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dependencies remains unknown. In this Perspective, we propose
that their goal is to promote the stability, accuracy and efficiency

of perceptual representations. By continuously inducing serial
dependencies, cognition compensates for variability in sensory
input and thus stabilizes what would otherwise be a noisy, jittery and
discontinuous experience of the world. We theorize that this goal is
served by continuity fields: spatiotemporal integration mechanisms
that continuously bias perception and cognition towards previously
encountered information, thereby smoothing representations to
promote the stability, accuracy and efficiency of experience.
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Introduction

In everyday life, the human visual system is confronted with noisy
visual input. Retinal images are often dynamic, and image properties
frequently fluctuate from moment to moment as a result of occlu-
sions and lighting changes, as well as internal and external sources of
noise. The physical input fromthe outer world also constantly changes
because one’s eyes, head and body frequently move, and additional
discontinuities are introduced by eye blinks. Still, despite all these
factors, people tend to perceive stable objectidentities within astable
environment and rarely hallucinate or perceive the world as a chaotic
environment. One of the fundamental questions in perception science
is how this stabilization occurs.

The stability problem is decades, if not centuries, old"? and has
beenacknowledged invarious guises inmany aspects of vision science
including eye movements?, colour perception*, change or inattention
blindness® and adaptation”®. For small fluctuations in visual signals,
stability may be achieved passively or because of a lack of sensitiv-
ity. For example, changes in stimuli are often below the perceptual
threshold’™, suppressed®, or outside awareness because of capacity
limits in attention or memory™*. Thus, stability in some instances of
visual change is achieved ‘for free’, in that the change is not registered
by the perceptual system.

In 2014, it was proposed that perceptual stability is facilitated by
anactive mechanism, built on positive serial dependencein visual rep-
resentations™'. Positive serial dependencies are phenomenain which
actions, perception, decisions and memory of features or objects are
systematically biased towards experiences from the recent past’>'"'%,
Among many labels, positive serial dependencies have been referred
to as priming, sequential dependencies, sequential effects or serial
effects. This attractive bias contrasts with negative aftereffects'>?°,
aknown form of repulsive negative bias.

Positive serial dependencies enhance perceptual stability because
theworldisautocorrelated: features and objects are relatively unlikely
to change location or identity spontaneously over time* . The visual
system could harness this autocorrelation by inducing positive serial
dependencies between object representations. For instance, given
that objects rarely change colour, size, position or identity over time
and space, itis advantageous for their current perception to be influ-
enced by bothits currentand recent appearance. In this light, the lack
of hallucinations is not simply because of insensitivity to changes but
an active stabilization process built on serial dependence. In princi-
ple, serial dependencies could be introduced at any or every level of
analysis, from low-level sensory codes to higher-level cognition, action
and memory®. Because objects and the environment do not typically
change abruptly, neural systems can promote smoother, more sta-
ble representations over time by biasing current action, perception,
decisions and memory towards the past (at least up to a point).

Inthis Perspective, we consider evidence for visual positive serial
dependencies across arange of sensory and cognitive manifestations.
We focus onserial dependencein visionbecause so much research on
this has been published”. However, serial dependence effects have
been reported in other modalities, including audition®’, timing per-
ception’®, eye movements®>*, pupil modulation®, olfaction®® and
multisensory perception®*®, Furthermore, serial dependencies can
manifest in many realms of psychology, from clinical to social and
developmental®**. We will show that serial dependencies occur with
alarge variety of visual stimuli; they manifest in action, perception,
decisions and memory, and are tuned for temporal, spatial and featural
properties of the environment, as well as the attentional resources of

the observers. We solidify this converging empirical evidence into a
new theoretical account, proposing that serial dependencies underlie
integration mechanisms called continuity fields: spatially and tempo-
rally tuned operators (analogous to receptive fields****’) that smooth
actions, perception, decisions and memory over time. We propose that
the computational goal of continuity fields is to improve the efficiency,
accuracy and speed of information processing and perceptionand to
facilitate the stability of neural representations over time, without the
need tore-analyse the entire visual scene at every moment.

Positive serial dependencies

Serial dependencies are pervasive and ubiquitous. They alter the rep-
resentations of almost all kinds of features and objects, occur through
many behavioural paradigms, and manifest in different ways.

Stimuli and behavioural paradigms

Serial dependencies in perception occur with a variety of stimuli'”
(Fig. 1). In the visual modality, serial dependencies occur in basic
low-level features, such as luminance®, orientation>*°~ (Fig. 1a),
position®>***"*% colour**~** (Fig. 1b), and shape®*® (Fig. 1c).

Beyond these simple features, serial dependencies occur also on
more complex properties of the scene. Global object properties, such
as numerosity'® % (Fig.1d), ensemble orientation and variance®*’° "
and complex motion patterns””*” canbe extracted and biased towards
the past. This kind of serial dependence occurs on global visual input,
beyond the local serial dependencies found for single features™.
Inaddition, aesthetic ratings of artwork, which could involve low-level
and high-level cognitive processes, were found to be biased towards
recent visual experience’”’.

Serial dependence can also occur on representations of people,
including faces. For example, aface seen at one moment appears more
similarinidentity to similar faces seenin the last several seconds thanit
actually is'*’** (Fig. 1e). This dependence can even lead to misrecogni-
tion of face gender®. Face attractiveness is also biased by serial depen-
dence®** Likewise, perceived facial expression (for instance, degree of
happiness) isserially dependent™ ¢, asis the apparent age of faces’”,
In addition, past visual experience can bias body size estimations®
(Fig. 1f), gaze direction® and emotional content in natural scenes'®.

Serial dependencies occur across several behavioural para-
digms (Fig. 2), including continuous report in position and orienta-
tion'*30873101102 (Fig 23), magnitude estimation*85571%% (Fig 2b),
discrimination'**'°* (Fig. 2c) and even detection® (Fig. 2d). Taken
together, serial dependencies affect the representations of virtually
allkinds of visual features and objects in a pervasive manner, inalarge
variety of behavioural paradigms.

Manifestations

Theliterature contains reports of positive serial dependencies in vision
across four main manifestations: action, perception, decisions and
memory (Fig. 3). By manifestation, we refer to the consequence of
past visual experience on the present. Manifestations of serial depend-
ence should notbe confused with levels of processing, which relate to
the underlying mechanism and will be discussed later. For each mani-
festation, we describe how positive serial dependencies can actively
contribute to visual stability.

Inaction, previous visual experience can influence motor behav-
iourinresponse to subsequent visual stimuli. This effect can manifest
asachangeinresponse times, achangein error rates, or amotor bias.
These findings have been referred to as visuomotor priming'®, action
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priming'°® or response priming'”. Ina typical priming paradigm, motor

responses are sped up when current presentations are primed by a
previous congruent stimulus compared to anincongruent one'*¢™,

Action priming effects have been documented for many dec-
ades'"? However, itis unclear whether these types of priming effect
are actually forms of serial dependence. On one hand, they seem to
be advantageous effects in line with the continuity fields proposal; in
astablevisual environmentitis advantageous to increase the speed of
one’s actions when features and objects are the same (or congruent)
over time. Onthe other hand, there is evidence that priming (changes
inreactiontime) can be dissociated from serial dependence (biasesin
reproductionerrors; Fig.2a). Forexample, repeating stimuliincreases
priming (reduces reaction time) but does not necessarily change the
perceptual biases from serial dependence'™.

Regardless of whether serial dependence causes changesin reac-
tion time, there are also serial dependencies in actions that do not
hinge on priming. For example, one study measured eye movements
inresponse to visual motion cues and found that serial dependencein
eye movements is mediated by retinal error signals independently of
the spatial context™. This patternindicates a very early, sensory form
of serial dependence in eye movements that can therefore facilitate
eye movements in an autocorrelated world. This early locus of one
instance of serial dependence does not preclude serial dependencein
motion perception as well**”*7”, but these forms of serial dependence
must operate at different stages of processing.

In perception, previous visual experience can change the appear-
ance of subsequent visual objects, leading to a different perceptual
experience. Perceptual serial dependencies can induce stability by
making different objects look more similar over time*“®. This change
in appearance, although debated*, has been psychophysically dem-
onstrated by dissociating a mere decision-making bias from appear-
ance>>1°*151 Fyrthermore, this manifestation in perception hasbeen
exemplified by a specific visual illusion: a continuously seen, physically
changing object is misperceived as relatively unchanging because of
serial dependence” (see a demonstration online). In a stable visual
environment, it is advantageous to continuously recycle previously
perceived features and objects, instead of analysing the entire visual
scene afresh at every single moment.

Indecision-making, previous visual experience can also bias deci-
sions about subsequent visual objects. We defer to previous definitions
of ‘perceptual choice’ as a high-level process that requires interpreta-
tion of perceptual experience beyond sensory processing'” (see dis-
cussion of definitions in the section ‘Levels of processing’). Depending
on the success or failure of past choices, one can implement switch-
after-failure or stay-after-success strategies in the present*$187122,
In addition, choices''**, expectations'> %, confidence'*>?*! and
preference” playacrucialrolein serial dependence. Inastable environ-
ment, itisadvantageous toinfer regularities in visualinput, promoting
expectations and preferences with different levels of confidence, and
therefore bias decisions accordingly.

In memory, previous visual experience can also determine the
memory of subsequent visual objects"**>, For example, visual work-
ingmemory, here defined as a visual representation of the world that
isactively maintained to serve broader cognition®*'*, canbe distorted
in its content towards the past. In a stable environment, it has been
proposed that the lingering activation of previously relevant stimuli
mightincrease sensitivity for related currentinformation, and thereby
increase the cohesion of working memory episodes®'*°. Conversely,
such manifestation in memory could become maladaptive when

previous relevant stimuli are irrelevant to the current situation. This
iswhat happensinproactiveinterference, when previously memorized
visual information detrimentally interferes with the recall of more
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Fig. 1| Positive serial dependencies across visual stimuli. In each panel, ‘Past’
and ‘Present’ refer to previous and current stimulus and ‘Reported present’
refers to the reported current stimulus, biased by positive serial dependencies”.
a-d, Orientation”, colour®, shape®® and numerosity®® of objects ina current
display are reported as biased towards previous visual stimuli. e,f, Face identity®
and body size’” are reported as biased towards previously seen individuals.
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Fig.2|Behavioural paradigms and data analysis in positive serial
dependencies. a, Observers match the location of randomly positioned target
grating by adjusting a cursor’s position. Adjustment error is plotted as a function
of relative difference between previous and current target position. To quantify
the magnitude of serial dependence, a derivative of Gaussian (or equivalent) is
fitted to the data (blue line) measuring the half-amplitude peak™*®. b, Observers
rate the expression of random faces using a Likert scale. Ratings of current

faces are typically biased towards past facial expressions; see similar studies in

refs. 85,87,88. ¢, Observers are asked which array (probe or reference) contains
more dots. Psychometric functions are measured for conditions with and
without precedinginducer dots. The point of subjective equality (PSE) is shifted
when a previous inducer dot array is presented, in the direction consistent

with serial dependence®®. d, Observers detect a Gabor patch embeddedina
noisy image. A previously seen Gabor patch biases the detection of orientation
information in subsequent noise images, causing classificationimages to be
biased towards previous stimuli®.

recentinformation>**""*1 In this sense, proactive interference can
be considered as a by-product of a type of serial dependence that is
generally useful for memory coherence.

