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Abstract

The uncanny valley hypothesis refers to a subjective experience of eeriness to highly human-like
objects (e.g., realistic avatars). There is evidence that objects at the human-avatar category
boundary along the dimension of human likeness (DHL) are more likely to evoke the uncanny
valley effect. Literature has focused on the affective domain of the phenomenon and studies on
the cognitive demands are few. Here we investigate whether perceptual ambiguity could affect
the hierarchical processing of facial features. Our study investigated categorical perception of
female and male faces along the DHL. Participants performed a real vs. artificial categorization
task and behavioral measures (categorization threshold and response time) were calculated to
determine avatar, boundary, and human face conditions. An analysis on the hierarchy of gaze
dwell time in regions of interest (eyes, nose, and mouth) showed greater dwell time for the nose
area of boundary faces compared to the nose area of avatar and human faces. Results showed
that perceptual discrimination difficulty changed the allocation of attentional resources in
boundary faces. Such output may contribute on how we process artificial faces and might
improve users’ experiences from highly realistic characters.

Keywords: uncanny valley, face perception, gender differences; eye movements,

categorization

Public Significance Statement
The uncanny valley effect is a subjective experience of eeriness to highly human-like
avatars. There is evidence that human-avatar ambiguous characters are more likely to evoke
the uncanny valley effect. A perceptual discrimination difficulty changes the allocation of
attention for human-avatar ambiguous faces, and such result is relevant for researchers
interested in how we interact with artificial faces, and for graphics developers concerned on

how to improve users’ experiences from their highly realistic characters.
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Uncanny Valley Hypothesis and Hierarchy of Facial Features in the Human Likeness
Continua: An Eye-Tracking Approach

The uncanny valley hypothesis was originally described by Mori (1970/2012) as the
relationship between the resemblance of an object to a human and the emotional response that
the object evokes. As an object approaches human resemblance, the emotional response from
the observer should be increasingly positive and empathetic. At a certain point, however, the
emotional response reverses its valence, and then once again becomes positive (Figure 1). The
original hypothesis suggests that a perceptual difficulty in distinguishing between these objects
and their correspondent humans evokes negative feelings in the observer, such as eeriness and
revulsion (Cheetham et. al., 2014; Ho & Macdorman, 2016). The valence of the emotional
response is therefore related to the object’s degree of realism along a dimension of human
likeness (DHL), defined as a linear scale of human likeness (Cheetham, et. al, 2013).

This phenomenon has been extensively studied in the development of prosthetic limbs,
computer animated games and films, and in the development of anthropomorphic robots to
prevent characters or objects from falling into the uncanny valley (MacDorman, Vasudevan et
al., 2009; MacDorman, Green et al., 2009; Fabri et al., 2004; Ho & MacDorman, 2010).
Research on the uncanny valley is important to understand how human perception reacts to
computer graphics and other technological advances, which are increasingly present in our

everyday life.

After Mori’s 1970 work, different hypotheses on the origin of the uncanny valley effect
emerged (Wang et al., 2015). The morbidity hypothesis postulates that highly, but not fully
human-like objects (i.e., realistic avatars), may be mistaken for dead bodies, which would evoke
an observer’s negative response (Mori, 1970/2012). An evolutionary mechanism would play a

role in disease avoidance and mate selection (MacDorman, Green et al., 2009). The predictive
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coding hypothesis states that almost human-like objects violate expectations in neural
computing, which elicits eeriness (Moore, 2012). Recent electrophysiological evidence supports
this hypothesis and states that neural processing in the perception of others is predictive in
nature (Urgen et al., 2018). The perceptual mismatch hypothesis assumes that a negative valence
peak would be caused by inconsistencies in the realism level of an object’s features (e.g.,
artificial eyes on an almost human-like face) or due to the presence of atypical features in
humans (e.g., large eyes) (Pollick, 2010). Finally, the categorization ambiguity (or categorical
perception) hypothesis proposes that there is ambiguity in categorizing highly realistic artificial
objects or characters as human or non-human, which would imply a higher perceptual
discrimination difficulty for stimuli that fall into the uncanny valley (Cheetham et al., 2014;
Katsyri et al., 2015). Currently, empirical evidence favors the perceptual mismatch and
categorization ambiguity hypotheses (Kitsyri et al., 2015; Strait et al., 2017).

Cheetham et al. (2011, 2013) have shown that the difficulty of a categorical perception
task varies along the DHL, possibly due to an increase in cognitive costs (Weis & Wiese, 2017;
Wiese & Weis, 2020). In both studies, a sharp difficulty increase was found for the “avatar vs.
human” categorization task for morphed faces at or surrounding the category boundary (the
point of highest categorization ambiguity in the DHL). According to Mori’s original hypothesis
and the categorization ambiguity hypothesis, faces in the category boundary along the DHL are
more likely to evoke the uncanny valley effect. Since the literature has focused on the affective
domain as the response variable, these results are relevant as they explore the perceptual and
cognitive processing of stimuli that fall in the uncanny valley.

