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Perceptual learning of orientation discrimination is reported to be precisely specific to the trained retinal
location. This specificity is often taken as evidence for localizing the site of orientation learning to reti-
notopic cortical areas V1/V2. However, the extant physiological evidence for training improved orienta-
tion turning in V1/V2 neurons is controversial and weak. Here we demonstrate substantial transfer of
orientation learning across retinal locations, either from the fovea to the periphery or amongst peripheral
locations. Most importantly, we found that a brief pretest at a peripheral location before foveal training
enabled complete transfer of learning, so that additional practice at that peripheral location resulted in no
further improvement. These results indicate that location specificity in orientation learning depends on
the particular training procedures, and is not necessarily a genuine property of orientation learning. We
suggest that non-retinotopic high brain areas may be responsible for orientation learning, consistent with
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the extant neurophysiological data.
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1. Introduction

Among various visual perceptual learning tasks, the neuronal
mechanisms of orientation learning have been most intensively
studied (Ghose, Yang, & Maunsell, 2002; Raiguel, Vogels, Mysore,
& Orban, 2006; Schoups, Vogels, Qian, & Orban, 2001; Yang &
Maunsell, 2004). These neurophysiological studies are in large
measure inspired by psychophysical evidence that orientation dis-
crimination learning is precisely specific to the trained retinal loca-
tion (Schoups, Vogels, & Orban, 1995; Shiu & Pashler, 1992). The
Schoups et al. (1995) study has been particularly influential, since
they showed that orientation learning did not transfer to an un-
trained retinal location merely 2.5° away from the trained location
at 5° retinal eccentricity in the visual periphery. Equally precise
location specificity was also reported in learning of a spatial local-
ization (bisection) task which was also specific to the stimulus ori-
entation (Crist, Kapadia, Westheimer, & Gilbert, 1997). Because
cortical areas V1/V2 are highly retinotopic, and their small recep-
tive fields are most capable of performing fine orientation discrim-
ination, it is natural that neurophysiological studies first focused
on neurons in the early visual cortex, seeking evidence for training
induced sharpening of receptive field orientation tuning.
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However, to date, the neurophysiological evidence linking ori-
entation learning to V1/V2 neuron orientation tuning sharpening
is controversial and weak at best. Schoups et al. (2001), inspired
by their own psychophysical findings, found a correlation between
improved monkey orientation discrimination and steeper V1 neu-
ron orientation tuning functions; however, Ghose et al. (2002)
found no orientation tuning changes in either V1 or V2 neurons.
More significant orientation tuning changes have been reported
in V4 neurons by the same two research groups (Raiguel et al.,
2006; Yang & Maunsell, 2004). Even so, these changes in V4 neu-
rons were still too small to account for behavioral orientation
learning (Raiguel et al., 2006).

While neurophysiologists debate the exact brain site of orienta-
tion learning, here we demonstrate that the highly cited psycho-
physical evidence for precise location specificity in orientation
learning deserves a second look. Specifically, we show that percep-
tual learning of orientation discrimination actually transfers sub-
stantially across retinal locations, either from the fovea to the
periphery, or among peripheral locations. Moreover, we found that
location specificity in orientation learning could be eliminated
with appropriate training procedures, which suggests that location
specificity is not necessarily a genuine property of orientation
learning. Our results shed new light on the current neurophysio-
logical debate regarding the brain sites of orientation learning
and help illuminate the mechanisms of perceptual learning in
general.
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2. Methods
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Thirty six observers (undergraduate students in their early 20s
at Beijing Normal University) with normal or corrected-to-normal
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training, which did not benefit from further peripheral training
(the far’left data point near the diagonal line, Fig. 3D). So this ob-
server’s data were similar to'those in the previous experiment with
prédesting (Fig. 2).

In summary, the above experiments (Figs. 1-3) allowed us to
decouple location specificity fromorientation learning by showing
that location specificity in Schoupg et al.’s classical studycan be
abolished with a brief pretest. In Section 4 we will show that this
brief pretest alone enabled complete transfer of foveal learning
to accomplish the optimization of peripheral performance.
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and 2, we decided to reinvestigate the periphery-to-periphery
transfer of orientation learning.

