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Abstract
Individuals can quickly and effortlessly recognize facial expressions, which is critical for social perception and emotion regu-
lation. This sensitivity to even slight facial changes could result in unstable percepts of an individual’s expression over time. The
visual system must therefore balance accuracy with maintaining perceptual stability. However, previous research has focused on
our sensitivity to changing expressions, and the mechanism behind expression stability remains an open question. Recent results
demonstrate that perception of facial identity is systematically biased toward recently seen visual input. This positive perceptual
pull, or serial dependence, may help stabilize perceived expression. To test this, observers judged random facial expression
morphs ranging from happy to sad to angry. We found a pull in perceived expression toward previously seen expressions, but
only when the 1-back and current face had similar identities. Our results are consistent with the existence of the continuity field
for expression, a specialized mechanism that promotes the stability of emotion perception, which could help facilitate social
interactions and emotion regulation.
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Introduction

The perception of emotional expression is fundamental for
successful social interactions, personal emotion regulation,
the experience of empathy, and many other vital activities
(Salovey & Mayer, 1990). Individuals with Parkinson’s dis-
ease, schizophrenia, traumatic brain injury, and other cogni-
tive deficits have impairments in recognizing facial affect,
which may have deleterious effects on their personal and so-
cial interactions (Croker & McDonald, 2005; Jacobs, Shuren,
Bowers, & Heilman, 1995; Martin, Baudouin, Tiberghien, &
Franck, 2005). Most research on emotion perception focuses
on fast emotion categorization or recognition speed and accu-
racy (Edwards, 1998; Ekman & Friesen, 1971; Kirouac &

Dore, 1984; Stel & van Knippenberg, 2008; Tracy & Robins,
2008; Tracy & Randles, 2011). The visual system is very sen-
sitive to emotional expression; observers are able to make
above chance discrimination of expressions shown as briefly
as 30–50 ms (Calvo & Esteves, 2005; Kirouac & Dore, 1984;
Milders, Sahraie, & Logan, 2008). Yet, emotional expressions
do not constantly or spontaneously change. Thus, it is impor-
tant to balance the ability to detect new facial expressions with
the need to maintain perceived stability of an individual’s
emotional state. However, no study has addressed how the
visual system promotes the perception of expression stability
over time.

From moment to moment, we perceive the identities of
objects and people in the world as stable and continuous even
though their image properties frequently change due to factors
like occlusion, visual noise, changes in viewpoint, and eye
movements. Previous studies have shown that the perception
of orientation, numerosity, and other low-level stimulus fea-
tures is serially dependent— systematically biased (i.e.,
pulled) towards similar visual input from the recent past
(Cicchini, Anobile, & Burr, 2014; Corbett, Fischer, &
Whitney, 2011; Fischer & Whitney, 2014). This serial depen-
dence is tuned over distance (Fischer & Whitney, 2014;
Manassi, Liberman, Kosovicheva, Zhang, & Whitney, 2018)
and time (Fischer & Whitney, 2014; Manassi et al., 2018;
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Taubert, Alais, & Burr, 2016; Xia, Leib, &Whitney, 2016), as
well as in feature space (object similarity; Fischer &Whitney,
2014; Fritsche, Mostert, & de Lange, 2017; Liberman, Fischer,
& Whitney, 2014; Manassi, Liberman, Chaney, & Whitney,
2017). The spatio-temporal region over which current object
features, such as orientation, are pulled by previously seen fea-
tures is known as the Continuity Field (CF).

Beyond orientation (Fischer & Whitney, 2014; Fritsche
et al., 2017; Liberman, Zhang, & Whitney, 2016; Manassi
et al., 2017) and other basic features (motion: Alais, Leung,
& Van der Burg, 2017; position: Manassi et al., 2018), serial
dependence occurs at higher levels of perception as well. We
have recently demonstrated that the continuity field is object-
selective by showing that the perception of face identity is
systematically biased towards identities seen up to several
seconds prior, even across changes in viewpoint (Liberman
et al., 2014; see also Taubert, Alais, & Burr, 2016; Taubert,
Van der Burg, & Alais, 2016; Xia et al., 2016). If the continu-
ity field promotes the perceived stability of emotional expres-
sion as well as identity, then there should be serial dependence
not just in identity, but also in facial expression. We therefore
predicted that perceived emotional expression would be bi-
ased towards recently seen emotional expressions. Here, we
tested this using a psychophysical task, and we also deter-
mined whether this serial dependence in perceived emotional
expression depended on the similarity of sequential identities.
Because expressions within an individual may be more
autocorrelated than across individuals, we expected that there
should be a larger perceptual pull from previously seen faces if
the previous face was more similar to the current face.

