UNIVERSITYW

This is a repository copy of The emergence of view-symmetric neural responses to familiar
and unfamiliar faces.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/188141/

Version: Published Version

Article:

Rogers, Daniel and Andrews, Timothy J. orcid.org/0000-0001-8255-9120 (2022) The
emergence of view-symmetric neural responses to familiar and unfamiliar faces.
Neuropsychologia. 108275. ISSN 0028-3932

https://doi.org/10.1016/j.neuropsychologia.2022.108275

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/




Neuropsychologia 172 (2022) 108275

Contents lists available at ScienceDirect

Neuropsychologia

Sy

ELSEVIER

journal homepage: www.elsevier.com/locate/neuropsychologia

Check for

The emergence of view-symmetric neural responses to familiar and e
unfamiliar faces

Daniel Rogers, Timothy J. Andrews

Department of Psychology, University of York, York, YO10 5DD, United Kingdom

ARTICLE INFO ABSTRACT

Keywords: Successful recognition of familiar faces is thought to depend on the ability to integrate view-dependent repre-

Face sentations of a face into a view-invariant representation. It has been proposed that a key intermediate step in

Familiar achieving view invariance is the representation of symmetrical views. However, key unresolved questions
Unfamiliar . . o . . . .
Invariant remain, such as whether these representations are specific for naturally occurring changes in viewpoint and
nvarian . . . . . .

View-dependent whether view-symmetric representations exist for familiar faces. To address these issues, we compared behav-
Symmetry ioural and neural responses to natural (canonical) and unnatural (noncanonical) rotations of the face. Similarity

judgements revealed that symmetrical viewpoints were perceived to be more similar than non-symmetrical
viewpoints for both canonical and non-canonical rotations. Next, we measured patterns of neural response
from early to higher level regions of visual cortex. Early visual areas showed a view-dependent representation for
natural or canonical rotations of the face, such that the similarity between patterns of response were related to
the difference in rotation. View symmetric patterns of neural response to canonically rotated faces emerged in
higher visual areas, particularly in face-selective regions. The emergence of a view-symmetric representation
from a view-dependent representation for canonical rotations of the face was also evident for familiar faces,
suggesting that view-symmetry is an important intermediate step in generating view-invariant representations.
Finally, we measured neural responses to unnatural or non-canonical rotations of the face. View-symmetric
patterns of response were also found in face-selective regions. However, in contrast to natural or canonical ro-
tations of the face, these view-symmetric responses did not arise from an initial view-dependent representation in
early visual areas. This suggests differences in the way that view-symmetrical representations emerge with ca-
nonical or non-canonical rotations. The similarity in the neural response to canonical views of familiar and
unfamiliar faces in the core face network suggests that the neural correlates of familiarity emerge at later stages
of processing.

1. Introduction recognition is through view-invariant representations (Bruce and
Young, 1986; Young and Burton, 2017). The successful generation of

Recognising the identity of a familiar face is a simple and relatively view-invariant representations relies on variable input, and experience

effortless process for most human observers. However, the appearance a
face can change dramatically as a person moves their head. The visual
system must ignore these sources of variation in order to recognize
identity, yet at the same time be able to process these changes because of
their role in social communication (Bruce and Young, 1986; Andrews
and Ewbank, 2004; Baseler et al., 2014). The challenge of familiar face
recognition is demonstrated by the difficulty in the recognition of un-
familiar faces when they are seen from different views (Bruce, 1982;
Hancock et al., 2000; Longmore et al., 2008). Cognitive models of face
perception suggest that a solution to the problem of familiar facial
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with multiple facial viewpoints (Bruce, 2017).

How view-invariant representations are generated from view-
specific representations is critical to understand how we recognize
faces and become familiar with a facial identity. A simple model for how
a view-invariant representation could emerge involves the convergence
of multiple view-dependent representations in a single step. However, a
more recent suggestion is that the process of view-invariance occurs by a
two-step process that involves the convergence of view-dependent rep-
resentations into view-symmetrical representations and then the
convergence of these view-symmetric responses into view-invariant
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representations (Freiwald and Tsao, 2010). Behavioural support for the
role of view-symmetric representations in face recognition comes from
studies that have shown that the perceptual similarity of faces with
symmetrical viewpoints (e.g. two profiles) is greater than for
non-symmetrical viewpoints (e.g. profile and % view) and also by
studies that have shown that recognition judgements are more accurate
when the test viewpoint is symmetrical to the learnt viewpoint (Troje
and Bulthoff, 1998; Busey and Zaki, 2004; Flack et al., 2019).

