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Abstract

Serial dependence refers to the tendency of perceptual judgments to be systematically biased
toward or away from recently encountered stimuli. This mechanism is believed to promote
perceptual stability in a dynamic and often noisy environment. Over the past decade, serial
dependence has become a central topic in perceptual neuroscience, with extensive evidence
demonstrating its influence on a wide range of visual features, from low-level attributes such
as orientation and position to higher-level judgments such as attractiveness. However,
comparatively little is known about how serial dependence operates in temporal perception

and across sensory modalities.

The primary objective of this doctoral project was to investigate whether serial dependence
extends to the perception of temporal duration in vision and audition, to examine its
manifestation in tactile perception, and to assess the role of visual experience in shaping
multisensory serial dependence. In particular, this work aimed to determine whether serial
dependence reflects a general computational principle of perception or whether it is modulated

by modality-specific constraints and sensory history.

To address these questions, a series of psychophysical experiments was conducted using
discrimination and reproduction paradigms. Serial dependence was examined in visual and
auditory temporal perception, as well as in tactile motion perception. To investigate the
contribution of visual experience, experiments were performed both in sighted participants

and in individuals with visual impairment. In addition, mixed reality technology was adopted
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to enable precise experimental control and to isolate visual contributions in visuo-haptic tasks,

allowing the study of serial dependence in controlled multisensory environments.

The results provide converging evidence that serial dependence extends beyond classical
visual features to temporal perception in both vision and audition, although its expression
depends on temporal context and task demands. In auditory temporal perception, serial
dependence emerged under specific temporal conditions, suggesting a dependence on the
temporal proximity of successive stimuli. In the tactile domain, serial dependence effects were
more selective and appeared to depend on visual experience, as they were absent in visually
impaired participants. Multisensory experiments further indicated that vision plays a critical
role in shaping serial dependence in haptic judgments, highlighting the importance of cross-

modal calibration processes.

Overall, these findings suggest that serial dependence is a flexible perceptual mechanism
whose expression varies across sensory modalities and depends on both stimulus
characteristics and sensory experience. By demonstrating modality-specific constraints and a
critical role of visual experience in multisensory serial dependence, the findings provide new

insights into the computational principles underlying perceptual stability.

Additionally, these results have direct implications for the design of human-robot interaction
systems, multisensory interfaces, and rehabilitation technologies, where adaptive integration
of sensory information over time is essential. Moreover, the experimental paradigms and
mixed-reality methodologies developed in this project offer robust tools for studying
perception in controlled multisensory environments, with potential applications in device

calibration, sensory substitution, and computational models of human perception.
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Chapter 1

The Concept of Serial Dependence

In our daily lives, we perceive events as continuous. For instance, when we see a car next to
us on the street, we perceive it as the same car we saw moments earlier, regardless of our
movement or any temporary obstructions. Despite changes in the scene, our perception of it
remains stable. The phenomenon of how past experiences shape our perception of the present
has been studied in various forms for centuries. However, the term "serial dependence" was
introduced about a decade ago to describe the bias in perceiving a current stimulus in relation
to previously encountered stimuli. In other words, the perception of the present moment can
be influenced by recent experiences, leading to a sense of temporal continuity in subjective
experience. While serial dependence has been extensively studied in visual perception, its
relationship with time, other sensory modalities, and multimodal interactions remains largely
unexplored. The limited number of studies addressing these aspects often do so in a
fragmented or preliminary way, leaving significant gaps in our understanding of how

perceptual continuity operates across different cross-sensory and temporal dimensions.

The research presented in this dissertation has the primary objective of further investigating
serial dependence across different perceptual modalities and, additionally, to propose a novel

technological methodology for studying perceptual phenomena. This chapter will provide an
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overview of the research by outlining its theoretical background and its specific aims and

scope.

1.1 Theoretical background

1.1.1 How does the brain maintain temporal coherence in what it

sees?

A fundamental challenge in perceptual neuroscience is to understand how the brain maintains
a coherent and stable representation of the world despite constant changes in sensory input.
Our sensory information is often limited and ambiguous: for example, when observing a small
bird hanging on a branch while walking, it may temporarily become occluded by leaves from
another branch or appear from a slightly different perspective due to our movement. Since the
surrounding environment exhibits a certain degree of temporal stability, one way to reduce
sensory ambiguity is by integrating information from the recent past (Trapp et al., 2021). The
temporal regularity of the external world makes recent events a valuable source of plausible
hypotheses about the current state of reality, which can help guide perceptual interpretation in
the present moment. To achieve this, it has been proposed that the brain engages in an
inferential process, combining sensory input with internal expectations and predictions about
perceived stimuli (Clark, 2013). This integration transforms raw sensory data into the rich and

stable percepts that characterize conscious experience.

Psychophysical studies on the perception of ambiguous stimuli have shown that human
perceptual interpretation is strongly influenced by immediately preceding experience (Fecteau
& Munoz, 2003). This influence of experience operates through two main mechanisms, which

act in opposite yet complementary ways: hysteresis and adaptation.

The term hysteresis refers to the phenomenon whereby perception tends to preserve a previous
interpretation of a stimulus, even when changes in the sensory signal would make an
alternative interpretation plausible. This phenomenon manifests as a persistence effect, in
which a stimulus is perceived as more similar to the previously experienced percept than it

actually is. Such perceptual inertia has been observed in various domains, including binocular
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rivalry (Buckthought et al., 2008), apparent motion (Hock et al., 1993), and emotion
recognition (Sacharin et al., 2012), and appears to serve a functional purpose — namely, to
ensure perceptual stability and coherence within an inherently noisy and dynamic sensory

environment.

In contrast, the phenomenon of adaptation represents an opposite process: prolonged exposure
to a particular feature of a stimulus (such as motion direction) produces a repulsive effect,
whereby a subsequent stimulus appears oriented in the opposite direction, as illustrated by the
classic waterfall illusion (Purkinje, 1820). This process, attributed to neural habituation
mechanisms (Anstis et al., 1998), serves the functional role of enhancing sensitivity to novel

information, thus promoting change detection rather than stability.

t-1 t adaptation hysteresis

N WmE 2 I N O s EmE

Figure 1.1 — Illustration of how past information (t-1) interacts with present input (t). In
adaptation, previous experience induces a repulsive effect on current perception, whereas in
hysteresis, it exerts an attractive influence, stabilizing the ongoing percept.

The two dynamics thus reflect complementary perceptual strategies: hysteresis acts to
preserve perceptual coherence, while adaptation enhances the ability to detect variations and
novel features in the stimulus. The predominance of one perceptual strategy over another is
not fixed but depends on a combination of interacting factors. For instance, under conditions
of uncertainty (particularly when the current stimulus is unreliable or noisy), the visual system
tends to rely more heavily on information from the recent past, implicitly biasing perception
toward previous experience (Ceylan et al., 2021; Cicchini et al., 2018; Manassi et al., 2018;
Pascucci et al., 2019).

A central role is played by perceptual experience and learning history: both long-term
exposure and adaptation to specific tasks influence the weight assigned to particular sensory
cues (Jasmin et al., 2021). Task demands and environmental characteristics also modulate
strategic selection, sometimes favoring stability grounded in past experience and, at other
times, sensitivity to novelty (Cicchini et al., 2021; P. R. Jones & Dekker, 2018). Confidence
in one’s decisions and the type of feedback received further contribute to the updating of

perceptual strategies, especially under conditions of uncertainty (Balsdon et al., 2020;
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Domenici & Mamassian, 2025; Lak et al., 2020). Finally, individual differences, attentional
resources, and cognitive predispositions shape how each person selects and maintains a
particular strategy (Quinton & Fellows, 1975). The interplay of these factors makes perception
a flexible and adaptive process, able to respond to diverse demands and dynamically changing

contexts.

More recent studies have shown that the influence of preceding stimuli extends beyond merely
facilitating or accelerating the perceptual processing of subsequent ones. In some cases, recent
experience can systematically bias current perceptual responses, leading to deviations from
the objective properties of the present stimulus. This phenomenon, known as serial
dependence, represents a pivotal development in the study of the temporal integration
mechanisms underlying perception and will be examined in greater detail in the following

paragraphs.

1.1.2 The concept of serial dependence

Serial dependence is a term introduced to study quantitatively the effects of temporal
contextual information on perception: it is a systematic behavioral bias in which current

perceptual judgments are influenced by stimuli encountered in the recent past.

First formally described by Fischer and Whitney (J. Fischer & Whitney, 2014), serial
dependence manifests as an attractive bias, whereby the perception of a stimulus is pulled
toward previously seen stimuli (see Figure 1.2). This mechanism is thought to enhance
perceptual stability by smoothing noisy input across time (Pascucci et al., 2023). Serial
dependence is often discussed in relation to sensory adaptation and perceptual hysteresis, and
the distinction between these phenomena remains a matter of debate. It’s been argued that,
unlike adaptation, serial dependence usually manifests as an attractive bias toward recently
encountered stimuli, and unlike hysteresis, it does not primarily reflect a persistence of
discrete perceptual states but rather a continuous integration of past and present sensory
information. As such, serial dependence is thought to have a stabilizing role in perception,
promoting continuity in perceptual experience by smoothing moment-to-moment variability
in noisy sensory signals, rather than recalibrating sensitivity or maintaining categorical

perceptual states.
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[ ] _ time 1

A

[ | , time 2

- »

»

stimulus representation at time 2

Figure 1.2 — Visual representation of serial dependence effect propagation across time. Visual
object representations can carry over across time, biasing perception toward the recent past
and producing systematic errors in perceptual decisions.

Serial dependence was initially observed in an orientation reproduction task (J. Fischer &
Whitney, 2014) in which participants were asked to view a Gabor stimulus — a pattern of light
and dark lines blurred at the center and fading at the edges, commonly used to study
orientation perception (Figure 1.3 panel A) — and then reproduce its orientation by adjusting
a response bar. It was found that, although participants’ responses were on average correctly
centered on the presented orientations across the experiment, trial-by-trial responses were
systematically biased toward the orientation of the preceding trial. In other words, when the
Gabor in the previous trial was oriented more clockwise than the current Gabor, participants

perceived the current Gabor as tilted more clockwise than its actual orientation.

A simple way to represent this effect is to plot the relative orientation of the previous trial
against the error on the current trial (Figure 1.3 panel B). The effect is well captured by a first

derivative-of-Gaussian (DoG) function, given by:

y = xawce ™~ @W)? (1.1)
where x is the relative orientation of the previous trial, a is the amplitude of the curve peaks
(which quantify the magnitude of the serial dependence effect), w is the curve width and c is

the normalized constant ¢ = V2 /e =95,
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>
w

Relative orientation
(N-1)=N

Error estimation
response — stimulus

Error on current trial

-50 0 50
Relative orientation
of previous trial (deg)

Figure 1.3 — Serial dependence effect disclosed in Fischer & Whitney’s (J. Fischer & Whitney,
2014) work. (A) The stimulus used in the experiment was a Gabor patch with an orientation
varying between -60° and +60°, which participants were then asked to reproduce using a
response bar. In orientation reproduction experiments, the Gabor patch is the most commonly
used stimulus. (B) The error plot shows representative data from a single participant and
clearly exhibits a derivative-of-Gaussian pattern, where the amplitude (a) reflects the
magnitude of the serial dependence effect. On the x-axis, the relative orientation is plotted,
defined as the difference in orientation between the previous stimulus (N—1) and the current
stimulus (N). On the y-axis, the response error is shown, defined as the difference between
the orientation reported by the participant and the actual orientation of the presented stimulus.

In the same study, the authors also employed another widely used method to assess serial
dependence: the two-alternative forced choice (2AFC) discrimination task (J. Fischer &
Whitney, 2014). In this specific experiment, the 2AFC task was used to determine whether
serial dependence directly alters stimulus appearance, rather than merely influencing decision
processes. First, a Gabor “inducer” was presented at one of two positions, with its orientation
tilted 20° clockwise or counterclockwise relative to the Gabor that would subsequently appear
in the same position. Then, two Gabor stimuli were presented simultaneously, and participants

were asked to judge which of the two was more tilted clockwise (Figure 1.4 panel A).

A B

APSE P<0.001
o

920
70
50

inducer 2AFC 301

%  Bias right
10  Bias left

-9 -6 -3 0 3 6 9
Relative orientation
(right minus left)

Percent “right” responses

Figure 1.4 — Sequence of stimuli and results of the 2AFC experiment from Fischer &
Whitney's (J. Fischer & Whitney, 2014) work. (A) The first stimulus presented to participants
was the inducer stimulus, followed shortly by the simultaneous presentation of two Gabor
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stimuli for the 2AFC task, which participants had to judge. (B) The two psychometric curves
represent group-level responses, depending on whether the inducer influenced the stimulus in
the right visual hemifield (purple) or the left hemifield (blue). The shift between the two
curves, calculated as the difference in PSE, provides a quantitative measure of the serial
dependence effect.

To assess the magnitude of the serial dependence effect, the relationship between the inducer
stimulus and the subsequent response in the 2AFC task was analyzed. Trials were grouped
according to the direction of the inducer’s tilt relative to the reference (for example, whether
the inducer was tilted clockwise or counterclockwise relative to the right Gabor) and how this
tilt influenced participants’ choices. For each group of trials, the data were analyzed by fitting
psychometric functions, relating the relative orientation of the stimuli to the percentage of
“right” responses (Figure 1.4 panel B). From each psychometric curve, the point of subjective
equality (PSE) was calculated, representing the point at which participants responded “right”
and “left” equally often. The serial dependence effect was then quantified as a shift in the PSE
between the psychometric functions (APSE). This shift is informative because it indicates
whether the perception of the current stimulus was influenced by the preceding inducer

stimulus.

These two experimental paradigms — orientation reproduction and 2AFC tasks — are to date
the primary methods used to investigate serial dependence in behavioral experiments. The
nature of the effect and the factors influencing it have been identified and characterized
through analyses (including various complementary approaches) performed on the data

collected from these experiments.

1.1.3 The serial dependence effect can be both attractive and

repulsive

Across all the serial dependence experiments, it has been observed that the effect can take two
different directions: one attractive and one repulsive. Importantly, however, whether both
attractive and repulsive biases should be considered expressions of the same phenomenon

remains a matter of debate.

Attractive serial dependence, also known as positive, primarily occurs in perceptual

judgments where the perception of current stimuli is pulled toward recently experienced
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stimuli (Manassi et al., 2023; Pascucci et al., 2023). This effect is especially pronounced when
successive stimuli are only moderately similar, resulting in a characteristic S-shaped curve or
a pattern resembling a derivative-of-Gaussian function (Fritsche et al., 2017; Manassi et al.,
2023; Pascucci et al., 2023), as described previously. It is also commonly observed when the
previous stimulus requires an explicit perceptual response (Feigin et al., 2021). In such cases,
the effect is often attributed to forms of decision inertia (Akaishi et al., 2014) or post-
perceptual biases that influence both perception and decision-making, particularly under
conditions of uncertain sensory input (Pascucci et al., 2019). Although it can also emerge in
the absence of explicit attention, attractive serial dependence tends to strengthen when
attentional demands and task requirements are higher, and it has often been associated with
consciously perceived stimuli (Cicchini et al., 2021; Fritsche & de Lange, 2019; Rafiei et al.,
2021). For example, Fischer and Whitney (J. Fischer & Whitney, 2014) demonstrated that
stimuli receiving focused attention produce stronger attractive effects: in their study, perceived
orientation was systematically pulled toward that of the previous stimulus, with the effect

being more pronounced when attention was directed to the stimulus’s relevant location.

The effect of attractive serial dependence seems to be supported by mnemonic processes
operating on different time scales. In particular, in experiments on visual serial dependence,
it has been shown that visual working memory contributes to modulating attractive biases,
which are minimal or absent at the time of perceptual encoding but progressively increase
with longer retention intervals — that is, the delay periods during which the current stimulus
must be actively maintained in memory before a response is made: this pattern suggests that
serial dependence reflects an active integration process between current and recently stored
representations during memory maintenance rather than a purely perceptual or attentional
effect (Bliss et al., 2017; Fritsche et al., 2017). However, this integration is highly dependent
on the temporal proximity between stimuli, as biases are more pronounced for events in the
immediate past (in the order of a few seconds), suggesting that perceptual stability in vision
derives from the interaction between residual sensory traces and short-term working memory
processes (Fritsche et al., 2020; Gekas et al., 2019; Pascucci et al., 2019). The extent to which

such interplay generalizes to other perceptual dimensions is yet to be determined.

Repulsive, or negative, effects in serial dependence, by contrast, tend to emerge under

different conditions: they typically occur as a bias away from the previously encountered
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stimulus. Importantly, several authors have argued that these repulsive biases may not reflect
serial dependence in the strict sense, but rather forms of sensory adaptation or negative
aftereffects arising from recent sensory stimulation. In classical adaptation paradigms,
prolonged exposure to a stimulus induces perceptual distortions away from the adapting
stimulus, a mechanism thought to improve sensitivity to novel information and reduce
redundancy in sensory coding (Clifford et al., 2000; Kohn, 2007). Repulsive effects in serial
dependence share several characteristics with adaptation-like phenomena, particularly when
stimuli are strong, prolonged, unattended, or task-irrelevant. These effects are especially
pronounced when prior stimuli are irrelevant to the task (Pascucci et al., 2019; Pascucci &
Plomp, 2021; J. Fischer & Whitney, 2014). For example, inducer stimuli that do not require a
response can exert a strong repulsive bias on subsequent judgments, especially when the
magnitude difference between the inducer and the current target is large. Likewise, when
participants are instructed to retain a perceptual decision — that is, to maintain in working
memory their previously selected response rather than the sensory features of the stimulus
itself — past stimuli frequently elicit repulsive biases (Ceylan & Pascucci, 2023). This
phenomenon is particularly evident when the feature distance between the previous and
current stimulus is substantial: in orientation tasks, for example, attractive biases dominate for
small orientation differences, whereas repulsive effects emerge when the discrepancy exceeds
approximately 45-50 degrees (Ceylan et al., 2021; Ceylan & Pascucci, 2023). The properties
of the stimulus itself play a crucial role: strong and persistent stimuli tend to cause neural
adaptation, giving rise to repulsive effects, while weak or uncertain stimuli promote positive
serial dependence (Gibson, 1937). When the duration and intensity of stimuli increase,
negative adaptation mechanisms become predominant and repulsive biases end up prevailing
(Cicchini et al., 2017). Repulsive biases have also been observed within the same trial, for
instance between representations simultaneously maintained in working memory. This occurs
when an observer must remember multiple objects or orientations presented within the same
temporal window. In such cases, the representations of different items tend to repel each other
to minimize interference or confusion between the stored contents, thus generating a repulsive
effect among elements of the same working memory representation (Czoschke et al., 2019).
In contrast, serial dependence across different trials typically remains attractive, reflecting a
process of temporal integration between consecutive events rather than one of separation (C.

Fischer et al., 2020). Finally, in the absence of a response or a perceptual decision, repulsive
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effects, similar to those of low-level adaptation, tend to predominate (Pascucci et al., 2019):
if adaptation is weak, as after very brief stimuli, decision-making processes may prevail, but
when adaptation is strong, it becomes dominant and leads to the emergence of negative biases

(Fritsche et al., 2017).

The duality of novelty and consistency

Serial dependence, as previously described, can manifest in both attractive and repulsive
forms. Importantly, these opposing biases are not mutually exclusive but can coexist within
the same experimental trial, giving rise to a characteristic duality: attraction toward the
previous response and repulsion away from the previous stimulus (Pascucci et al., 2019; Sadil
et al., 2024). This phenomenon highlights a crucial dissociation in serial dependence, showing
how perception appears shaped by the interaction of two opposing forces operating at different

stages of processing (Pascucci et al., 2019).

Consistent with earlier observations of negative serial dependence, the influence of the
preceding stimulus often takes the form of a repulsive bias, attributable to sensory adaptation
mechanisms that bias perception away from recently processed physical inputs (Pascucci et
al., 2019; Sadil et al., 2024). This repulsive bias is typically linked to low-level sensory
adaptation, analogous to classic visual aftereffects such as the tilt-aftereffect (Morimoto &
Makioka, 2024). Such mechanisms are thought to enhance sensitivity to environmental
changes and promote differentiation of new incoming stimuli (Pascucci et al., 2019). These
repulsive effects are consistent with findings from Fritsche, Mostert, and de Lange (Fritsche
et al., 2017), who showed that recent visual history can bias low-level sensory encoding,
producing effects on perception that are independent of decision-making processes, indicating
that repulsive serial dependence can originate at the sensory-perceptual level. This stimulus-
driven effect is particularly evident when a stimulus is presented without requiring a
behavioral response (Jin et al., 2005; Pascucci et al., 2019) — as in catch trials or unreported

stimuli — and also when the stimulus is irrelevant to the task (Ceylan & Pascucci, 2023).

In contrast, and in line with previously discussed attractive serial dependence, the influence
of the previous response manifests as an attractive bias. This attraction is thought to be linked
to forms of decision-making inertia: once a perceptual decision has been formed, the

corresponding internal representation or response criterion may persist over time and bias
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subsequent judgments toward the same choice. In line with this, Feigin and colleagues (Feigin
et al., 2021) demonstrated that perceptual decisions are systematically biased toward relevant
prior choices, indicating that post-perceptual memory and decision-history mechanisms play
a central role in pulling perception toward previous responses. Unlike stimulus-driven
repulsion, this attractive effect acts at the post-perceptual level (Fritsche et al., 2020; Pascucci
et al., 2019), depends primarily on task relevance and prior decisions rather than on the
physical properties of the stimulus (Feigin et al., 2021; Pascucci et al., 2019), and can partially

counterbalance the repulsive effects of low-level adaptation (Pascucci et al., 2019).

These two mechanisms operate concurrently, with their relative strengths determining the
overall observed serial dependence (Pascucci et al., 2019; Zhang & Alais, 2020): this indicates
that the visual system simultaneously integrates information from the physical environment,
which gives rise to adaptation and repulsion, and internal decision-making states, which

generate attraction.

1.1.4 From simple to complex features

Serial dependence has been investigated across a wide range of visual perceptual features and

objects, from basic visual properties to more abstract concepts.
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Figure 1.5 — Visual stimuli adopted in serial dependence studies, to evaluate the effect across
different visual features. Figure extracted from Manassi, Murai and Whitney's review
(Manassi et al., 2023).

The first visual feature in which the phenomenon of serial dependence was systematically
investigated is orientation. Numerous studies have shown that the orientation of a Gabor
stimulus can influence the perceived orientation of a subsequently presented stimulus, and this
effect emerges consistently across the various experimental paradigms introduced in the

literature.

Concurrently, the phenomenon of serial dependence has been investigated by Cicchini and

colleagues in the context of visual numerosity (Cicchini et al., 2014), which refers to the
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perceived number of elements (e.g., dots) in a visual array. In this domain, the perceived
numerosity of a current array is systematically influenced by the numerosity of previously
presented arrays. The serial dependence effect in numerosity has been demonstrated at both
behavioral and neural levels, with evidence showing that both perceptual judgments and
neural representations of numerosity are attracted toward recently encountered stimuli
(Corbett et al., 2011; Fornaciai & Park, 2018b, 2018a, 2020), supporting perceptual continuity
and stability in a noisy environment. Most studies employ numerosity discrimination or
estimation tasks, where participants judge the number of dots in a series, often following
exposure to an “inducer” stimulus with a different numerosity (Corbett et al., 2011; Fornaciai
& Park, 2018b, 2018a). Moreover, serial dependence in numerosity has been shown to differ
between subitizing (small numbers) and estimation (larger numbers), and can be modulated
by whether participants provide explicit responses or merely observe the stimuli (Fornaciai &

Park, 2018a; Morimoto & Makioka, 2024).

Another aspect that has been investigated is serial dependence in spatial position, primarily
studied using localization tasks (Liberman et al., 2014; Manassi et al., 2018). In these tasks,
participants are presented with targets at random locations within the visual field and are asked
to report the perceived position. Consistently, an attractive effect is observed: the perceived
position of the current target tends to be biased toward the location of the previous stimulus,

reflecting temporal continuity in spatial estimates.

Among the various visual features investigated, color has received particular attention, as it is
strongly linked to the structure of natural scenes. This feature has been studied using delayed-
estimation tasks (Barbosa & Compte, 2020; Guan & Goettker, 2024), in which participants
report the color of a stimulus after a brief delay. In the case of color, it has been observed that
the serial dependence effect develops gradually over the course of the entire experimental
session, suggesting that it does not rely on immediate adaptation but instead involves a slower,

cumulative mechanism, indicating that memory processes may play an important role.

Another element that characterizes natural environments is the shape of surrounding objects.
Serial dependence in shape has been investigated using both adjustment (Manassi et al., 2022)
and classification (Collins, 2022b, 2022a) tasks, and this effect also manifests as an attractive

bias, whereby the current shape judgment is pulled toward the shape presented on the previous
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trial. Notably, studies have shown that this effect decays over time, is stronger for similar
shapes, and is spatially localized, meaning that the bias is enhanced when the shapes appear

in the same spatial position (Manassi et al., 2019, 2023).

The final basic feature considered is motion perception. Whether using stimuli that are simple
(e.g., dot motion) (Alais et al., 2017; You et al., 2023) or complex (e.g., biological motion,
smooth pursuit eye movements) (Chaney et al., 2016; Hong et al., 2024; Y. Li et al., 2021),
studies consistently report an attractive serial dependence effect. For this feature,
magnetoencephalography (MEG) and electroencephalography (EEG) evidence shows that
neural representations of current motion are biased toward the motion direction of the previous
trial. Notably, this shift emerges at late, post-encoding stages, suggesting a substantial
contribution of working memory and decision-related processes (C. Fischer et al., 2022,

2025).

After examining basic visual features, research on serial dependence has expanded to
encompass more complex and abstract dimensions. These do not relate solely to the sensory
encoding of physical properties but instead involve higher-level representations, often related

to face processing and to social or affective evaluations.