The mind-eye hypothesis states that eye movements reflect what the mind is processing
(Beesley et. al, 2019; Just & Carpenter, 1980). Therefore, an eye-tracking approach is useful for
the study of category processing in the DHL. Particularly, gaze dwell time (i.e., the total time

spent gazing at a certain area) indicates perceptual and cognitive loads when discriminating
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between similar stimuli (Shen et al., 2003; Becker, 2011). Perceptual ambiguity in
categorization tasks increases attentional recruitment and processing time, which is reflected in
longer dwell times (Barton et al., 2006; Heekeren et al., 2008).

The hierarchy and saliency of facial features, especially the eyes, nose, and mouth in the
visual perception of faces (Barton et al., 2006; Chuk et al., 2017; Frase & Parker, 1986) has
either received attention (e.g., MacDorman, Green et al., 2009) or been directly addressed in
research related to the uncanny valley (Cheetham et. al, 2013). Cheetham et al. (2013) designed
an avatar-human categorization task for faces presented along the DHL. Results showed greater
dwell times for eyes and mouth for boundary faces (i.e., most ambiguous faces in the avatar-
human morphing continua), reflecting that perceptual discrimination difficulty changed the
relative importance of facial features. These results are relevant for experimental psychologists
and neuroscientists interested in how we interact with and process artificial faces, as well as for
graphics developers and designers concerned on how to improve users’ experiences from their
highly realistic characters.

The stimuli set used in the experiment conducted by Cheetham et al. (2013) was
comprised only of male faces. Besides robust evidence on women’s advantage on face
processing in different paradigms (e.g., within task “learning + recognition” and simultaneous
perceptual matching; Herlitz & Lovén, 2013; Megreya et al., 2011; Pavlova et al., 2016), and
under many conditions (e.g., observer’s view, gaze direction, race, and time constraints; Godard,
& Fiori, 2012; Goodman et al., 2012; Lovén et al., 2011; Rehnman & Herlitz, 2006), the
literature also reports a female own-gender bias. Accordingly, behavioral (Sommer et al., 2013),
eye movement (Coutrot et al., 2016), and event related potential studies (Wolff et al., 2014)
showed that women are better at recognizing female faces. Lewin & Herlitz (2002) hypothesize

that women may have some form of specialization in face recognition for female faces, possibly
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due to prior knowledge and differences in interest. A male own-gender bias is also reported in
the literature, although less consistently (Wolff et al., 2014; Wright & Sladden, 2003).

The present study was based on Cheetham et al. (2013) and was conceived to tackle
potential differences in the perception of male and female faces. Our study aimed to investigate
possible differences in the categorical perception of female and male faces along the DHL
(human-avatar morphing continua) when viewed by female and male participants. Participants
performed a real-artificial categorization task while behavioral measures were taken
(categorization response, categorization response time (RT), and gaze location). The averages of
the categorization thresholds and RTs were used to set the most uncertain morph level to
determine boundary human faces. The main analysis verified the hierarchy of gaze dwell times
in predetermined regions of interest (RO, i.e., areas encompassing a face feature: eyes, nose,
and mouth) for avatar, boundary and human faces of male and female models. Based on
previous experimental findings, we hypothesized greater dwell times for ROI of boundary faces,
particularly the eyes and the mouth. Additionally, a general advantage in face processing was
expected for women, in particular when viewing female faces.

Method
Participants

Twenty-nine university students' (15 women; mean age = 22.2 years, range = 18-34
years) took part in the experiment with no previous knowledge of the investigation topic and the
study’s goals. The participants had normal or corrected-to-normal vision (as assessed by a
Snellen chart) and reported no history of ocular, psychiatric or neurological disorders. All
participants read and signed a statement of consent approved by the local research ethics
committee.

Stimuli
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Face stimuli were comprised of 12 white models (7 male and 5 female) taken from the
Karolinska Directed Emotional Faces (KDEF) database (Lundqvist et al., 1998). For each
model, frontal and side photographs were used to create a detailed 3D head using FaceGen
Modeller 3.1 software (Singular Inversions Inc., Toronto, Canada). All texture information was
then removed from the face to create an artificial avatar face that was devoid of facial details,
while keeping geometric consistency with its reference model. Both the original KDEF
photographs and the avatar face images were then used to create 10 morph continua images for
each of the 12 models. All resulting images were converted to grayscale and cropped to an oval
shape using Adobe Photoshop CS6 13.0 (Adobe Inc., San José, USA) in order to preserve only
internal facial features. In total, 120 stimuli were created (10 for each model). Five male and
five female models were used as stimuli for the experimental task and the remaining two male
models were used for training. Figure 2 (Panel A) illustrates the procedure for stimuli creation.
At a viewing distance of 60 cm, the facial stimuli (313 % 407 pixels) subtended a visual angle of

10° x 13°. The stimuli set is available at osf.io/eqx7w/.

