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Perception and perceptual memory play crucial roles in fear generalization, yet their dynamic
interaction remains understudied. This research (N = 80) explored their relationship through a classical
differential conditioning experiment. Results revealed that while fear context perception fluctuates
over timewith a drift effect, perceptualmemory remains stable, creating a disjunction between the two
systems. Surprisingly, this disjunction does not significantly impact fear generalization behavior.
Although most participants demonstrated generalization aligned with perceptual rather than physical
stimulus distances, incorporating perceptual memory data into perceptual distance calculations did
not enhance model performance. This suggests a potential shift in the mapping of the perceptual
memory component of fear context, occurring alongside perceptual dynamics. Overall, this work
provides evidence for understanding fear generalization behavior through different stimulus
representational processes. Such mechanistic investigations can enhance our understanding of how
individuals behave when facing threats and potentially aid in developing mechanism-specific
diagnoses and treatments.

The conventional approach to understanding behavior transfer involves
formulating the similarity between learned and novel contexts using a
transfer function, widely adopted across domains like categorization1–3,
memory4, and machine learning5, where the similarity between stimuli
conforms to a decaying function of psychological distance6,7. Despite the
wide variety of decaying functions8, the general exponential rule prevails,
suggesting that behavior transfersmorewhen the new context closely aligns
with the learned context in mental space (Fig. 1a). In addition, other
common practices in learning and generalization, such as elemental
representation models9,10 or neural network models11, directly operate sti-
mulus representation in the physical dimension, assuming that greater
similarity in physical features leads to more overlap in stimulus (neural)
representations and, consequently, more behavior transfers. Despite oper-
ating in different dimensions, all these approaches assume a static stimulus
representation (Fig. 1a).

The challenge with these invariant stimulus representation assump-
tions is that they overlook the dynamic and probabilistic characteristics of
the mental representation process. Recent research has highlighted the
imperfections of the nervous system12,13, characterized by the brain’s sto-
chastic processes in encoding physical inputs14. To navigate such com-
plexities, a probabilistic framework ofmental representations is essential for
understanding how behavior evolves in dynamic environments15,16.
Behavioral17–19 and neural20–22 evidence in humans and other animals
indicates a significant influence of internal uncertainty on behavior. In

situations where mental representations of the physical inputs are unstable,
even precise mapping functions can yield vastly different behavioral pat-
terns (Fig. 1b). Therefore, investigations into behavior transfer must con-
sider not only external environmental variability but also internal
representational variability, a dimension notably overlooked in fields of
stimulus generalization23.

Recent advancements in human perception theories underscore the
non-linear, dynamic and inferential nature of perception, shaped by intri-
cate sensory24–26 and psychological27–30 processes. Grounded in the pre-
dictive coding framework31–33 and particularly within the Bayesian brain
theory29,30,34,35, thesemodern perspectives propose that our perception of the
physical world is a dynamic process of continuous temporal evolution. This
process is characterized by the brain’s ongoing management of inherent
uncertainties in sensory input and the constant updating of expectations
based on prior experiences and current context. A compelling illustration of
these principles is provided by Weiss et al.36, who elucidates several per-
ceptual patterns in human visual motion perception using Bayesian prin-
ciples. Their research demonstrates that the visual systemgenerally assumes
slower motions to be more probable than faster ones, often leading to an
underestimation of speed, particularly in low-contrast conditions. More-
over, their study reveals that the perception of motion direction in complex
stimuli, such as plaids and rhombuses, can deviate from the actual motion.
This deviation occurs as the visual system integrates noisy local measure-
ments with a prior belief favoring slower motions, exemplifying the
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interplay between sensory input and pre-existing expectations in shaping
perception.

Similarly, recent investigations into visual memory have revealed its
complex and imperfect nature, highlighting the significant influence of
contextual factors and the intricate interplay between encoding and retrieval
processes37–39. A paradigm shift in understanding visual information storage
and retrieval has emerged through the concept of hierarchical coding40–42.
This framework challenges the traditional viewof independent item storage,
proposing instead that visual memory operates simultaneously across
multiple levels of abstraction. Compelling evidence for this hierarchical
model comes from experiments on size recall conducted by Brady et al.41.
These studies demonstrated that when recalling the size of a specific circle,
participants were systematically influenced by the average size of other
circles sharing the same color. This bias toward ensemble statistics illustrates

the complex interaction between item-specific details and higher-order
information in memory processes. Building on these findings, recent
researchhas further challenged the conceptualizationof perceptualmemory
as a passive storage system. Brady et al.43 emphasize its probabilistic and
inferential nature, aligning perceptual memory more closely with con-
temporary theories of perception. This emerging view posits that perceptual
memory engages in active inferential processes. Such a framework suggests
enhanced flexibility and adaptability in information storage and retrieval
mechanisms, reflecting the dynamic nature of human memory.

Contemporary advancements in our understanding of human
perception and perceptualmemory challenge the assumption of veridical
and deterministic perception that underlies much of traditional gen-
eralization research. In traditional generalization research, even in
probabilistic models that acknowledge uncertainties9,10, the shape and
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Fig. 1 | Mental representation and behavior. The left panels depict the relationship
between physical and perceptual distances of stimuli, showing how the perceived
similarity between previously learned and newly encountered stimuli relates to their
actual physical differences. The right panels illustrate the relationship between
perceptual distance and behavioral response, demonstrating that stimuli perceived
asmore similar to the learned stimulus (smaller perceptual distance) trigger stronger
responses, while those perceived asmore different elicit weaker responses. In thefirst
scenario (a), mental representation is assumed to remain static over time, with