Serial dependence robustly influences facial identity judgments, biasing the perception of a
current face toward recently seen identities, even when viewpoint or low-level visual features
differ (Lidstrom, 2023; Turbett et al., 2019, 2021). Similarly, judgments of facial emotion are
systematically shaped by the expressions observed on preceding trials, producing a perceptual
tendency toward emotional continuity (Lidstrom, 2023; Manassi et al., 2023). Evaluations of
attractiveness are likewise affected, with current ratings being pulled toward the attractiveness
of recently viewed faces (Ho & Newell, 2020; Van der Burg et al., 2019; Xia et al., 2016; Yu
et al., 2023).

Finally, serial dependence has also been documented for a wide range of other social and
perceptual facial attributes, including gender, age, gaze direction, trustworthiness, dominance,
and additional high-level traits, supporting the idea of a general mechanism operating in

higher-order facial processing (Alais et al., 2018; Manassi et al., 2023; Xia et al., 2016).
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1.1.5 Other modalities beyond vision: auditory and tactile

To date, serial dependence has been studied primarily within the context of visual perception.
However, several studies have demonstrated that this effect also occurs in the auditory domain
across various features, and preliminary research is beginning to explore its presence in the

tactile modality as well.

Serial dependence in the auditory domain manifests in different ways, depending on the

perceived attribute and the level of participant engagement required.

In the perception of emotion conveyed through prosody — that is, the rhythmic, melodic, and
intonational features of speech that communicate emotional information — a positive serial
dependence effect has been observed: the perceived emotion in a given sound tends to be
biased toward that of the preceding trial (Van der Burg et al., 2024). However, the effect can
become repulsive when participants are required to withhold their response before reporting
it, suggesting that the attractive component is driven by automatic perceptual mechanisms,
whereas the retention period introduces post-perceptual or decisional influences (Van der Burg

et al., 2024).

In the context of rate perception, a positive serial dependence is typically observed when
participants are required to provide a response, with current judgments being attracted toward
the previously experienced rate. In contrast, in the absence of a response, a repulsive effect
emerges, which appears to reflect a perceptual mechanism aimed at optimizing the detection
of changes. These findings suggest that serial dependence in rate perception arises from the
interaction between a stronger post-perceptual, attractive component and a weaker perceptual,
repulsive component. Furthermore, working memory can amplify the magnitude of the

attractive effect (Motala et al., 2020).

Serial dependence is also observed in the perception of time within auditory rhythms (B. Li
et al., 2024). In unimodal conditions (e.g., auditory-to-auditory), participants’ choices tend to
be attracted toward previous responses (an attractive decision-level effect), whereas the
perception of the rhythm itself can be slightly repelled away from preceding stimuli (a

perceptual repulsive effect). In cross-modal conditions (e.g., auditory followed by visual), a
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repulsive decision-level effect predominates, with current responses turning away from the

previous stimuli.

Attractive effects of serial dependence have also been observed in pitch judgments and in the
perception of auditory stimulus duration (Arzounian et al., 2017; Motala et al., 2020; Wearden
& Jones, 2021). For example, Arzounian and colleagues (Arzounian et al., 2017) showed that
people’s judgments of pitch are systematically influenced by the preceding stimulus: when
participants compared successive pure tones and judged their relative pitch, responses were
biased toward the pitch of the previous tone; this attractive sequential dependence was
observed even when the task required fine pitch discrimination. Similarly, in duration-
discrimination tasks, the perceived length of a sound interval was attracted toward the duration
of preceding auditory stimuli, indicating an integration of temporal information over

successive trials (Burr et al., 2013).

However, evidence for serial dependence across different sensory modalities appears to
depend critically on stimulus format. For example, Fornaciai and Park (Fornaciai & Park,
2019) reported no influence of preceding auditory tones on visual numerosity judgments,
suggesting limited cross-modal generalization. Importantly, this null effect may reflect
differences in representational format rather than modality per se, as their comparison
involved spatial visual arrays and temporally sequential auditory stimuli. In contrast,
Hashimoto and Makioka (Hashimoto & Makioka, 2025b) demonstrated cross-modal serial
dependence in numerosity perception when auditory and visual stimuli shared an equivalent
spatial structure, both consisting of sequential events. These findings indicate that serial
dependence can generalize across sensory modalities when stimuli are matched in their spatial
format, highlighting that cross-modal integration is constrained not simply by sensory

modality but by the underlying perceptual representation.

Another line of research has investigated serial dependence in multimodal audiovisual
contexts, with findings suggesting that the phenomenon is more pronounced in the visual
domain than in the auditory domain. In a study by Lau and Maus (Lau & Maus, 2019),
participants were presented with compound stimuli consisting of a visual Gabor and a vocal
sound and were asked to report either the orientation of the Gabor or the auditory stimulus on
each trial. The results revealed serial dependence only for the visual modality, whereas

auditory judgments were not influenced by preceding stimuli. Moreover, the visual effect
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persisted even when previous trials contained only auditory stimuli or did not require any
response, indicating that serial dependence is primarily linked to visual perception of the

preceding trial rather than to auditory decision-making or task execution.

In the domain of tactile perception, recent work by Wang and Alais demonstrates that a similar
serial dependence phenomenon occurs during haptic exploration (G. Wang & Alais, 2025b,
2025a). Specifically, when participants judge the orientation of tactile surfaces, their
perception of the current trial is attracted toward the orientation perceived in the preceding
trial, indicating that recent tactile experiences actively influence current perceptual estimates.
This tactile serial dependence effect is robust and persists even under passive exploration.
Additionally, the bias does not appear to arise solely from physical contact with the previous
stimulus: it is also shaped by the participant’s prior responses. These findings suggest that
tactile orientation perception is influenced by recent experience, integrating information both

from the previously encountered stimulus and the participant’s interaction with it.

1.2 Objective and scope of the thesis

Based on the evidence presented thus far, serial dependence has been investigated primarily
within the visual domain. Nevertheless, several aspects remain poorly understood, particularly
its relationship with time perception (both visual and auditory) and the possibility that the
phenomenon also emerges in other domains and features, such as tactile motion direction

perception, or under conditions of cross-sensory integration.

The aim of this dissertation is therefore to extend the study of serial dependence to temporal
perception and additional sensory modalities, in order to clarify its generality, the conditions
under which it emerges, and the underlying mechanisms. The work is organized into four

experimental chapters, each guided by specific research questions.

In Chapter 2, focused on visuo-temporal perception, we investigate whether serial dependence
emerges across different tasks — temporal discrimination and temporal reproduction — and
whether the underlying mechanisms are shared or distinct. We also explore the extent to which

working memory modulates the integration of past and current stimuli.
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In Chapter 3, the focus shifts to audio-temporal perception, addressing three main questions:
(1) whether serial dependence is present in this sensory domain, (i1) how the serial dependence
effect emerges based on how the temporal information is conveyed (via continuous sounds
versus discrete intervals), and (iii) whether the temporal interval between the inducer and the

target influences the strength or presence of the phenomenon.

Chapter 4 extends the investigation to the tactile domain, examining whether serial
dependence also occurs in the perception of motion direction explored through touch.
Furthermore, we assessed how visual input influences the generation of serial dependence by
comparing sighted and visually impaired participants designing a tactile reproduction task

supported by custom-designed haptic devices for response collection.

In Chapter 5, we explore visuo-haptic integration in the perception of object size. The central
question is whether and how serial dependence emerges independently in the visual and haptic
modalities and in a cross-sensory context. To address this, we developed an experimental
paradigm using a mixed-reality device (Microsoft HoloLens 2), first validating its rendering
accuracy and tracking reliability, and then applying it to dimensional discrimination tasks to

analyze the specific and joint contributions of vision and touch.

Finally, Chapter 6 provides an overview of the results obtained in this dissertation in relation

to the experimental questions addressed in the preceding chapters.
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Chapter 2
Serial Dependence in Visual Time Perception

This chapter is partially extracted from:

"Bertolasi, J., Esposito, D., Vitale, A., Gori, M. (2025). Exploring the role of serial dependence
in visual time perception. Journal of Vision, 25(8):7. https://doi.org/10.1167/jov.25.8.7 .

2.1 Introduction

In the previous chapter, we introduced the concept of serial dependence as a perceptual
phenomenon in which the perception of the current stimulus is influenced by the preceding
stimulus or response. In this chapter, we focus specifically on investigating serial dependence

in visuo-temporal perception.

As previously started, serial dependence has been extensively investigated across several
perceptual visual domains, including numerosity (Fornaciai & Park, 2018b), shape (Collins,
2022a), face identity (Turbett et al., 2021) and aesthetic judgment (Kim et al., 2019), color
discrimination (Barbosa & Compte, 2020), and motion direction (Y. Li et al., 2021). However,
much of the evidence concerning serial dependence in the temporal domain remains

inconclusive, and additional research is needed to clarify how serial dependence operates in
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relation to time, independently of other contributing factors (Manassi et al., 2023; Van der

Burg et al., 2015).

Although serial dependence in time perception remains a relatively underexplored topic,
several studies have begun to elucidate its underlying mechanisms. Roseboom (Roseboom,
2019) demonstrated that duration estimates can be influenced by the duration of the preceding
trial, revealing both attractive and repulsive effects depending on the task. Togoli and
colleagues (Togoli et al., 2021) further showed that serial dependence in the temporal domain
does not generalize to other dimensions, such as numerosity, suggesting domain-specificity.
More recently, Li, Wang, and Zaidel (B. Li et al., 2024) reported that, in unimodal tasks, the
perception of temporal dynamics tends to exhibit repulsive sensory effects, which are

modulated by stimulus uncertainty.

These findings, in addition to confirming the sensitivity of temporal perception to the recent
history of stimuli, highlight the critical role of the experimental paradigm in revealing or

failing to reveal the presence of serial dependence.

As discussed previously, serial dependence can be investigated using different experimental
paradigms, namely temporal discrimination tasks and temporal reproduction tasks. While
these paradigms are well established in other visual features, a gap remains in the literature
regarding their application to the perception of temporal durations. Specifically, it is still
unclear how the effects observed across these two types of tasks relate to one another. The
open question concerns whether the mechanisms underlying the emergence of serial
dependence in temporal discrimination and temporal reproduction tasks are shared or reflect

two distinct processes.

In this chapter, we present an experiment specifically designed to address these questions,
building on previous work by Togoli and colleagues (Togoli et al., 2021). In their study, a
discrimination task was employed to investigate both numerosity and the perception of
temporal durations, using an inducer stimulus intended to elicit serial dependence by biasing
the perception of the subsequent target stimulus. In addition, we conducted a second
experiment involving a reproduction task (Jazayeri & Shadlen, 2010) to assess serial
dependence by examining the extent to which previous stimuli and responses influence the

perception of the current stimulus.
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Finally, an open question in the literature concerns the processing stage at which serial
dependence operates: whether it primarily emerges at a perceptual level or at a higher
cognitive-decisional stage. This ambiguity arises from the fact that the effect can be influenced
by multiple stages of perceptual and decision-making processes. Some studies suggest that
serial dependence may arise during early sensory processing (J. Fischer & Whitney, 2014;
John-Saaltink et al., 2016), whereas others highlight the involvement of cognitive and
decisional components, implicating higher-order circuits responsible for integration and final
response selection (Barbosa & Compte, 2020; Neto & Bartels, 2021; Sheehan & Serences,
2022).

In this context, working memory has been proposed as a key mechanism for integrating past
and current information, as demonstrated in several studies (Bilacchi et al., 2022; Bliss et al.,
2017, Fritsche et al., 2017). Accordingly, a second focus of this chapter is to investigate the
relationship between serial dependence effects observed across two different types of tasks
and working memory, with the aim of clarifying the processing stage at which serial

dependence emerges.

We therefore present the serial dependence effects that emerged from the two experiments —
temporal discrimination and temporal reproduction — and examine the relationship between
these effects. Finally, we investigate how both effects relate to working memory, using a
memory-span index derived from a task specifically designed to assess visual working

memory.

2.2 Materials and methods

2.2.1 Participants

A total of 33 individuals participated in this study (age 27.0 + 7.5 years). All participants had
normal or corrected-to-normal vision and no known history of neurological conditions. Prior
to participation, each individual was given both written and verbal explanations of the study’s
objectives and procedures and provided informed consent. The study protocol was reviewed
and approved by the local ethics committee (Comitato Etico, ASL3 Genovese, Italy) and

carried out in accordance with the principles outlined in the Declaration of Helsinki.
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2.2.2 Apparatus, stimuli, and procedure

Visual stimuli were displayed on a 24-inch high-resolution monitor (ASUS VG248QE) with
a 144 Hz refresh rate and a resolution of 1920x1080 pixels. Participants were seated in a quiet,
darkened room at a viewing distance of 57 cm from the screen and with their heads positioned

on a chinrest.

The study followed a within-subjects design, with all participants completing a duration
discrimination task, a temporal interval reproduction task, and the working memory Corsi
block test. The tasks are described in the following subsections. To control for order effects,
the sequence of tasks was counterbalanced across participants. The three tasks were
distributed randomly throughout a single testing session lasting approximately one hour.

Participants were allowed to take breaks after each experimental block during the session.

2.2.2.1 Duration Discrimination task

The stimuli were adapted from the duration task condition used by Togoli and colleagues
(Togoli et al., 2021). Each stimulus consisted of a white, blurred disc displayed on a grey
background, with a field area of 220 pixels (corresponding to 6.2° of visual angle), a radius
of 90 pixels, and a sigma smoothing parameter of 40 pixels. Stimuli were presented 12° to the
right or left of a central fixation point (a black dot, 10 pixels in diameter, or 0.28°). All stimuli

were generated using the Psychophysics Toolbox for MATLAB (Brainard, 1997).

The experimental task featured a sequence of three discs per trial: the first stimulus, or inducer,
was not task-relevant; the second served as the reference; and the third was the test stimulus.
The inducer had a duration of either 199 ms or 481 ms, the reference duration was fixed at
310 ms, and the test stimulus varied across seven durations ranging from 199 ms to 600 ms.
The inducer and reference were always presented on the same side of the screen, while the
test appeared on the opposite side, in line with findings that serial dependence effects are
spatially specific (Fornaciai & Park, 2018b; Togoli et al., 2021). A 750 ms inter-stimulus
interval (ISI) separated the inducer offset and reference onset, followed by a 300 ms ISI
between the reference offset and test onset. After viewing the test stimulus, participants
indicated whether the reference or test appeared longer by pressing the left or right arrow key

on a standard keyboard. Each trial was followed by a 750 ms pause before the next trial began
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automatically (see Figure 2.1 panel A for an illustration of the procedure). The design
incorporated a 2x7 matrix, combining the two inducer durations with the seven test durations,
resulting in 14 unique conditions. Each condition was repeated 20 times, totaling 280 trials,
which were evenly divided into five blocks of 56 trials. The entire task took approximately 20

minutes to complete.

2.2.2.2 Temporal Interval Reproduction task

The stimuli were adapted from studies by Cicchini and Jazayeri (Cicchini et al., 2012; Jazayeri
& Shadlen, 2010), featuring white disc stimuli measuring 140 pixels (corresponding to 4° of
visual angle) displayed on a grey background, positioned 5° of visual angle to the left and
right of the screen center. A black central fixation point (0.28° in diameter) was used to
maintain visual focus, with stimuli appearing 12° to the left or right of this fixation. Stimuli

were generated using the Psychophysics Toolbox for MATLAB (Brainard, 1997).

In each trial, two white discs were presented sequentially for 20 ms each, separated by a
randomly selected sample interval ranging between 494 and 847 ms. The first disc always
appeared in the left visual field and the second in the right. Following the second disc’s
disappearance, participants were instructed to reproduce the duration of the sample interval
by pressing and holding the space bar on a standard keyboard for what they perceived to be
the same amount of time. Unlike the original protocol used by Jazayeri and colleagues
(Jazayeri & Shadlen, 2010), no feedback was provided to participants regarding their
performance. The experiment consisted of 5 blocks of 30 trials each, totaling 150 trials, with
an approximate overall duration of 10 minutes. The experimental timeline is illustrated in

Figure 2.1 panel B.

2.2.2.3 Corsi Block test

The Corsi Block Tapping Test was administered using the PEBL platform (Mueller & Piper,
2014). The visual display consisted of nine blue squares arranged randomly against a black
background. During each trial, a sequence was presented by highlighting the squares in yellow
one at a time. After the sequence ended, participants were required to reproduce the order by
clicking on the squares in the same sequence in which they were highlighted (see Figure 2.1
panel D). The difficulty increased every three trials by adding one more item to the sequence,

up to a maximum of nine blocks, or until the participant made two consecutive errors.
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Inducer Reference Test answer
next trial
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after 750 ms
199-481 ms 310 ms 160-600 ms |
B 494-847 ms answer
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after 1500 ms
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2 EEEE

Figure 2.1 — Illustration of the experimental paradigms used across tasks. (A) Experimental
procedure for the duration discrimination task. The first stimulus presented is the inducer one
(duration 199 or 481 ms, randomized within trials), followed by the reference one in the same
position (duration 310 ms) and in the end, the test stimulus, positioned in the opposite
hemifield (with variable duration from 199-600 ms). Participants had to determine which
lasted longer between reference and test. (B) Temporal reproduction task procedure. Two

white discs were presented on the screen for 20 ms (the first one on the left hemifield and the
second on the right one), with a delay between the presentations that varied in a range of 494-
847 ms. Participants were asked to reproduce the perceived duration that passed between the
two discs. (C) Example of Corsi block test in physical setup. The experiment is conducted
with wooden blocks: the experimenter touches the blocks sequentially with one hand, and the
participant is then asked to repeat the sequence. (D) Digital PEBL version of Corsi block test.
In this experiment, some of the squares would change color from blue to yellow sequentially,
and participants were asked to click on the sequence of the squares that lit up.

2.2.3 Data analysis

2.2.3.1 Duration Discrimination task

Participants who made 20% or more errors (i.e., at least 4 out of 20 trials) in the conditions
involving the shortest and longest test stimulus durations were excluded from the analysis.

Based on this criterion, six participants were removed. Additionally, participants whose just
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noticeable difference (JND) deviated more than 2.5 standard deviations from the sample mean

were to be excluded; however, no participants met this exclusion threshold.

To quantify the serial dependence effect, we fitted a cumulative Gaussian function to the
proportion of “test longer” responses as a function of test duration. The point of subjective
equality (PSE) — indicating the perceptual bias — was computed as the median of the fitted
function, separately for each participant and inducer condition, while the JND was computed
as the average value between the 75% and 25% thresholds for each psychometric function.
The serial dependence effect was defined as the difference in PSE between the two inducer

conditions for each participant.

To ensure the robustness of the observed effects and support the reliability of subsequent
correlation analyses, we conducted an intra-experiment consistency check. The dataset was
split in half, and the serial dependence effects derived from each subset were compared using

a Bayesian paired-samples t-test.

A paired-sample t-test was also performed to assess whether the PSE distributions
significantly differed between the two inducer conditions, and Cohen’s d was calculated to

determine the standardized effect size.

Finally, to examine the influence of the previous response on the perception of the current
stimulus, we did a paired-sample t-test to compare the PSEs based on whether the prior

response was “reference” or “test”, to evaluate the presence of a response-history effect.

All analyses were conducted using MATLAB R2022b (The MathWorks Inc., 2022), except
for the Bayesian test performed in JASP version 0.17.1.0 (JASP Team, 2023).

2.2.3.2 Temporal Interval Reproduction task

Participants whose correlation between stimulus duration and response was not statistically

significant were excluded from further analysis, resulting in the removal of three participants.

In interval reproduction tasks, behavioral responses typically show a central tendency bias,
such that reproductions are systematically biased toward the mean of the stimulus distribution
(Cicchini et al., 2012; Hollingworth, 1910; Jazayeri & Shadlen, 2010). Since this effect can
artificially contribute to manifest serial dependence, we first implemented a data-cleaning

procedure. Specifically, we fit a linear model to each participant’s response error, defined as
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the difference between the reported and actual stimulus duration, as a function of stimulus
duration. The residuals from this model, representing error variance independent of central
tendency bias, were then used as response errors. This resulted in a corrected measure of

duration estimation, free from central tendency influences.

To quantify the magnitude of serial dependence from both the preceding stimulus and the
preceding response, we used a linear mixed-effects model (LMEM). In the model, the
dependent variable was the distribution of participants’ response errors across trials. Predictor
variables included the durations of both current and previous stimuli, as well as the previous
response, and all were treated as random effects. The inclusion of current stimulus duration as
a predictor was justified by the prior cleaning step, ensuring the model captured only serial
dependence and not residual central tendency. Participant identifier was used as a grouping
variable to account for individual variability in the LMEM. The model figured as
errory ~ 1 + stimulusy + stimulusy_; + responsey_; + (1 + stimulusy +

stimulusy_; + responsey_;|name) in Wilkinson notation. The model was implemented

using the /me4 package in R.

To further confirm the reliability of the observed effects, we conducted an internal consistency
check by dividing the dataset in half and comparing the effects of stimulus and response serial

dependence across the two subsets using a Bayesian paired-samples t-test in JASP.

Finally, to assess the strength of the evidence, we performed a Bayesian analysis using the
BayesFactor package in R. Bayes Factors (BFs) were computed using the ttest.tstat function,

which calculates BFs based on the t-statistic and sample size, with an intermediate prior scale

(r=10.707) applied.

The cleaning procedure was performed on MATLAB R2022b (The MathWorks Inc., 2022),
the consistency test performed in JASP version 0.17.1.0 (JASP Team, 2023), while the model
and BF were performed using R version 4.4.2 (R Core Team, 2021).

2.2.3.3 Corsi Block test

The study assessed participants’ working memory performance using two key measures:
memory span and block span. Memory span refers to the number of items a participant can

recall in the correct sequence, reflecting the capacity to retain and reproduce ordered
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information. Block span, on the other hand, specifically measures the ability to recall
sequences of spatial locations. On average, memory span typically ranges from 5 to 9 items,
while block span scores are usually slightly lower, falling between 4 and 7 locations. Higher
scores on both measures indicate stronger working memory function, suggesting efficient
encoding, storage, and retrieval processes. Lower scores may point to difficulties in attention
or memory, potentially reflecting cognitive limitations (Kessels et al., 2008). Memory span is
a particularly important metric, as it serves as a robust tool for studying cognitive processing,
predicting broader cognitive abilities, and exploring individual differences in working

memory capacity.

2.2.3.4 Interindividual variability and working memory

To examine potential associations among participants' performances across the three tasks, we
calculated Pearson correlation coefficients for each relevant pair of variables. The variables
included the individual differences in PSE from the duration discrimination task (normalized
by the duration of the reference stimulus), the slope coefficients derived from the temporal

interval reproduction task, and the memory span scores obtained from the Corsi Block test.

To further evaluate the strength of the observed relationships, we also conducted Bayesian
correlation analyses, providing a measure of relative evidence in support of or against the

presence of an association.

The Pearson correlation was performed on MATLAB R2022b (The MathWorks Inc., 2022),
while the Bayesian one on JASP version 0.17.1.0 (JASP Team, 2023).

2.3 Results

2.3.1 Temporal Discrimination task

We assessed serial dependence by examining how the inducer influenced the perceived
duration of a subsequent reference stimulus presented in the same spatial location.

Specifically, we measured shifts in the PSE as a function of inducer duration.

As shown in the representative psychometric curve in Figure 2.2 panel A, the PSE following

a 481 ms inducer was 301.7+13.9 ms, while that following a 199 ms inducer was
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282.7+13.24 ms — a 19.1 ms difference, indicating attraction toward the inducer. Across
participants (Figure 2.2 panel B), PSEs were generally higher for the shorter inducer, with
most data points falling above the equality line. While a few subjects showed stronger effects,
they were not outliers, as their JNDs fell within 2.5 standard deviations of the group mean

(Figure 2.3).
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Figure 2.2 — Effect of inducer duration on temporal perception. (A) Representative single-
subject psychometric curve for the temporal discrimination task condition for the two levels
of inducer duration. When the inducer was smaller than the reference, the curve shifted
leftward compared with when it was larger than the reference, indicating an under- or
overestimation of the reference magnitude in the direction of the inducer. (B) Proportion
between the PSE at 199 ms and PSE at 481 ms. The red dot and error bars refer to the average
value for both distributions.
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Figure 2.3 — Stability of JND across inducer conditions. (A) Scatter plot comparing JND
values across participants for the two inducer time conditions: 199 ms (x-axis) and 481 ms (y-
axis). Each dot represents a participant; the red dot indicates the group mean with standard
error. Data are symmetrically distributed around the bisector, suggesting consistency between
conditions. (B) JND values for 199 ms (left) and 481 ms (right), with means shown as solid
black lines and + 2.5 standard deviation limits as dashed red lines. All data points fall within
these limits, indicating no outliers.

The consistency of the observed effects was confirmed by the Bayesian paired-samples t-test
comparing the serial dependence magnitudes obtained from the two halves of the dataset
which yielded a BF of 0.284 (error % = 0.025); the median of the posterior distribution was
0.101, with a 95% credibility interval ranging from -0.27 to 0.48, which includes zero and
thus suggests evidence for the absence of a difference between subsets, suggesting consistent

effects across the sample.

The paired-sample t-test revealed that the effect on the PSE was statistically significant, t(26)
= -2.15, p = 0.040. This result indicates that there was a reliable difference between the
compared inducer conditions. The effect size, as measured by Cohen’s d, was 0.402, with a

95% confidence interval (CI) for the effect size that ranged from 0.01 to 0.84.

To investigate whether the previous response influenced the perception of the current stimulus,
we compared the PSE following a “reference” response to the PSE following a “test” response
using a paired-sample t-test. The analysis revealed no significant effect of the previous

response on current perception, t(26) = 0.63, p = 0.532, with a 95% CI of [-0.01, 0.02].