Neurophysiological studies provide further support for a model of
face recognition that is initially view-specific, with an intermediate
view-symmetric representation before view-invariance emerges. For
example, different face-selective neurons in the temporal lobe of non-
human primates have been shown to be selective for single views,
symmetric views and invariant to changes in view (Perrett et al., 1991).
Studies using fMRI guided neurophysiological recordings in non-human
primates show that face regions at early stages of processing have a more
view-specific representation, whereas intermediate face regions show
more view-symmetric responses and later face regions show more
view-invariance (Friewald and Tsao, 2010). Taken together these results
imply that there is a functional hierarchy of facial representation within
these regions that could underpin recognition. Interestingly, these
symmetrical responses were evident to naturally occurring or canonical
rotations of the head (left to right changes in viewpoint), as well as to
less common or non-canonical rotations that occur as a result of
within-plane rotations of the image that ultimately lead to inversion.
The demonstration of view symmetrical responses to non-canonical ro-
tations is intriguing as it suggests that these responses might reflect a
more general response to symmetry in the visual brain (Bertamini et al.,
2018), rather than something that is directly linked to face recognition.

Neuroimaging studies have also revealed a similar representational
hierarchy for viewpoint in face-selective regions. fMRI studies have
shown view-selective responses to faces in the OFA (Grill-Spector et al.,
1999; Andrews and Ewbank, 2004; Fang et al., 2007; Carlin et al., 2011;
Guntupalli et al., 2017; Weibert et al., 2018). However, other studies
have also reported view-symmetric representations in regions such as
the FFA (Axelrod and Yovel, 2012; Kietzmann et al., 2012; Guntupalli
et al., 2017; Flack et al., 2019). Interestingly, these view-symmetric
neural responses are predicted by the perceptual similarity of faces
from different viewpoints, suggesting that they might play an important
role in face recognition (Flack et al., 2019).

There are two important limitations of previous neuroimaging
studies in humans. The first is that these studies have only used naturally
occurring viewpoint changes. So, it remains unknown whether view-
symmetric neural responses are also evident to more unnatural, non-
canonical rotations of the face (such as in plane rotation), as has been
reported in neurophysiological studies (see Friewald and Tsao, 2010). If
view-symmetrical responses to faces were found for these rotations, it
could be argued that they reflect a general property of visual cortex,
rather being directly linked generating view-invariant representations
for face recognition. The second limitation is that all previous neuro-
imaging studies have used unfamiliar faces (Axelrod and Yovel, 2012;
Kietzmann et al., 2012; Guntupalli et al., 2017; Flack et al., 2019). It is
not clear therefore whether view-symmetric responses are also evident
for familiar faces. Demonstrating view-symmetric responses to familiar
faces would provide further evidence for the role of these representa-
tions as an intermediate step toward view-invariant representations.

The aim of this study is to determine if view-symmetric representa-
tions are evident for both canonical or non-canonical rotations of the
face. If mirror-symmetric representations are an important process that
precedes the generation of a view-invariant, then it might be expected
that the view-symmetric responses would only be evident for naturally
occurring rotations of the face. To address this question, we compared
the response to faces that rotated canonically (left/right rotations of the
head) with faces that rotated noncanonically within the plane of the
image (within plane rotation). As a further test of whether view-
symmetry is important for recognition, we compared the response to
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familiar faces for which view-invariant representations are thought to
exist. Finally, to determine how patterns of viewpoint selectivity
response emerge in visual cortex, we measured the pattern of response in
early visual areas and in face-selective regions. Our hypothesis was that
face images will initially be represented by a view-dependent (image-
based) representation in early visual areas, but that a view-symmetric
representations will emerge in higher-level face regions.

2. Methods
2.1. Participants

Participants were recruited separately for the behavioural (n = 38,
female = 26, mean age = 23.6 years, SD = 5.58) and fMRI experiments
(n = 25, female = 14, mean age = 23.5 years, SD = 6.87). All partici-
pants had normal or corrected to normal vision and were drawn from an
opportunity sample of students and staff at the University of York. All
participants gave their written informed consent. The study was
approved by the Psychology department Ethics Committee and the York
Neuroimaging Centre Ethics Committee.