behavior following a one-to-one mapping based on the point-based mental distance
between novel encountered contexts and learned contexts. In contrast, in the second
scenario (b),mental representation is characterized by noises and exhibits a dynamic
nature over time. Consequently, applying the same mapping function may result in
different behavioral predictions. The temporal patterns in (b) illustrate the dynamic
nature of mental representations, serving as an example without specific theoretical
implications for the changes shown.
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location of stimulus representation distributions are often assumed to
remain fixed for the same physical stimulus. Notably, a recent study
highlights the constraints of the sensory processing system and estab-
lishes a connection between the inferential nature of human perception
and the process of perceptual generalization44. Specifically, the study
suggests that the slope of generalization gradients may correlate with the
information processing capacity of the brain. Recent empirical evidence
has begun to explore the impact of idiosyncrasies in perception45–50 and
memory51,52 on fear generalization behavior. These studies have revealed
that both stimulus perception and perceptual memory for a given sti-
mulus can differ over time, with these differences directly mapping onto
generalization behavior. This dynamics manifests in two key ways: quite
often, a newly encountered stimulus, when misidentified as a previously
learned stimulus, elicited stronger fear responses compared to when it
was correctly identified; conversely, fear responses were substantially
lower to the learned threat stimulus when mistakenly identified as dif-
ferent from its original encoding. This recent body of evidence adds
support to the notion that examining generalization behavior within a
fear context based on one-to-one physical perceptual mapping and
flawless memory retention is overly simplistic. While these empirical
findings have highlighted the importance of interindividual differences
in stimulus representation, the dynamic interplay between perceptual

and memory systems and their combined modulation of fear-related
behavior remains largely unexplored.

In thiswork,we investigated, under fear contexts, the dynamic patterns
of two primary sources of stimulus representations: perception and per-
ceptual memory. Simultaneously measuring how individuals perceive and
recall features of threat and safety stimuli acquired during learning and
generalization paradigms in a differential conditioning experiment (Fig. 2),
we explored the existence of specific temporal patterns in perception and
perceptual memory. In addition, we investigated whether such patterns are
driven by threats. Utilizing computational modeling to formulate a com-
prehensive system for perceptual fear generalization49, which integrates
error-driven learning53 and similarity-based generalization processes6,7, we
further explored the contributions of individual perception and perceptual
memory to shaping fear generalization behavior.

Results
In this section, we report findings regarding the perceptual temporal pat-
tern, perceptual memory temporal pattern, the variation between percep-
tion and perceptual memory, and how they relate to fear generalization
behavior. For parameter inferences, we used Bayesian statistics, which
represents our uncertainty about parameters through probability distribu-
tions in a principled manner.
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Fig. 2 | Experimental design and descriptive data patterns. The experimental design and group-level descriptive data from the current study are presented, involving three
distinct tasks: size estimation, US expectancy, and size reproduction.
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Perceptual dynamics: group patterns
In Fig. 3a, a distinct perceptual drift with opposite directions is observed for
the threat-associated stimulus (CS+), depending on its physical size (S3:
66.048 mm, S8: 104.168 mm). Specifically, the group-level (across blocks)
parameter μδμ , governing the overall changes in the mean of perceived size
throughout the experiment, was estimated as positive when S3 served as
threat stimulus (95% CI [1.74, 4.04], median = 2.80) and negative when
S8 served as threat stimulus (95%CI [−5.05,−1.19],median =−2.90). This
led to an increase in perceived size when S3 served as threat stimulus and a
decrease in perceived size when S8 served as threat stimulus throughout the
experiment. Interestingly, the drift patternwasmuch less pronouncedwhen
the same stimuli had no association with threat (CS−). The estimated μδμ
covers 0 in its 95%CIwhen either S3 (95%CI [−0.18, 0.29], median = 0.05)
or S8 (95%CI [−0.17, 0.03],median=−0.07) servedas safety stimulus. This
results in overlaps between the estimatedμ at the beginning and at the endof
the experiment when either S3 or S8 served as safety stimulus.

Concerning the standard deviation of the perceived size (σ), a more
stimulus-specificpattern, rather than fear-specific, emerged (panel b, Fig. 3).
For S8, μδσ (on a logarithmic scale) was estimatedmostly as negative either
when it served as threat stimulus (95%CI [−2.01, 0.48],median=−0.82) or
safety stimulus (95% CI [−0.15, 0.002], median = −0.08). This led to a
decrease in σ throughout the experiment when S8 served as either threat or
safety stimulus. For S3, the continuous temporal pattern was less evident.
Another stimulus-specific pattern surfaced, revealing that uncertainty
regardingS8 surpassed that of S3 at theonset of the experiment, regardlessof
whether in threat or safety conditions, while the variance decreased gra-
dually over time. For the complete block-levelμ and σ estimateswith the size
estimation data for threat and safety stimuli in the acquisition and gen-
eralization stage, see Supplementary Tables 1 to 6.

Perceptual dynamics: computational modeling
Employing a one-dimensional state space model, we explored both inter-
and intra-individual differences in perceptual dynamics. This extended
analysis not only investigatedperceptual dynamics concerning threat (CS+)
and safety (CS−) conditioned stimuli but also tracked evolving perceptions
of all encountered stimuli throughout the experiment. Themodel featured a
mixture structure, allowing us to test two hypotheses about the nature of
perceptual dynamics in fear contexts.

First, we examined two assumptions about the perceptual prior. This
involved contrasting two ideas: (1) that current perception is grounded in
themost recentprecedingperceptualmean, and (2) that it relieson themean
of individual sensory transformations across the spectrum of physical sti-
muli presented during the experiment (i.e., regression to the mean effect).

Second, we scrutinized, on an individual basis, whether there was a differ-
ence in the propensity of current perception to adhere to the perceptual
prior (see “Methods” section for more modeling details). The effectiveness
of our model in interpreting the observed data is underscored by posterior
predictive checks (see Supplementary Figs. 1 to 6).

The underlying premise of the current perceptual model posits that
perception, at any givenpoint in time, is influenced by the interplay between
the ongoing sensory transformation, known as the perceptual likelihood
(see Supplementary Fig. 13), and the existing perceptual prior, taking into
account the relative uncertainty associated with both sources, as delineated
by the Kalman gain (κ). A lower Kalman gain signifies an increasing
emphasis of the perceptual prior on the current perceptual distribution.

In Fig. 4a, our findings strongly support the utilization of the mean of
sensory translated values as the perceptual prior, rather than themost recent
perception.The 95%credible interval for the probability parameterπψof the
prior source is estimated to be [0.95, 1],with amedian value of 0.99. Turning
focus to Panel b, we observe that the proportion of fear-conditioned sti-
mulus uncertainty exceeding that of the other stimuli hovers around 0.5.
This suggests that, for themajority of participants, the sensory uncertainties
associated with fear-inducing and neutral stimuli are approximately
equivalent.