Experiment 1: Serial dependence of perceived
emotional expression

If the CF facilitates the perceptual stability of perceived emo-
tional expression, then there should be a measurable serial
dependence in judged expression; the perception of a facial
expression at one moment in time should be pulled towards
recently seen expressions. To test this, we presented a series of
random facial expressions drawn from an expression morph
continuum (Fig. 1a-b) and had observers report the facial ex-
pression that they last saw through a method of adjustment
task (Fig. 1c-d). The question was whether the perceived ex-
pression at a given moment was serially dependent on the
expressions of the faces seen several seconds previously.

Methods

Participants

Six participants (three female) ranging in age from 19 to 33
years (M = 26.7, SD= 5.5 years) participated in Experiment 1.

One of the participants in Experiment 1 was not naïve to the
experiment. All experimental procedures were approved the
byUCBerkeley Institutional ReviewBoard. Participants were
affiliates of UC Berkeley and provided written informed con-
sent before participation. All participants had normal or
corrected-to-normal vision.

Stimuli and procedure

We used a set of 147 Caucasian female face morphs with
different expressions (Fig. 1a), which were generated using
Morph 2.5 (Gryphon Software) from one original Ekman
identity displaying a happy, sad, or angry face (Ekman,
1976), cropped by an oval aperture to remove the hairline.
Each presented face subtended 5.9 x 7.3° of visual angle.
During the experiment, participants were tested on their ability
to identify randomly chosen target expressions with a method
of adjustment (MOA) task. We measured participants’ identi-
fication errors on the MOA task to determine whether a par-
ticipant’s perception of each target expression was influenced
by previously seen target expressions. For all experiments,
faces were centered on a white background and overlaid with
a central fixation cross. All experiments were programmed in
MATLAB (The MathWorks , Nat ick , MA) us ing
Psychophysics Toolbox (Brainard, 1997). Participants viewed
stimuli at a distance of 56 cm on a monitor with a resolution of
1024 x 768 and a refresh rate of 100 Hz. Participants used a
keyboard or mouse for all responses.

On each trial, a random target expression was presented for
250 ms, followed by a 1000-ms noise mask of randomly shuf-
fled black and white pixels, to reduce afterimages, and then a
250-ms fixation cross prior to the response (Fig. 1c).
Participants then saw a test screen containing a random adjust-
ment expression, which they adjusted to match the target facial
expression. After picking a match expression, participants saw
a 1000-ms noise mask followed by a 1000-ms fixation cross
before the next trial began. Here, we use the terms “target
expression” to mean the face that participants tried to match,
“adjustment expression” to denote the randomly-selected face
used as the starting point for matching the target, and “match
expression” for the facial expression that participants selected
as most similar to the target expression. The experiment was
self-paced and participants were allowed to take as much time
as necessary to respond. We recorded responses based on the
numerical value of the match expression along the morph con-
tinuum, with possible values ranging from 1 to 147. Six par-
ticipants each completed 500 trials.

Analysis

Response (perceptual) error was computed as the shortest dis-
tance along the morph wheel between the match expression and
the target expression. Response error was compared to the
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difference in expressions between the current and previous trial,
computed as the shortest distance along the morph wheel be-
tween the previous target expression (1-back) and the current
target expression. For each participant’s data, trials were consid-
ered lapses and excluded if error exceeded 3 standard deviations
from the mean or if the response time was longer than 10 s (less
than 5% of data excluded on average). We fitted a simplified
Gaussian derivative (DoG) to each participant’s data of the form:

y ¼ ab
ffiffiffi

2
p

=e−0:5xe− bxð Þ2

where parameter y is identification error on each trial (match
expression - current target expression), x is the difference along

the wheel between the current and 1-back target expression (1-
back target expression – current target expression), a is half the
peak-to-trough amplitude of the derivative-of-Gaussian, b
scales the width of the Gaussian derivative, and a constant
√2/e –0.5, which scales the curve to make the a parameter equal
to the peak amplitude (Fig. 2b). We fitted the Gaussian deriva-
tive using constrained nonlinear minimization of the residual
sum of squares. When fitting each participant’s data with a von
Mises function, parameters a and b yielded very similar values.

