was not significantly different to 
that when either stimulus was presented alone (one-way 
ANOVA, F=0.35, df=2, 117, P<0.711). A similar result 
was obtained in the fourth experimental paradigm in 
which two non-effective face stimuli were used instead 
of the two effective stimuli. 

Similar results were obtained for the majority of the 
neurons tested with two effective face stimuli. This is 
shown in Fig. 8, which makes it clear that most of the 
neurons' responses to an effective face presented at the 
fovea were little affected by presentation of another ef- 
fective face parafoveally, even though that face presented 
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parafoveally alone was capable of driving the cell well. 
Only 11% of the cells showed a statistically significant 
(P<0.05) change in firing rate to simultaneous presenta- 
tion of  the effective stimuli compared with presentation 
of the stimuli separately. The mean percentage response 
rate was decreased to 93%. 

The recording sites of the neurons analysed in this 
study are shown in Fig. 9. All the cells analysed were in 
the cortex in the depths of the anterior part of the superi- 
or temporal sulcus. 

Discussion 

These neurophysiological results show that there are in- 
teractions between different object stimuli (faces) pre- 
sented in different parts of the receptive fields of neurons 
in the visual areas of cortex in the anterior part of the su- 
perior temporal sulcus of the macaque. Translation in- 
variance does not operate to produce responses to stimuli 
when more than one stimulus is present which reflect the 
magnitude of the response when only one stimulus is 
present. These findings are, we believe, fundamental to 
understanding how the visual system functions in a nor- 
mal, cluttered, environment. The following issues are of 
especial interest. 

First, translation invariance ceases to result in a large 
response to a parafoveal stimulus if there is another, rela- 
tively ineffective, face stimulus at the fovea (Figs. 3, 4). 
The mean response to the parafoveal effective stimulus 
(34.6 spikes/s) was reduced to 22.4 spikes/s when a non- 
effective foveal stimulus was present (see Table 1). The 
mean percentage reduction across cells was 71.4%. 

Second, there was also a comparable reduction in the 

Fig. 9 The recording sites, shown on coronal sections, of the neu- 
rons included in this study. The positions of the coronal sections 
are shown on a lateral view of the macaque brain. The distances 
refer to millimetres posterior to the sphenoid reference plane (see 
text) (STS superior temporal sulcus, IT inferior temporal visual 
cortex) 

response to an effective face at the fovea (49 spikes/s) 
when a non-effective face was introduced parafoveally, 
to 34.4 spikes/s (see Table 1). The mean percentage re- 
duction across cells was 75.4%. Thus the reduction in 
the response to an effective face produced by a non-ef- 
fective face was approximately similar (in terms of per- 
centage reduction), whether or not it was the effective 
face that was fixated. 

Third, the response of the system when more than one 
object is introduced into the field of vision is clearly 
non-linear (non-additive). For example, in the first and 
second paradigms the neuronal response to both stimuli 
shown together did not reflect the addition of the re- 
sponses to the two objects presented separately (in fact, 
there was a reduction in the response to the better stimu- 
lus). Further, in the third paradigm, when two effective 
stimuli were shown simultaneously, the neuronal re- 
sponse was not greater than to either stimulus presented 
alone (in fact, the neuronal response to both was on aver- 
age just less than to either stimulus presented alone). 

Taking the data as a whole shown in Table 1, the fol- 
lowing points can be made about how this part of the vi- 
sual system operates with more than one object present 
in the visual field. Although considerable translation in- 
variance is shown by this set of neurons, the response to 
an effective stimulus was a little greater when the object 
was fixated (49 spikes/s) than when it was present para- 
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foveally (34.6 spikes/s). (Note that this result is not in- 
consistent with the findings of Tovee et al., 1994, for,al- 
though there was apparently less decline with fixation 
away from the centre of,an object, see their Fig. 7), the 
stimuli were in that experiment twice the size o f  those 
used in the experiments described here. With the parafo- 
veal position of the stimuli used here, the nearest part of 
the parafoveal image to the fovea was 4.25~ Given t h e  
interaction effects shown in Table 1, it is interesting to 
note that even when two different objects (faces) are 
present in the visual field, then the output of cells that re- 
spond best to one of the objects is greater when that ob- 
ject is fixated than when it is situated outside .the fovea. 
This indicates a way that the visual system may use to 
disambiguate its output. Instead of all cells tuned to dif- 
ferent stimuli responding with an output which is fully 
translation invariant, so reflecting only whether that sti- 
mulus is present in the field of view, the visual system 
operates under cluttered as well as uncluttered conditions 
to give stronger weight to what is at the fovea. This 
means that the visual system provides an output which 
can be interpreted by subsequent systems (such as the 
amygdala and hippocampus) without the necessity for a 
full solution of the binding problem. The visual system 
appears to help subsequent structures by.  weighting the 
output to what is at the fovea. This makes it possible for 
subsequent structures to associate for example a fixated 
object with reward, but not to associate all other objects 
in the field of view with reward, because the response for 
objects at the fovea is considerably larger than for other 
objects present simultaneously elsewhere in the field of 
view. The cells in the output of the visual system which 
respond most in a cluttered world are those which are 
tuned to respond not only to the particular objects 
present in the scene, but especially strongly to those ob- 
jects if they are at the fovea. This is what is shown in Ta- 
ble 1. We note that further clarification of the output o f  
the neural system would be produced by eye movements, 
for the data shown in Table 1 indicate that in a cluttered 
environment neurons tuned to a particular face have their 
greatest response when that face is at the fovea. 

