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ABSTRACT

ARTICLE HISTORY

Serial dependence refers to the assimilative pull on a judgement response to a current stimulus
from that given to the preceding stimulus and has been demonstrated in low- and higher-level
perceptual judgements. We tested whether serial dependence in attractiveness judgements is
limited by perceptual categorization by measuring serial dependence in within-category
attractiveness judgements of faces (male and female; Experiment 1), scenes (indoor and
outdoor; Experiment 2), and cross-category attractiveness judgements (faces and scenes;
Experiment 3). Serial dependence was evident for within-category judgements, which weakened
with the increasing number of intervening trials. Interestingly, this eﬀect on attractiveness
ratings was stronger for consecutive trials of same-sex than diﬀerent-sex faces but was
equivalent for consecutive trials of same- or diﬀerent-scene types. Furthermore, serial
dependency was aﬀected by perceptual categorization as the eﬀect weakened when a change
in category occurred across stimuli presented in consecutive trials. A serial contrast eﬀect was
also evident whereby a stimulus was rated as less attractive when preceded by an attractive
stimulus from a diﬀerent category. Collectively, these ﬁndings suggest that the temporal
integration of aesthetic appraisal depends on the category context, with each category
requiring distinct evaluation processes, and provide insight into the perceptual nature of
attractiveness judgements.
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One of the major challenges presented to our visual
system is to maintain a stable and uniﬁed percept
of the environment despite the constant ﬂuctuations
in visual inputs caused by changes in lighting, eye and
head movements, occlusions, and visual noise. An
eﬃcient way to counteract these disruptions is to
assume continuity in the visual environment not
only spatially (Field, 1987; Srinivasan et al., 1982),
but also temporally, by incorporating information
from recent perceptual history in the computation
of a current percept. The behavioural manifestation
of such temporal computation is serial dependence,
which has been well documented across a wide
range of tasks from judgements of orientation (Cicchini et al., 2017; Fischer & Whitney, 2014; Fritsche
et al., 2017; John-Saaltink et al., 2016), motion direction (Alais et al., 2017), spatial position (Manassi
et al., 2018) and numerosity (Cicchini et al., 2014). Furthermore, serial dependency has been demonstrated
with complex stimuli that involve global, holistic processing such as object identity (Liberman et al., 2016),
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scene perception (Manassi et al., 2017), visual variance
(Suárez-Pinilla et al., 2018) and face perception (Liberman et al., 2014).
A number of other phenomena have also been
observed in perceptual experiments whereby the
current response is aﬀected by the processing of
the preceding stimulus, such as repetition priming,
adaptation, as well as later eﬀects that result in a
response bias. Although these phenomena might be
associated with serial dependence a number of
studies have been conducted that suggest these to
be distinct eﬀects and have disentangled serial
dependence from these other perceptual phenomena. For instance, adaptation due to repetitive stimulation is typically known to bias a percept away from
the adapted stimulus, resulting in the well-documented negative after-eﬀect (Campbell & Maﬀei, 1971;
Gibson & Radner, 1937; Knapen et al., 2009). Several
studies have provided evidence that adaptation
eﬀects can occur in conjunction with serial dependence although the latter has the opposite, positive
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eﬀect on perception (Alais et al., 2017; Cicchini et al.,
2017; Fischer & Whitney, 2014; Suárez-Pinilla et al.,
2018). Serial dependence also diﬀers from adaptation
and negative aftereﬀects in other ways apart from the
direction of inﬂuence. For example, unlike adaptation,
the strength of serial dependence can be modulated
by attention and successive stimuli do not have to be
presented at the same retinal location or spatial scale
for serial dependence to occur, suggesting that serial
dependence is not due to retinotopic adaptation
(Fischer & Whitney, 2014; Liberman et al., 2014).
Indeed, broad spatial tuning in serial dependence
has been reported such that the strength of serial
dependence was similar when the current and the
preceding stimuli were presented at diﬀerent, but
nearby spatial locations, although the eﬀect
decreased as spatial distance increased (Fischer &
Whitney, 2014; Fritsche et al., 2017). Repetition
priming, on the other hand, is generally reﬂected in
speeded response times or improved discriminability
of a target stimulus, provided the target shares similar
features to a previously presented item (prime) resulting in increased sensitivity to those shared features
(Kristjánsson & Campana, 2010; Tulving & Schacter,
1990; Vorberg et al., 2003). In contrast, serial dependence seems to be more associated with an altered
percept.
The locus of information processing at which serial
dependence operates, particularly whether or not
serial dependence acts directly on perception or at
later cognitive stages, remains the focus of ongoing
debate (Bliss et al., 2017; Cicchini et al., 2017; Cicchini
& Kristjánsson, 2015; Fritsche et al., 2017). On the one
hand, some researchers have argued that serial
dependence occurs early and is a perceptual
phenomenon. For example, in their seminal study
on orientation perception, Fischer and Whitney
(2014) proposed the concept of a “continuity ﬁeld”
as a mechanism through which the visual system utilizes information from both the recent past and the
present to construct a stable percept. They demonstrated that the perceived orientation of the current
stimulus was systematically attracted towards
recently viewed orientations (Fischer & Whitney,
2014), contrary to a negative aftereﬀect commonly
found in orientation discrimination tasks. Furthermore, this serial dependence eﬀect occurred even in
the absence of a motor response or recall of the preceding stimulus, suggesting that serial dependence

cannot be explained by a response bias (see also
Pegors, Mattar, et al., 2015; Xia et al., 2016) nor
retained representations of previous stimuli, but an
alteration in the perception of the current stimulus
(Fischer & Whitney, 2014). On the other hand, it has
been argued that serial dependence is post-perceptual and associated with decisional process and
working memory (Bliss et al., 2017; Fritsche et al.,
2017). Fritsche et al. (2017) reported that a positive
serial dependence arose as a result of a shift in
working memory towards the preceding stimulus.
Both hypotheses have been supported by evidence
from subsequent studies on perceptual processing
(Cicchini et al., 2017, 2018; Fornaciai & Park, 2018;
Van Bergen & Jehee, 2019) and mnemonics (Bliss
et al., 2017; Czoschke et al., 2019). Others have
argued that serial dependence may be a multi-level
phenomenon which operates across the perceptual,
attentional and memory domains and serves a generally adaptive purpose to promote the stability of perceptual information from one moment to the next
(Kiyonaga et al., 2017).
Apart from simple stimuli such as line orientation,
serial dependence has also been reported in tasks
which involve complex stimuli and judgements. In
particular, serial dependence has been reported in
face perception, for both the changeable properties
of a face, such as eye gaze (Alais et al., 2018) and
facial expression (Liberman et al., 2018), as well as
the perception of invariant features of a face for the
purpose of recognition (Liberman et al., 2014), and
the sex of the face (Taubert, Alais, et al., 2016).
Several studies have also examined serial dependence
in the context of facial attractiveness (Kondo et al.,
2012, 2013; Kramer et al., 2013; Taubert & Alais,
2016; Taubert, Van der Burg, et al., 2016; Van der
Burg et al., 2019; Xia et al., 2016). These reports
have typically found that judgments of any of these
facial attributes are biased towards those of the previous face presented in recent perceptual history.
Moreover, there is evidence to suggest that some
properties of faces can have an inter-dependent
eﬀect on the magnitude of serial dependence, such
that responses to facial expression can be modulated
by facial similarity across successive trials (Liberman
et al., 2018). Furthermore, serial dependence in judgements of facial attractiveness appears to be dependent on the perceptual similarity of the presented
faces in the current and the preceding trials.
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Diﬀerences in viewpoint (Taubert & Alais, 2016), race
(Kramer et al., 2013) or sex (Kondo et al., 2013;
Kramer et al., 2013; Van der Burg et al., 2019) across
the successive images of faces can disrupt the
eﬀect. Of interest here is the ﬁnding that diﬀerences
in the sex or race of a face disrupts serial dependence
as this implies that the perceptual categorization of
face can limit sequential assimilation.
A wealth of evidence suggests that visual information is organized into perceptual categories
within visual regions of the brain (e.g., Grill-Spector
& Weiner, 2014), with evidence for distinct categories
of objects, faces and scenes. There is also some evidence for further distinctions within these categories.
For example, the categorization of the sex of a face
activates distinct regions of the face network in the
brain (Kaul et al., 2011). Furthermore, categorization
of face sex has been found to occur as early as 45–
85 ms upon stimulus onset reﬂecting an early mechanism of coarse visual categorization (MouchetantRostaing et al., 2000). Together these studies
suggest that the early and distinct categorization of
the stimulus may have a consequent eﬀect on serial
dependence. Indeed, judgements of facial attractiveness, although underpinned by activation in a
network of brain regions relating to face perception
(Chatterjee et al., 2009) as well as reward (Winston
et al., 2007), appear to occur late (Carbon et al.,
2018; Werheid et al., 2007) suggesting that serial
dependency of attractiveness judgements may be
aﬀected by the perceptual categorization of the face
stimuli.
However, reports of sequential eﬀects on judgements of facial attractiveness have not been consistent, with some evidence for a contrast eﬀect (Cogan
et al., 2013; Kenrick & Gutierres, 1980; Wedell et al.,
1987). However, these inconsistencies may be attributed to methodological diﬀerences, such as the intertrial latencies used (Kondo et al., 2012, 2013; Kramer
et al., 2013; Taubert & Alais, 2016; Van der Burg
et al., 2019; Xia et al., 2016). For example, Pegors,
Mattar, et al. (2015) used a relatively long stimulus
presentation (1s to 4s) compared to other studies
on serial dependence (300 ms in Taubert, Alais, et
al., 2016; Taubert & Alais, 2016, p. 1s in Xia et al.,
2016; Van der Burg et al., 2019) which might explain
the contradictory results as longer exposure may be
more likely to elicit a negative perceptual aftereﬀect.
A recent study by Van der Burg et al. (2019) reported
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that the strength of serial dependence in facial attractiveness judgements depended on three factors: (1)
the attractiveness and the sex of the preceding face;
(2) the duration of stimulus presentation; and (3) the
nature of the task itself. Moreover, the assimilation
of attractiveness does not occur if the attractiveness
of the preceding face was not explicitly evaluated
(e.g., Pegors, Mattar, et al., 2015; Van der Burg et al.,
2019).
Building on previous work described above, the
goal of the current study was two-fold. Firstly, while
serial dependence in facial attractiveness has now
been reported in a number of studies, it remains
unclear whether such assimilative eﬀects generalize
to aesthetic evaluations in other categorical
domains, such as scenes. Secondly, if serial dependence can be found in aesthetic evaluations in
general, the question arises as to whether it is sensitive to changes in category memberships from trial
to trial. The use of faces and scenes to address
these questions is supported by neuroimaging
studies which suggest that aesthetic judgements of
scenes elicit activations in brain regions overlapping
with those elicited by facial attractiveness (Pegors,
Kable, et al., 2015). Furthermore, although serial
dependence has been demonstrated with face
images, recent evidence for serial dependence in aesthetic judgements of artwork (Kim et al., 2019)
suggest that judgements of scenes may also be
inﬂuenced by their serial position in a task.
However, if sequential items in a task vary substantially in visual similarity, such as exemplars from
diﬀerent categories, but the evaluation processes
and criteria are similar, it is unclear if serial dependency would still occur, although the results of previous studies suggest this might be the case. The
following three experiments were conducted to
investigate serial dependence in attractiveness
ratings of faces and scenes, and to measure the
eﬀect of domain and category memberships on the
strength of serial assimilation.

Experiment 1
Even though serial dependence in facial attractiveness is now a well-documented phenomenon
(Kondo et al., 2012, 2013; Kramer et al., 2013;
Taubert & Alais, 2016; Van der Burg et al., 2019; Xia
et al., 2016), it was important to ﬁrst establish the
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eﬀect using our experimental setup with a rapid presentation paradigm similar to that described in
Taubert and Alais (2016) and to investigate the role
of sex category of the faces on eﬀects of serial dependency. To that end, the current experiment consisted
of two parts. In the ﬁrst, male and female faces
were tested for serial dependence separately for
each sex category such that within each block, all
the trials presented male or female faces only. In the
second part, both male and female faces were
mixed within each block. Previous studies have
reported that a serial dependence eﬀect on facial
attractiveness decreased when consecutive stimuli
diﬀered in category memberships such as race and
sex (Kondo et al., 2013; Kramer et al., 2013). Therefore,
it was expected that the attractiveness rating in a
given trial would be biased towards that in the
previous trial to a greater extend when the faces
presented in the two trials were of the same sex,
compared to when they were diﬀerent. Conversely,
an assimilative bias of equal magnitude would be
present regardless of the sex diﬀerence between
faces in consecutive trials if it was merely due to a
response bias.