For each participant’s data, we generated confidence inter-
vals by calculating a bootstrapped distribution of the model-
fitting parameter values by resampling the data with replace-
ment 5000 times (Efron & Tibshirani, 1986). On each
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saw
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Adjust to match the 
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Fig. 1 Stimuli and trial sequence from Experiments 1 and 2. (a-b) Face
morphs used in Experiments 1 and 2. These morphs were based on
original female (a) and male (b) Ekman identities displaying a happy,
sad, or angry face (Ekman, 1976). For each gender, a set of 48 morphs
was created between these expressions, resulting in a face morph
continuum of 147 faces. In Experiment 1, only female identities were
presented (a). In Experiment 2, both identities (male and female) were
presented (a-b). (c) Trial sequence for the method of adjustment task in
Experiment 1. On each trial, a randomly selected target expression of

either gender was presented for 250 ms, followed by a 1000-ms noise
mask of black and white pixels to reduce afterimages, and a 250-ms
fixation cross. Participants then saw a test screen containing a random
adjustment face, which theymodified by scrolling through the continuous
expression wheel to match the target expression. After picking a match
expression, participants saw a 1000-ms noise mask followed by a
1000-ms fixation cross before the next trial began. (d) In addition to the
female morphs (c), a set of male face morphs was also used in Experiment
2
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iteration, we fitted a new DoG to obtain a bootstrapped half-
amplitude and width for each participant. We used the half
amplitude of the DoG—the a parameter in the above equa-
tion—to measure the degree to which participants’ reports of
facial expression were pulled in the direction of n-back ex-
pressions. If participants’ perception of facial expression was
repelled by the 1-back expression (e.g., because of a negative
aftereffect; Clifford et al., 2007; Webster, Kaping, Mizokami,
& Duhamel, 2004) or not influenced by the 1-back expression
(because of independent, bias-free perception on each trial),
then the half-amplitude of the DoG should be negative or
close to zero, respectively. In order to further confirm the
reliability of our effects across participants, we also separately
ran an additional bootstrap analysis by resampling with re-
placement the amplitudes within each group (1–4 back for
Experiment 1; Same and Different for Experiments 2 and 3).
The results were equivalent to the group bootstrapped ampli-
tudes that we report across the manuscript.

In order to calculate significance, we also generated a
null distribution of half amplitude (a) values for each par-
ticipant using a permutation analysis. We randomly shuf-
fled each participant’s response errors relative to the dif-
ference between the current and 1-back target expression
and recalculated the DoG fit for each iteration of the
shuffled data. We ran this procedure for 5000 iterations
to generate a within-participant null distribution of half
amplitude values. P-values were calculated by computing
the proportion of half amplitudes in each participant’s null
distribution that were greater than or equal to the observed
half amplitude. To test significance at the group level, we
chose a random a parameter value index (without replace-
ment) from each participant’s null distribution and aver-
aged those values across all five participants. We repeated
this procedure for 5000 iterations in order to generate a
group null distribution of average half amplitude values,
and calculated the P-value as described above.
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Fig. 2 Experiment 1 results. (a) Collapsed data from all participants for 1-
back trials, with each data point showing performance on one trial. The x-
axis is the difference between the current and 1-back target expression (1-
back target expression - current target expression, in units of expression
morph steps), and the y-axis is the difference between the selected match
expression and target expression (match expression - current target
expression). Black lines show the DoG fit for single observers. (b)

Half-amplitude of the serial dependence for each participant in
Experiment 1 for one, two, three, and four trials back. On average, all
participants had a significant, positive perceptual pull of the current facial
expression towards the expression seen one or two trials previously
(p<.05, permuted null distribution). Error bars are bootstrapped 95%
confidence intervals
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Results

