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SEVERAL examples of experience-dependent perceptual improve-
ment (perceptual learning) suggest that plasticity in specific neu-
ronal loci could underlie the learning process'°. For a basic visual
discrimination task (using an optimal stimulus for ‘automatic’ pre-
attentive texture segregation’ '), discrete retinal input-dependent
changes within a very early stage in the stream of visual processing
were indicated as the locus of a large and consistent learning
effect®. When do these changes occur? Here we report that except
for a fast, rapidly saturating improvement early in the first practice
session, performance was very stable within sessions. Indeed,
observers showed little or no improvement until up to 8 hours after
their last training session (latent phase). But large improvements
occurred thereafter. Finally, there was almost no forgetting; what
was gained was retained for at least 2-3 years. We conjecture
that some types of perceptual experience trigger permanent neural
changes in early processing stages of the adult visual system. These
may take many hours to become functional.

Nine observers took part in these experiments. Stimulus
parameters and procedure were as previously described’ (Fig.
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1). The observers’ task was to decide whether a small target
texture—an array of 3 diagonal line elements (bars) differing
only in their orientation from a background of identical ele-
ments—was horizontal or vertical (Fig. 1a). Performance was
measured as the mean per cent correct response for increasingly
shorter time intervals between the briefly presented (10 ms) stim-
ulus and a patterned mask (stimulus-to-mask onset asynchrony,
SOA). A psychometric curve was then constructed, from which

“a threshold SOA for 80% correct discrimination could be derived

(Fig. 1b, ¢). As previously reported®, the main effect of practice
is a leftward shift of the performance curves, indicating genuine
increases in sensitivity, on consecutive sessions spaced 1-3 days
apart. Where perception completely fails on the initial session,
there is >90% correct discrimination on the following day (Fig.
15). Thus the increments in performance refer to learning that
was retained from one daily session to the next.

For most observers, a fast learning effect which quickly satu-
rates could be shown (Fig. 2a). But this consistently occurred
only during the first few practice blocks of the very first session
or two in naive observers, and only with above-threshold (as
defined by the psychometric curve for the session) novel stimuli.
Following this short phase, performance was very stable for
consecutive blocks of trials, and no amount of practice affected
the psychometric curves or improved the discrimination thresh-
old within a session (Fig. 2). Yet the psychometric curves (and
perceptual thresholds) continued to improve, as shown on subse-
quent daily sessions (Figs 1b, ¢ and 2f, g). Also, unlike the
between-sessions improvement in discrimination thresholds®,
‘fast’ learning did transfer from a trained eye to the other
(although it too was specific for orientation and visual-field
location).
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FIG. 1 Computer-generated displays. a Top, a test stimulus with a small
target texture (3 diagonal bars) embedded within a background of hori-
zontal elements. Display parameters were set as previously described”.
Display size was 14° by 14° of visual angle viewed from a distance of
110 cm, with an array of 19 by 19 slightly jittered line segments (sub-
tending 0.42° x 0.03° each, with a luminance of 35 cd m™“ and spaced
0.70° apart). A small rotated letter (either T or L) at centre of display
served as the fixation target. The target texture’s position was varied
randomly from trial to trial but always within a specific display quadrant
and within 2.5°-5° of visual angle from centre of display. Bottom, mask
pattern made of randomly oriented V-shaped micropatterns and at the
centre, a compound micropattern of superimposed T and L. b, Psycho-
metric curves for performance on consecutive daily sessions (spaced
1-3 days apart) for observer S.W. (@), and on a probe session 32
months later (O) (S. W. had no further psychophysical experience with
visual textures in the interval, although she participated in some experi-
ments involving random-dot stereogram depth perception). Results
indicate persistent day-to-day improvements and almost no forgetting
on a timescale of years. Each data point represents the mean per cent
correct responses (+s.d.) from 3-5 consecutive blocks (150-250 trials)
for a specific SOA. The initial performance curve is on the right; as
learning occurs, the curves are displaced to the left (shorter processing
times needed for task performance), indicating improved sensitivity. The
far left curve represents asymptotic performance. Dashed line, 80%
correct (threshold) performance. ¢, Learning curve for observer G.H. SOA
required for threshold discrimination on consecutive daily sessions (@),
and for a probe session 22 months later (O). Each point refers to a
single session, interpolated from the respective psychometric curve.
The large learning effect has not decayed in the interval (where no
psychophysical testing or training was done).