Method
Participants
Twenty-six volunteers1 (18 females; mean age = 20.96
years, SD = 5.75) from the student population at
Trinity College Dublin, Ireland participated in both
Experiments 1 and 2 of this study. All participants
were naïve to the purpose of the experiments and
were compensated with research credits for their participation. The study (and all experiments reported
here) received ethical approval from the School of
Psychology Research Ethics Committee at Trinity
College Dublin. In accordance with this approval, all
participants gave informed, written consent prior to
conducting the experiment.

Stimuli and apparatus
The face stimuli used in Experiment 1 consisted of 60
photographic images of Caucasian faces (30 female,
30 male) which was a subset of faces obtained from
the Chicago Face Database (Ma et al., 2015). Faces
were selected based on the normative data provided

by the Chicago database such that they were neither
exceptionally unattractive nor attractive. This process
allowed us to avoid the inﬂuence of female faces
which tend to receive higher attractiveness ratings
than male faces in experimental settings (Kondo
et al., 2013; Kramer et al., 2013). Based on the normative data, the mean attractiveness ratings (in 7-point
Likert scale) associated with the selected female and
male faces were 3.47 (SD = 0.214) and 3.42 (SD =
0.229), respectively.
For the purpose of this study, all face images were
presented with a neutral expressions and direct gaze.
These images were further edited to remove hair and
ear information by superimposing an oval mask onto
the original image. All images were resized to 780
(width) x 1062 (height) pixels.
To minimize the potential inﬂuence of local adaption, face images were not presented from the same
spatial location in consecutive trials. As such, within
any one trial, a face image randomly appeared at
one of the eight screen locations such that the
centre of the image aligned with either the vertical,
horizontal, or diagonal meridian. Furthermore, each
image was presented 5° degrees in visual angle
from the centre of the screen.
The experiment was programmed using PsychoPy2
(Peirce et al., 2019) and run using an Alienware
AURORA R4 desktop computer. The stimuli were presented on a 60 cm × 34 cm LCD monitor with the resolution of 2560 × 1440 pixels at 75 Hz. With the
participant seated at an approximate viewing distance of 57 cm from the computer monitor, each
face image subtended to approximately 17° by 23°
in degrees of visual angle in the horizonal and vertical
dimensions respectively.

Design
Participants in this experiment also took part in Experiment 2, which took place at least 7 days apart. The
order of experiments was counterbalanced across
participants. All trials in each Experiment were separated into separate sessions, with each representing a
within-category set of stimuli or across-category set of
stimuli, and the order of the sessions was counterbalanced across participants. In the current experiment,
each of the sets of faces were shown in blocks of the
same-sex or mixed-sex of trials.
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A within-subject, fully-factorial design was adopted
with serial dependence and sex of the face (female,
male) as independent variables and attractiveness
ratings as the dependent variable.
For the within-category session of trials, each participant completed 240 trials, divided into 8 blocks
of 30 trials. The order of the trials within each block
was randomized across participants. All face stimuli
presented within one block were of the same sex.
Therefore, 4 blocks consisted of female faces only
and the other 4 consisted of male faces only. The
order of these blocks was counterbalanced across
participants ensuring that half of the participants
started the experiment with a block of trials of
female faces whilst the others started with a block
of trials of male faces. In all subsequent blocks, the
sex of the face shown was alternated. Each of the
60 face identities (30 female and 30 male) was rated
4 times by each participant. No single face identity
was presented more than once within the same block.
For the mixed-category session of trials, the total
number of trials was also 240 and the trials were also
divided into 8 blocks of 30 trials, faces pseudo-randomly
selected for each block from the 60 face identities.
Again, each of the 60 face identities was rated 4 times
by each participant across all blocks in this session.
Within each mixed-category block, half (i.e., 15) of the
trials presented female faces and half presented male
faces. The order of the trials was randomized such
that the face presented in any given trial could be of
the same or diﬀerent sex from that presented in the preceding trial. No single face identity was presented more
than once within the same block.

to 100 (0 = very unattractive; 100 = very attractive),
appeared at the centre of the screen and participants
were asked to rate the face they just saw based on its
perceived attractiveness. To provide their rating following the presentation of each face image, a
sliding scale appeared at the bottom of the screen
and participants used the computer mouse to
control the location of the indicator along the scale.
The indicator appeared at a diﬀerent random starting
point on the scale for each trial in order to minimize
motor response bias. Participants were advised to
respond as quickly as possible and to utilize the
whole scale. A trial was completed when the participant conﬁrmed the rating by clicking the box labelled
“Conﬁrm rating,” which appeared when the indicator
on the sliding scale had been moved. There was no
time limit provided for a response.

Procedure

Within-category faces session

The experiment took place in a darkened testing
room in the Institute of Neuroscience, Trinity
College Dublin. After giving informed written
consent, participants were seated at a table, in front
of a computer monitor and given verbal instructions
for the experiment. A single practice trial was performed to allow the participants to become familiar
with the trial structure. A trial began with the presentation of a white ﬁxation cross in the centre of a grey
background for a duration of 500 ms, upon which the
participants were asked to ﬁxate. Then, a face stimulus appeared for 300 ms. Immediately after the stimulus presentation, a sliding scale, which ranged from 0

Main analysis
Data from the blocks of male and female face images
were processed separately. First of all, for each participant, the median attractiveness ratings for each of the
male and female face blocks were calculated. Then,
the participant’s average attractiveness rating for
each of the individual 60 faces presented across the
session was derived. Based on these calculations,
the participant’s rating response to a given trial [t]
was binned into one of the two conditions depending
on average ratings to the face presented in the previous trial [t–1]: for each participant the average
rating given to the face presented in [t–1] was

Results
In the data analysis of this experiment (and those of
subsequent experiments), degrees of freedom were
corrected using the Green-Geisser method whenever
the assumption of sphericity was violated. Eﬀect sizes
were reported in terms of partial eta squared (h2p ) for
the main eﬀects of each independent variable and
their interaction(s) and Cohen’s d for mean diﬀerences, respectively. In order to quantify serial dependence, the calculation method used in Taubert and
Alais (2016) was adopted in all experiments.
The data of from each session of the experiment
(i.e., within-category or mixed-category sessions)
were analysed separately.
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either higher or lower than the median rating of all
faces presented within a block of trials (i.e., the corresponding block of male or female faces within which
the given trial was presented). The diﬀerence
between the average ratings of the two trial conditions (i.e., [t–1] >median and [t–1] <median) was
the serial dependence, [t–1] eﬀect.
The mean attractiveness ratings to a given trial for
each category of the face images (male or female) and
[t–1] attractiveness conditions, are shown in Figure 1.
A 2 × 2-repeated measure ANOVA was conducted
with the category of the face (male or female) and
the [t–1] attractiveness conditions (>or <median) condition as the within-subject factors. The results of this
analysis revealed a main eﬀect of attractiveness condition (F (1, 25) = 14.59, p = 0.001, h2p = 0.369): participants rated faces presented in a given trial as more
attractive when they were preceded by a face which
had a higher-than-median ([t–1] >median) rather
than lower-than-median ([t–1] <median) attractiveness rating. The main eﬀect of the category of the
face did not reach statistical signiﬁcance (F (1, 25) =
3.82, p = 0.062, h2p = 0.133), therefore the perceived
attractiveness of the female and male faces in this
experiment were similar (this was not surprising
given that the selected face stimuli were matched
according to the attractiveness ratings available on

Figure 1. Plot showing the mean attractiveness ratings in Experiment 1 for the within-category faces. The ratings are shown as a
function of both the category of the face images as male or
female and the attractiveness condition (i.e., whether the
ratings to the face shown in the previous trial were less than
or greater than the median). Error bars represent ± 1 standard
error of the mean. (*p < 0.05; **p < 0.01).

the Chicago face database). There was no interaction
between face category and condition (F (1, 25) =
0.134, p = 0.717, h2p = 0.005).
To determine whether the serial dependence eﬀect
sustained beyond a single trial interval, such eﬀects at
greater inter-trial positions of [t–2] and [t–3] were calculated using the same method described above (i.e.,
whether the average attractiveness of the face presented two trials or three trials back from the face in
the current trial [t] was greater than or less than the
participant’s median rating for that block of faces).
Separate 2 × 2 repeated measure ANOVAs were conducted (as described above) for each trial position.
For both analyses, neither of the [t–2] nor [t–3] main
eﬀects of attractiveness condition were signiﬁcant
([t–2]: F (1, 25) = 0.109, p = 0.744, h2p = 0.004; [t–3]:
F (1, 25) = 1.271, p = 0.27, h2p = 0.048). The category
of the face had no eﬀect on attractiveness ratings
([t–2] analysis: F (1, 25) = 3.24, p = 0.084, h2p = 0.115;
[t–3] analysis: F (1, 25) = 3.217, p = 0.085, h2p = 0.114).
Neither of the [t–2] nor [t–3] serial position interacted
with the category of the face (F (1, 25) = 0.008, p =
0.929, h2p < 0.0001; and F (1, 25) = 0.474, p = 0.497,
h2p = 0.019, respectively).
Further analysis on the eﬀect of the distance
between [t] and [t–1] on serial dependence
One of the characteristics of the serial dependence
eﬀects reported in previous studies was that its magnitude is systematically modulated by the distance
between the current and the previous stimuli (Cicchini et al., 2018; Fischer & Whitney, 2014; Kim et al.,
2019; Liberman et al., 2014). In order to ascertain
whether the serial dependence eﬀects found in the
current experiment were consistent with previous
ﬁndings, the data were further analysed using linear
mixed eﬀects modelling (LMM). The advantages of
LMM is that it can simultaneously account for
random variability at both the participant and stimulus levels, and that Type 1 error can be reduced as it is
not necessary to obtain group averages (Baayen et al.,
2008; Judd et al., 2012). The LMMs were ﬁtted by
maximum likelihood estimation in R using the lmer
programme in the lm4 library (Bates et al., 2015)
and subsequently tested for statistical signiﬁcance
using the lmerTest library (Kuznetsova et al., 2016).
The p values were estimated for the t-tests based on
the Satterthwaite’s method to approximate degrees
of freedom. Models were constructed with the
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random eﬀects structure being maximal (see Barr et
al., 2013). Therefore, the random intercepts and
slopes for the ﬁxed eﬀects within participants were
all included in the models unless non-convergence
was encountered. Model selection was based on the
Akaike Information Criterion (AIC).
To conduct this analysis, each participant’s mean
attractiveness rating for each face image was calculated by averaging the four ratings given in separate
blocks. The bias in the rating of a given trial was the
dependent variable and was deﬁned as the diﬀerence
between the rating provided to the current trial and
the mean attractiveness rating for all instances of
the face shown. Hence, a bias with a positive value
indicated that the face at a given trial was rated as
more attractive than average and a bias with a negative value meant the face was rated as less attractive
than average. The diﬀerence between successive
responses (i.e., ratings in [t] and [t–1]) and the mean
attractiveness of the preceding face were included
as ﬁxed eﬀects. Adding the sex of the face and its
interaction terms with the mean attractiveness and
rating diﬀerence signiﬁcantly improved model ﬁt
(χ 2(4) = 21.5, p = 0.000247) and so the sex of the face
was included in the analysis. The interaction term
between the rating distance and mean attractiveness
of the preceding face did not improve model ﬁt
(χ 2(1) = 1.39, p = 0.237) and so was not included in
the ﬁnal model. The result of the LMM (intercept:
β = −10.5, SE = 9.16, AIC = 43864) revealed a signiﬁcant main eﬀect of the mean attractiveness of the
face presented in the preceding trial (β = 0.262, SE =
0.0139, t (5101) = 18.9, p < 0.0001, C.I. = [0.234, 0.29]),
suggesting that a face image was rated as more
attractive than average when preceded by a more
attractive face. The main eﬀect of the diﬀerence
between successive responses was also signiﬁcant
(β = −0.256, SE = 0.00928, t (6028) = −27.6, p <
0.0001, C.I. = [−0.274, −0.238]). The bias in attractiveness rating was greater when the distance between
successive responses was closer. The main eﬀect of
the sex of the face did not reach statistical signiﬁcance
(β = −0.447, SE = 9.18, t (6010) = 0.049, p = 0.961,
C.I. = [−17.5, 18.4]), nor did it signiﬁcantly interact
with any other ﬁxed eﬀects (Rating distance:
β = 0.0115, SE = 0.013, t (6023) = 0.888, p = 0.374, C.I.
= [−0.0139, 0.037]; Mean attractiveness of preceding
face: β = 0.0218, SE = 0.0186, t (5982) = 1.17, p =
0.243, C.I. = [−0.0148, 0.0583]).
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Mixed-category faces session
Main analysis
Prior to the main analysis, the average attractiveness
ratings for each face identity given by all participants
were calculated and the average attractiveness
ratings of male and female faces was compared
using a paired samples t-test. There was no diﬀerence
in attractiveness ratings given across male and female
faces (male: M = 47.4, SD = 9.03; female: M = 49.8, SD
= 8.17; t (25) = 3.43, p = 0.12, Cohen’s d = 0.279),
which was not surprising given our face selection procedure. For the purpose of calculating the attractiveness conditions for each participant, only one median
rating across all faces (instead of one for female and
one for male faces) was calculated. Importantly,
whether the sex of the face diﬀered or not (same or
diﬀerent) between the current [t] and previous trial
(and up to three preceding trials) was included in subsequent analyses, rather than sex of the face per se
(i.e., female, male) as in the previous session.
The data were then processed in the same manner
as for the within-category faces session in which a
rating to a given face was binned into the two [t–1]
attractiveness conditions (i.e., [t–1] >median, [t–1] <
median). In order to ﬁnd out whether the [t–1] serial
dependence eﬀect depended on if the faces presented in the previous trial and the current trial
were of the same sex, the response ratings were
further binned accordingly. The average number of
trials in the same sex of face condition was 114 and
in the diﬀerent sex of face condition was 121. The
mean attractiveness ratings to each of the face category change (same, diﬀerent) and attractiveness
conditions of [t–1] are shown in Figure 2. A 2 × 2repeated measure ANOVA was conducted which
revealed a main eﬀect of attractiveness condition[F
(1, 25) = 23.05, p < 0.0001, h2p = 0.48]: faces were
rated as more attractive when the average rating to
the preceding face was greater than rather than
lower than the participant’s overall median attractiveness rating. The main eﬀect of face category change
(same or diﬀerent sex) between consecutive trials
on attractiveness did not reach statistical signiﬁcance
(F (1, 25) = 3.33, p = 0.08, h2p = 0.118). However, there
was a signiﬁcant interaction between attractiveness
condition and face category change (F (1, 25) = 9.67,
p = 0.005, h2p = 0.279) as shown in Figure 2. Post-hoc
pairwise comparisons (with Bonferroni correction)
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Figure 2. Plot showing the mean attractiveness ratings in Experiment 1 to the mixed-category session. Average ratings are
shown as a function of whether the sex the faces diﬀered
across trials (current [t] and previous [t–1]) and the attractiveness condition (mean ratings to face in [t–1] were either >or
<median rating), indicating serial dependence. Error bars represent ± 1 standard error of the mean. (***p < 0.001).

