Acta Psychologica 210 (2020) 103142

Contents lists available at ScienceDirect

Acta Psychologica
journal homepage: www.elsevier.com/locate/actpsy

Does stereopsis improve face identiﬁcation? A study using a virtual reality
display with integrated eye-tracking and pupillometry

T

⁎

Hang Liua, , Bruno Laenga,b, Nikolai Olavi Czajkowskic,d
a

Department of Psychology, University of Oslo, Oslo, Norway
RITMO Centre for Interdisciplinary Studies in Rhythm, Time and Motion, Oslo, Norway
c
Department of Mental Disorders, Norwegian Institute of Public Health, Oslo, Norway
d
PROMENTA Research Center, Department of Psychology, University of Oslo, Oslo, Norway
b

A R T I C LE I N FO

A B S T R A C T

Keywords:
Face identiﬁcation
Stereopsis
Depth cues
Virtual reality
Pupillometry
Eye-tracking

Stereopsis is a powerful depth cue for humans, which may also contribute to object recognition. In particular, we
surmise that face identiﬁcation would beneﬁt from the availability of stereoscopic depth cues, since facial
perception may be based on three-dimensional (3D) representations. In this study, a virtual reality (VR) headset
with integrated eye-tracking was used to present stereoscopic images of faces. As a monoscopic contrast condition, identical images of faces were displayed to the two eyes. We monitored the participants' gaze behavior
and pupil diameters while they performed a sample-to-match face identiﬁcation task. We found that accuracy
was superior in the stereoscopic condition compared to the monoscopic condition for frontal and intermediate
views, but not proﬁles. Moreover, pupillary diameters were smaller when identifying stereoscopically seen faces
than when viewing them without stereometric cues, which we interpret as lower processing load for the former
than the latter conditions. The analysis of gaze showed that participants tended to focus on regions of the face
rich in volumetric information, more so in the stereoscopic condition than the monoscopic condition. Together,
these ﬁndings suggest that a 3D representation of faces may be the natural format used by the visual system
when assessing face identity. Stereoscopic information, by providing depth information, assists the construction
of robust facial representations in memory.