Itis important to mention that these distinct manifestations of
serial dependence (outcomes in action, perception, decision and
memory; Fig. 3) do not necessarily imply that serial dependence
operates only at those specific levels of processing (their underlying
mechanism in perception, decision and memory, from early to late
stages). For example, a manifestation of serial dependence in working
memory>#¢31371401 i not necessarily evidence of amechanism of serial
dependence taking place solely at the level of memory processing;
it can arise and be modulated by other factors at different levels of
processing. Likewise, serial dependencies can be strongly tied to basic
sensory representations like retinotopy'>**'** and can affect visual
appearance?#1°*1 but this does not preclude serial dependence
occurring atlevels of memory and decision®*'*, or interactions among
different levels*®'**. Thus, although many papers have succumbed
to the temptation of arguing for a single level of processing of serial
dependence, the most plausible hypothesis is that serial dependence
operates at many levels of processing.

Each manifestation of serial dependence continuously interacts
through top-down and bottom-up processes. Indeed, serial depen-
dence can be modulated or mediated by higher-level processes, such
asattention™*"** confidence'”*and memory*>*’+%*4¢ Although these
influences make it very difficult to pinpoint at which exact processing
levels serial dependencies occur, it does suggest that serial dependence
is not a monolithic or single modular process. Serial dependencies
areafamily of phenomenaand are not the result of alinear sequential
processing pipeline in a single hierarchical order. Instead, each level
stems from complex, reciprocal interactions across a large network of
areas'”*® These phenomena are unified by shared tuning dimensions,
aswedescribe next.

Tuning properties of serial dependencies

The visual world is autocorrelated over time, meaning that the same
features and objects are often presented at the same location, and
objects and physical characteristics rarely change spontaneously” .
If serial dependencies promote the stability, accuracy and efficiency
of visual representations, we predict that they should be optimized
to make use of such properties of the environment, as appropriate
for therelevant modality and level of processing. Inline with thisidea,
research has revealed that serial dependencies occur in a selective
manner (are ‘tuned’) for temporal, spatial and featural properties of
the environment, as well as the attentional resources of the observer
(Fig. 4 and Box 1; see ref. 17 for a meta-analysis).

Temporal tuning
Serial dependence gradually decays over time or intervening infor-
mation (Fig. 4a; refs. 15,32,64,71,101, among others). For example,

orientation perceptionis systematically attracted by stimuli presented
up to 15 seconds in the past®. Temporal tuning is typically measured
by computing serial dependence strength (Fig. 4a) across the previous
trialsand was also found to decrease linearly with increasing temporal
delay between current and previous trials*®. The temporal window
within which serial dependence occursis not strictly fixed, but varies
dependingonthe features and objects used, as well as on task and con-
ditions”%%*’_For example, prior orientation and faces can influence
perception for 15 seconds or more™™, and timing perception seems
to hold for at least 8 seconds™°. In addition, the perceptual states of
individual observers can lead to dependencies up to days, weeks and
even months in the past™'.

Spatial tuning

Serial dependence gradually decreases with increasing the relative
spatial distance between current and previous objects (Fig. 4b). It
is strongest when previous and current objects are presented at the
same location, and gradually decreases with increasing the spatial
distance between previous and current objects'>>*°7586468104115 \ogt
research on the spatial tuning of serial dependence has focused on
orientation>**'°**2 put spatially selective serial dependence was also
found for faces®®, position*’ (see tuning in Fig. 2a)*®, numerosity® and
shape®*®, The coordinate frame(s) of the spatial tuning are substan-
tially retinotopic, at least for orientation'**'°*'*2 but it has also been
reportedinallocentric'?and cartesian coordinates'. It is conceivable
that the spatial tuning of serial dependence operatesin more than one
coordinate frame” or it may depend on the level of processing and par-
ticular stimuli involved. For example, retinal motion generates serial
dependence, and so does perceived motion or relative motion®*”,
but the coordinate frames of these effects are dissociable.

Feature tuning

Serial dependence occurs for more similar sequential objects, but not
for dissimilar ones (Fig. 4c). Thiskind of tuning was found with low-level
basic features such as orientation'>***!, position®***”*8, colour®**and
shape®®. Serial dependence is also tuned to similarity in higher-level
object representations, like faces'®****, For instance, serial depend-
ence was found to occur across different face viewpoints'®*° but not
for rotations around the roll axis or for inversions that disrupt face
recognition®*®, In addition, within the same object, positive serial
dependencies occur at the level of features and at the level of inte-
grated representations®. Negative aftereffects can occur at the same
time in other stimulus dimensions, such as expression and orienta-
tion’*** (Box 2). These findings point to multifaceted feature-tuning
interactions for complex stimuli.

Not all studies that have reported serial dependence have found
strong feature tuning; for instance, it was not found for motion variance
estimates’’, face attractiveness®, or aesthetic judgements of artwork™.
However, the null resultin these studies should not be taken as strong
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Fig.3 | Manifestations of positive serial dependencies. As a
nonexclusive example, consider serial dependence in orientation:
the present orientation is attracted towards the previously seen
orientation, leading to abias in the reported current orientation.
This positive serial dependence can manifest across four main
domains. Inaction, previous visual experience canlead to a
change inreaction times, error rates or motor biases in general.

In perception, previous visual experience can lead to changes in
visual appearance. In decision, previous visual experience can lead
to altered decisions, expectations or confidence levels. In memory,
previous visual experience can bias memories or lead to proactive
interference effects.

 Proactive interference

evidence against feature tuning, even in those domains. What counts
assimilarin complex features and objects can be difficult to define or
manipulate, so the tuning might still be present but not adequately
captured by the stimulus range or dataanalysisin a given study (Box 1).
In particular, two common limitations occur in the work that reports
an absence of feature tuning. First, the stimulus range might be small
compared to sensitivity (that is, ratio of the stimulus range to a just-
noticeable difference). Second, the tested stimulus dimensions are
often prothetic or linear, in contrast to metathetic or circular dimen-
sions (such as orientation). These two factors are often intertwined, so
itisimportant to be cautious about concluding that tuning is absent
when the real culprit might be discriminability, range and/or a more
general lack of statistical power.

Attentional tuning

Serialdependenceis, inatleast some forms, gated by attention (Fig. 4d).
Spatial attention toward previous objects is required for serial depend-
ence to occur on the current object’>2%5*155_ Consistent with this
pattern, serial dependence only occurs for stimuli that are within the
focus of attention and awareness, and does not occur when features are
suppressed by binocular rivalry'**. Inaddition, feature-based attention
has animportant modulatory role: attending to a specific featureina
complex object leads to higher serial dependence in that dimension
compared to when adifferent dimension is attended to*. For instance,
serial dependence in orientation increases when the previous orien-
tation is attended to compared to the previous size. Along the same
lines, it was found that serial dependence increases when objects share
the same context features (colour, serial position or spatial position)
across trials, therefore showing that attentional selection to multiple
features and objects plays arole”.

Taken together, serial dependencies do not indiscriminately and
automatically occur in all situations, but rather are tuned to specific
properties (see ref. 17 for meta-analyses of the four tunings). Serial
dependencies induce perceptual stability between sequentially
viewed objects for alimited period of time, at a similar location, when
the objects are relatively similar, and if the features and objects are
attended. These tunings need not be hardwired and can continuously
interact with each other; for example, attention can modulate the
decay of serial dependence in time, as well as in space and feature
similarity.

Continuity fields
We propose that positive serial dependencies are a manifestation
of abroader psychophysically defined theoretical construct called

continuity fields®® (Fig. 5). Continuity fields are spatiotemporal
regions withinwhich the visual system treats visual features and objects
asbeing more similar than they actually are. Within these spatial, tem-
poral and featural windows (Fig. 4), actions, perception, decisions
and memory of features or objects are systematically biased towards
experiences from the recent past (Fig. 5).

Continuity fields are operationally defined by their tuning proper-
ties (Fig. 4): the specific conditions in which serial dependence occurs.
Continuity fields are analogous to but different from receptive fields.
The concept of receptive fields, originally defined behaviourally as
regions of the body that drive reflexes*, was extended to refer to spe-
cificregions of sensory space inwhich an appropriate stimuluselicits a
neuronal response™®. Like receptive fields, continuity fields are mecha-
nisms, but their function is distinct. By biasing action, perception,
decisions and memory towards the past (through serial dependence),
continuity fields promote stability'>’***'", accuracy and efficiency™""*%,
Thus, continuity fields as amechanism reflect the computational goal
of serial dependencies: to enhance perception of an otherwisejittered
and noisy visual input. We next outline the implications of continuity
fields, and review their possible levels of processing, neural correlates
and models.

Implications
Continuity fields, with their serial dependence effects, can be ben-
eficial for visual stability, accuracy and efficiency. By continuously
recycling previous visual information, continuity fields can promote
visual stability (see a demo online of visual stability induced by serial
dependence)®. In the autocorrelated visual world, itis advantageous
for the visual system to continuously bias representations towards the
past for the sake ofinteracting in a stable environment'>'37°, Similarly,
when watching a film, the human visual system tricks the viewer into
perceiving astunt double as the principal actor for the sake of continu-
ously perceiving the same person in action. Importantly, continuity
fields also lead to more accurate and faster responses when previous
and current visual stimuli are similar than when they are dissimilar.
They can therefore improve sensitivity and confidence in an autocor-
related environment in which previous and current visual stimuli are
routinely similar'®""*'5815% On a neural level, continuity fields also
reduce the number of potential neural computations across time for
eachperceived object.Inthissense, biased perception of features and
objects canbe anefficient strategy because the visual system exploits
natural temporal redundancies to its advantage'®*""55,

However, trading some accuracy in favour of stability by biasing
representations towards the past can have detrimental consequences
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when dealing with non-auto-correlated sequences of images. For
example, perceptual decisions biased toward the past might have
life-changing consequences for clinicians performing medicalimage
perception tasks (such as cancer screening) and officers conducting
airport security screenings. In fact, it was found that classification
errors of simulated tumours are 7% more often biased towards the
previous image content than towards other tumour categories®*>¢0161,
In addition, previously memorized visual content can interfere with
the retrieval and acquisition of present information, thereby lead-
ing to proactive interference™ '*°, In another real-life context with
non-auto-correlated sequences of images, when looking at random
face images in dating apps, observers are more likely to rate a face
as attractive when the previous face was attractive than when it was
unattractive®>#5520162,

At a more general level, the existence of continuity fields would
have methodological implications for behavioural research studies*®.
Althoughthere hasbeen agreat deal of work onresponse perseveration
and other order effects in responses"*"*'*, visual judgements about
trials presented in asequence are usually assumed to be independent
of previous trial content*®, This assumption is important for most
common psychological and psychophysical approaches, including
putatively bias-free constant stimuli and adaptive procedures. How-
ever, serial dependence can manifest as a temporally varying crite-
rion'**'>, or horizontally shifting psychometric functions'**'®’. In fact,
by removing history biases such as negative and positive serial depend-
ence, discrimination thresholds were found to be lower and more
reliable*®

We have so far operationally defined continuity fields by their
psychophysically measured tuning properties (Fig. 4). Although the
computational goal of continuity fields (and the resulting positive serial
dependencies) has been characterized in the literature, their neural
loci and implementation are still under investigation. To effectively

isolate, identify and visualize continuity fields (similar to whatis shown
inFig.5),itis crucialtouncover the neural mechanismsresponsible for
serial dependence. Inthe following sections, we examine the levels of
processing, neural loci and algorithms that have been proposed for
generating serial dependence, therefore serving as anindicator of the
presence of the continuity field operator.

