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Motion direction learning is known to be specific to the trained direction. However, in this study we used
our recently developed TPE (training-plus-exposure) method to demonstrate that motion direction learn-
ing can transfer to an opposite direction. Specifically, we first replicated the strict direction specificity of
motion direction learning with a group of moving dots. However, when the participants were exposed to
the opposite direction in an irrelevant dot number discrimination task, either simultaneously with
motion direction training or at a later time, but not in a reversed order, motion direction learning trans-
ferred to the opposite direction significantly and sometimes completely. These results suggest that
motion direction learning may be a high-level process in which the brain learns the potentially transfer-
rable rules of reweighting the motion direction inputs. However, we speculate that high-level learning
may not functionally connect to sensory neurons that are tuned to other directions but are not stimulated
during training, which leads to direction specificity. It is the stimulus exposure in TPE training that con-
nects high-level learning to the exposed opposite direction to enable learning transfer.

� 2013 Published by Elsevier Ltd.
1. Introduction

Perceptual learning of motion direction discrimination, like
learning of many other basic visual features such as contrast, orien-
tation, spatial frequency, and Vernier discrimination (Fiorentini &
Berardi, 1980; Schoups, Vogels, & Orban, 1995; Crist et al., 1997;
Fahle, 1997; Yu, Klein, & Levi, 2004), has been reported to be spe-
cific to the trained retinal location and feature at least under near-
threshold conditions (Ball & Sekuler, 1982, 1987; Liu, 1999; Liu &
Weinshall, 2000; Shibata et al., 2012). For example, Ball and Sekul-
er (1982, 1987) reported that training improves the direction dis-
crimination of moving dots, but the learning cannot transfer to
an untrained opposite direction, or to an untrained retinal loca-
tion/hemifield. These and similar specificities in other visual learn-
ing tasks have led to the assumptions that visual perceptual
learning may occur in early visual areas that are retinotopic and
selective to basic visual features (Ball & Sekuler, 1982, 1987; Karni
& Sagi, 1991; Schoups, Vogels, & Orban, 1995; Crist et al., 1997;
Bejjanki et al., 2011).

Alternatively, as Mollon and Danilova (1996) pointed out, learn-
ing specificities do not necessarily imply plasticity in early visual
areas. Perceptual learning could be central and high level, but spe-
cific to what the brain learns. Indeed, Liu and Weinshall (2000) dis-
covered that although motion direction learning is specific to the
trained direction, ensued learning of a new direction becomes fas-
ter, suggesting that motion direction learning involves some high-
level processes. Moreover, based on their findings that monkey
motion direction learning is associated with response changes in
decision-related LIP neurons, not the middle temporal area neu-
rons that are known to decode motion signals (Law & Gold,
2008), Law and Gold (2009) proposed a reweighting model in
which the decision areas learn to readout the motion inputs from
a specific population of MT neurons that respond to the motion
stimuli. Because MT is retinotopic and MT neurons are direction
selective, this model is able to account for the direction and loca-
tion specificities in motion direction learning.

However, even the very concept of perceptual learning being
location and feature specific is being challenged. In recent studies
we developed new training methods that enable location and ori-
entation specific perceptual learning, such as contrast, orientation,
Vernier, feature detection, and texture discrimination learning to
transfer to untrained retinal locations (
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phase and once before the exposure phase, which could confound
the estimation of the amount of learning transfer. To reduce this
confounding effect, six new participants completed a simultaneous
TPE procedure in which they practiced DDir_dir1 and DNum_dir2
simultaneously in alternating blocks of trials (staircases; 10 stair-
cases for each task per session). All other experimental conditions
were identical to those in Experiment I. This simultaneous proce-
dure significantly improved motion direction discrimination at
the trained direction (DDir_dir1; MPI = 28.0 ± 4.1%, t = 6.76, df = 5,
p < 0.001; Fig. 2a, b), as well as at an untrained opposite direction
in all participants (DDir_dir2; MPI = 26.9 ± 3.9%, t = 6.88, df = 5,
p < 0.001) by a similar amount (t = 0.16, df = 5, p = 0.44). The trans-
fer index TI was 1.2, indicating complete transfer of motion direc-
tion learning. Together the successive and simultaneous TPE
training results demonstrate that motion direction learning could
transfer to an opposite direction quite significantly and sometimes
completely.