1. Introduction
Humans almost universally excel in face perception and recognize
individual faces better than instances of other classes of objects, such as
chairs or birds (Farah et al., 1998; Moscovitch et al., 1997; Yovel &
Kanwisher, 2004). In general, the response times are longer, and the
accuracy rate is lower when people attempt to recognize faces across
diﬀerent views compared to other objects (e.g., Tanaka & Curran, 2001.
Benton et al., 2006; Burke et al., 2007; Lee et al., 2006). However,
recognition is superior when the face is seen from an “intermediate” (or
¾) view than from other views, such as frontal or proﬁle (e.g., Bruce
et al., 1987; Hill et al., 1997; Id & Palmisano, 2018; Troje & Bülthoﬀ,
1996). The intermediate view is usually rated for a variety of objects as
the “best” (or “canonical”) view (Palmer, 1999, pp.4 20–423) and it is
easier to generalize facial identity from learning an intermediate view
than other perspectives (Baddeley & Woodhead, 1983; Laeng & Rouw,
2001; Logie et al., 1987). A plausible account for the superiority of the
intermediate view in facial perception is that a more “robust” geometric
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representation can be constructed from this pose, than from head-on or
side views.
In the present study, stereoscopic images were generated by simulating binocular disparity with a VR display while monoscopic images
were displayed as a contrast condition where identical images were
presented with no disparity. We suggest that stereometric cues provided
by stereopsis are salient cues that are also optimally visible in intermediate views, allowing superior identiﬁcation of a face. Indeed, the
“naturalness” of the intermediate perspective may be behind the tendency to portrait people (whether in paintings, drawings, or photographs) by representing the person's head in such an intermediate pose
(Mcmanus & Humphrey, 1973). Although faces may be coded by the
human brain according to multiple formats, based on either local or
global features (e.g., Schwaninger et al., 2009), we assume that the
natural representational format of a face is holistic, in the sense that the
brain might construct a representation of the face as a single smooth,
curved, surface (Biederman & Kalocsai, 1997) and then separate speciﬁc faces as deformations of such a 3D template (Biederman &
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other faces (and our own in a mirror) as two slightly diﬀerent images
optically projected and formed on the retinae of our two eyes. Although
it is well known that vision greatly exploits a variety of 2D cues to
understand 3D space (see Cavanagh, 2005, for an argument that 2D
vision dominates our perception as well as the visual arts), stereopsis
might constitute a crucial source of visual information for humans
(Howard & Rogers, 1995), including shape perception.
In order to speciﬁcally investigate the role of stereopsis in face recognition, a series of previous studies have used special glasses or
anaglyph images to present stereoscopic faces. In Liu and Ward (2006),
participants were trained to memorize faces and then tested for their
recognition. Results showed that performance was better in the stereoscopic condition, i.e., when observers viewed faces in diﬀerent views
at training and testing. In addition, Liu et al. (2006) found that faces
presented stereoscopically were recognized better when also later presented stereoscopically. A study by Burke et al. (2007) used similar
stereoscopic faces and showed higher accuracy as well as shorter response times in the stereoscopic condition than a “synoptic” condition
(i.e., simulating faces located far away with no disparity cues for two
eyes).
Chelnokova and Laeng (2011) used red and cyan colored anaglyph
images of faces that were viewed by participants through correspondingly-colored lenses, resulting in a convincing stereoscopic image. Face
recognition was Signiﬁcantly improved in conditions with stereoscopic
depth cues compared to viewing the same images as standard ﬂat photo
images. Furthermore, recognition accuracy was best in the condition
where the head was rotated horizontally to an intermediate view of
22.5 degrees (0 degrees being exactly frontal or head-on). Indeed,
Chelnokova & Laeng had reasoned that key stereoscopic depth information would be available in such a perspective. Hence, their study
strongly suggested that stereoscopic information augments face recognition, beyond what is aﬀorded by monocular depth cues (e.g.,
shape and shading). However, we have to consider the possibility that
the above study might have underestimated the role of stereoscopic
information in the images since the colored glasses could yield color
artifacts, which would most likely aﬀect performance negatively. Previous studies have found that recognition of familiar objects is severely
impaired when they are presented in an unusual color (Swain & Ballard,
1991; Yip & Sinha, 2002).
Hence, in the present study, we utilized the same logic of the original experiment by Chelnokova and Laeng but improved the visual
presentation of the face stimuli by presenting them in color and as
stereoscopic images by use of a VR display, which allows us to present
either the same or diﬀerent images to the two eyes, thus simulating
most eﬀectively binocular disparity. According to the pilot test, we used
computer-generated faces to achieve a better viewing experience
through the HMD. Synthetic faces were less eﬀective than real human
faces but still allowed us to allocate attention signiﬁcantly in the eyetracking experiment (Rösler et al., 2019). As Chelnokova and Laeng, we
were also interested in whether presenting the same picture of a face to
both eyes would result in a relative decrement in face recognition
performance. Additionally, as revealed by the results of Chelnokova and
Laeng, we would expect that eye ﬁxations would diﬀer when viewing
the two types of images of a face since diﬀerent information may be
available and actively sought by gaze. Indeed, Akhavein and Farivar
(2017) found that gaze ﬁxations' positions and the number of time
participants dwelled on each facial region, were diﬀerent between face
images deﬁned only by either shading or texture cues and those deﬁned
only by binocular disparity.
Finally, given that current VR technology allows simultaneous eye
tracking, we can monitor not only gaze behavior but also changes in the
size of the eye pupil. This is relevant since research in the past ﬁfty
years (see for a review Laeng et al., 2012) has solidly established that
such a physiological measure provides reliable information on the
“intensive aspect” of cognition, attention, and perceptual processing
(e.g., Just et al., 2003; Kahneman, 1973). Speciﬁcally, the diameter of