2.3.2 Temporal Interval Reproduction task

To investigate serial dependence in the temporal reproduction task, participants estimated the
interval between two visual stimuli and reproduced it by holding the spacebar. We examined
how the previous trial influenced current duration perception, referring to "stimulus duration"
as the interval between the two stimuli. To isolate serial dependence effects, reproduction
errors were first residualized to remove confounds like the central tendency effect. The
residualized data were then analyzed using a linear mixed-effects model (LMEM) to assess

the influence of previous stimuli and responses (Figure 2.4 panel A).
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Figure 2.4 — Impact of central tendency correction on serial dependence components. (A) Pre-
(blue) and post- (red) residualization of subjects' error in response was performed to account
for the central tendency effect. In the biased data, a clear central tendency trend is observed,
as indicated by a regression curve with a negative coefficient. (B) Results of the LMEM used
to estimate serial dependence both before (blue) and after (red) the residualization process.
After residualization, the effect of the N-stimuli was strongly reduced and approached zero,
while the effects of previous stimuli (negative) and previous responses (positive) remained
significant, indicating robust associations with serial dependence.

Results (Table 2.1) showed a significant negative association between current reproduction
error and the previous stimulus, and a positive association with the previous response. No

effect was observed from the current stimulus as expected after the residualization.

Table 2.1 — Coefficients of the LMEM with corresponding BF for each term.

Estimate SE tStat DF BF
Stimulus n -0.033 [-0.11 0.04] 0.04 -0.896 26 0.298
Stimulus N1 -0.108 [-0.18 -0.04] 0.04 -3.076 26 8.464
Response -1 0.414 [0.35 0.48] 0.03 12.279 26 1.89x10°

Again, the consistency of the observed effects was confirmed by the Bayesian paired-samples
t-test between the two halves of the dataset (as reported in section 2.2.3.2), suggesting
consistent effects across the sample: for the effect of the previous response, the BF was 0.218
(error % = 0.024), with a median of 0.035 and a 95% credibility interval of [-0.340, 0.412];
for the previous stimulus, the BF was 0.265 (error % = 0.025), with a median of -0.122 and a
95% credibility interval of [-0.504, 0.253].

Figure 2.4 panel B illustrates the LMEM results both before and after residualization,

highlighting how central tendency biases hide the interpretation: the current stimulus shows a



Serial Dependence in Visual Time Perception 31

significant effect only in the non-residualized model (p < 0.001). Post-residualization,
opposing trends emerge for trial N-1: previous stimulus duration negatively affects error,

while previous response has a positive influence.

2.3.3 Interindividual variability and working memory

We explored the relationship between serial dependence effects in both tasks and individual

working memory span.

Bayesian analysis performed between the serial dependence effect of the temporal
discrimination task and the temporal reproduction task provided evidence for the null
hypothesis, for both the previous stimulus (r = 0.07, BF = 0.265) and previous response (1 = -
0.13, BF =0.303) from the temporal reproduction task, suggesting no cross-task consistency

in the effect.

Finally, we analyzed the association between working memory span and the serial dependence
effect for both tasks. For the temporal discrimination task, results were inconclusive (r = -
0.17, BF = 0.338). In the temporal reproduction task, Bayes Factors supported the null
hypothesis for both the previous stimulus (r = -0.14, BF = 0.305) and previous response (r =
-0.06, BF = 0.264), indicating no reliable link between memory span and serial dependence

in either case.
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Figure 2.5 — Relations between serial dependence effects related to temporal reproduction
task, temporal discrimination task, and working memory capacity. (A) Scatter plot showing
the correlation between the change in PSE in the temporal discrimination task and the serial
dependence effect in the temporal reproduction task. Data are grouped by type of predictor:
previous stimulus or previous response (N-1). (B) Correlation between individual memory
capacity scores and PSE variation in the temporal discrimination task. (C) Correlation
between memory capacity and serial dependence effects in the temporal reproduction task,
separately for stimulus-based and response-based effects, as in panel (A).
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2.4 Discussion

This study was conducted to investigate how serial dependence emerges in temporal
perception within the visual system. To this end, 33 participants were tested using two tasks
designed to assess serial dependence through different approaches: a temporal discrimination
task, which included an inducer stimulus to elicit the serial dependence effect, and a
reproduction task, in which the influence of the previous stimulus and previous response on
reproduction error were evaluated. The use of these two distinct tasks allowed us to examine
whether different experimental approaches reveal comparable or distinct serial dependence
effects. Additionally, we aimed to explore the relationship between serial dependence and
working memory, given its proposed central role in the effect, while the nature of this

relationship remains under debate.

Temporal Discrimination task

The results demonstrated that serial dependence emerges in a temporal discrimination task in
which an inducer stimulus is designed to bias the perceived duration of the subsequent target
stimulus. This finding aligns with previous literature (Togoli et al., 2021), where the inducer
elicits an attractive effect on the target. Importantly, our study also showed that the effect can
arise with a relatively small number of trials, indicating that serial dependence manifests
almost immediately and does not necessarily require extensive repetition. This is particularly
relevant, as longer trial sequences may sometimes lead to decreased participant attention,

potentially compromising the clarity of the results.

Moreover, the serial dependence effect observed in our temporal discrimination task appears
to be larger than that reported in the original study by Togoli and colleagues (Togoli et al.,
2021). This difference may be attributed to the nature of the stimuli we employed: unlike their
study, which used stimuli incorporating the numerosity feature, our experiment utilized solid
circular discs. Although no direct correlation was found between the serial dependence effect
in temporal perception and the numerosity feature in their work, it is possible that the presence
of the numerosity feature in their stimuli influenced temporal perception to some extent. This

could explain why the effect we observed was more pronounced.

Within this task, our results indicated that a small subset of participants exhibited a particularly

strong serial dependence effect compared to the rest of the group. This suggests that the overall
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effect we observed may be driven, at least in part, by this cluster of individuals. So, inter-
individual differences in sensitivity to the effect could reflect variations in temporal perception
abilities or the use of different cognitive strategies during task performance. It is worth noting,
however, that similar variability has been reported in visuospatial abilities. Thus, it is plausible
that comparable individual differences exist in visuo-temporal perception as well. This notion
is supported by evidence indicating that visuo-spatial and visuo-temporal attention share
overlapping neural substrates (Coull & Nobre, 1998), reinforcing the idea that individual

differences observed in the spatial domain may also manifest in the temporal domain.

Regarding the potential influence of the previous response on the PSE, no statistically
significant relationships were observed. This may be explained by the fact that the PSE,
computed based on the effect of the inducer stimulus, is not affected by prior responses. The
task structure itself directs participants’ attention toward the effect of the inducer, thereby
reducing the probability that other recent information impacts their judgments. Nevertheless,
despite the absence of a detectable effect, it cannot be conclusively ruled out, as the influence

of previous responses may be weak or covered by other factors.

Temporal Reproduction task

Regarding the temporal interval reproduction task, it is important to note that this experiment
was based on the works of Cicchini and Jazayeri (Cicchini et al., 2012; Jazayeri & Shadlen,
2010), who primarily investigated the effect of central tendency. Consequently, in our
analyses, we first removed this effect in order to isolate and examine only the serial

dependence effect, which was the focus of our study.

The effect we observed is consistent with previous findings in the literature. By applying an
LMEM, we aimed to disentangle the influence of both the previous stimulus and the previous
response on the reproduction error of the current temporal interval. Our results revealed an
attractive serial dependence effect relative to the previous response, alongside a repulsive
effect relative to the previous stimulus. This pattern of opposing effects suggests that such a
dual nature of serial dependence may be generalizable across different features and domains,
indicating that it represents an intrinsic property of the phenomenon itself (Blond¢ et al., 2023;

Sadil et al., 2024).
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This dual effect of attraction and repulsion may reflect how the brain integrates prior
information at two distinct stages of processing. At the sensory level, the brain adapts to the
previous stimulus so that the current stimulus is perceived as different, thereby preventing
redundancy and enhancing sensitivity to change. In contrast, when a reproduction of the
stimulus is required, processes emerge that bias perception toward the previous response; this
attractive effect serves to stabilize perception over time. Thus, the brain employs both
mechanisms simultaneously, relying on prior experience to maintain perceptual stability while

also adapting to ensure greater accuracy in representing the surrounding environment.

Different serial dependence effects emerge from different tasks

Although our results indicate the presence of serial dependence in both tasks, we did not
observe any correlation between the two effects. This may suggest that the different task types
elicit distinct mechanisms underlying serial dependence. In contrast, studies in the literature,
such as Guan and Goettker (Guan & Goettker, 2024), have shown that when the same task
type is employed but different features are analyzed, serial dependence effects tend to correlate
with one another; however, this correlation does not extend to oculomotor tasks. These
findings indicate that the nature of the task itself can modulate which components of serial
dependence become apparent. In fact, the two tasks have different structures: in the
discrimination task, an inducer stimulus is specifically designed to elicit the serial dependence
effect, whereas in the reproduction task, both the previous stimulus and the prior response
contribute to inducing serial dependence. Consequently, the effects that emerge from each task

may differ and, therefore, may not correlate.

Additionally, a recent study suggests that in temporal reproduction experiments, the serial
dependence effect may primarily arise from motor components — namely, the way the response
is physically executed — rather than from the perception of the stimulus itself. Specifically,
Wang and colleagues (T. Wang et al., 2023) demonstrated that the serial dependence observed
in temporal estimates largely reflects the influence of motor actions from previous trials. This
finding may account for the lack of correlation between tasks, indicating that it may not solely
stem from perceptual differences across paradigms, but also from how responses are actually

implemented in different tasks.

These factors likely account for the absence of a significant correlation between the serial

dependence effects observed across these two distinct paradigms.
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Absence of correlation with working memory

Although working memory is considered the most likely candidate underlying the memory
processes involved in serial dependence, in this study no significant correlation was found,
neither between working memory and the serial dependence effect observed in the temporal
discrimination task, nor between working memory and the attractive or repulsive effects

emerging from the reproduction task.

Some studies suggest that working memory can modulate serial dependence by integrating
past and present stimuli to stabilize perception and memory, additionally engaging brain
regions involved in memory and prediction, such as the right dorsomedial prefrontal cortex
(Schwiedrzik et al., 2014). However, serial dependence can also occur without active
involvement of working memory, for instance, in the absence of an explicit task requiring the
maintenance of information (Fornaciai & Park, 2018a). When working memory is engaged, it
can guide attention or modulate perceptual integration, thereby enhancing the effect of serial
dependence; however, serial dependence can also occur without the conscious maintenance
of information and thus without active involvement of working memory (Bliss et al., 2017;

Mei et al., 2019).

Overall, our findings suggest that the structure of the task — including both the nature of the
stimuli and the format of the required response — can substantially modulate the contribution
of working memory to serial dependence. From this perspective, the absence of a
correspondence between the effects observed in our two tasks may reflect the fact that they
engage working memory to different extents, thereby eliciting distinct forms of serial

dependence depending on the specific cognitive demands imposed by each task.

2.5 Conclusion

This chapter presented a study examining the presence of serial dependence in visual time
perception. To this end, we employed two complementary paradigms — temporal
discrimination and temporal reproduction — to assess whether the effects arising from each
would be comparable. Our results indicate that the two tasks yield qualitatively different
patterns of serial dependence, likely for several reasons. Mainly, structural differences

between the tasks may further explain the absence of correlation: in the discrimination task,
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serial dependence seems to be driven primarily by the previous stimulus (specifically, the
inducer), whereas in the reproduction task, both the previous stimulus and the previous

response may shape the observed effect.

We also sought to examine the relationship between working memory and serial dependence,
a topic that remains a subject of ongoing debate. In the present study, no correlation emerged
between working memory and serial dependence in either the temporal discrimination task or
the reproduction task. This finding aligns with prior literature showing that, although working
memory can amplify serial dependence by guiding attention or facilitating perceptual
integration, it is not a necessary condition for the effect to arise. Consequently, the relationship
between the two appears to depend strongly on task characteristics, stimulus properties, and

response requirements.

The dissociation observed between the two tasks — both with respect to each other and to
working memory — opens avenues for future research aimed at examining how serial
dependence operates across different experimental and sensory modalities. Measuring serial
dependence in temporal judgments and reproductions offers a valuable framework for
investigating the contribution of distinct sensory inputs to time perception and for determining
whether similar patterns arise in non-visual contexts. Such investigations could help clarify
whether serial dependence reflects a modality-general principle of perceptual processing or

whether it is shaped by domain-specific mechanisms.
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Chapter 3
Serial Dependence in Auditory Timing:

Stimulus and Interval Effects

This chapter is partially extracted from:

"Bertolasi, J., Esposito, D., Domenici, N., Gori, M. Serial dependence in auditory temporal
perception is influenced by temporal proximity but not stimulus type. Acta Psychologica, 266,

106997. https://doi.org/10.1016/j.actpsy.2026.106997 .

3.1 Introduction

In the previous chapter, we demonstrated the presence of serial dependence in visuo-temporal
perception using two complementary tasks: temporal discrimination and temporal
reproduction. These findings confirm that the effect is not confined to spatial or shape-related
features but extends to the temporal domain as well, suggesting a more general mechanism

that operates across multiple dimensions of visual perception.

From this perspective, a crucial next step is to extend the investigation of serial dependence

beyond the visual domain, focusing in particular on audio-temporal perception. This direction
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is motivated by well-established evidence that sensory modalities do not contribute equally to
information processing: vision is the dominant channel for encoding spatial properties,
whereas audition plays a primary role in representing temporal information. This functional
dichotomy has been extensively documented in the literature (Gori et al., 2014; Gori, Sandini,
et al.,, 2012), demonstrating that each sensory system provides a distinct and specialized

contribution to perceptual processing.

A substantial body of research has consistently shown that the auditory system exhibits
superior temporal sensitivity and precision compared to the visual system across a range of
tasks, including rhythm perception (Hildebrandt et al., 2022), duration discrimination
(Amadeo et al., 2020; Hildebrandt et al., 2022), and sensorimotor synchronization (Comstock
et al., 2018). When auditory and visual stimuli are presented simultaneously, auditory
information typically dominates temporal judgments, often overriding visual input, especially

in tasks that demand high temporal accuracy (Recanzone, 2003).

Despite the central role of audition in time perception, the mechanisms underlying temporal
processing remain only partially understood. Several theoretical frameworks have been
proposed to explain how the nervous system represents duration. A first class of models posits
the existence of dedicated timing mechanisms. One prominent example is the Scalar
Expectancy Theory (Gibbon, 1977; Gibbon et al., 1984), which assumes that temporal
judgments rely on an internal pacemaker that generates pulses that are accumulated and
compared with memory traces, yielding duration estimates characterized by scalar variability.
Other approaches, in contrast, argue that time is not encoded by an internal clock but instead
emerges from distributed neural dynamics. Temporal entrainment models, such as those
discussed by McAuley and Jones (McAuley & Jones, 2003) propose that the auditory system
synchronizes to external rhythmic structures and that perceived duration arises from

oscillatory states shaped by the surrounding temporal context.

Despite their conceptual differences, these models converge on the idea that duration
judgments are not independent from recent perceptual history. A substantial body of evidence
demonstrates that temporal estimates are systematically biased by immediately preceding
stimuli, consistent with the phenomenon of serial dependence (Ivry & Hazeltine, 1995; Large
& Jones, 1999; Pashler, 2001). This suggests that temporal processing integrates past and

current information to promote perceptual stability.
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Although studies have investigated serial dependence in auditory perception, all of this
research has focused on specific features of auditory stimuli — e.g., tone frequency (Motala et
al., 2020; Zhang & Luo, 2023), rate (Motala et al., 2020), vowel elements (Van der Burg et
al., 2024) — or has examined auditory stimuli presented in conjunction with visual information
(Murai & Whitney, 2021). In contrast, serial dependence in perception of temporal durations
has received far less direct attention. Among these, Li, Wang, and Zaidel (B. Li et al., 2023)
examined both sensory and decisional carryover effects in duration perception, demonstrating
that past stimuli and previous responses can bias current temporal judgments in a modality-

specific manner.

Some studies have also investigated temporal features, such as duration, and their relationship
to serial dependence. For example, Burr and colleagues found evidence of an effect adaptable
with the concept of serial dependence in an auditory discrimination task using empty stimuli
(singletons, i.e., intervals delimited by two separate sounds) (Burr et al., 2013), while Li and
colleagues provided analogous evidence with full stimuli (i.e., continuous sounds) (B. Li et
al., 2023). Taken together, these studies suggest that the previous temporal context does indeed
influence current perception; however, the question remains unresolved as to whether the
effect is shared among all possible structures of stimuli that convey temporal information or

whether it is independent of specific stimulus characteristics.

Additionally, it has been shown that performance in discriminating temporal auditory stimuli
depends on the time interval between them and becomes progressively worse as the two
stimuli occur closer together in time (Karmarkar & Buonomano, 2007). However, whether
comparable dynamics can also affect serial dependence is still to be explored. Given the
crucial interaction between two subsequent stimuli, we thus expanded our original scientific

question, focusing on the role of the interval between the two as well.

In this chapter, we explored auditory temporal serial dependence starting from these questions.
This led us to design a series of two-alternative forced-choice tasks where participants were
presented with a reference stimulus, an inducer, and a test stimulus. In all tasks, participants
were required to indicate which stimulus appeared to be longer between the reference and test.
We implemented different experimental conditions, crossing the type of temporal intervals

(full vs. empty) with the interstimulus interval (IST) between inducer and test (short vs. long).
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More specifically, we formulated two main hypotheses. First, based on evidence that full and
empty intervals rely on partially distinct timing mechanisms, we expected the magnitude of
serial dependence to differ between these two types of stimuli. Second, given that temporal
discrimination performance varies with the delay between successive events, we hypothesized

that increasing the ISI would reduce the effect of serial dependence.

3.2 Materials and methods

3.2.1 Participants

A total of 17 participants (age 28.9 £ 2.5 years) were recruited for this study. Participants were
selected based on the inclusion criterion of having no history of neurological disorders and no
hearing impairments. All individuals received both written and verbal explanations of the
study’s procedures and objectives and provided informed consent before participation. The
experimental protocol was approved by the ethics committee of the local health authority
(Comitato Etico, ASL3 Genovese, Italy) and conducted in accordance with the Declaration of

Helsinki.

3.2.2 Apparatus, stimuli, and procedure

The stimuli design followed the auditory setup described by Burr and colleagues (Burr et al.,
2013). We used auditory tones at a frequency of 400 Hz, sampled at 21.4 kHz, generated in
MATLAB R2022b (The MathWorks Inc., 2022). Sounds were delivered through a Sony WH-
CH720N headset, which has a frequency response of 50 Hz to 20 kHz. Instructions marking
the start and end of each experimental block were displayed on a monitor using the MATLAB
Psychophysics Toolbox (Brainard, 1997). Participants were seated in a quiet room, wearing

the headset, with a keyboard for responses and a monitor directly in front of them.

In this experiment, participants were presented with a sequence of three stimuli: a first
reference stimulus, followed by an inducer stimulus, and finally the test stimulus. The inducer
stimulus was used to induce the serial dependence effect on the test interval. The reference
stimulus had a fixed duration of 50 ms in all cases; the inducer stimulus could have three

durations (25, 50, or 75 ms), while the test stimulus could take one of 11 values between 10
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ms and 90 ms. After the presentation of the test, participants were asked to respond which
interval, reference or test, they perceived as longer, by pressing on the keyboard the left key
to respond “reference” or the right key to respond “test”. After responding, the next trial started

automatically after 1000 ms.

Since the aim of this study was to investigate whether the effect of serial dependence depended
on the characteristics of the stimulus (i.e., whether prolonged sounds were used as stimuli or
empty intervals delimited by two short sounds) or on the temporal distance between the
inducer and its target (long or short), we adopted a 2x2 design so that we could evaluate all

combinations.

In the case of experimental conditions with empty intervals (hereinafter referred to as empty
stimuli), sinusoidal pulses of 4 ms were used to determine the intervals, while in the case of
full intervals (full stimuli), the stimuli were continuous sinusoidal tones. As regards the
distance between the inducer and test stimuli (understood as inter-stimuli interval, ISI), in the
case of a short ISI, 4 ms was considered, while in the case of a long ISI, 300 ms was
considered. For clarification purposes, experimental conditions will be labeled as empty-short

ISI, empty-long ISI, full-short ISI, and full-long ISI.

In the empty-short ISI experimental condition, we employed five sinusoidal pulses of 4 ms:
the first two pulses delimited the reference stimulus (with a fixed duration of 50 ms),
subsequently, there was a pause of 2 seconds, and then, the third and fourth pulses for the
inducer stimulus (with a duration of 25 ms, 50 ms or 75 ms), and, finally, the fifth pulse to
define the end of the test stimulus (with a duration varying from 10 ms to 90 ms) (see Figure

3.1 panel A for the design of the experimental procedure).

For the full-short ISI experimental condition, unlike the previous one, the stimuli consisted of
prolonged sounds. In this case, an ISI of 4 ms — corresponding to the duration of one pulse in
the previous condition — was inserted between the inducer and the test stimuli. Specifically,
the first sound covered the duration of the reference interval. After a 2-second pause, the
second sound covered the duration of the inducer interval, followed by a brief 4-ms silence,
which was then followed by a sound corresponding to the duration of the test interval (Figure

3.1 panel B).
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In the empty-long ISI and full-long ISI experimental conditions, the structure of the stimuli
was analogous to that of the previous conditions. Also in this case, there was a pause of 2
seconds between the first and second stimulus, while a pause of 300 ms between the second
and third stimulus to evaluate the temporal relationship between the inducer and its target (the
test stimulus). In the empty-long ISI, the nature of the stimuli was sinusoidal pulses like in the
empty-short ISI condition, but in this case, a sixth pulse was added to create three
distinguishable stimuli intervals (see Figure 3.1 panel C); in the last experimental setup (full-
long ISI), the same format was followed, but with three continuous stimuli as in the full-short

ISI condition (see Figure 3.1 panel D).
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Figure 3.1 — Overview of the experimental conditions. In each experimental condition, the
general structure consisted of a reference stimulus, followed by a short pause of a few seconds,
an inducer stimulus, and finally a test stimulus. (A) 4 ms pure tone sounds delimit the sequence
of stimuli presented. (B) The three stimuli proposed are full sounds, with a time pause of 4 ms
between the inducer and the test one, like the opposite copy of the first experiment. (C) Empty
intervals with pure tones of 4 ms as a delimiter, but with an additional pure tone sound and a
pause of 300 ms to make clear the difference between the inducer and test stimuli. (D) Full-



Serial Dependence in Auditory Timing: Stimulus and Interval Effects 43

stimuli version of the previous experimental condition, with prolonged sounds as stimuli and
a pause of 300 ms between the last two stimuli.

For each experimental condition, inducer and test were combined in a 3x11 matrix design,
thus defining 33 couples. Each combination of inducer and test was presented 1 time per block
(for a total of 5 blocks, so 165 trials total). A single experimental condition duration was
approximately 15 minutes. Participants were allowed to take short breaks at the end of each

experimental block.

Before starting the main experiment, a pre-test control task was conducted to assess
participants’ individual ability to correctly discriminate between auditory stimuli without the
inducer stimulus. This discrimination pre-test involved only the reference and test stimuli
(with a 2-second ISI between them) and included both empty and full stimuli conditions. The
durations of the two stimuli were identical to those used in the main experimental conditions.
Each reference-test combination (1x11) was presented five times, for a total of 55 trials within
a single experimental block. The total duration of this control task was approximately 5

minutes.

3.2.3 Data analysis

To estimate the required sample size for our study, we conducted a power analysis on a pilot
dataset of five participants. Using an a of 5% and a power of 80%, we found that a sample of
10 individuals was sufficient to measure the effect of interest. From our initial sample of 17
participants, two participants were excluded from the final analysis due to poor performance
in the control task (as their error rate exceeded 20% on trials with the shortest and longest test
stimuli durations). This resulted in a total final sample of 15 participants, which is in line with

the result of our power analysis.

To assess the magnitude of the serial dependence effect, we employed a cumulative Gaussian
function to model the relationship between the magnitude of the test stimulus and the
proportion of "test longer" responses. This enabled us to calculate the point of subjective
equality (PSE), which is determined as the median of the cumulative Gaussian curve, thereby
indicating the participant's bias. This analysis was conducted individually for each participant
and each inducer stimulus value. The serial dependence eftfect was computed as the difference

in PSE (delta, A) when the inducer was 75 ms and 25 ms. In addition, we estimated the just
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noticeable difference (JND) as half the difference between the stimulus magnitudes

corresponding to 75% and 25% “test longer” responses on the fitted psychometric function.

To evaluate the effects of ISI (long vs. short) and type (empty vs. full) on APSE, we performed
a two-way repeated measures ANOVA using the aov function with APSE as the dependent
variable, ISI and type of stimuli as within-subject factors, and participants (ID) as a repeated
measures factor. Prior to the analysis, the assumptions of normality and homogeneity of
variance were assessed. Then we evaluate whether APSE differed significantly from zero in
each experimental condition: to this end, APSE values were first averaged within participant
for each combination of ISI and stimulus type. Then, one-sample t-tests against zero were
conducted separately for each condition. To control for multiple comparisons, p-values were

adjusted using the Bonferroni correction.