Figure 4c illustrates the progressive changes in the Kalman gain κi
across multiple trials. It can be seen that, in general, there is a dominance of
the perceptual likelihood over the perceptual prior throughout the entire
experimental duration for most participants. Nevertheless, a discernible
decrease in this trend indicates a slight increment in the influence of the
perceptual prior on shaping perception for a subset of participants. Thus, on
average, throughout the experiment, the prior becomes somewhat more
important in the construction of the percept.

Perceptual memory dynamics: group patterns
In Fig. 5a, the mean recalled sizes for both threat (CS+) and safety (CS−)
stimuli remain stable throughout the experiment, irrespective of physical
size. In the size reproduction task, median μδμ estimates for CS+ are−0.50
(S3) and 0.51 (S8), with 95% CIs of [−1.33, 0.28] and [−1.76, 0.78],
respectively. The correspondingmedianestimates for the safety stimulus are
0.28 (S3) and 1.87 (S8), with 95% CIs of [−0.92, 1.66] and [−1.85, 6.37],
respectively. In the subsequent size estimation task,medianμδμ estimates for
the treat stimulus are 0.45 (S3) and−0.02 (S8),with95%CIsof [−0.52, 1.36]
and [−1.27, 1.25], respectively. The corresponding estimates for the safety
stimulus are −1.42 (S3) and 1.91 (S8), with 95% CIs of [−3.15, 0.36] and
[−3.32, 8.10], respectively. These estimates reveal that the temporal effect is
not discernible in perceptual memory, regardless of the stimulus size or the

Fig. 3 | The dynamics of population-level percep-
tual patterns. The general temporal patterns of
perceived size of two stimuli, S3 (physical size =
66.048 mm) and S8 (physical size = 104.168 mm),
serving as threat-associated (CS+) and threat-
absent (CS−) stimuli. The two panels depict 10,000
MCMC samples of the group (across blocks) level
parameter modulating the overall temporal varia-
tions in the mean (a) and SD (b) of the perceptual
response.
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presence of threat associations (see Supplementary Figs. 2 to 3 for the
estimated μ in the memory task).

The standard deviation of recalled sizes exhibits an overarching
decreasing pattern, although it is not consistently observed across all con-
ditions (Fig. 5b). In the size reproduction task, median μδσ estimates for
threat stimulus are −0.06 (S3) and −0.10 (S8), with 95% CIs of [−0.11,
−0.009] and [−0.25, 0.06], respectively. The corresponding median esti-
mates for the safety stimulus are−0.004 (S3) and−0.05 (S8), with 95%CIs
of [−0.16, 0.15] and [−0.26, 0.13], respectively. In the subsequent size
estimation task, median μδσ estimates for the threat stimulus are−0.06 (S3)
and −0.11 (S8), with 95% CIs of [−0.19, 0.05] and [−0.24, 0.02], respec-
tively. The corresponding estimates for the safety stimulus are 0.04 (S3) and
−0.07 (S8), with 95% CIs of [−0.23, 0.33] and [−0.16, 0.009], respectively.
In addition, the findings in perceptualmemorymirror the pattern observed
in the perceptual data, where the uncertainty of S8 notably surpasses that of
S3 at the onset of the experiment, gradually converging as the uncertainty of
S8 declines over time (see Supplementary Figs. 5 to 6 for the estimated σ in
the memory task).

Variabilitybetween individualperceptionandperceptualmemory
Subsequently, we investigated the alignment between individual perceptual
memory of threat and safety conditioned stimuli and the most recent per-
ception prior to the memory task. This analysis utilized predictive samples
from individual perceptual and memory distributions, derived from the
second analysis. The perceptual distribution was based on estimations from
the most recent threat and safety stimuli encountered before each
memory task.

Figure 6 reveals significant individual disparities in the discrepancies
between predictive samples of perception and perceptual memory. While
some individuals exhibit perceptual memory that closely aligned with the

most recent encoding of physical inputs, overall, the predictions of per-
ceptual memory and perception do not align well. In addition, a stimulus-
specific pattern emerged in the size reproductiondata. According tomedian
estimates, participants tended to recall larger sizes for S3 (fear stimulus:
71.88% of participants; safety stimulus: 93.75% of participants) and smaller
sizes for S8 (fear stimulus: 50% of participants; safety stimulus: 87.5% of
participants).

Links to fear generalization behavior
For thefinal analysis, we examined the influence of real-timeperception and
perceptual memory on fear generalization behavior, as pre-registered. To
achieve this, we applied the data to a computational model of human
generalization49 and devised a mixture framework within the model. This
composite structure enabled us to assess the extent to which the incor-
poration of memory data and perceptual data contributed to explaining the
generalization behavior. Similar to the computational perceptionmodel, the
validity of our model in explaining the observed data is affirmed through
posterior predictive checks (see Supplementary Figs. 7 to 12).

For the first comparison, akin to the previous research49, we examined
whether the primary mechanism of data formation indicated potentially
clinically relevant subgroups characterized by either the absence of learning
(Non-Learners, π1,1) or an abnormal tendency toward overgeneralization
(Overgeneralizers, π1,2). Furthermore, we assessed whether the data on
generalization behavior were more aligned with physical distance (Physical
generalizers, π1,3) or perceptual distance (Perceptual generalizers, π1,4).

In the second comparison, we established three distinct perceptual
distances based on different assumptions regarding perceptual memory.
The first assumes that distances in psychological space are determined by
current perception and perceptual traces, as derived from our computa-
tionalmodel of perception. The second and third assumptions propose that
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Fig. 4 | The dynamics of individual perceptual patterns. a Posterior distributions
with 10,000 MCMC samples of the probability parameter πψ, determining whether
the data favors using the previous perceptualmean or themean of individual sensory
mapping values of the presented sensory inputs in the experiment as the perceptual
prior. A value smaller than 0.5 signifies support for the former prior source, while a
value greater than 0.5 indicates the opposite. b The proportion of sensory uncer-
tainties for fear-conditioned (σS1;i) and other (σS2;i) stimuli (

σS1;i
σS2;iþσS1;i

) computed by

estimated σS1;i and σS2;i . A value greater than 0.5 implies greater sensory uncertainty
for fear-conditioned stimulus, suggesting its higher susceptibility to the perceptual
prior in comparison to other stimuli; conversely, a value smaller than 0.5 implies the
opposite. c The dynamics of Kalman gain (κ) for participants across trials are illu-
strated. AKalman gain greater than 0.5 signifies a higher susceptibility of the current
perception to the sensory transformation of the current sensory input, while a value
smaller than 0.5 implies the opposite.
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perceptualmemory, asmeasured in thememory task (via size reproduction
and estimation), rather than perceptual traces, determines the memory
component in perceptual distance. The level of support for each of these
perceptual distance assumptions is quantified by the estimated probability
parameters π2,1, π2,2, and π2,3, respectively.

