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Location-specific perceptual learning can be rendered transferrable to a new location with double train-
ing, in which feature training (e.g., contrast) is accompanied by additional location training at the new
location even with an irrelevant task (e.g. orientation). Here we investigated the impact of relevancy
(to feature training) and demand of location training tasks on double training enabled learning transfer.
We found that location training with an irrelevant task (Gabor vs. letter judgment, or contrast discrim-
ination) limited transfer of Vernier learning to the trained orientation only. However, performing a rele-
vant suprathreshold orthogonal Vernier task prompted additional transfer to an untrained orthogonal
orientation. In addition, the amount of learning transfer may depend on the demand of location training
as well as the double training procedure. These results characterize how double training potentiates the
functional connections between a learned high-level decision unit and visual inputs from an untrained
location to enable transfer of learning across retinal locations.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Visual perceptual learning improves discrimination of many
basic visual features, such as contrast, orientation, Vernier, and
texture. A key feature of it is that learning is often specific to the
trained retinal location and orientation (Ahissar & Hochstein,
1997; Crist et al., 1997; Fahle, 1994, 1997; Karni & Sagi, 1991;
Saarinen & Levi, 1995; Schoups, Vogels, & Orban, 1995; Shiu &
Pashler, 1992; Yu, Klein, & Levi, 2004). The location and orientation
specificities place important constraints on various perceptual
learning models and theories (Adini, Sagi, & Tsodyks, 2002;
Bejjanki et al., 2011; Dosher & Lu, 1998; Law & Gold, 2009; Mollon
& Danilova, 1996; Poggio, Fahle, & Edelman, 1992; Teich & Qian,
2003; Zhaoping, Herzog, & Dayan, 2003), as it is suggested that
modeling the neural mechanisms underlying perceptual learning
must account for these specificities (Tsodyks & Gilbert, 2004).

However, in recent studies we demonstrated that location spec-
ificity and orientation specificity can be decoupled from perceptual
learning in a variety of visual tasks with appropriate training
procedures (Xiao et al., 2008; Zhang, Xiao, et al., 2010; Zhang,
Zhang, et al., 2010
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reactivate these new inputs, so that the functional connections can
be strengthened to enable rule application and transfer of learning.

The current study manipulated the task relevancy (to feature
training) and the demand of location training and investigates their
impact on the transfer of feature (Vernier) learning from a diagonal
quadrant of the visual field. We used three levels of task relevance
(passive stimulus exposure, irrelevant, and relevant) and three de-
mand levels (passive stimulus exposure, suprathreshold, and near-
threshold) with the location training. Here passive stimulus expo-
sure was least task relevant and least demanding, and was there-
fore used in both categories as baselines. Vernier learning is
found to be strictly specific to the trained location (Xiao et al.,
2008), so its transfer to a new location would serve as an excellent
indicator of the impact of location training under various task rel-
evancy and demand conditions. Our results show that an obser-
ver’s active participation in a visual task at the new location,
even a very simple one, rather than passive exposure to the stimuli
is necessary for Vernier learning to transfer. Moreover, task-irrele-
vant location training limits learning transfer to only the trained
Vernier orientation, but a relevant suprathreshold orthogonal Ver-
nier task allows additional learning transfer to the orthogonal ori-
entation. In addition, the amount of learning transfer may depend
on the demand level in the location training task as well as the par-
ticular double training procedure (simultaneous or sequential). In
the context of our rule-based perceptual learning theory, these re-
sults characterize double training potentiating the functional con-
nections between a learned high-level decision unit and new visual
inputs from an untrained retinal location, which makes the trans-
fer of perceptual learning possible.
2. Methods