Apparatus

The experiment took place in a sound attenuated room, and stimuli were presented on a 21-
inch LCD monitor (60 Hz refresh rate). Eye movement data were recorded using a 200 Hz
binocular eye-tracker (Arrington Research Inc., Scottsdale, USA) with a spatial resolution of
.15° visual arc and .25° visual arc accuracy. Arrington’s proprietary software Viewpoint Eye-
Tracker pre-processed and relayed the data to MATLAB version 9.7 (Mathworks Inc., Sherborn,
USA). A chin and forehead rest was used to stabilize participants’ heads. Psychtoolbox 3
(Brainard, 1997; Kleiner et al., 2007) in MATLAB was used for running the experimental task,
displaying the stimulus, and collecting responses.

Procedure
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Participants were tested individually in a single session for approximately 45 min. Both
the training and the experimental task followed the same procedure. Participants were given
written and illustrated instructions on the computer monitor. After instructions were given, a 16-
point random-order grid-pattern calibration procedure took place, followed by 20 randomly
ordered training trials. Once training had been completed, the experimental task began, which
was comprised of 100 randomly ordered trials (10 trials per morphing level). A 1-min pause was
given when the first half of the experiment was completed.

Each trial began with a horizontally centered black fixation point being presented for
1500 ms either on the left or right side on a screen filled with uniform medium gray. Participants
were instructed to gaze at the lateralized fixation point and were video monitored by the
experimenter. A centralized oval-cropped grayscale face was then presented, and the
participants were instructed to identify each stimulus quickly and accurately as either “real”
(human) or “artificial” (avatar) by pressing the A or L keys, respectively, on a standard
computer keyboard. When the response was given, or after the maximum RT of 3000 ms had
been reached, the initial fixation-point screen was presented again starting the subsequent trial.

Results
Forced-choice categorization

In order to define the most uncertain morph level associated with the uncanny valley
effect, we calculated the percentage of faces categorized as real (i.e., human) along the DHL for
each participant. We then fitted logistic function models at the individual level. The models
were not conditioned to a fixed maximum value for the curve (i.e., height). A sigmoid-shape
function was observed for all participants and the data showed high adjustment, as determined
by the value of R? (range = .69 — 1.00, mean = .95, standard error = .18). Raw and processed
data are available at osf.io/eqx7w/. The following analysis on the forced-choice categorization

considered two parameters derived from the individual fitted curves: the categorization
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threshold (the curve midpoint, where the probability to categorize a face as real is equal to
50 %) and the curve slope. An in-house code written in Python (see

github.com/PedroHPCintra/Uncanny-Valley/blob/master/UncannyValley.ipynb) fitted the

curves and calculated the psychometric function parameters. All the statistical analyses were
conducted using jamovi 1.6 (The jamovi project, 2020). We used Greenhouse-Geisser correction
when sphericity was violated and Bonferroni adjustment for multiple comparisons. The
significance level was set at 5 %.
Categorization threshold

The categorization threshold indicates the DHL level that corresponds to the ordinate
point associated with the observer’s maximum uncertainty (50 %) in the avatar-human
categorization task. A two-way repeated-measures ANOVA was performed with face gender
(female and male facial stimuli) as the within-participant factor and participant gender (men and
women) as the between-participant factor for the categorization threshold.

Figure 3, Panel A, shows the mean threshold along standard errors of the mean for each
experimental condition and group; these means range from 5.72 to 6.25 in the DHL. ANOVA

did not reveal a significant main effect of face gender, F(1,27) = 3.20, p = .085, n, = .11, and
participant gender, F(1,27)=1.22,p=.279, nf) =.04. The interaction was also non-significant,

F(2,56) = .35, p =560, n% = .01.

Results of the categorization threshold showed that morph level 6 along the DHL is the
most ambiguous stimulus for the avatar-human categorization task for both men and women
observers when perceiving both male and female faces. Thus, the faces presented in the 6™ level
of our morphing continua would best represent the faces that fall into the Uncanny Valley
according to the theoretical framework based on perceptual discrimination difficulty.

Slope
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The slope derived from the individual fitted logistic curves indicates categorical
perception for the faces presented in the task. In other words, even when a linear continuum in
the DHL is presented, the psychometric function adjusted to frequency data for categorizing
faces as artificial or real indicates a cognitive process of categorization as observed by the S-
shaped curves obtained. In order to control extreme values, slopes >4 were replaced by the mean
of the condition? (six values were replaced for both female and male face conditions). A two-
way repeated-measures ANOVA was performed with face gender (female and male facial
stimuli) as the within-participant factor, and participant gender (men and women) as the
between-participant factor for the categorization threshold.