Figure 7a demonstrates the dominance of Perceptual Generalizers in
the current data, with the estimatedprobability parameter π1,4 having a 95%
CI of [0.84,0.96] and a median of 0.92. The probability parameters for the
other three latent groups are all estimated to be negligible, with 95% CIs of
[0.007,0.084], [0.057,0.011], and [0.007,0.084], andmedians of 0.032, 0.011,
and 0.032 for π1,1, π1,2, and π1,3, corresponding to the latent groups of Non-
Learners, Overgeneralizers, and Physical Generalizers, respectively (see
Supplementary Fig. 14 for MCMC trace plots).

Regarding the second comparison, Fig. 7b presents compelling evi-
dence indicating that memory data did not contribute more to explaining
the observed fear generalization behavior than simply assuming that the
most recent perceptual encoding represents the current memory repre-
sentation of the learned stimuli. The estimated probability parameter π2,1
has a 95% CI of [0.84,0.96] and a median of 0.91, which is notably higher
than the other two assumptions about perceptual distance. These
assumptions have 95% CIs of [0.007,0.105] and [0.01, 0.11] andmedians of

0.37 and 0.44 for π2,2 and π2,3, corresponding to perceptual distances
computed with size estimation and reproduction data in the memory task,
respectively.

In summary, our findings corroborate those of Yu et al.49, demon-
strating that both inter- and intra-individual differences in perception are
important contributors to human fear generalization behavior. However,
contrary to our initial hypothesis, our evidence did not support the notion
that incorporating perceptual memory enhances the explanation of gen-
eralization behavior.

Discussion
In this research, we explored the dynamic interplay between the dual
underlying mechanisms that govern stimulus representations within fear
contexts: the instantaneous visual perception and the perceptual memory.
Our findings suggest that there is no evidence ofmeaningful temporal shifts
in perceptual memory. This observation aligns with existing research evi-
dence that supports thenotionof awell-preservedprocess of low-level visual
perception over short time intervals54–56, a characteristic that remains
unchangedwithin fear-laden contexts in the current study. However, in the
case of visual perception, we observed a progressive drift associated with the
smaller size stimulus when conditioned with fear-inducing outcomes.
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Fig. 5 | The dynamics of population-level perceptual memory patterns. The
general temporal patterns of recalled perceived size of two stimuli, S3 (physical size =
66.048mm) and S8 (physical size = 104.168mm), serving as threat-associated (CS+)

and threat-absent (CS−) stimuli. a The two panels depict 10,000MCMC samples of
the group (across blocks) level parametermodulating the overall temporal variations
in mean (a) and SD (b) of the perceptual memory response.
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Fig. 6 | The difference between perception and perceptual memory. Mean var-
iations in predictions across blocks for individual perceptual and memory dis-
tributions of two stimuli, S3 (physical size = 66.048 mm) and S8 (physical size =
104.168 mm), which served as threat-associated (CS+) and threat-absent (CS−)
stimuli. For each memory block, 10,000 predictive samples were generated from
both perceptual distributions (representing the most recent encoding before the
memory task) and perceptual memory distributions. The mean was then calculated

across all memory blocks for each distribution, after which the differences were
computed. A value of 0 signifies a perfect alignment between perception and per-
ceptual memory (memory data - x-axis: size estimation; y-axis: size reproduction).
Values greater than 0 indicate overestimation in perceptual memory, while values
smaller than 0 indicate underestimation. The error bars denote the interquartile
range (25th to 75th percentiles). The points correspond to the median values of each
individual.

Fig. 7 | The probability parameters in the com-
putational model of generalization. a The four
probability parameters denote the extent to which
the current data supports the assumptions of gen-
eralization behaviors being influenced by either the
absence of learning (π1,1) or overgeneralization
(π1,2). In addition, they assess whether learning and
generalization reasonably occur through the influ-
ence of physical distance (π1,3) or perceptual dis-
tance (π1,4). b The three probability parameters
indicate the extent to which the current data support
the assumptions of perceptual distance. These are
computed using either the most recent perceptual
distribution of threat and safety stimuli (π2,1), or the
distributions estimated by the size estimation data
(π2,2) and the size reproduction data (π2,3) as the
perceptual memory components. Each distribution
consists of 10,000 MCMC samples.
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Conversely, wenoticed a diminishing driftwhen the larger size stimuluswas
conditioned with fear-inducing outcomes. Notably, these drifts were less
pronounced when the stimuli were not associated with threats. Moreover,
we found a decreasing trend in perception in terms of uncertainty, parti-
cularly for the larger size stimulus, irrespective ofwhether itwas conditioned
with fear or not. The computationalmodeling, which examined the trial-to-
trial changes in perceptual distributions at the individual level across all
stimuli, supports a similar notion: aroundhalf of the participants exhibited a
more pronounced regression to the mean effect when encountering threat-
associated stimuli compared to other stimuli.

Since the seminal work of Shepard6,7, generalization has been envi-
sioned as a cognitive inferential system57,58 operating within the mental
space. In this framework, stimuliwithminimal distances in themental space
aremore likely to be inferred as belonging to the same psychological region.
The extent of generalization varies based on how far this region is from the
initial learning region. However, basing inference on mental space distance
can pose challenges if we assume a stable mental space, while the mental
representations of physical inputs are dynamically and probabilistically
dispersed within it. Recent perceptual theories29,30,34,35 and our current data
collectively emphasize that the mental space is far from static. Our findings
underscore a distinctive perceptual dynamics in humans when encounter-
ing fear contexts. Incorporating these context-specific perceptual dynamics
is crucial for formulating accurate mental distances, thereby mitigating the
influence of one inferential system (stimulus representation) on another
(generalization).