As previously said, generally, the serial dependence effect is defined as the difference between
the PSE obtained with the longest and shortest inducer durations; the baseline condition,
corresponding to the case in which the inducer and the reference stimulus had the same
duration (50 ms), was not included in the computation of APSE. To evaluate the effect of the
inducer stimulus in generating serial dependence, as well as the influence of stimulus type
(i.e., prolonged sound or empty interval) and the ISI between the inducer and the test, we
employed a Linear Mixed-Effect Model (LMEM). In this model, the PSE was used as the
dependent variable, while the inducer, stimulus type, and ISI served as predictors. Participants’
ID was included as a grouping variable to account for inter-individual variability. The model

was specified as PSE~1 + inducer * stimulusy,e * ISI + (1]ID) in Wilkinson notation. The

overall effects of the factors and their interactions were assessed through ANOVA using the
ImerTest package. Subsequently, to examine how the relationship between PSE and the
inducer varied as a function of stimulus type and the ISI between the inducer and test stimuli,
we conducted post-hoc analyses using the emtrends function from the emmeans package. This
function was used to estimate the slope of the inducer variable within each level of the factors.
Differences between slopes across levels were then compared, with corrections for multiple
comparisons applied. To assess whether the observed PSE shifts could be explained by other
temporal effects (e.g., temporal summation or recency bias), we performed an additional

analysis comparing the PSE in the control condition (so, without inducer) with the PSE in the
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short-ISI condition when inducer and reference durations were matched (50 ms). Bayesian

paired-samples t-tests were conducted separately for each stimulus type.

As it is known that auditory empty and full intervals show significant differences at the
perceptual level (Grondin, 1993; Wearden et al., 2007), we also assessed this element. To
judge perceptual sensitivity, indexed by the JND, we fitted an LMEM with JND as the
dependent variable: the model included the inducer, ISI (short vs. long), and stimulus type
(empty vs. full) as fixed effects, as well as all their interactions. Participants (ID) were
included as a random intercept to account for repeated measures. The model was defined as

JND~1 + inducer * stimulusy,e * ISI + (1|/ID) in  Wilkinson notation.  Statistical

significance of overall effects was assessed using an ANOVA (/merTest package).

The power analysis was performed using G*Power 3.1 (Faul et al., 2009), psychometric curve
plotting, PSE, and JND extraction were carried out in MATLAB R2022b (The MathWorks
Inc., 2022), Bayesian tests were conducted in JASP 0.17.1.0 (JASP Team, 2023), and the
LMEM, ANOVA, and post-hoc analyses were conducted in R version 4.4.2 (R Core Team,
2021).

3.3 Results

To assess the presence of the serial dependence effect, we examined how the inducer stimulus
influenced participants’ perception of the subsequent target stimulus — that is, the test stimulus.
To this end, we computed the PSE for each inducer condition using a psychometric function
and quantified the magnitude of the serial dependence effect as the difference between the

PSE corresponding to the 25-ms inducer and that corresponding to the 75-ms inducer (APSE).

Figure 3.2 displays representative psychometric curves for each experimental condition, with

each panel corresponding to one experimental condition.
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Figure 3.2 — Representative single-subject psychometric curves for each experimental
condition. Each psychometric represents the proportion of "test longer" responses as a
function of test duration, across different inducer durations (25 ms, 50 ms, and 75 ms). The
psychometric corresponding to the 50 ms inducer represents the baseline for the other two
inducer conditions.

Table 3.1 reports the PSE values for each inducer across all four experimental conditions. The
table also presents the corresponding serial dependence values (APSE) for each experimental
condition. While for the control tasks, the PSE in the empty condition was 52.1 £ 2.4 ms,

whereas in the full condition was 53.0 = 0.9 ms.

Table 3.1 — PSE values for each experimental condition and serial dependence magnitude. For
each inducer value, the corresponding PSE is reported as the mean + SD across all participants.
The serial dependence effect (APSE) is then presented as the difference between the PSE
obtained when the inducer was 75 ms and the PSE obtained when the inducer was 25 ms.

Condition Inducer 25 ms Inducer 50 ms Inducer 75 ms APSE
Bty simull 76,0 3.4 ms 49.6 + 2.4 ms 39.9+2.3 ms 36.1+2.8 ms
short
Full stimuli 65.5+ 5.7 ms 54.6+3.1 ms 32.5+3.4ms 33.0+ 7.3 ms
Fmptystimull 532+ 1.9 ms 51.6+2.2 ms 50.7 + 1.5 ms 2.54+2.0 ms
ong
F‘I‘glsl“muh 56.3+1.6 ms 49.6 + 1.2 ms 51.6+ 1.7 ms 4.7+2.2ms
ong
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To evaluate the effect of the stimulus type (empty vs. full) and ISI (short vs. long), as well as
their interaction, on APSE, we run a two-way repeated-measure ANOVA. Our analysis
highlighted a main effect of the 7S7 (F(1,14) = 45.49, p < 0.001). In contrast, no significant
main effect of the stimulus type (F(1,14) =0.01, p=0.91) and interaction (F(1,14) =0.88,p =
0.36) were found. Overall, these results confirmed the occurrence of significant changes in
performance due to the inducer’s presence at lower ISI, but not for longer ones, regardless of

the stimulus type (Figure 3.3).
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Figure 3.3 — Effect of serial dependence (APSE) based on stimulus type and ISI. APSE was
calculated as the difference between PSE with 75 ms and 25 ms inducers. As from the
ANOVA, this plot shows that serial dependence affects serial dependence at short ISI,
regardless of stimulus type.

To further confirm the presence of serial dependence at shorter ISIs, we performed one-sample
t-tests comparing APSE in each condition against zero. APSE differed significantly from zero
in both short ISI conditions (empty: t(14) =-12.90, p < 0.001; full: t(14) = -4.55, p = 0.002),
while it did not significantly differ from zero with long ISI (empty: t(14) = -1.24, p = 0.94;
full: t(14) =-2.20, p=0.18).

While these analyses highlighted the impact of short ISI on the insurgence of serial
dependence, they inevitably precluded the inclusion of the PSE when the inducer lasted 50
ms. To provide a more exhaustive overview of the inducer’s influence, the type of stimulus
(empty or full), and the ISI (short or long) on the PSE, we thus applied an LMEM. The overall
effects were verified with ANOVA followed by post-hoc analysis using slope estimation to

explore differences between factor levels.
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The results of the ANOVA applied to the LMEM showed significant main effects for inducer
(F(1,158)=94.57,p<0.0001) and 1S7 (F(1,158) = 56.07, p < 0.001), while the type of stimulus
was not significant (F(1,158) = 0.30, p = 0.59). Among the interactions, only inducer x ISI
was significant (F(1,158) = 62.00, p < 0.001), while the others were not significant (p > 0.22)
(Figure 3.4). Post-hoc analysis of the slopes of the inducer stimulus revealed a significant
difference between the two 157 levels (contrast ISI 4 ms — ISI 300 ms: estimate =-0.62 + 0.08,
p < 0.001), while no significant difference was observed between the empty or full tfype of

stimulus (contrast empty stimuli — full stimuli: estimate = -0.01 £ 0.08, p =0.91).
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Figure 3.4 — PSE as a function of inducer duration (25, 50, and 75 ms). Each subplot
corresponds to a different experimental condition defined by the combination of inter-stimulus
interval (short vs. long) and stimulus type (empty vs. full). The pattern of results shows a
systematic modulation of PSE by inducer duration, with this effect being significantly
influenced by ISI.

Furthermore, Bayesian paired-samples t-tests provided moderate evidence in favor of the null
hypothesis for both stimulus types, indicating no reliable difference between the PSE in the
control condition and the PSE obtained with a 50 ms inducer in the short-ISI condition (empty
stimuli: BFo1 = 3.112, error = 0.013; full stimuli: BFo1 = 3.445, error = 0.012). These findings

suggest that the mere presence of an inducer stimulus does not systematically shift the PSE,
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making other temporal effects like temporal summation account for the observed effects

unlikely.

Finally, the perceptual sensitivity (JND) was analyzed by applying an ANOVA to the overall
effects of an LMEM including inducer, ISI (long vs. short), stimulus type (empty vs. full), and

their interactions as fixed effects, and a random intercept for participants.

The ANOVA revealed a significant main effect of stimulus #ype (F(1,158) =4.25, p=0.041),
with the JND with empty stimuli (12.8 &+ 1.02 ms) being larger than that with full stimuli (12.2
+ 1.02 ms), and no significant effects for the inducer (F(1,158) = 3.24, p = 0.074) or IS]
(F(1,158)=1.90, p=0.170). None of the two-way or three-way interactions reached statistical
significance (all p > 0.05).

3.4 Discussion

This study was conducted to advance our understanding of serial dependence in the perception
of auditory temporal durations, a topic that is comparatively underexplored relative to serial
dependence effects observed across other auditory stimulus features. What we did was to fill
this gap by focusing on auditory time perception, examining the role of the type of stimuli
involved and the ISI between the inducer and the subsequent stimulus to be judged. To address
this, we built upon a well-established study in the literature that reported findings consistent

with serial dependence (Burr et al., 2013).

First, we confirmed that serial dependence occurs in auditory temporal perception, as inducers
of different durations elicited coherent shifts in performance (i.e., longer ones determined
temporal overestimation, and vice versa). Second, we highlighted serial dependence when
employing either empty or full intervals, i.e., irrespective of stimulus type, showing how
auditory serial dependence is not specific to a given temporal format. However, such an effect
was significantly modulated by the ISI between the inducer and the subsequent stimulus, with

longer ISI determining no serial dependence effects at all.

The nature of the stimuli doesn’t influence the serial dependence effect

Given the critical role of timing in auditory perception (M. R. Jones & Mcauley, 2005;

McAuley & Jones, 2003), and since previous studies have predominantly employed pure
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tones, varying the intensity or pitch of the stimuli (B. Li et al., 2023; Motala et al., 2020;
Wiener et al., 2014), making it challenging to identify whether serial dependence magnitude
depends on the structural characteristics of the stimuli presented, we investigated potential
differences in auditory serial dependence by comparing temporal performance when using
"empty" (i.e., delimited by two brief tones at the onset and offset) and "full" (i.e., continuous

sounds) stimuli (Grondin et al., 1998).

Our results demonstrated no significant difference in the perception of temporal stimuli
between empty and full intervals: both were equally effective in eliciting serial dependence
effects, with the inducer stimulus coherently influencing the perception of the test stimulus.
This suggests that the serial dependence effect in auditory time perception is not specific to
the type of temporal information conveyed but can be elicited irrespective of it. Crucially,
significant differences at the perceptual level have been observed when discriminating
between auditory empty and full intervals (Grondin, 1993), with full intervals often being
overestimated (Wearden et al., 2007). Consistent with this literature, our analysis of perceptual
sensitivity revealed a significant main effect of stimulus type on JND, indicating different
levels of temporal discrimination for empty and full intervals. However, despite this, serial
dependence emerged for both types of stimuli, suggesting that perceptual shifts induced by
serial dependence might not be a sole consequence of differences in sensory precision but may

reflect more complex interactions within the brain.

One possibility is that serial dependence reflects a general stabilization mechanism in auditory
time perception, independent of the specific carrier of temporal information. Alternatively, the
effect may extend beyond stimulus features — or even beyond a single sensory modality —
given the proposed supramodal nature of temporal processing (Buhusi & Meck, 2009; Heron

et al., 2012; Merchant et al., 2013).

Effect of temporal relationship between the inducer and the target stimulus

A central question also concerns how the temporal interval separating two stimuli influences
their perception. Specifically, it is relevant to ask whether the magnitude of the serial
dependence effect depends on the time elapsed between the inducer and the test stimulus. To
investigate this, we introduced two different inter-stimulus intervals (ISIs): a very short
interval (4 ms) (Burr et al., 2013) and a longer interval (300 ms) (Togoli et al., 2021), allowing

us to assess how this variable modulates performance. Notably, as shown in Chapter 2 of this
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thesis, a 300 ms gap in the visual modality is sufficient to allow the inducer to influence the
perception of the test stimulus duration (Togoli et al., 2021). However, the same temporal gap
might be too large to elicit comparable effects in audition. In fact, Goldstone and Lhamon
(Goldstone & Lhamon, 1974) demonstrated early on that there is a difference between sensory
modalities in the perception of temporal durations, a finding that has been reconfirmed in
subsequent studies (Burr et al., 2009; Fitzgibbons, 1984; Fornaciai & Park, 2019; Lau & Maus,
2019), including both cross-modality and single-sense specific research. This refined auditory
temporal sensitivity suggests that long intervals, such as the 300 ms used in our studies, may
not be optimal for observing serial dependence in auditory perception with a temporal

discrimination task.

These results are in conflict with Li and Wang’s experiment (B. Li et al., 2023), where they
used continuous audio or visual stimuli with a 300 to 900 ms duration of the stimuli in a
temporal bisection task, which provides a precise characterization of how the serial
dependence effect emerges. Nonetheless, we argue that this difference may stem from the fact
that temporal bisection differs from a simple duration comparison: in temporal bisection,
participants are presented with various durations and must classify each stimulus as either
"more similar to the short duration" or "more similar to the long duration", based on their
current percept. In contrast, our experiment employs a temporal discrimination task, in which
participants directly compare a reference stimulus with a test stimulus and determine which
one lasted longer and, to elicit the serial dependence effect, an inducer stimulus is employed.
As a result, the serial dependence effects observed in those tasks could be elicited differently

due to the different nature of the task and analysis involved.

Within this framework, the diminished serial dependence observed at longer temporal
intervals underscores the importance of temporal precision for perceptual carryover effects.
This pattern suggests that, in the auditory domain, serial dependence may preferentially
operate over time scales where fine-grained temporal discrimination is required, rather than

over longer intervals that encourage categorical or decision-based processing.
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3.5 Conclusion

In this chapter, we investigated the effect of serial dependence in the temporal domain within
the auditory modality. Our results demonstrate that serial dependence is present in the auditory
perception of stimuli within discrimination tasks, where an inducer stimulus is used to alter
the perception of the subsequent target stimulus, thereby eliciting serial dependence. We
further showed consistent serial dependence effects regardless of the type of stimuli (whether
full or empty) but only with short ISI, suggesting that the serial dependence effect is contingent
upon the temporal relationships between the inducer and test stimuli. Our results challenge
the hypothesis that auditory temporal serial dependence depends on the type of stimulus
conveying temporal information, and instead show that it varies as a function of the temporal
interval between the inducer and the subsequent stimulus. Further studies might be needed to
deepen the role of the type of stimulus on serial dependence, e.g., comparing the effect of
cross-stimulus effects between empty and full intervals, and also to determine the minimal ISI
required between the inducer and its target for a robust emergence of serial dependence in

auditory temporal perception.
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Chapter 4
Serial Dependence in Tactile Motion

Direction Perception with and without Vision

This chapter is partially extracted from:

“Vitale, A.t, Bertolasi, J. 1, Orciari, L., Lorini, C., Parmiggiani, A., Murray, M. M., Wallace,
M., Gori, M. TaK: a Tactile Knob to Investigate Orientation Perception, 2025 IEEE Medical
Measurements & Applications (MeMeA), Chania, Greece, 2025, pp. 1-6, doi:
10.1109/MeMeA65319.2025.11068010".

“Vitale, A., Bertolasi, J., Esposito, D., Parmiggiani, A., Gori, M. Just noticeable difference in
motion direction perception: assessing the effect of blindness onset and orientation, 15th
International Conference on Human Haptic Sensing and Touch FEnabled Computer

Applications (EuroHaptics). Accepted.”

4.1 Introduction

In the preceding chapters, serial dependence was examined within the visual and auditory

domains, with a specific focus on temporal perception in each system. Having demonstrated
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that the effect reliably emerges across these two sensory modalities, we turned our attention
to a third system, aiming to investigate whether serial dependence similarly extends to the

tactile domain.

Touch constitutes a fundamental sensory modality, playing a crucial role in human perception,
communication, and interaction with the environment (Saluja et al., 2024). It encompasses a
wide range of sensations — including pressure, vibration, temperature, and pain — mediated by
specialized receptors located in the skin and deeper tissues (Owens & Lumpkin, 2014). These
tactile signals are conveyed to the brain through a complex network of neural pathways, where
they are integrated to form a coherent representation of the tactile world. In particular, tactile
motion perception relies on the integration of spatiotemporal cues delivered to the skin,
requiring the nervous system to combine information about the timing, intensity, and spatial
progression of mechanoreceptor activation to infer how an object is moving across the surface
of the body (Coelho et al., 2025; Ryan et al., 2021). This process engages direction-selective
mechanisms in the somatosensory system, which operate in ways that share important
analogies with visual motion processing (Ryan et al., 2021). Prior research has shown that
these mechanisms do not develop in isolation: the presence of vision, particularly during early
developmental stages, can shape how spatial and directional tactile cues are encoded and
interpreted (Coelho et al., 2025). Conversely, when vision is absent from birth or lost later in
life, the brain may reorganize differently, sometimes enhancing low-level tactile acuity while

altering or even impairing more complex spatial computations.

Visually impaired individuals provide a particularly informative contrast when discussing
human touch, because their tactile perception is shaped not only by the same
mechanoreceptive principles as sighted people but also by the absence of visual input.
Numerous studies show that blind adults tend to detect finer textures and spatial details than
sighted controls, with reliably lower grating-orientation thresholds even after accounting for
factors such as age, gender, and Braille experience (Goldreich & Kanics, 2003). Importantly,
this enhanced acuity is not limited to those who were blind from birth or who read Braille
regularly, but it also appears in people who lost their vision later in life and never engaged in
systematic tactile training, suggesting that the improvement reflects a broad, experience-
independent reorganization rather than the result of specialized practice (Goldreich & Kanics,

2003). What most clearly differentiates blind individuals is the way their brains support this
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heightened performance: during tactile tasks, especially those involving spatial judgments,
regions of the occipital cortex normally devoted to vision become engaged, demonstrating a
form of cross-modal plasticity that effectively repurposes visual circuitry to enhance touch

(Cohen et al., 1997; Sadato et al., 1996, 1998, 2002).

In light of this, the present chapter turns to an unexplored question: does serial dependence
operate in the perception of tactile motion direction, and does visual experience have a role in
this process? Research on tactile serial dependence remains scarce overall, with the only
available study indicating that judgments of tactile orientation perception exhibit systematic
attraction toward previously experienced stimuli (G. Wang & Alais, 2025b, 2025a); this
scarcity contrasts sharply with the extensive body of work describing serial dependence in
vision (Cicchini et al., 2018; J. Fischer & Whitney, 2014; Manassi et al., 2023). Despite these
initial insights, the field still lacks any systematic investigation of tactile serial dependence
both in sighted and visually impaired individuals. This gap is particularly striking, as the
reorganization of tactile processing that accompanies visual impairment may directly affect
the mechanisms through which serial dependence integrates previous stimuli into current

perceptual judgments.

To achieve this, we adapted the orientation reproduction paradigms commonly employed in
visual serial dependence research and translated them into the tactile domain: participants
haptically explored a moving grating and were subsequently asked to reproduce its direction

of motion.

Before proceeding, it was first necessary to ensure that visually impaired and sighted
participants could respond in the same way, as most knobs used to indicate directions lack
tactile references and do not provide any physical indication of the set orientation, or they
require visual support from a screen for correct use. To this end, we developed a custom device

specifically designed to deliver clear haptic feedback corresponding to the selected direction.

Secondly, it was necessary to quantify the baseline performance in perceiving tactile motion
direction across both (sighted and visually impaired) participant groups. This step allowed us
to ascertain the ability of all the populations involved to correctly discriminate the stimuli

presented.
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The chapter is consequently organized into three main sections. The first section presents the
tactile knob developed in our laboratories. The second section describes the preliminary
experiment aimed at investigating tactile perception of motion direction. Finally, the third
section provides a detailed description of the serial dependence experiment conducted with

both sighted and visually impaired participants and the preliminary results we achieved.

4.2 Addressing the gap: a tactile tool for orientation study

with visually impaired people

As previously said, the ability to perceive and interact with the environment is crucial for
human adaptation. For individuals with visual impairments, touch and auditory cues become
primary sources of information, often compensating for the absence of vision. Previous
research has shown that tactile processing can partially substitute for vision, even leading to
cortical reorganization (Sadato et al., 2002; Wanet-Defalque et al., 1988), and this highlights
the importance of touch as a modality for perceiving spatial information and guiding behavior,
enabling visually impaired individuals to construct mental representations of their
surroundings for navigation, obstacle avoidance, and orientation (Bertonati et al., 2020;

Tivadar et al., 2019, 2020).

Recognizing the crucial role of touch, many assistive technologies have been developed to
provide spatial cues through tactile feedback, including raised-line maps (Brock & Jouftfrais,
2015), braille-based interfaces (Mascetti et al., 2011), and vibrotactile navigation systems
(Mattheiss et al., 2015). While these tools improve the users’ spatial understanding, they often
focus on large-scale navigation and do not provide information concerning the local properties
of spatial information, such as tactile orientation. Few devices allow for a precise, quantitative
assessment of how visually impaired individuals perceive tactile orientation (Gori et al., 2021;
Postma et al., 2008), and existing solutions typically depend on keyboard inputs or static

tactile patterns, limiting their applicability to continuous, real-time haptic exploration.

To address this gap, we developed a tactile goniometer called TaK (Tactile Knob), designed
to deliver clear, tactile-only feedback for orientation reproduction. Unlike conventional knobs,

TaK enables participants to reproduce perceived orientations accurately and quantitatively,
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ensuring that responses are grounded in conscious tactile perception. This new device
combines accessibility, reproducibility, and precise measurement to offer an easy tool for
studying visually impaired individuals' perception of orientation and direction, to contribute

to a deeper understanding of tactile spatial processing in this population.

4.2.1 Mechanical and electronic design

The knob design was developed based on previous experience within our team (Cuturi & Gori,
2017, 2019), in which a 3D-printed arrow was mounted on a circular base to measure
orientation (Figure 4.1 panel A). In that earlier device, however, measurements were recorded
manually by the operator, with precision limited to whole degrees and no capacity for
detecting decimal values. The primary innovation introduced with TaK is the integration of an
electronic system for automatic angle reading, which eliminates human error and substantially

improves measurement accuracy.

A B

Figure 4.1 — Previous orientation knob prototype (A) compared to the new TaK device (B).
The first picture is extracted and readapted from a work by Cuturi and Gori (Cuturi & Gori,
2017).

From a mechanical perspective, all components were fabricated in ABS M30 using a Fortus
400 FDM printer (Figure 4.2 panel A). The overall dimensions of the device correspond to an
A4 sheet (30x21x6 cm) with rounded edges. The base houses the electronic components,
while the upper section features a rotating platform with a radius of 15 cm and an arrow-
shaped bar (15%1.5x1.5 cm), measuring 13 cm at the base and tapering to 2 cm at the tip. To
allow mechanical locking at specific positions, holes were added every 45°, enabling stops in

both clockwise and counterclockwise directions.
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The electronic system (Figure 4.2 panel B) is based on an MA710 angle sensor paired with a
diametrically magnetized cylindrical magnet mounted on the rotating shaft, connected to an
Arduino Nano programmed to read data using the SimpleFOC library (version 2.3.4).
Communication between the sensor and the board occurs via an SPI interface, while
connection to a computer is achieved through USB, compatible with both Windows and Linux
systems. The device continuously acquires the rotation angle and transmits the data in ASCII
format with two decimal places of precision via a UART serial interface. Additionally, the
knob can be operated in either a horizontal or vertical plane by simply redefining the zero

position in the code.
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Figure 4.2 — Mechanical structure and electronic circuitry of TaK. (A) Exploded view of the
TaK device from an isometric perspective, highlighting each component and its placement.
(B) Electronic circuitry of the knob, showing the 3.3 V power supply to the encoder, SPI
connection to the Arduino, and UART-over-USB communication to the PC.

4.2.2 Experimental design and procedure

Our objective was to address two main experimental questions to evaluate the effectiveness
of TaK: first, whether sighted participants could achieve performance comparable to that
obtained using a visual knob versus TaK; and second, whether visually impaired participants

could reach performance levels similar to those of sighted individuals when using TaK.

The task employed in this experiment was a reproduction task in which participants were

asked to perceive the direction of motion of a grating and reproduce it using a knob.

To present the tactile stimuli, we used a device developed in our laboratories, called ROMAT
(Robot for Multisensory Analysis and Testing) (Gori et al., 2021), a robotic platform designed

for multisensory integration studies (see Figure 4.3). The device consists of two vertically
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aligned rotating platforms, spaced 20 cm apart: an upper wheel for visual stimulation and a
lower wheel for tactile stimulation. Each wheel is equipped with a belt composed of 3D-
printed ridges, 1 mm in height and spaced 2 mm apart, simulating the texture of a grating. The
wheels move at a constant speed of 3 cm/s and rotate within an angular range of +40° (for a

total of 80°).

Figure 4.3 — View of the ROMAT device. (A) External view of the device with the access
compartment and modular components removed. (B) Internal view showing the two rotating
platforms mounted on motorized axes for tactile stimulation. (C) Example of use with the
hand inserted into the front opening for tactile interaction.

To address the first question, sighted participants completed the task twice: once using a
commercial visual knob (Griffin PowerMate USB Programmable Controller), where the
selected direction was displayed on-screen as a vector, and once using TaK. To address the
second question, we compared the performance of sighted and visually impaired participants

using TaK exclusively.

Participants sat in a quiet room, in front of ROMAT and the knob; they were asked to feel the
tactile wheel movement for 3 seconds with their right-hand index finger, then use the same

hand to reproduce the perceived direction with the knob.

Five orientations were tested (-40°, -20°, 0°, 20°, 40°), with 0° as horizontal, negatives
indicating top-left, and positives top-right movement. The grating pattern was always
perpendicular to the movement direction (see Figure 4.4 panel A). Each participant completed
15 trials per orientation (75 trials total per condition). A familiarization phase preceded testing,
during which participants practiced setting the knob to horizontal or vertical positions. The

experiment lasted a total of 15 minutes.
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4.2.2.1 Participants

5 sighted participants (age 28.4 £+ 1.8 years) were recruited from our laboratory to participate
in the experimental protocol. Additionally, 5 visually impaired participants (age 41.2 + 5.3
years) were recruited from the general population. The visually impaired group comprised
two individuals with late-onset blindness and three with early-onset blindness, where early-
onset refers to congenital blindness and late-onset refers to blindness acquired after two years
of age (Lewis & Maurer, 2005), which is a vulnerable age for damage from visual deprivation

(see Table 4.1 for visually impaired participants clinical details).