Figure 3, Panel B, shows the mean slope values along standard errors of the mean for
each experimental condition and group; these means range from 1.29 to 1.84. ANOVA revealed

a significant main effect for face gender, F(1,27) = 15.02, p <.001, 1722, =.36. The slope was

sharper for categorizing male faces (1.84) when compared to female faces (1.35). No main

effect for participant gender was found, F(1,27) = .21, p =.653, 77,2) =.01. The two-factor
interaction was also nonsignificant, F(1,27) = .19, p = .666, n, = .01.

Results on the slope showed that participants presented categorical perception in the
experimental task. In addition, a sharper avatar-human categorization seems to occur for male
faces regardless of participant gender. However, such output must be interpreted with care given
the substantial number of values replaced.

Psychometric function proprieties of the pooled data

In addition to data fitting at the individual level, we built curves from the pooled data.
Figure 3 shows the adjustment for female and male faces perceived by women (Panel C) and
men (Panel D). Regarding the categorization threshold (and its adjustment error), men had
similar values for male (5.84 = .94) and female faces (5.81 =.91). Women also had similar

categorization threshold values for male (5.87 = .56) and female face (5.80 + .35) conditions.
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However, men had a higher slope value (female face = 1.96 + .16; male face = 2.02 £ .16) than
women (female face = 1.24 + .06; male face = 1.36 £ .10) regardless of the gender of the facial
stimulus.

Results on the pooled categorization thresholds show a slight difference from the
threshold averaged from the individual curves. Such differences are within the boundaries of the
threshold adjustment error. Both the averaged and the pooled-data threshold show that faces
presented in the 6™ level of our morphing continua would best represent the uncanny valley
faces. Therefore, the DHL will be represented by three discrete categories in the subsequent
analyses: avatar faces (morphing levels: 1-2), boundary faces (morphing level: 6), and human
faces (morphing levels: 9-10).

The agreement between the averaged and the pooled data for the categorization threshold
was not observed for the slope. The averaged data showed greater slope values for male faces
compared to female faces regardless of participant gender. On the other hand, the pooled data
showed greater slope values for men regardless of facial stimuli gender. Therefore, an additional
Bayesian analysis was conducted (Turner & Van Zandt, 2012) in order to calculate the slope
that best fit to describe such parameter. Since the slope value is a subsidiary measure, this
analysis was presented as supplemental material (also found at osf.io/egx7w/). It revealed that
the slope is higher for men and that male faces showed larger deviations from the "common"
value. The Bayesian method also supports that the slope value calculated from the pool of data
better describes the “real slope” value of our data. Despite the inconsistency, both averaged and
pooled slope values endorsed a categorical perception.

Response time

Previous studies showed that a bell-shaped curve is observed for RTs along the DHL,

peaking at or near the categorization-threshold morphing level (Cheetham et al., 2013;

Cheetham et al., 2011). Higher RTs are associated with difficulty and complexity in cognitive
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processing. Thus, long latencies surrounding the categorization threshold support this area of the
DHL as the area of the greatest categorization ambiguity. Figure 4 shows the mean RT along
standard errors of the mean for each DHL level for men (Panel A) and women (Panel B) when

categorizing female and male faces.

A three-way repeated-measures ANOVA was performed with DHL (avatar, boundary
and human faces) and face gender (female and male facial stimuli) as within-participant factors
and participant gender (men and women) as the between-participant factor for the RT. As

predicted, ANOVA revealed a significant main effect of DHL, F(2,54) =37.59, p <.001, nf, =

.58. Participants were slower to categorize boundary faces (1322 ms) than human (1029 ms; p =
.006) and avatar faces (850 ms; p <.001), which in turn had a significant mean difference

between them (p <.001). No main effect for face gender, F(1,27) =2.14, p = .155, n, = .07, and
participant gender was found, F(1,27) =1.95, p = .174, n; =.07. None of the two-factor
interactions were significant: DHL X participant gender, F(2,54) = .134, p = .875, nf) <.01; face
gender x participant gender, F(1,27) =192, p =.177, nf) =.07; and DHL X face gender, F(2,54)
=1.495, p = .233, 1712j =.05. ANOVA also revealed a nonsignificant three-factor interaction
among DHL x face gender x participant gender, F(2,54) = 1.495, p = .233, n, = .05.

Graphical and statistical analyses on the RT showed a high processing time cost for
boundary faces. The RT data support results on the categorization threshold that faces presented
in the 6™ level of our morphing continua are the most ambiguous stimuli, and therefore would
best represent the uncanny valley faces. Results also showed that avatar faces are categorized
faster than human faces.