All participants displayed a positive DoG half-amplitude, in-
dicating that perceived expression on a given trial was signif-
icantly pulled in the direction of expressions presented in the
previous trial (p < 0.001, n=6, group permuted null, Fig. 2b),
with four of the six participants showing significant serial
dependence (p < .05, permuted null). The largest attraction
of perceived expression occurred when the 1-back target ex-
pression was, on average, ± 23.1 morph frames away from the
current target expression, which resulted in an average percep-
tual pull towards the 1-back face of ± 3.02 face morph frames.
Most participants also showed an influence of expressions
seen two trials back (p<.05, n=6, group permuted null).
Average response time (RT) across participants was 2695 ms
(SD = 1523 ms), so the 1-back face occurred, on average,
~ 6195 ms prior to the current trial face, and the 2-back face
occurred ~12390 ms prior to the current face. Perceived facial
expression was therefore pulled toward the expression
of a random target expression seen more than 6–12 s
prior.

Experiment 2: Is serial dependence
for emotional expression gender dependent?

In Experiment 1, we found serial dependence in perceived
emotional expression. This is consistent with the idea that
the continuity field facilitates the stability of perceived expres-
sion by echoing the physical autocorrelations of facial expres-
sions (Liberman et al., 2014). Individual faces convey expres-
sions that vary over time, but these expressions do not ran-
domly or suddenly change.

Therefore, emotional expressions might bemore physically
auto correlated within an individual face than across different
identities. If the visual system mirrors this, we would expect
stronger serial dependence in perceived expression within the
same gender, than across different identities. In Experiment 2,
we tested whether the amplitude of serial dependence for fa-
cial expression was modulated by the similarity between the
current and the 1-back face gender.

Methods

Participants

Seven participants (four female) ranging in age from 20 to 37
years (M = 29.14, SD= 5.5 years) participated in Experiment
2. One participant was excluded because their response error
SD was more than two SDs away from the other participants,
but the inclusion of their data did not change the pattern or
significance of the results. One of the participants in
Experiment 2 was not naïve to the experiment, and five of

the participants also participated in Experiment 1. All experi-
mental procedures were approved the by UC Berkeley
Institutional Review Board. Participants were affiliates of
UC. Berkeley and provided written informed consent before
participation. All participants had normal or corrected-to-
normal vision.

Stimuli and procedure

The faces used in Experiment 2 consisted of two emotional
morph continuums: the first morph continuum was the set of
female faces used in Experiment 1 (Fig. 1a), and the second
set was based on a male face (Fig. 1b; Ekman, 1976). We
created the male face morph continuum between three facial
expressions (happy, sad, and angry) using the same morph
procedures as described in Experiment 1 (Fig. 1b).

During the experiment, participants were tested on their
ability to identify randomly chosen target emotions with a
MOA matching task, similar to the task in Experiment 1.
However, on each trial, participants now saw a randomly cho-
sen male or female target expression for 250 ms, followed by a
1000-ms noise mask of randomly shuffled black and white
pixels, and then a 250-ms fixation cross prior to the response
(Fig. 1c-d). Participants then saw a test screen containing a
random adjustment expression with the same gender as the
target expression, which they adjusted to match the last ex-
pression they saw. After picking a match expression, partici-
pants saw a 1000-ms noise mask followed by a 1000-ms fix-
ation cross before the next trial began. Six participants each
completed 400 trials. All other experiment procedures were
identical to Experiment 1.

Analysis

Response error was computed as the shortest distance along
the morph wheel between the match expression and the target
expression. Response error was compared to the difference in
expressions between the current and previous trial, computed
as the shortest distance along the morph wheel between the
previous target expression (1-back) and the current target ex-
pression. Trials where the 1-back target expression and the
current target expression shared the same gender were labeled
“Same 1-back Gender,” and trials where the 1-back target
expression and the current target expression had different
identities were labeled “Different 1-back Gender.” For each
participant, we fitted a separate simplified DoG functions to
Same 1-back and Different 1-back trials, according to the
fitting and significance testing procedures described in
Experiment 1. We then determined whether there was a sig-
nificant difference in the serial dependence amplitude between
same 1-back gender and different 1-back gender trials using a
permutation analysis.
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For the permutation analysis, we shuffled the same 1-back
and different 1-back trial labels, recalculated DoG fits for the
new, randomly assigned trial types, and took the difference
between same and different 1-back DoG amplitude. We ran
this procedure for 5000 iterations in order to generate a within-
participant null distribution of difference scores. We calculat-
ed a p-value by computing the proportion of difference values
in each participant’s null distribution that were greater than or
equal to the observed difference between amplitudes. To test
significance at the group level, we chose a random a-
difference parameter value index (without replacement) from
each participant’s null distribution of differences and averaged
those values across all five participants. We repeated this pro-
cedure for 5000 iterations in order to generate a group null
distribution of average difference values, and calculated the p-
value as described above.