The research interest in understandinghow fear learning influences the
ability to differentiate between subsequently encountered stimuli and
the initially learned stimuli has seen a notable surge in recent years59–63. Yet,
the presence of conflicting evidence poses a challenge in drawing definitive
conclusions regarding alterations in the identification and discrimination of
fear-conditioned stimuli following fear learning, and the subsequent
implications in fear generalization behavior. Considering the biological
imperative for survival, both directions of the impact of fear context on
perceptual discrimination hold significance. Augmenting perceptual dis-
criminability can potentially bolster the likelihood of survival by fortifying
the identification of fear-inducing contexts. Conversely, diminishing per-
ceptual discriminability may also enhance the chances of survival by
expediting the generalization of fear learning to physically similar contexts.
The current findings contribute indirectly to the discourse by highlighting
that fear learning undermines the ability to discern initially learned fear
contexts59,62,64, primarily influenced by the temporal dynamics of visual
perception, while perceptual memory remains relatively stable.

The temporal dynamics observed in the perception of fear-inducing
stimuli bear a striking resemblance to the regression effect, also knownas the
central tendency of judgment. This perceptual bias has been documented in
psychophysics literature for decades65,66. From the recent perspective of the
Bayesian brain theory, this phenomenon canbe understood as a result of the
adaptive learning process of the perceptual system29. According to this
framework, the brain continually learns and forms prior distributions based
onpreviously encounteredphysical inputs.Asmore stimuli are experienced,
themean of this prior distribution gradually shifts toward the average of the
perceived quantities of these stimuli. When a new physical input is
encountered, the resulting perception is influenced by this prior distribu-
tion, effectively drawing the perception toward the mean of previously
encountered stimuli. The underlying mechanism of a more pronounced
effect on fear-inducing stimuli found in our data (Fig. 3), however, warrants
future studies. Theoretically, this effect could be attributed to either
increased uncertainty in the sensory processing of fear-inducing stimuli or
the formation of a separate prior distribution with narrower uncertainty for
these stimuli. The former explanation is somewhat surprising given pre-
vious research indicating that fear-inducing stimuli capture attention more
readily67,68. In either case, percepts tend to incline more toward the prior
distribution, which encapsulates ensemble information of all encountered
stimuli. From an evolutionary perspective, such an adaptive tendency could
have survival value. The inclination toward prior percepts may enable

individuals to quickly recognize contexts similar to dangerous ones as
potentially threatening, thereby providing opportunities for avoidance.
Future studies should aim to replicate our findings and explore potential
explanatory mechanisms for this phenomenon.

In addition to the average patterns, we also observed substantial
individual variations in the disparities between the perceptual memory
distributions and the latest perceptual distributions of threat and safety
stimuli before every memory block. Through the utilization of a compu-
tational model of generalization49, we discovered that the incorporation of a
memory distribution in the computation of perceptual distance (whether
using size estimation or reproduction data) did not alter the generalization
behavior compared to use of the most recent perceptual distributions of
conditioned stimuli as a memory component. Moreover, through com-
parisons of various assumptions regarding patterns of fear generalization
behavior, we discovered that the majority of participants exhibiting fear
transfer in accordance with dynamic and probabilistic distances in the
mental space, rather than the physical features of stimuli. In addition, the
proportion of participants exhibiting aberrant generalization behavior is
negligible.

One potential explanation for observing more variation in
perception-memory dynamics than in its actual effect on fear general-
ization behavior is thatwhilemost participantsmaintain stable perceptual
memory of conditioned stimuli during the acquisition stage, the encoding
of fear-inducing sensory information shifts alongside perception. This is
especially notable given that individuals consistently experience fear-
inducing contexts during the post-learning stage of the experiment. The
newly encountered fear-inducing experiences are not necessarily linked to
the initially fear-associated perceptual memory, but rather to the
immediate mental representation of the surrounding environment at the
time of these fear experiences. Consequently, this gives rise to a complex
interplay between perception, fear learning, and fear generalization. Fear
learning modulates perception59–63, which in turn influences fear
generalization45–48,52. The alterations in perception within these fear-laden
contexts further impact fear learning, perpetuating a cyclic process. This
could potentially offer an alternative explanation for the inconsistent
findings regarding the effect of fear learning on stimulus discrimination,
as current studies have not fully accounted for the continuous experiences
and mutual influences of these different mechanisms.

From a clinical perspective, the behavioral fear generalization gradient
increasingly serves as an indicator for anxiety-related disorders, where
anxiety symptoms are associated with steeper fear response gradients,
implying a stronger generalization tendency as a cognitive mechanism69–71.
However, clinical implications may be misleading when steeper response
gradients are driven by perceptual representation processes rather than the
generalization tendency. The significant impact of robust perceptual priors
has been observed in various mental disorders, shaping overall perceptual
patterns72–74. This body of evidence suggests that individuals with specific
conditions, such as schizophrenia75, tend tomodify their visual processing in
response to diverse sensory inputs, adhering to a particular belief about
physical reality. Intriguingly, research indicates that psychosis can be
induced in healthy participants through the introduction of robust per-
ceptual priors in conditioning experiments76. Moreover, memory bias has
been more frequently observed in patients compared to healthy
participants77–80. Given that certain mental illnesses can influence mental
representation patterns and vice versa, this could lead to the misattribution
of observed behaviors to the disorder. The current evidence, coupled with a
wealth of recent research exploring latentmechanisms of fear generalization
behaviors45–50, necessitates a paradigm shift in the study and treatment of
generalization-related clinical disorders. This shift calls for a transition from
focusing solely on observed behaviors or symptoms to delving deeper into
the diverse mechanisms underlying these outcomes. Such an approach
would enable the development of tailored treatment programs based on
specific combinations of mechanisms for different symptom presentations.
The clinical value of computational modeling is increasingly recognized for
its capacity to elucidate the underlying causes of psychiatric symptoms and
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to stratify patients based on multidimensional symptom profiles81,82. The
work of Yu et al.49 and the current research advocate for the widespread
adoption of computational modeling to integrate various generalization-
behavior generating routes in both theoretical and applied research. This
approach not only enhances our understanding of the complex processes
underlying fear generalization but also holds promise for more precise and
effective interventions in clinical settings. Future research should focus on
refining these computational models and validating their predictive power
across diverse clinical populations, potentially revolutionizing the diagnosis
and treatment of anxiety-related disorders.