Eye movements
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Once the most uncertain morph level was established by categorization threshold and RT
response variables, subsequent analyses focused on the main goal of the study: to verify the
hierarchy of facial features (eyes, nose, and mouth) for avatar, boundary, and human faces.
These features were delimited by predetermined Regions of Interest (ROI; see Figure 2, Panel
B). Areas of the ROI remained constant for all stimuli. To check for hierarchical processing of
ROI, we computed dwell times based on the results obtained by Cheetham et al. (2013). We
only settle the total dwell time to test our hypotheses to avoid analyzing multiple metrics (i.e.,
data fishing; see Orquin & Holmgqvist, 2018). In their study, the dwell time was defined as the
“proportion of total fixation duration” within each ROI. However, the definition of fixation is
parameter-dependent (gaze position for a minimum of X ms inside an area of Y degrees of visual
angle) and the definition itself raises conceptual confusion in the area (for a discussion, see
Hessels et al., 2018). Thus, depending on definition and parameters adopted, dwell time results
may vary. In an attempt to circumvent this limitation, we opted for a simpler measure of the
total “dwell time”: the proportion of the XY coordinates of gaze data recorded at the eye tracker
sample rate (i.e., capture rate) during the stimuli presentation. The dwell time in each ROI was
averaged for each participant, for male and female faces in the DHL conditions for further
statistical analysis. Gaze data recorded in the entire screen was used to calculate the dwell time,
which is a different approach from Cheetham et al. (2013) that only considered coordinates
inside the face area.

General ROI dwell time

Figure 5 shows the mean dwell times along standard errors of the mean for each ROI for
female and male faces in the DHL conditions for men (Panel A) and women (Panel B) in the
real-artificial categorization task. A four-way repeated-measures ANOVA was performed for an
initial general analysis with ROI (eyes, nose and mouth), DHL (avatar, boundary and human

faces), and face gender (female and male facial stimuli) as within-participant factors and
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participant gender (men and women) as a between-participant factor for dwell time. ANOVA

revealed a significant main effect of ROI, F(1,29) =25.32, p <.001, n; = .88. As supported by
the literature, the eyes had a greater proportion of dwell time (.52) compared to the nose (.07; p
<.001) and mouth (.00; p <.001) areas, which also had a significant difference (p =.035). No
main effect of face gender, F(1,27) = 1.40, p = .247, TIIZ) = .05, DHL, F(2,44)= .11, p < .854, r;zz)
<.01, and participant gender, F(1,27) =1.38, p <.251, n; = .05, was found. The double
interaction face gender x participant gender was significant, (1,27) =4.97, p = .034, n, = .16.

However, none of the paired comparisons proved to be significant (all p > .124). No other

significant double interaction was found: DHL x participant gender, F(1,44) = .83, p = 422, n;
=.03; ROI x participant gender, F(1,29) = 1.66, p =.208, 1722, =.06; DHL x face gender, F(2,53)
=2.16, p = .126, 77?) =.07; ROI x face gender, F(1,30)=1.63, p = 213, TI?, =.06; and ROI x
DHL, F(2,54) = 2.45, p = .096, nzz) =.08. All triple interactions were nonsignificant: DHL X face
gender X participant gender, F(2,53) =1.00, p = .373, n, = .04; ROI x face gender x participant
gender, F(1,30)=1.07, p =.317, n; =.04; ROI x DHL x participant gender, F(2,54) = .27, p =
752, n?) =.01; and ROI x DHL x face gender, F(2,61) =1.86, p = .160, r]f9 =.06. Finally, the

four-factor interaction was also nonsignificant, F(2,61) = .89, p = 428, n, = .03.

Results on the general analysis of ROI showed that participants gazed more at the eyes,
nose and mouth, respectively. Since: (1) this hierarchical pattern in the proportion of dwell time
was expected (Barton et al., 2006), and (2) total dwell time is not appropriate to infer
conclusions about one ROI receiving more attention than another ROI (Orquin & Holmqvist,
2018), independent ANOVAs for each ROI were previously planned. Considering the low
proportion of dwell time on the mouth?, we only ran ANOV As for the eyes and the nose ROL.

Eye dwell time
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A three-way repeated-measures ANOVA was performed with DHL and face gender as
within-participant factors, and participant gender as a between-participant factor for the dwell
time in the eyes area. ANOVA did not reveal a main effect for DHL, F(2,45) = .87, p = .406, n;
= .03, face gender, F(1,27)=1.90, p = .179, r); = .07, and participant gender, F(1,27) =1.63, p =
213, n?) =.06. All interactions were nonsignificant: DHL x participant gender, F(2,45)=.31,p
=.692, 1712J = .01; face gender x participant gender, F(1,27) =2.16, p = .154, r); =.07; DHL x
face gender, F(2,52) =2.35,p=.107, n, = .08; and DHL x face gender x participant gender,
F(2,52)=.97,p =384, 17; =.03.