Kalocsai, 1997; Laeng & Caviness, 2001). Such a 3D face representation
may not however be view-independent but may favor speciﬁc orientation (e.g., upright) and transformations (e.g., Schwaninger & Yang,
2011). Both the existence and usefulness of 3D face representations
seem implicated by several lines of research, from the behavioral (e.g.,
Chen et al., 2013; Troje & Kersten, 1999; Tong & Nakayama, 1999), as
well as the neurological (Laeng & Caviness, 2001). O’Toole, Vetter,
Troje, and Bülthoﬀ (1997) showed that gender identiﬁcation is better
supported by diﬀerences in the 3D structures of the faces of the two
sexes, obtained from laser-scanned human heads, than by information
available in the gray level image of the same faces, suggesting that a 3D
face representation can provide highly relevant information for categorizing and remembering faces.
We also hypothesize that some views provide either richer or poorer
information about identity-relevant cues than others (Favelle &
Palmisano, 2018). In particular, we suggest that some views like the
proﬁle will tend to “ﬂatten” the stereometric cues of regions of the face
that contain volumetric information (e.g., the curvature of the cheek,
nose, or more generally those patches of the face surfaces that have a
hyperbolic or elliptic shape; cf. Koenderink & van Doorn, 1982). Such
3D depth cues may be salient in a frontal view but even more in the
intermediate view, where the interplay between shading and extreme
changes in surface curvature may be optimally visible.
Note that two-dimensional (2D) images (like pictures) also contain
“depth cues”, as pointed out by Battu, Kappers and Koenderink (2007).
That is, visual cues in 2D pictures may give the impression of either
“depth order” (occlusion), “depth ratio” (atmospheric perspective),
“spatial attitude” (texture gradient), or “curvature” (shading). These 3D
properties are however only inferred from the 2D cues in the picture
and they are not necessarily derived from the two ocular disparity
images. Although shading and shadow information would seem essential for reconstructing the three-dimensional shape of faces from ﬂat
images like photos or video images, these features have been remarkably absent from the inﬂuential face recognition models that
emerged in the 1990s (e.g., Bruce & Langton, 1994; Johnston, Hill &
Carman, 2013).
Nevertheless, recent models and empirical ﬁndings (e.g.,
Dehmoobadsharifabadi & Farivar, 2016; Kilgour & Lederman, 2002; Liu
et al., 2007; Schwaninger & Yang, 2011; Wallraven, Schwaninger &
Bülthoﬀ, 2005) have stressed the role of depth information for the
human representation of faces and not just for computer vision models'
applications (e.g., Gordon, 1995). Schwaninger and Yang (2011) found
that the performance on subsequent recognition tasks declined when
faces were presented as contour drawings, a condition in which most
depth information was eliminated. In a more complex task, participants
were asked to discriminate faces under a range of illumination directions (Chen et al., 2013) and asymmetric illumination information
contributed more to face discrimination than the symmetric, possibly
by emphasizing depth cues. Consistent results have also been found for
artiﬁcial object processing, which can also beneﬁt from the availability
of cues on the 3D shapes of the objects (Lim Lee & Saunders, 2011).
Interestingly, there is evidence from several studies that the intermediate view may be beneﬁcial in general to object perception (e.g.,
Blanz et al., 1999; Bruce et al., 1987; Hill et al., 1997; Tarr & Bülthoﬀ,
1995), which could be attributed to both identity-relevant information
features being better available from intermediate views and to facilitating the construction and access to a 3D structural description of the
shape (Biederman, 1987; Marr, 1982).
Thus, it would seem that depth cues that support the brain's “rendering” of a 3D working model of the face might improve performance
in several face processing tasks. Surprisingly, despite the fact that stereopsis is a fundamental depth cue for human vision, this visual mode
has typically been absent in face perception experiments. The great
majority of the published face recognition studies within psychology or
neuroscience have been based on learning and recognizing 2D, physically ﬂat, images. However, in most natural settings, we would observe
2
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the pupil is widely recognized as an objectively measurable indicator of
load on cognitive processing and short memory capacity (Franklin
et al., 2013; Johnson et al., 2014; Kahneman & Beatty, 1966). Previous
studies where pupil diameter was measured during encoding or recall
found that pupil size could predict memory performance (Goldinger, He
& Papesh 2009; Goldinger & Papesh, 2012; Kucewicz et al., 2018).
Despite the fact that pupillometry promises to shed light on the cognitive load experienced during testing, only a few studies on face perception and memory have gathered data on pupillometry. Recent evidence indicates that the pupil's size adjusts to minimal changes in
depth, whether perceived or just imagined (Sulutvedt et al., 2018).
To sum up, in the current study, stereoscopic images were presented
using a VR display, allowing binocular disparity images to be presented
to the two eyes, giving rise to genuinely stereoscopic images with
natural color. Also, monoscopic images were displayed in a similar way
as a contrast condition. The aim was to assess the role of stereoscopic
information in a face identiﬁcation task with naturalistic color conditions and no added diﬀerences in the viewing conditions. Eye-tracking
and pupillary data were recorded to ﬁnd evidence for diﬀerential selective and intensive attentional processing in the two conditions. In the
task, we instructed participants ﬁrst to memorize a face and then
compare it with another face. Our key expectations were: 1) stereoscopically presented faces would be identiﬁed more eﬃciently (i.e.,
better accuracy) than monoscopic faces; 2) pupil diameters would be
smaller in the stereoscopic than the monoscopic condition, due to a
lower load on memory retrieval and internal image transformation,
based on the assumption that the brain naturally represents human
faces as 3D shapes; 3) eye ﬁxations would be drawn to features that
provide depth information about the human facial surface, and this
would be diﬀerent for stereoscopic versus monoscopic faces.

Fig. 1. Illustration of the three views of the same face, from left to right: frontal,
intermediate and proﬁle face. The background of the proﬁle face is set slightly
brighter than that of frontal and intermediate in order to equate as closely as
possible the global luminance levels of all stimuli (RGB color of the background
for frontal and intermediate faces: 44, 44, 44; for proﬁle faces: 59, 59, 59).