2.2, Stimuli

The stimuli were either familiar (well-known celebrities) or unfa-
miliar faces. There were three conditions: (1) canonical-familiar, (2)
canonical-unfamiliar and (3) noncanonical-unfamiliar. The unfamiliar
faces were taken from the Radbound Faces Database (Langner et al.,
2010). The familiar images were taken from five celebrities popular to a
UK student demographic (Angelina Jolie, Brad Pitt, George Clooney,
Jennifer Aniston, Taylor Swift). Naturally occurring changes in view for
the familiar and unfamiliar faces are shown in Figs. 1 and 2. These im-
ages show canonical, left/right rotations of the head at approximately
—90°, —45°, 0°, 45°, 90°. View-symmetric images of familiar faces were
created by taking the mirror image of each viewpoint. Otherwise, it
would have been impossible to get symmetric views with similar
appearance. The symmetric views for the unfamiliar faces were created
by different cameras being set up at precise angles and all photos being
taken simultaneously (Langner et al., 2010). Non-canonical views were
generated by taking the frontal view of each unfamiliar face and rotating
it in the frontal plane by 45° and 90° to the left and right (Fig. 3). All face
images were superimposed on a 1/f amplitude mask and scaled to 500 x
500 pixels, to ensure that all images stimulated the same amount of the
visual field despite changes in viewpoint and rotation.

2.3. Behavioural experiment

To determine whether symmetrical viewpoints were perceived as
being more similar than non-symmetrical viewpoints, participants were
asked to rate the perceptual similarity of pairs of faces that differed in
view (canonical-familiar, canonical-unfamiliar; non-canonical-unfamil-
iar). Participants completed this experiment online using the Pavlovia
platform (PSYCHOJS, Version 202.2). Each trial began with a white
fixation cross superimposed on a grey background for 0.5 s. This was
followed by a pair of faces (from the same identity) that were presented
for 3 s. Each view was presented with every other view (10 combina-
tions), there were 5 identities for each of the 3 image sets giving a total
of 150 trials. Images subtended approximately 8° of visual angle. The
order of trials was randomised for each individual participant. Partici-
pants were required to respond with a button press indicating how
similar they perceived the images to be, on a scale of 1-7 (1 being less
similar and 7 being more similar). Participants had an unlimited time to
respond.

2.4. fMRI experiment

The main fMRI experimental scans used a block design with 5
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Fig. 1. Exemplars from the canonical-familiar condition. Images from 5 different viewpoints are show in columns. Images from 5 familiar identities are shown

in rows.

different stimulus conditions each depicting a different rotation (—90°,
—45°, 0°, 45°, 90°). Images from the different conditions (canonical-
familiar, canonical-unfamiliar; non-canonical-unfamiliar) were shown
in separate scans. In each scan, the 5 images corresponding to each
viewpoint (columns in Figs. 1-3) were shown in 6 s blocks. Within each
block, each image was presented for 1 s followed by a 200 ms grey
screen. A 9 s fixation screen was presented between each block. There
were 5 views and each was shown 6 times during the scan, giving a total
of 30 blocks. The order of the blocks was pseudorandomised across the
scan. Images subtended a retinal angle of approximately 15° and were
viewed on a screen at the rear of the scanner via a mirror placed
immediately above the participant’s head. Participants maintained
attention during the scans by fixating on a cross in the centre of the
images and indicating using a response box when they saw a green cross.
Accuracy on this task was very high (Familiar: 98.3% SD 2.46, Unfa-
miliar: 97.7% SD 4.35, Orientation: 98.3% SD 2.74).

All imaging data was collected using a GE 3 T HD Excite MRI system
with an eight-channel phased array head coil tuned to 127.4 MHz, at the
York Neuroimaging Centre (YNiC), University of York. A T1-weighted
structural MRI image (1 x 1.13 x 1.13 mm voxel) was collected and a
gradient-echo EPI was used to collect the functional images. A gradient-
echo EPI sequence with a radio-frequency coil tuned to 127.4 MHz was
used to acquire 38 contiguous axial slices (TR = 3 s, TE = 25 ms, flip
angle = 90°, FOV = 260 mm, matrix size = 128 x 128, slice thickness =
3 mm, voxel size: 2.25 x 2.25 x 3 mm) in a bottom-up interleaved
acquisition.

