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averaged as a measure of subjects’ discrimination performance and
plotted as a function of orientation. Note that subjects were randomly
selected to be trained at either "30 or #30°. Because training at the
two orientations induced a similar learning effect, for the sake of
presentation simplicity, the discrimination performance functions for
subjects trained at "30° were flipped horizontally and averaged
together with the functions for subjects trained at #30°. Subjects’
performance improvement at an orientation was calculated as (pre-
training threshold – posttraining threshold)/pretraining threshold !
100%. To measure the time course of the training effect (learning
curve), discrimination thresholds from 25 QUEST staircases in a daily
training session were averaged and plotted as a function of training
day. Learning curves were fitted with a power function (Jeter et al.
2009).

To quantify the transfer of training between the trained and the test
stimuli, transfer index was defined as the ratio of performance im-
provement with the test stimulus and that with the trained stimulus.
Performance improvement with the trained stimulus over eight daily
training sessions was calculated as (1st day threshold – 8th day
threshold)/1st day threshold ! 100%. The test stimulus here had the
same orientation as the trained stimulus. Paired t-test and indepen-
dent-samples t-test were carried out for within-subject comparisons
and between-subject comparisons, respectively.

R E S U L T S

Perceptual learning in face view discrimination

In experiment 1, we first measured subjects’ face view
discrimination thresholds at seven orientations of "90, "60,
"30, 0, 30, 60, and 90° (Fig. 1, A and B). Subjects practiced for
8,000 trials during eight daily training sessions on face view
discrimination at the orientation of 30°. Throughout the train-
ing course, their discrimination thresholds gradually decreased,
which resulted in a 36% performance improvement (Fig. 1C).
After training, we measured thresholds at the seven orienta-
tions again.

Before training, subjects had a significant lower threshold
(better performance) at 0° than the thresholds at other orienta-
tions [all t(7) & 4.7, P ' 0.01; gray line in Fig. 1D], which is
consistent with the claim that 3D symmetric shapes are dis-
criminated more efficiently than asymmetric ones (Liu and
Kersten 2003). After training, the threshold at 30° was com-
parable to that at 0° [t(7) ( 0.45, P ( 0.67] and was signifi-
cantly lower than those at other orientations [all t(7) & 4.4,
P ' 0.01; black line in Fig. 1D]. We calculated the percent
improvement in discrimination performance after training. The
improvement at the trained orientation of 30° was 44%, which
was significantly higher than those (about or '10%) at other
orientations [black line in Fig. 1E; all t(7) & 4.7, P ' 0.01].
These results suggest an orientation-specific perceptual learn-
ing in face view discrimination.

To examine the persistence of the learning effect, we mea-
sured the discrimination thresholds 1 and 6 mo after training
(red and green lines in Fig. 1D). Relative to the performance
before training, the percent improvements in discrimination
performance at the trained orientation of 30° was 34% 1 mo
after training and 33% 6 mo after training (red and green lines
in Fig. 1E). This means that the learning effect was long-
lasting, and 75% of the effect was kept after a half-year break.
It is noteworthy that the learning effect persisted in an orien-
tation-specific manner. The improvements at the untrained
orientations were around or '10%, which were significantly

lower than the improvement at 30° [all t(7) & 3.5, P ' 0.01,
except the marginal significance at 90° 6 mo after training, t(7) ( 2.1,
P ( 0.077]. The long-lasting orientation-specific perceptual
learning in face view discrimination was quite robust and
consistent across individual subjects.