Levels of processing

Serial dependencies have been proposed to occur on the level of per-
Ception15,37,68,98,104,114,l]b, deciSi0nSO,5I,122,]4’;,]68,]b9, and memory32,6"'p,74,]36,14] and
debate continues about their locus or loci. It is important to mention
that, when referring to levels of processing, there is no consensus on
the operational definitions of these concepts; there is an unavoid-
able fuzziness in what counts as ‘perception’, ‘decision’ and ‘memory’
processes. We bear this inmind and offer only pragmatic placeholders
for these indistinct and overlapping categories. The links to actual
processing levels — and corresponding brain mechanisms — should
not be taken for granted.

Serial dependencies cannot be considered purely low-level or
high-level phenomena. There is a substantial literature on top-down
modulation of serial dependence from attention'>*’, awareness>'**,
memory°*8%14¢ task’™>5717° context” and confidence'**'*®, among
other factors'”’. At the sametime, serial dependencies cannot be con-
sidered as a purely high-level process because they are strongly tied
to the visual properties of visual stimuli, can occur independently of
explicit decision®®¢%+98104114171 can be response- and task-indepen-
dent®810414171 and can manifest in perception’°*"°, For particular
feature dimensions such as orientation®, the truth might lie somewhere
in the middle: serial dependence might be the result of top-down
mechanisms that propagate down to early levels of visual process-
ing®>"> which might act in the form of perceptual templates® after
contextual effects are incorporated”’?. Serial dependence might also

127

Tuning properties of positive serial dependencies

Fig.4 | Tuning properties of positive serial
dependencies. When an oblique grating (for example,
at-25°orientation) is preceded by a vertical one (0°), the
oblique orientation is perceived as biased towards the
past (-25° + 5°=-20°). a, Serial dependence decreases as
the temporal delay between past and current orientation
isincreased.b, Serial dependence occurs only withina
limited spatial window; it is strongest when previous and
current orientations are presented at the same location
(0° degrees of visual angle), and it gradually decays as
the relative distance increases. ¢, Serial dependence
occurs only between similar features and not between

1 dissimilar ones. d, Serial dependence is tuned for
attentive resources devoted to the past orientation.

Reported

Past Present present
orientation orientation orientation
\ | |
| |
- \ | \\ |
[0 W N\
| |
| |

Temporal delay
a Time b space C Feature d Attention

Orientation difference
from past orientation

Temporal delay from
present orientation

. A £

Spatial distance from
present orientation

Serial dependence
strength

Attention on
past orientation

—QO" —‘\O" 0° 10° 20° —30" —1 ° 0° 15" 300

Relative difference
in orientation

Seconds Relative distance

WOO/Q 75/0 50% 25% 0%

Percentage of
devoted attention

Nature Reviews Psychology



Perspective

Box 1

Measuring serial dependence

Continuity fields reflect an underlying serial dependence in how

the brain processes information. Measuring serial dependencies,
however, is not trivial; they are easily confused with other effects that
can masquerade as sequential biases. In fact, many psychophysical
findings can look like serial dependence but in reality represent
something different. The following is an incomplete list of artefacts
that can imitate serial dependence but that are not, and therefore
none of these can be considered to be the core mechanism of
continuity fields.

Stimulus artefacts

When investigating serial dependence in a sequence of trials, it is
important to consider and control the stimulus distribution. Most
studies use stimuli drawn from a metathetic (circular, like orientation)
or prothetic (linear, like size or gender) stimulus distribution. With
prothetic stimulus spaces (for example, ranging from happy to sad),
edge intensities in the stimulus can become perceptual anchors®'

or predictive (an extremely happy face is likely to be followed by
something less happy). These kinds of edge effects can lead to biased
responses that masquerade as a serial dependence effects but are
not. They are, in fact, an artefact arising from a linear stimulus space.
This problem also applies if the stimulus space is circular but the
dimensions of the presented stimuli are restricted to an effectively
prothetic portion of the stimulus distribution. These kinds of artefact
can be controlled in several ways in experiment design and analysis,
as described below.

Response artefacts

Central tendency?” effects can lead to something that appears similar
to serial dependence. For example, judgements constantly biased
towards the mean value of a stimulus scale would lead to a seeming
serial dependence. Serial dependence consists of a dynamic prior on
a trial-by-trial basis, whereas central tendency is a static one (mean of
the stimulus set??®). Hence, central tendency is not serial dependence
and can be dissociated from it*°, controlled’®, or taken into account

in a model®. Along the same lines, response hysteresis (responding
the same way on successive trials)'®®** can be confused with serial
dependencies®”, but response hysteresis is independent of the
visual stimulus, is not tuned in the same ways (Fig. 4) and has been
dissociated from serial dependence in many papers'>’'°,

encompass multiple stages, as in the motion domain: retinal motion can
generate serial dependencies™, and so can perceived motion*,
indicating that serial dependencies are introduced redundantly.
Importantly, serial dependence at any level of visual processing
is consistent with the proposal of continuity fields as stabilization
mechanisms. Even if continuity fields took place at a specific level of
processing, their manifestations would still serve the purpose of sta-
bilizing actions, percepts, decisions or memoriesin the noisy environ-
ment. Crucially, thereisbroad evidence for the manifestation of serial
dependencies in perception’>*>?104114116172 independently of the level
of processing. Thus, any underlying mechanism of serial dependence

Observer-specific biases

Observers have idiosyncratic biases in many perceptual and cognitive
functions'"??** that could masquerade as serial dependence.
Unigue observer-specific biases in perceptual localization or pattern,
object and face recognition could, for example, cause observers to
over-report some stimuli and under-report others®»°0%8102230 Thjg
reporting can happen even in a circular stimulus space” and would
appear to indicate a serial dependence effect, even when none is
present. This pattern also highlights how artefacts can interact with
each other, introducing unforeseen biases. For example, it has been
shown that there are individual differences in perceived position, size
and motion direction’™"???*”’, These biases are related to individual
observers but are not generated through serial dependence nor do
they serve as a clear mechanism of perceptual stabilization.

Cognitive biases

Observers might rely on past information to make subsequent
judgements independently of the visual stimulus®'**. Anchoring
effects like this can look like serial dependence at first, but anchoring
does not conform to the operational definition of serial dependence
because it is not tuned to the same dimensions. For example,
anchoring is not spatially or retinotopically tuned™**'°*. Anchoring

is also not known to display the other tuning properties of serial
dependence® (Fig. 4). That said, some reports of anchoring might
be forms of high-level serial dependence. The possible links between
serial dependence and anchoring remain an interesting and open
area of investigation.

This list of potential pitfalls and artefacts is, of course, incomplete,
but it highlights the importance of considering in all experiments
how artefacts might introduce spurious sequential effects or imitate
serial dependence. These artefacts can be controlled through
stimulus design, experiment design, analysis controls, appropriate
null distributions and statistical tests, ideal observer modelling, or
a combination of these approaches. It is also worth noting that all
of these concerns hold not just for psychophysical experiments
but for all experiments that use behavioural and/or physiological
methods. More importantly, these pitfalls and artefacts do not have
any beneficial implication for stability, accuracy, or efficiency in the
processing of the visual environment, and thus cannot be considered
as the basis of the continuity fields.

needs to take into account these perceptual manifestations. Finally,
evidence for the role of top-down factors such as attention>**** confi-
dence'®>and memory®7*>'* does not go against the proposal of serial
dependence as a stabilization mechanism: visual mechanisms do not
actinisolation, but they have a role within complex systems whose
reciprocal interactions operate across large networks of areas and at
multiple levels of visual processing'*"*5,

Neural correlates
Research on the neural correlates of continuity fields is still prelimi-
nary"* but has pointed to several potential loci, ranging from early
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visual cortex to frontal cortex. Some kind of serial dependence might
arise in the initial feed-forward processing of information, very early
after stimulus onset and maintained for a relatively long retention
period'”. Potentially consistent with this, orientation signals in early
visual cortex were found to be biased toward previously presented
orientations®, but see ref. 177, implying that serial dependence might
act at very early stages of visual processing. However, identifying a
neural correlate does not necessarily localize the source of the effect
or the cortical networks that supportit.

Several studies have proposed that serial dependence involves
higher-level cortical regions, which might involve feedback to earlier
levels of processing (see also Box 3). For example, transcranial magnetic
stimulation of dorsal premotor cortex'”® and lateral frontal cortex"”’
leads toreduced serial dependence, therefore showing that these areas
havearoleinstoring previous trial history. Based on single-cell record-
ing datainrats, posterior parietal cortex carries a substantial amount
of information about sensory-stimulus history’; see also ref. 181.
Similarly, ventrolateral prefrontal cortex in primates also encodes
prior stimuliand decisions'®2. Human intracranial recordings reveal that

Box 2

medial prefrontal cortex activity correlates with perceptual memory of
previous trials'®>. Previous stimulus informationis also decodable from
single-unit spiking activity in the frontal eye field**'®*; it was found that
thefiring patterns of neuronsinthis area (and their resulting eye move-
ments) are aweighted combination of prior and current sensory visual
information'®*'®, Past visual informationis also stored inamore global
manner, as reflected by large-scale activity patterns in human EEG'S¢™'%
(butsee ref.190) and alpha oscillations?. Finally, activity-silent traces
inferred from spiking synchrony in the prefrontal cortex were found
to modulate serial dependence; from this data it was proposed that
serial dependence in the working memory arises from a combination
of sustained firing and synaptic augmentation**'"’,

Despite the accumulating evidence, the neurophysiological mech-
anisms of serial dependencies are stillinconclusive; several brain areas
are believed to be involved in serial dependence, without any unani-
mous consensus on theirinvolvement and/or interactions. Perceptual
historyis storedin many brainregions and in many forms, and any or all
of these could be involved in functionally biasing present action, per-
ception, decisions and memory. This diverse body of findings on serial

Serial dependence and adaptation

Adaptation produces negative aftereffects, whereas positive serial
dependence is a kind of positive aftereffect. The two can occur at
the same timeW5,51,52,54,71,83,101,115,204,212,23572371 but they are empirically
distinguishable. First, they have different tuning properties, in the
time, space and feature domains" (Fig. 4). Negative aftereffects are
often retinotopically specific*****°, do not spread far in space and
do not require attention'#*%49#4%243 Serial dependence, on the other
hand, is very broadly tuned in space, more broadly tuned to feature
dimensions, and it is gated by attention (Fig. 4). Although adaptation
(and consequent negative aftereffects) and serial dependence can be
dissociated, we theorize that adaptation and serial dependence are
two sides of the same coin.