Results

The half-amplitude of serial dependence was significantly larg-
er for the Same 1-back trials compared to the Different 1-back
trials (p < 0.001, n=6, group permuted null, Fig. 3b), with three
of the six participants showing significantly larger serial depen-
dence (p < .05, permuted null). Additionally, the Same 1-back
trials showed an overall positive serial dependence effect, rep-
licating the results from Experiment 1 (p < 0.001, n=6, group
permuted null, Fig. 3b). The Different 1-back trials showed no
overall serial dependence effect for perceived expression (p=.8,
n=6, group permuted null, Fig. 3b). Therefore, perceived facial
expression was pulled towards the facial expression seen one
trial ago, but only if the current and previous facial expression
came from similar identities. Average response time (RT)
across participants was 2874 ms (SD = 1553 ms) for this ex-
periment. This result suggests that the object-selective continu-
ity field maintains the stability of perceived facial expressions
over time in a gender-dependent manner. These results also
demonstrate that the positive serial dependence found in the
same 1-back trials is not entirely due to previous motor re-
sponses or general response biases (Luce & Green, 1974;
Tanner, Rauk, & Atkinson, 1970; Wiegersma, 1982a, 1982b),
since responding on the previous trial did not elicit a serial
dependence effect in both conditions.

Experiment 3: Is serial dependence
for emotional expression ethnicity
dependent?

In Experiment 2, we found that serial dependence in perceived
emotional expressionwas selective to the gender of previously
seen faces. However, the gender may be confounded by the
different identities of the male and female faces. In order to
disentangle whether serial dependence is selective to gender

or identity, we tested whether the amplitude of serial depen-
dence for facial expression was modulated by the similarity
between the current and the 1-back face ethnicity. The ratio-
nale is that, if serial dependence is as selective for ethnicities
as it is for gender (Experiment 2), then serial dependence is
identity-dependent. Conversely, if serial dependence is not
selective for ethnicity, then serial dependence is at least gen-
der-dependent.

Methods

Participants

Five participants (three female) ranging in age from 20 to 37
years (M = 27.6, SD = 4.07 years) participated in Experiment
3. One of the participants in Experiment 3 was not naïve to the
experiment, and three of the participants also participated in
Experiments 1 and 2. All experimental procedures were ap-
proved the by UC Berkeley Institutional Review Board.
Participants were affiliates of UC Berkeley and provided writ-
ten informed consent before participation. All participants had
normal or corrected-to-normal vision.

Stimuli, procedure, and analysis

First, we created two prototype faces, one Asian and one
Caucasian, using FaceGen Modeller. Second, for each proto-
type we created a happy, sad, or angry facial expression,
cropped by an oval aperture to remove the hairline for each
ethnicity. Third, we generated 48 face morphs across facial
expressions and within each ethnicity, using Morph 2.5
(Gryphon Software). As a result, we obtained two sets of
147 (48+48+48 morphs +3 original) facial expressions, one
set of Asian faces (Fig. 4a) and one set of Caucasian faces
(Fig. 4b). Each presented face subtended 5.9 x 7.3 degrees of
visual angle.

During the experiment, participants were tested on their
ability to identify randomly chosen target emotions with a
MOA matching task, similar to the task in Experiment 2. On
each trial, participants saw a randomly chosen Asian or
Caucasian target expression for 250 ms, followed by a
1000-ms noise mask of randomly shuffled black and white
pixels, and then a 250-ms fixation cross prior to the response
(Fig. 4c-d). Participants then saw a test screen containing a
random adjustment expression with the same ethnicity as the
target expression, which they adjusted to match the last ex-
pression they saw. After picking a match expression, partici-
pants saw a 1000-ms noise mask followed by a 1000-ms
fixation cross before the next trial began. Five participants
each completed 400 trials. All other experiment procedures
were identical to Experiment 2.
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Results

The Same 1-back ethnicity trials and Different 1-back eth-
nicity trials showed an overall positive serial dependence
effect, replicating the results from Experiment 1 (Same 1-
back trials: p < 0.01; Different 1-back trials: p<0.01; n=5,
group permuted null, Fig. 5a). Therefore, perceived facial
expression was pulled towards the facial expression seen
one trial ago independent of the ethnicity of the face.
Crucially, the half-amplitude of serial dependence was
not significantly different for the Same 1-back trials

compared to the Different 1-back trials (p = 0.46, n=5,
group permuted null, Fig. 5b).