revealed a signiﬁcant serial dependence eﬀect only
when consecutive faces were of the same sex of
face category (mean diﬀerence = 5.25, p < 0.0001,
Cohen’s d = 0.646) but not when they were of
diﬀerent categories of sex of face (mean diﬀerence
= 0.702, p = 0.533, Cohen’s d = 0.0838).
A similar analysis was repeated for the [t–2] condition which was not signiﬁcant (F (1, 25) = 1.735, p =
0.2, h2p = 0.065). Face category change (same or
diﬀerent) again had no eﬀect on attractiveness
ratings (F (1, 25) = 0.505, p = 0.484, h2p = 0.02).
However, a signiﬁcant interaction between these
factors was found (F (1, 25) = 10.69, p = 0.003, h2p =
0.3). Post-hoc pairwise comparisons (with Bonferroni
correction) indicated the [t–2] eﬀect was signiﬁcant
only for trials in which the sex of the face was the
same across the [t] and [t–2] trials (mean diﬀerence =
2.72, p = 0.03) but not when it diﬀered (mean diﬀerence = −1.49, p = 0.064). Interestingly, the magnitude
of the [t–2] eﬀect when the faces were of the same
sex was not aﬀected by the sex of the face shown in
the intermediatory trial [t–1]; whether it was of the
same or diﬀerent sex resulted in a non-signiﬁcant diﬀerence across the two trial sequences (mean diﬀerence =
0.356, t (25) = 0.337, p = 0.739, Cohen’s d = 0.0672).
The ratings to the face presented 3 trials [t–3]
before a given face were also analysed using a 2 × 2

ANOVA but both the eﬀect of attractiveness condition
(F (1, 25) = 0.037, p = 0.848, h2p = 0.001) and face category change (F (1, 25) = 0.002, p = 0.967, h2p <
0.0001) failed to reach statistical signiﬁcance.
However, there was an interaction between [t–3]
attractiveness condition and face category change (F
(1, 25) = 8.564, p = 0.007, h2p = 0.255). Post-hoc pairwise comparisons (with Bonferroni correction)
showed that the [t–3] serial dependence eﬀect was
signiﬁcant when the sex of the face presented in the
current trial was the same as that presented in the
[t–3] trial (mean diﬀerence = 1.899, p = 0.012). Conversely, when the sex of the faces diﬀered between the
current and [t–3] trials, the serial dependence eﬀect
was also signiﬁcant but in the opposite direction
(mean diﬀerence = −2.06, p = 0.028), hence a contrast,
rather than assimilative eﬀect was observed. The
results of two paired-samples t-test showed that
whether sex of the face in the intermediate trials
was the same or diﬀerent to the comparison trials
[t–3 or t] had no eﬀect on serial dependence (mean
diﬀerence = 1.32, t (25) = 1.14, p = 0.264, Cohen’s d =
0.291) or contrast eﬀects (mean diﬀerence = 2.18, t
(25) = 1.14, p = 0.084, Cohen’s d = 0.39) respectively.
Furthermore, using paired-samples t-tests, we
compared the magnitude of the serial dependence
eﬀect depending on the position of the comparison
trial [t–1], [t–2] and [t–3] to trials in which a face
were from the same sex category (e.g., the face presented in [t] was sex-matched with that presented
in [t–1] for the [t–1] eﬀect, etc.), as well as to those
in which a face were from the diﬀerent sex category.
For the same sex of face trials, the [t–1] eﬀect was signiﬁcantly larger than either the [t–2] (mean diﬀerence
= 2.53, t (25) = 3.28, p = 0.003, Cohen’s d = 0.619) or [t–
3] eﬀects (mean diﬀerence = 3.35, t (25) = 4.60, p <
0.0001, Cohen’s d = 0.888). The magnitudes of the
[t–2] and [t–3] eﬀects did not diﬀer signiﬁcantly
(mean diﬀerence = 0.825, t (25) = 0.913, p = 0.37,
Cohen’s d = 0.211). For the diﬀerent sex of face
trials, the [t–1] eﬀect was signiﬁcantly larger than
either the [t–2] (mean diﬀerence = 2.19, t (25) = 2.34,
p = 0.027, Cohen’s d = 0.449) or [t–3] eﬀects, which
was a contrast eﬀect (mean diﬀerence = 2.77, t (25)
= 2.98, p = 0.006, Cohen’s d = 0.54). The magnitudes
of the [t–2] and [t–3] eﬀects did not diﬀer signiﬁcantly
from each other (mean diﬀerence = 0.578, t (25) =
0.89, p = 0.382, Cohen’s d = 0.137). These inter-trial
diﬀerences are shown in Figure 3.
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Further analysis on the eﬀect of the distance
between [t] and [t–1] on serial dependence
A similar LMM procedure to that described in the
within-category faces analysis was used to analyse
serial dependence as a function of the diﬀerence in
rating responses between successive trials and the
mean attractiveness of the face in the preceding
trial, with face category change between successive
trials as an additional categorical ﬁxed eﬀect. The
best model (intercept: β = 0.046, SE = 0.103, AIC =
39918) revealed signiﬁcant main eﬀects of both the
diﬀerence in rating responses between successive
faces (β = −0.512, SE = 0.011, t (6136) = −46.7, p <
0.0001, C.I. = [−0.534, −0.491]) and the mean attractiveness of the preceding face (β = 0.534, SE =
0.0113, t (6136) = 47.1, p < 0.0001, C.I. = [0.512,
0.557]). Faces were rated as more attractive when preceded by an attractive face and the magnitude of the
bias was greatest when the diﬀerence in the rating
response between the current and the preceding
trial was small. The main eﬀect of change in face
sex category between successive trials was not signiﬁcant (β = 0.194, SE = 0.16, t (6136) = 1.21, p = 0.225,
C.I. = [−0.119, 0.507]). However, the change in face
sex category signiﬁcantly interacted with both the
diﬀerence in rating responses (β = −0.512, SE =
0.011, t (6136) = −46.7, p < 0.0001, C.I. = [−0.534,
−0.491]) and the mean attractiveness of the preceding face (β = 0.534, SE = 0.0113, t (6136) = 47.1, p <

Figure 3. Plot showing the magnitude of the serial dependence
eﬀect for each of the inter-trial positions [t–n] of faces presented
in Experiment 1 from the same-sex of face and diﬀerent-sex of
face trials.
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0.0001, C.I. = [0.512, 0.557]). Post-hoc analyses were
conducted using the “emtrends” function in the
emmeans library to compare the eﬀects of diﬀerence
in rating response between successive trials and the
mean attractiveness of the preceding face when the
faces were of the same sex than when it diﬀered.
The results revealed that those eﬀects were signiﬁcantly stronger in trials when the face sex category
was the same as in the preceding trial (Distance in
successive ratings: Contrast estimate = −0.0343, SE =
0.0157, z = −2.188, p = 0.0287; mean attractiveness
of preceding face: Contrast estimate = 0.0432, SE =
0.0161, z = 2.68, p = 0.0074).

Discussion
The ﬁndings from Experiment 1 show that the perceived attractiveness of a face was biased towards
the attractiveness of the face viewed in the previous
trial and are consistent with those of previous
studies (Kondo et al., 2012, 2013; Kramer et al., 2013;
Taubert & Alais, 2016; Xia et al., 2016). This serial
dependency eﬀect was found for female and male
faces when the category of the sex of the face did
not change across trials, even when all trials in a
block presented faces from within the same category
or mixed. However, in contrast to the [t–1] eﬀect, a
larger inter-trial distance between the previous (i.e.,
[t–2] or [t–3]) and current [t] trial did not aﬀect attractiveness ratings in the within-category session of
testing, suggesting that the inﬂuence on attractiveness ratings by previous trials was transient and by
immediately preceding trial only. This ﬁnding is somewhat in contrast with previous studies on serial
dependence which found that the response given
to a stimulus in the current trial was aﬀect by
stimuli presented a number of trials back, even up
to 12 s prior to the present stimulus (Liberman
et al., 2018; Suárez-Pinilla et al., 2018; Taubert &
Alais, 2016; Taubert & Alais, 2016). The average reaction time of the participants in the current experiment
was 2.47 s (SD = 1.18 s), which was well within the
time range whereby a [t–2] serial dependence was
possible. It is not clear why our results suggest a
limited eﬀect of serial dependency on attractiveness
judgements of faces.
The result from the mixed category of faces, that
serial dependence was found only in trials where
the current face stimulus and the preceding face
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stimulus belonged to the same category of the sex of
the face, replicates previous ﬁndings: Kondo et al.
(2013) and Kramer et al. (2013) showed that the
serial dependence eﬀect was weakened if the faces
presented in consecutive trials diﬀered in sex. Interestingly, in this session only, signiﬁcant [t–2] and [t–
3] serial dependence eﬀects were also found,
although again only in trials where the sex of faces
in [t] was the same as that in [t–2] and [t–3]
respectively.
The results of the additional analyses conducted
using LMM were consistent with the results of the
main analyses for both the within and mixed category
conditions: the bias in the attractiveness rating compared to the mean attractiveness of a given face
depended on the attractiveness of the preceding
face, especially when the successive faces were from
the same sex category, with more attractive rating
provided to face images which followed an attractive
face. Furthermore, the magnitude of this bias was
greater when the diﬀerence in rating responses
between the current and preceding trials was small.
This is consistent with ﬁndings in previous studies
on serial dependence (Cicchini et al., 2018; Fischer &
Whitney, 2014; Kim et al., 2019; Liberman et al., 2014).
It is not clear why the serial dependence eﬀect was
more robust to trial position when the sex of the face
was unchanged from one trial to the next only when
all faces were presented in a block of mixed-category
trials but not when presented in a block of within-category trials. We did observe, however, that participants’ average reaction times were shorter to trials
in the mixed category session (M = 1.97, SD = 0.59)
than trials in the within-category session.2 This
shorter time frame in the mixed-category session
may have facilitated serial dependence beyond [t–1]
in the mixed-category session. However, the serial
eﬀect was not consistent over larger inter-trial distances, as a [t–3] contrast eﬀect was found when
the sex of the face diﬀered from that in the current
trial. This weakening of serial dependence and the
emergence of contrast eﬀects from faces presented
further back in trial history is consistent with previous
reports. For example, Suárez-Pinilla et al. (2018) found
that both serial dependence and serial contrast could
occur within diﬀerent time frames, with dependence
driven by more recent exposure whereas a contrast
eﬀect appears to reduce over longer intervals. The
results of the paired-samples t-tests showed that in

the mixed-category session for both the same-sex
and diﬀerent-sex face trials, the magnitudes of the
serial eﬀects diﬀered depending on inter-trial distance. The positive serial eﬀects found in the trials
presenting faces from the same sex decreased with
inter-trial distance. Even though for the trials, there
was nearly no serial eﬀect at [t–1] and the contrast
eﬀect at [t–2] was non-signiﬁcant, it also appeared
that the magnitude of the contrast eﬀect increased
with inter-trial distance. These ﬁndings suggest the
existence of two opposing mechanisms of serial bias
depending on the category membership of stimuli
in successive trials. It is also likely that these eﬀects
operate at diﬀerent timescales.