containing the forehead, eyes, nose, mouth, cheek and chin were
visible, while ears, neck and the edge of the head were covered.
In this experiment, facial models were presented in three separate
views (see Fig. 1): frontal (or 0°), intermediate (left-side rotated by
22.5°) and proﬁle (left-side rotated by 90°). These orientations were in
accordance with the ones used in previous studies (e.g., Chelnokova &
Laeng, 2011; Laeng & Rouw, 2001). The facial models were displayed
by an HMD in both a stereoscopic condition, as well as a monoscopic
condition, where identical images of the face were presented with no
disparity. In the stereoscopic condition, the resulting face percept
would be located at a distance of approximately 55 cm from the viewer.
Similarly, an image of the same face would also be located at the same
distance, as when viewing a photograph of the face held frontally in
view. The subtended angle of the facial models (uncovered part) was
22.42 × 30.54 visual degrees. (See Fig. 2.)
Since the pupil diameter is highly sensitive to luminance, the global
luminance of each “screen” during the whole procedure was held
constant as closely as possible by varying the background luminance.
The corresponding mean luminance was Lum = 46.86, SD = 0.69, in
HSL/RGB coordinates.

2. Methods
2.1. Participants
Thirty-two individuals (nineteen females), mostly university students, volunteered to participate in this experiment. Mean age was
27.30 (SD = 4.24). All participants had a normal (or corrected-tonormal) vision. Participants have agreed to informed consent and were
treated in accordance with the Declaration of Helsinki.
2.2. Apparatus
Images were presented within an HTC Vive head-mounted displayed
(HMD). The Vive has a separate 1080 × 1200-pixel OLED screen with a
maximum 90 Hz refresh rate and a 110-degree ﬁeld of view. In this
study, the refresh rate was ﬁxed to 50 Hz. Our HMD was custom ﬁtted
with an eye-tracking and pupillometry system developed by
SensoMotoric Instruments (SMI), allowing gaze information to be collected at 250 Hz with 0.03 visual degree precision. Participants responded by pressing the trigger buttons on an Xbox game controller.
2.3. Stimuli
The Unity 5.5.1 game engine (https://www.unity.com/) was used to
present twenty 3D models of Caucasian faces (10 females), generated
using the FaceGen Modeler 3.14 software (https://facegen.com/). Each
model was edited in Blender 2.77 software (https://www.blender.org/)
so that the length of the head (from top of head to bottom of chin) was
identical. Separate textures were made for male and female facial
models and we subsequently applied the same face textures to all
models within each gender to limit the inﬂuence of distinguishing
features such as eye color, eyebrow shape, or skin blemishes on recognition. All faces had a neutral and emotionless expression. Finally, a
“scuba-diving” head mask edited in Adobe Photoshop CS6 (https://
www.adobe.com/) was applied to the models, so that only the region

Fig. 2. Example of how (A) monoscopic faces and (B) stereoscopic faces were
displayed to the left eye and the right eye by HMD.
3
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2.4. Procedure

2.5. Statistics

At the very beginning of the experiment, participants performed a 3point calibration routine. Following this, there was a practice session, in
which participants completed a set of example trials to become familiar
with the face stimuli used in the formal section. The practice session
lasted for 5 min and where we also provided feedback (correct/incorrect identiﬁcation). In the experiment, there were 120 trials organized in four sessions according to an ABBA or the reverse BAAB sequence to reduce potential learning and carry-over eﬀects. For example,
in the ABBA sequence, the ﬁrst and fourth sessions used the monoscopic
condition, while the second and third were stereoscopic. Each block's
testing lasted approx. 6 min, followed by a break. During the break
between the second and third sessions, participants could remove the
HMD for a short time and rest.
Each trial began with a red ﬁxation sphere (1.15 visual degrees)
being displayed for 2000 ms (randomly in one of the four corners, to
avoid the possibility that the ﬁrst ﬁxation would be on the face) and
participants were instructed to keep their gaze on it. Subsequently,
according to a pre-conﬁgured timeline, a ﬁrst face (sample face) was
presented in the center of the screen for 3000 ms. The participants
could freely look at it, and they had been instructed at the beginning
that they should do their best to remember the face. After 1000 ms
equiluminant blank screen, the second face (the target face, which was
always in a diﬀerent view than the previous sample face, e.g., if the
sample face was in frontal view, the target face would be intermediate
or proﬁle view) was presented for 4000 ms.
Participants were instructed to press the right trigger (half of the
participants were told to press the left trigger) if they judged these two
faces to be the same person and press the opposite trigger if they
thought the two faces belonged to two diﬀerent persons. Participants
were also asked to respond as quickly and as accurately as possible. The
next trial began again with a purple ﬁxation sphere showed randomly
in one of the four corners of the screen (Fig. 3). When participants felt
ready, they could press any buttons to continue. The purple ﬁxation
would then turn to red and the next trial would begin.
All trials were pseudo-randomized in advance according to the
following rules: 1) no more than three consecutive trials repeating the
same view-point of target face were allowed; 2) no more than three
consecutive trials repeating the same answer were allowed; 3) the
sample face and target face in the same trial were always of the same
gender but diﬀered in views.