Data were analysed with FEAT version 5.0.9 (http://www.fmrib.ox.
ac.uk/fsl). The first 9 s (3 vol) from each scan were discarded, and
MCFLIRT motion correction, spatial smoothing (Gaussian, FWHM 5
mm), and temporal high-pass filtering (cutoff 0.0093 Hz) were applied.
The BOLD response for each condition was modelled with a boxcar
function convolved with a standard haemodynamic response function.

To understand how the representation of facial viewpoint might change
from early to higher levels of the visual system, we used ROIs based on
probabilistic visual-field maps (Wang et al., 2015). Overall, we inves-
tigated 16 ROIs in each hemisphere giving a total of 32 independent
regions. The analysis extracted mean percentage signal changes within
the given ROI for each cope (condition) for each of the functional scans.
We also used the core face-selective regions (FFA, STS, OFA). Face
specific regions were defined at the same size (500 voxels), to allow the
MVPA analyses to have comparable potential power to detect underly-
ing patterns of response in each region. A group analysis was performed
across participants comparing the response to unfamiliar faces
compared to baseline. Using masks from a previous study (Flack et al.,
2019), we identified the most face-selective voxel for each ROI from the
group analysis. ROIs were then created using a flood fill algorithm that
progressively selected voxels with the highest face-selectivity until the
mask reached 500 voxels in size (Weibert et al., 2018; Flack et al., 2019).

Pattern analyses were performed using the PyMVPA toolbox (htt
p://www.pymvpa.org/; Hanke et al., 2009). Parameter estimates from
a univariate analysis of the main experiment were first normalized by
subtracting the average response across the five viewpoint conditions
(—90°, —45°, 0°, 45°, 90°). The reliabilities of the neural patterns of
response were then determined using a modified form of the
correlation-based MVPA method devised by Haxby et al. (2001), in
which patterns of response from each participant were compared with
the patterns resulting from the group analysis with that participant left
out. This leave one participant out (LOPO) method allowed us to
determine the consistency of the patterns of response across participants
by measuring how similar each participant’s responses were to those for
the rest of the group (Rice et al., 2014; Watson et al., 2014; Coggan et al.,
2016; Weibert et al., 2018). The group pattern was derived by entering
all but one of the participants’ data into a higher-level group analysis
(mixed effects; FLAME, http://www.fmrib.ox.ac.uk/fsl). This group
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Fig. 2. Exemplars from the canonical-unfamiliar condition. Images from 5 different viewpoints are show in columns. Images from 5 unfamiliar identities are shown

in rows.

pattern of response for each condition was then correlated with the
pattern from the participant who was omitted from the group. For each
unique pair of conditions, the LOPO method was repeated 25 times, with
a different participant being omitted from the rest of the group each
time. A Fisher’s Z-transformation was then applied to the correlations
before statistical analysis. To assess whether there were reliable re-
sponses to each view we compared the within-condition and
between-condition correlations.

Next, a representational similarity analysis (Kriegeskorte et al.,
2008; Flack et al., 2019) was performed to determine how information
regarding facial viewpoint was represented across the ROIs using a
viewpoint and a symmetry model. In the Viewpoint model the value of
each cell was proportional to the degree of difference in rotation be-
tween views. In the Symmetry model, cells showing symmetrical view-
points were given a value of 1 (e.g. —90; 90) and nonsymmetrical
viewpoints were given a value 0. To prevent differences in the overall
magnitude of within-condition and between-condition correlations
artificially inflating differences in correlations between matrices, our
analysis was only performed on the between-cluster comparisons. All
models were normalized using a Z-transform (mean 0, SD 1) which was
then inputted into a linear regression analysis, with the outcomes
defined as the correlation matrices obtained from the MVPA concate-
nated across LOPO iterations. For each model, elements within the
matrix were extracted and flattened to a vector. These vectors were then
repeated and tiled to match the number of participants. For each
participant, correlation matrices were extracted and flattened to a vec-
tor. These vectors were then concatenated and entered into the model as
the outcome variable. This analysis yielded a regression coefficient and
an error that reflected variance across participants. All regression ana-
lyses included a constant term. From this analysis, it was possible to
determine the relative fit to each model in each ROI. To determine how
the representations emerged throughout visual cortex, we compared the

regression coefficients for each model across different ROIs. Statistical
values were corrected for multiple comparisons using Bonferroni-Holm.