Experiment 2
The aim of the current Experiment was twofold. The
ﬁrst objective was to test whether serial dependence
extends to aesthetic judgements of a category of
stimuli beyond faces, such as those of scenes. Faces
represent a category of stimuli with which we are
expert at perceiving (Young & Bruce 2011) and are
generally considered as a perceptual category with
unique underlying neural architectures (Haxby et al.,
1996; Haxby et al., 2000; Kanwisher, 2000). Moreover,
faces are high in inter-stimulus similarity (e.g., the
conﬁguration of eyes, nose, and mouth, the general
appearance of human skin, etc.), rendering the recognition of individuals as an expert perceptual skill
(Pegors, Kable, et al., 2004). Finally, aesthetic evaluations of faces are often underpinned by social motivations such as ﬁnding a mate (Fink & Penton-Voak,
2002). Accordingly, it may be possible that serial
dependence in aesthetic judgements manifests in a
domain-speciﬁc manner, as a consequence of the
neural and cognitive proﬁle of each category.
Scenes have been identiﬁed as a distinct perceptual
category, with unique neural substrates (Epstein,
2005) and cognitive abilities (Epstein et al., 2005;
Henderson & Hollingworth, 1999). Consequently, we
decided to use images of scenes, speciﬁcally architectural spaces (buildings), as stimuli to test for the generalization of serial dependence. Although images of
architectural spaces share some global properties
(e.g., building shape, presence of windows and
doors and their conﬁguration) the inter-stimulus similarity might be considered as less regular than that of
faces, at least when considering local features (e.g.,
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presence of diﬀerent objects and materials). If the
serial dependence eﬀects observed in Experiment 1
were determined mainly by inter-stimulus similarity
at a perceptual level then, a weaker, if not absent,
serial dependence might be predicted in the aesthetic
ratings of scenes of built environments. On the other
hand, if serial dependence also operated beyond the
perceptual level, serial dependence may also manifest
in the aesthetic evaluation of diﬀerent scenes.
The second aim of this experiment was to investigate whether serial dependence in aesthetic judgements of scenes was sensitive to the change of
scene category. To that end we included two sub-categories of architectural spaces, indoor and outdoor.
The ﬁndings from Experiment 1 demonstrated that
a change in the sex of faces between consecutive
trials substantially weakened serial dependence.
Based on this result, it was predicted that a change
in scene sub-category from indoor to outdoor might
also disrupt serial dependence.

apparatus used in the current experiment was identical to that used in previous experiments.
We calculated some image statistics properties of
the stimuli used in the current study including selfsimilarity, complexity and anisotropy of luminance
gradients using the Pyramid of Histograms of Orientation Gradients (PHOG) method (Bosch et al., 2007;
Braun et al., 2013; Dalal & Triggs, 2005; Redies et al.,
2012). These image properties have been found to
be associated with aesthetic judgements of a variety
of images including architecture, faces and artwork
(Braun et al., 2013; Menzel et al., 2015; Redies et al.,
2012). We found that there were categorical diﬀerences between the images of indoor and outdoor
scenes in all three image properties (self-similarity:
mean diﬀerence = 0.111, SE = 0.208, t (56.3) = 5.33,
p < 0.0001, Cohen’s d = 1.38; complexity: mean diﬀerence = 4.16, SE = 0.896, t (52.6) = 4.65, p < 0.0001,
Cohen’s d = 1.20; anisotropy: mean diﬀerence =
0.000905, SE = 0.0003958, t (57.7) = 2.29, p = 0.026,
Cohen’s d = 0.596).

Method

Design and procedure

Participants

Similar to Experiment 1, a within-subject, fully factorial design was conducted with attractiveness condition ([t–1] <or >median) and scene type (indoor,
outdoor) as independent variables and the attractiveness ratings as the dependent variable. The experiment, consisted of two session: a within-category
session in which one scene type was presented in
each block of trials, and a mixed-category session in
which a mix of scene types was presented within a
block of trials. The order of the two sessions was counterbalanced across participants.
In the within-category session, each participant
completed 8 blocks of 30 trials, and block order was
counterbalanced across participants. Within each
block, the images presented across trials were of the
same scene type (indoor or outdoor) and the order
of the trials was randomized across participants.
Across all trials in this session, each of the 60
images was rated 4 times.
For the mixed-category session, each participant
completed 8 blocks of 30 trials, with block order counterbalanced and trial order randomized within each
block. Images of both indoor and outdoor scenes
were presented within each block, with equal
number of trials in each category.

The same participants who took part in Experiments 1
also completed this experiment.

Stimulus and apparatus
The stimuli consisted of 60 colour images of scenes of
built environments. Thirty of these were images of
interior spaces (e.g., bedroom, living room, kitchen)
and were obtained, with permission, from the stimulus set used in the Vartanian et al. (2013) study and
randomly chosen from their sub-categories of curvilinear or rectilinear indoor scenes (i.e., 15 images
from each category). The other 30 images were
scenes of building exteriors obtained from the Internet. Similar criteria were used in the selection of
outdoor scene images to those of the indoor scene
images such that the images did not include people
or other irrelevant objects such as vehicles. All
images of outdoor scenes were cropped so that the
building of interest occupied between 60% and 70%
of the total image area.3 All the set of 60 scene
stimuli were scaled and resized to the range of
between 550 × 800 pixels and 650 × 800 pixels. The
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The experimental procedure was the same as
described in Experiment 1 with the exception that
the scene images in the current study were presented
in the centre of the screen rather than appearing at
diﬀerent locations since location adaptation that
face stimuli could cause was not an issue for the
more heterogeneous scene images (Rieke & Rudd,
2009). In this experiment, participants were instructed
to rate each image on the attractiveness of the scene.

Results
Within-category scene session
Main analysis
As in Experiment 1, each participant’s median rating
was ﬁrst calculated for each of the scene types. The
average rating of the stimulus in the preceding trial
(i.e., [t–1]) was then compared with the corresponding
median value for that category in each block and [t–1]
ratings were categorized as either above or below the
median. The mean attractiveness ratings to the scene
shown in a given trial [t] in a within-category session
are shown in Figure 4. A 2 × 2 repeated measures
ANOVA was performed with attractiveness condition
([t–1] <median, [t–1] >median) and scene type
(indoor, outdoor) as within-subject factors. The
results revealed a signiﬁcant main eﬀect of attractiveness condition (F (1, 25) = 14.9, p = 0.001, h2p = 0.373).
Scene type had no eﬀect on attractiveness ratings (F
(1, 25) = 0.013, p = 0.91, h2p = 0.013) and there was no
evidence for an interaction between factors (F (1,
25) = 1.02, p = 0.322, h2p = 0.039).
To test whether the attractiveness ratings were
aﬀected by larger inter-trial distance, the same analysis described above was repeated to test for the [t–2]
and [t–3] eﬀects respectively. The results showed an
absence of the [t–2] eﬀect (F (1, 25) = 0.505, p =
0.484, h2p = 0.02). However, a signiﬁcant [t–3] contrast
eﬀect was found (F (1, 25) = 8.41, p = 0.008, h2p =
0.252), such that participants gave a lower rating to
the scene presented in a given trial [t] when the
average attractiveness of the scene in the [t–3] trial
was higher than the median rating ([t–3] >median).
Scene type had no eﬀect on attractiveness ratings
for either the [t–2] (F (1, 25) = 0.124, p = 0.728, h2p =
0.005) or [t–3] trial positions (F (1, 25) = 0.167, p =
0.686, h2p = 0.007). Moreover, scene type did it interact
with attractiveness condition for the [t–2] (F (1, 25) =

Figure 4. Plot showing the mean attractiveness ratings in the
within-category session of Experiment 2. Ratings are plotted
as a function of attractiveness condition of the [t–1] trial, indicating serial dependence, and scene category. Error bars represent
± 1 standard error of the mean. (*p < 0.05; ***p < 0.001).

0.956, p = 0.338, h2p = 0.037) or the [t–3] trial positions
(F (1, 25) = 4.17, p = 0.052, h2p = 0.143).

Further analysis on the eﬀect of the distance
between [t] and [t–1] on serial dependence
The data were further analysed using LMM as
described in Experiment 1 such that serial dependence was quantiﬁed as a bias from mean attractiveness as a function of the diﬀerence in the rating
responses between successive trials and the mean
attractiveness across all versions of the preceding
stimulus. Scene type was included as a categorical
ﬁxed eﬀect since it signiﬁcantly improved model ﬁt
(χ 2(3) = 36.04, p < 0.0001). The resultant model (intercept: β = −9.63, SE = 0.638, AIC = 42385) revealed signiﬁcant main eﬀects of both the diﬀerence in
ratings between successive trials (β = −0.1, SE =
0.00658, t (6013) = −15.2, p < 0.0001, C.I. = [−0.113,
−0.087]) and the mean attractiveness of preceding
scene (β = 0.161, SE = 0.00922, t (5655) = 17.4, p <
0.0001, C.I. = [0.142, 0.179]). A scene was rated as
more attractive than average when preceded by a
scene with higher mean attractiveness. The magnitude of this bias was modulated by the diﬀerence in
ratings between the current and the preceding
trials. The main eﬀect of scene type did not reach statistical signiﬁcance (β = 0.035, SE = 0.178, t (5929) =
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0.197, p = 0.844, C.I. = [−0.314, 0.384]). No other interactions were signiﬁcant.
Mixed-category scene session
Main analysis
A preliminary analysis was ﬁrst conducted to investigate the eﬀect of scene type on attractiveness
ratings. The results of a paired-sample t-test
suggested no diﬀerence in ratings between outdoor
(M = 59.3, SD = 11.2) and indoor (M = 59.3, SD = 9.29)
scenes (t (25) = 0.572, p = 0.573, Cohen’s d = 0.0999).
Therefore, scene type was not included as a separate
factor in the following analyses, although a change in
scene type between consecutive trials (i.e., same,
diﬀerent category) was included. Accordingly, a
single median rating (instead of one for each scene
type) was calculated across ratings to all 60 images
for each participant for the purpose of calculating
the serial dependence eﬀects.
In order to investigate whether serial dependence
in aesthetic judgements of built environments is
aﬀected by a change in scene type, the ratings in
each [t–1] conditions (i.e., [t–1] <median and [t–1]
>median) were binned into two further groups in
which the scene of the current trial [t] was from the
same or diﬀerent scene category as the preceding
trial [t–1]. The average number of trials in same-category scene condition was 114 and that in the
diﬀerent-category scene condition was 121. A 2 × 2
repeated measures ANOVA was then performed
with
the
attractiveness
condition
([t–1]
>or <median) and change in scene type (same or
diﬀerent) as within-subject factors (see Figure 5). A
main eﬀect of attractiveness condition was revealed
(F (1, 25) = 29.2, p < 0.0001, h2p = 0.538). An outdoor
or indoor scene was rated as more attractive when
it was presented after a scene in [t–1] that was rated
as higher than the median score. The change in
scene type had no eﬀect on the ratings (F (1, 25) =
0.017, p = 0.896, h2p = 0.001) nor did scene type interact with attractiveness condition (F (1, 25) = 0.122,
p = 0.73, h2p = 0.005). In other words, the magnitude
of the [t–1] eﬀect was not aﬀected by a change in
scene type in the mixed category session.
We also tested whether the attractiveness ratings
were aﬀected by a larger inter-trial distance. These
further analyses were conducted using the same
method described previously, namely a 2 × 2 repeated

Figure 5. Plot showing the mean attractiveness ratings to
scenes presented in the mixed-category block of Experiment
2. The mean ratings are plotted as a function of attractiveness
condition for the [t–1] position, indicating serial dependence,
and scene category diﬀerence between the current [t] and [t–
1] trial. Error bars represent ± 1 standard error of the mean.
(*p < 0.05; **p < 0.01).

measures ANOVA, which revealed a signiﬁcant eﬀect of
attractiveness condition for the [t–2] (F (1, 25) = 5.18, p
= 0.032, h2p = 0.172) but not the [t–3] trial position (F (1,
25) = 0.051, p = 0.823, h2p = 0.002). There was no evidence for an eﬀect of a change in scene type
between the [t] and the [t–2] trials, (F (1, 25) = 0.053,
p = 0.82, h2p = 0.002), nor the [t–3] trials (F (1, 25) =
0.004, p = 0.952, h2p < 0.0001). There was also no evidence for an interaction between attractiveness condition and scene type change for the [t–2] (F (1, 25)
= 0.468, p = 0.5, h2p = 0.018) nor [t–3] (F (1, 25) = 2.43,
p = 0.132, h2p = 0.089) trial positions.
Finally, using paired-samples t-tests we compared
the average magnitudes of the [t–1] and [t–2]
eﬀects, which were 3.04 (SD = 5.29) and 1.64 (SD =
6.48) respectively (see Figure 6). The results indicated
that this diﬀerence was not statistically signiﬁcant
(t (51) = 1.18, p = 0.244, Cohen’s d = 0.237).