Results showed that participants had no differences on dwell time of gaze on the eyes
area when categorizing avatar, boundary, and human faces as “artificial” or “real”. Neither the
face gender nor the participant gender influenced the results.

Nose dwell time
The same three-way repeated-measures ANOVA [participant gender (DHL X face

gender)] was then employed for the dwell time in the nose area. ANOVA revealed a significant

main effect of DHL, F(2,54) = 7.53, p <.001, 77;2, = .22, indicating that boundary faces had a

greater proportion of gaze dwell time on the nose area (.10) than avatar (.07; p =.014) and
human faces (.06; p = .002), which did not differ between them (p > .999). There was no

significant main effect of face gender, F(1,27) =.271, p = .607, n; = .01, and participant
gender, F(1,27) =.291, p = .594, r]; =.01. None of the two-factor interactions were significant:
DHL x participant gender, F(2,54) = 1.02, p = .367, n; = .04; face gender x participant gender,
F(1,27)=.79, p = .380, 7712J =.03; and DHL x face gender, F(2,54) = .17, p = .843, nz <.01. The
triple interaction was also nonsignificant, F(2,54) = .676, p = .513, = .01.

Results showed that participants spent more time gazing at the nose area of ambiguous

faces compared to the nose area of avatar and human faces during a real vs. artificial
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categorization task. As with the eye area, neither the face gender nor the participant gender
influenced the results. All statistical analyzes presented in the Results section are available at
osf.io/eqx7w/.

Discussion

We aimed to investigate potential differences on categorical perception of female and
male faces presented along the DHL. Specifically, we investigated the relative importance of
eyes, nose, and mouth ROI inferred by the total dwell time in a real-artificial categorization task.
Results showed a hierarchical gaze allocation with a greater dwell time for the eyes, nose, and
mouth, respectively. We found no effect of the face gender, participant gender, nor its
interaction. However, participants spent more time gazing at the nose of boundary faces (i.e.,
most ambiguous faces in the avatar-human morphing continua) compared to nose of avatar and
human faces. Boundary faces are more likely to fall in the uncanny valley.

Therefore, our study partially replicates the results of Cheetham et al. (2013). Both
studies found an increase in gaze dwell time for ROI of boundary faces. This result indicates
that a perceptual discrimination difficulty changed the relative importance (in attentional terms)
of facial features. Evidence relates increase in cognitive processing load to difficulty in
categorizing boundary faces (Cheetham et al., 2011; Weis & Wiese, 2017; Wiese et al., 2019;
Wiese & Weis, 2020). In contrast, whereas in our investigation an increase in dwell time for
boundary faces’ nose was found, the study of Cheetham et al. (2013) found greater dwell times
in boundary faces’ eyes and mouth.

This output may occur due to differences in the experimental design. Cheetham et al.
(2013) displayed a conventional central fixation point, which was followed by a centralized
facial stimulus. Although we presented a centralized stimulus, the fixation point was placed
horizontally centered but vertically lateralized (and randomly presented in each hemifield) to

avoid bias towards any ROI, especially the nose once their areas overlap. Thus, despite the static
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nature of the visual stimuli, the participant had to perform an eye movement every time a new
face was presented. VO et al. (2012) investigated gaze allocation in dynamic face perception,
and they found an increased fixation on the nose region when a face moved quickly. They
suggested the nose would serve as a spatial anchor. The authors argue that the facial gaze
allocation depends on the demands of the tasks. Considering that gaze allocation is sensitive to
strategies to maximize visual processing (Buchan et al., 2007; 2008), the nose might be more
relevant for ambiguous stimuli in a human-avatar face categorization task in a more dynamic
setting which requires an eye movement to gaze at a face. Advantageously, given the central
position of the nose, facial information is balanced in all directions and visual parafovea
encompasses both eye and mouth (V0 et al., 2012). Finally, visual processing is optimized in
face recognition tasks when looking just below the eye, i.e., between the eyes and the nose tip
(Peterson & Eckstein, 2012).