Additionally, average response time (RT) across partic-
ipants was 2774 ms (SD = 1328 ms) for this experiment.
Importantly, the difference in serial dependence between
same and different gender (Experiment 2) was higher
compared to the difference in serial dependence between
same versus different ethnicity (Experiment 3): p < 0.01,
group permuted null. Taken together, these results suggest
that the object-selective continuity field maintains the sta-
bility of perceived facial expressions over time
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Fig. 3 Experiment 2 results. (a) Collapsed data from all participants for
trials with the Same 1-back gender (left), and collapsed data from all
participants for all trials with a different 1-back gender (right). Each
data point shows performance on one trial. Black lines show the DoG
fit for single observers. (b) Half-amplitude of the serial dependence for
each individual participant in Experiment 2 for same 1-back and different

1-back trials. On average, there was a significantly larger amplitude of
serial dependence for Same 1-back trials compared to Different 1-back
trials (p<.001, permuted null distribution). Error bars are bootstrapped
95% confidence intervals and p-value is based on group permuted null
distribution. Participant 2 and Participant 6 also participated in
Experiment 1
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independent of ethnicity (Experiment 3), whereas it is se-
lective for gender (Experiment 2).

Discussion

Our experiments demonstrated that perceived emotional ex-
pression was pulled by expressions seen up to two trials pre-
viously (6–12 s ago, Experiment 1). Furthermore, this serial

dependence effect was selective to the gender of the previous-
ly seen faces (Experiment 2). We saw a pull on the perceived
current expression if the previously seen facial expression had
a dissimilar ethnicity (Experiment 3). The results provide ex-
istence proof for serial dependence in emotion perception. The
continuity field is therefore a mechanism that helps maintain
the perceptual stability of emotional expression, in addition to
facial identity and low-level features (Alais et al., 2017;
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Fig. 4 Stimuli and trial sequence from Experiment 3. (a-b) Face morphs
used in Experiments 3. These morphs were based on an Asian (a) and
Caucasian (b) ethnicity, with each identity displaying a happy, sad, or
angry face. For each ethnicity, a set of 48 morphs was created between
these expressions, resulting in a face morph continuum of 147 faces. (c-d)
On each trial, a randomly selected target expression of either ethnicity,
Asian (c) or Caucasian (d) was presented for 250 ms, followed by a

1000-ms noise mask of black and white pixels to reduce afterimages,
and a 250-ms fixation cross. Participants then saw a test screen
containing a random adjustment face, which they modified by
scrolling through the continuous expression wheel to match the
target expression. After picking a match expression, participants
saw a 1000-ms noise mask followed by a 1000-ms fixation cross
before the next trial began
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Cicchini et al., 2014; Cicchini, Mikellidou, & Burr, 2017;
Corbett et al., 2011; Fischer & Whitney, 2014; Liberman
et al., 2014; Manassi et al., 2017).

In Experiment 3, serial dependence was not ethnicity se-
lective. This may seem at odds with the second experiment,
which revealed a gender selectivity in the serial dependence of
perceived emotion. However, the degree of ethnicity (or gen-
der) invariance of serial dependence in emotion perception
may be related to the perceived similarity of the faces. The
two ethnicities (Fig. 4a-b) may have appeared more similar
than the two genders (Fig. 1a-b). It is still possible that serial

dependence may be selective for ethnicity or identity with two
sufficiently different faces. Given the results, a conservative
interpretation is that serial dependence in perceived emotional
expression is tuned for face similarity.