Further analysis on the eﬀect of the distance
between [t] and [t–1] on serial dependence
LMM analysis was conducted as described previously
with the bias from mean attractiveness of a given
scene as dependent variable, the diﬀerence in
ratings between successive trials and the mean attractiveness of preceding trial as continuous ﬁxed eﬀects.
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Figure 6. Plot showing the magnitude of the serial dependence
eﬀect across each of the trial positions [t–1; t–2 and t–3] of
scenes presented in the mixed-category session of Experiment
2. Note that the [t−3] eﬀect was not signiﬁcant in this
experiment.

The change in scene type between successive trials
(same, diﬀerent) was included as an additional categorical ﬁxed eﬀect. The resultant model (intercept: β =
−0.15, SE = 0.769, AIC = 43792) revealed signiﬁcant
main eﬀects of both the diﬀerence in ratings
between successive trials (β = −0.235, SE = 0.00839, t
(6133) = −28.0, p < 0.0001, C.I. = [−0.251, −0.218]) and
the mean attractiveness of the scene in the preceding
trial (β = 0.308, SE = 0.00128, t (5895) = 24.0, p < 0.0001,
C.I. = [0.282, 0.333]). A scene was rated as more attractive than average when preceded by a scene with
higher mean attractiveness. The magnitude of this
bias was modulated by the diﬀerence in ratings
between the current and the preceding trials. The
main eﬀect of the change in scene type between successive trials did not reach statistical signiﬁcance (β =
1.03, SE = 0.820, t (6111) = 1.26, p = 0.208, C.I. =
[−0.573, 2.64]). There was no interaction between the
change in scene type and the diﬀerence in ratings
between successive trials (β = −0.0196, SE = 0.0119, t
(6112) = −1.65, p = 0.0981, C.I. = [−0.0429, 0.00364]),
nor between the change in scene type and the mean
attractiveness rating to the scene presented in the preceding trial (β = −0.0205, SE = 0.0163, t (6111) = −1.26,
p = 0.209, C.I. = [−0.0523, 0.0114]).

Discussion
Consistent with the results of the previous experiment using faces, a [t–1] serial dependence eﬀect
was found in aesthetic judgments of both indoor

and outdoor scenes of buildings. This serial dependence extended beyond [t–1] as a signiﬁcant [t–2]
eﬀect was also found. Moreover, and contrary to the
prediction based on results of Experiment 1, we
found no evidence for an eﬀect of scene category:
the magnitude of serial dependence was unaﬀected
by whether the scene was shown within the same category of scenes or in a mixed block of scenes. That is,
the attractiveness rating provided to a given trial was
aﬀected by the aesthetic judgement given to the previous trial, whether the consecutive scenes belonged
to the same or diﬀerent categories (i.e., indoor or
outdoor). The results of the linear mixed models
conﬁrmed those found in the main analyses using a
repeated measures ANOVA.
The ﬁnding of a robust eﬀect of serial dependence
for the stimuli used in the current study is somewhat
surprising given that the scene images were irregular
in terms of their visual properties. For instance, the
outdoor images depicted buildings of diﬀerent
window sizes, heights and colours whereas the
indoor scene images included a variety of architectural spaces of diﬀerent functions (e.g., kitchen,
living room). As mentioned in the method section,
the indoor and outdoor scenes diﬀered signiﬁcantly
in three image statistics properties (i.e., self-similarity,
complexity and anisotropy). If the serial eﬀects can be
attributed to low-level image-based assimilation, such
diﬀerences in image properties between indoor and
outdoor scenes should attenuate this bias. Therefore,
it is unlikely that the serial dependence observed in
this experiment was merely due to low-level perceptual similarities with the preceding scene. This
ﬁnding thus supports other evidence that serial
dependence operates beyond the processing of
simple features (Alais et al., 2017; Fischer & Whitney,
2014; Manassi et al., 2018), more likely at higher
levels of perception relating to recognition (Liberman
et al., 2018; Manassi et al., 2017).
One possible explanation for the absence of scene
category eﬀect on serial dependence in this experiment
could be that, although indoor and outdoor scenes
possess diﬀerent visual and perceptual properties
(Oliva & Schyns, 2000; Torralba & Oliva, 2003), the mechanisms underlying the aesthetic evaluation of scenes
might not require access to these sub-categories. For
example, it is possible that the serial dependence in aesthetic evaluations of scenes found here reﬂects an
assimilation of aesthetic judgements formed at a level
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of scene “gist perception” and before further semantic
analysis of scene category (Mullin et al., 2017).
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images of indoor scenes used in Experiment 2. The
apparatus used in this experiment was the same as
that described in the previous experiments.

Experiment 3
In Experiment 1, serial dependence in facial attractiveness ratings were sensitive to changes in category
membership (i.e., the sex of the face) across trials,
suggesting that serial dependence operates beyond
the lowest-level processing of facial features in face
perception (Bruce & Young, 1986; Haxby et al.,
2002). On the other hand, serial dependence in attractiveness ratings of scenes occurred regardless of
changes in scene category (indoor or outdoor)
between trials (Experiment 2), which suggests an
early assimilation of aesthetic responses prior to
semantic categorization of scenes. The aim of Experiment 3 was to reconcile these ﬁndings and to further
extend the investigation into the perceptual limits of
the serial dependency eﬀect within and across categories. To that end, participants were required to
provide ratings of their aesthetic judgements to a mix
of faces and scenes. Since the cross-category eﬀect of
interest here was between faces and scenes (not
between subcategories of face and scene type), only
female faces and indoor scenes were used. A prediction
based on the results of Experiment 1 was that serial
dependence would occur only if the stimuli in the
current and preceding trials belonged to the same perceptual category. Conversely, an early assimilation of
aesthetic responses would result in a serial dependence
eﬀect regardless of stimulus category.

Design and procedure
The design of the current experiment was similar to
that in previous Experiments with some exceptions.
This experiment consisted of 4 blocks of 60 trials
each, and block order was counterbalanced across
participants. Each block presented a mix of face and
scene images across trials. Trials were presented in a
randomized order across participants. The procedure
and trial structure were the same as described in previous experiments except here all images were presented in the centre of the screen. In each trial, the
participants were instructed to rate their perceived
attractiveness of the viewed face or scene.

Results
Prior to the main analysis, the average attractiveness
ratings to the faces and scene images were calculated
for each participant. The results of a paired-sample ttest showed that there was no signiﬁcant diﬀerence in
ratings provided across the face (M = 50.5, SD = 10.4)
and scene (M = 52.4, SD = 11.0) (t (14) = 0.392, p =
0.701, Cohen’s d = 0.179) categories. Therefore, for
the purpose of further analyses, only the change in
stimulus category (same, diﬀerent) but not the stimulus
category per se (face, scene) was included as a factor. A
single median rating was calculated for all 60 images
(scenes and faces) for each participant for the
purpose of calculating the serial dependence eﬀects.

Method
Participants

The [t–1] eﬀect
4

Fifteen participants (11 females; mean age = 28.3
years, SD = 7.47) from the student and staﬀ population at Trinity College Dublin participated in the
current experiment. All were naïve to the purpose of
the study and none took part in the previous experiments. They all gave informed, written consent
prior to conducting the experiment.

Stimulus and apparatus
The stimuli set of this experiment consisted of the 30
images of female faces used in Experiment 1, and 30

Similar to the data processing described in Experiments 1 and 2, the ratings to a given trial [t], were
binned according to whether the average rating of
the stimulus in the preceding trial [t–1] was smaller
or larger than the median rating overall. Participants
ratings’ were also assigned according to whether
the stimulus category in [t] was the same or
diﬀerent to that in [t–1]. The average number of
trials in same category condition was 66 and that in
the diﬀerent category condition was 70. The data
were then analysed using a 2 × 2 repeated measures
ANOVA with the [t–1] attractiveness condition ([t–
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1] <median, [t–1] >median) and the change in stimulus category (same, diﬀerent) as within-subject
factors.
The mean ratings to each of the category changes
as a function of the attractiveness condition is shown
in Figure 7. The results revealed a signiﬁcant main
eﬀect of category change (F (1, 14) = 9.05, p = 0.009,
h2p = 0.393): participants ratings of a stimulus (regardless of whether it was a face or a scene) was aﬀected
only if the stimulus presented in the preceding trial
was of the same category. The main eﬀect of attractiveness condition was not signiﬁcant (F (1, 14) =
2.02, p = 0.177, h2p = 0.126). However, a signiﬁcant
interaction between attractiveness condition and category change was found (F (1, 14) = 18.6, p = 0.001, h2p
= 0.571), as shown in Figure 7. Post-hoc pairwise comparisons (with Bonferroni correction) indicated a
diﬀerence in attractiveness condition, with higher
attractiveness ratings to trial [t] when [t–1] >median
and lower when [t–1] <median ratings, but only
when these trials presented stimuli from the same
category (mean diﬀerence = 10.7, p < 0.0001).
However, a serial contrast eﬀect was found when
the consecutive trials displayed stimuli from
diﬀerent categories (mean diﬀerence = −7.93, p =
0.005). In other words, attractiveness ratings to trial
[t] were lower if preceded by a trial [t–1] in which a

Figure 7. Plot showing the mean attractiveness ratings to the
mixed category stimuli (faces and scenes) presented in Experiment 3. The mean ratings are plotted as a function of attractiveness condition and scene category diﬀerence between the
current [t] and [t–1] trial. Error bars represent ± 1 standard
error of the mean. (**p < 0.01; ***p < 0.001)

diﬀerent category stimulus with ratings above the
median, and vice versa.
Further analyses of larger inter-trial distances using
the same method described in previous experiments
showed no evidence for an eﬀect of attractiveness
condition for [t–2] (F(1, 14) = 1.22, p = 0.289, h2p =
0.08) or [t–3] (F(1, 14) = 1.46, p = 0.247, h2p = 0.094)
positions nor for an eﬀect of change in stimulus category ([t–2]: F(1, 14) = 1.54, p = 0.235, h2p = 0.099; [t–
3]: F(1, 14) = 0.392, p = 0.542, h2p = 0.027) beyond [t–
1]. However, there was a signiﬁcant interaction
between the [t–2] attractiveness condition and category change (F (1, 14) = 10.7, p = 0.006, h2p = 0.432).
Post-hoc pairwise comparisons (with Bonferroni correction) showed that [t–2] attractiveness condition
(>or <median) signiﬁcantly aﬀected the ratings to
the current trial [t] when stimuli were from the
same category (mean diﬀerence = 7.68, p = 0.01), but
not from a diﬀerent category (mean diﬀerence =
−2.81, p = 0.344). The interaction between the [t–3]
attractiveness condition and category change was
not signiﬁcant (F (1, 14) = 0.648, p = 0.434, h2p = 0.044).
Figure 8 illustrates the eﬀect of the attractiveness
condition (<or >median) for each of the trial positions
[t–1], [t–2] and [t–3] preceding the current trial [t]. The
average magnitude of the [t–1] eﬀect of attractiveness condition was signiﬁcantly higher than that in
[t–2] (mean diﬀerence = 4.14, t (14) = 2.73, p = 0.016;
Cohen’s d = 0.438).

Figure 8. Plot showing the magnitudes of the serial dependence eﬀect across each of the [t–n] trial positions in Experiment
3. Note that there was no evidence for serial dependency to [t–
3] trial position.
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Further analysis on the eﬀect of the distance
between [t] and [t–1] on serial dependence
The data was further analysed with LMM analysis as
described in Experiments 1 and 2 with the bias from
mean attractiveness of a given face or scene as
dependent variable, the diﬀerence in ratings
between successive trials and the mean attractiveness
of preceding face or scene as continuous ﬁxed eﬀects.
The change in stimulus category between successive
trials (same, diﬀerent) was included as an additional
categorical ﬁxed eﬀect. The resultant model (intercept: β = −4.99, SE = 0.740, AIC = 25247) showed signiﬁcant main eﬀects of both the diﬀerence in
ratings between successive trials (β = −1.71, SE =
0.00799, t (3482) = −21.4, p < 0.0001, C.I. = [−0.187,
−0.155]) and the mean attractiveness of preceding
scene (β = 0.0881, SE = 0.0138, t (3220) = 6.41, p <
0.0001, C.I. = [0.0605, 0.116]). Unlike in the main analysis using repeated measures ANOVA, these results of
LMM suggested an overall signiﬁcant eﬀect of serial
dependence as a stimulus was rated as more attractive than average when preceded by one which
received a higher mean attractiveness rating. The
magnitude of this bias was modulated by the diﬀerence in ratings between the current and the preceding trials. The closer the distance in ratings between
successive trials, the larger the bias in the attractiveness rating from the mean. However, the main
eﬀect of the change in stimulus category between
successive trials was signiﬁcant (β = −7.87, SE =
0.967, t (3537) = −8.13, p < 0.0001, C.I. = [−9.76,
−5.97]). Post hoc pairwise comparison with Bonferroni correction was conducted, and the results
showed a signiﬁcant diﬀerence in the magnitude of
the bias between the two category conditions (leastsquares mean diﬀerence = −0.95; SE = 0.287, z =
−3.31, p = 0.0009). For trials in which the stimuli
were of the same category as shown in the preceding
trial (i.e., both faces or both scenes), the current rating
was higher than average (a positive bias) when the
preceding stimulus was relatively attractive (leastsquare mean = 0.47, SE = 0.271); whilst for trials in
which there was a change in stimulus category, a relatively attractive stimulus led to a negative bias in the
current trial (least-square mean = −0.48, SE = 0.268).
There was a signiﬁcant interaction between the
change in stimulus category and the diﬀerence in
ratings between successive trials (β = 0.139, SE =
0.0129, t (3536) = 10.7, p < 0.0001, C.I. = [0.113,
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0.164]). The eﬀect of diﬀerence in rating responses
between successive trials was stronger for trials in
which the stimuli were of the same category as that
in the preceding trial, compared to the mixed-category trials (Estimate diﬀerence = 0.139, SE = 0.0129,
z = 10.7, p < 0.0001).
The interaction between the change in stimulus
category and the mean attractiveness in preceding
trial was also signiﬁcant (β = 0.173, SE = 0.0181, t
(3538) = 9.56, p < 0.0001, C.I. = [0.138, 0.164]). The
eﬀect of the mean attractiveness of the preceding
stimulus was stronger for the within-category trials
compared to that in the mixed-category trials (Estimate diﬀerence = 0.173, SE = 0.0181, z = 9.56, p <
0.0001).