Transfer of the face learning effect

Experiments 2–7 were designed to study the transfer of
training from trained stimuli to test stimuli. The test stimuli
were always faces. The trained stimuli shared more or less
properties with the test stimuli. Similar to experiment 1, sub-
jects underwent eight daily training sessions to discriminate
views of the trained stimulus at the orientation of 30°. Before
and after training, we measured subjects’ face view discrimi-
nation thresholds with the test stimulus at the seven orienta-
tions of "90, "60, "30, 0, 30, 60, and 90°.
Experiment 2 studied how a size change from the trained

stimulus to the test stimulus could affect the transfer of learn-
ing (Fig. 2A). The area of the test stimulus was four times that
of the trained stimulus. The 8-day training resulted in a 31%
improvement in discrimination performance with the trained
stimulus at the orientation of 30°. Relative to the performance
before training, the improvement after training with the test
stimulus at 30° was 33%, significantly higher than the im-
provements at the untrained orientations [all t(7) & 2.5, P '
0.05].
Experiment 3 investigated the effect of face part change on

the transfer of learning. The trained and the test stimuli were
mutually exclusive, and they constituted a complete face (Fig.
2B). Throughout the training course, subjects’ discrimination
thresholds gradually decreased, which resulted in a 38% per-
formance improvement with the trained face. Relative to the
pretraining performance, the improvement after training with
the test face at 30° was 41%, significantly higher than the
improvements at the untrained orientations [all t(5) & 3.1, P '
0.05].

In experiment 4, the trained face was presented in the lower
visual field, and the test face was presented in either the lower
or the upper visual fields (Fig. 2C). The objective of the
experiment was twofold. First, experiments 1–3 showed that
face view learning could take place around the fixation point.
Here we examined if the learning could occur at a more
eccentric area, e.g., the lower or the upper visual field. Second,
we were interested in the effect of visual field change on the
transfer of learning. Similar to experiments 1–3, eight training
sessions in the lower visual field led to a 27% performance
improvement. Before and after training, we measured face
view discrimination thresholds in both the lower and the upper
visual fields. Subjects’ performance improvements at the
trained orientation were 33 and 32% in the lower and the upper
visual fields, respectively, both of which were orientation
specific [lower visual field: all t(5) & 2.6, P ' 0.05, dotted
line; upper visual field: all t(5) & 3.3, P ' 0.05, solid line].

Experiment 5 examined the effect of face identity change on
the transfer of learning (within-category transfer). The trained
face was Anti-Jim and the test face was Jim (Fig. 2D). They
were a face/anti-face pair, which lay at the two ends of a face
identity trajectory (Leopold et al. 2001). After eight daily
training sessions, subjects’ performance with the trained face
improved by 37%. We also found that the learning transfer was
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orientation specific because the improvement with the test
stimulus at 30° was 41%, significantly higher than those at the
untrained orientations [all t(6) & 2.5, P ' 0.05].

In experiments 6 and 7, the test stimulus was a face and the
trained stimuli were an inverted face (Fig. 2E) and an M-like
paperclip (Fig. 2F). Here we examined how face inversion and
object category change affected the learning transfer. Similar
to the training effect with an upright face, training with the
inverted face and the paperclip at the orientation of 30° also
improved subjects’ discrimination performance by 36 and
45%, respectively. However, compared with experiments 2–5,
the performance improvements with the test face at 30° were
weak (13 and 22%). These improvements were not orientation-
specific because there was no significant difference between
the trained orientation and the untrained orientations [inverted
face: all t(6) ' 1.9, P & 0.12; paperclip: all t(7) ' 2.3; P &
0.07].

To quantify the transfer of training between the trained and
the test stimuli, the transfer index was calculated as the ratio of
performance improvement with the test stimulus and that with
the trained stimulus (Fig. 3). A large index means that a large
amount of the training effect has been transferred to the test
stimulus; in other words, the performance improvement with
the test stimulus can be largely attributed to the training effect.
The transfer indices in experiments 1–5 were 1.23, 1.12, 1.06,
1.27, and 1.18. There was no significant difference among
them [F(6,50) ( 1.176, P ( 0.336]. Note that, in experiment
1, the test and the trained stimuli were the same. These results
suggest a complete transfer from the trained stimulus to the test
stimulus in experiments 2–5. Why are the indices larger than 1?
This is because the threshold measurement before training also
led to some learning effect. The transfer indices in experiments
6 and 7 were 0.37 and 0.54, respectively. There was no
significant difference between them (t ( 0.85, P ( 0.41).
However, they were significantly lower than the indices in

experiments 1–5 [F(8,65) ( 5.616, P ' 0.001], which suggests
a partial or weak transfer in experiments 6 and 7.