Several alternative explanations for our results can be ruled
out. A generalized response bias, or motor serial dependence
would not predict the serial dependence we report (Luce &
Green, 1974; Tanner et al., 1970; Wiegersma, 1982a, 1982b),
since participants did not show expression serial dependence
when they responded to a 1-back face from a different gender.
Furthermore, adaptation and associated negative aftereffects,
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Fig. 5 Experiment 3 results. (a) Collapsed data from all participants for
trials with the Same 1-back ethnicity (left), and collapsed data from all
participants for all trials with a different 1-back ethnicity (right). Each data
point shows performance on one trial. Black lines indicate the DoG fit for
single observers. (b) Half-amplitude of the serial dependence for each
individual participant in Experiment 3 for same 1-back and different 1-

back trials. On average, there was no significant difference in the
amplitude of serial dependence for Same 1-back trials compared to
Different 1-back trials (p<.001, permuted null distribution). Error bars
are bootstrapped 95% confidence intervals and p-value is based on
group permuted null distribution. Participant 3– Participant 4 also
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priming, and other phenomena show a type of perceptual de-
pendence on the recent past, yet remain distinct from serial
dependence and the CF. Adaptation studies show that prior
exposure to a variety of stimulus features (Anstis, Verstraten,
& Mather, 1998; Campbell & Maffei, 1971; Webster et al.,
2004) results in a stimulus-specific negative aftereffect, or
perceptual repulsion, away from the adapting stimulus (for
reviews see Thompson & Burr, 2009; Webster, 2012).
Additionally, both emotional expression and facial identity
have previously been reported to exhibit negative aftereffects
(Carbon & Leder, 2005; Fox & Barton, 2007; Fox, Oruc, &
Barton, 2008; Leopold, Rhodes, Muller, & Jeffery, 2005;
Rhodes, Jeffery, Clifford, & Leopold, 2007; Tillman &
Webster, 2012; Webster & MacLin, 1999; Webster et al.,
2004).

However, our experiments show a positive perceptual pull
towards the recent past and are therefore not a result of known
forms of adaptation. The reason we find serial dependence
rather than a negative aftereffect (Taubert, Alais, et al., 2016)
is likely because of (1) the brief exposure duration in our ex-
periments (adaptation studies generally expose observers to an
image for many seconds or even minutes), and (2) the long
inter-stimulus intervals in our experiments, as well as the fact
that (3) each trial had a random expression, which would tend
to wash out adaptation and reduce negative aftereffects. With
that in mind, both adaptation and serial dependence are likely
operating here and in previous studies, albeit with different
time courses, as found in the orientation domain (Alais et al.,
2017; Fischer & Whitney, 2014; Fritsche et al., 2017;
Liberman et al., 2016; Manassi et al., 2017). In addition, adap-
tation and positive serial dependences share some similarities.
For example, like positive serial dependencies, adaptation to
emotional expression and the associated negative aftereffects
can be tuned to the identity of the face (Fox & Barton, 2007;
Fox et al., 2008; Schweinberger & Soukup, 1998;
Schweinberger, Burton, & Kelly, 1999; Wild-Wall, Dimigen,
& Sommer, 2008). Thus, although serial dependence and ad-
aptation for facial expression show different time scales and
opposite perceptual effects, they do both seem to conform to
the identity of the face. More generally, it is important to be
cautious about interpreting negative and positive aftereffects.
Positive and negative serial dependencies can simultaneously
contribute to perceptual outcomes (Alais et al., 2017; Fischer &
Whitney, 2014; Fritsche et al., 2017; Maus, Chaney, Liberman,
&Whitney, 2013; Taubert, Alais, et al., 2016), and finding one
does not rule out the presence of the other in this study or in any
other (see Bliss, Sun, & D'Esposito, 2017).

The perceptual serial dependence we report may be related
to priming effects (Kouider, Berthet, & Faivre, 2011;
Kristjansson, Ingvarsdottir, & Teitsdottir, 2008; Kristjansson,
Bjarnason, Hjaltason, & Stefansdottir, 2009; Maljkovic &
Nakayama, 1994, 1996), but there are important differences.
Priming generally manifests in reaction time (Kahneman,

Treisman, & Gibbs, 1992; Maljkovic & Nakayama, 1994,
1996) and, where relevant, can improve discriminability of
primed stimuli (Sigurdardottir, Kristjansson, & Driver,
2008); serial dependence does not impact reaction time and
is a reduction in the discriminability of similar objects (Fischer
& Whitney, 2014; Liberman et al., 2014), for the sake of
perceptual stability. The CF is a spatiotemporal operator that
may influence perception, memory, decision, and action
(Kiyonaga, Scimeca, Bliss, & Whitney, 2017). It can affect
appearance: it makes (even slightly different) objects look the
same over time (Cicchini et al., 2017; Fischer & Whitney,
2014). The CF is one mechanism (of potentially many) that
could generate priming-like effects, as long as our understand-
ing of priming is broadened. This is not to say that priming,
adaptation, and serial dependence are unrelated, as they may
play complementary roles in helping to establish or maintain
perceptual stability.