Table 4.1 — Demographic and clinical information of visually impaired participants.

Participant ID  Sex Age  Blindness onset Pathology
01 M 47 22 years Retinitis pigmentosa
02 F 38 Before birth Retinopathy of prematurity
03 M 37 Before birth Retinal detachment
04 F 37 Before birth Retinitis pigmentosa
05 M 50 34 years Retinitis pigmentosa

All participants were given detailed written and verbal information about the study’s
objectives and procedures and provided their informed consent before taking part. The
experimental protocol was approved by the local health authority’s ethics committee
(Comitato Etico, ASL3 Genovese, Italy) and was carried out in full compliance with the

Declaration of Helsinki.

4.2.3 Data Analysis

First, an outlier removal procedure was applied to identify trials in which responses exceeded
2.5 standard deviations from each participant’s mean. This procedure was conducted
separately for each group (sighted and visually impaired) and for both conditions experienced

by sighted participants (visual knob and TaK).

A total of 33 trials were removed from the dataset (15 from the visually impaired group, 10
from sighted participants in the TaK condition, and 8 from sighted participants using the visual

knob) out of 1,125 observations.



Serial Dependence in Tactile Motion Direction Perception with and without Vision 61

Normality test on our data was assessed using the Shapiro-Wilk test for each group (sighted
and visually impaired) and condition for sighted participants (Tak and visual knob) on the
reproduction error (defined as the difference between the participant’s response and the real

stimulus orientation), and we found that our data didn’t follow a normal distribution.

To compare performance between sighted participants using the visual knob and TakK, a
Bayesian repeated-measures ANOVA was conducted, with reproduction error as the
dependent variable, condition (visual knob vs. TaK) and stimulus orientation as fixed factors,
and participant ID included as a random factor to account for inter-individual variability.
Similarly, to evaluate whether visually impaired participants differed from sighted participants
when using TaK, a Bayesian repeated-measures ANOVA was performed with reproduction
error as the dependent variable, group (visually impaired vs. sighted) and stimulus orientation
as fixed factors, and participant ID modeled as a random factor. Model selection in Bayesian
repeated-measures ANOVA was performed by comparing candidate models generated by
including main effects and interactions between fixed factors, considering participant ID as a
random factor, and using prior standards (» = 0.5), where r indicates the scale of the prior
distribution of fixed effects. Models were then evaluated using Bayes Factor and posterior

probabilities of the model.

In our results, the Bayes Factor (BFoi1) expresses the evidence in favor of the null model
compared to the alternative model, the posterior probability of the model (P(M|data))
represents the probability that a given model is the best among those tested, and the Bayes
Factor of inclusion (BFm) was used to evaluate the evidence in favor of including specific

factors or interactions in the models.

Outlier removal and normality test were conducted using R version 4.3.1 (R Core Team,

2021), while Bayesian ANOVA were conducted on JASP version 0.17.1.0 (JASP Team, 2023).

4.2.4 Results and discussion

Descriptive statistics summarized by the mean and standard error of responses across groups

and conditions are presented in Figure 4.4 panel B.
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Figure 4.4 — Accuracy in reproducing the proposed orientations by comparing the two groups
and the two conditions. (A) Diagram of the target orientations presented (from -40° to +40°).
(B) Average responses (+ standard error) as a function of target orientation, comparing sighted
(red) and visually impaired (yellow) participants, both using TaK (stripes) or, for sighted
subjects, using the visual knob (full).

To evaluate whether performance differed between the commercial visual knob and TaK in
sighted participants, a Bayesian repeated-measures ANOVA was conducted. Model
comparison revealed that the model including only orientation as a predictor was the most
likely (P(M|data) = 0.74; BFm = 11.57). Adding the condition factor (visual knob vs. TaK) did
not improve model fit (P(M]|data) = 0.22; BFo1 = 3.38), indicating moderate evidence in favor
of the reduced model without condition. Furthermore, including the orientation x condition
interaction was strongly disfavored (P(M|data) = 0.04; BFor = 19.92), and the model
containing only the condition factor was drastically unsupported (P(M|data) = 4.9x107%).
These results indicate that orientation exerts an influence on reproduction bias, whereas the
condition does not, showing no difference in mean reproduction error between the two knobs.
Overall, these findings highlight a high degree of consistency between the two modalities,

supporting the validity of TaK as a reliable tool for reproducing perceived spatial orientations.

A subsequent Bayesian repeated-measures ANOVA was conducted to assess whether
performance differed between sighted and visually impaired participants using TaK. Again,
orientation emerged as the strongest predictor (P(M|data) = 0.63; BFm = 6.93). Inclusion of
the group factor did not improve model fit (P(M|data) = 0.21; BFo1 = 3.03), and the group x
orientation interaction was further disfavored (P(M|data) = 0.16; BFo1 = 4.04). The model
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containing only the group factor was strongly unsupported (P(M|data) = 4.9x107'*), providing
very strong evidence against a main effect of group. To summarize, we found a systematic
variation of reproduction error depending on stimulus orientation, but no difference between
sighted and visually impaired participants, suggesting that tactile processing of motion

direction is largely comparable across groups when using the same device.

Together, these findings underscore the value of TaK as a reliable and inclusive tool for
assessing spatial perception, such as orientation in motion direction. By relying exclusively
on tactile input, TaK is particularly well-suited for individuals with visual impairments,
ensuring consistency between perception and response within the same sensory modality and

avoiding the challenges associated with cross-modal translation.

4.3 Just noticeable difference in motion direction

perception in sighted and visually impaired people

Before conducting our serial dependence experiment, in which participants were asked to
perform a reproduction task, it was necessary to ascertain the ability of all the populations
involved to correctly discriminate the stimuli presented. This preliminary step was essential
not only to ensure that participants could reliably perceive the motion of the stimuli, but also
to better understand how basic tactile processing might differ depending on an individual’s

visual experience.

As discussed in the introduction of this chapter, tactile motion perception depends on the
integration of spatiotemporal cues and can be shaped by visual experience: as a result,
individuals with different visual histories may rely on distinct strategies or neural resources

when processing dynamic tactile information (Boven et al., 2000; Goldreich & Kanics, 2003).

Thus, before examining higher-order biases such as serial dependence, we first needed to
establish whether sighted, early-onset blind, and late-onset blind individuals shared
comparable levels of sensitivity to motion direction. To this end, we measured the differential
threshold of tactile motion direction discrimination across multiple orientations, allowing us
to determine not only if they varied across groups overall, but also whether certain directions

were easier or harder to discriminate than others and whether these differences emerged
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differently depending on visual history. This initial assessment provided a necessary
foundation for interpreting the following task performance and for understanding how visual

experience shapes the mechanisms underlying tactile motion processing.

4.3.1 Experimental design and procedure

To assess participants’ ability to tactually discriminate the direction of motion of the stimuli

delivered via RoOMAT, we implemented a two-alternative forced-choice (2AFC) task.

Participants were seated in a quiet room in front of the robot and were instructed to perceive
the stimuli using the index finger of their right hand. Each trial consisted of a first stimulus
(reference) presented for 3 seconds, followed by a 5-second pause, and then a second stimulus
(test). After the presentation of both stimuli, participants were asked to indicate which of the
two felt more upwardly oriented (see Figure 4.5 for the definition of “upward” relative to the
grating orientation and for an overview of the experimental procedure). The experimenter

manually recorded all responses.

A B
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Figure 4.5 — Experimental design procedure. (A) Experimental procedure. Participants were
asked to perceive the first stimulus (reference) for 3 seconds, followed by a 5-second pause,
and then a second stimulus (test) for an additional 3 seconds. Afterward, they were required
to indicate which of the two stimuli had a motion direction that felt more upwardly oriented.
(B) In this context, upward refers to a direction pointing toward the northwest. Given that
ROMAT can reach a maximum inclination of 40° relative to the horizontal axis, participants
were instructed to make their judgments with respect to the two diagonal orientations, both
upper and lower.

Three reference orientations were used as stimuli: -20° (upper diagonal), 0° (horizontal), and
+20° (lower diagonal). Each reference stimulus was paired with nine test orientations,
spanning a range of -20° to +20° relative to the corresponding reference in steps of £5°. As a
result, the test stimulus ranges were -20° to +20° for the 0° reference, 0° to +40° for the +20°

reference, and -40° to 0° for the -20° reference.
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To determine the number of repetitions for each test stimulus relative to its reference, we
employed a variable repetition scheme. Test stimuli at £20° from the reference were presented
5 times per experimental block; those at £15° were presented 4 times; those at £10° were
presented 3 times; those at £5° were presented 2 times; and the test stimulus identical to the
reference (0° difference) was presented only once. This scheme allowed us to increase

repetitions for the most extreme test values while balancing task difficulty.

In each experimental block, 29 trials were presented for each reference stimulus, yielding a
total of 87 trials per block with randomized reference-test pairings. Participants completed
two blocks, resulting in a total of 174 trials per participant. They were allowed to take a break

at the end of the block. The full experiment lasted approximately 1 hour and 30 minutes.

4.3.1.1 Participants

A total of 42 participants took part in this study, comprising 23 visually impaired individuals
and 19 sighted controls (age of 47.8 + 14.4 years). Among the visually impaired group, 8
participants had early-onset blindness (age 43.6 + 13.0 years), and 15 had late-onset blindness
(age 55.9 £ 12.9 years), with early-onset and late-onset defined as for section 4.2. Clinical
details for the visually impaired participants are provided in Table 4.2. All participants met
the inclusion criterion of having no history of neurological disorders. Before taking part in the
study, all participants were given detailed written and verbal information about the procedures
and objectives and provided written informed consent. The study protocol received approval
from the local health authority’s ethics committee (Comitato Etico, ASL3 Genovese, Italy)

and was carried out in compliance with the principles of the Declaration of Helsinki.

Table 4.2 — Demographic and clinical information of visually impaired participants.

Participant ID Sex  Age Blindness onset Pathology
20 M 33 Before birth Leber's amaurosis
21 M 30 19 years Brain surgery
22 F 35 Before birth Premature retinopathy
23 F 48 18 years Accident, retinal loss
24 F 60 40 years Nystagmus and retinitis pigmentosa
25 F 61 7 years Retinitis pigmentosa and nystagmus
26 F 60 46 years Leber's congenital amaurosis
27 M 54 6 years Congenital glaucoma
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29 F 75 49 years Degenerative maculopathy

30 F 73 67 years Retinitis pigmentosa

31 F 26 Before birth Premature retinopathy

32 F 66 Since birth Microstalmic

33 M 59 Before birth Premature retinopathy

34 M 58 45 years Retinitis pigmentosa

35 M 41 10 years Accident

36 F 59 35 years Degenerative maculopathy and retinitis pigmentosa

38 M 74 35 years Progressive ipovision

39 F 36 Since birth Retinitis pigmentosa

41 M 47 22 years Retinitis pigmentosa

42 M 62 14 years Optic chiasm tumor

43 M 53 Before birth Congenital optic nerve atrophy

44 M 37 10 years Retinal detachment and glaucoma

45 F 39 Since birth Premature retinopathy
4.3.2 Data analysis

To compare performance across the three participant groups (sighted, early-onset blind, and
late-onset blind), just noticeable differences (JNDs) were computed by fitting a cumulative
Gaussian to the proportion of “perceived difference” as a function of angular differences. The
JND was defined as the distance between the 25% and 75% thresholds of the fitted curve. This
procedure was applied individually for each participant and for each reference orientation (-

20°, 0°, +20°).

Outliers were removed to prevent extreme values from biasing the results. Two participants
(1 from the sighted group and 1 from the early-blind group) whose mean JND exceeded the
Q3+3xIQR cutoff were therefore excluded from further analyses.

Normality of JND distributions was evaluated using the Shapiro-Wilk test for every group-

by-reference combination, and all distributions met the normality assumption.

To assess the effects of the reference stimulus (-20° vs. 0° vs. +20°) and group (sighted vs.
early-onset blind vs. late-onset blind) on JND, we fitted a linear mixed-effects model with
group, reference stimulus, and their interaction as fixed factors, and participant-specific

random intercepts (ID) to account for individual variability. The model was implemented
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using the /mer function in the Ime4 package, with group, reference stimulus, and ID treated
as categorical factors. Significance of fixed effects was evaluated via ANOVA, and post-hoc
pairwise comparisons were conducted using estimated marginal means (emmeans, emmeans

package) to examine differences between factor levels.

All statistical analyses were conducted in R version 4.4.2 (R Core Team, 2021), except for the
psychometric curve fitting and JND extraction, which were performed in MATLAB R2022b
(The MathWorks Inc., 2022).

4.3.3 Results and discussion

We assessed participants' ability to discriminate the motion direction of the two stimuli by
asking which one was oriented more upward and calculated their perceptual threshold using

the JIND.

Sighted participants showed perceptual thresholds of 11.90 + 2.64° at -20°, 11.30 + 4.91° at
0°, and 11.10 £ 3.63° at 20°. Visually impaired participants varied by the onset of blindness.
Early-onset blind individuals showed thresholds of 11.80 = 4.23°, 8.60 + 3.95°, and 12.40 +
3.19° at -20°, 0°, and 20°, respectively. Late-onset blind individuals exhibited slightly lower
thresholds overall, with values of 9.97 + 3.46°, 9.80 + 3.13°, and 10.60 £ 5.41° for the same

reference orientations (see Figure 4.6).
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Figure 4.6 — JND values for each group within each orientation. Boxplots represent the
standard error, while the error bar represents the standard deviation. The mean line inside the
boxplot is the average of the distribution of data.
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The linear mixed-effects model revealed a significant main effect of reference stimulus on
IND (F(2, 68.84) = 3.60, p = 0.033), while the main effect of group was not significant. The
reference stimulus % group interaction showed a trend toward significance (F(4, 68.92)=2.13,
p = 0.086). Post-hoc comparisons of estimated marginal means indicated that JNDs were
significantly lower at 0° than at -20° (t(69.5) =2.32, p = 0.023) and +20° (t(69.5) =-2.33,p =
0.023), with no difference between -20° and +20° (t(70) = 0.007, p = 0.99).

Those results could not confirm that, in the tested conditions, visual experience and the timing
of visual deprivation affect basic motion discrimination. This finding stands in partial contrast
with previous evidence showing enhanced tactile spatial abilities in blind individuals (Boven
et al., 2000; Goldreich & Kanics, 2003; Stevens et al., 1996), but is also consistent with studies
reporting no superior performance in complex haptic tasks (Coelho et al., 2025; Gori et al.,
2010), suggesting that visual deprivation does not uniformly affect tactile processing.
Reference stimulus orientation, instead, had a clear impact on performance, revealing a tactile
oblique effect consistent with prior reports in both vision (Heeley et al., 1997) and touch
(Gentaz et al., 2008): similar thresholds for the two oblique angles suggest this reflects
directional anisotropies rather than response biases, and its presence across all groups points
to somatosensory or biomechanical origins rather than to mechanisms related to visual

experience (Gentaz et al., 2008).

These results provide a well-defined baseline of tactile motion sensitivity, setting the stage to
investigate serial dependence and allowing us to examine how past tactile experiences

influence current motion perception independently of visual experience.

4.4 Serial Dependence in tactile motion direction

perception and the role of visual experience

In this final section, we present the chapter’s main experiment, namely the investigation of

the serial dependence effect in the tactile perception of motion direction.

Having established in the previous sections both the methodological tools needed for
accessible orientation reproduction and the baseline differences with which different

participant groups discriminate tactile motion direction, we now turn to the central question
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motivating this work: does the tactile system integrate past perceptual experiences into current
judgments in a manner analogous to vision and audition? And if so, how is this process shaped
by visual experience? This question is crucial since, to date, no study has explored whether
serial dependence in the tactile domain is modulated by visual experience, given also the
extensive cross-modal plasticity documented in visually impaired individuals (Sadato et al.,
2002; Wanet-Defalque et al., 1988). Since vision can shape the development and refinement
of tactile motion mechanisms, if the computations underlying serial dependence depend on
cortical areas typically engaged in visual prediction or spatial processing, their expression
may differ in early- or late-onset blindness. Conversely, if serial dependence reflects a more
general predictive strategy implemented across sensory systems, the effect may emerge

robustly and comparably across all groups.

By comparing sighted, early-onset blind, and late-onset blind individuals, we aimed to reveal
whether visual input (and its absence) modulates the integration of past tactile information

within this preliminary study.

4.4.1 Materials and methods

4.4.1.1 Participants

A total of 39 participants were recruited for this study, comprising 20 visually impaired
individuals, 11 with late-onset blindness (age 51.3 + 11.3 years), and 9 with early-onset
blindness (age 45.7 + 13.6 years), and 19 sighted participants (age 43.6 + 13.7 years). Early-
onset and late-onset are defined as in the previous sections of this chapter. Two participants
(one from the sighted group and one from the early-onset blind group) were excluded from

the analysis because they didn’t complete the experiment.

Clinical data for the visually impaired participants are provided in Table 4.3. All participants
were fully informed about the study and gave written consent. The protocol was approved by
the local ethics committee (Comitato Etico, ASL3 Genovese, Italy) and complied with the
Declaration of Helsinki.
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Table 4.3 — Demographic and clinical information of visually impaired participants.

Participant ID  Sex Age  Blindness onset Pathology
01 M 65 7 years Uveitis
02 M 61 54 years Corroyderemia
03 M 37 15 years Stargardt syndrome and retinitis pigmentosa
04 M 41 10 years Accident
05 F 67 Since birth Microstalmic
06 M 33 Before birth Leber's amaurosis
07 M 60 Before birth Premature retinopathy
08 M 37 Before birth Retinal detachment and glaucoma
09 M 29 19 years Brain surgery
10 F 47 30 years Stargardt syndrome and retinitis pigmentosa
11 M 54 6 years Congenital glaucoma
12 M 63 14 years Optical chiasm tumor
13 F 38 Since birth Premature retinopathy
14 F 60 Since birth Nystagmus and retinitis pigmentosa
15 F 59 35 years Stargardt syndrome and retinitis pigmentosa
16 F 27 Before birth Premature retinopathy
17 F 60 46 years Leber's congenital amaurosis
18 F 48 18 years Accident, retinal loss
19 M 53 Before birth Congenital optic nerve atrophy
20 F 36 Before birth Premature retinopathy

4.4.1.2 Apparatus, stimuli, and procedure

To provide the tactile motion direction stimuli, we used ROMAT as in the previous studies,

while for the response, we adopted TaK for both visually impaired and sighted populations.

Participants were presented with nine orientations ranging from -40° to +40° in 10°

increments. The orientations were presented in a randomized order, and each one was repeated

5 times per block, resulting in 45 trials per block. The experiment comprised 4 blocks, totaling

180 trials per participant.
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Before beginning the experiment, all participants were given the opportunity to familiarize
themselves with both the ROMAT robot and TaK to ensure a clear understanding of the task

before starting the main trials.

Participants from both groups (sighted and visually impaired) were instructed to perceive the
tactile stimulus for 3 seconds with the index finger of their right hand; after that, the robot
halted, and participants were asked to reproduce the perceived direction of motion using TaK

with the same hand. Once the participant confirmed their response, the next trial started.
Sighted participants completed the task under two different response conditions:

- In the first condition, they reproduced the perceived orientation with their eyes closed
(condition T);
- In the second condition, they were allowed to visually observe the knob while

responding (condition V).
The order of the conditions was randomized for each participant.

Participants were allowed to take short breaks after each block. For sighted participants, the
experimental session lasted 1 hour and 30 minutes, while for visually impaired participants

30 minutes.

4.4.1.3 Data analysis

Outlier detection and bias residualization

Initial data screening was conducted through visual inspection of participants’ response
patterns. This step revealed several cases of qualitatively abnormal behavior, which suggested
non-compliance or misunderstanding of the task. As a result, 6 sighted participants and 1 late-
onset blind participant were removed before quantitative analysis. After this preliminary
cleaning, outlier detection was performed on the remaining dataset using a Root Mean
Squared Error (RMSE) criterion. For each condition in the sighted population (V and T) and
for the visually impaired population, we computed the RMSE between each participant’s
responses and the stimulus positions, and identified outliers based on the threshold
median(RMSE) + 1.5 x MAD(RMSE), MAD being the median absolute deviation. This
procedure resulted in the exclusion of 2 sighted participants, 4 early-onset blind participants,

and 1 late-onset blind participant.
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Subsequent data cleaning was performed through a multi-step procedure to prepare the dataset
for statistical analysis. For each participant (and experimental condition for the sighted group),
the error variable was calculated as the difference between the participant’s response and the
stimulus angle. Trials with absolute errors greater than 45° or responses associated with
reaction times exceeding 10 seconds were removed. To reduce systematic nonlinear stimulus
orientation biases such as the oblique effect identified in sections 4.2 and 4.3, errors were
residualized using robust local fitting (malowess), subtracting the estimated systematic
component from each individual error. Outliers were identified within each test angle using
quartile-based methods (which removes values that deviate from the central 50% of the data
for each test angle) and were removed. Also, initial trials of each experimental block were
removed to avoid transition effects between blocks. Cleaned data were then centered by
subtracting the mean of each participant’s observations to remove any residual directional

biases.

Serial dependence modeling

In line with the approach adopted in Chapter 2, the analysis of the serial dependence effect
was designed to distinguish and jointly evaluate the contributions of the previous stimulus and
the previous response to the error in a given trial. So, to evaluate the angular difference
between consecutive trials (AS) and the difference between previous responses and present
stimuli (AR) on response error, we fitted one model based exclusively on AS, one based
exclusively on AR, and a combined model (AS+AR). For each predictors set, we fitted two
models: a linear mixed model (LMEM) and a non-linear version based on the Derivative of
Gaussian (DoG) function implemented using non-linear mixed models (NLME DoG). The
LMEMs were estimated using the fit/me function, including a random effect per subject (ID)
and appropriate fixed predictors, and the serial dependence effect size was obtained from the
fixed coefficient estimates (B) and statistics (t, p). At the same time, the DoG models were
estimated using the n/mefit function, adapting the DoG components to the predictors of
interest and calculating parameter estimates (amplitude of the DoG, a, and width, w) and
statistical tests (z, p) using Wald tests. To identify the model that best described our data, we
compared the models in terms of goodness of fit using the Akaike Information Criterion

(AIC).
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The formula for describing DoG applied to the non-linear model, including both stimulus

history and response history, can be defined as:

y = By + Asagwsce~WsB)* 4 Apapwgce™ WRAR 4.1)
Where B, is the intercept representing a constant response bias, while a and w are the terms
associated with the amplitude and the width of the DoG function, associated with the terms

Ag or Ay, scaled by a normalization constant ¢ = /2 /e %5,

In addition, the Variance Inflation Factor (VIF) was calculated to assess the presence of
multicollinearity between the variables AS and AR in the model that included both (James et
al., 2023). Specifically, for each subject, the correlation matrix between AS and AR was
calculated, and then the VIF was obtained as the diagonal element of the inverse of this
correlation matrix. The VIFs obtained for each subject were averaged, yielding an overall

estimate of the degree of collinearity between AS and AR in the sample.

Data were analyzed by group (sighted, early-onset blindness, and late-onset blindness) and,

within the sighted group, by condition (V and T).

All the analyses were conducted on MATLAB R2022b (The MathWorks Inc., 2022).

4.4.2 Results

Serial dependence was assessed by fitting linear mixed-effects models and non-linear DoG
mixed-effects models, relating response error to the angular difference between consecutive
trials (AS) or the difference between previous responses and the present stimuli (AR). Within
each group (sighted, early-onset, late-onset, and, due to the reduced number of participants in
the early-onset group, also all visually impaired participants together), three models were
compared: AS, AR, and AS+AR, with random intercepts for participants. Statistical
significance and model fit were evaluated using Wald tests for model parameters and AIC

comparisons. Results for each model for each group are reported in Table 4.4.
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Table 4.4 — Results of the linear mixed-effects models and non-linear DoG mixed-effects
models assessing serial dependence across groups and conditions. For each group and
condition, three models were compared: AS, AR, and AS+AR. The table reports fixed-effect
estimates (B, t, p) for LMEM, parameter estimates (a, z, p) for DoG models, and AIC values.
In bold character, the winning models.