D I S C U S S I O N

We see faces from various viewing angles every day. Face
view perception informs us not only about a person’s identity
but also about his/her social attention. Even from a small face
view change, we could infer changes in their current goals and
intentions (Nummenmaa and Calder 2009). Can our ability of
face view perception (discrimination) be improved with train-
ing? In this study, a series of seven experiments was conducted
to address this question and to investigate the characteristics of
perceptual learning of face view discrimination. Experiment 1
showed that training led to a significant improvement in sen-
sitivity to face view orientation. The improvement was highly
specific to the trained orientation and lasted up to 6 mo. In
experiments 2–5, we found that the orientation-specific learn-
ing effect completely transferred across changes in face size,
visual field, and face identity. A complete transfer also oc-
curred between two partial face images that were mutually
exclusive but constituted a complete face. However, the trans-
fers were weak between an upright face and an inverted face
and between a paperclip object and a face, as shown in
experiments 6 and 7. It should be noted that, in most experi-
ments, only one face stimulus was used. These conclusions can
be further strengthened if more face stimuli were used.

Face view learning exhibited two important characteristics
of perceptual learning: specificity and persistence (Liu 1999;
Sasaki et al. 2010). Training at 30° had a very weak effect on
the discrimination performance at other orientations, even at 0
and 60°. It could be argued that subjects’ view sensitivity at 0°
(cardinal orientation) was already very high, leaving little room
for improvement. To rule out the explanation, we trained two
subjects using the same procedure as that for 30°. The training
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resulted in a 48% performance improvement at 0°, comparable
to the training effect at 30°. It has been reported that some face
neurons in STS responded symmetrically to left and right
views (De Souza et al. 2005). This would predict that training
at 30° should also lead to a higher performance improvement
at "30° than at 0, %60, and %90°. However, we did not find
such an effect, which indicates that training might have a very
weak or little influence on these STS neurons. The benefits of
perceptual learning with visual features are usually long-last-
ing, persisting for up to 2 yr (Karni and Sagi 1993). In
high-level vision, training effects with a shape/object identifi-
cation task could last 1 mo (Furmanski and Engel 2000;
Sigman and Gilbert 2000). Here, we expanded these results by
showing that the orientation-specific face view learning could
last #6 mo.

Using a visual search or identification task, past studies indi-
cated that face/shape recognition is subject to perceptual learning
(Furmanski and Engel 2000; Golcu and Gilbert 2009; Hussain et
al. 2009; Sigman and Gilbert 2000). However, few of them
studied the characteristics of high-level visual perceptual learning
as comprehensively as this study. There are two similar findings in
previous studies and ours. One is the complete transfer across a
change in face size, in agreement with the finding that object
learning was insensitive to image size (Furmanski and Engel
2000). The other is the weak transfer from an upright face to its
vertical inversion. Hussain et al. (2009) also found that face
identification training was largely specific to the in-plane orien-
tations of trained faces. Both studies suggest that the neural
codings of upright faces and inverted faces are quite different.
However, a significant contrast between past studies and ours is
whether learning was restricted to the area where the stimulus was
trained. Our study showed a complete transfer from the lower
visual field to the upper visual field. Such a transfer between
visual fields was not found in other studies (Cox and DiCarlo
2008; Dill and Fahle 1997; Nazir and O’Regan 1990). Two
noteworthy points can explain the discrepancy. First, in these
studies, subjects were trained to identify simple shapes that can be
coded by retinotopic areas (e.g., V2 and V4; Hedge and Van
Essen 2007). Second, these shapes were trained at a fixed position
in the visual field. The face stimuli in our study were randomly
presented in a small area, which might subserve the spatial
transfer of the learning effect.