METHODS. Each session consisted of 16-24 blocks of 50 trials (stimu-
lus presentations) each. Observers were instructed to fixate a small
central cross and then activate the trial sequence: blank screen interval
(250-300 ms), the stimulus (10 ms), blank inter-stimulus interval (cal-
culated from the onset of the stimulus display, SOA), the mask (100 ms),
blank screen unti! response (no time limit). For each display the
observers were required first to identify the letter at fixation point and
then to decide whether the foreground texture target was vertical or
horizontal. Immediate auditory feedback was given only for the fixation

If perceptual performance does not change during the training
session, when does learning occur? To follow the time course of
this change, the test procedure was repeated in probe sessions
spaced from 20 minutes to 10 hours after the completion of the
initial training session of the day. In Fig. 3, the gain in perform-
ance for 9 observers is plotted as a function of time elapsed since
the termination of the practice session. No improvement was
found on retesting within the first 8 hours (latent phase). Only
after 8 hours did some observers show a learning effect. By
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control task. Because stimuli were presented for only 10 ms, no eye
movement could displace the stimulus on the retina, ensuring that the
target texture consistently appeared in a specific retinotipic location. In
the initial session for each observer, the SOA was set at 240-300 ms
to establish above 95% correct texture discrimination. On all following
sessions the initial SOA was set to the lowest SOA, for which 95%
correct discrimination was obtained in the previous session. Then, on
each session, 3-5 consecutive blocks of trials were run per SOA, which
was then decreased by a step of 20 ms and another group of 3-5 blocks
were run. This successive stepwise reduction in SOA was repeated until
perception failed (less than 60% correct discrimination on 3-4 con-
secutive blocks).

the following day, however, large improvements had occurred
(discrimination threshold lowered by 43+ 11 ms (mean, s.d.).
The additional practice during the latent phase did not induce
larger gains than those found in our original observations with
no intermediate probe sessions (38+7 ms (mean, s.d.), 5
observers) (z-test, n.s.). This suggests that training during the
latent phase was superfluous, and that learning was driven by
the sensory experience acquired at the initial session.

Once discrimination thresholds have improved, there seems to

FIG. 2 Fast (within-session) and slow (between-session) learning. Per-
formance for consecutive blocks of 50 trials each, on consecutive daily
sessions. The procedure was modified in that the initial SOA was set
to 260-400 ms ({two to three times the previously determined mean
threshold for 10 naive observers) and was not changed until perform-
ance stabilized. The completion of a single block of trials took 2-4 min,
so performance changes within a timescale of a few minutes were
assayed. a- d, Observer S.R. a, Fast improvement on the very first blocks
of trials at above threshold stimulus presentation (SOA at 400 ms).
@, Left-eye viewing;, O, right-eye viewing. Unlike the slow learning
effect®, there is complete interocular transfer of the fast learning effect.
b, ¢, Stable performance above and below threshold (SOA at 180 and
160 ms, respectively) indicating saturation of the fast learning effect by
the second session. d, An hour later performance is stable and there is