Eighteen observers practiced 2AFC orientation discrimination
for a Gabor stimulus (36° or 126°) centered in either the upper-
or lower-left visual quadrant at 5° retinal eccentricity (oril_loc1)
for six sessions. For testing transfer, different subgroups of observ-
ers were tested at different locations and orientations. Fifteen
observers were tested for transfer of learning to the same orienta-
tion at a new location symmetrically across the horizontal merid-
ian of the visual field (oril_loc2, Fig. 4B), nine were tested for
transfer to an orthogonal orientation at the same trained location
(ori2_loc1, Fig. 4C), and eleven were tested for transfer to an
orthogonal orientation at the new location (ori2_loc2, Fig. 4D),
and four were tested for transfer to the other three untrained
quadrants at the same orientation (Fig. 4E) for the purpose of re-
examining the results of Shiu and Pashler (1992) while having
the monitor edge cues removed with a circular opening of the
monitor screen (see Section 2). Orientation thresholds were pre-
tested for the transfer location/orientation in all observers except
the last four (Fig. 4E) for whom isoeccentric pretest threshold
equality was assumed.

Most observers showed improved orientation discrimination
after training at oril_loc1 which on the average asymptoted after
four training sessions (Fig. 4A, MPI = 32.7 + 4.3% over all 18 observ-
ers, p<0.001). Moreover, orientation discrimination for the un-
trained oril_loc2 was also improved significantly after training
(green dots; MPI = 26.6 + 4.5%, ¢ < 0.001; Fig. 3B), suggesting sub-
stantial transfer of orientation learning at one peripheral location
to an untrained peripheral location. Moreover, orientation discrim-
ination for the untrained orthogonal orientation at the same
trained location (ori2_loc1) also improved significantly (blue dots;
MPI = 22.1 £ 5.4%, g=0.002; Fig. 4C), suggesting significant learn-
ing transfer across orientations in the periphery. However, perfor-
mance for the untrained orthogonal orientation at the untrained
location (ori2_loc2) was not significantly changed (purple dots;
MPI =6.31 £ 5.1%, = 0.12; Fig. 4D) in 11 participating observers.

In addition, for the four observers whose transfer of learning
was tested at the other three untrained quadrants, post-training
orientation thresholds at the trained and untrained quadrants
were similarly improved (Fig. 4). The mean MPI=41.0+5.1%
(w=0.002) at the trained quadrant, and MPI=38.0+3.7%
(w=0.001), 36.8 £6.2% (g=0.005), and 36.1 £ 7.6% (g=0.009) at
the untrained quadrants across the vertical meridian (VM), across
the horizontal meridian (HM), and across the fixation (diagonal),
respectively, which were not significantly different among each
other (¢g0=0.69, repeated measures ANOVA). For these observers,
there was no pretest of orientation thresholds at untrained quad-
rants, similar to Shiu and Pashler (1992), so post-training thresh-
olds were compared to the pre-training thresholds at the trained
quadrant to quantify learning transfer. These results show com-
plete transfer of orientation learning upon the removal of contex-
tual cues, which argues strongly against location specificity and
suggests that the previous concerns about Shiu and Pashler’s study
(Schoups et al., 1995) were warranted.

4. Discussion

In this study we discovered that a brief pretest of orientation
thresholds in the periphery (six staircases, or approximately 200
trials, originally planned as a baseline measure to gauge the trans-
fer of learning from foveal orientation training), surprisingly over-
rode Schoups et al.’s classical results for location specificity in
orientation learning and helped optimize peripheral orientation
discrimination without additional multi-session training (Figs. 1B
and 2B).