Despite the increased dwell time for the nose of boundary faces, no differences were
found regarding stimuli gender, participant gender and its interaction in avatar, boundary and
human faces. To our knowledge, this is the first study that controlled the face gender to
investigate the hierarchical processing of facial features in the DHL. Previous studies that
registered eye movements showed different viewing strategies in men and women. For instance,
Hall et al. (2010) showed that women had greater dwell time and number of fixation than men to
recognize emotional faces; women also looked more at the eyes. Heisz et al. (2016) showed that
women made more fixations than men, but there were no gender differences in distribution of
fixations in the inner facial features. Coutrot et al. (2016) asked 405 participants to look at 40
videos and showed that men look more at the eyes and women had a more exploratory visual
scan (shorter fixation, larger saccades, and scattered eye positions); in addition, women
watching actresses gazed more at the left eye. Conversely, Sammaknejad et al. (2017) recently

showed no significant gender differences of fixations in the ROI, although women had more
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transitions from other ROI to the eyes. Studies that investigate gender-related visual scan
patterns are relevant insofar as people strategies to gaze at a face have diagnostic cues on the
gender of the observer and on the face being observed. These cues are handy to tailor gaze-
based models to masculine and feminine populations for many purposes, e.g., disorder diagnosis
(Coutrot et al., 2016).

Differently from results of dwell time, gender differences were found in the slope. Men
showed a sharper slope than women. Such difference could be understood as a representation of
categorization strength. Therefore, the higher the slope, the thinner the range in the DHL for the
uncanny valley occurrence; this seems to be the case for perceptual categorization in men. In
contrast, a lower slope is associated with a smoother transition between categories, and a wider
range in the DHL for the uncanny valley occurrence; this seems to be the case for perceptual
categorization in women. Apart from the gender difference in the slope, men and women
presented sharp S-shaped psychometric curves, which indicates a cognitive process of
perceptual categorization.

The present study also showed differences in the RT among experimental conditions of
the DHL factor. Our results showed that boundary faces had longer RTs than avatar and human
faces, regardless of the participant gender or the face gender. Previous studies found higher RTs
for ambiguous categories compared to human and avatar categories (e.g., de Borst & Gelder,
2015). As stated previously, long latencies relate to complex perceptual tasks, and a high RT
surrounding the categorization threshold supports this region in the DHL as the area of the
greatest categorization ambiguity (Cheetham et al., 2011; Cheetham et al., 2013). The bell-
shaped curve for RT peaking on the categorization boundary morphing levels may reflect
conflict in decision making during a forced-choice categorization task (Cheetham & Jancke,
2013). Studies using the mouse tracking paradigm also support a cognitive conflict around the

uncanny valley in the DHL (Weis & Wiese, 2017).
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A shorter RT was found for avatar faces in comparison to human and boundary faces.
Such a result was observed in previous studies (Cheetham et al., 2011; 2013). Besides
categorization ambiguity in boundary faces just mentioned, two hypotheses might explain faster
processing of avatar faces. The first hypothesis relates the higher degree of details in human and
boundary faces compared to avatar faces. Artificial avatars lack detailed and finer-scaled facial
features. In the present study, all texture information was removed from the computational face
models to create artificial avatar versions. Thus, it is likely that perception of avatar faces relies
more on low spatial frequencies compared to boundary and human faces. According to the fine-
to-coarse hypothesis (Hegdé, 2008), which has been consistently supported in face perception
studies (e.g., de Moraes et al., 2016; Goffaux et al., 2011), low spatial frequencies conveyed by
fast magnocellular pathways are extracted before high spatial frequencies. The precedence to
process coarse information may be related to short latencies found when categorizing avatar
faces. To elucidate this hypothesis, future investigations must examine the spatial frequency
content of the faces and its ROL

The second hypothesis, the so-called avatar-feature hypothesis by Cheetham et al.
(2013), suggests that the decision of categorization in human or avatar is influenced by the
strategy that involves establishing the presence or absence of perceptual information that specify
an avatar face. Faces would be coded and categorized as "avatar or not avatar" instead of "avatar
or human". Supposing that this mechanism of perceptual information involves less cognitive
demand, this would provide a categorization advantage in terms of processing time for avatar
faces (Cheetham et al., 2013). Although we used the labels “artificial” and “real”, instead of
“human” and “avatar”, respectively, our results are in line with previous results (Cheetham et
al., 2011; 2013).

It is worth noting that this study assumed that ambiguous faces would evoke a sense of

uncanniness. However, neither stimuli valence nor the feelings of the participants were directly
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assessed in our experiment and in Cheetham et al. (2013). Nevertheless, many studies support
the evidence of a feeling of eeriness associated with the categorization of entities in an
uncertainty “gray area” along the DHL (but see MacDorman & Chattopadhyay, 2016). For
instance, a study conducted by Burleigh et al. (2013) showed that the DHL is linearly related to
emotional response, except for faces located at the categorization boundary, which elicited
negative feelings. Yamada et al. (2013) showed that the categorization threshold, the RT peak,
and the lowest likability score co-occurred at the same morphing continua range when morphing
two of each of real, stuffed and cartoon human faces. Burleigh and Schoenherr (2015) observed
a decrease in participant affinity to a face at a categorization boundary region. Shin et al. (2019)
found an increase of eeriness feelings when participants were presented with realistic avatars
when compared to cartoon avatars.