3. Results
3.1. Behavioural experiment

Participants made perceptual similarity judgements between pairs of
faces with different viewpoints. Fig. 4 shows the average ratings for
symmetrical (e.g. —90° & 90°) and asymmetrical (e.g. —90° & —45°)
face pairs for each condition (canonical-familiar, canonical-unfamiliar &
noncanonical-orientation). An ANOVA with Symmetry (symmetrical,
non-symmetrical) and Condition (canonical-familiar; canonical-
unfamiliar, noncanonical-unfamiliar) showed a main effect of symme-
try (F(1,37) = 260.52, p < .001) and condition (F(1.31, 48.48) = 12.99,
p < .001) as well as an interaction between symmetry and condition (F
(2,74) = 18.83, p < .001). The effect of symmetry was a result of sym-
metrical views being more similar than non-symmetrical views for both
canonical (familiar t(37) = 14.10, p < .001); unfamiliar: (t(37) = 6.78, p
< .001) and non-canonical (t(37) = 8.88, p < .001) rotations of the face.
The interaction between symmetry and condition was due to a greater
difference between symmetrical and asymmetrical viewpoints in the
canonical-familiar condition compared to both the canonical-unfamiliar
(t(37) = 4.67, p < .001, d = 0.76) and the non-canonical-unfamiliar (t
(37) = 5.30, p < .001, d = 0.86). These findings show a perceptual
similarity advantage for symmetrical views is evident for both canonical
and non-canonical rotations and is also evident for familiar faces.

3.2. fMRI experiment

Next, we measured the effect of viewpoint on the neural response to
faces. We measured patterns of response to each viewpoint using LOPO



D. Rogers and T.J. Andrews

Neuropsychologia 172 (2022) 108275

Fig. 3. Exemplars from the non-canonical-unfamiliar condition. Images from 5 different viewpoints are show in columns. Images from 5 unfamiliar identities are

shown in rows.

[ Symmetrical
[LZA Asymmetrical

Average perceptual similarity rating (1-7)

0 T T T
canonical-familiar canonical-unfamiliar noncanonical-unfamiliar

Fig. 4. Average perceptual similarity ratings of symmetrical and asymmetrical
viewpoints for each condition. For each condition, symmetrical viewpoints
were rated as being more similar than asymmetrical viewpoints. Error bars
indicate SEM.

MVPA. To determine the reliability of the patterns of response to
different viewpoints, we first compared same-viewpoint similarity with
between-viewpoint similarity. Higher same-view compared to different-
view correlations shows that the patterns of response were reliable.
Reliable patterns of response were evident across most regions of in-
terest (Table 1). This demonstrates consistency in the patterns of

response across participants to different viewpoints of faces (see also
Weibert et al., 2018; Flack et al., 2019).

Next, we asked whether the patterns of response in each region were
better explained by a view-dependent model (in which the similarity in
the patterns of response to different viewpoints is explained by the dif-
ference in rotation) or by a view-symmetric model (in which symmetric
viewpoints elicit more similar patterns of response compared to asym-
metric viewpoints).

First, we measured patterns of response to different viewpoints in the
canonical familiar condition. Fig. 5A shows how the view-dependent
model predicts patterns of response across different regions. The data
shows that regression coefficients for the view-dependent model were
highest in early visual areas, but then decreased in higher visual areas.
Fig. 5B shows how the view-symmetric model predicts patterns of
response across different regions. In contrast to the view-dependent
model, regression coefficients for the view-symmetric model were
lowest in early visual areas, but increased in higher visual areas,
particularly the face-selective regions. These findings suggest the
emergence of a view-symmetric representations from an initial view-
dependent representation. To quantify the transition from a view-
dependent to a view-symmetric representation, the regression co-
efficients were correlated across the different models. There was a sig-
nificant negative correlation in both the left (r = 0.72, p = .003) and
right (r = 0.91, p < .001) hemisphere.

Next, we measured patterns of response in the canonical unfamiliar
condition. Similar to the pattern for familiar faces, there were high
regression coefficients for the view-dependent model in early visual
areas, but lower values in higher visual areas (Fig. 6A). Regression co-
efficients in the view-symmetric model (Fig. 6B) were lowest in early
visual areas, but increased in higher visual areas, particularly the face-
selective regions. Again, these findings show the emergence of a view-



D. Rogers and T.J. Andrews

Table 1

Same-view versus different-view comparisons for each condition across all ROIs.
Distinct patterns of response were demonstrated by higher within-viewpoint
correlations compared with between-viewpoint correlations. ***p < .001, **p
< .01, *p < .05.
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representation of faces. To quantify this change from view-dependent to
view-symmetric patterns of response, the regression coefficients were
correlated across the two models. Similar to the familiar faces, there was
a significant negative correlation in both the left (r = 0.63, p =.012) and
right (r = 0.68, p = .005) hemispheres.