LMEM NLMEM DoG
Group Model p£SE t p-value AIC o+ SE z p-value AIC
As  Looz=o.01 ©© f 51)9:' 0235 | 4358.08 [0.34+131 2(35246): 0797 | 4363.09
Early- AR [0.00+0.01 © (5)53)5: Tl 0725 | 435937 [1.31+0.79 2(51 5:5) | 0099 | 4360.58
i . .
onse AS: -0.07 £| AS: t(554) AS: -6.03 +| AS: 2(552)
blindness 0.03 | =-2.02 | AS:0.044 683 | =-088 |AS:0377
AS+AR ) - N 4357.31 : e e 4357.39
AR: 0.05 £|AR: ¢(554) | AR: 0.096 AR: 3.99 = | AR: z(552) | AR: 0.008
0.03 =1.67 1.51 =2.64
AS  |0.00+0.01 “13012 7] 0.895 | 1037432 |0.56 + 0.66 Z(103 ;15) | 0398 | 10375.36
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+ . : .
ASTAR | \R:0.06 £|AR: t(1311)] AR: 0.001 | 130483 |\R: 358+ Z(é&) | AR: 0.002 10351.77
0.02 =3.40 1.16 100
As  L0.01+001|" D=1 6 4ss | 1472656 |1.05 £ 074] ZIBD T 0153 | 1472700
0.75 1.43
AR [0.01+0.01 t(lf%%) T 0320 | 14726.12 |1.38+0.65 2(128?2) 1 0034 | 1471030
All visually, . AS: .1866
impaired AS: -0.07 £|AS: t(1868) AS: -4.64 = _Zi 76 )
0.02 =376 |AS:0.0002 2.64 0| AS: 0,078
+ : .
ASTAR | \R:0.06 £|AR: t(1868)|AR: 0.0001| 471404 |AR: 3772 z(1§§6) _ |AR: 0.0001 14695.65
0.02 =3.82 0.93 405
0.0241 = | «(1607) = 14276 + | 2(1606) —
AS 00083 S 0.0036 | 12631.84 | L 0.1586 | 12601.36
0.0333+ | 1(1607) = 21757+ | 2(1606) =
<
Sighted AR o0 Ppes 0.0001 | 12621.56 |~ 20 L8 0.0599 | 1256838
-closed :
cyes-ciose AS: -0.05 +|AS: 1(1606) AS: -0.53 5 2(1604)
M 0.02 — 959 |AS:0.0010 0.99 =-053 1 5. 0.594
+ . - = . : . . : . . .
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Model comparison based on AIC consistently indicated that the AS+AR model provided the
best fit for all participants (Figure 4.7 panel A). In the early-onset blindness group, the
combined model showed a marginal win for the LME model (AIC = 4357.31) against the
NLME DoG model (AIC = 4357.39), suggesting that, in this subgroup, the data do not allow
us to reliably distinguish which of the two models best describes the observed effect.
Coherently, the variance inflation factor (VIF) computed for the combined model was
relatively high (VIF = 7.79), indicating substantial collinearity between AS and AR and
therefore making the coefficient estimates unreliable for further interpretation. For the late-
onset blindness group, the NLME DoG model, including both AS and AR, showed the lowest
AIC (AIC =10351.77) even with elevated collinearity between predictors (VIF = 8.08). These
results were also confirmed when considering all visually impaired participants together, with
the NLME DoG combined model yielding the lowest AIC (AIC = 14695.65) and a comparable
VIF (VIF =17.99).

In sighted participants (Figure 4.7 panel B), the NLME DoG AS+AR model provided the best
fit for both the eyes-open (V) (AIC = 12633.61) and the eyes-closed (T) condition (AIC =
12567.86). Collinearity between AS and AR was anyway substantial in both conditions (V:
VIF = 10.50; T: VIF = 8.59), suggesting that, across groups, the combined models capture

shared variance between stimulus- and response-related effects.
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Figure 4.7 — Serial dependence effect approximation for NLME DoG model for each group
and condition. Mean response error (°) is plotted as a function of the angular difference
between consecutive trials (AS) or the difference between previous responses and the present
stimuli (AR). Data points represent the mean error for each A value, with error bars indicating
standard deviation. Solid lines show the fitted model predictions. (A) Visually impaired
participants, early-onset and late-onset groups shown separately (right panel) and collapsed
across onset (left panel). (B) Sighted participants in the eyes-open (V) and eyes-closed (T)
conditions.

Notably, across all AS+AR models, parameter estimates showed a consistent sign pattern, with

positive coefficients for AR (B and a > 0) and negative coefficients for AS (B and a < 0).

4.4.3 Discussion

This latest study wanted to investigate the presence of the serial dependence effect in the
perception of tactile motion direction, using a reproduction task. A further objective of the
work was to understand whether this effect was modulated by visual experience, comparing
sighted and visually impaired subjects. To do so, we analyzed models based on stimulus
history (AS), response history (AR), and a combination of the two: the results consistently
showed that serial dependence is not attributable to a single source but can emerge from the
interaction between perceptual processes and response-related processes, with distinct and

opposite contributions.

Serial dependence exists in tactile motion direction estimation

Our results provide evidence for the presence of a serial dependence effect in sighted
participants. This result is in line with that reported by Wang and Alais (G. Wang & Alais,
2025a), who observed a serial dependence effect in the perception of tactile orientation: their
results show that the current perceptual estimate is attracted towards the orientation of the
previous stimulus. However, their work does not explicitly dissociate the specific contribution
of the previous response, although they suggest that this bias may also reflect post-perceptual

processes related to memory and decision-making.

Particularly, the AS+AR mixed-effects model based on a non-linear DoG function provided
the best fit to the data. Crucially, the two predictors elicited opposite influences on the
response error, with AS exerting a negative effect, indicating a repulsion of the current

response with respect to the previous stimulus, and AR exerting a positive effect, indicating
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an attraction towards the response produced in the previous trial. The coexistence of a
repulsive effect linked to the stimulus and an attractive effect linked to the response suggests
a push-pull dynamic, in which perceptual and response-related history simultaneously shape
behavior through competing biases. This dynamic has been previously observed in the visual
domain (Ceylan & Pascucci, 2023; Gallagher & Benton, 2024; Sadil et al., 2024), where
repulsive effects are typically linked to sensory adaptation and attractive effects are interpreted
as temporal integration or continuity priors acting at the cognitive level (Cicchini et al., 2017;

J. Fischer & Whitney, 2014; Fritsche et al., 2017).

This effect is observed both when participants could see while giving their answer (V) and
when they were completely blindfolded (T), suggesting that the push-pull dynamic is a
fundamental feature of the tactile reproduction task and does not depend solely on visual input.
Overall, these results indicate that serial dependence in tactile reproduction reflects a balance

between differentiating current stimuli from previous ones and repeating previous responses.

The existence of serial dependence in the perception of tactile motion direction suggests that
this mechanism is a characteristic shared by different perceptual systems. However, the results
observed in sighted participants do not allow us to establish to what extent the presence of this
ability depends on the influence exerted by visual experience on the organization and
functioning of other sensory systems. For this reason, it was important to investigate how
serial dependence manifests itself in individuals with visual impairment, in order to
understand whether this phenomenon reflects a perceptual mechanism independent of vision

or whether it is modulated by visual experience.

Serial dependence in visually impaired people

In both groups with early-onset and late-onset blindness, and also when analyzing the entire
sample of visually impaired participants, the AS+AR model provided the best fit to the data,
with a repulsive effect for AS and an attractive effect for AR. This pattern closely mirrors the
dynamics observed in sighted participants and aligns with previous findings in visual tasks,
where stable and redundant sensory input promotes the coexistence of adaptation-like
perceptual repulsion and continuity-promoting response attraction (J. Fischer & Whitney,
2014; Fritsche et al., 2017). In visually impaired participants, the presence of the AR factor
may be especially pronounced due to the absence of visual feedback during action execution,

leading to a greater reliance on internal motor representations and proprioceptive memory:
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maintaining continuity with previous responses could thus reduce uncertainty during the
reproduction of tactile motion direction (Feigin et al., 2021; Fritsche et al., 2017). It is known
that tactile perception in visually impaired individuals is supported by a profound cortical
reorganization, which also involves traditional visual areas (Pascual-Leone et al., 2005;
Sadato et al., 1996); such reorganization may enhance the precision of tactile representations
while simultaneously strengthening memory-related and sensorimotor processes, thereby

favoring the coexistence of repulsive and attractive biases.

The presence of serial dependence in participants with late-onset blindness is an interesting
finding, as it suggests that this phenomenon does not depend exclusively on visual experience,
but probably reflects a more general perceptual mechanism shared between different sensory
modalities. So far, we have observed this effect not only in vision but also in hearing and now
in touch, despite the fact that these systems are based on different neuroanatomical pathways
and information processing. This evidence supports the hypothesis that serial dependence
represents a generalizable computational strategy of perceptual systems, aimed at stabilizing
perception in the presence of sensory noise, rather than a mechanism specific to the visual
system. However, the results obtained in the group with early-onset blindness are less robust
and should be interpreted with caution, since the small sample size does not allow definitive
conclusions to be drawn about the possible role of vision in the development and calibration

of the temporal integration mechanisms underlying serial dependence.

General considerations and limitations of the study

Our findings highlighted a systematic pattern: in the models that best explain the data, AS is
associated with a repulsive effect, while AR is associated with an attractive effect. The
robustness of this mechanism in visually impaired participants suggests that the tactile system
is able to support a stable form of integration even in the absence of vision. In both visually
impaired and sighted participants, serial dependence is generally governed by this push-pull
mechanism that has been previously observed in the visual domain, suggesting that it could
be a generalizable process that underlies the mechanism of serial dependence in all sensory

modalities.

However, given the exploratory nature of the study and the relatively small sample sizes
following data cleaning, these interpretations should be considered preliminary: the present

results highlight the importance of sensory context and perceptual history in shaping tactile
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judgments, and motivate further investigations with larger samples and refined paradigms to
clarify the mechanisms underlying serial dependence across sensory modalities. Additionally,
our analyses show very high collinearity between the variables AS and AR, suggesting that
although the model that includes both variables best explains the data, the resulting estimates
of o and P are unreliable. Therefore, further investigations should aim to quantify the
contribution of the previous stimulus and of the previous response on the current percept to

fully unveil the push-pull nature of the serial dependence effect.

In general, this work suggests that the serial dependence effect could be extended to the tactile
motion direction perception, suggesting that similar computational principles could manage

serial dependence across sensory modalities, even in the absence of visual input.
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Chapter 5
Separating Haptic from Visual Feedback in

Serial Dependence of Size Perception

This chapter is partially extracted from:
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5.1 Introduction

In the preceding chapters, we investigated serial dependence across multiple sensory
modalities: visual, auditory, and tactile. Together, these findings suggest that serial
dependence is not confined to a single sensory system or stimulus dimension, but rather

reflects a more general mechanism that shapes perceptual judgments over time.

A natural extension of this work is to examine whether serial dependence also operates in
cross-sensory contexts: research on serial dependence has extended beyond investigations
within single sensory modalities (e.g., visual or auditory) to encompass cross-modal
interactions (Burg et al., 2021; Lau & Maus, 2019; Roseboom, 2019), examining how
information from one sensory system can influence (and potentially induce) serial dependence

effects in another modality.

An important study in this context is that carried out by Fornaciai and Park (Fornaciai & Park,
2019), who investigated cross-modal serial dependence in numerosity perception by asking
participants to judge visual dot arrays following task-irrelevant sequences of visual flashes or
auditory tones. While visual sequences biased subsequent visual judgments, auditory
sequences did not, leading the authors to conclude that serial dependence does not operate
across sensory modalities. However, Hashimoto and Makioka (Hashimoto & Makioka, 2025a)
proposed the same task but, instead of having arrays of numerosity stimuli, they maintained
the same stimulus consistency, proposing sequences of visual flashes or auditory tones both
as task-irrelevant stimuli and as stimuli to be actively compared. By manipulating the modality
of successive stimuli, they found bidirectional cross-modal serial dependence, with auditory
and visual judgments influencing each other. This discrepancy likely reflects differences in
task structure and modality relevance: unlike the alternation of sequential numerosity (used
as inducer stimulus) and simultaneous numerosity (so, the array of dots stimuli) used by
Fornaciai and Park, the all-sequential numerosity design of Hashimoto and Makioka allowed
cross-modal interaction, providing stronger evidence that serial dependence can emerge across

sensory modalities when task demands support it.

Another relevant study by Van der Burg and colleagues (Burg et al., 2021) examined whether
serial dependence in emotional perception generalizes across sensory modalities. Across two

experiments, participants rated the valence and arousal of emotional sounds and images that



Separating Haptic from Visual Feedback in Serial Dependence of Size Perception 82

were randomly alternated within the same stimulus sequences. A second experiment further
tested whether passive exposure alone could induce serial dependence by interleaving active
and passive trials. The results revealed positive serial dependence for both valence and
arousal, which was independent of the sensory modality of consecutive stimuli, indicating

robust cross-modal generalization of serial dependence in emotional perception.

These findings prompted us to ask whether this phenomenon extends to other cross-sensory

contexts, beyond the visual-auditory domain, for instance, to visuo-haptic interactions.

Visuo-haptic interaction is particularly significant in environments where one sensory
modality alone may provide incomplete or ambiguous information: specifically, vision offers
precise spatial details, while haptic feedback provides rich tactile and force-related cues.
Together, these inputs create a more robust representation of objects, textures, and surfaces

(Lederman & Klatzky, 2009).

A good candidate feature where cross-modal serial dependence may exist is the estimation of
size. In size discrimination tasks, each modality provides unique information and engages
distinct yet overlapping neural pathways. Vision provides a distal view of the object, allowing
for quick size estimation based on overall shape and contextual information (Kaiser et al.,
2019); in contrast, touch provides proximal, detailed information through direct exploration
(Lederman & Klatzky, 1987), offering precise measurements of dimensions (Helbig & Ernst,
2007). The brain often uses both visual and tactile information for more accurate size
perception, using cross-modal processing where visual information can influence tactile
perception and vice versa (Ernst & Banks, 2002). Therefore, we may expect that the brain
combines current sensory inputs with lingering traces of previous visuo-haptic experiences,
resulting in systematic biases that reflect both the reliability of each modality and the temporal

coherence of past and present stimuli (Bensmaia et al., 2006).

In this final experimental chapter, we examined the visual and haptic contributions to
perceptual decisions about object size and their respective roles in shaping serial dependence
effects, to characterize both their individual influence and their cross-modal interactions. To
this end, we employed mixed reality (MR), a hybrid technology that integrates virtual objects
within real-world environments. This technology enables the exploration of interactive, semi-

immersive environments and the execution of tasks within a three-dimensional space. A key
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advantage of MR lies in the possibility of interacting with 3D virtual content while
maintaining contact with the real world, thereby reducing the motion sickness often associated
with virtual reality and enhancing ecological validity. Notwithstanding that, the effectiveness
of this technology critically depends on the accuracy and reliability of the hand-tracking
systems employed (B. H. Thomas, 2020).

Before proceeding with the serial dependence experiment, we run a preliminary phase focused
on the technical validation of the equipment. Specifically, the device used for MR rendering
was the Microsoft HoloLens 2 (HL2). This initial phase addressed two critical aspects: first,
we assessed the quality of the rendering and the reliability of the hand-tracking system
provided by the device; second, we evaluated whether the perception of virtual objects was
comparable to that of real objects, in order to guarantee that measurements obtained in mixed

reality were valid and interpretable in relation to the physical environment.

The following sections provide a detailed description of the two validation techniques
employed. Subsequently, the results of the experiment investigating serial dependence in

cross-sensory visuo-haptic size discrimination will be presented.

5.2 Validation of HoloLens 2 hand tracking system

HoloLens 2 (HL2) has been evaluated across multiple studies for its motion tracking
performance. Around these, Chaconas and Hollerer (Chaconas & Hollerer, 2018) found that
two-handed gestures for object manipulation performed similarly to one-handed methods,
despite field-of-view limitations, while Vassallo and colleagues (Vassallo et al., 2017)
confirmed HL2's ability to anchor holograms in real-world space, supporting its clinical
potential. Some works additionally compared HL2 performance to other devices, such as
Magic Leap One augmented reality headset, in a shape-tracing task, finding a better accuracy
of HL2 (15 mm) rather than Magic Leap (40 mm) (Schneider et al., 2021). In a study from
Hiibner and colleagues (Hiibner et al., 2020), they first evaluated the performance of the HL2’s
depth sensor and tracking system, followed by its capability to map indoor environments,
revealing a tracking accuracy of approximately 17 mm. A similar result was reported by
Soares and colleagues (Soares et al., 2021), who found an accuracy of approximately 20 mm

in experiments involving hand and head movements, using the OptiTrack optical tracking
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system as the ground-truth measurement system. Overall, all those studies reported high finger
tracking accuracy of HL2, and the variations in the results reported may be attributed to the

tracking method or validation system used.

What should be noted is that none of these studies examined HL2’s tracking capabilities in
tasks involving pinching or grasping real objects, which are generally performed in activities
of daily living, and also mixed reality applications (Guinet et al., 2019; Smeragliuolo et al.,
2016; Soares et al., 2021). In this first study, we evaluated the accuracy of the HL2 hand-
tracking system and its reliability in providing kinematic measurements. HL2 was tested not
only during free-hand movements but also in realistic interaction scenarios, such as object
grasping. Unlike previous studies, we used the Vicon motion capture system (VM) as a gold
standard reference, a marker-based system that provides high-precision, low-latency tracking

in real time.

Three representative tasks were designed to simulate common mixed-reality interactions: (i)
finger tracking along a 2D pattern in 3D space to assess fingertip accuracy; (ii) object grasping
to evaluate the accuracy of joint angle measurements; and (ii1) lateral pinching of objects of
various sizes to assess the precision of pinch span estimation. Data from HL2 and VM were
collected and compared to determine the spatial accuracy and kinematic measurement

capability of HL2.

5.2.1 Materials and methods

5.2.1.1 Participants

A total of 12 healthy adults (age 32.3 + 5.6 years) were recruited from the general population.
Ten participants (age 32.1 = 5.7 years) completed Task 1 (2D pattern tracing in 3D space) and
Task 2 (grasping common objects). Four participants (age 35.0 + 7.2 years) completed Task 3
(lateral pinching of objects of varying sizes). Inclusion criteria required no history of
significant upper limb injury. All participants provided written informed consent. The study
was approved by the ethics committee of the local health service (Comitato Etico, ASL3

Genovese, Italy) and conducted in accordance with the Declaration of Helsinki.
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5.2.1.2 Apparatus: HoloLens 2 and VICON Nexus motion capture system

Microsoft HoloLens 2

HL2 (Microsoft, Redmond, WA, USA) is an augmented reality headset designed for multi-
purpose use (Figure 5.1 panel A). HL2 recognizes hand gestures within a vertical field ranging
from +10° to -60° relative to the eye line, with optimal tracking between 0° and -35°. The
horizontal tracking range automatically adjusts as the user moves their head, ensuring that

gesture recognition always remains aligned with the user’s current line of sight.

Hand-tracking data were captured at 100 Hz. During each task, time-stamped joint position

data were collected and saved in CSV format for post-processing and comparison.

Vicon Motion Capture System

Vicon Motion capture system (VM; Oxford, UK) allows for the collection of high-precision
hand-tracking data. The VM system enables accurate estimation of motion parameters,
including speed, acceleration, and jerk. Seven Vero v2.2 infrared cameras (2048x1088
resolution) were arranged to form a capture volume of approximately 2x1x1 meters (Figure
5.1 panel B). Before starting the data collections, system calibration followed standard
procedures outlined in the VM user manual, and it was accepted if the mean 3D residual error

was below 0.8 mm; the final average calibration error was 0.5 = 0.2 mm.

Data were recorded at 100 Hz, matching the acquisition rate of the HL2 for the sake of

synchronization.

A B

Figure 5.1 — Photograph of HoloLens 2 (A) and Vicon Motion capture Vevo camera (B).
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Participants wore lightweight, retroreflective spherical markers (6.5 mm diameter) placed on
their hand. Marker placement corresponded to HL2-tracked joints, based on the Mixed Reality
Toolkit (MRTK) 2 and guided by recommendations from Cook and colleagues (Cook et al.,
2007). For Task 1 (2D pattern tracing), six markers were used (Figure 5.2 panel A). For Tasks
2 and 3 (object grasping and lateral pinching), 14 markers were used (Figure 5.2 panel B).

Each marker was labeled and its 3D position recorded for analysis.

A N3 B RTF3 C
RIF3 RRF4 RIF3
T I e, Distal
RIF2 R g; r/lreot)é(iléna?'[l;)al RTFs g

RPF3

RIF1
RTH3 RTH3

RH3
RTH2 RH2 RH3
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M2 M3
M1

Figure 5.2 — Marker placement and tracking reference for each task. (A) Task 1 (tracing a 2D
pattern in 3D space with a finger) marker placement; the RP marker was included only to
improve VM reconstruction and was not analyzed. (B) Task 2 (grasping everyday objects) and
Task 3 (performing lateral pinch on objects of different sizes) marker placement; for Task 2,
markers were applied to the entire hand, while in Task 3, only the thumb and index finger
were monitored. (C) Joint angle calculated for Task 2, derived from the distal, proximal, and
metacarpophalangeal joints.

5.2.1.3 Experimental tasks

Three tasks were designed to evaluate HL2’s hand-tracking performance during realistic
interactions. All tasks were performed by participants in a seated position, with the chair

placed 40 cm from the table and the right armrest aligned to a fixed calibration mark.

For each task, data collection started by remotely launching the HL2 recording application,
followed immediately by activating the VM recording. Data from HL2 and VM were
synchronized offline, aligning the tracks using a reference point — that is, a distinct upward

index finger movement at the start of each trial, visible in both systems’ recordings.

During Tasks 2 and 3, HL2’s hand mesh was visible to participants to ensure proper hand

positioning tracking. A trial was repeated if the participant reported misalignment between the
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virtual mesh and their actual hand. Calibration of both HL2 and VM was conducted using the

right hand placed on a predefined resting position.

Task 1: 2D pattern tracing in 3D space

This task assessed HL2’s fingertip tracking accuracy. Participants traced an infinity symbol
(20 cm high x 50 cm wide), displayed through HL2 at a distance of 60 cm from the head and
aligned with the right shoulder. Using their right index finger with an open hand, participants

freely traced the full pattern once, starting from any point and direction at a natural speed.

Task 2: Grasping common objects

Participants performed static grasps with their right hand on a set of objects designed to

represent typical grasp types (Hamon et al., 2021; Yang et al., 2015):

- Cylindrical grasp: Cylinder (13%3 cm);
- Spherical grasps: Spheres (8 cm and 12 ¢cm in diameter);

- Pinch grasps: Cube (3x3x1 c¢cm) and plug (3 cm in diameter).

To minimize viewing occlusion, some objects were transparent to facilitate tracking, as

opaque or colored objects could occlude parts of the hand.

The task consisted of picking up each object from the table, holding it about 20 cm in front of
the face for 5 seconds, and then returning it to its original spot. This sequence was repeated
five times for every object, always starting from the same initial position. The objects were
presented and grasped in a fixed order across all repetitions, as the main goal was to capture
consistent hand postures. For each object, a single data file was generated, containing the
recordings of all five trials. Figure 5.3 panel A shows how the objects were grasped and

positioned in front of the participant’s face.

Task 3: Lateral pinching with both hands

To evaluate lateral pinch span tracking, participants pinched five rectangular objects of
increasing thickness (from 2 cm to 10 cm in 2 cm increments, see Figure 5.3 panel B) using
both hands. Due to HL2’s difficulty tracking marker-covered hands, markers were applied
only to one hand (randomly assigned), while HL2 tracked the other unmarked hand. Markers
were placed on the index and thumb. Each object was held statically in front of the

participant’s head for 10 seconds, allowing both systems to capture the hand configuration.
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Y

plug, cylinder, two spheres) during Task 2, with reflective markers on the hand. Colors are
arbitrary; the cylinder is transparent for HL2 marker visibility. (B) Top view of lateral pinching
of a rectangular object with varying thickness during Task 3 (one hand tracked with VM while
the markerless one tracked via HL2). Thickness increases by 2 cm per added segment; object
colors are arbitrary.

5.2.1.4 Data preprocessing and analyses

General Preprocessing

HL?2 data were filtered using a 4th-order Butterworth low-pass filter (6 Hz cutoff) to reduce

noise. VM data were pre-filtered using the same parameters during acquisition.

Time alignment between HL2 and VM datasets was performed using the initial index finger
movement as a temporal landmark, detected via local maxima within the first 5 seconds of

recording.

Task 1: Fingertip tracking accuracy

To compare fingertip trajectories, HL2 coordinates were transformed to align with the VM
reference frame. Due to HL2’s unknown origin, we used the Iterative Closest Point (ICP)
algorithm (Besl & McKay, 1992) to estimate the optimal rotation (R) and translation (T),

minimizing the Euclidean distance between paired points:
N
1 2
ER,T) =NZ|IVL- —RH; - T|| (5.1)
i=1

where H; and V; are matched points from HL2 and VM. The final transformation was applied

to HL2 data.
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Mean distance error was then calculated as:
N
] B 1
DlSterror - Nzl(vi - Hi) (5.2)
i=

Task 2: Joint Angle Accuracy

Joint angles for the index, middle, and thumb fingers were derived from tracked joint (HL2)
and marker (VM) positions. After alignment, grasping attempts were segmented using
fingertip velocity thresholds (3% of peak). Segments were time-normalized to 200 samples

using spline interpolation.

Joint angles were computed using the inverse cosine of the angle between adjacent vectors:

u-v
0 = cos ! ( )
[l vl

Where u and v represent 3D vectors corresponding to points captured from HL2 and the VM,

(5.3)

defining the segment between specific anatomical landmarks.

Average angular error was computed as the difference between HL2 and VM angles per joint

and finger.

Task 3: Pinch Span Accuracy

Pinch span was calculated as the distance between thumb and index fingertips, adjusted by
subtracting the marker size and half the finger pad thickness (measured via caliper) in VM
data recorded, to match the tracked position of the HL2 tracking point. The resulting value

was compared to the known object thickness to assess HL2’s measurement accuracy.
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Figure 5.4 — Pipeline for data processing across tasks. Data were first converted to .mat format,
low-pass filtered, and temporally aligned using local maximum detection. For Task 1, HL2
axes were corrected to match VM, then trajectories were spatially aligned via ICP. In Task 2,
trials were segmented into five repetitions, time-normalized to 200 samples, and joint angles
computed from anatomical marker vectors. For Task 3, spatial alignment included
compensating for marker and fingertip thickness (6 mm and half fingertip width) in VM data
to improve positional error estimation.

Statistical Analysis

First, for all the measures computed, the normality of the data distribution was assessed with

the Lilliefors Normality Test.

Then, to evaluate the consistency between the reconstructions obtained from the HL2 and the
VM system, the Pearson correlation coefficient (in case of normal distribution) or the
Spearman correlation coefficient (in case of non-normal distribution) was calculated for the

first and second tasks.
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For Task 3, a two-way repeated measures ANOVA assessed the interaction between system
(HL2 vs VM) and object size. Additionally, Bayesian repeated-measures ANOVA was
conducted to quantify the evidence for the presence or absence of systematic differences
between measurement systems. Finally, a frequentist paired sample t-test and a Bayesian
paired sample t-test were used to compare pinch span measurements obtained with both

systems.