The uncanny valley effect has consistent explanatory hypotheses other than the
categorization ambiguity (presented in the Introduction section). To date, besides categorization
ambiguity, the perceptual mismatch hypothesis cumulates robust evidence (see Kétsyri et al.,
2015, and Strait et al., 2017). The perceptual mismatch hypothesis argues that the uncanny
valley effect is caused by inconsistencies among specific sensory cues that vary in the DHL. An
interesting follow up investigation could frame the perceptual mismatch hypothesis and
investigate the hierarchy of facial features along the DHL using eye tracking data. However, it
seems to be rather complicated to control stimulus-driven alternative interpretations. A
perceptual mismatch is usually implemented as inconsistencies in the realism level of an
object’s features (e.g., artificial eyes) or due to the presence of atypical features in humans (e.g.,
large eyes) on an almost human-like face. Therefore, the perceptual salience of artificial or large
facial features could drive attention allocation per se.

The present study sought to investigate cognitive aspects of the uncanny valley

phenomenon. Relying on the categorization ambiguity theoretical framework, we assumed that
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higher cognitive demands associated with perceptual ambiguity when categorizing a character as
real or artificial could elicit the uncanny valley effect. Here we investigate whether higher
perceptual discrimination difficulty could affect the hierarchical processing of facial features, a
robust and very well-known mental operation. Our results showed no stimuli gender influences
in the total dwell time for men and women. In addition, no differences were found for the eyes
and mouth areas for avatar, boundary, and real face images. However, the results showed greater
dwell times for the nose of boundary faces (vs. the nose of avatar and human faces), which is
evidence that a perceptual discrimination difficulty changes the allocation of attentional
resources and hence alters the visual scan pattern for ambiguous faces in the DHL. Such output
is relevant for experimental psychologists and neuroscientists interested in how we interact with
and process artificial faces, as well as for graphics developers and designers concerned on how
to improve users’ experiences from their highly realistic characters, which are increasingly
present in everyday life. Our investigation is integrated into a multidisciplinary field called
human-computer interaction, which is concerned with the development of realistic humanlike
characters for movies, games, robots, apps, and chatbots. Future studies on perceptual ambiguity
could tackle different visual stimulation (e.g., emotional and dynamic faces) and techniques
(e.g., the bubbles technique and the moving window paradigm) to investigate hierarchical

processing of facial features in the DHL.
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Footnotes
' It was not possible to collect more data because of the isolation measures taken by the
authorities to control the COVID-19 pandemic, which included the closure of the university
facilities and research laboratories. Unfortunately, there are no estimates of reopening at the
time we are submitting this paper.
2 The cutoff value (4) was specified after observation of the frequency distribution for slope
values in our participants sample. The 95 % interval of our frequency distribution had a
maximum value of 4.1 (considering the range from 0 to a, where a is the threshold representing
95 % of area under the curve).
* Two factors related to the experimental design might explain the low dwell time found for the
mouth area in the present study. First, we calculated the total dwell time considering the entire
screen and not just the face area. Second, the fixation point preceding the facial stimulus was not
centralized, but lateralized, and therefore the fixation point and the stimulus had no overlapping
areas (see Discussion section). In addition, all faces are non-expressive and the mouth is a

diagnostic feature for emotional processing (Smith et al., 2005).



HIERARCHICAL PROCESSING OF UNCANNY VALLEY FACES

Figure 1

Uncanny Valley model proposed by Mori (1970/2012)
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Figure 2

Stimuli used in the experiment
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Note. Stimuli creation (Panel A) and ROI sizes: eyes 266 x 88 pixels, nose 116 x 94 pixels, and

mouth 174 x 76 pixels (Panel B).
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Figure 3

Properties of the psychometric function for the perceptual categorization task
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Note. Average of categorization threshold (Panel A) and slope (Panel B) of the individual
curves, and logistic regression curves from pooled data for women (Panel C) and men (Panel B).

Bars indicate the standard error (Panels A and B) and adjustment error (Panels C and D).
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Figure 4

Response time in the dimension of human likeness
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Note. Means of the response time in the dimension of human likeness for the “real vs. artificial”

categorization task for female and male faces performed by men (Panel A) and women (Panel

B). Bars indicate the standard error.
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Figure 5

Dwell time in facial regions of interest
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Note. Dwell time means (i.e., averages of the proportion of total gaze duration) in facial regions
of interest (ROI: eyes, nose, and mouth) for the “real vs. artificial” categorization task for female
and male faces performed by men (Panel A), women (Panel B), and the total sample (Panel C).

Bars indicate the standard error.
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