Finally, our findings emphasize the need for further investigation into the
origins,mechanisms, and circumstances underwhich a biasedperceptual prior
mightmanifest to influenceperception.Given that fear generalizationbehavior
has been implicated as akey in anxietydisorders69–71, it is reasonable to consider
that individuals with anxiety disorders may exhibit a heightened perceptual
prior that modulates their sensory processing systems. This supposition is
supported by research on other forms of psychopathology72–74. Understanding
the intricacies of perceptual dynamics in individuals with anxiety disorders,
particularly in their perception of fear-inducing stimuli, and discerning the
relative contributionsofperceptual andother cognitivemechanisms in shaping
their maladaptive fear behavior, is of paramount importance.

As a limitation, the conclusions drawn in this study are solely based on
self-report behavioral data. However, the alignment between behavioral
measures and physiological or neurological indicators within the context of
fear remains unclear. Previous research has indicated inconsistencies
between these measures, both in the realm of fear learning83–85 and
perception86.Understandingwhich response channels better account for the
alterations in the underlying mechanisms of observed behavior necessitates
the use of modern modeling techniques in cognitive science. These tech-
niques enable the statistical integration of data from different response
channels into a cognitive model, facilitating the inference of parameters
based on the combined information from all channels87,88. Another
advantage of incorporatingmeasurements at both biological and behavioral
levels offers a more comprehensive understanding of how individuals
respond to the fear-conditioned stimuli in the experiment. The potential
influence of fear perception saliency on changes in perception and per-
ceptual memory within the fear context warrants careful consideration.
While electrical stimuli are widely used and recognized as potent fear-
inducing stimuli inhumanexperimental research89, due to the complexity of
fear as an emotional construct, which is not fully understood empirically, it
is challenging to capture it accurately through a single measurement90.

Methods
The study was pre-registered on the Open Science Framework (https://osf.
io/puyg3). An additional study91 using the same dataset, but primarily
focusing on exploring gender effects in fear generalization and related
processes, was registered separately (https://osf.io/byq82). This latter study
aims to investigate potential gender-specific patterns in fear generalization
behavior and whether these patterns stem from gender differences in
learning, perception, and perceptual memory. Both pre-registrations were
completed prior to data collection. All relevant materials of the current
study, including experiment scripts, data, and analysis scripts, are accessible
at https://osf.io/8qxu3/. Ethical approval was obtained from KU Leuven’s
Social and Societal Ethics Committee (G-2022-5873-R3).

Deviations from pre-registration
The current study deviates from the pre-registration in several important
aspects. In particular, the pre-registration plan was followed for the data
collection and the data processing. The final reported analysis is the analysis
included in the pre-registration plan. The first four analyses, however, were
not pre-registered. These exploratory analyses serve a dual purpose: they
elucidate specific dynamic patterns in perception and perceptual memory
(group patterns analyses), and they facilitate the development of more
theoretically grounded variables for both processes (computational mod-
eling for perception).

Participants
The sample size for this study was set at 80 participants. This sample size is
expected to be sufficient based on our previous similar study49, which
employed the same computational model for generalization with a sample
size of 40 participants.

To achieve our target sample size of 80, we initially recruited 100
participants (50% female; mean age = 21 years, SD = 4.01). To ensure data
quality, we applied several exclusion criteria. Participants who did not
complete the entire experiment or who self-reported not responding ser-
iously were excluded. In addition, we removed from the analysis any
memory reproductions that retained the samediameter size as the initial size
(either 0.1 or 160 cm). Participantswithmore than20%missing data for any
measurement during anyphase of the experimentwere also excluded. These
criteria were implemented to maintain the integrity of our data and ensure
the reliability of our analyses. The final sample size and any adjustments
made due to these exclusions are reported in the Results section. Recruit-
mentwas conducted through the participant pool of theKULeuvenFaculty
of Psychology and Educational Sciences, and participants received research
participation credit or €16 as compensation. Informed consent was pro-
vided by participants at the beginning of the experiment. The experiment
lasted ~90min, and all instructions were provided in English.

Experiment
In this study, we employed a differential conditioning paradigm for fear
learning and generalization. During fear learning, participants were
repeatedly presented with a threat-associated stimulus (CS+) and a safety-
associated stimulus (CS−), enabling them to learn the consequences (US) of
these stimuli. Following this, in the generalization paradigm, participants
were exposed to novel stimuli that bear physical similarities to the learned
ones. Their fear responses to these stimuli were then measured.

The stimuli for learning and testing consisted of circles of various sizes,
presented as white outlines against a black background. Circle size has been
widely utilized in studies involving conditioned fear, spanning both healthy
and clinical populations46,49,69,92–94. The stimulus set included ten circles
labeled S1 through S10, with diameters ranging from 50.80 to 119.42mm
and spaced at intervals of 7.624mm.During fear learning, the third-smallest
circle (S3: 66.048mm) and the third-biggest circle (S8: 104.168mm) were
presented. One of these circles was associated with a painful shock (CS+),
while the other signaled its absence (CS−), with this association counter-
balanced across male and female participants. For 24 participants of each
gender, S3 served as threat stimulus and S8 as safety stimulus, while in the
remaining participants, the configuration was reversed.

To evoke fear responses, participants experienced a 2-ms aversive
electrocutaneous stimulus as the unconditioned stimulus (US). This sti-
mulus was administered using a Constant Current Stimulator (DS7)
through a pair of Ag/AgCL electrodes (each 8mm in diameter) placed on
the non-dominant wrist, lubricated with K-Y gel. Individual adjustments to
the US intensity were made using the Ascending Method of Limits
approach95 to achieve a pain rating of 8 on a Visual Analog Scale (VAS)
ranging from 0 (no pain) to 10 (worst imaginable pain). Beginning at 2mA,
the intensity increased by 0.2 mA per step, ensuring pain sensations
remained tolerable. On average, the selected intensity was 10.99 mA
(SD = 5.89).