All data were analyzed in MATLAB R2017a (https://www.
mathworks.com/) and JASP (https://jasp-stats.org/; JASP Team,
2018). The current study used a within-subject design with two factors:
Stereo (monoscopic, stereoscopic) and View (of the target faces: frontal,
intermediate and proﬁle). Standard repeated-measures ANOVAs were
ﬁrst performed. Subsequently, non-signiﬁcant results were investigated
using a Bayesian ANOVA approach (Marsman & Wagenmakers, 2017),
which can quantify the degree of support for the null hypothesis
(Bolstad, 2007; Kruschke, 2014). Speciﬁcally, Bayes factors (BF) are
used as indicators of support for a given hypothesis, a BF10 larger than 3
supporting H1 (or “alternate” hypothesis) while a BF10 smaller than 0.3
supports the “null” H0 (Dienes, 2014). Prior to statistical analyses on
response time, outliers deﬁned by values below the ﬁrst quartile or
above the third quartile were excluded (Tukey, 1977). In pair-wise
comparisons for each condition, Cohen's d was calculated and used as
eﬀect sizes. The p-value was corrected by applying the Bonferroni
correction as pBonf = p × 3 views.
Pupil diameter data from 12 participants had to be excluded due to
technical failures of detecting pupil images by the eye-tracking camera
(11 of them wore glasses, which probably interfered with the measurements), leaving us with data from 20 participants (12 females,
mean age = 25.2, SD = 4.11). The integrated eye-tracking system in
the HMD by SMI also provides continuous monitoring of the pupil's
radius. Pupil diameters were calculated and used in the following
analyses. The changes of pupil diameter were quantiﬁed as changes
from the baseline level, which was deﬁned as the 500 ms immediately
preceding the onset of the target face (marked in orange in Fig. 4), by
subtracting pupil size during the baseline from pupil size during the
presentation of the target face.
In the analysis of gaze behavior, the same 20 participants involved
in the pupillary analysis were used. The face stimulus was partitioned
into the following areas of interest (AOI): forehead, nose, eyes, cheeks,
mouth and chin (see Fig. 5). The eyes and cheeks parts respectively
contained both the left and the right part (time was summed of bilateral
parts when calculating ﬁxation time on them). We calculated the percentage of gaze dwell time on each facial region, then used a repeatedmeasures ANOVA with three factors: Stereo (monoscopic, stereoscopic),
View (of target face: frontal, intermediate and proﬁle) and AOIs
(forehead, nose, eyes, cheeks, mouth and chin). Chelnokova and Laeng
(2011) showed a signiﬁcant diﬀerence in ﬁxation time between 2D and
anaglyph (3D) images on eyes, nose and cheeks. Hence, planned pairwise comparisons would be performed on these areas, the

Fig. 3. Illustration of the procedure for each trial. Participants judged whether the sample face (ﬁrst face) and target face (second face) were of the same person or
two diﬀerent individuals of the same gender. The color dots represent the ﬁxation spheres at the beginning and end of each trial.
4
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stereoscopic condition for the proﬁle view, mean diﬀerence = 0.040,
SE = 0.029, t(31) = 1.382, pBonf = 0.531, d = 0.244, BF10 = 0.448.
Response times were overall faster in the stereoscopic condition, but
the eﬀect of Stereo did not reach signiﬁcance, F(2, 62) = 2.278,
p = .141, η2 = 0.068, BF10 = 0.719. There was however a signiﬁcant
eﬀect of View, F(2, 62) = 13.477, p < .001, η2 = 0.303,
BF10 > 1000, mostly attributable to longer response times for proﬁle
target faces (see Fig. 6B). There was no interaction eﬀect, F(2,
62) = 0.071, p = .931, η2 = 0.002, BF10 = 0.100.
3.2. Pupillary data
Pupil radius for the left and right eye during each frame (the refresh
rate of this experiment was 50 Hz so that each frame lasted 20 ms) were
obtained for each participant. Mean pupil diameters of the left and right
eye were computed and used in the subsequent analyses. The pupil size
during the last 500 ms in the blank screen (before the presentation of
the target face) was used as a baseline. We then averaged the value of
the pupil size during the presentation of the target face with the
baseline subtracted. Baseline-corrected pupil diameter changes were
subjected to a repeated-measures ANOVA and a Bayesian repeatedmeasures ANOVA. The main eﬀect of Stereo, F(1, 19) = 3.131,
p = .093, η2 = 0.141, BF10 = 0.521, and View, F(2, 38) = 0.353,
p = .093, η2 = 0.018, BF10 = 0.107, was not signiﬁcant. However,
there was a signiﬁcant interactive eﬀect between Stereo and View, F(2,
38) = 3.646, p = .036, η2 = 0.161, BF10 = 1.348. Further Bonferroni
corrected pair-wise comparisons showed that the diﬀerence of pupil
diameter changes between the monoscopic and the stereoscopic condition did not reach statistical signiﬁcance for neither frontal view,
mean diﬀerence = 0.032, SE = 0.016, t(19) = 1.932, pBonf = 0.204,
d = 0.432, BF10 = 1.090, nor intermediate view, mean diﬀerence = 0.022, SE = 0.011, t(19) = 2.009, pBonf = 0.177, d = 0.449,
BF10 = 1.222. However, this result revealed a pattern that the changes
of pupil diameter was larger in the monoscopic condition than the
stereoscopic when the face was in frontal and intermediate view while
the pattern was inversed for proﬁle view (see Fig. 7D), which was
consistent with what was found in the behavioral analysis.
In Fig. 7, we show the (baseline-corrected) pupil diameter changes
as time-series. Fidler and Loftus (2009) have argued that ﬁgure with
(appropriate) error bars can replace signiﬁcance tests. Hence we plotted
average pupil changes (as lines) and their 95% conﬁdence intervals (as
colored patches) according to the formula for within-subject comparison by Loftus and Masson (1994). As visible in the ﬁgure, processing
stereoscopic faces resulted in a smaller pupil diameter than monoscopic
faces in both the frontal and intermediate conditions, and this happened for a prolonged part of the viewing, especially between 1 and 2 s
from the onset of the target face. Hence, observers might have experienced a lower processing load in the stereoscopic condition compared
to the monoscopic condition.