Canonical Canonical Noncanonical Finally, we measured patterns of response to viewpoints in the non-
familiar unfamiliar unfamiliar canonical-unfamiliar condition (Fig. 7). In contrast to canonical rota-
t p t p t p tions of the face, regression coefficients for the view-dependent model
Vi Left 501 ke 6.07 i 6.70  *k were low, with only V1 (left hemisphere) having a significant positive
Right 6.78  *** 6.82 4.68 regression coefficient and there was no obvious change in the magnitude
V2 Left 3.58  ** 713w 533 of regression coefficients from early to higher visual areas. The regres-
Right =~ 3.71 = 403 256~ sion coefficients for the Symmetry model were, however, significant in
V3 Left 4.09 5.63 4.92 . - N
Right  7.52 551 6.46 many of the higher visual areas. Although these findings demonstrate
V3a  Left 246 * 111 0.298 078 o+ the existence of view-symmetric representations for non-canonical ro-
Right 3.89  *** 3.63  ** 5.42  k* tations, this does not appear to emerge from an initial view-dependent
V3b  Left 1.63  0.116 119 0.247 3.57 representation. This is also shown by the lack of correlation between
Right 2.17 ‘ 246  * 217> regression coefficients across the two models in either the left (r = 0.15,
V4 Left 3.82 ¥k 476w 5.02  *Hx . .
Right 3.44  ** 387 e 465 p = .589) or right (r = 0.35, p = .205) hemispheres.
VOl  Left 1.48  0.152 1.99  0.058 4.74
Right 3.21  ** 269 * 1.33 4. Discussion
VO2  Left 244 ¥ 248 ¥ 2.30
Right 3.45  ** 3.31 2.06 . . . . . .
PHI left 055 0.589 214 * 1.32 The aim of this study was to investigate whether view-symmetric
Right 3.53  ** 1.57  0.130 0.22 representations are an important intermediate step in the generation
PH2  Left 380 136 0.187 362 ** of view-invariant representations that are used for face recognition. The
. o Sedese . . . . s 3
Right ~ 3.69 4.05 166 0.110 main findings from this study are: (1) The emergence of view-symmetric
LO1  Left 235 ¥ 321 ¥ 5.82  *x Lo . . .
Right  4.85 3.97 y 460 responses is different for canonical and non-canonical rotations and (2)
LO2  Left 5.34 3.50 5.25 view-symmetric representations are evident for familiar faces. Together
Right 3.39  ** 2.06 * 5.05  ** these findings argue that view-symmetric representations play an
OFA  Left 610 ™ 9.26  * 5.09 important role in the perception and recognition of faces.
Right  7.54 8.8 = 7:59 First, we investigated the emergence of view-symmetric patterns of
FFA  Left 3.61  wx 5.88  x¥* 9.73  wx > 18 8¢ y tnep .
Right 4.97  *** 833  wwx 8.01  **x response in unfamiliar faces following naturally occurring (canonical)
STS  Left 5.81  ** 5.99 9.56 ¥ rotations of the head. We found that patterns of neural responses to
Right ~ 4.88  ** 6.14 ¥ 5.77 7 canonical rotations were view-dependent in early visual areas. That is,
the neural response was predicted by degree of rotation between
. . s . different viewpoints. These findings are consistent with other neuro-
symmetric representations from an initial view-dependent X X .
physiological (Perrett et al., 1991, 1998; Freiwald and Tsao, 2010;
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Fig. 5. Regression analysis of fMRI data for canonical-familiar condition showing how different models predict patterns of response across ROIs. (A) The Viewpoint
model predicted patterns of response in early visual areas. (B) In contrast, the Symmetry model predicted patterns in higher visual areas, including the face-selective