All data processing and frequentist analyses were performed in MATLAB R2022b (The
MathWorks Inc., 2022), while Bayesian analyses were performed in JASP version 0.17.1.0
(JASP Team, 2023).

5.2.2 Results and discussion

Task 1: Finger Tracing of a 2D Pattern in 3D Space

Participants traced an infinity-shaped path in 3D space using their right index fingertip while
moving their arm, viewed through the HL2. This task aimed to evaluate HL2’s fingertip
tracking accuracy by comparing its data to that of the VM system.

To account for differences in coordinate systems, the ICP algorithm was applied to find the
optimal rotation and translation matrices that aligned HL2 data with VM data, minimizing
spatial discrepancies. Figure 5.5 shows the initial trajectories before alignment (left graph),
highlighting a noticeable depth-axis (y-axis) mismatch. After applying ICP, the right graph
shows a close overlap between the two trajectories, confirming effective correction of the

reference frame differences.
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Figure 5.5 — One-participant comparison between the trajectories recorded by the VM (black)
and HL2 (red) tracking systems for RIF3 (index tip) marker. The left graph displays the
unaligned trajectories, showing an apparent spatial misalignment between the two systems.
The right one shows the same trajectories after applying the transformation (R and T') obtained
with the ICP algorithm, demonstrating an improved correspondence between the VM and HL2
traces. The enhanced alignment in the fitted trajectories supports the high correlation values
reported in the results.

Table 5.1 summarizes the average distance errors between HL2 and VM across participants
for each fingertip. Errors for the thumb, middle, ring, and little fingers averaged around 2.8
mm, while the index fingertip error was slightly higher at 3.9 mm — still under 5 mm. Pearson
correlation coefficients further supported these findings, with values near 0.99 for all
fingertips and all p-values < 0.05, indicating strong, statistically significant correlations. These
findings demonstrate HL2’s high spatial accuracy in fingertip tracking, considerably
outperforming earlier reports of 15-20 mm errors in similar studies (Schneider et al., 2021;

Soares et al., 2021).

Table 5.1 — Distance error between HL2 and VM tracking data, expressed as mean + standard
deviation of Euclidean distances, with relative variance and 95% CI. Lower values indicate
higher HL2 accuracy, while larger values reflect greater deviation from the VM reference. All
fingers showed low variance and narrow Cls, indicating consistent performance across
participants.

Finger Mean + SD (mm) Variance (mm?) 95% CI (mm)
RTH3 (Thumb) 2.77 £0.63 0.39 [2.32,3.22]
RIF3 (Index) 3.94 +0.69 0.48 [3.45, 4.44]
RTF3 (Middle) 2.86 £0.61 0.37 [2.43,3.30]
RRF4 (Ring) 2.87+£0.59 0.35 [2.44, 3.29]
RPF3 (Little) 2.88+0.58 0.34 [2.46, 3.29]

Minor discrepancies between fingers may be linked to sensor occlusion, inconsistent
coverage, or individual anatomical differences such as hand size and finger length, which can
affect mesh fitting and tracking precision. Although spatial accuracy is excellent, the current
analysis does not address temporal aspects like latency, which could influence real-time
interactions. Task design and reference systems also likely contributed to performance
differences with prior studies, as this experiment involved 3D hand-tracing with a VM system,
unlike 2D touchscreen setups or alternative motion capture platforms used previously

(Schneider et al., 2021; Soares et al., 2021).
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Task 2: Grasping Common Objects

Participants grasped various objects with their right hand in a static position to evaluate HL2’s
accuracy in measuring joint angles by comparing HL2 data to VM data. Thumb, index, and
middle fingers were involved in most grasps, except for the cube and plug, which used only
the thumb and index fingers. Joint angles were measured at the distal (DIP), proximal (PIP),
and metacarpophalangeal (MCP) joints for the index and middle fingers, and at the
interphalangeal (IP) and MCP joints for the thumb.

Table 5.2 shows angular errors ranging from 0.3° to 22°, with the highest error at the thumb
IP joint during the small sphere grasp (21.87 + 0.62°) and the lowest at the thumb MCP joint
during the big sphere grasp (0.28 + 0.56°). Overall, the average angular error was 5.36 + 5.31°.

Table 5.2 — Mean angular joint errors (°) between HL and VM systems for each finger and
object, reported as mean + standard deviation.

Thumb Index Middle

IP MCP DIP PIP MCP DIP PIP MCP

Small Sphere| 21.87°+0.62  7.39°+0.35 0.92°+0.39 0.65°+£0.42 3.15°£0.36 9.91°£1.45 4.47°£0.51 1.46°+0.53

Big Sphere | 18.11°£0.58  0.28°+0.56 2.64°£0.52 0.79°£0.54 1.37°£0.29 4.43°£0.48 1.38°£0.50  2.39°+0.48

Cylinder 7.18°+0.31 8.03°+0.22 2.72°+0.31 1.14°+0.26 0.53°£0.18 5.35°+0.28 0.68°+0.29  3.91°+0.35

Plug 14.46°+0.53  2.96°+0.47 7.72°40.57 2.44°+0.44 5.88°+0.29

Cube 12.39°+0.29  2.47°+0.31 14.61°+0.41 1.98°+0.19 6.44°£0.31

Correlation analysis of joint angle distributions between HL2 and VM showed varied results
across grasp types. For the small sphere, all joints were significantly correlated (p < 0.001),
except the thumb MCP (r = 0.04, p = 0.613), which showed no correlation. For the big sphere,
all angles were correlated (p < 0.005), except the middle PIP (r = -0.12, p = 0.825). In the
cylindrical grasp, no correlation was found for the thumb IP (r=0.09, p=0.211) and the index
PIP (r =-0.05, p = 0.453). Similarly, for the plug grasp, the thumb IP (r = 0.01, p = 0.892) and
index MCP (r=0.10, p = 0.163) showed no significant correlation. In contrast, the cube grasp

exhibited strong correlations for all five angles (p < 0.001).

Those analyses showed that HL2 is generally reliable for hand kinematic measurements.
Average errors were moderate, around 5°, suggesting acceptable accuracy for most objects.
Correlation coefficients further confirm strong agreement between systems, particularly for

spherical grasps. However, some inconsistencies were observed, such as the absence of
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correlation for certain thumb angles in the small sphere grasp and the middle PIP in the big
sphere task. These discrepancies may result from variations in finger positioning, individual
hand dimensions, or interference from reflective markers, which could disrupt HL2’s mesh

fitting and reduce tracking precision.

Task 3: Lateral Pinching of Objects
Participants performed lateral pinches on objects of varying thickness using their index finger
and thumb. The pinch span — the distance between the fingertip of the index finger and the

thumb — was calculated from HL2 and VM data to assess HL2’s accuracy.

As shown in Figure 5.6, HL.2’s pinch span measurements closely matched those from the VM
system. The largest difference occurred with the 6 cm thick object (6.77 = 0.38 mm for HL2
vs. 6.36 = 0.03 mm for VM), while the smallest difference was observed for the 10 cm object

(10.75 + 0.34 mm for HL2 vs. 10.74 £ 0.01 mm for VM).
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Figure 5.6 — Comparison of pinch span across object thicknesses for HL2 and VM systems.
Bars represent mean + standard deviation.

The accuracy of HL2 does not show a linear improvement with increasing object thickness
(see Table 5.3). The average error increases for intermediate thicknesses (4-6 cm) and
decreases for larger objects (8-10 cm), suggesting a non-linear trend. However, for greater
thicknesses, the confidence intervals include zero, indicating a lack of consistent bias at these

thickness levels, caused by HL.2 measures.
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Table 5.3 — Mean pinch span error (+ standard deviation), variance, and 95% CI between HL2
and VM tracking data across different object thicknesses.

Object thickness Mean + SD (mm) Variance (mm?) 95% CI (mm)
2 cm 0.23 £0.09 0.01 [0.09, 0.37]
4 cm 0.40+0.19 0.04 [0.10, 0.69]
6 cm 0.40 +0.35 0.12 [-0.15, 0.95]
8 cm 0.28 £0.30 0.09 [-0.20, 0.75]
10 cm 0.004 +0.33 0.11 [-0.52, 0.53]

The two-way repeated-measures ANOVA revealed a significant interaction between the type
of measurement system (HL2 vs. VM) and the size of the grasped object, F(1, 3) = 644.23, p
=0.00013, n% = 0.995. Bayesian model comparison indicated that the model including the
main effects of system (HL2 or VM) and object thickness was the most supported by the data
(P(M|data) = 0.42). Strong evidence was found in favor of the absence of a main effect of
system, indicating no systematic differences between HL2 and VM. In contrast, the inclusion
of the system x thickness interaction did not improve model evidence, suggesting that the
interaction observed in the frequentist analysis was not strongly supported when model

complexity was taken into account.

However, no statistically significant differences were found between pinch span
measurements obtained with HL2 and VM across all object thicknesses (supporting the null
hypothesis): paired-sample t-tests confirmed the absence of systematic differences for each
thickness: 2 cm (t(3) =-1.16 = 0.004, CI [-0.01, 0.004], p = 0.32), 4 cm (t(3) =-1.37 £ 0.01,
CI[-0.013,0.005], p=0.27), 6 cm (t(3) =-1.01 £ 0.01, CI [-0.02, 0.01], p = 0.39), 8 cm (t(3)
=-2.97+0.002, CI [-0.01, 0.00], p=0.06), and 10 cm (t(3) = -0.02 + 0.004, CI [-0.01, 0.01],
p=0.99). Bayesian paired-samples t-tests supported these findings, with Bayes Factors (BF10)
consistently below 1 for all thicknesses (2 cm: BF10 = 0.68; 4 cm: BF10 =0.78; 6 cm: BF10 =
0.62; 8 cm: BF10=2.13; 10 cm: Bio = 7.8x10%).

Those results indicated that HL2 achieves performance comparable to VM, with pinch span
accuracy improving as object thickness increases. This suggests that HL2 performs better with
larger objects, likely due to clearer spatial references and reduced occlusion errors. However,

performance remains dependent on grasp type and object characteristics. These results
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underscore the need for enhanced tracking algorithms capable of handling finger overlap and

accommodating individual hand size variations to improve MR interaction fidelity.

5.3 Validation of HoloLens 2 as a psychophysics

instrument

Building on the findings presented in the previous paragraph, which demonstrated the
accuracy and reliability of HL2’s hand-tracking system when benchmarked against a high-
precision marker-based setup, it is essential to extend the analysis beyond tracking

performance and consider other factors that influence interaction quality in MR environments.

Hand-tracking accuracy represents only one component of a successful MR experience;
equally critical is the user’s ability to perceive virtual objects in a way that is consistent with
real-world perception. If virtual objects are not perceived with the same fidelity as their

physical counterparts, even highly accurate tracking may not guarantee effective interaction.

Accurate perception of virtual object features, particularly size and distance, is fundamental
for tasks that require fine motor control and spatial reasoning, such as psychophysics
experiments. While these perceptual aspects have been extensively studied in immersive
virtual reality systems (Hornsey et al., 2020; Rzepka et al., 2022; B. H. Thomas, 2020), the
body of research focusing on optical see-through MR devices such as HL2 remains limited
(L. Wang et al., 2023): the optical blending of real and virtual elements, combined with the
fixed focal plane of these devices, introduces unique challenges that can potentially affect
depth cues and size estimation, leading to discrepancies between real and virtual object

perception.

To address this gap, the present study investigates whether the size perception of virtual

objects rendered through HL2 is comparable to that of real objects.

5.3.1 Stimuli and experimental design

For this task, we used nineteen spheres of diameters 74, 75, 76, 77, 77.5, 78, 78.5, 79, 79.5,
80, 80.5, 81, 81.5, 82, 82.5, 83, 84, 85, and 86 mm, both in physical and virtual conditions.
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Physical spheres were fabricated via selective laser sintering 3D printing (ProX 6100, 3D
Systems) using NYLON PA material, offering nominal dimensional accuracy of £0.1 mm.
Given the minimal step size between stimuli (0.5 mm), all printed spheres were measured and

confirmed to be within £0.05 mm of their intended diameters.

Virtual spheres — as well as the whole experimental application — were generated in Unity
(version 2022.3.30f1) using C# and Microsoft’s Mixed Reality Toolkit (MRTK) and rendered
via Microsoft HoloLens 2 through the Holographic Remoting Player app.

The application served three primary functions: (i) calibrating the spatial positions on the table
where virtual spheres would be displayed, (ii) initiating trials, and (iii) recording participant

responses.

Calibration involved instructing participants to position their right index fingertip on two
predetermined table markers, locations corresponding to the sphere placements. The HL2
captured fingertip positions using its internal coordinate system, ensuring that virtual spheres

appeared at equivalent real-world positions.

Trial initiation and response recording were controlled by the experimenter via keyboard

inputs: pressing “Enter” started a trial, and entering “0” or “1” indicated participant's answer.

5.3.1.1 Experimental protocol

Prior to the experiment, participants were instructed about the experimental procedure and

seated facing a table with the chair positioned 40 cm from the table edge.

The study assessed participants' visual size perception accuracy by comparing virtual objects
rendered by the HL2 perception against real physical spheres perception using a two-
alternative forced choice (2AFC) task. Participants judged which of two spheres appeared
larger: a fixed reference sphere (80 mm diameter) or a test sphere (ranging from 74 mm to 86

mm).

In each trial, participants were sequentially presented with the reference first and then the test
sphere. For the virtual spheres condition, participants observed the stimuli through the HL2;
for the real spheres condition, the experimenter manually placed and removed the spheres on

the table. Each sphere was visible for approximately 2 seconds, separated by a 1-second inter-
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stimuli interval. Participants verbally indicated which sphere appeared larger (the reference or

the test).

Two viewing distances were tested (25 cm and 85 cm from the table edge), chosen based on
prior research (Gori, Giuliana, et al., 2012) and reflecting typical interaction distances for real

and virtual objects.

Each test sphere was presented four times, resulting in 76 trials per experimental condition.
The experiment had a 2x2 design, totaling 304 trials per participant. The order of the viewing
distance (25 cm or 85 c¢cm) and the condition (virtual or real) was randomly selected. Each

experimental condition lasted approximately 10 minutes.

5.3.1.2 Participants

10 adults (age 28.7 + 2.5 years) with normal or corrected to normal vision were recruited
internally from the Italian Institute of Technology laboratories. All participants gave written
informed consent. The study was approved by the local health service ethics committee
(Comitato Etico, ASL3 Genovese, Italy) and conducted in line with the Declaration of

Helsinki.

5.3.2 Data analysis

To quantify perceptual thresholds, the proportion of trials in which the test sphere was judged
larger than the reference was computed for each test size. These data were fitted with
cumulative Gaussian psychometric functions to extract two key metrics: the point of
subjective equality (PSE) as the size at which the test and reference spheres were perceived
as equal, and the just noticeable difference (JND), as the minimal size difference reliably
detected by participants, indicating perceptual sensitivity. These measures provide a

quantitative representation of perceptual precision.

For both PSE and JND, we conducted both frequentist and Bayesian repeated-measures
ANOVA with modality (haptic vs. virtual) and distance (25 cm vs. 85 cm) as factors. This
approach allowed us to evaluate the main effects of each factor and the interactions between

them.
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Data processing was performed using MATLAB R2022b (The MathWorks Inc., 2022), while
Bayesian and frequentist analyses were conducted in JASP version 0.17.1.0 (JASP Team,

2023).

5.3.3 Results and discussion

The PSE and JND were computed for both the real and virtual conditions at viewing distances

of 25 cm and 85 cm (see Figure 5.7 for exemplificative psychometric curves).
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Figure 5.7 — Psychometric functions from a representative participant, illustrating

performance at both viewing distances (25 c¢cm and 85 cm) under (A) virtual and (B) real
conditions.

In the real condition at 25 c¢cm, the PSE was 80.20 + 0.33 mm, and the JND was 1.12 + 0.30
mm, indicating high sensitivity to size differences. At 85 cm, the real condition showed a
slight decrease in PSE (79.50 £+ 0.34 mm) and a modest increase in JND (1.18 + 0.23 mm),

suggesting stable perceptual performance across distances.

For the virtual condition, the PSE at 25 cm was 79.70 £ 0.39 mm, slightly lower than the real
condition, with a JND of 1.38 &+ 0.31 mm, suggesting a marginally reduced sensitivity. At 85
cm, the virtual PSE was 80.05 £ 0.34 mm, closely matching the real condition at this distance,

and the JND was 1.13 £ 0.25 mm, comparable to the real counterpart (see Figure 5.8).

These values demonstrate a strong consistency in size perception between real and virtual

spheres, with differences well below perceptual relevance.



Separating Haptic from Visual Feedback in Serial Dependence of Size Perception 100

A 821 —@— Haptic B 3
—@— Visual
25
81 -
—_ —_ 2_
w21 §><§ s & ;
w : )
o ) % 1
79
0.5
78 T T 0 r r
25 85 25 85

Position (cm)

Figure 5.8 — PSE and JND (threshold) for real and virtual conditions at 25 ¢cm and 85 cm.
Haptic PSE and JND at 25 cm show large size sensitivity, with a slight PSE decrease at 85
cm. In the virtual condition, PSE is slightly lower and JND slightly higher at 25 cm; at 85 cm,
PSE aligns with haptic values, and JND remains similar. Error bars represent the standard
error.

The repeated-measures ANOVA examined the effects of modality (haptic vs. virtual), distance

(25 cm vs. 85 cm), and their interaction on participants' PSE and JND.

For what concerns the PSE, neither modality (F(1,9) = 0.03, p = 0.867, 02 = 8.12x10™) nor
distance (F(1,9) = 1.59, p = 0.240, n* = 0.04) showed significant effects. However, the
modality % distance interaction was significant (F(1,9) = 14.65, p = 0.004, n? = 0.32),
suggesting that differences between modalities depend on distance. Bayesian analysis
supported these results. The model that includes the modality % distance interaction received
a high Bayes Factor compared to the null model (BFio = 108.74). In contrast, models
containing only main effects showed Bayes Factors close to 1 (modality: BFio = 1.938;
distance: BF10 = 2.59). This implies that participants' perceptual strategies adapt differently

depending on distance and modality.

For JND, the frequentist results did not indicate a significant effect of modality (F(1,9) =
2.761, p = 0.13, n* = 0.04), distance (F(1,9) = 0.65, p = 0.440, n* = 0.03), or the interaction
modality % distance (F(1,9) =3.59, p=0.091, n> = 0.10). Bayesian analysis confirmed these
results, providing moderate or weak evidence in favor of the null hypothesis for all effects
considered (modality: BF10 = 0.56; distance: BF10 = 0.53; modality x distance: BF10 = 0.29).

This pattern indicates that individual perceptual performance was preserved across modalities,
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showing that participants maintained similar discrimination performance in both real and

mixed reality contexts.

These findings reinforce the conclusion that HL2 can reproduce size perception with a fidelity

approaching that of real-world vision, even when spatial depth changes.

5.4 Serial dependence in visuo-haptic feedback

These initial validation phases allowed us to conclude that HL2 provides not only reliable

hand-tracking but also a visual perception of virtual objects comparable to that of real objects.

This ability is critical for the experiment presented in this section, which aims to selectively
investigate the effect of serial dependence by isolating the contributions of visual and haptic
information to size perception. In particular, the use of HL2 enables the delivery of a purely
visual stimulus, in which the object is visible but not tangible, maintaining the same spatial

position relative to the body and eliminating potential interference from object movement.

To date, no works have investigated serial dependence in haptic size perception, while only
two works have observed the effect in visual size perception. In particular, an initial study
focused on body size perception (Alexi et al., 2018), and through a reproduction task, they
observed that participants' estimates of body size were systematically attracted to the
preceding body, with the strongest effect when the size difference was two categorical units
and then diminishing for larger differences. In a second study, the size of a stimulus was
manipulated not as a main variable, but to shift participants' attention (Fritsche & de Lange,
2019). In each trial, participants were first shown a reference disc, followed by a grating
slightly larger or smaller than the reference. They had to judge whether the grating was larger
or smaller than the disc, ignoring the orientation. Next, a second grating appeared, whose
orientation had to be reproduced with a response bar. By focusing on the size of the first
stimulus, the attractive effect of serial dependence on the orientation of the second grating was
significantly reduced. Overall, this suggests that serial dependence in the perception of size is

still under-explored and requires further investigation.

Based on these evidences, in this section we present an experiment divided into four distinct

conditions, designed to investigate how serial dependence influences purely visual and purely
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haptic perception, and whether similar effects also emerge in cross-sensory contexts during

an object size discrimination task.

5.4.1 Materials and methods

5.4.1.1 Participants

12 healthy volunteers (age 26.3 + 1.8 years) with normal or corrected-to-normal vision and
no history of neurological disorders participated in the study. All participants provided written
informed consent prior to their involvement. The experimental protocol was approved by the
ASL3 Genovese ethics committee and adhered to the principles outlined in the Declaration of

Helsinki.

5.4.1.2 Apparatus, stimuli, and procedure

In this experiment, the nineteen spheres adopted in the previous section (with diameters
ranging from 74 mm to 86 mm) were used: the real ones were fabricated using 3D printing
technology, while the virtual ones were developed in Unity using MRTK and rendered via the
HL?2 headset through the Holographic Remoting Player app. As in the previous experiment,

the experimenter managed trial initiation and response logging using keyboard inputs.

Participants were seated in a quiet, dimly lit room with their chair back at 40 cm from the table

and their right hand positioned up-palm.

Each trial consisted of sequential presentation of three spheres: the first reference sphere (80
mm), an inducer sphere (77 mm or 83 mm diameter), followed by a test sphere (one of
nineteen diameter spheres). Each sphere was presented for 1.5 seconds, with a 1-second inter-
stimulus interval. No response time limit was imposed. Participants performed a 2AFC size
discrimination task where they compared the reference sphere with the test sphere for each

trial and indicated which appeared larger (see Figure 5.9 for experimental design depiction).

reference inducer test answer
80 mm 77/83 mm 74-86 mm

)

15s 1s 15s 1s 15s time
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Figure 5.9 — Experimental design. Participants judged whether the first or third sphere
appeared larger, with the middle sphere acting as the inducer to elicit serial dependence.

Two types of stimulus presentation were defined: in the haptic one (H) the sphere was real,
physically grasped by participants with their eyes closed, while in the visual one (V) the sphere
was virtual, rendered on participant’s hand via HL2 to be viewed but not physically

manipulated (so, they were not allowed to perform any physical movement with the hand).

We employed a 2x2 experimental design based on the modality of inducer and test stimuli
presentation, with reference stimuli being the same modality of the test one: we defined one
condition where both the inducer and the test spheres were haptically perceived (HHH), one
with virtual inducer and virtual test sphere (VVV), one with real inducer sphere and virtual
test sphere (VHV), and lastly one with virtual inducer sphere and real test sphere (HVH). This

allowed us to see both unisensory and cross-sensory modality contributions.

Each combination of inducer and test spheres was presented across four blocks, resulting in a
total of 152 trials per experimental condition. The order of experimental conditions was
randomized across participants. Short breaks were allowed between blocks, and the entire

session lasted approximately 2.5 hours.

5.4.1.3 Data analysis

To assess the influence of serial dependence on size perception within visual and haptic
contributions, participants’ responses were analyzed by fitting a cumulative Gaussian function
to the proportion of trials in which the test sphere was judged as ‘larger’ than the reference,
plotted against the size of the test spheres. This psychometric modeling was performed
separately for each participant and each inducer size. From the fitted function, we extracted
the point of subjective equality (PSE), defined as the stimulus size at which participants were
equally likely (50%) to report the test sphere as larger or smaller than the reference. The PSE

served as an index of perceptual bias induced by the preceding stimulus.

The magnitude of the serial dependence effect for each experimental condition was computed
as the difference in PSE between the two inducer curves (APSE), reflecting the degree to

which prior context influenced current size judgments.
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To judge the effect of the inducer dimension and the spheres' nature (V or H) on the PSE, we
computed a Bayesian repeated-measures ANOVA using the BayesFactor package. We
included the main terms of inducer (77 mm vs. 83 mm), fest type (H vs. V), and inducer type
(unisensory vs. cross-sensory conditions), and all possible interactions, considering subjects
(ID) as a random factor. To identify the best model, the inclusion probability of each term was
evaluated: for each main term or interaction, the ratio between the sum of the Bayes Factors
(BF) of the models that included the term and those that did not include it was calculated.
Terms with an inclusion Bayes Factor greater than 3 were considered to have substantial
evidential support and were included in the subsequent Bayesian post-hoc paired t-tests. To
preserve the within-subject structure of the data, PSE values were averaged within each

participant and condition under analysis.

In addition, a targeted post-hoc analysis was performed to directly compare the magnitude of

the inducer effect across levels of inducer type.

Data pre-processing and PSE extraction were performed in MATLAB R2022b (The
MathWorks Inc., 2022), while model and post-hoc analysis were conducted in R version 4.5.2

(R Core Team, 2021).

5.4.2 Results

The PSE was computed separately for each inducer in all the experimental conditions (based
on the real or virtual nature of the spheres) to assess the influence of serial dependence on size

perception in unisensory and cross-sensory contributions.

The serial dependence effect (APSE) for each condition is shown in Table 5.4 and Figure 5.10.
As can be seen, in unisensory conditions, the PSE increases consistently with larger inducer
(H: 1.26 £ 0.01 mm; V: 1.86 = 0.02 mm), while in the cross-sensory conditions, the increase

in PSE with larger inducer is more modest (HVH: 0.45 + -0.01 mm; VHV: 0.44 £+ -0.05 mm).
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Table 5.4 — PSE for 77 mm and 83 mm inducers, and serial dependence effect (APSE) for each
condition. PSE values are reported as mean =+ standard error of the mean (SEM).