There are overlapping computational goals of adaptation and
serial dependence: to achieve constancy and stability in perceptual
interpretations, respectively. Stability refers to features or objects being
represented as having the same identity over time. Constancy is the
recovery or perceptual inference of the true object properties (such
as colour, size, shape, lightness or identity) despite varying input.
Constancy can be achieved by adapting (and discounting) prevailing
conditions”®?*4?*%, Adaptation, in turn, results in negative aftereffects
(like the motion aftereffect and the tilt aftereffect) in controlled
conditions. Often the two goals of constancy and stability are very
similar, but they are not always the same. For example, one can fail to
achieve constancy (such as misperceiving the colour or size of an object)
and yet still have stability (that is, a persistent misperception of the wrong
colour or size of an object). Most of the time, however, these two goals
are aligned: when an observer has accurate constancy calculations, they
have achieved a kind of stability. Complementarily, when an observer
has stability via serial dependence, they can forgo the calculations
required for constancy by recycling previous representations.

The role of attention in adaptation and serial dependence
might be different. It is often suggested that adaptation operates

predominantly passively on bottom-up information, with relatively
little modulation by attention or awareness*****¢, Conversely, a
growing body of evidence suggests that visual serial dependence
involves top-down guidance®*: serial dependence requires
attention' (see section ‘Attentional tuning’) and awareness of an
object identity"™'**, and is modulated by top-down factors like
feature attention®’, confidence’"®®'®® and memory*>*'*¢7>°' That
top-down attention might be necessary for (at least some forms) of
serial dependence does not mean that serial dependence arises in

a single module or that a single source explains it. On the contrary,
attention and feedback can operate separately at many levels of

the visual hierarchy*°*?, Moreover, the putative dissociation in the
spatial, temporal and feature tuning of serial dependence in different
domains is less consistent with a single source or module.

The fact that serial dependence and adaptation generate
opposing perceptual outcomes does not mean that their goals
conflict. Indeed, the goals of adaptation and serial dependence could
be largely overlapping and complementary: to achieve constancy
and stability, respectively. The fact that the two phenomena are
opposed could help to produce a sort of equilibrium in which neither
effect dominates. Domination of one over the other might otherwise
occur if adaptation were left unchecked, resulting in excessive
sensitivity to changes, or the ‘coding catastrophe’”****#**, in which
downstream neural populations mistakenly attribute changes
in activity due to adaptation as changes in the stimulus itself’. In
either of these cases, adaptation for the sake of constancy could,
in principle, result in rampant negative aftereffects in which object
identities constantly seem to fluctuate”>?*°, Serial dependence is a
possible antidote. It promotes a stable representation of previously
encountered objects and features and thus counteracts over-zealous
negative aftereffects that could otherwise arise. Continuity fields, in
this view, are the cure for the coding catastrophe.
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dependence suggests that continuity fields might be implemented at
different levels of visual processing and reflect canonical operations
that are ubiquitous in neural processing.

Strikingly, although continuity fields are relatively easy to measure
behaviourally and must be a product of neural processing, there has not
yetbeenaclear visualization of continuity fields in neurophysiological
data. It might be that the neural signals that carry informationrelated to
continuity fields are too subtle, are silent or are multiplexed with other
stronger signals. Perhaps continuity fields manifest in second-order
effects. There are a number of other possibilities. An intriguing idea
arises fromthe observation that positive serial dependencies can mani-
fest in virtually all kinds of stimuli, modalities and tasks. Rather than
residing in a single dedicated module, continuity fields might occur
at many stages of processing'®% All (or many of) the proposed levels
of processing and neural correlates might lead to serial dependencies
depending onthe stimuli, task, manifestations, processing level and so
on. Accordingly, the existence of continuity fields at one level would
notinvalidate continuity fields at other levels (in contrast to ref. 143).

Models

Thereisnoshortage of modelling work on serial dependence and there-
fore on the underlying algorithm of continuity fields'*>**. Almost every
paperonthe topic has tried to quantify and predict the strength of serial
dependence with some sort of algorithm. Serial dependence is often
modelled with Kalman filters, astandard approachin signal processing,
which incorporate information from the past'’®7*%>°°, Along the same

lines, Bayesian models'” were shown to be very powerful in predicting

serial dependence when considering past stimuli as priors for percep-
tion in the present'®5817219719 Thjs [atter class of model fits well with
previous findings that serial dependence is modulated by noise: weaker
sensory stimuliin the present moment display stronger serial depend-
ence*s 0s79811L196.200202 ther models were developed specifically to
deal with delay-dependent serial dependence effects**® or were based
onneurophysiological correlates®™, theorizing that serial dependence
arises because of memory traces from prior stimuli****?952% or that
it originates from lingering perceptual decision templates at a ‘read-
out’ level’*'* (but see refs. 55,94,98). Serial dependencies could also
arise from heuristic-like processing®” 2%, Finally, several models have
tried to predict the interplay between positive serial dependence and
negative aftereffects’®'*2'02!,

Computational models are aninvaluable tool with which to quan-
tify and predict serial dependence formally under different conditions.
However, the behavioural and neurophysiological evidence on the
topicisstilltoo scattered to develop sufficiently precise tests of com-
peting models. More importantly, all kinds of proposed models agree
in principle with the continuity field proposal. Models focus on the
algorithmic level of explanation, whereas we propose that continuity
fields reflect the unique computational goals of each stage of neural
processing. Regardless of the algorithms used at the stage or stages of
visual processing (low, mid and/or high-level) and of whether the asso-
ciated neural mechanisms are common or distinct, continuity fields
are a key functional mechanism that acts through serial dependence
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Box 3

Continuity fields and predictive coding

On the one hand, the idea of serial dependencies as stabilization
mechanisms can be interpreted with respect to the predictive
coding theoretical framework*”*®, According to predictive coding,
the brain generates predictions about incoming sensory stimuli

and compares these predictions with the actual sensory input,

with the goal of minimizing the prediction error. Perception reflects
these mismatches between predictions and sensory signals®®. The
predictions — priors — can be generated at high levels of visual
processing and then back-propagated by feedback®’. Because

the visual world is autocorrelated, the visual system can use past
experiences of visual information as a prior to make predictions about
the future™®. Therefore, serial dependencies might be consistent with
predictive coding.

On the other hand, serial dependence reduces the apparent
difference between sequential stimuli: it makes similar stimuli appear
even more similar than they actually are. This outcome seems to
contradict the function of prediction errors and might even seem
antithetical to the goals of predictive coding. Predictive coding
provides a way to efficiently process information by prioritizing the
processing of unexpected or novel stimuli, but serial dependence
diminishes these differences by making sequential stimuli seem
more similar than they are. However, when a stimulus changes
and generates a prediction error, it is not necessarily important to
notice this change. Prediction errors are useful only if they do not
generate too many false alarms. Physically identical sequential
objects could nevertheless generate prediction errors simply

to enhance the perceptual stability, accuracy and efficiency of visual
representations.

Conclusions

Positive serial dependencies are ubiquitous and essential in human
visual experience; they continuously shape actions, perceptions, deci-
sions and memories. Despite decades of research, their functional
purpose has remained unknown. In this Perspective, we propose that
these serial dependencies are expression of a purposeful stabilization
mechanism, continuity fields: spatially and temporally tuned mecha-
nisms that bias and therefore smooth perception, decision, action, and
memory over time (Fig. 5). By exploiting the regularities of the visual
environment, continuity fields enhance perceptual stability, accuracy
and efficiency in everyday visual experience (Fig. 4).

Futureresearch will reveal the underlying mechanisms and neural
correlates of serial dependencies and thereby provide adeeper under-
standing of the functioning of continuity fields. There might be good
reasons that a clear picture has not emerged thus far. For example,
continuity fields might occur at multiple stages of visual processing
and each stage might have peculiar properties and mechanisms, there-
fore making difficult to pinpoint the exact source and mechanism. In
addition, continuity fields might vary depending on the kind of mani-
festation. Thus, there might not be a single continuity field, but many,
at different levels, each with its own unique functioning. Continuity

because of internal or external noise or other sources of uncertainty,
but these are not prediction errors the perceptual system should be
sensitive to.

Too much predictive coding is too much of a good thing. It could
make the system constantly hypersensitive to tiny deviations in visual
input over time by generating prediction errors that are uninformative,
irrelevant, or too specific for the purpose of interacting in a stable
environment. Runaway prediction errors could pervasively distort
perception, decisions and actions. Continuity fields (and the serial
dependence they generate) could serve as the counter-balance for
predictive coding, dampening the effect of noise-generated prediction
errors. The tuning properties of serial dependence seem well suited to
this role: serial dependencies only occur for a limited time, at similar
locations, with similar objects, and if the objects are attended to. For
autocorrelated visual input, serial dependence improves efficiency
and accuracy, speeds up processing, facilitates stable interpreta-
tions, and dampens errant prediction errors that would arise from
noise. Viewed in this light, serial dependence is neither a necessary
consequence of nor contradictory to predictive coding. Serial
dependence complements and is compatible with predictive coding.

Continuity fields and the serial dependence generated by them
might serve a critical check to maintain an equilibrium between the
need for sensitivity to novelty and the desire to represent the world
as stable. Future theoretical and empirical research should directly
explore how continuity fields dovetail with the computational goals
of predictive coding.

fields might also underlie several types of visual illusions reported in
the literature?> 2%,

Beyond research on serial dependencies per se, future research
will test the link between serial dependence manifestations and their
functional goal of enhancing perception. For example, an interest-
ing prediction of continuity fields as a stabilization mechanism is
that serial dependence in a particular feature or object should mimic
autocorrelationsin the feature statistics in the external world. If this is
true, the temporal tuning of serial dependence in orientation should
correlate with temporal fluctuations in visual information about ori-
entation statistics in natural scenes™. Initial research on autocorrela-
tionsin emotion perceptionseems to be in agreement with thisidea'®.
Adirectlink between serial dependencies and perception enhancement
could be considered foundational evidence for our continuity fields
proposal.

Intriguingly, continuity fields might exist and act even beyond
the visual modality, enhancing the stability of other senses such as
auditionand olfaction. In this sense, the human brain might generally
adopt this efficient strategy to bias the senses towards the past to
minimize anoisy input. Continuity fields might even act across senses
and domains of cognition to serve the same purpose of promoting the
stability, accuracy and efficiency of our experience.

Published online: 08 April 2024

Nature Reviews Psychology



Perspective

References

1

o w

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Al-Haytham, |. The Optics of Ibn Al-Haytham. Books I-Ill on Direct Vision (transl. Sabra, A. I.)

(Warburg Institute, Univ. London, 1989).