" no improvement (SOA at 160 ms). e, 20 h later, performance at 120 ms

SOA shows a more than 40 ms gain to have occurred in the interval
from (d). f, g, Observer Y.B. SOA is at 120 ms. Performance is very stable
within each session, but there is marked improvement on retesting after
an interval of 24 h. f, Performance at threshold on the first training
session, following above threshold experience and the saturation of the
fast learning effect. g, Performance 24 h after the initial session.
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FIG. 3 Slow (latent) improvement in perception severai hours after vis-
ual experience was terminated. Performance gain (in terms of threshold
SOA, in ms, each extrapolated from a complete psychometric curve
(see Fig. 1) at different time intervals from the initial training session
(normalized at zero). Nine observers. Each symbol represents a single
observer exposed to a set stimulus configuration, probed 1-3 times in
the first 10 h interval after the initial session, and once again after an
interval of 20-30 h. Two observers (O, A) show a performance gain of
more than 20 ms, after an 8 h interval whereas another (A) is still
within the latent phase after 10 h. For up to 6 h there is no gain in
performance (mean change, 245 ms). By 22-28 h after the initial
training session all observers have gained in visual sensitivity. The gain
was not related to the number of intervening test-practice sessions. The
gap in data for the time interval between 10 and 20 h after the training
session, stands for night time. Experiments to be reported in detail
elsewhere have shown that the process of consolidation occurs also
during normal sleep, and depends on the integrity of stage REM sleep?.

be no forgetting over periods of many months. Figure 15 depicts
the discrimination performance of S.W. on consecutive daily
sessions during September-October 1989, and her performance
on a probe session 32 months later, with no training in the
interval. Almost three years later most of the gain was retained.
This was also the case for G.H., after an interval of 22 months
(Fig. 1¢).

It has been assumed that perceptual improvement closely fol-
lows practice, and the ability to detect or discriminate visual
stimuli improves over the course of the training session; some
tasks require more training>*, whereas for others the effects of
practice occur rapidly, within a few tens of trials"*°. Long-term
perceptual learning effects, on a slower timescale, have also been
ascribed to within-session improvements carried over from one
session to the next>™*®'", But perhaps for the first time, our
results show that not all human learning is concurrent with prac-
tice. The psychophysical evidence suggests that two stages, possi-
bly two processes, subserve texture discrimination learning. Each
has a distinct time course (evolution and saturation) and
although both show a high degree of stimulus specificity, only
the slow, between-sessions, learning effect is monocular. This
finding implies that slow learning is mediated by earlier stages
of processing'>'®. Although fast learning may reflect the setting
up of a task-specific routine®'* for solving the perceptual prob-
lem, slow learning may indicate the ongoing long-term, perhaps
structural, modification of basic perceptual modules.

The main result uncovered by following the time course of
texture discrimination learning is a latent phase of several hours
duration, during which the perceptual skill evolves. This result
has now been observed in two other examples of perceptual
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learning. For untrained observers, contrast detection is
improved when masks are positioned at a short distance from the
target'®. But, this distance can be more than tripled by practice, a
learning effect that shows strong retinotopy, orientation-speci-
ficity and monocularity'® and follows a two-phased time course
with a latent phase of about 8 hours duration (U. Polat and
D.S., manuscript in preparation). Second, although fast stereo-
fusion learning has been previously described!, a slow, between-
session improvement in stereo-fusing random dot displays across
increasing disparities has been recently found (I. Kovics and B.
Julesz, personal communication). In all three examples, long-
term, experience-driven improvements in the perceptual skill
occur following a latent period of several hours. We suggest the
term ‘consolidation’ for the process, presumably initiated during
the practice session, which underlies the improvement of percep-
tual sensitivity several hours after visual experience was termin-
ated. Consistent with this interpretation of our human data are
the kinetics of early-life (critical period) cortical plasticity'”, and
patterns of mammalian memory consolidation that have shown
a latent phase of several hours before the long-term retention of
a specific skill'®*'®. One example of a possible neural mechanism
of latent-phase learning is given by the experience-induced
(imprinting) changes in NMDA receptor binding in chick brain
which follows a latent phase of 6-8 hours®. This may be pertin-
ent to perceptual learning, because NMDA receptor blockade
had been shown to disrupt mammalian visual cortex plasticity®',
We conjecture that slow learning reflects a functional property
of basic neuronal mechanisms of memory storage within the
adult sensory system. These may subserve the long-term reten-
tion of some perceptual skills. O
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