Where does face view learning occur in the visual cortex? In
the human visual cortex, there are three face-selective areas: OFA,
STS, and FFA (Fang et al. 2007; Haxby et al. 2000), which are the
possible loci of the learning. Also, a recent study (Sigman et al.
2005) suggested that retinotopic areas played an important role in
high-level visual perceptual learning with a shape identification
task. By measuring the transfer of learning from the trained face
to other visual stimuli more or less resembling it, we can infer
where face view learning took place in the visual system and what
was learned during training. First, the complete transfers across
changes in face size, face part, and visual field could rule out early
retinotopic areas and OFA. Because the receptive fields of neu-
rons in early retinotopic areas are small (Smith et al. 2001), they
are sensitive to stimulus changes in size, local feature, and posi-
tion in the visual field. Although OFA is at a higher position in the
visual processing hierarchy than early retinotopic areas, it is still
retinotopically organized (see a review by Wandell et al. 2007)and
is sensitive to changes in face part (Pitcher et al. 2007). Thus the
properties of early retinotopic areas and OFA do not support the

complete transfers we observed. Second, the complete transfer of
the learning from a face to its anti-face suggests that the learning
effect is identity invariant, which resonates with the finding that
most view-selective face neurons in macaque STS are not sensi-
tive to identity (Perrett et al. 1992). Using fMRI adaptation, Fang
et al. (2007) showed that both STS and FFA in human visual
cortex could encode face views. However, Grill-Spector et al.
(2004) showed that FFA, but not STS, is selective for face
identity. Thus STS is more likely to be the cortical locus of face
view learning than FFA. Third, the weak transfers from the
trained face to its in-plane inversion and to the paperclip object
can rule out an alternative explanation that the face view discrim-
ination learning is a general 3D orientation discrimination learn-
ing and takes place at cortical areas coding 3D orientation. Hinkle
and Connor (2002) reported that some neurons in macaque area
V4 carry robust signals for 3D orientation defined by binocular
disparity. Although the orientation of the face views was not
defined by disparity, the finding by Hinkle and Connor does
suggest the alternative explanation for our observation. A key
prediction of this 3D orientation learning explanation is that it
should not depend on the object representation in the visual
system, as long as the trained and the test stimuli are in the same
3D orientation. In our study, however, only weak transfers were
observed, even though both the inverted face and the paperclip
object as the trained stimuli (Bi et al. 2009; Fang and He 2005)
have the same orientation as the test face. Taken together, con-
verging evidence suggests that training on face view discrimina-
tion resulted in a large amount of plastic changes at a level of
higher visual processing where size-, position-, and identity-
invariant face views are represented.

Our results suggest that what was learned by the visual
system during training is the improved ability of computing
face orientation from the configural information of face views,
rather than the configural information itself or face parts.
Another recent study, on the other hand, suggests that objects
are learned in a parts-based manner (Golcu and Gilbert 2009).
This superficial contradiction can be easily explained. In the
study of Golcu and Gilbert, objects were composed of three
line segments, each of which could provide diagnostic infor-
mation for accomplishing object recognition. In our study,
although local features in face views could provide more or
less information about face orientation, it might be more
reliable to extract the orientation from the configural informa-
tion, especially when the face views were randomly presented
in a small area. Indeed, both studies support the claim that
perceptual learning drives the visual system to extract the
regularities of the environment and develop optimal strategies
for visual information processing (Gilbert et al. 2001).

Visual perceptual learning studies have led to an increasing
understanding of plasticity in the adult visual system. This
study developed a powerful experimental protocol to study
high-level visual perceptual learning and shown the character-
istics of face view learning. It is time to use brain imaging and
single-unit methods to study the neural mechanisms of face
view learning and therefore open the window into one of the
central questions in vision sciences—plastic object representa-
tion in the visual system.
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