Fig. 4. Time series of the average pupil diameter (mm) of all participants in all
conditions. The orange bar (at 500 ms from the onset of the blank screen until
the onset of the target face) indicates the time window used to compute the
baseline. The red vertical line (at = 1376 ms from the onset of the target face)
indicates the mean response time. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)

Fig. 5. Illustration of facial regions or AOIs for the frontal, intermediate and
proﬁle views. From dark to bright, the facial regions were forehead, nose, left
eye and right eye, left cheek and right cheek, mouth, and chin.

corresponding p-value was corrected by applying the Bonferroni correction as pBonf = p × 3 speciﬁc AOIs.
3. Results
3.1. Behavioral data
Considering the eﬀect from the interaction between sex of participants and sex of face stimuli, we conducted a preliminary analysis
where Sex (congruent vs. incongruent) was a factor in the three-factor
repeated-measures ANOVA besides Sex and View. Speciﬁcally, the
condition that participants correctly identify the face of the same
gender was deﬁned as the congruent condition while the condition that
participants correctly identify the face of the diﬀerent gender was deﬁned as the incongruent condition. The result showed neither a signiﬁcant main eﬀect of Sex nor interactive eﬀects with any of the other
factors. Therefore, the Sex factor was not involved in the following
analyses.
A repeated-measures ANOVA and a repeated-measures Bayesian
ANOVA on the proportions of accuracy revealed main eﬀects on recognition performance of both the Stereo, F(1,31) = 6.901, p = .013,
η2 = 0.182, BF10 = 1.902 and View, F(2, 62) = 16.922, p < .001,
η2 = 0.353, BF10 > 1000. Furthermore, we found an interaction eﬀect
between these two factors, F(2, 62) = 7.877, p < .001, η2 = 0.203,
BF10 = 85.845, revealing higher recognition accuracy for both stereoscopic frontal and intermediate face than in stereoscopic proﬁle and
for all of the monoscopic views (see Fig. 6A). The accuracy rate was
signiﬁcantly larger in the stereoscopic condition than the monoscopic
condition for frontal view, mean diﬀerence = 0.059, SE = 0.016, t
(31) = 3.666, pBonf = 0.0014, d = 0.648, BF10 = 35.194, and for
intermediate view, mean diﬀerence = 0.074, SE = 0.017, t
(31) = 4.346, pBonf < 0.001, d = 0.768, BF10 = 190.754, while there
was no signiﬁcant diﬀerence between the monoscopic and the

3.3. Eye-tracking data
In order to assess the diﬀerences in dwell times of gaze, we calculated the proportion of time spent on each AOI during each trial individually. There was no ﬁxation sphere during the blank screen between the presentations of the two faces since there was only a 1000 ms
break. Hence, ﬁxation data from the onset of the target face and during
the ﬁrst 150 ms (which corresponded to approximately the length before the ﬁrst ﬁxation) were excluded from the analysis. Because our
goal is to reveal how gaze was strategically directed during face identiﬁcation, we included in the analysis only gaze data from the onset of
the target face until participants made a correct response. Incorrect
responses were ignored.
A repeated-measures ANOVA and a repeated-measures Bayesian
ANOVA on the proportion of time spent looking at the diﬀerent facial
regions showed a highly signiﬁcant eﬀect of AOIs, F(5, 95) = 147.703,
5
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Fig. 6. Outcome variables for the two types of Stereo and the three facial views: (A) accuracy rate; (B) response times. Error bars represent standard errors. **, ***
indicate the level of statistical signiﬁcance of 0.01 and 0.001.