Discussion
In contrast to the results of the previous experiments,
an overall serial dependence eﬀect in attractiveness
ratings was not found in this experiment when the
data were analysed using repeated measures
ANOVA. The results of the LMM provided slightly
diﬀerent ﬁndings and suggested an eﬀect of the
mean attractiveness of the stimulus presented in the
preceding trial and the rating diﬀerence between
stimuli presented in successive trials on the magnitude of rating bias from the mean. One possibility
for this discrepancy across analyses is that the LMM
oﬀers a higher statistical power compared to an
ANOVA (Baayen et al., 2008). Nevertheless, results
from both analyses showed that the serial eﬀects
were highly dependent on whether the stimulus category remained the same or diﬀered between the
current and the preceding trials. When successive
stimuli belonged to the same category (i.e., both
faces or both scenes), there was a signiﬁcant serial
dependence eﬀect, which was evident even for
trials two positions back from the current trial (i.e.,
[t–2]). This ﬁnding is consistent with the results of
Experiment 1 but not Experiment 2 (in which a category change did not aﬀect serial dependence). The
results of this experiment support the idea that
serial dependence is likely due to an assimilation of
aesthetic responses formed after the perceptual categorization of visual stimuli.
The results from both the ANOVA and LMM also
suggest that a change in stimulus category is associated with a contrast eﬀect. That is, a scene was
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rated as less attractive than it would otherwise be
when preceded by a face that was rated as more
attractive than the median rating and likewise for
faces preceded by a scene rated as attractive. Conversely, a scene or face received a higher attractiveness
rating when preceded by a relatively unattractive
stimulus from the diﬀerent category. Unlike the positive serial eﬀects observed in the within-category
trials, the magnitude of the bias was less aﬀected by
the mean attractiveness of the preceding stimulus
and the diﬀerence in ratings between successive
trials. Moreover, this contrast eﬀect was not observed
beyond [t–1]. Interestingly, the average attractiveness
ratings provided to face or scene stimuli were lower
when preceded by an image from a diﬀerent than
same category. This ﬁnding suggests a decrease in
overall aesthetic appeal may occur when there is a
disruption of perceptual ﬂuency5 (Reber et al., 2004).

General discussion
The current study aimed to build on previous work of
serial dependence in facial attractiveness (Kondo
et al., 2012, 2013; Kramer et al., 2013; Taubert &
Alais, 2016; Van der Burg et al., 2019; Xia et al.,
2016) and extend the investigation to examine serial
dependence in other categories, particularly scenes
of outdoor and indoor architectural spaces, and to
elucidate the locus of processing of serial dependence occurring before or after perceptual
categorization.
The ﬁrst main ﬁnding was that serial dependence
was generally robust during aesthetic evaluations of
items from a similar category shown in succession.
In Experiments 1 and 2, the [t–1] eﬀect was found
to be signiﬁcant and positive in that, for both faces
and scenes, attractiveness ratings provided to the
present trial were pulled towards the attractiveness
of the stimulus presented in the previous trial. This
eﬀect generalized from recently viewed stimuli up
to stimuli which were viewed two trials ago and
even, in some cases (Experiments 1), 3 trials back. In
all three experiments, the magnitude of the attractiveness rating bias from the mean attractiveness
was dependent upon not only the attractiveness of
preceding stimulus, but also the diﬀerence in
ratings between the current and the preceding
trials. These characteristics of serial eﬀects have
been well-documented in previous studies of serial

dependence in a wide range of perceptual and aesthetic judgements (Alais et al., 2017; Cicchini et al.,
2018; Fischer & Whitney, 2014; Kim et al., 2019; Liberman et al., 2014; Suárez-Pinilla et al., 2018; Taubert &
Alais, 2016).
However, not all previous studies on serial dependence have reported such a persistent perceptual
assimilation across multiple trials (Kondo et al., 2012,
2013; Van der Burg et al., 2019; Xia et al., 2016). For
instance, Xia et al. (2016) found that attractiveness
ratings to a face was aﬀected by the attractiveness
of the face presented in the immediately preceding
trial only. On the other hand, serial dependence was
found to sustain over multiple trials in studies
where the duration of stimulus exposure is short
(Taubert & Alais, 2016). Multiple studies have reported
a time frame between 5 and 12 s in which recently
viewed stimuli could have an eﬀect on the judgement
of the current stimulus (Liberman et al., 2014; SuárezPinilla et al., 2018; Xia et al., 2016). The stimulus duration of 300 ms used in the present experiments
was comparable to that used in previous studies
reporting longer inter-trial eﬀects. Moreover,
although the eﬀect of stimulus duration on serial
dependence is outside the scope of the current
study, we observed an association between response
time (i.e., the time taken to trigger the start of a new
trial) and the strength of serial dependence over multiple trials. When eﬀects of [t–2] and [t–3] were found,
these were usually in the experiments with shorter
average block completion times. An alternative explanation, which cannot be ruled out in the present
design, is that the results suggest an eﬀect of serial
dependence on reaction time, consistent with the
notion that serial dependence serves as an optimization strategy to speed up responses by integrating
incoming signals with accumulated evidence in
recent perceptual history (Cicchini et al., 2018).
The second main ﬁnding was that the strength of
serial dependence was modulated by the category
context in which the stimulus was displayed: a
greater eﬀect of serial dependence was found when
stimuli presented in a block were from the same category. For example, in Experiment 1, attractiveness
ratings to a given face were aﬀected by the attractiveness of the face viewed in the preceding trial but only
when the sex of the face was consistent between consecutive trials. When the sex of the face diﬀered
across successive trials the eﬀect of serial dependence
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was removed. One reason why consecutive faces from
diﬀerent face sex categories reduce the eﬀect of serial
dependence may be because of larger diﬀerences in
facial features between male and female faces than
between consecutive faces of the same sex category.
This explanation, however, does not account for the
results of Experiments 2, in which the images of
scenes from the same category (indoors or outdoors)
arguably varied more in terms of their inter-item
visual similarity and yet a compelling eﬀect of serial
dependence was found for both scene types. A
more likely explanation is that the evaluation of the
attractiveness of faces is a process that occurs after
the sex of the face has been categorized. Indeed, it
is known that sexual dimorphism enhances perceived
attractiveness (Perrett et al., 1998). It follows that
there may be a prototypical reference for facial attractiveness for each sex, which is then compared to a
face but only after assigning the face to its corresponding sex category. Although these attractiveness
prototypes may be similar (see e.g., Casey & Newell,
2007) they are nevertheless sex-speciﬁc. Furthermore,
a recent event related potential (ERP) study by Carbon
et al. (2018) support the conclusion from the results of
Experiment 1 that the onset of the perception of the
sex of a face preceded that of facial attractiveness. In
other words, the attractiveness rating provided to the
previous face of the opposite sex might not be integrated into the judgement of the present face
because a distinct evaluation process occurs.
In contrast to the result found with images of faces,
a change in scene category between indoor and
outdoor architectural spaces did not have an eﬀect
on the magnitude of serial dependence (Experiment
2). The diﬀerence between faces and scenes may be
accounted for by processing diﬀerences in the
manner in which these stimuli are perceived. For
example, a number of studies have provided evidence
to suggest that scenes are rapidly processed and that
complex visual information can be extracted from
brief exposures to images of scenes (Fei-Fei et al.,
2007; Harel et al., 2016; Oppermann et al., 2012;
Thorpe et al., 1996). This is commonly referred to as
the perception of “scene gist,” in which the global
spatial information necessary for scene categorization
is rapidly extracted, often in less than 150 ms after
stimulus onset (Harel et al., 2016; Thorpe et al.,
1996). It may be the case therefore that the stimulus
exposure duration of 300 ms used in the current
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study was suﬃcient for the scene categorization to
occur. Moreover, evidence that serial dependence
occurs in attractiveness ratings of scenes from
diﬀerent categories implies that aesthetic evaluation
precedes, or occurs independently of, scene categorization. The results of Mullin et al. (2017), that aesthetic evaluations highly correlate across prolonged
viewing and when elicited by the scene “gist”
(within 50 ms of stimulus onset), support this conclusion. Furthermore, Mullin et al. (2017) reported
similar aesthetic evaluations of outdoor urban
(which resembled the outdoor images of the current
study) and indoor scenes. Therefore, even though
the indoor and outdoor scenes used in the current
study diﬀered signiﬁcantly in low-level image statistics, it is likely that the process of aesthetic evaluation of these two categories of scenes is similar,
and the aesthetic judgements are readily assimilated
across successive trials regardless of category membership into indoor or outdoor scenes.
Every precaution was taken to minimize eﬀects
from simple motor response during the experiment.
For example, the rating indicator appeared at a
diﬀerent point on the rating scale across trials so
that participant had to actively move the indicator
by some distance according to their aesthetic judgement at a given trial rather than “pressing the same
button.” It is important to note that the serial eﬀects
found in the current study often sustained over an
inter-trial distance of two to three trials. It has been
argued that a [t−2] or [t−3] eﬀect caused by a cognitive response bias is unlikely because it would suggest
that a participant was tracking the attractiveness of a
stimulus two or three trials back (Taubert & Alais,
2016). However, since we did not change the nature
of the task during the experiment, the caveat
remains that we cannot completely rule out that the
rating responses were susceptible to some form of
response bias in the current study.
Our results also suggested that a serial contrast
eﬀect, in which the attractiveness ratings of a
current stimulus were biased away from the attractiveness of preceding trials, was found under two circumstances in the current experiments. Serial
contrast appeared to have a delayed onset such
that the rating of a current face (Experiment 1,
mixed category session) or scene (Experiment 2,
within-category session) stimulus was under the
inﬂuence of the evaluation of the stimulus presented
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three trials back (i.e., [t–3]), and this eﬀect appeared to
be independent of the category membership of the
immediately preceding stimulus (i.e., [t–1]). A more
prominent and immediate serial contrast eﬀect was
observed in Experiment 3. The aesthetic rating of a
current stimulus (female face or an indoor scene) was
biased away from the attractiveness judgement of
the preceding stimulus [t–1] when that stimulus was
from a diﬀerent category. It is unclear whether these
two seemingly distinct types of serial contrast eﬀects
have arisen through similar mechanisms. A bias away
or towards the attractiveness of recently viewed
stimuli might have depended on the relative strengths
of the positive or contrast serial dependence eﬀects
which jointly inﬂuence judgement in any given trial
(Alais et al., 2017; Cogan et al., 2013; Parker et al.,
2008; Pegors, Mattar, et al., 2015; Suárez-Pinilla et al.,
2018), although both may be aﬀected by factors such
as category membership. It is also possible that there
is more than one mechanism underlying these contrast
eﬀects. For example, the results of Suárez-Pinilla et al.
(2018) suggested both a fast-acting serial bias
towards the most recent perceptual history, which
lasted over two trials, and a simultaneous, persistent
repulsive (contrast) bias which emerged only when
the serial attractive bias diminished (Suárez-Pinilla
et al., 2018).The results of the mixed-category session
in Experiment 1 showed a pattern along a timescale
similar to this, whereby the positive serial eﬀects in
the same-sex trials diminished with increasing intertrial distance and the serial contrast in diﬀerent-sex
of face trials increased with inter-trial distance.
However, the serial contrast reported by SuárezPinilla et al. (2018) was a negative aftereﬀect that
occurred at a sensory level with simple low-level
visual stimuli. The contrast eﬀect observed in Experiment 3 was a result of a failed assimilation of aesthetic
judgements due to a change in stimulus category,
each associated with diﬀerent evaluation criteria, unlikely to be a sensory negative aftereﬀect. Furthermore,
this contrast eﬀect contradicted the ﬁndings of a study
by Pegors, Mattar, et al. (2015), who reported that the
positive, assimilative component found in their interleaving hair colour and attractiveness judgement
tasks was biased towards the previous numeric rating
response and that the perception of aesthetic appeal
or perceived hair colour of a given face was biased
away from the corresponding attribute of the preceding face. Critically, a change of stimulus category