Von Helmholtz, H. Handbuch der physiologischen Optik [Handbook of physiological
optics] (Voss, 1866).

Wurtz, R. H. Neuronal mechanisms of visual stability. Vis. Res. 48, 2070-2089 (2008).
Foster, D. H. Color constancy. Vis. Res. 51, 674-700 (2011).

Smithson, H. & Zaidi, Q. Colour constancy in context: roles for local adaptation and
levels of reference. J. Vis. 4, 3 (2004).

Simons, D. J. & Rensink, R. A. Change blindness: past, present, and future. Trends Cogn.
Sci. 9,16-20 (2005).

Webster, M. A. Adaptation and visual coding. J. Vis. 11, 3 (2011).

Webster, M. A. Visual adaptation. Annu. Rev. Vis. Sci. 1, 547-567 (2015).

Watt, R. & Morgan, M. The recognition and representation of edge blur: evidence for
spatial primitives in human vision. Vis. Res. 23, 1465-1477 (1983).

Morgan, M., Chubb, C. & Solomon, J. A. A ‘dipper’ function for texture discrimination
based on orientation variance. J. Vis. 8, 9 (2008).

Burr, D. Motion smear. Nature 284, 164-165 (1980).

Ross, J., Burr, D. & Morrone, C. Suppression of the magnocellular pathway during
saccades. Behav. Brain Res. 80, 1-8 (1996).

Mack, A. & Rock, . Inattentional Blindness 33 (MIT Press, 1998).

Hollingworth, A., Richard, A. M. & Luck, S. J. Understanding the function of visual short-
term memory: transsaccadic memory, object correspondence, and gaze correction.

J. Exp. Psychol. Gen. 137, 163-181(2008).

Fischer, J. & Whitney, D. Serial dependence in visual perception. Nat. Neurosci. 17,
738-743 (2014).

Liberman, A., Fischer, J. & Whitney, D. Serial dependence in the perception of faces.
Curr. Biol. 24, 2569-2574 (2014).

Manassi, M., Murai, Y. & Whitney, D. Serial dependence in visual perception:

a meta-analysis and review. J. Vis. 23, 18 (2023).

Cicchini, G. M., Anobile, G. & Burr, D. C. Compressive mapping of number to space
reflects dynamic encoding mechanisms, not static logarithmic transform. Proc. Natl
Acad. Sci. USA 1M1, 7867-7872 (2014).

Kohn, A. Visual adaptation: physiology, mechanisms, and functional benefits.

J. Neurophysiol. 97, 3155-3164 (2007).

Webster, M. A. Evolving concepts of sensory adaptation. F1000 Biol. Rep. 4, 21(2012).
Simoncelli, E. P. & Olshausen, B. A. Natural image statistics and neural representation.
Annu. Rev. Neurosci. 24, 1193-1216 (2001).

Schwartz, O., Hsu, A. & Dayan, P. Space and time in visual context. Nat. Rev. Neurosci. 8,
522-535 (2007).

Dong, D. W. & Atick, J. J. Statistics of natural time-varying images. Netw. Comput. Neural
Syst. 6, 345 (1995).

Cecchi, G. A., Rao, A. R., Xiao, Y. & Kaplan, E. Statistics of natural scenes and cortical
color processing. J. Vis. 10, 21(2010).

Kiyonaga, A., Scimeca, J. M., Bliss, D. P. & Whitney, D. Serial dependence across
perception, attention, and memory. Trends Cogn. Sci. 21, 493-497 (2017).

Motala, A., Zhang, H. & Alais, D. Auditory rate perception displays a positive serial
dependence. i-Perception 11, 2041669520982311 (2020).

Ho, H.T., Burr, D. C., Alais, D. & Morrone, M. C. Auditory perceptual history is propagated
through alpha oscillations. Curr. Biol. 29, 4208-4217.e3 (2019).

Dyson, B. J. Serial dependence in audition: free, fast, and featureless? Trends Cogn. Sci.
21, 819-820 (2017).

Arzounian, D., de Kerangal, M. & de Cheveigné, A. Sequential dependencies in pitch
judgments. J. Acoust. Soc. Am. 142, 3047-3057 (2017).

Roseboom, W. Serial dependence in timing perception. J. Exp. Psychol. Hum. Percept.
Perform. 45,100-110 (2019).

Alais, D., Kong, G., Palmer, C. & Clifford, C. Eye gaze direction shows a positive serial
dependency. J. Vis. 18, 11 (2018).

Papadimitriou, C., Ferdoash, A. & Snyder, L. H. Ghosts in the machine: memory
interference from the previous trial. J. Neurophysiol. 113, 567-577 (2015).
Papadimitriou, C., White, R. L. & Snyder, L. H. Ghosts in the machine II: neural correlates
of memory interference from the previous trial. Cereb. cortex 27, 2513-2527 (2017).
Cont, C. & Zimmermann, E. The motor representation of sensory experience. Curr. Biol.
31,1029-1036.€1022 (2021).

Pome, A., Binda, P., Cicchini, G. M. & Burr, D. C. Pupillometry correlates of visual priming,
and their dependency on autistic traits. J. Vis. 20, 3 (2020).

Van der Burg, E., Toet, A., Brouwer, A.-M. & van Erp, J. B. Sequential effects in odor
perception. Chemosens. Percept. 15, 19-25 (2022).

Lau, W. K. & Maus, G. W. Visual serial dependence in an audiovisual stimulus. J. Vis. 19,
20 (2019).

Van der Burg, E., Toet, A., Brouwer, A.-M. & Van Erp, J. B. Serial dependence of

emotion within and between stimulus sensory modalities. Multisens. Res. 1, 1-22
(2021).

Molden, D. C. Understanding priming effects in social psychology: an overview and
integration. Soc. Cogn. 32, 243-249 (2014).

Fleischman, D. A. Repetition priming in aging and Alzheimer’s disease: an integrative
review and future directions. Cortex 43, 889-897 (2007).

Molden, D. C. Understanding priming effects in social psychology: what is ‘social
priming’ and how does it occur? Soc. Cogn. 32, 1-11(2014).

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

72.

73.

74.

75.

76.

77.

78.

Zillmann, D. Sequential dependencies in emotional experience and behavior. In Emotion:
Interdisciplinary Perspectives (eds Kavanaugh, R. D. et al.) 243-272 (Psychology Press,
1996).

Auld, F. Jr & White, A. M. Sequential dependencies in psychotherapy. J. Abnorm. Soc.
Psychol. 58,100-104 (1959).

Lieder, I. et al. Perceptual bias reveals slow-updating in autism and fast-forgetting

in dyslexia. Nat. Neurosci. 22, 256-264 (2019).

Sherrington, C. S. Flexion-reflex of the limb, crossed extension-reflex, and reflex
stepping and standing. J. Physiol. 40, 28-121(1910).

Kuffler, S. W. Discharge patterns and functional organization of mammalian retina.

J. Neurophysiol. 16, 37-68 (1953).

Hubel, D. H. & Wiesel, T. N. Receptive fields, binocular interaction and functional
architecture in the cat’s visual cortex. J. Physiol. 160, 106-154 (1962).

Friind, I., Wichmann, F. A. & Macke, J. H. Quantifying the effect of intertrial dependence
on perceptual decisions. J. Vis. 14, 9 (2014).

Fritsche, M. & de Lange, F. P. The role of feature-based attention in visual serial
dependence. J. Vis. 19, 21(2019).

Pascucci, D. et al. Laws of concatenated perception: vision goes for novelty, decisions
for perseverance. PLoS Biol. 17, e3000144 (2019).

Fritsche, M., Mostert, P. & de Lange, F. P. Opposite effects of recent history on perception
and decision. Curr. Biol. 27, 590-595 (2017).

Rafiei, M., Hansmann-Roth, S., Whitney, D., Kristjansson, A. & Chetverikov, A. Optimizing
perception: attended and ignored stimuli create opposing perceptual biases. Atten. Percept.
Psychophys. 83,1230-1239 (2021).

Collins, T. The perceptual continuity field is retinotopic. Sci. Rep. 9, (2019).

Alais, D., Leung, J. & Van der Burg, E. Linear summation of repulsive and attractive
serial dependencies: orientation and motion dependencies sum in motion perception.
J. Neurosci. 37, 4381-4390 (2017).

Murai, Y. & Whitney, D. Serial dependence revealed in history-dependent perceptual
templates. Curr. Biol. 31, 3185-3191.e3183 (2021).

Tanrikulu, O. D., Pascucci, D. & Kristjansson, A. Stronger serial dependence in the depth
plane than the fronto-parallel plane between realistic objects: evidence from virtual
reality. J. Vis. 23, 20 (2023).

Manassi, M., Liberman, A., Kosovicheva, A., Zhang, K. & Whitney, D. Serial dependence
in position occurs at the time of perception. Psychon. Bull. Rev. 25, 2245-2253 (2018).
Bliss, D. P., Sun, J. J. & D’Esposito, M. Serial dependence is absent at the time of
perception but increases in visual working memory. Sci. Rep. 7, 14739 (2017).

Bays, P. M., Catalao, R. F. & Husain, M. The precision of visual working memory is set

by allocation of a shared resource. J. Vis. 9, 7 (2009).

Foster, J. J., Bsales, E. M., Jaffe, R. J. & Awh, E. Alpha-band activity reveals spontaneous
representations of spatial position in visual working memory. Curr. Biol. 27, 3216-3223.
e3216 (2017).

Oberauer, K. & Lin, H.-Y. An interference model of visual working memory. Psychol. Rev.
124, 21-59 (2017).

Van den Berg, R., Shin, H., Chou, W.-C., George, R. & Ma, W. J. Variability in encoding
precision accounts for visual short-term memory limitations. Proc. Natl Acad. Sci. USA
109, 8780-8785 (2012).

Barbosa, J. & Compte, A. Build-up of serial dependence in color working memory.

Sci. Rep. 10, (2020).

Manassi, M., Kristjansson, A. & Whitney, D. Serial dependence in a simulated clinical
visual search task. Sci. Rep. 9, (2019).

Manassi, M. et al. Serial dependence in the perceptual judgments of radiologists.
Cogn. Res. Princ. Impl. 6, 65 (2021).

Collins, T. Serial dependence occurs at the level of both features and integrated object
representations. J. Exp. Psychol. Gen. 151, 1821-1832 (2021).

Corbett, J. E., Fischer, J. & Whitney, D. Facilitating stable representations: serial
dependence in vision. PLoS One 6, €16701 (2011).

Fornaciai, M. & Park, J. Serial dependence in numerosity perception. J. Vis. 18,15 (2018).
Fornaciai, M. & Park, J. Serial dependence generalizes across different stimulus formats,
but not different sensory modalities. Vis. Res. 160, 108-115 (2019).

Manassi, M., Liberman, A., Chaney, W. & Whitney, D. The perceived stability of scenes:
serial dependence in ensemble representations. Sci. Rep. 7, (2017).

Sudrez-Pinilla, M., Seth, A. K. & Roseboom, W. Serial dependence in the perception

of visual variance. J. Vis. 18, 4 (2018).