p < .001, η2 = 0.886, BF10 > 1000. Speciﬁcally, the average %
ﬁxation time on diﬀerent AOIs diﬀered amply: nose (46%), cheeks
(34%), eyes (16%), mouth (2%), forehead (1%) and chin (1%). We
found a signiﬁcant interaction eﬀect of Stereo and AOIs, F(5,
95) = 2.347, p = .047, η2 = 0.110, BF10 = 0.309, revealing a pattern
that more frequent gaze ﬁxations were allocated on the eyes in the
monoscopic than stereoscopic conditions, mean diﬀerence = 0.025,
SE = 0.011, t(19) = 2.234, pBonf = 0.114, d = 0.500, BF10 = 1.736,
while the cheeks received signiﬁcantly more gaze ﬁxations when processing stereoscopic than monoscopic images, mean diﬀerence = 0.040, SE = 0.014, t(19) = 2.935, pBonf = 0.024, d = 0.656,
BF10 = 5.870 (Fig. 8). These results suggest that with binocular disparity, more overt attention is paid to the surface of the cheeks in all
views. This may provide relevant depth (curvature) information that is
more salient in the stereoscopic images than in the monoscopic.
Moreover, there was a strong interaction eﬀect of View and AOIs, F
(10, 190) = 202.12, p < .001, η2 = 0.914, BF10 > 1000. The ﬁxation
patterns for the frontal and intermediate view of faces were very similar, since participants spent most ﬁxation time on the nose and eyes,
whereas for proﬁle faces, gaze spent more time on the cheeks relatively
to the nose and eyes. Indeed, the cheeks occupied the center and most

Fig. 8. Percentage of ﬁxation time on each facial region in monoscopic and
stereoscopic condition. Error bars represent standard errors. * indicate the level
of statistical signiﬁcance of 0.05.

Fig. 7. Baseline-corrected pupil diameters from the
onset of the target face for the two types of stereo
and each view: (A) frontal view; (B) intermediate
view; (C) proﬁle view. Conﬁdence intervals were
calculated according to the formula for within-subject design. The colored stripes indicate 95% conﬁdence intervals. Pupil diameter changes during the
presentation of the target face were averaged and
showed in the bottom-right panel (D). Error bars
represent standard errors.
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the pupil diameter. We need to point out that these pupillary diﬀerences were rather small, and there are some possible caveats: 1) smaller
pupils can be observed in a binocular condition versus a monocular
condition (Wachler, 2003), though we must stress that we actually used
a monoscopic condition, not monocular (hence an interocular pupil
suppression would be present in this condition as well); 2) pupil diameter is sensitive to small diﬀerence in local luminance, also when
viewing face stimuli (Laeng et al., 2018); although the global luminance
of each image was kept constant, focusing on diﬀerent facial regions
(e.g., brighter cheeks and darker eyes) might modulate pupil diameter
and add noise to the data, possibly leading to large within-subject
variance and lowered statistical power.
In general, participants spent a very long time ﬁxating on the eyes
for all views, more time on the nose for frontal and intermediate views,
and more time on the cheeks for the proﬁle view. This has been observed in several previous studies of facial recognition (Bindemann
et al., 2009; Chelnokova & Laeng, 2011; Pelphrey et al., 2002). More
importantly, we found that more viewing time was spent on the cheeks
and less on the eyes in the stereoscopic condition. This ﬁnding is also
consistent with previous studies by Chelnokova and Laeng (2011) as
well as Akhavein and Farivar (2017), the latter showing an increase of
gaze ﬁxations on the cheeks with disparity-deﬁned faces compared to
faces deﬁned by only shading information. One possible explanation is
that the cheeks provide more volumetric information (Saether et al.,
2009), and this information is salient in 3D. Akhavein and Farivar
(2017) suggested that the preference for ﬁxating the cheek may be a
feature speciﬁc to the disparity.
Based on the above results, we surmise that performance on face
identiﬁcation tasks is augmented by stereoscopic information when
available. Biederman and Kalocsai (1997) have put forward the idea
that people construct a single, holistic, and spatially deformable representation of faces based on the various views they have experienced.
Moreover, a holistic template is likely to be represented in 3D (e.g.,
Blanz & Vetter, 2003; Chen et al., 2013; Gordon, 1992, 1995; Laeng &
Caviness, 2001; O'Toole et al., 1999; Troje & Kersten, 1999). Based on
the idea that the brain over time constructs a canonical representation
of each individual (face) template (e.g., Blanz et al., 1999), Laeng and
Rouw (2001) suggested that such a representation is not only viewercentered but with an optimal 22.5 degrees of orientation. This could
account for why studying intermediate views of faces tend to lead to
superior memory and recognition than frontal and proﬁle views.
Favelle and Palmisano's study (2018) also showed that intermediate
(but also frontal) views are highly informative about depth, and lead to
superior overall performance in a face identiﬁcation task. An inherent
optimization mechanism may allow us to extract extra information
from stereoscopic than monoscopic images as well as from the intermediate view of faces than other perspectives, from which multiple face
views can be generalized by processes of alignment or mental rotation
or a combination of multiple salient views (e.g., Bruce et al., 1987;
Ullman, 1989, 1998). A reasonable conclusion is therefore that the
natural format for storing face information is as 3D surface shapes.