coupled with a change of task (i.e., attractiveness judgement of a face preceded by a trial in which the temperature of a depicted scene was evaluated), according
to their results, eliminated any serial eﬀect altogether
(Pegors, Mattar, et al., 2015). While they concluded
that the attractiveness of the preceding scene (which
was implicit, as participants were not required to
judge, nor were they aware of, the aesthetic appeal
of the scene) had no eﬀect on the attractiveness judgement of the face presented in the current trial, the
absence of any serial eﬀect might have reﬂected the
independent evaluation of each face as a result of
task switching. On the other hand, contrast eﬀects
have been reported in high-level perceptual judgements in which the preceding trial acts as a reference
point for the current judgement (Khaw & Freedberg,
2018; Schiﬀerstein & Frijters, 1992; Stewart et al.,
2002). This is indeed the interpretation provided by
those studies which found a serial contrast eﬀect in
judgements of facial attractiveness (Cogan et al.,
2013; Kenrick & Gutierres, 1980; Khaw & Freedberg,
2018; Wedell et al., 1987). Intriguingly, these studies
included successive stimuli which were of diﬀerent categories (e.g., dance pose images and fractal patterns in
Khaw & Freedberg, 2018) or the stimulus presentation
time was longer than those which reported positive
serial dependence as discussed previously. Therefore,
it is possible that the two opposing serial eﬀects,
serial dependence and serial contrast, which jointly
aﬀect aesthetic judgements at a given trial, are also
operating at a diﬀerent level of processing, with the
latter acting on the higher level than the former.
Taken together with the results of the present experiments, the context of the stimulus set shown
(whether all faces or scenes from the same category,
or mixed category) clearly inﬂuences the processes of
serial dependence.
In summary, the results of the current study
support evidence that aesthetic judgements are
biased towards, and in some cases, biased away
from the attractiveness of recently viewed stimuli,
depending on whether the successive stimuli
belong to the same category domain. Moreover, our
ﬁndings of the limits of serial dependence within
and across categories shed light on the level of perceptual processing required for aesthetic evaluations
to be elicited. In the case of faces, gender categorization occurred before attractiveness judgement
during which serial assimilation occurs; while for
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scenes, this assimilation of aesthetic judgements
occurs before or even independent of scene categorization. However, the ﬁndings of the current study did
not directly inform on the issue whether serial dependence in aesthetic judgments was fundamentally a
perceptual phenomenon, in which the resultant perception of the current stimulus is altered by the
speciﬁc visual properties of the preceding stimuli, or
a post-perceptual bias in which the representation
of the current stimulus is shifted as a result of
recent representations. Nonetheless, the results
provide some insight into the information processing
associated with aesthetic evaluations and suggest
that a considerable amount of perceptual processing
occurs prior to these judgements.

Notes
1. A priori power analysis indicated a minimum of 24 participants would be required to obtain 80% power for
detecting a medium eﬀect size (η2p ≈ 0.3) based on the
conventional .05 criterion of statistical signiﬁcance.
2. Results of paired-samples t-test on the average reaction
times observed between the within-category and
mixed-category sessions: t (25) = 0.499, p = 0.021,
Cohen’s d = 0.536.
3. This area percentage was calculated using an online area
calculator SketchAndCalcTM.
4. A priori power analysis indicated a minimum of 15 participants would be required to obtain 80% power for
detecting a medium eﬀect size comparable to those
observed in Experiments 1 & 2 based on the conventional .05 criterion of statistical signiﬁcance.
5. Indeed, although response times were not used as a
measure for serial dependency, we observed an increase
in reaction time to trials in which the category changed
rather than stayed the same (Mean diﬀerence = 215 ms,
t(14) = 4.04, p = 0.001, Cohen’s d = 0.232).

Acknowledgements
We would like to thank Dr. Gregor Hayn-Leichsenring for analysing the image statistic properties of the scene stimuli.

Disclosure statement
No potential conﬂict of interest was reported by the author(s).

Funding
This work was supported by a post-graduate scholarship from
Trinity College Dublin to PKH.

577

References
Alais, D., Kong, G., Palmer, C., & Cliﬀord, C. (2018). Eye gaze
direction shows a positive serial dependency. Journal of
Vision, 18(4), 11–11. https://doi.org/10.1167/18.4.11
Alais, D., Leung, J., & Van der Burg, E. (2017). Linear summation
of repulsive and attractive serial dependencies: Orientation
and motion dependencies sum in motion perception.
Journal of Neuroscience, 37(16), 4381–4390. https://doi.org/
10.1523/JNEUROSCI.4601-15.2017
Baayen, R.H, Davidson, D.J, & Bates, D.M. (2008). Mixed-eﬀects
modeling with crossed random eﬀects for subjects and
items. Journal of Memory and Language, 59(4), 390–412.
http://dx.doi.org/10.1016/j.jml.2007.12.005
Barr, D. J., Levy, R., Scheepers, C., & Tily, H. J. (2013). Random
eﬀects structure for conﬁrmatory hypothesis testing: Keep
it maximal. Journal of Memory and Language, 68(3), 255–278.
Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting
linear mixed-eﬀects models using lme4. Journal of
Statistical Software, 67(1), 1–48. https://doi.org/10.18637/
jss.v067.i01
Bliss, D. P., Sun, J. J., & D’Esposito, M. (2017). Serial dependence
is absent at the time of perception but increases in visual
working memory. Scientiﬁc Reports, 7(1), 14739. https://doi.
org/10.1038/s41598-017-15199-7
Bosch, A., Zisserman, A., & Munoz, X. (2007, July 9-10).
Representing shape with a spatial pyramid kernel. In
Proceedings of the 6th ACM international conference on
image and video retrieval (pp. 401–408).
Braun, J., Amirshahi, S. A., Denzler, J., & Redies, C. (2013).
Statistical image properties of print advertisements, visual
artworks and images of architecture. Frontiers in Psychology,
4, 808. https://doi.org/10.3389/fpsyg.2013.00808
Bruce, V., & Young, A. (1986). Understanding face recognition.
British Journal of Psychology, 77(3), 305–327. https://doi.org/
10.1111/j.2044-8295.1986.tb02199.x
Campbell, F. W., & Maﬀei, L. (1971). The tilt after-eﬀect: A fresh
look. Vision Research, 11(8), 833–840. https://doi.org/10.
1016/0042-6989(71)90005-8
Carbon, C. C., Faerber, S. J., Augustin, M. D., Mitterer, B., &
Hutzler, F. (2018). First gender, then attractiveness:
Indications of gender-speciﬁc attractiveness processing via
ERP onsets. Neuroscience Letters, 686, 186–192. https://doi.
org/10.1016/j.neulet.2018.09.009
Casey, S. J., & Newell, F. N. (2007). Are representations of unfamiliar faces independent of encoding modality?
Neuropsychologia, 45(3), 506–513. https://doi.org/10.1016/j.
neuropsychologia.2006.02.011
Chatterjee, A., Thomas, A., Smith, S. E., & Aguirre, G. K. (2009).
The
neural
response
to
facial
attractiveness.
Neuropsychology, 23(2), 135–143. https://doi.org/10.1037/
a0014430
Cicchini, G. M., Anobile, G., & Burr, D. C. (2014). Compressive
mapping of number to space reﬂects dynamic encoding
mechanisms, not static logarithmic transform. Proceedings
of the National Academy of Sciences, 111(21), 7867–7872.
https://doi.org/10.1073/pnas.1402785111

578

P. K. HO AND F. N. NEWELL

Cicchini, G. M., & Kristjánsson, Á. (2015). Guest editorial: On the
possibility of a unifying framework for serial dependencies. i.
Perception, 6(6). https://doi.org/10.1177/2041669515614148
Cicchini, G. M., Mikellidou, K., & Burr, D. (2017). Serial dependencies act directly on perception. Journal of Vision, 17
(14), 6–6. https://doi.org/10.1167/17.14.6
Cicchini, G. M., Mikellidou, K., & Burr, D. C. (2018). The functional
role of serial dependence. Proceedings of the Royal Society B,
285(1890), 20181722. https://doi.org/10.1098/rspb.2018.
1722
Cogan, E., Parker, S., & Zellner, D. A. (2013). Beauty beyond
compare: Eﬀects of context extremity and categorization
on hedonic contrast. Journal of Experimental Psychology:
Human Perception and Performance, 39(1), 16–22. https://
doi.org/10.1037/a0031020
Czoschke, S., Fischer, C., Beitner, J., Kaiser, J., & Bledowski, C.
(2019). Two types of serial dependence in visual working
memory. British Journal of Psychology, 110(2), 256–267.
https://doi.org/10.1111/bjop.12349
Dalal, N., & Triggs, B. (2005). Histograms of oriented gradients
for human detection. In 2005 IEEE computer society conference on computer vision and pattern recognition (CVPR’05),
20-25 June, 2005 (Vol. 1, pp. 886–893). IEEE.
Epstein, R. (2005). The cortical basis of visual scene processing.
Visual Cognition, 12(6), 954–978. https://doi.org/10.1080/
13506280444000607
Epstein, R. A., Higgins, J. S., & Thompson-Schill, S. L. (2005).
Learning places from views: Variation in scene processing
as a function of experience and navigational ability.
Journal of Cognitive Neuroscience, 17(1), 73–83. https://doi.
org/10.1162/0898929052879987
Fei-Fei, L., Iyer, A., Koch, C., & Perona, P. (2007). What do we perceive in a glance of a real-world scene? Journal of Vision, 7(1),
10–10. https://doi.org/10.1167/7.1.10
Field, D. J. (1987). Relations between the statistics of natural
images and the response properties of cortical cells.
Journal of the Optical Society of America A, 4(12), 2379–
2394. https://doi.org/10.1364/JOSAA.4.002379
Fink, B., & Penton-Voak, I. (2002). Evolutionary psychology of
facial attractiveness. Current Directions in Psychological Science,
11(5), 154–158. https://doi.org/10.1111/1467-8721.00190
Fischer, J., & Whitney, D. (2014). Serial dependence in visual
perception. Nature Neuroscience, 17(5), 738–743. https://
doi.org/10.1038/nn.3689
Fornaciai, M., & Park, J. (2018). Attractive serial dependence in
the absence of an explicit task. Psychological Science, 29(3),
437–446. https://doi.org/10.1177/0956797617737385
Fritsche, M., Mostert, P., & de Lange, F. P. (2017). Opposite
eﬀects of recent history on perception and decision.
Current Biology, 27(4), 590–595. https://doi.org/10.1016/j.
cub.2017.01.006
Gibson, J. J., & Radner, M. (1937). Adaptation, after-eﬀect and
contrast in the perception of tilted lines. I. Quantitative
studies. Journal of Experimental Psychology, 20(5), 453.
https://doi.org/10.1037/h0059826
Grill-Spector, K., & Weiner, K. S. (2014). The functional architecture of the ventral temporal cortex and its role in