Khayat, N., Ahissar, M. & Hochstein, S. Perceptual history biases in serial ensemble
representation. J. Vis. 23, 7 (2023).

Collins, T. Serial dependence tracks objects and scenes in parallel and independently.
J. Vis. 22, 4(2022).

Czoschke, S., Fischer, C., Beitner, J., Kaiser, J. & Bledowski, C. Two types of serial
dependence in visual working memory. Br. J. Psychol. 110, 256-267 (2019).

Fischer, C. et al. Context information supports serial dependence of multiple visual
objects across memory episodes. Nat. Commun. 11,1932 (2020).

Kim, S., Burr, D. & Alais, D. Attraction to the recent past in aesthetic judgments: a positive
serial dependence for rating artwork. J. Vis. 19, 19 (2019).

Chang, S., Kim, C.-Y. & Cho, Y. S. Sequential effects in preference decision:

prior preference assimilates current preference. PloS One 12, 0182442 (2017).
Turbett, K., Palermo, R., Bell, J., Burton, J. & Jeffery, L. Individual differences in serial
dependence of facial identity are associated with face recognition abilities. Sci. Rep. 9,
(2019).

Nature Reviews Psychology



Perspective

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101

102.

108.

104.

105.

106.

107.

108.

109.

10.

m.

2.

3.

14.

15.

Hsu, S.-M. & Lee, J.-S. Relative judgment in facial identity perception as revealed

by sequential effects. Atten. Percept. Psychophys. 78, 264-277 (2016).

Turbett, K., Palermo, R., Bell, J., Hanran-Smith, D. A. & Jeffery, L. Serial dependence

of facial identity reflects high-level face coding. Vis. Res. 182, 9-19 (2021).

Alais, D., Xu, Y., Wardle, S. G. & Taubert, J. A shared mechanism for facial expression

in human faces and face pareidolia. Proc. R. Soc. B 288, 20210966 (2021).

Mallett, R., Mummaneni, A. & Lewis-Peacock, J. A. Distraction biases working memory
for faces. Psychon. Bull. Rev. 27, 350-356 (2020).

Taubert, J., Alais, D. & Burr, D. Different coding strategies for the perception of stable and
changeable facial attributes. Sci. Rep. 6, 32239 (2016).

Kok, R., Taubert, J., Van der Burg, E., Rhodes, G. & Alais, D. Face familiarity promotes
stable identity recognition: exploring face perception using serial dependence. R. Soc.
Open Sci. 4,160685 (2017).

Xia, Y., Leib, A. Y. & Whitney, D. Serial dependence in the perception of attractiveness.
J. Vis. 16, 28 (2016).

Pegors, T. K., Mattar, M. G., Bryan, P. B. & Epstein, R. A. Simultaneous perceptual and
response biases on sequential face attractiveness judgments. J. Exp. Psychol. Gen. 144,
664-673 (2015).

Van der Burg, E., Rhodes, G. & Alais, D. Positive sequential dependency for face
attractiveness perception. J. Vis. 19, 6 (2019).

Taubert, J., Van der Burg, E. & Alais, D. Love at second sight: sequential dependence

of facial attractiveness in an on-line dating paradigm. Sci. Rep. 6, (2016).

Taubert, J. & Alais, D. Serial dependence in face attractiveness judgements tolerates
rotations around the yaw axis but not the roll axis. Vis. Cogn. 24, 103-114 (2016).
Kondo, A., Takahashi, K. & Watanabe, K. Sequential effects in face-attractiveness
judgment. Perception M, 43-49 (2012).

Yu, J.-M. & Ying, H. A general serial dependence among various facial traits: evidence
from Markov chain and derivative of Gaussian. J. Vis. 21, 4 (2021).

Yu, J.-M., Yang, W. & Ying, H. Modeling facial perception in group context from a serial
perception perspective. J. Vis. 23, 4 (2023).

Hsu, S.-M. & Yang, L.-X. Sequential effects in facial expression categorization. Emotion 13,
573-586 (2013).

Liberman, A., Manassi, M. & Whitney, D. Serial dependence promotes the stability

of perceived emotional expression depending on face similarity. Atten. Percept.
Psychophys. 80, 1461-1473 (2018).

Mei, G. Working memory maintenance modulates serial dependence effects

of perceived emotional expression. Front. Psychol. 10, 1610 (2019).

Hsu, S.-M. & Wu, Z.-R. The roles of preceding stimuli and preceding responses on
assimilative and contrastive sequential effects during facial expression perception.
Cogn. Emot. 34, 890-905 (2020).

Clifford, C. W., Watson, T. L. & White, D. Two sources of bias explain errors in facial age
estimation. R. Soc. Open Sci. 5, 180841 (2018).

Manassi, M. & Whitney, D. Illusion of visual stability through active perceptual serial
dependence. Sci. Adv. 8, eabk2480 (2022).

Alexi, J. et al. Past visual experiences weigh in on body size estimation. Sci. Rep. 8, 215
(2018).

Ortega, J., Chen, Z. & Whitney, D. Serial dependence in emotion perception mirrors the
autocorrelations in natural emotion statistics. J. Vis. 23,12 (2023).

Fritsche, M., Spaak, E. & de Lange, F. P. A Bayesian and efficient observer model explains
concurrent attractive and repulsive history biases in visual perception. eLife 9, 565389
(2020).

Samabha, J., Switzky, M. & Postle, B. R. Confidence boosts serial dependence

in orientation estimation. J. Vis. 19, 25 (2019).

Alexander, T. et al. Sequential dependency for affective appraisal of food images.
Humanities Soc. Sci. Commun. 8, 228 (2021).

Cicchini, G. M., Mikellidou, K. & Burr, D. Serial dependencies act directly on perception.
J. Vis. 17, 6 (2017).

Craighero, L., Fadiga, L., Umilta, C. A. & Rizzolatti, G. Evidence for visuomotor priming
effect. Neuroreport 8, 347-349 (1996).

Tucker, M. &Ellis, R. Action priming by briefly presented objects. Acta Psychol. 116,
185-203 (2004).

Schmidt, F., Haberkamp, A. & Schmidt, T. Dos and don’ts in response priming research.
Adv. Cogn. Psychol. 7,120-131(2011).

Maljkovic, V. & Nakayama, K. Priming of pop-out: II. The role of position. Percept.
Psychophys. 58, 977-991 (1996).

Maljkovic, V. & Nakayama, K. Priming of pop-out: |. Role of features. Mem. Cogn. 22,
657-672 (1994).

Kristjansson, A. & Campana, G. Where perception meets memory: a review of repetition
priming in visual search tasks. Atten. Percept. Psychophys. 72, 5-18 (2010).

Cicchini, G. M., Mikellidou, K. & Burr, D. C. The functional role of serial dependence.
Proc. R. Soc. B 285, 20181722 (2018).

Wiggs, C. L. & Martin, A. Properties and mechanisms of perceptual priming. Curr. Opin.
Neurobiol. 8, 227-233 (1998).

Galluzzi, F., Benedetto, A., Cicchini, G. M. & Burr, D. C. Visual priming and serial
dependence are mediated by separate mechanisms. J. Vis. 22, 1(2022).

Goettker, A. & Stewart, E. Serial dependence for oculomotor control depends on early
sensory signals. Curr. Biol. 32, 2956-2961.e3 (2022).

Fornaciai, M. & Park, J. Spontaneous repulsive adaptation in the absence of attractive
serial dependence. J. Vis. 19, 21 (2019).

6.
n7.

8.

ne.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Collins, T. Serial dependence alters perceived object appearance. J. Vis. 20, 9 (2020).
Gold, J. I. & Stocker, A. A. Visual decision-making in an uncertain and dynamic world.
Annu. Rev. Vis. Sci. 3, 227-250 (2017).

Senders, V. L. & Sowards, A. Analysis of response sequences in the setting

of a psychophysical experiment. Am. J. Psychol. 65, 358-374 (1952).

Verplanck, W. S., Collier, G. H. & Cotton, J. W. Nonindependence of successive responses
in measurements of the visual threshold. J. Exp. Psychol. 44, 273-282 (1952).

Urai, A. E., De Gee, J. W., Tsetsos, K. & Donner, T. H. Choice history biases subsequent
evidence accumulation. eLife 8, e46331(2019).

Urai, A. E., Braun, A. & Donner, T. H. Pupil-linked arousal is driven by decision uncertainty
and alters serial choice bias. Nat. Commun. 8, (2017).

Abrahamyan, A., Silva, L. L., Dakin, S. C., Carandini, M. & Gardner, J. L. Adaptable history
biases in human perceptual decisions. Proc. Natl Acad. Sci. USA 113, E3548-E3557
(2016).

Feigin, H., Baror, S., Bar, M. & Zaidel, A. Perceptual decisions are biased toward relevant
prior choices. Sci. Rep. 11, 648 (2021).

Zhang, H. & Alais, D. Individual difference in serial dependence results from opposite
influences of perceptual choices and motor responses. J. Vis. 20, 2 (2020).
Summerfield, C. & De Lange, F. P. Expectation in perceptual decision making: neural and
computational mechanisms. Nat. Rev. Neurosci. 15, 745-756 (2014).
Hermoso-Mendizabal, A. et al. Response outcomes gate the impact of expectations

on perceptual decisions. Nat. Commun. 11,1057 (2020).

Abreo, S., Gergen, A., Gupta, N. & Samaha, J. Effects of satisfying and violating
expectations on serial dependence. J. Vis. 23, 6 (2023).

Rahney, D., Koizumi, A., McCurdy, L. Y., D’Esposito, M. & Lau, H. Confidence leak

in perceptual decision making. Psychol. Sci. 26, 1664-1680 (2015).

Rahney, D. et al. The confidence database. Nat. Hum. Behav. 4, 317-325 (2020).

Lak, A. et al. Reinforcement biases subsequent perceptual decisions when confidence
is low, a widespread behavioral phenomenon. eLife 9, e49834 (2020).

Moscoso, P. A. M., Burr, D. C. & Cicchini, G. M. Serial dependence improves performance
and biases confidence-based decisions. J. Vis. 23, 5 (2023).

Bae, G.-Y. & Luck, S. J. Interactions between visual working memory representations.
Atten. Percept. Psychophys. 79, 2376-2395 (2017).

Lorenc, E. S., Mallett, R. & Lewis-Peacock, J. A. Distraction in visual working memory:
resistance is not futile. Trends Cogn. Sci. 25, 228-239 (2021).

Luck, S. J. & Vogel, E. K. The capacity of visual working memory for features and
conjunctions. Nature 390, 279-281(1997).

Vogel, E. K., Woodman, G. F. & Luck, S. J. Storage of features, conjunctions, and objects
in visual working memory. J. Exp. Psychol. Hum. Percept. Perform. 27, 92-114 (2001).
Barbosa, J. et al. Interplay between persistent activity and activity-silent dynamics in the
prefrontal cortex underlies serial biases in working memory. Nat. Neurosci. 23, 1016-1024
(2020).