of the visible area of the face in the proﬁle view. There was no signiﬁcant interaction eﬀect of Stereo and View, F(2, 38) = 2.418,
p = .103, η2 = 0.113, BF10 < 0.001.
4. Discussion
In this study, we presented genuine stereoscopic facial images in a
VR HMD visual ﬁeld and compared observers' sample-to-match performance when viewing separately either stereoscopic or monoscopic
face images. The ﬁndings conﬁrmed that accuracy was superior for the
stereoscopic condition compared to a monoscopic condition and for
both frontal and intermediate views. Since the stereoscopic and
monoscopic stimuli were well matched and contained the same shading
information, the superior performance for the stereoscopic images can
be explained by additional information due to the binocular disparity.
This ﬁnding is consistent with the idea that stereoscopic information
enriches the depth cues in the face representations and that, consequently, this can improve face identiﬁcation performance.
The results are also in accordance with previous studies by Burke
et al. (2007) and Chelnokova and Laeng (2011), which used 3D glasses
and anaglyph images to present stereoscopic faces. Both studies found
that the addition of stereoscopic information improved face recognition. However, in the present study, we did not ﬁnd an advantage of
stereopsis for proﬁle views of faces. A possible explanation could be
that proﬁle views tend to “ﬂatten” stereoscopic information. In other
words, stereometric proﬁles provide little information that is relevant in
order to identify an individual beyond what is available in monoscopic
proﬁle views (especially in the present stimuli, where distinctive facial
texture cues are absent).
Interestingly, regarding the eﬃciency of performance, we also
found an increased latency for proﬁle target faces. In general, previous
studies reported conﬂicting results on latencies since Chelnokova and
Laeng found that longer times were spent on the stereoscopic (anaglyph) condition, while Burke, Taubert and Higman found the opposite.
However, the study by Liu et al. (2006) indicated that stereoscopic
information plays a role only in speciﬁc conditions. In their experiment,
studied faces were presented among distractors, and it was found that
learning stereoscopic faces helped to recognize stereoscopic better, but
not the monoscopic faces. We surmise that the transfer of faces' geometric information across diﬀerent dimensions might add some extra
processing load, which could have overshadowed beneﬁts from stereoscopic information. However, in the present experiment, we cannot
assess this aspect since we kept the two modes of viewing separate.
Consistent with our hypothesis, pupil diameter changes diﬀered
across the stereo conditions. This happened between 1000 and 2000
milliseconds from the onset of the target face or around a time that
included the average response or decision time (grand
mean = 1376 ms). One should also take into account that pupillary
responses to cognitive or aﬀective processes typically peak after a
choice is made (e.g., Laeng, Ørbo, Holmlund, & Miozzo, 2011; Oliva &
Anikin, 2018). Given that pupil diameter can be used as an index of the
processing load during the retrieval of the sample face, as well as of the
alignment and comparison process between sequenced faces, the present ﬁndings suggest that identifying faces in the monoscopic condition
might require more processing load than when stereoscopic information is presented. In fact, in our stimuli, a powerful cue to depth information like the surface shading was equally present in the monoscopic images (O'Toole et al., 1999). Hence, the present ﬁndings suggest
that the additional processing load in the monoscopic condition, especially for proﬁle faces, was due to lack of depth information provided
by the binocular disparity in the stereoscopic vision rather than the
shading. Moreover, the pattern of pupil diameter changes in the stereoscopic and monoscopic conditions and across all views (see Fig. 7),
seems to reﬂect behavior performance, since a higher accuracy rate was
found for frontal and intermediate views in the stereoscopic condition.
A similar trend (suggesting lower processing load) was also found for

5. Conclusion
By presenting faces in stereoscopic and monoscopic conditions
across views using a VR HMD with integrated eye-tracking, we were
able to assess the advantage of stereopsis in face identiﬁcation. We
found better recognition accuracy in the stereoscopic condition for both
frontal and intermediate views than in monoscopic conditions with the
same images. Gaze behavior data indicates increased attention to volumetric areas like the cheeks and pupillary adjustments suggest a
lower processing load when viewing stereoscopic faces. The internal
representations of faces might be based on their 3D shapes since stereopsis appears to improve face perception.
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