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How long does it take for the human visual system to process a
complex natural image? Subjectively, recognition of familiar
objects and scenes appears to be virtually instantaneous, but
measuring this processing time experimentally has proved diffi-
cult. Behavioural measures such as reaction times can be used’,
but these include not only visual processing but also the time
required for response execution. However, event-related poten-
tials (ERPs) can sometimes reveal signs of neural processing well
before the motor output’. Here we use a go/no-go categorization
task in which subjects have to decide whether a previously unseen
photograph, flashed on for just 20 ms, contains an animal. ERP
analysis revealed a frontal negativity specific to no-go trials that
develops roughly 150 ms after stimulus onset. We conclude that
the visual processing needed to perform this highly demanding
task can be achieved in under 150 ms.

Neurophysiological measurements of the latencies of selective
visual responses can be used to provide estimates of visual
processing time®. For example, it is known that higher-order
visual areas such as the primate superior temporal sulcus contain
neurons that can respond selectively to faces with latencies of
~ 100 ms*®. In humans, face-selective evoked potentials have
been demonstrated using both surface ERP recordings™ and
implanted intracerebral electrodes’™'. Such potentials typically
peak at ~ 200 ms after stimulus onset, but may start as early as
140 ms. It is unclear, however, whether such latencies are typical
of visual processing in general. One problem is that face proces-
sing may involve highly specialized and optimized neural path-
ways, and although there have been a few reports of early
differential responses to other stimuli, including words'*'** and
line drawings”, no previous ERP studies have attempted to
measure processing times for more natural scenes. A second
problem is that the existence of a short latency differential
response does not imply that visual processing has been com-
pleted—responses to faces, for example, could correspond to an
early processing stage such as ‘structural encoding’. One can
tackle this problem by using a task that requires the subject to
make some sort of categorical judgment about the stimulus, an
approach that has been used in a variety of studies using not only
photographs of faces'*", but also both line drawings'" and
photographs® of everyday objects. However, differential effects
in such tasks occur at considerably longer latencies, typically
involving the N400 component of the ERP.

The present study used a task that provides a very serious
challenge to the processing capacities of the human visual system.
Subjects performed a go/no-go categorization in which they had to
decide on the basis of a 20-ms presentation whether an image
contained an animal or not. Earlier studies using rapid sequential
visual presentation (RSVP) had shown that subjects can detect
photographs of animals in a string of images at high presentation
rates”, but this is the first time such a scene categorization task has
been performed using ERPs. We used a set of over 4,000
commercially available colour photographs, of which roughly
half were used as targets and included a wide range of animals
in their natural environments (mammals, birds, reptiles, fish); the
remainder were distractors that included pictures of forests,
mountains and lakes, as well as buildings, flowers and fruit. As
in a number of other studies®**!"'%!*  each stimulus was only ever
seen once, thus eliminating the possibility of stimulus-specific
learning effects.

Despite the very high demands made on the visual system by
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such a task (the subjects had no a priori information about the type
of animal to look for, its position or size, or even the number of
animals present), performance was remarkably good. The average
proportion of correct responses was 94%, with one of the fifteen
subjects achieving 98% correct responses. The median reaction
times on ‘go’ trials was 445 ms, although this value varied con-
siderably between subjects, from a minimum of 382 ms to as much
as 567ms (Fig. 1). This remarkable level of performance was
possible despite the very brief presentations, which effectively rule
out the use of eye movements during image processing.
Whereas the behavioural reaction times put an upper limit on
the time required for visual processing, the analysis of event-
related potentials provided a much stronger constraint. By com-
paring average brain potentials generated on correct ‘go’ trials
with those generated on correct ‘no-go’ trials, we were able to
demonstrate that the two potentials diverge very sharply at
~ 150 ms after stimulus onset. The effect was particularly clear
at frontal recording sites, and was characterized by a nearly linear
increase in the voltage difference over the following 50 ms or so,
the potential being more negative on no-go trials (Fig. 2). All 15
subjects showed the effect (Fig. 3), and although the onset latency
varied somewhat between subjects, the differences were very
minor compared with the very large differences in behavioural
reaction times. Furthermore, there was no correlation whatsoever
between behavioural reaction time and the onset latency for the
differential response. This makes it unlikely that the differential
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FIG. 1 Behavioural performance measures. a, Distribution of reaction times
on target trials for the 15 subjects participating in the study (7 males and 8
females, aged between 22 and 45 years of age), each of whom performed
at least 700 trials (range, 700-2,000). Subjects pressed a button to start
a sequence of trials and, after an interval of 1 to 2 seconds, an image was
presented at the centre of the screen. A small fixation cross was present
before and after stimulus presentation. Subjects were instructed to release
the button if they saw an animal (‘go’ trials), and to keep their finger on the
button otherwise (‘no-go’ trials). Target and distractor trials were presented
at random, with roughly equal probability in blocks of 100 trials. All the
images were 384 by 256 pixels in size and were presented for 20 ms (two
frames at 100 Hz) using a Cambridge Vision Research VSG 2/2 graphics
board mounted in a PC compatible computer. b, Accuracy as a function of
median reaction time for each of the 15 subjects. The dashed line plots a
linear regression (r = 0.623) and indicates the presence of a speed-
accuracy trade-off.
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FIG. 2 Evoked potential data for one subject. a,
Event-related potentials plotted for a 400-ms
period starting 100ms before stimulus onset.
Solid lines plot the average response on correct
target trials; grey lines plot averages for correct
distractor trials. Data were obtained from one
subject during 4 separate sessions (a total of
1,580 trials). The two averages overlap until
~ 150ms, at which point a clear difference
emerges between the potentials on animal and
non-animal trials which was clearest at frontal
recording sites. Recordings were made using a
20-electrode Electrocap bonnet in the 10-20
configuration connected to a Neuroscan SynAmps
system sampling at 1,000Hz. Signals were
digitally filtered using a low pass filter with a cut-
off frequency of 100 Hz and a notch filter to remove
50 Hz mains interference. Potentials on individual
trails were baseline corrected on the basis of the
100 ms preceding stimulus onset, and any trials
contaminated by eye movement artefacts were
excluded from the analysis. Data analysis was
performed using the SCAN software suite. b,
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Two-dimensional plots of the difference between
correct ‘go’ and ‘no-go’ trials averaged over 25-
ms time slices, starting at 100 ms. No difference \
can be seen in the first two slices, but from 150 ms
onwards a clear difference appears which affects \
all the frontal electrodes. At around 325 ms, there
are clear signs of a lateralized difference at more
posterior sites which probably reflects motor
activity in this right-handed subject. ¢, Event-
related potentials on target (thick black lines)
and distractor (grey) trials calculated by averaging
the responses for all seven frontal electrodes (FP1,
FP2, F3, F4, F7, F8 and FZ) for this one subject.
The difference curve (thin black line) demonstrates
the sharp onset of the differential response which
is more negative on no-go trials. Using the
statistical procedure proposed by Rugg et al. for
determining the onset of the differential effect® (at
least 15 consecutive t-test values exceeding the
0.05 level of significance) the first significant
effect was seen for electrode F8 at 152ms
(d.f. =1,578). All seven electrodes reached sig-
nificance by 157ms (2.20 <t < 3.74), and the
level of significance increased monotonically to
reach a peak at 186ms (mean t-score for the
seven electrodes, 6.72).