2.1. Observers and apparatus

Forty observers (undergraduate students in their early twenties



improved by <3%) and two showed significant transfer (the trans-
fer index (TI), defined as the ratio of transfer/training performance
improvements, was >0.5). The remaining thirteen showed little or
no improvement in performance in the transfer conditions (mean
TI = �0.15 ± 0.14). We were able to call eleven of these thirteen
observers back and split them into two groups, each performing
a suprathreshold task either irrelevant or relevant to feature learn-
ing. The first group of five observers in the current experiment
judged whether a pair of Gabors (Fig. 2A, same as the flashing
Gabors in Fig. 1A, presented on 80% of the trials,) or an uppercase
letter E (20% of the trials) appeared in the diagonal transfer quad-
rant for four sessions. Here the observers were forced to perform
an irrelevant, non-demanding suprathreshold task (mean accu-
racy = 99.7%) at the transfer location. For these five observers, the
previous Vernier training produced significant improvement at or-
i1_loc1 (MPI=30.3±2.9%, p < 0.001, Fig. 2B and C), but learning did
not transfer to untrained ori1_loc2 (MPI = �9.7 ± 8.0%, p = 0.85), or-
i2_loc2 (MPI = �1.9 ± 8.1%, p = 0.59), and ori2_loc1 at the trained
location (MPI = �9.5 ± 9.4%, p = 0.81) (Fig. 2B and C). After the
new Gabors vs. E judgments, Vernier performance was improved
at ori1_loc2 (MPI = 14.5 ± 4.0%, p = 0.012), but not at orthogonal
ori2_loc2 (MPI=�2.8 ±4.7%, p=0.71) and ori2_loc1 (MPI=�9.6±
10.4%, p=0.79) (Fig. 2





sessions. This suprathreshold task had no impact on the Vernier
thresholds at ori1_loc2, ori2_loc2, and ori2_loc1 (Fig. 3F), exclud-
ing the possibility that the transfers described above were caused
by the suprathreshold Vernier task alone.

3.4. Double training: feature training plus location training with an
irrelevant but demanding near-threshold task

We know from our previous study that learning can transfer
completely to a new location if feature training is accompanied
with irrelevant but demanding near-threshold training at the
new location (Xiao et al., 2008). Here we examined whether this
complete transfer was still specific to the trained orientation. Nine
new observers practiced Vernier discrimination at ori1_loc1 and
near-threshold contrast discrimination simultaneously using the
same Vernier stimulus (see Section 2) at ori2_loc2 in alternating
blocks for five sessions. Training improved Vernier threshold at or-
i1_loc1 (MPI = 29.7 ± 2.4%, p < 0.001) and contrast threshold at or-
i2_loc2 (MPI = 35.9 ± 4.1%, p < 0.001). Vernier discrimination at
ori1_loc2 also improved (MPI = 31.2 ± 3.0%, p < 0.001), as much as
that at trained ori1_loc1 (MPIs at ori1_loc1 vs. ori1_loc2, p =
0.26), showing complete learning transfer. However, learning did
not transfer much to orthogonal ori2_loc2 (MPI = 5.0 ± 9.4%,
p = 0.30) and ori2_loc1 (MPI = 6.8 ± 4.8%, p = 0.10), showing the
same orientation specificity in Fig. 2.

4. Discussion

This study revealed several facts regarding double training that
were previously unknown. Active location training is indeed neces-
sary to enable learning transfer across retinal locations. However, if
location training is task-irrelevant, as in our previous study (Xiao
et al., 2008), learning transfer may be limited to the trained feature
orientation only. However, a relevant suprathreshold task at the
untrained orientation is sufficient to expand transfer to an un-
trained orientation, even at the trained location. The latter is espe-
cially interesting because it shows that orientation specificity can
be decoupled from perceptual learning by a primer at a different
retinal location. It is also worth noting that in the current study
learning transferred to a diagonal quadrant in the untrained visual
hemifield, rather than to the other quadrant in the same hemifield
(Xiao et al., 2008). The inter-hemispheric transfer of learning pro-
vides additional evidence that perceptual learning occurs in non-
retinotopic high-level brain areas.

On the other hand, the orientation specificity of learning trans-
fer with task-irrelevant location training appears to be at odds with
our previous TPE training data (Zhang, Zhang, et al., 2010). The
latter shows that foveal learning of orientation discrimination
and contrast discrimination can completely transfer to an orthog-
onal orientation that the observers are passively exposed to in an
irrelevant task. This discrepancy is not caused by task differences
because the TPE training also enabled nearly full transfer of foveal
Vernier learning to an orthogonal orientation (our unpublished
data). One possibility is that transfer of peripheral learning in the
current study to an orthogonal orientation in the diagonal quad-
rant involves one extra step of functional connection, in contrast
to foveal learning that connects to an orthogonal orientation at
the same location. Thus extra processing is required to activate
the orthogonal inputs necessary for strengthening the extra func-
tional connections and enabling learning transfer.
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