The experiment comprised four phases following calibration: practice,
acquisition, memory, and generalization. Before commencing, participants
received comprehensive instructions both orally and in written form,
including visual examples of different line sizes (5, 10, 50, 100, and 150mm).
After calibrating the unconditioned stimulus (US) intensity, participants
completed six practice trials to familiarize themselves with the task. Each
trial displayed conditioned stimuli (CSs) on a computer screen for 12 s,
divided into two phases. During the first 7 s, the CSwas presented alongside
a Visual Analog Scale (VAS) for size estimation, ranging from 0 to 200mm.
After this period, the size estimation VAS disappeared, and an expectancy-
VAS appeared for the remaining 5 s. This expectancy-VAS ranged from 0
(‘no shock’) to 100 (‘definitely a shock’). Following the 12-s stimulus

https://doi.org/10.1038/s41539-024-00287-x Article

npj Science of Learning |            (2024) 9:78 9

https://osf.io/puyg3
https://osf.io/puyg3
https://osf.io/byq82
https://osf.io/8qxu3/
www.nature.com/npjscilearn


presentation, a fixation cross marked the intertrial interval (ITI), which
lasted 1 to 3 s randomly. During practice trials, no US was presented. Fol-
lowing the practice phase, the acquisition phase commenced, consisting of
10 CS+ trials and 10 CS− trials. The task structure mirrored the practice
phase, with the only difference being that the US followed the CS+ 80% of
the time (equivalent to 8 trials).

After the acquisition phase, participants proceeded to the firstmemory
task, where they were asked to recall and recreate threat (CS+) and safety
(CS−) stimuli. Theywere instructed to recreate the circle thatmost often led
to an electric stimulus or the one that least often led to it during phase 1.
Participants adjusted the circle size by pressing buttons, incrementing or
decrementing in 0.5-mm increments, upon seeing circles with either a very
large diameter (160 mm) or a very small diameter (0.1 mm) on the screen.
They then estimated the recreated circle’s diameter using a size-VAS for 7 s
and indicated their confidence level on a confidence-VAS for 5 s. Following
a 1-min break, the generalization phase began, where participants estimated
circle sizes and shock expectancy as in previous phases. This phase included
CS(s) and an additional set of 8 circles varying in size, with threat stimuli
consistently paired with shocks, while safety and other test stimuli were not.
This sequence was repeated thrice, with each repetition followed by a 1-min
break, memory phase, and generalization phase. After the final memory
block, participants completed the State-Trait Anxiety Inventory (STAI) (see
Supplementary Fig. 15 for the distribution), and a debriefing session ended
the experiment. In total, five memory blocks were administered, each
containing recall instructions for 5 threat stimuli and 5 safety stimuli, pre-
sented in random order. Similarly, there were five generalization blocks,
each comprising 12 threat stimuli, 4 safety stimuli, and 3 instances of each of
the other 8 circles, also presented randomly.

Group patterns
To examine the temporal dynamics of perception and perceptualmemory of
the stimuli presented in the learning stage, a normal distribution model was
formulated to estimate block-level parameters, including the overarching
mean (μ) and standard deviation (σ) for both threat and safety stimuli. This
estimation was performed with a multilevel structure for the size estimation
data collected during all stages of the experiment: the fear learning and
generalization stages (z = 1) and the size reproduction (z= 2) and estimation
data (z = 3) in the memory stage (see also Fig. 2). These parameters were
estimated separately for distinct conditions of physical size (S3 or S8, indexed
as k ∈ {1, 2}) and whether threat is associated (CS+ or CS−, indexed as l ∈
{1, 2}) and blocks (5 blocks, indexed asm ∈ {1, 2, 3, 4, 5}).

Between each block, the parameters δμ,m and δσ,m were utilized to
govern block-level changes in μklm and σklm (we transformed σklm to a
logarithmic scale). For any of the three subdata (z = 1 for the fear learning
and generalization stages; z = 2 for the size reproduction in the memory
stage; z = 3 for the size estimation in the memory stage):

Sizezklm � N μklm; σ
2
klm

� �
; ð1Þ

with

μkl;mþ1 ¼ μklm þ δμ;m; ð2Þ

and

σkl;mþ1 ¼ elnðσklmÞþδσ;m : ð3Þ

Higher-level priors (i.e., hyperpriors; see Table 1) are assigned to the
parametersδμ,m (withμδμ andσδμ ) and δσ,m (withμδσ andσδσ ),whichgovern
the block variations of μ and lnðσÞ, respectively. These hyperpriors encap-
sulate information regarding general temporal change patterns rather than
capturing specific differences between individual blocks. They serve as a
means to incorporate broader knowledge about the overall trends in tem-
poral variations, enhancing the model’s capacity to generalize and adapt to

overarching patterns in the data, rather than focusing on isolated block-
specific distinctions.

Perceptual dynamics: computational modeling
To model the data, we formulated a computational model rooted in foun-
dational tenets of the Bayesian brain theory to estimate the dynamics of
individual perception through the experiment. Specifically, we employed a
one-dimensional state space model, which leads to time-dependent per-
ception, based on the Kalman filter96. Notably, a similar model has found
application within the realm of human perception studies29. The directed
acyclic graph structure97,98 as depicted in Fig. 8a graphically illustrates the
connections between different parameters and variables. The relevant data
employed in this investigation includes the size estimation dataSizeAllij of all
stimuli in both acquisition and generalization stages (i∈ {1, . . . , 80} refers to
the participant, j ∈ {1, . . . , 180} refers to the trial).

Central to themodel is the concept that, at anygiven temporal instance,
two key perceptual sources jointly contribute to shaping the prevailing
perception: the sensory likelihood and the perceptual prior. The dominance
of either source in shaping perception is contingent upon the relative
uncertainty inherent in each source. Moreover, as individuals gain more
perceptual experiences, there exists the potential for a gradual reduction in
the uncertainty of the perceptual prior, consequently leading it to exert a
more pronounced influence on the ongoing perception. In essence,with the
current model, the idiosyncratic, inferential and probabilistic nature of
perception is underscored, with a continuously evolving interplay between
perceptual expectations (prior) and incoming sensory information.