Condition Inducer 77 mm Inducer 83 mm APSE
Unisensory H 80.14 + 0.23 mm 81.40 + 0.24 mm 1.26 £ 0.01 mm
Unisensory V 78.62 = 0.23 mm 80.48 £0.26 mm 1.86 £ 0.02 mm

Cross-sensory: Inducer V, Test H 80.29 £0.25 mm 80.74£ 024 mm  0.45+-0.01 mm
Cross-sensory: Inducer H, Test V 79.66 = 0.20 mm 80.10£0.15mm  0.44 £-0.05 mm
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Figure 5.10 — Average PSE values as a function of the inducer (77 mm and 83 mm) for the
four experimental conditions. The squares represent the average PSE values, while the error
bars indicate the standard error of the mean.

The Bayesian repeated-measures ANOVA analysis showed selective effects of the main

factors and interactions on the perception of the size of the test spheres.

The analysis of inclusion Bayes Factors (Table 5.5) showed that the inducer dimension (77
mm vs. 83 mm) had a strong effect on test perception. The inducer type (same vs. opposite
with respect to the test/reference) and test type (H vs. V) also showed significant evidence, as
did the fest type X inducer type interaction and the inducer x inducer type interaction. In
contrast, the interaction inducer x test type showed inconclusive evidence, and the interaction

inducer X test type X inducer type showed evidence in favor of exclusion from the model.
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Table 5.5 — Inclusive Bayes Factors for each term of the Bayesian repeated-measures ANOVA.
The values indicate the evidence in favor of including each main factor or interaction in the
model, with higher numbers representing stronger evidence.

Term BF inclusion
Inducer (77 mm vs. 83 mm) 3.16x10"
Inducer type (same as test vs. opposite to test) 2.56x10°
Test type (H vs. V) 1.02x10°
Test type x Inducer type 5.17x10°
Inducer X Inducer type 122
Inducer x Test type 0.799
Inducer x Test type x Inducer type 0.186

This allowed us to conclude that the model that best explains our data is defined by

PSE~Inducer + Inducer.,,, + Test,,, + Testyyp, * Inducery,,, + Inducer = Inducer,,,, .

Subsequently, Bayesian post-hoc analyses provided a detailed picture of the observed

interaction (Table 5.6).

Table 5.6 — Results of post-hoc analyses conducted using Bayesian t-tests for paired measures.
The table shows the Bayes Factors (BF) associated with each comparison between
experimental conditions (i.e., each interaction term in our model).

Comparison BF
Inducer H Test H vs. Inducer V Test V 2398
(HHH vs. VVV) )
Inducer V Test H vs. Inducer H Test V )67
(HVH vs. VHV) )
Inducer H Test H vs. Inducer V Test H 39.01
(HHH vs. HVH) )
Inducer V Test V vs. Inducer H Test V 375
(VVV vs. VHV) )
Inducer 77 mm unimodal vs. Inducer 83 mm unimodal 225320
(HHH and VVV) )
Inducer 77 mm cross-modal vs. Inducer 83 mm cross-modal 13.05
(HVH and VHV) )

The direct comparison between the two unisensory conditions (HHH vs. VVV) showed strong
evidence (BF = 23.28), indicating that the size estimation bias has a different direction
between the haptic condition and the visual condition. The comparison between the two cross-
sensory conditions (HVH vs. VHV) provided inconclusive evidence regarding their difference

(BF = 2.67).
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Comparisons between unimodal and cross-modal conditions revealed systematic differences
in bias estimates, with cross-modal conditions showing more than moderate evidence in favor
of reduced deviations relative to unimodal conditions (HHH vs. HVH, BF = 39.01; VVV vs.
VHYV, BF = 3.75). Overall, these results suggest that participants are more accurate in the

cross-sensory rather than in the unisensory condition.

Finally, direct comparison between small and large inducers (so the inducer-related shift in
PSE), both within unimodal (HHH and VVV, BF = 2253.20) and within cross-modal (HVH
and VHV, BF = 13.05) conditions, revealed strong evidence, confirming that the size of the
inducer shifts the PSE, in both the unimodal and cross-modal conditions. Additionally, a direct
comparison of the size of serial dependence effects between unisensory and cross-sensory
conditions showed strong evidence that the effect of dimension (77 mm or 83 mm) of the

inducer was greater in the unisensory than in the cross-sensory condition (BF = 149.37).

5.4.3 Discussion

This study aimed to investigate how visual and haptic cues can influence the perception of an
object's size, with a particular focus on the effect of serial dependence. To do this, we used a
mixed reality setup, where real spheres allowed us to obtain purely haptic cues, while virtual
spheres, rendered using HL2, allowed us to see the contribution of pure visual perception in a

realistic context.

The study builds upon the studies presented in the previous sections of this chapter, where we
demonstrated how HL2 allows for highly realistic rendering of virtual objects, to the point
that their perception is comparable to that of real objects. This approach not only allows for
precise manipulation of the dimensions and visual characteristics of stimuli but also allows
this to be done in a realistic three-dimensional context, preserving the natural visual cues that
influence perception. In this way, we can isolate the visual contribution from the haptic one
without having to resort to simple two-dimensional or artificial stimuli, ensuring more

ecological and generalizable results.

Typical biases in visual and haptic size perception

Our findings about the estimation bias in the haptic domain and visual domain are consistent

with the literature documenting the existence of systematic biases in the perception of size
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within individual sensory modalities, biases that are nevertheless highly dependent on context,

task, and stimulus nature.

Literature shows that visual perception of size, especially in peripersonal space, can be
relatively accurate but frequently tends towards overestimation, particularly for distant objects
or specific visual configurations (Daneyko et al., 2025; Gori, Giuliana, et al., 2012). These
effects have been interpreted as a consequence of the visual system’s reliance on contextual
cues, which can bias metric judgments toward recently encountered or expected stimulus

values.

Similarly, although haptic perception supports reliable information for object recognition and
size discrimination, it is also subject to systematic metric distortions (Katzakis et al., 2020).
In particular, haptic judgments often exhibit a central tendency effect, characterized by
overestimation of smaller objects and underestimation of larger ones relative to a reference
size (Newlin et al., 1978; D. R. Thomas et al., 1974; Watson, 1957). Such distortions have
frequently been interpreted within the framework of adaptation level theory, where perceptual
judgments are made relative to an internal reference that reflects the mean of the stimulus

distribution rather than an absolute physical scale (Eysenck, 1966, 1966; Helson, 1964).

In line with the literature, the unisensory conditions of our experiment showed a consistent
bias in size estimation (haptic underestimation and visual overestimation): importantly, this
bias is reduced in cross-sensory conditions, suggesting that the availability of information
from another modality constrains size estimations and limits the magnitude of systematic

distortions (Katzakis et al., 2020).

Overall, our findings confirm that size perception in both visual and haptic domains is shaped

by modality-specific biases that systematically deviate from physical truth.

Serial dependence in unisensory and cross-sensory contexts

In addition to the specific perceptual biases of the individual modalities, our results show a
clear serial dependence effect in the estimation of size, highlighted by the systematic shift of
the PSE as a function of the size of the inducer stimulus. This pattern is consistent with
previous evidence, both from this thesis work and from the literature, showing that perceptual
estimates are attracted toward recent sensory input across a variety of features and tasks

(Cicchini et al., 2017; J. Fischer & Whitney, 2014; Manassi & Whitney, 2022).
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Crucially, the magnitude of this effect depends on the sensory relationship between the inducer
and the test stimulus: in unisensory conditions, serial dependence effects were robust, with
larger inducer producing consistent increases in PSE and smaller inducer producing consistent
reductions, both in the visual and in the haptic modality; in cross-sensory conditions, serial
dependence effects were still present but significantly attenuated, and this reduction was

observed across both cross-modal configurations.

Importantly, the present findings should also be considered in relation to previous studies on
perceptual adaptation and haptic aftereffects. In classical adaptation paradigms, prolonged
exposure to a stimulus typically produces repulsive perceptual biases, enhancing sensitivity
to changes in incoming sensory information. In the haptic domain, adaptation-like effects have
been reported for several object properties, including roughness and size perception
(Kahrimanovic et al., 2009; Kappers & Bergmann Tiest, 2013, 2014). In particular, Kappers
and Bergmann Tiest (2014) demonstrated a haptic size aftereffect in which prolonged
interaction with an object altered the perceived size of subsequently explored stimuli. These
findings suggest that recent sensory history can systematically influence haptic perceptual

judgments through mechanisms related to sensory recalibration and contextual coding.

The effects observed in the present study differ from classical adaptation effects in at least two
important aspects. First, the inducer stimuli were presented only briefly, rather than through
prolonged exposure typically used in adaptation paradigms. Second, the observed biases were
predominantly attractive rather than repulsive, with perceptual estimates shifting toward the
recently experienced stimulus. This attractive pattern is more consistent with accounts of serial
dependence proposing a stabilizing mechanism that promotes perceptual continuity over time.
However, the relationship between serial dependence and adaptation is unlikely to be strictly
dichotomous. Instead, both phenomena may reflect partially overlapping effects of recent
sensory history operating at different temporal scales and serving complementary functional
roles, such as perceptual stability on the one hand and change sensitivity or efficient coding

on the other.

These results fit into the debate on the nature of serial dependence in a structured way.
Previous studies have provided strong evidence in favor of serial dependence being
predominantly specific to sensory modality. In particular, Fornaciai and Park (Fornaciai &

Park, 2019) showed that serial dependence generalizes between different stimulus formats
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within the visual modality, but not between different sensory modalities, suggesting a
mechanism anchored to specific sensory representations. Partially divergent results were then
reported by Hashimoto and Makioka (Hashimoto & Makioka, 2025a), who observed cross-
modal serial dependence effects in a sequential numerical comparison task, indicating that

transfer between modalities may emerge in the presence of the same stimulus format.

In this context, our results show an intermediate pattern: serial dependence is robust in
unisensory conditions but also remains present in cross-sensory conditions. This trend
suggests that, in the domain of size perception, the influence of the previous stimulus (inducer)
on the current one (fest) is reduced when they belong to different modalities. These results are
consistent with the idea that serial dependence could reflect a mechanism that combines

specific sensory components and more abstract representations shared between modalities.

Overall, our results help clarify that serial dependence in size perception is not a strictly
unisensory or completely amodal phenomenon, but is a flexible process modulated by the

availability and consistency of sensory information.

General considerations and limitations of the study

The serial dependence experiment we conducted enabled us to exploit mixed reality
technology to create a novel experimental configuration: isolating the visual contribution of
an object held in one’s hand during a size discrimination task. By using a hologram, we
provided visual feedback without any accompanying haptic information. This approach
allowed us to investigate serial dependence within these two sensory modalities in isolation
and the cross-sensory influence, contributing to deepen the literature on cross-modal serial

dependence.

Our results indicate the presence of systematic over- and under-estimation biases in both
visual and haptic size perception, and size judgments are consistently modulated by the
dimension of the preceding stimulus. Additionally, the magnitude of the serial dependence
effect differed between sensory conditions, being larger in unisensory than in cross-sensory

configurations.

A possible limitation of this study concerns the relatively small sample size, which may have
limited the statistical power of the analyses and, consequently, the ability to detect more subtle

contributions of certain factors or interactions, such as the inducer x test type interaction.
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Although the Bayesian approach allows for a direct evaluation of the evidence for or against
the inclusion of terms in the model, a larger sample would allow for more accurate estimation
of these effects and more robust conclusions. Therefore, a key next step will be to expand the
experimental sample in order to strengthen the reliability of the results and clarify the role of

any marginal interactions.
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Chapter 6

General Discussion

This chapter aims to integrate and critically discuss the main results that emerged in the
various experimental chapters, relating them to the research questions that guided the work.
The main contributions offered by this thesis regarding the understanding of serial dependence
will be highlighted, both in terms of the generality of the phenomenon in the different sensory
modalities and in terms of the underlying mechanisms. Finally, future directions for research

will be outlined.

6.1 Summary

This thesis investigated the phenomenon of serial dependence as a general mechanism of
temporal integration, exploring its extension beyond classical visual features and evaluating
its role in the perception of time, audition, touch, and cross-sensory contexts, as well as the

influence of visual experience.

The first experimental chapter examined serial dependence in visual temporal perception,
comparing temporal discrimination and reproduction tasks to clarify whether the observed
biases reflect shared perceptual mechanisms or distinct processes. The results showed that

serial dependence emerges in both tasks, but with different characteristics, suggesting a
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differential role of serial dependence in the integration of past and present stimuli.
Additionally, the serial dependence effect that emerged in the two experiments does not appear
to be related to working memory effects, suggesting that the different experimental structures

involve distinct memory mechanisms.

The following chapter extended the analysis to auditory temporal perception, demonstrating
that serial dependence in this domain critically depends on the temporal structure of stimuli

but not on their physical structure, highlighting specific constraints of the auditory modality.

The third experimental chapter investigated serial dependence in the tactile perception of
motion direction, introducing dedicated haptic tools and comparing sighted and visually
impaired participants, revealing that the effect is present in touch and is also present in the
absence of visual experience, suggesting a common mechanism underlying the serial
dependence effect in tactile motion direction perception in both sighted and visually impaired

populations.

The final chapter addressed cross-sensory serial dependence in the visuo-haptic domain, using
mixed reality technology to separately control the contributions of visual and tactile
information in the perception of object size, showing that serial dependence can emerge

specifically within individual modalities as well as in cross-modal settings.

Overall, the results of this thesis indicate that serial dependence is not a unitary and invariable
mechanism, but rather a flexible process that depends on sensory modality and temporal
context, contributing to a more nuanced understanding of the computational principles

underlying perceptual stability over time.

6.2 The push-pull dynamics of serial dependence

The results presented in the studies in Chapters 2 and 4 reinforce the idea that serial
dependence is not a unitary phenomenon attributable to a single mechanism, but rather the
expression of a push-pull dynamic in which distinct and opposing processes interact in
shaping perceptual behavior (Pascucci et al., 2019; Sadil et al., 2024). More specifically, the
presented findings support the idea that recent sensory history can influence perception

through at least two partially dissociable mechanisms: an attractive component linked to
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perceptual stabilization and history, and a repulsive component more closely related to sensory

adaptation and change detection.

This pattern, already documented in the visual domain and presented in the previous chapters,
has been interpreted as the result of two functionally distinct mechanisms (Cicchini et al.,
2017; J. Fischer & Whitney, 2014; Pascucci et al., 2019). From a functional point of view, the
repulsive component associated with the previous stimulus can be understood as a mechanism
of perceptual differentiation (Blond¢ et al., 2023; Sheehan & Serences, 2022): distancing the
representation of the current stimulus from the recent one allows the perceptual system to
maximize sensitivity to changes, preventing neural saturation phenomena and reducing
sensory information redundancy. This type of repulsion is consistent with the classic effects
of sensory adaptation observed in multiple perceptual domains and appears particularly
relevant in the temporal and tactile contexts, where the repetition of similar stimuli can rapidly
degrade discriminability (Clifford et al., 2000; Kohn, 2007). Our findings extend this
perspective by showing that similar history-dependent influences can also emerge under much
shorter stimulation conditions. On the contrary, the attractive component linked to the
previous response can be interpreted as a form of decision-making inertia or continuity of
action, which helps to stabilize behavior over time, reducing variability and uncertainty in

response production (Cicchini et al., 2017; Fritsche et al., 2017).

The observation that the same dynamic also emerges in the tactile domain and in participants
with visual impairments provides further evidence in favor of its general nature. In visually
impaired subjects, in fact, the simultaneous presence of repulsion towards the stimulus and
attraction towards the response suggests that serial dependence does not critically depend on
visual experience, but can be supported by internal sensory and motor representations. The
cortical reorganization associated with blindness, which also involves the typically visual
areas (Coelho et al., 2025; Sadato et al., 2002; Wanet-Defalque et al., 1988), could enhance
both sensory adaptation processes and memory and action planning processes, promoting a

balance between behavioral stability and flexibility.

To conclude, this ambivalent dynamic of serial dependence can be interpreted as the result of
a functional compromise between two fundamental requirements of the perceptual system: on
the one hand, the need to remain sensitive to changes in the environment; on the other, the

need to maintain continuity and stability in representations and actions. The coexistence of
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sensory repulsion and decision-making attraction, therefore, represents an adaptive strategy
that allows the brain to integrate past experience without sacrificing the ability to respond

flexibly to new information.

6.3 Serial dependence in time perception

The results of the studies presented in Chapters 2 and 3 highlight how serial dependence is a
phenomenon present also in the perception of time, extending across both the visual and

auditory domains.

In visual temporal discrimination tasks, the presence of an inducer stimulus was sufficient to
generate an attractive effect on the subsequent target, confirming what has been observed in
the literature (Togoli et al., 2021). At the same time, in visual temporal reproduction tasks,
serial dependence shows a dual nature, with repulsive effects linked to the previous stimulus
and attractive effects linked to the previous response, consistent with the push-pull model
illustrated in the previous paragraph. These two findings suggest that serial dependence in
visual temporal perception is not a unitary phenomenon, but reflects the interaction of distinct
mechanisms operating at different levels of processing (Ceylan et al., 2021; Cicchini et al.,
2017; Pascucci et al., 2019): visual time estimation does not appear to be the product of a
single stage of encoding, but rather emerges from a multilevel dynamic in which sensory and
decision-making components contribute in different ways to the temporal experience

(Himberger et al., 2018; Marti & Dehaene, 2017).

Serial dependence in auditory temporal perception confirms and expands on these results. In
this case, we observed how the effect emerges from a temporal discrimination task based on
the visual one, and again, the inducer stimulus acts by altering the perception of the following
stimulus. However, although auditory temporal perception also exhibited reliable serial
dependence, the effect was strongly modulated by the inter-stimulus interval (ISI) between
the inducer stimulus and the target stimulus: short ISIs (4 ms) favor the emergence of the

effect, while longer ISIs (300 ms) cancel its influence.

This difference from visual temporal perception suggests that, while temporal serial

dependence may rely on a general integration principle, its effective temporal window is
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modality-dependent. Auditory timing mechanisms, which are often characterized by high
temporal precision and rapid updating (Nditdnen et al., 2004; Rammsayer et al., 2015;
Thibault et al., 2023), may operate on shorter integration scales compared to visual timing

processes, which are known to tolerate longer temporal correlations.

These results support the hypothesis that serial dependence in time perception cannot be
considered purely amodal nor purely modality-specific. Rather, it appears to reflect a general
stabilizing mechanism whose temporal dynamics are constrained by the intrinsic processing
characteristics of each sensory modality. The fact that the effect persists across vision and
audition supports the hypothesis of a shared adaptive function — namely, the reduction of
perceptual variability and the promotion of temporal continuity (Cicchini et al., 2017; J.
Fischer & Whitney, 2014) — while the divergence in temporal tuning highlights the role of

modality-dependent encoding constraints.

6.4 The role of vision in serial dependence effect

Within the various experimental chapters, specifically in Chapters 2, 4, and 5, vision played a
crucial role, either directly or indirectly, in modulating the emergence and characteristics of
the serial dependence effect. Overall, the results presented in these studies suggest that vision
1s not a necessary prerequisite for the emergence of serial dependence, but it is a crucial factor

in shaping its amplitude, direction, and level of representation at which the effect emerges.

In purely visual tasks, such as those presented in Chapter 2 on temporal perception, serial
dependence emerges in a robust and systematic manner. In particular, in both temporal
discrimination and reproduction tasks, previous visual experience significantly influences
current estimation. These results are part of a vast literature that identifies vision as the
privileged domain for the study of serial dependence (Cicchini et al., 2024; Manassi et al.,
2023; Pascucci et al., 2023), probably since vision is the dominant sensory modality in humans
and offers a well-known and accessible model for studying perception and sensory processing,
as well as naturally involving predictive and temporal integration mechanisms (Deodato &

Melcher, 2024).
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In Chapter 5, the role of vision is explored in a more subtle way through a mixed reality
paradigm that allows visual information to be dissociated from haptic information in the
perception of dimension. The results show that, although serial dependence is present in both
unisensory and cross-sensory conditions, its amplitude is significantly greater when the
inducer and test stimuli belong to the same modality. In particular, the presence of a pure
visual component is associated with more pronounced serial dependence effects, while cross-
modal interaction seems to attenuate the influence of the previous stimulus. This pattern
suggests that vision may serve as a privileged reference system for the encoding of
information, helping to stabilize perception over time, but also constraining the emergence of
systematic distortions when the disruptive information (so, the inducer stimulus) is consistent

within the same modality (Heller, 1983; Power, 1980).

A particularly relevant contribution to the understanding of the role of vision emerges from
the results of Chapter 4, in which serial dependence is studied in the tactile motion direction
perception, both in sighted and visually impaired participants. The results show that the serial
dependence effect is present even in the absence of visual input, and that the push-pull
dynamic between the perceptual component (AS) and the response-related component (AR) is
consistent in both populations. This evidence suggests that the mechanisms underlying serial
dependence do not depend exclusively on visual experience but reflect more general
computational principles of the perceptual system, shared between different sensory

modalities.

Although serial dependence also emerges in conditions without visual information, the data
suggest that vision can play a role in calibrating temporal integration mechanisms. In sighted
participants, the availability of visual feedback during the execution of the response can
reduce perceptual uncertainty and limit dependence on the recent history of responses. On the
contrary, in visually impaired participants, the absence of such feedback could reinforce the
weight of the decision-making and mnemonic component, amplifying the attractive effect
linked to the previous response. In this sense, vision does not appear to be the origin of serial
dependence, but a factor that modulates the balance between sensory adaptation and cognitive

stabilization.

Overall, the findings of this thesis suggest that serial dependence is not a mechanism related

to a single sensory modality but emerges from the interaction between modality-specific
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perceptual processes and more abstract-level representations. In light of this, vision constitutes
an important reference system for perceptual stabilization, but it does not represent a necessary

condition for serial dependence to manifest itself.

6.5 From unimodal to cross-modal interactions

The results presented in the various chapters of this thesis show how serial dependence
emerges consistently within individual sensory modalities. Overall, this suggests that serial
dependence is not a phenomenon rigidly anchored to a single mode but reflects a dynamic
process that can operate at different levels of representation, from specific sensory contexts to

cross-modal contexts.

In Chapters 2 and 3, serial dependence emerges robustly within individual sensory modalities,
both in visual and auditory perception of time, confirming that the previous stimulus
systematically influences the current estimate. However, the amplitude and persistence of the
effect are strongly constrained by the computational characteristics of the specific modality:
in particular, in the auditory domain, serial dependence occurs only for very short time
intervals, suggesting an origin linked to rapid and transient sensory mechanisms (Nédtidnen et
al., 2004; Rammsayer et al., 2015; Thibault et al., 2023). A more articulated picture emerges
when the task requires a reproduction of the stimulus, as in the reproduction experiments
proposed in Chapters 2 and in Chapter 4. In these cases, serial dependence does not
exclusively reflect the influence of the previous stimulus, but results from the interaction
between perceptual and decision-making components, with repulsive effects related to the
stimulus and attractive effects related to the response. These results indicate that, under
unimodal conditions, serial dependence may reflect mechanisms closely related to the sensory

coding of the specific sensory modality.

However, this does not imply that the phenomenon is limited to such levels of representation.
In particular, when the relevant feature is a property that allows a shared representation
between modalities, such as the size of objects, the influence of perceptual history can persist
even when the inducer and stimulus test belong to different sensory systems. Chapter 5
provides direct evidence of how serial dependence behaves in this case: the results from our

experiment show that the effect persists even in cross-sensory conditions, but with a
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significantly reduced amplitude compared to unimodal conditions. This intermediate pattern
suggests that serial dependence is neither completely specific to the modality nor completely

amodal.

The attenuation of the effect in cross-modal conditions may reflect a reduction in coherence
between the sensory representations involved: when information comes from different
modalities, the perceptual system may weigh current information more heavily than recent
history, limiting the influence of the previous stimulus. However, the persistence of the effect
indicates the existence of shared representations, probably related to more abstract properties
of the stimulus, such as size or duration. This is also confirmed by the fact that the serial
dependence effect in cross-sensory conditions persists whether one switches from an inducer

in visual modality to a test in haptic modality, or vice versa.

6.6 Conclusion and future directions

The purpose of this thesis was to investigate the effect of serial dependence across different
sensory modalities, perceptual characteristics, and task types, in order to clarify the
mechanisms through which recent sensory history influences current perception. Combining
visual, auditory, tactile, and cross-sensory paradigms, this work provides a comprehensive
view of serial dependence as a flexible and multi-level phenomenon, rather than as a

mechanism confined to a single sensory system or a specific computational stage.

In all experiments, serial dependence manifested as a systematic bias toward recent
experience, confirming its robustness across different perceptual domains. However, the
characteristics of the effect vary significantly depending on the sensory modality, the

perceptual feature analyzed, and the structure of the task.

These results support the interpretation of serial dependence as a multi-level mechanism,
capable of operating at different stages of processing. At an early sensory level, the effect may
reflect rapid and modality-specific processes aimed at increasing sensitivity to changes and
reducing redundancy. At higher levels, serial dependence seems to promote perceptual
stability by integrating recent information over time, especially when the feature of interest

has amodal or modality-shared representations. In this framework, serial dependence is
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neither rigidly unisensory nor completely amodal, but a flexible process whose expression
depends on the interaction between sensory precision, feature representation, and task
characteristics. This perspective allows for merging previously conflicting results and

explaining both the presence and attenuation of the effect across different modalities.

Future research should systematically manipulate the level at which perceptual features are
represented to separate modality-specific contributions from amodal ones. A promising
extension involves cross-sensory paradigms on other features, such as temporal duration or
direction of movement, to verify whether the attenuation observed for size perception
generalizes to other perceptual properties. Moreover, combining behavioral paradigms with
neuroimaging or neurostimulation techniques could help identify the neural loci where serial
dependence emerges and clarify whether different levels of processing contribute in parallel
or in sequence. Finally, investigating serial dependence in more ecological and interactive
contexts, such as active exploration or natural multisensory environments, could provide
further insights into the functional role of the phenomenon in stabilizing perception in daily
life.
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