The exact mechanism(s) of serial dependence are still un-
der debate (Fischer & Whitney, 2014; Fritsche et al., 2017).
Serial dependence was shown to act directly on perception
(Cicchini et al., 2017; Fischer & Whitney, 2014), biasing the
appearance of our current percept and, hence, it has a percep-
tual component. Perceptual decisions were also proposed as a
necessary component of serial dependence (Fritsche et al.,
2017; but see Cicchini et al., 2017), but our results cannot be
entirely explained by this. On each trial, observers make a
decision regarding the emotional expression they are present-
ed with. Accordingly, if the serial dependence mechanism
were only based on sequential decisions, serial dependence
should occur independent of face identity, and should not be
gender-specific (as shown in Experiment 2).Memorywas also
proposed as a component of serial dependence, manifesting in
terms of proactive interference (Bliss et al., 2017; Kiyonaga
et al., 2017). Interestingly, proactive interference may simply
be a special kind of serial dependence which occurs in mem-
ory. Future research should investigate whether proactive in-
terference displays the same temporal, spatial, and featural
tuning exhibited in classic perceptual serial dependence
(Fischer & Whitney, 2014).

Although there is a great deal of debate surrounding the
origin of sequential dependencies in perception (Bliss et al.,
2017; Cicchini et al., 2017; Fischer &Whitney, 2014; Fritsche
et al., 2017; Kiyonaga et al., 2017; Liberman et al., 2014;
Pascucci et al., 2017; Suárez-Pinilla, Anil, & Roseboom,
2018), serial dependence may very likely happen at every
level of visual and cognitive processing (perception, attention,
decision, memory, and motor systems), and future research
should investigate the interaction (and degree of indepen-
dence) between all these components. Whereas our data can-
not clearly disentangle between these different components,
they provide further insights regarding the types of informa-
tion and selectivity that serial dependence can exhibit.
Whether serial dependence is due to perception, decision,
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memory, or a combination of these, our results show that serial
dependence does not indiscriminately occur with all kinds of
stimuli, but can be selective for face similarity. This builds on
previous work showing that serial dependence effects can be
selective for different object or stimulus categories (Taubert,
Alais, et al., 2016; Xia et al., 2016; Kok, Taubert, Van den
Brug, Rhodes, & Alais, 2017).

Our results have also important implications for models of
face processing. Some models assume a dissociation between
perception of identity (gender/ethnicity) and expression
(Bruce & Young, 1986; Haxby, Hoffman, & Gobbini, 2000),
suggesting that the analysis of facial identity occurs largely
independent from the analysis of facial expression. Our results
suggest that serial dependence in perceived facial expression
is selective for face similarity and, hence, support the hypoth-
esis that these two levels of analysis are linked. In accordance
with this hypothesis (Bruce & Young, 1986; Calder & Young,
2005), it was shown that negative adaptation to facial expres-
sions is stronger when adaptor and test stimuli are from the
same identity (Campbell & Burke, 2009; Ellamil, Susskind, &
Anderson, 2008; Fox & Barton, 2007). Furthermore, judging
facial expression can be influenced by concomitant changes in
identity (Schweinberger & Soukup, 1998) and functional
magnetic resonance imaging (fMRI) studies found a link be-
tween identity and facial expression (Andrews & Ewbank,
2004; Davies-Thompson, Gouws, & Andrews, 2009).

In summary, our results demonstrate a serial dependence in
perceived emotional expression that is selective for face sim-
ilarity. A continuity field may therefore operate on perceived
expression of faces for the purpose of perceptual stability
across similar identities. By recycling previously perceived
identities and expressions, the object-selective CF decreases
the neural computations necessary for the identification of
similar objects over time.
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