Makovski, T. & Jiang, Y. V. Proactive interference from items previously stored in visual
working memory. Mem. Cogn. 36, 43-52 (2008).

Keppel, G. & Underwood, B. J. Proactive inhibition in short-term retention of single items.
J. Verb. Learn. Verb. Behav. 1,153-161(1962).

Peterson, L. & Peterson, M. J. Short-term retention of individual verbal items. J. Exp.
Psychol. 58, 193-198 (1959).

Jonides, J. & Nee, D. E. Brain mechanisms of proactive interference in working memory.
Neuroscience 139, 181-193 (2006).

Fornaciai, M. & Park, J. Attractive serial dependence between memorized stimuli.
Cognition 200, 104250 (2020).

Kondo, A., Murai, Y. & Whitney, D. The test-retest reliability and spatial tuning of serial
dependence in orientation perception. J. Vis. 22, 5 (2022).

Ceylan, G., Herzog, M. H. & Pascucci, D. Serial dependence does not originate from
low-level visual processing. Cognition 212, 104709 (2021).

Kim, S., Burr, D., Cicchini, G. M. & Alais, D. Serial dependence in perception requires
conscious awareness. Curr. Biol. 30, R257-R258 (2020).

Shan, J. & Postle, B. R. The influence of active removal from working memory on serial
dependence. J. Cogn. 5, 31(2022).

Bansal, S. et al. Qualitatively different delay-dependent working memory distortions

in people with schizophrenia and healthy control participants. Biol. Psychiat. Cogn.
Neurosci. Neuroimaging 8, 1218-1227 (2023).

Mostert, P., Kok, P. & De Lange, F. P. Dissociating sensory from decision processes

in human perceptual decision making. Sci. Rep. 5, 18253 (2015).

Wimmer, K. et al. Sensory integration dynamics in a hierarchical network explains choice
probabilities in cortical area MT. Nat. Commun. 6, (2015).

Ceylan, G. & Pascucci, D. Attractive and repulsive serial dependence: the role of task
relevance, the passage of time, and the number of stimuli. J. Vis. 23, 8 (2023).

Bilacchi, C. M., Sirius, E. V. P,, Cravo, A. M. & de Azevedo Neto, R. M. Temporal dynamics
of implicit memory underlying serial dependence. Mem. Cogn. 50, 449-458 (2022).
Wexler, M., Duyck, M. & Mamassian, P. Persistent states in vision break universality and
time invariance. Proc. Natl Acad. Sci. USA 112, 14990-14995 (2015).

Mikellidou, K., Cicchini, G. M. & Burr, D. C. Perceptual history acts in world-centred
coordinates. i-Perception 12, 20416695211029301 (2021).

Luo, M., Zhang, H. & Luo, H. Cartesian coordinates scaffold stable spatial perception over
time. J. Vis. 22,13 (2022).

Liberman, A., Zhang, K. & Whitney, D. Serial dependence promotes object stability during
occlusion. J. Vis. 16, 16 (2016).

Nature Reviews Psychology



Perspective

155.

156.

157.

158.
159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

7.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191

Bae, G.-Y. & Luck, S. J. Serial dependence in vision: merely encoding the previous-trial
target is not enough. Psychon. Bull. Rev. 27, 293-300 (2020).

Hartline, H. K. The receptive fields of optic nerve fibers. Am. J. Physiol. Legacy Content
130, 690-699 (1940).

Bayer, M. & Zimmermann, E. Serial dependencies in visual stability during self-motion.
J. Neurophysiol. 130, 447-457 (2023).

Cicchini, G. M. &Burr, D. C. Serial effects are optimal. Behav. Brain Sci. 41, €229 (2018).
Burr, D. & Cicchini, G. M. Vision: efficient adaptive coding. Curr. Biol. 24, R1096-R1098
(2014).

Ren, Z., Li, X., Pietralla, D., Manassi, M. & Whitney, D. Serial dependence in dermatological
judgments. Diagnostics 13, 1775 (2023).

Ren, Z. et al. Serial dependence in perception across naturalistic generative adversarial
network-generated mammogram. J. Med. Imaging 10, 045501 (2023).

Kramer, R. S., Jones, A. L. & Sharma, D. Sequential effects in judgements of
attractiveness: the influences of face race and sex. PLoS One 8, €82226 (2013).
Lockhead, G. & Hinson, J. Range and sequence effects in judgment. Percept. Psychophys.
40, 53-61(1986).

Treisman, M. & Williams, T. C. A theory of criterion setting with an application

to sequential dependencies. Psychol. Rev. 91, 68-111 (1984).

Lages, M. & Treisman, M. Spatial frequency discrimination: visual long-term memory

or criterion setting? Vis. Res. 38, 557-572 (1998).

Hock, H. S., Kelso, J. S. & Schoner, G. Bistability and hysteresis in the organization of
apparent motion patterns. J. Exp. Psychol. Hum. Percept. Perform. 19, 63-80 (1993).
Treisman, M. & Lages, M. In Fechner’s Legacy in Psychology 155-182 (Brill, 2011).

Bosch, E., Fritsche, M., Ehinger, B. V. & de Lange, F. P. Opposite effects of choice history
and evidence history resolve a paradox of sequential choice bias. J. Vis. 20, 9 (2020).
Braun, A., Urai, A. E. & Donner, T. H. Adaptive history biases result from confidence-
weighted accumulation of past choices. J. Neurosci. 38, 2418-2429 (2018).

Togoli, I., Fedele, M., Fornaciai, M. & Bueti, D. Serial dependence in time and numerosity
perception is dimension-specific. J. Vis. 21, 6 (2021).

Fornaciai, M. & Park, J. Attractive serial dependence in the absence of an explicit task.
Psychol. Sci. 29, 437-446 (2018).

Cicchini, G. M., Benedetto, A. & Burr, D. C. Perceptual history propagates down to early
levels of sensory analysis. Curr. Biol. 31, 1245-1250.e1242 (2021).

Wang, X.-Y., Gong, X.-M., Sun, Q. & Li, X. Attractive effects of previous form information
on heading estimation from optic flow occur at perceptual stage. J. Vis. 22, 18 (2022).
Whitney, D., Manassi, M. & Murai, Y. Searching for serial dependencies in the brain.

PLoS Biol. 20, 3001788 (2022).

Fornaciai, M. & Park, J. Neural dynamics of serial dependence in numerosity perception.
J. Cogn. Neurosci. 32,141-154 (2020).

John-Saaltink, E. S., Kok, P., Lau, H. C. & De Lange, F. P. Serial dependence in perceptual
decisions is reflected in activity patterns in primary visual cortex. J. Neurosci. 36,
6186-6192 (2016).

Sheehan, T. C. & Serences, J. T. Attractive serial dependence overcomes repulsive
neuronal adaptation. PLoS Biol. 20, e3001711 (2022).

de Azevedo Neto, R. M. & Bartels, A. Disrupting short-term memory maintenance in
premotor cortex affects serial dependence in visuomotor integration. J. Neurosci. 41,
9392-9402 (2021).

Bliss, D. P., Rahnev, D., Mackey, W. E., Curtis, C. E. & D’Esposito, M. Stimulation along the
anterior-posterior axis of lateral frontal cortex reduces visual serial dependence. J. Vis.
23,1(2023).

Akrami, A., Kopec, C. D., Diamond, M. E. & Brody, C. D. Posterior parietal cortex represents
sensory history and mediates its effects on behaviour. Nature 554, 368-372 (2018).

Urai, A. E. & Donner, T. H. Persistent activity in human parietal cortex mediates perceptual
choice repetition bias. Nat. Commun. 13, 6015 (2022).

Tsunada, J., Cohen, Y. & Gold, J. I. Post-decision processing in primate prefrontal cortex
influences subsequent choices on an auditory decision-making task. eLife 8, e46770
(2019).

Schwiedrzik, C. M. et al. Medial prefrontal cortex supports perceptual memory. Curr. Biol.
28, R1094-R1095 (2018).

Darlington, T.R., Beck, J. M. & Lisberger, S. G. Neural implementation of Bayesian
inference in a sensorimotor behavior. Nat. Neurosci. 21, 1442-1451(2018).

Darlington, T.R., Tokiyama, S. & Lisberger, S. G. Control of the strength of visual-motor
transmission as the mechanism of rapid adaptation of priors for Bayesian inference

in smooth pursuit eye movements. J. Neurophysiol. 118, 1173-1189 (2017).

Bae, G.-Y. & Luck, S. J. Reactivation of previous experiences in a working memory task.
Psychol. Sci. 30, 587-595 (2019).

Ranieri, G., Benedetto, A., Ho, H. T., Burr, D. C. & Morrone, M. C. Evidence of serial
dependence from decoding of visual evoked potentials. J. Neurosci. 42, 8817-8825
(2022).

Zhang, H. & Luo, H. Feature-specific reactivations of past information shift current neural
encoding thereby mediating serial bias behaviors. PLoS Biol. 21, e3002056 (2023).

Luo, J. & Collins, T. The representational similarity between visual perception and recent
perceptual history. J. Neurosci. 43, 3658-3665 (2023).

Sun, Q., Zhan, L.-Z., Zhang, B.-Y., Jia, S. & Gong, X.-M. Heading perception from optic
flow occurs at both perceptual representation and working memory stages with EEG
evidence. Vis. Res. 208, 108235 (2023).

Stein, H. et al. Reduced serial dependence suggests deficits in synaptic potentiation

in anti-NMDAR encephalitis and schizophrenia. Nat. Commun. 11, (2020).

192.

193.
194.

195.

196.

197.

198.

199.

200.

201.

=

202.

203.

204.

205.

206.

20

=

20

©

209.

210.

1.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

228.

229.

Tschiersch, M. Causal evidence for the higher-order origin of serial dependence
suggests a multi-area account. J. Neurophysiol. 128, 336-338 (2022).

Pascucci, D. et al. Serial dependence in visual perception: a review. J. Vis. 23, 9 (2023).
Cicchini, G. M., Mikellidou, K. & Burr, D. Serial dependence in perception. Annu. Rev.
Psychol. 75, 129-154 (2004).

Kersten, D., Mamassian, P. & Yuille, A. Object perception as Bayesian inference.

Annu. Rev. Psychol. 55, 271-304 (2004).

van Bergen, R. S. & Jehee, J. F. Probabilistic representation in human visual cortex reflects
uncertainty in serial decisions. J. Neurosci. 39, 8164-8176 (2019).

Glasauer, S. Mathematical modelling in motor neuroscience: state of the art and
translation to the clinic. Gaze orienting mechanisms and disease. In Progress in Brain
Research Vol. 249 (eds Ramat, S. & Shaikh, A. G.) 3-18 (Elsevier, 2019).

Raviv, O., Ahissar, M. & Loewenstein, Y. How recent history affects perception: the
normative approach and its heuristic approximation. PLoS Comput. Biol. 8, 1002731
(2012).

Kalm, K. & Norris, D. Visual recency bias is explained by a mixture model of internal
representations. J. Vis. 18, 1(2018).

Tune, G. Response preferences: a review of some relevant literature. Psychol. Bull. 61,
286 (1964).