The suggestion then based on these findings is that 
the visual system uses this weighting of objects at the fo- 
yea as an efficient way of passing an output from a sen- 
sory system to a memory or motor system. If instead the 
whole scene were analysed simultaneously, then a multi- 
plicity of reinforcement signals would have to be decod- 
ed and bound (linked) correctly to all the objects in the 
scene. The motor (or some other) system would then 
have the task of parsing all object/reinforcement linked 
pairs and then producing appropriate actions. By making 
one object in the environment the main subject of neuro- 
nal firing, a large part of the otherwise major computa- 
tional problem of dealing with multiple objects simulta- 
neously (vonder Malsburg 1990) is avoided (Rolls 1992, 
Ballard 1993) at some cost implied by where one is look- 
ing (or paying attention), a serial process, in processing 
time. We note that, given the expansion of the fovea in 
the cortical representation of vision earlier on in cortical 

processing (Rolls and Cowey 1970; Cowey and Rolls 
1975), no further special mechanism would be needed to 
weight the firing of temporal cortex neurons towards 
stimuli present at the fovea than parafoveally: the num- 
ber of afferents from foveal regions reaching the tempo- 
ral cortical visual areas would be greater than from para- 
foveal regions. 

Another interesting aspect of the findings described 
here is that the interactions ~ between different stimuli in 
the receptive field were an important determinant of cell 
firing even when the monkey was not given instructions 
to pay attention-selectively to either of the stimuli. What 
the monkey was being required to do was to fixate a po- 
sition on the screen. While he was fixating that position, 
and if there was no stimulus present at the fovea, the 
neuron responded to a parafoveal effective stimulus. If 
the monkey was performing the identical task, but there 
was a non-effective stimulus where the monkey was fix- 
ating, then the cell had a much smaller response to a pa- 
rafoveal, otherwise effective stimulus (Figs. 3, 4). Thus 
the interaction effects were obtained during general 
viewing of a position in the world, in the absence of spe- 
cific instructions to the monkey to require him to pay 
attention to a particular position in space. Of course, spa- 
tial attention might-well be used to-increase the selectivi- 
ty of the processes described here and to help to deliver 
an unambiguous output to the brain systems following 
the temporal cortical visual areas. It has been shown, for 
example, that when monkeys perform a delayed match- 
to-sample task with reward given for only one of two 
stimuli present simultaneously, then the response of V4 
neurons depends on which stimulus the monkey is re- 
warded for paying attention to (Moran and Desimone 
1985). When Moran and Desimone recorded in inferior 
temporal cortex they found a similar, although weaker 
attention effect. If we had used an attention task we pre- 
sumably would have found a similar result, and of course 
using spatial attention t o  enhance resp, onses in certain 
parts of the visual field is a useful mechanism. However, 
in normal vision we do not usually focus on one particu- 
lar object or pattern in our visual surroundings away 
from the fovea, but instead have a stimulus at the fovea, 
but also much visual clutter in the rest of the scene. We 
therefore feel that a task which does not involve such an 
attention component provides a more normal view of 
how the visual system usually operates. As previously 
mentioned, the task used here did not involve attention 
being controlled by reward towards one or other of the 
stimuli, in that the reward the monkey received was not 
contingent on the monkey ~rnaking any response to the 
test stimuli. 

The results described here are consistent in general 
with findings on the effects of interactions between sim- 
ple stimuli found with inferior temporal cortex neurons 
(Richmond et al. 1983; Sato 1988, 1989; Miller et al. 
1993), but extend those findings to the case where there 
are separate whole complex objects (in this case faces) in 
different parts of the visual field, revealing how respons- 
es to these different objects interact, and extend the find- 



ings to the cor tex  in the depths  o f  the anter ior  part  o f  the 
super ior  t empora l  sulcus.  One d i f fe rence  f rom ear l ier  
s tudies  is that, whereas  in infer ior  t empora l  cor tex  two 
s imple  st imuli ,  which  were  both  effect ive s t imul i  for  a 
neuron,  p r o d u c e d  suppress ion  o f  the r e sponse  when pre-  
sented s imul taneous ly ,  we  found  that  for  neurons  in the 
super ior  t empora l  sulcus there was very l i t t le  suppres-  
s ion o f  r e sponse  when  two effect ive faces  for a neuron  
presen t  s imul t aneous ly  (see Fig.  7). 

In a previous  s tudy we  have shown that the t ransla t ion-  
invar iance effect  for a s ingle face s t imulus was indepen-  
dent  o f  whether  the s t imulus  was presented  on the contra-  
lateral  or  ips i la teral  side of  the visual  field, re lat ive to the 
record ing  site (Tovee and Rol ls  1993; Tovee et al. 1993). 
Cons is ten t  with this f inding is the resul t  found here that 
there was no s ignif icant  d i f ference in the interact ion ef- 
fect  desc r ibed  here,  depend ing  on whether  the per iphera l  
s t imulus  appeared  on the contra la tera l  or  ipsi la teral  side. 
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