Could this brief training, which might likely generate some gen-
eral and transferable fast learning at the beginning of sensory
training (Censor & Sagi, 2009; Jeter, Dosher, Petrov, & Lu, 2009;
Karni & Sagi, 1993), alone account for the substantial peripheral
improvement after foveal training? From Fig. 4A which shows ses-
sion-by-session data of Gabor orientation training at the same
peripheral location as in Fig. 1B, we were able to estimate the dif-
ference between orientation thresholds of the pretest (the first
data point from left in Fig. 4A, averaged over six staircases) and
of the first six staircases in the next session (the second data point
from the left in Fig. 4A was the mean of more than six staircases.
We only averaged the thresholds of the first six, equal to the num-
ber of staircases in post-training testing in Fig. 1B), which was
15.4 + 3.9%. Thus fast learning due to the pretest can account for
only half the peripheral orientation improvement
(MPI = 29.2 + 5.6%) after foveal training in Fig. 1B (P_ori1). The lat-
ter is actually comparable to the overall improvement after six ses-
sions (approximately 3000 trials) of intensive training at the same
peripheral location (MPI=32.7+4.3%) in Fig. 4A. More impor-
tantly, the null effect of further peripheral orientation training in
most observers (Figs. 1B and 2B) confirmed that the remaining
slower and “local” part of orientation learning, which is the inter-
est of most perceptual learning studies, also transferred completely
to the peripheral location. So the “local part” of learning is not
really local, and with the help of a brief pretesting, the fovea can
teach the periphery all there is to learn!

It is unclear how the peripheral pretest enables complete trans-
fer of slow foveal learning. One possibility is that the pretest serves
as location training to improve peripheral spatial attention to en-
able learning transfer, as evidenced in contrast and Vernier learn-
ing tasks in our recent study (Xiao et al., 2008). However, Fig. 4E
which shows complete transfer of orientation learning from a
trained quadrant to untrained and un-pretested quadrants indi-
cates that such location training might be unnecessary for orienta-
tion learning. On the other hand, in contrast and Vernier learning
tasks, six staircases of pretesting are too few to enable learning
transfer (Xiao et al., 2008). Because data in Fig. 4E and in Xiao
et al. (2008) are related to periphery-to-periphery transfer, we sus-
pect that alternatively the pretest effect may be a result of interac-
tions between foveal and peripheral processing. That is, peripheral
presentations of the stimuli, even in a few staircases, could prime
the peripheral side of the network, so that foveal learning can
transfer over. Because of the retinotopic nature of the early visual
cortex, this network should be high level, or at least have strong
high-level components. In some way this priming process is like
the Eureka effect in learning (Ahissar & Hochstein, 2004) for its
requiring only a limited number of trials to take effect. We are cur-
rently studying this possible interaction between foveal and
peripheral learning. However, regardless of the mechanisms, the
nearly complete transfer of foveal orientation learning to a periph-
eral location in most observers suggests that location specificity is
only specific to certain training procedures, and therefore it can be
decoupled from orientation learning.
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The decoupling of location specificity from orientation learning
is in line with our recent findings that contrast and Vernier learn-
ing, which normally shows location specificity when trained at one
retinal location and tested at a new retinal location, can actually
completely transfer to the new location that has been trained with
a totally different task (Xiao et al., 2008). These results together
support the central-site hypothesis of perceptual learning by Mol-
lon and Danilova (1996). Central orientation learning is also sup-
ported by our data that the substantial transfer of orientation
learning is mainly orientation non-specific (Figs. 1 and 4), consis-
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tent with neurons in non-visual high brain areas not being orienta-
tion selective (e.g., Mohler, Goldberg, & Wurtz, 1973).

Perceptual learning at central brain sites would easily explain
why receptive field tuning changes in visual areas up to V4 can
only account for a very small part of behavioral learning data
(“at least an order of magnitude smaller than the behavioral
changes”, Raiguel et al., 2006). We suggest that perceptual learning
may reflect training induced improvements in decision making
which is modeled by Dosher and Lu (1999), but this process has
to occur in non-retinotopic high brain areas, which coincides with
recent neurophysiological evidence that perceptual learning is cor-
related to neuronal changes not in sensory cortical areas, but in
higher areas associated with decision making (Law & Gold,
2008). Further experimental and computational evidence is neces-
sary to spell out the possible central mechanisms underlying per-
ceptual learning.
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