categorization. Nature Reviews Neuroscience, 15(8), 536–
548. https://doi.org/10.1038/nrn3747
Harel, A., Groen, I. I., Kravitz, D. J., Deouell, L. Y., & Baker, C. I.
(2016). The temporal dynamics of scene processing: A multifaceted EEG investigation. Eneuro, 3(5). https://doi.org/10.
1523/ENEURO.0139-16.2016
Haxby, J. V., Hoﬀman, E. A., & Gobbini, M. I. (2000). The distributed human neural system for face perception. Trends in
Cognitive Sciences, 4(6), 223–233. https://doi.org/10.1016/
S1364-6613(00)01482-0
Haxby, J. V., Hoﬀman, E. A., & Gobbini, M. I. (2002). Human
neural systems for face recognition and social communication. Biological Psychiatry, 51(1), 59–67. https://doi.org/
10.1016/S0006-3223(01)01330-0
Haxby, J. V., Ungerleider, L. G., Horwitz, B., Maisog, J. M.,
Rapoport, S. I., & Grady, C. L. (1996). Face encoding and recognition in the human brain. Proceedings of the National
Academy of Sciences, 93(2), 922–927. https://doi.org/10.
1073/pnas.93.2.922
Henderson, J. M., & Hollingworth, A. (1999). High-level scene
perception. Annual Review of Psychology, 50(1), 243–271.
https://doi.org/10.1146/annurev.psych.50.1.243
John-Saaltink, E. S., Kok, P., Lau, H. C., & De Lange, F. P. (2016).
Serial dependence in perceptual decisions is reﬂected in
activity patterns in primary visual cortex. Journal of
Neuroscience, 36(23), 6186–6192. https://doi.org/10.1523/
JNEUROSCI.4390-15.2016
Judd, C.M., Westfall, J., & Kenny, D.A.. (2012). Treating stimuli as
a random factor in social psychology: A new and comprehensive solution to a pervasive but largely ignored
problem. Journal of Personality and Social Psychology, 103
(1), 54–69. http://dx.doi.org/10.1037/a0028347
Kanwisher, N. (2000). Domain speciﬁcity in face perception.
Nature Neuroscience, 3(8), 759–763. https://doi.org/10.
1038/77664
Kaul, C., Rees, G., & Ishai, A. (2011). The gender of face stimuli is
represented in multiple regions in the human brain.
Frontiers in Human Neuroscience, 4, 238. https://doi.org/10.
3389/fnhum.2010.00238
Kenrick, D. T., & Gutierres, S. E. (1980). Contrast eﬀects and judgments of physical attractiveness: When beauty becomes a
social problem. Journal of Personality and Social Psychology,
38(1), 131–140. https://doi.org/10.1037/0022-3514.38.1.131
Khaw, M. W., & Freedberg, D. (2018). Continuous aesthetic
judgment of image sequences. Acta Psychologica, 188,
213–219. https://doi.org/10.1016/j.actpsy.2018.04.018
Kim, S., Burr, D., & Alais, D. (2019). Attraction to the recent past
in aesthetic judgments: A positive serial dependence for
rating artwork. Journal of Vision, 19(12), 19–19. https://doi.
org/10.1167/19.12.19
Kiyonaga, A., Scimeca, J. M., Bliss, D. P., & Whitney, D. (2017).
Serial dependence across perception, attention, and
memory. Trends in Cognitive Sciences, 21(7), 493–497.
https://doi.org/10.1016/j.tics.2017.04.011
Knapen, T., Rolfs, M., Wexler, M., & Cavanagh, P. (2009). The
reference frame of the tilt aftereﬀect. Journal of Vision, 10
(1), 8–8. https://doi.org/10.1167/10.1.8

VISUAL COGNITION

Kondo, A., Takahashi, K., & Watanabe, K. (2012). Sequential
eﬀects in face-attractiveness judgment. Perception, 41(1),
43–49. https://doi.org/10.1068/p7116
Kondo, A., Takahashi, K., & Watanabe, K. (2013). Inﬂuence of
gender membership on sequential decisions of face attractiveness. Attention, Perception, & Psychophysics, 75(7),
1347–1352. https://doi.org/10.3758/s13414-013-0533-y
Kramer, R. S., Jones, A. L., & Sharma, D. (2013). Sequential
eﬀects in judgements of attractiveness: The inﬂuences of
face race and sex. PLoS One, 8(12), e82226. https://doi.org/
10.1371/journal.pone.0082226
Kristjánsson, Á, & Campana, G. (2010). Where perception meets
memory: A review of repetition priming in visual search
tasks. Attention, Perception, & Psychophysics, 72(1), 5–18.
https://doi.org/10.3758/APP.72.1.5
Kuznetsova, A., Brockhoﬀ, P. B., & Christensen, R. H. B.
(2016). Tests in linear mixed eﬀects models. R package
version, 2, 33.
Liberman, A., Fischer, J., & Whitney, D. (2014). Serial dependence in the perception of faces. Current Biology, 24(21),
2569–2574. https://doi.org/10.1016/j.cub.2014.09.025
Liberman, A., Manassi, M., & Whitney, D. (2018). Serial dependence promotes the stability of perceived emotional
expression depending on face similarity. Attention,
Perception, & Psychophysics, 80(6), 1461–1473. https://doi.
org/10.3758/s13414-018-1533-8
Liberman, A., Zhang, K., & Whitney, D. (2016). Serial dependence promotes object stability during occlusion. Journal
of Vision, 16(15), 16–16. https://doi.org/10.1167/16.15.16
Ma, D. S., Correll, J., & Wittenbrink, B. (2015). The Chicago face
database: A free stimulus set of faces and norming data.
Behavior Research Methods, 47(4), 1122–1135. https://doi.
org/10.3758/s13428-014-0532-5
Manassi, M., Liberman, A., Chaney, W., & Whitney, D. (2017). The
perceived stability of scenes: Serial dependence in ensemble
representations. Scientiﬁc Reports, 7(1), 1971. https://doi.org/
10.1038/s41598-017-02201-5
Manassi, M., Liberman, A., Kosovicheva, A., Zhang, K., &
Whitney, D. (2018). Serial dependence in position occurs
at the time of perception. Psychonomic Bulletin & Review,
25(6), 2245–2253. https://doi.org/10.3758/s13423-0181454-5
Menzel, C., Hayn-Leichsenring, G. U., Langner, O., Wiese, H., &
Redies, C. (2015). Fourier power spectrum characteristics of
face photographs: Attractiveness perception depends on
low-level image properties. PLoS One, 10(4), e0122801.
https://doi.org/10.1371/journal.pone.0122801
Mouchetant-Rostaing, Y., Giard, M. H., Bentin, S., Aguera, P. E., &
Pernier, J. (2000). Neurophysiological correlates of face
gender processing in humans. European Journal of
Neuroscience, 12(1), 303–310. https://doi.org/10.1046/j.
1460-9568.2000.00888.x
Mullin, C., Hayn-Leichsenring, G., Redies, C., & Wagemans, J.
(2017). The gist of beauty: An investigation of aesthetic perception in rapidly presented images. Electronic Imaging,
2017(14), 248–256. https://doi.org/10.2352/ISSN.2470-1173.
2017.14.HVEI-152

579

Oliva, A., & Schyns, P. G. (2000). Diagnostic colors mediate
scene recognition. Cognitive Psychology, 41(2), 176–210.
https://doi.org/10.1006/cogp.1999.0728
Oppermann, F., Hassler, U., Jescheniak, J. D., & Gruber, T. (2012).
The rapid extraction of gist – Early neural correlates of highlevel visual processing. Journal of Cognitive Neuroscience, 24
(2), 521–529. https://doi.org/10.1162/jocn_a_00100
Parker, S., Bascom, J., Rabinovitz, B., & Zellner, D. (2008).
Positive and negative hedonic contrast with musical
stimuli. Psychology of Aesthetics, Creativity, and the Arts, 2
(3), 171–174. https://doi.org/10.1037/1931-3896.2.3.171
Pegors, T. K., Kable, J. W., Chatterjee, A., & Epstein, R. A. (2015).
Common and unique representations in pFC for face and
place attractiveness. Journal of Cognitive Neuroscience, 27
(5), 959–973. https://doi.org/10.1162/jocn_a_00777
Pegors, T. K., Mattar, M. G., Bryan, P. B., & Epstein, R. A. (2015).
Simultaneous perceptual and response biases on sequential
face attractiveness judgments. Journal of Experimental
Psychology: General, 144(3), 664–673. https://doi.org/10.
1037/xge0000069
Peirce, J., Gray, J. R., Simpson, S., MacAskill, M., Höchenberger,
R., Sogo, H., Kastman, E., & Lindeløv, J. K. (2019). Psychopy2:
Experiments in behavior made easy. Behavior Research
Methods, 51(1), 195–203. https://doi.org/10.3758/s13428018-01193-y
Perrett, D. I., Lee, K. J., Penton-Voak, I., Rowland, D., Yoshikawa,
S., Burt, D. M., Henzi, S. P., Castles, D. L., & Akamatsu, S.
(1998). Eﬀects of sexual dimorphism on facial attractiveness.
Nature, 394(6696), 884–887. https://doi.org/10.1038/29772
Reber, R., Schwarz, N., & Winkielman, P. (2004). Processing
ﬂuency and aesthetic pleasure: Is beauty in the perceiver’s
processing experience? Personality and Social Psychology
Review,
8(4),
364–382.
https://doi.org/10.1207/
s15327957pspr0804_3
Redies, C., Amirshahi, S. A., Koch, M., & Denzler, J. (2012, October
7-13). PHOG-derived aesthetic measures applied to color
photographs of artworks, natural scenes and objects. In
European conference on computer vision (pp. 522–531).
Rieke, F., & Rudd, M. E. (2009). The challenges natural images
pose for visual adaptation. Neuron, 64(5), 605–616. https://
doi.org/10.1016/j.neuron.2009.11.028
Schiﬀerstein, H. N., & Frijters, J. E. (1992). Contextual and
sequential eﬀects on judgments of sweetness intensity.
Perception & Psychophysics, 52(3), 243–255. https://doi.org/
10.3758/BF03209142
Srinivasan, M. V., Laughlin, S. B., & Dubs, A. (1982). Predictive
coding: A fresh view of inhibition in the retina. Proceedings
of the Royal Society of London. Series B. Biological
Sciences, 216(1205), 427–459. https://doi.org/10.1098/rspb.
1982.0085
Stewart, N., Brown, G. D., & Chater, N. (2002). Sequence eﬀects
in categorization of simple perceptual stimuli. Journal of
Experimental Psychology: Learning, Memory, and Cognition,
28(1), 3–11. https://doi.org/10.1037/0278-7393.28.1.3
Suárez-Pinilla, M., Seth, A. K., & Roseboom, W. (2018). Serial
dependence in the perception of visual variance. Journal
of Vision, 18(7), 4–4. https://doi.org/10.1167/18.7.4

580

P. K. HO AND F. N. NEWELL

Taubert, J., & Alais, D. (2016). Serial dependence in face attractiveness judgements tolerates rotations around the yaw axis
but not the roll axis. Visual Cognition, 24(2), 103–114. https://
doi.org/10.1080/13506285.2016.1196803
Taubert, J., Alais, D., & Burr, D. (2016). Diﬀerent coding strategies for the perception of stable and changeable facial
attributes. Scientiﬁc Reports, 6(1), 32239. https://doi.org/10.
1038/srep32239
Taubert, J., Van der Burg, E., & Alais, D. (2016). Love at second
sight: Sequential dependence of facial attractiveness in an
on-line dating paradigm. Scientiﬁc Reports, 6(1), 22740.
https://doi.org/10.1038/srep22740
Thorpe, S., Fize, D., & Marlot, C. (1996). Speed of processing in
the human visual system. Nature, 381(6582), 520–522.
https://doi.org/10.1038/381520a0
Torralba, A., & Oliva, A. (2003). Statistics of natural image categories. Network: Computation in Neural Systems, 14(3),
391–412. https://doi.org/10.1088/0954-898X_14_3_302
Tulving, E., & Schacter, D. L. (1990). Priming and human
memory systems. Science, 247(4940), 301–306. https://doi.
org/10.1126/science.2296719
Van Bergen, R. S., & Jehee, J. F. (2019). Probabilistic representation in human visual cortex reﬂects uncertainty in serial
decisions. Journal of Neuroscience, 39(41), 8164–8176.
https://doi.org/10.1523/JNEUROSCI.3212-18.2019
Van der Burg, E., Rhodes, G., & Alais, D. (2019). Positive sequential dependency for face attractiveness perception. Journal
of Vision, 19(12), 6–6. https://doi.org/10.1167/19.12.6

Vartanian, O., Navarrete, G., Chatterjee, A., Fich, L. B., Leder, H.,
Modroño, C., … Skov, M. (2013). Impact of contour on aesthetic judgments and approach-avoidance decisions in
architecture. Proceedings of the National Academy of
Sciences, 110(Supplement 2), 10446-10453.
Vorberg, D., Mattler, U., Heinecke, A., Schmidt, T., &
Schwarzbach, J. (2003). Diﬀerent time courses for visual perception and action priming. Proceedings of the National
Academy of Sciences, 100(10), 6275–6280. https://doi.org/
10.1073/pnas.0931489100
Wedell, D. H., Parducci, A., & Geiselman, R. E. (1987). A formal
analysis of ratings of physical attractiveness: Successive contrast and simultaneous assimilation. Journal of Experimental
Social Psychology, 23(3), 230–249. https://doi.org/10.1016/
0022-1031(87)90034-5
Werheid, K., Schacht, A., & Sommer, W. (2007). Facial attractiveness modulates early and late event-related brain potentials.
Biological Psychology, 76(1–2), 100–108. https://doi.org/10.
1016/j.biopsycho.2007.06.008
Winston, J. S., O’Doherty, J., Kilner, J. M., Perrett, D. I., & Dolan, R.
J. (2007). Brain systems for assessing facial attractiveness.
Neuropsychologia, 45(1), 195–206. https://doi.org/10.1016/j.
neuropsychologia.2006.05.009
Xia, Y., Leib, A. Y., & Whitney, D. (2016). Serial dependence in
the perception of attractiveness. Journal of Vision, 16(15),
28–28. https://doi.org/10.1167/16.15.28
Young, A. W., & Bruce, V. (2011). Understanding person perception. British Journal of Psychology, 102(4), 959–974.