Gallagher, G. K. & Benton, C. P. Stimulus uncertainty predicts serial dependence

in orientation judgements. J. Vis. 22, 6 (2022).

Kim, S. & Alais, D. Individual differences in serial dependence manifest when sensory
uncertainty is high. Vis. Res. 188, 274-282 (2021).

Jakob, A. M. & Gershman, S. J. Rate-distortion theory of neural coding and its implications
for working memory. eLife 12, €79450 (2022).

Hsu, S.-M. A neural-based account of sequential bias during perceptual judgment.
Psychon. Bull. Rev. 28,1051-1059 (2021).

Bliss, D. P. & D’Esposito, M. Synaptic augmentation in a cortical circuit model reproduces
serial dependence in visual working memory. PLoS One 12, 0188927 (2017).
Kilpatrick, Z. P. Synaptic mechanisms of interference in working memory. Sci. Rep. 8,
(2018).

Gardner, J. L. Optimality and heuristics in perceptual neuroscience. Nat. Neurosci. 22,
514-523 (2019).

. Laquitaine, S. & Gardner, J. L. A switching observer for human perceptual estimation.

Neuron 97, 462-474.e466 (2018).

Budescu, D. V. Analysis of dichotomous variables in the presence of serial dependence.
Psychol. Bull. 97, 547-561 (1985).

Wei, X.-X. & Stocker, A. A. A Bayesian observer model constrained by efficient coding can
explain ‘anti-Bayesian’ percepts. Nat. Neurosci. 18, 1509-1517 (2015).

Wei, X.-X. & Stocker, A. A. Lawful relation between perceptual bias and discriminability.
Proc. Natl Acad. Sci. USA 114, 10244-10249 (2017).

Gekas, N., McDermott, K. C. & Mamassian, P. Disambiguating serial effects of multiple
timescales. J. Vis. 19, 24 (2019).

Moon, J. & Kwon, O.-S. Attractive and repulsive effects of sensory history concurrently
shape visual perception. BMC Biol. 20, 247 (2022).

Sadil, P.,, Cowell, R. A. & Huber, D. E. The push-pull of serial dependence effects:
attraction to the prior response and repulsion from the prior stimulus. Psychon. Bull. Rev.
31, 259-273 (2023).

Yarrow, K., Haggard, P., Heal, R., Brown, P. & Rothwell, J. C. Illusory perceptions of

space and time preserve cross-saccadic perceptual continuity. Nature 414, 302-305
(2001).

Tse, P. & Hsieh, P.-J. The infinite regress illusion reveals faulty integration of local and
global motion signals. Vis. Res. 46, 3881-3885 (2006).

Lu, Z.-L., Lesmes, L. A. & Sperling, G. Perceptual motion standstill in rapidly moving
chromatic displays. Proc. Natl Acad. Sci. USA 96, 15374-15379 (1999).

Lisi, M. & Cavanagh, P. Dissociation between the perceptual and saccadic localization
of moving objects. Curr. Biol. 25, 2535-2540 (2015).

Tangen, J. M., Murphy, S. C. & Thompson, M. B. Flashed face distortion effect: grotesque
faces from relative spaces. Perception 40, 628-630 (2011).

Balas, B. & Pearson, H. The flashed face distortion effect does not depend on face-specific
mechanisms. Sci. Rep. 9, 1612 (2019).

Berliner, J. & Durlach, N. Intensity perception. IV. Resolution in roving-level
discrimination. J. Acoust. Soc. Am. 53, 1270-1287 (1973).

Hollingworth, H. L. The central tendency of judgment. J. Phil. Psychol. Sci. Meth. 7,
461-469 (1910).

Petzschner, F. H., Glasauer, S. & Stephan, K. E. A Bayesian perspective on magnitude
estimation. Trends Cogn. Sci. 19, 285-293 (2015).

Williams, D., Phillips, G. & Sekuler, R. Hysteresis in the perception of motion direction

as evidence for neural cooperativity. Nature 324, 253-255 (1986).

Trapp, S., Pascucci, D. & Chelazzi, L. Predictive brain: addressing the level of
representation by reviewing perceptual hysteresis. Cortex 141, 535-540 (2021).

. Kosovicheva, A. & Whitney, D. Stable individual signatures in object localization.

Curr. Biol. 27, R700-R701(2017).

. Wang, Z., Murai, Y. & Whitney, D. Idiosyncratic perception: a link between acuity,

perceived position and apparent size. Proc. R. Soc. B 287, 20200825 (2020).

Rahnev, D. Response bias reflects individual differences in sensory encoding. Psychol.
Sci. 32, 1157-1168 (2021).

Grzeczkowski, L., Clarke, A. M., Francis, G., Mast, F. W. & Herzog, M. H. About individual
differences in vision. Vis. Res. 141, 282-292 (2017).

Nature Reviews Psychology



Perspective

231.

232.

233.

234.

235.

23

(&)

237.

238.

239.

240.

241.

242.

243.
244.

245.

246.

247.

24

o

. Bae, G.-Y., Olkkonen, M., Allred, S. R., Wilson, C. & Flombaum, J. I. Stimulus-specific

variability in color working memory with delayed estimation. J. Vis. 14, 7 (2014).
DeCarlo, L. T. & Cross, D. V. Sequential effects in magnitude scaling: models and theory.
J. Exp. Psychol. Gen. 119, 375-396 (1990).

Tversky, A. & Kahneman, D. Judgment under uncertainty: heuristics and biases: biases
in judgments reveal some heuristics of thinking under uncertainty. Science 185, 1124-1131
(1974).

Ward, L. M. & Lockhead, G. Response system processes in absolute judgment.
Percept. Psychophys. 9, 73-78 (1971).

Furnham, A. & Boo, H. C. A literature review of the anchoring effect. J. Socio-econ. 40,
35-42(201).

Kanai, R. & Verstraten, F. A. Perceptual manifestations of fast neural plasticity: motion
priming, rapid motion aftereffect and perceptual sensitization. Vis. Res. 45, 3109-3116
(2005).

. Rafiei, M., Chetverikov, A., Hansmann-Roth, S. & Kristjansson, A. You see what you look

for: targets and distractors in visual search can cause opposing serial dependencies.
J. Vis. 21, 3 (2021).

Rafiei, M., Chetverikov, A., Hansmann-Roth, S. & Kristjansson, A. The influence of the
tested item on serial dependence in perceptual decisions. Perception 52, 255-265
(2022).

Boi, M., Ogmen, H. & Herzog, M. H. Motion and tilt aftereffects occur largely in retinal,
not in object, coordinates in the Ternus-Pikler display. J. Vis. 11, 7 (2011).

Knapen, T., Rolfs, M. & Cavanagh, P. The reference frame of the motion aftereffect

is retinotopic. J. Vis. 9, 16 (2009).

Gibson, J. J. & Radner, M. Adaptation, after-effect and contrast in the perception of tilted
lines. I. Quantitative studies. J. Exp. Psychol. 20, 453-467 (1937).

Campbell, F. & Maffei, L. The tilt after-effect: a fresh look. Vis. Res. 11, 833-840
(1971).

Blakemore, C. & Nachmias, J. The orientation specificity of two visual after-effects.

J. Physiol. 213, 157-174 (1971).

Thompson, P. & Burr, D. Visual aftereffects. Curr. Biol. 19, R11-R14 (2009).

Chopin, A. & Mamassian, P. Predictive properties of visual adaptation. Curr. Biol. 22,
622-626 (2012).

Gepshtein, S., Lesmes, L. A. & Albright, T. D. Sensory adaptation as optimal resource
allocation. Proc. Natl Acad. Sci. USA 110, 4368-4373 (2013).

Wohlgemuth, A. On the After-Effect of Seen Movement (Univ. Press, 1911).

Rees, G., Frith, C. & Lavie, N. Processing of irrelevant visual motion during performance
of an auditory attention task. Neuropsychologia 39, 937-949 (2001).

. Nishida, S. Y. & Ashida, H. A hierarchical structure of motion system revealed by

interocular transfer of flicker motion aftereffects. Vis. Res. 40, 265-278 (2000).

249. Schwiedrzik, C. M. et al. Untangling perceptual memory: hysteresis and adaptation map
into separate cortical networks. Cereb. Cortex 24, 1152-1164 (2014).

250. Treue, S. & Maunsell, J. H. Attentional modulation of visual motion processing in cortical
areas MT and MST. Nature 382, 539-541(1996).

Kastner, S. & Ungerleider, L. G. Mechanisms of visual attention in the human cortex.
Annu. Rev. Neurosci. 23, 315-341(2000).

Carrasco, M. Visual attention: the past 25 years. Vis. Res. 51, 1484-1525 (2011).

Fairhall, A. L., Lewen, G. D., Bialek, W. & van Steveninck, R. R. D. R. Efficiency and
ambiguity in an adaptive neural code. Nature 412, 787-792 (2001).

Haak, K. V. & Mesik, J. Adaptation, the coding catastrophe and disaster management

in natural vision. J. Neurosci. 36, 9286-9288 (2016).

Gutierrez, G. J. & Denéve, S. Population adaptation in efficient balanced networks. eLife
8, 46926 (2019).

Liu, X. & Engel, S. A. Higher-level meta-adaptation mitigates visual distortions produced
by lower-level adaptation. Psychol. Sci. 31, 654-662 (2020).

Rao, R. P. & Ballard, D. H. Predictive coding in the visual cortex: a functional interpretation
of some extra-classical receptive-field effects. Nat. Neurosci. 2, 79-87 (1999).

Friston, K. & Kiebel, S. Predictive coding under the free-energy principle. Phil. Trans. R.
Soc. B 364, 1211-1221(2009).

Friston, K. The free-energy principle: a unified brain theory? Nat. Rev. Neurosci. 11,
127-138 (2010).

251.

252.
253.

254.
255.
256.
257.
258.
259.
Acknowledgements

This work was supported by a National Institutes of Health grant (RO1 CA236793 to D.W.).

Author contributions
The authors contributed equally to all aspects of the article.

Competing interests
The authors declare no competing interests.

Additional information
Peer review information Nature Reviews Psychology thanks David Burr and the other,

anonymous, reviewer(s) for their contribution to the peer review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

© Crown 2024

Nature Reviews Psychology



	Continuity fields enhance visual perception through positive serial dependence

	Introduction

	Positive serial dependencies

	Stimuli and behavioural paradigms

	Manifestations


	Tuning properties of serial dependencies

	Measuring serial dependence

	Temporal tuning

	Spatial tuning

	Feature tuning

	Serial dependence and adaptation

	Attentional tuning


	Continuity fields

	Implications

	Levels of processing

	Neural correlates

	Continuity fields and predictive coding

	Models


	Conclusions

	Acknowledgements

	Fig. 1 Positive serial dependencies across visual stimuli.
	Fig. 2 Behavioural paradigms and data analysis in positive serial dependencies.
	Fig. 3 Manifestations of positive serial dependencies.
	Fig. 4 Tuning properties of positive serial dependencies.
	Fig. 5 Continuity field operators.