In addition, we tested the learning transfer to other neither
trained nor exposed directions that were 45�, 90�, and 135� from
the trained direction, respectively (Fig. 2a and b). Learning trans-
ferred much less to these directions (MPI = 11.5 ± 5.2%, t = 2.19,
df = 5, p = 0.040, TI = 0.47, pooled over three directions). Previously
we found that after TPE training orientation learning also trans-
ferred much less to o[(ferredand)-360.8(135)]7792 0 68 -1.(train96(4
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tion training (DNum_dir2; MPI = 27.3 ± 5.5%, t = 4.94, df = 4,
p = 0.004) had no significant impact on the motion direction
thresholds (DDir_dir2; MPI = 6.7 ± 5.6%, t = 1.20, df = 4, p = 0.15),
indicating that the TPE enabled motion direction learning transfer
(Figs. 1 and 2) did not result from the mere exposure of the oppo-
site direction, but from the entire TPE procedure.

The second purpose of this experiment was to replicate an
interesting finding with TPE-enabled orientation learning transfer
in motion learning tasks. That is, once the TPE order was reversed,
the learning transfer to an orthogonal orientation disappeared
(Zhang et al., 2010). Fig. 3 shows that in the second phase of the
reversed-order TPE training, although training improved motion
direction discrimination at a trained direction (DDir_dir1;
MPI = 29.3 ± 4.8%, t = 6.04, df = 4, p = 0.002), learning failed to transfer
to an opposite direction (DDir_dir2; MPI = 3.5 ± 11.7%, t = 0.30,
df = 4, p = 0.39). Therefore the transfer of motion direction learning
also disappeared with a reversed-order TPE procedure. The impli-
cations of this reversed-order TPE training in understanding the
mechanisms underlying motion direction and orientation learning
will be discussed later.
4. Discussion

Our results demonstrate that, like orientation learning that can
be rendered completely transferrable to an orthogonal orientation
with TPE training (Zhang et al., 2010), motion direction learning
can become significantly and sometimes completely transferable
to an opposite direction with similar TPE procedures. These trans-
fer results suggest that motion direction learning is a high-level
learning process.

The neurophysiological study by Law and Gold (2008) is most
relevant to our results. They discovered that motion direction
learning in monkeys is a high-level process, in that the perfor-
mance improvements are not correlated to the response changes
of direction-selective MT neurons, but to those of LIP neurons that
are related to decision making. In a later reweighting model (Law &
Gold, 2009), they suggested that motion direction learning results
from improved readout of the initial noisy responses of MT neu-
rons responding to the motion stimulus by a high-level decision
unit. Our results could improve this high-level reweighting model
in a significant way: After learning the decision unit apparently can
deal with motion inputs from MT neurons representing other
directions with similar and sometimes equal precision. This is a
case-based general learning process in which the decision unit
learns the general rules of reweighting motion inputs regardless
of their specific directions.

As we pointed out earlier, existing psychophysical studies on
motion direction learning also hint at the involvement of high-le-
vel processes. Liu (1999) reported that the direction specificity in
motion direction learning depends on the task difficulty. Learning
is transferrable to other untrained directions if the task is easy
and suprathreshold. Moreover, even for hard near-threshold learn-
ing that shows strong direction specificity, later learning becomes
faster when the participants continue to practice at a new direction
(Liu & Weinshall, 2000). These results indicate that high-level pro-
cesses play important roles in motion direction learning. Our re-
sults go one step further by showing that even the direction
specificity under the near-threshold or ‘‘hard’’ learning conditions
can be completely abolished through TPE training. This finding
indicates that motion direction learning is mainly a high-level pro-
cess, since an even partially low-level learning process would not
explain complete learning transfer.

Why is motion direction learning specific to the trained direc-
tion in the first place with conventional training, and why does it
transfer much less to other unexposed directions after TPE train-
ing? The same questions apply to orientation learning with similar
results (Zhang et al., 2010). The transfer results indicate that the
brain learns the rules of performing a specific task such as motion
direction or orientation discrimination that are potentially trans-
ferrable. However, these rules may not apply to other untrained
directions or orientations because high-level learning may not able
to functionally connect to neurons that are tuned to these direc-
tions or orientations but are not stimulated during training. It is
the exposure to a new direction or orientation in TPE training that
stimulates relevant direction or orientation neurons to promote
the connections from high-level learning to allow learning transfer.
This account is consistent with the reversed-order TPE training re-
sults with the transfer of motion direction learning (Fig. 3) and ori-
entation learning (Zhang et al., 2010). These results suggest that
the only possible role of direction or orientation exposure is to acti-
vate and connect untrained direction or orientation to high-level
learning that either has been or is being developed (Treue & Mar-
tinez Trujillo, 1999; Martinez-Trujillo & Treue, 2004).
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