regions. ***p < .001, **p < .01, *p < .05.
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Fig. 6. Regression analysis of fMRI data for canonical-unfamiliar condition showing how different models predict patterns of response across ROIs. (A) The
Viewpoint model predicted patterns of response in early visual areas. (B) In contrast, the Symmetry model predicted patterns in higher visual areas, including the
face-selective regions. ***p < .001, **p < .01, *p < .05.
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Dubois et al., 2015) and neuroimaging studies (Carlin et al., 2011; representations in the perception and recognition of unfamiliar faces
Axelrod and Yovel, 2012; Kietzmann et al., 2012; Ramirez et al., 2014; (Bruce, 1982; Hill and Bruce, 1996; Fang and He, 2005; Longmore et al.,
Dubois et al., 2015; Guntupalli et al., 2017; Flack et al., 2019) that have 2008). However, there was a gradual decrease in the view-dependent
also found selectivity to specific viewpoints of the face. They also fit with response from early to higher visual areas and a corresponding in-
behavioural studies that have shown the importance of view-selective crease in view-symmetric responses, particularly in face-selective
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regions. The importance of view-symmetrical neural responses is shown
by the fact that symmetrical faces are perceived to be more similar than
asymmetrical faces (see also, Troje and Biilthoff, 1998; Busey and Zaki,
2004; Flack et al., 2019).

To determine whether view-symmetric responses are specific to
naturally occurring rotations of the face, we also measured the behav-
ioural and neural response to non-canonical rotations of the face. We
found that there was selectivity to specific viewpoints in early visual
areas, but there was limited evidence that the pattern of response was
systemically predicted by changes in viewpoint, as was found with ca-
nonical rotations. However, we did find view-symmetric neural patterns
of response for non-canonical rotations, which matches our behavioural
finding that symmetrical viewpoints were more perceived to be more
similar that asymmetrical viewpoints. This suggests that the emergence
of view-symmetric responses occurs differently for canonical and non-
canonical rotations of the face. Nevertheless, our findings are consis-
tent with previous neurophysiological studies that have reported view-
symmetric responses to non-canonical rotations that also occur as a
result of within-plane rotations of the image that ultimately lead to
inversion (Friewald and Tsao, 2010). These findings may be more
consistent with a more general preference for bilateral symmetry in the
visual system (Corballis and Beale, 2020; Rhodes et al., 2005; Jacobsen
et al., 2006; Bertamini et al., 2018; Keefe et al., 2018; Makin et al.,
2012).

The recognition of familiar faces requires the ability to integrate
information from different viewpoints into an invariant representation
(Bruce and Young, 1986; Young and Burton, 2017; Bruce, 2017). One
possible mechanism for generating view invariance is the convergence
of view-dependent responses (Bruce and Young, 1986; Burton et al.,
1999). The discovery of view-symmetric neural responses suggests that
they may provide an important intermediate computational step before
full invariance is achieved (Freiwald and Tsao, 2010). However, a lim-
itation of previous studies is that they have only used unfamiliar faces,
whose representations are more closely linked to the image and do not
generalise well to new viewpoints when compared to familiar faces
(Bruce, 1982; Hancock et al., 2000; Longmore et al., 2008). Our current
findings show that view-symmetric neural responses are also evident for
familiar faces in core face regions despite the fact that can be easily
recognized across different views. This suggests that the view-invariant
representations that are characteristic of familiar faces emerge at later
stages of processing (Davies-Thompson et al., 2013; Weibert et al.,
2016).

We also found that symmetric views of familiar faces were perceived
to be more similar than asymmetric views. This also fits with evidence
that symmetrical views may convey an advantage when learning new
faces. In a previous study, we found that when participants were tested
with novel face images that were symmetrical to learnt viewpoint,
recognition rates were higher than when the learnt and test faces had
asymmetrical viewpoints (Flack et al., 2019). Moreover, the pattern of
recognition performance was predicted by the pattern of neural response
in face-selective regions, such as the FFA. Together, this suggests that
view-symmetric representations may play an important intermediate
step in the recognition of familiar faces.

In conclusion, this study investigated the role of view-symmetric
responses in face recognition. Limitations of previous studies are that
they have not used familiar faces and that they have not shown whether
view-symmetric responses are only found for naturally occurring rota-
tions of the face. We address both issues in the current study. We show
that view-symmetrical patterns of response to familiar faces can be
found in face-selective regions, such as the FFA. Next, we show distinct
differences in the way that view-symmetric responses emerge along the
visual hierarchy for canonical and non-canonical rotations of the face.
These findings provide important evidence in support of the role of
view-symmetry as an important intermediate processing stage in the
perception and recognition of faces.
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