effect seen at frontal sites is related to motor activation. We did
see lateralized differential activity that could be related to motor
preparation (Fig. 2b) but this was localized more posteriorly and
did not occur until considerably later (300 to 400 ms after stimulus
onset).

What could be producing the early differential activity? We can
rule out some simple systematic difference between animal and
non-animal images because the same differential effects were
seen for a very wide range of images. Presumably, the difference
must be related to some sort of decision-related activation that
occurs only once the necessary visual processing has been com-
pleted. One possibility is that the difference results from activity
that is specific to ‘go’ trials, perhaps related to target detection. If
target detection was indeed critical, then the differential response
should start earlier on trials where the subjects responded ear-
lier—that is, on trials where the target animal was easier to detect.
However, Fig. 3¢ shows that there was no difference whatsoever
between the latency of the differential activity evoked on ‘fast’
trials and ‘slow’ trials. The most plausible explanation of this result
is that the difference is not generated by ‘go’-related neural
activity, but rather by neural activity that is specifically generated
on ‘no-go’ trials. This could reflect a role for frontal areas in
inhibiting inappropriate behavioural responses, an interpretation
supported by a number of earlier studies that reported frontal
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FIG. 3 Event-related potentials for 15 subjects. a, As Fig. 2c, but averaged
over all 15 subjects. b, Average difference curves for the seven frontal
electrodes plotted separately for each of the 15 subjects. Note that all
subjects show a similar difference function, more negative on ‘no-go’ trials,
and that the onset of the differential response is relatively constant across

activity specific to ‘no-go’ trials at around the same latency, but
where the visual processing requirements were much less demand-
ing than in this study®>®. It is clear, however, that additional work
using techniques such as fMRI and/or source analysis will be
needed to determine the precise structures involved in generating
the differential response.

The presence of ‘no-go’ specific activity at frontal recording
sites at 150 ms implies that a great deal of visual processing must
have been completed before this time. Indeed, although activity
related to target detection could be explained relatively easily (the
presence of an eye or feathers would be enough to decide that an
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subjects. ¢, Plot of mean t-score values for the seven frontal electrodes.
Using the criteria defined by Rugg et al.?®, the earliest significant differential
effect determined across the 15 subjects (two-tailed paired t-test,
d.f. = 14) occurred at 163 ms (electrode FP2). All seven frontal electrodes
showed consistent differences from 171 ms (2.24 <t < 3.14) and sig-
nificance continued to increase virtually monotonically to a peak at 237 ms
where the mean t-score was 9.58. d, Effect of target difficulty on the
differential response. Two separate difference functions are shown. The first
(‘fast-trial difference’) was calculated using those go trials where the
subjects reaction time was faster than the median, whereas the second
(‘slow-trial difference’) used those trials where the subject was slower. The
fact that the two curves overlap virtually perfectly indicates that the
differential response is probably the result of activity specific to ‘no-go’ trials.

animal is present), ‘no-go’ specific activity implies that the visual
system has already performed enough processing to conclude that
no animal is present anywhere in the image. It therefore seems
clear that the very rapid processing seen previously in the case of
faces also occurs in the case of much more complex scene analysis.
Quite how the human visual system achieves such a phenomenal
amount of computation in such a short time is clearly a challenge
for current theories of object vision’*?, but given the large
number of processing stages involved in primate visual system, it
seems likely that much of this processing must be based on
essentially feed-forward mechanisms>*%. O
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