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cations, stimulus orientations, and moving directions (Hubel
and Wiesel, 1959, 1962). Therefore, VPL is often interpreted as
training-induced changes specific to the subset of V1 neurons
encoding the trained stimulus (Karni and Sagi, 1991; Schoups et
al., 1995; Teich and Qian, 2003), or as improved readout of V1
sensory signals specifically activated by the trained stimulus
(Mollon and Danilova, 1996;







tion (see Materials and Methods; Fig. 4A). Initial orientation
learning with noise gratings (34.0 # 5.1%, p " 0.001, Cohen’s
d " 2.724) had a small and insignificant impact on dot pattern
orientation discrimination (9.7 # 7.0%, p " 0.22, Cohen’s d "
0.57), but subsequent dot pattern exposure substantially im-
proved dot pattern orientation discrimination (26.3 # 4.5%, p "
0.002, Cohen’s d " 2.37). This TPE procedure maximized the
observers’ discriminability because further direct orientation
training with the dot patterns did not further reduce the thresh-
olds (&0.3 # 5.8%, p " 0.96, Cohen’s d " 0.02). These results
thus largely excluded a potential contribution of covert orienta-
tion learning during the exposure phase.

We showed that TPE enabled learning transfer from gratings
to dot patterns, but there was a possibility that the exposure phase
alone could improve orientation discrimination with dot pat-
terns. Another control experiment ruled out this possibility. The

experimental design was similar to that in Figure 4A except that
there was no initial grating orientation training. As shown in



The same patterns of learning transfer were replicated in mo-
tion direction discrimination tasks. The stimuli were luminance-
modulated (first-order) motion signals (Fig. 5A) detectable by
local linear filters and contrast-modulated (second-order) mo-
tion signals (Fig. 5B) detectable only by nonlinear mechanisms

(Lu and Sperling, 2001; Ashida et al., 2007). After 5 sessions of
practice (16 blocks of trials per session) with the second-order
stimuli, 6 observers improved their direction discrimination of
the second-order motion by 45.9 # 9.3% (p " 0.004, Cohen’s
d " 2.0; Fig. 5C), and the learning significantly transferred to the
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Our control experiments (Figs. 4, 5E) excluded the possibility
that exposure to high-order stimuli alone could result in percep-
tual learning, indicating that exposure interacts with training of
low-order stimuli to induce learning transfer. However, it re-
mains mysterious exactly what roles the exposure plays in the
TPE procedure. Previously, we showed that TPE can enable com-
plete learning transfer to an untrained orthogonal orientation of
the same stimulus (J.Y. Zhang et al., 2010). We now have evi-
dence that the conventional orientation specificity could be a
result of insufficient bottom-up stimulation of, or top-down at-
tention to, the untrained stimulus orientation. Therefore, the
exposure of the orthogonal orientation in the TPE procedure
could amend these bottom-up and top-down issues to enable
learning transfer (Xiong et al., 2015). Further studies are neces-
sary to elucidate to what extent this understanding can apply to
the current study and whether additional factors also come into
play.

Our previous findings of learning transfer to untrained loca-
tions, orientations, and directions suggest that VPL is rule-based
learning in that the learned reweighting rules can be applied to
untrained conditions to allow learning transfer (Xiao et al., 2008;
Wang et al., 2012, 2014; Zhang and Yang, 2014; Xiong et al.,
2016). Our current data prompt us to speculate that the rules
learned and refined from perceptual training must be statistical in
nature. For example, they are responsible for assigning a weight
to a neuron’s response on the basis of its standard score in a
distribution of neuronal responses no matter what physical stim-
ulus activates these sensory responses and what cortical level of
neurons encode the stimulus. Consistent with this possibility, our
data show that, although operating at very different precision
levels, training on coarser and higher-order signals leads to a
similar amount of improvement in finer discrimination of lower-
order signals (42.8% vs 35.1% for orientation learning, p " 0.12,
Cohen’s d " 0.44; 45.9% vs 36.8% for motion learning, p " 0.22,
Cohen’s d " 0.37; Figs. 1B,C, 5C). The same is true when training
in the reverse order using the TPE procedure (40.1% vs 35.0% for
orientation learning, p " 0.30, Cohen’s d " 0.29; 36.9% vs 40.3%
for motion learning, p " 0.54, Cohen’s d " 0.27;
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