The sensory likelihood in the model encapsulates the process of
translating sensory inputs into psychological values, effectively capturing
the overarching patterns inherent in the physical-perceptual relationship. A
non-linear logistic function with two scaling parameters β0,i and β1,i is
implemented to capture the diverse possibilities of this physical-perceptual
relationship:

μSij ¼
Ω

1þ e�ðβ0;iþβ1;iXijÞ ; ð4Þ

where the superscript S refers to the sensory information. With sensory
uncertainty, the sensory translation is formulated as a normal distribution:

ψS
ij � N μSij; σ

S
iq
2

� �
: ð5Þ

Here, the variableΩdenotes the range of themeasurement scale. In the
context of this study, the size estimationmeasurement falls within the range
of [0, 200], which implies that Ω equals 200. The variable Xij denotes the
physical quantity of presented stimulus (50.80 to 119.42 mm, spaced at
intervals of 7.624 mm). The parameter σSiq represents sensory uncertainty,

where q = 1 corresponds to the threat-associated stimulus, and q = 2 cor-
responds to other stimuli. Higher sensory uncertainty implies a stronger
tendency to prone to perceptual prior, and vice versa. We computed the

Table 1 | Priors specification for the descriptive model

Parameter Prior Hyperprior

First block μ μkl1 ~ N(Sk, 20
2)

First block σ σkl1 ~ LN(3, 0.52)

Block variation μ δμ;m � Nðμδμ ; σ
2
δμ
Þ μδμ � Nð0; 202Þ

σδμ � Half� Cauchy ð0; 2Þ

Block variation σ δσ;m � Nðμδσ ; σ2δσ Þ μδσ � Nð0; 52Þ
σδσ � Half� Cauchy ð0; 2Þ

Sk is thephysical sizeofS3andS8,which are66.048mm (k=1) and104.168mm (k=2), respectively.
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proportion of sensory uncertainty for the fear-conditioned (σSi1) and other

(σSi2) stimuli ( σSi1
σSi2þσSi1

) to investigate whether the threat-associated stimulus

elicits varying degrees of reliance on prior information compared to the
stimulus without threat. A proportion value exceeding 0.5 indicates that
fear-conditioned stimulus elicits a higher susceptibility to the perceptual
prior, and conversely.

Regarding the perceptual prior, we tested two assumptions concerning
its source. The first assumption posits that the perceptual prior corresponds
to the mean of the most recent perceptual distribution, expressed as μPij ¼
μψi;j�1 (corresponding to the well-known Bayesian adagio: ‘yesterday’s
posterior is today’s prior’, where μψ denotes the mean of the perceptual
posterior). The second assumption posits that the perceptual prior is
intrinsically linked to the mean of the sensory transformation, establishing
μPij ¼ μSis. In this context, the perceptual priormean is constant across trials j
for each individual i, reflecting the averaged sensory transformation across
all stimuli s. Todiscernwhichassumptiongarners stronger support fromthe
data, amixture structure has been integratedwithin themodel, enabling the
data to potentially stem from either of the two assumptions:

μPij ¼
μψi;j�1 formi ¼ 1;

μSis formi ¼ 2:

(
ð6Þ

The probability parameter πψ governs the extent to which each assumption
receives support from the data.

Simultaneously considering the perceptual likelihood and prior, the
iterative updating process initiates the formation of the current perceptual

distribution, amalgamating the internal world belief with the incoming
sensory information. Driving the updating mechanism for the perceptual
mean is the Kalman gain κij, encapsulating the relative uncertainties linked
to the two perceptual sources:

μψij ¼ μPij þ κijðμSij � μPij Þ; ð7Þ

with

κij ¼
σPij

σPij þ σSij
: ð8Þ

At each time point, the currentmean of perception μψij is the sumof the
current perceptual prior mean μPij and the weighted difference between the
translation of the ongoing sensory input μSij and the current perceptual prior
μPij . The determination of the weighting parameter, the Kalman gain κij,
hinges on the ratio of the uncertainty of the present perceptual prior and the
sum of the ongoing sensory translation and perceptual prior. Notably, the
Kalman gain κij ranges between 0 and 1, with values exceeding 0.5 implying
a stronger influence of the ongoing sensory information on the current
perception,while values below0.5 indicate that theperceptual prior serves as
the primary driver for the current perception.

Given the absence of system process noise, the current internal
uncertainty, denoted as σψij , is presumed to decrease with the accumulation
of perceptual experiences29, as outlined by the expression ð1� κijÞσψi;j�1.
However, recognizing the empirical complexities surrounding the notion of
the perceptual prior gradually outweighing the perceptual likelihood and
considering the unanswered empirical questions about the source of the
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https://doi.org/10.1038/s41539-024-00287-x Article

npj Science of Learning |            (2024) 9:78 11

www.nature.com/npjscilearn


perceptual prior, we introduced system process noise into the updating
process. This step accounts for the possibility that individuals may con-
sistently lean more toward relying on the perceptual likelihood.

σψij ¼ ð1� κijÞσψi;j�1 þ ηe�ωi�ðj�1Þ: ð9Þ

Subsequent to the updating process, the model will estimate a per-
ceptual mean μψij and standard deviation σψij at each time point. Conse-
quently, the perception at time j for individual i, denotedasψij, is assumed to
follow a normal distribution characterized by these two parameters:

SizeAllij � N μψij ; σ
ψ2

ij

� �
: ð10Þ

The model incorporates a multilevel structure that comprehensively
integrates individual andgroup-level information forparameter inference.The
individual-level prior and the group-level hyperprior employed in this study
are shown inTable 2. In light of the limitedunderstandingof theprocessunder
investigation, we employed weakly informative hyperpriors in this study.

Links to fear generalization behavior
For the final investigation, our objective is to explore whether the individual
dynamics of perception and perceptual memory influence fear general-
ization behavior (panel b, Fig. 8). To accomplish this, we modified the
previously constructed computational model in generalization49, which
dynamically integrates associative learning53 and similarity-based general-
ization processes6,7.

The relevant data employed in this investigation includes the US
expectancy data Expectancyij (i ∈ {1, . . . , 80} refers to the participant, j∈
{1, . . . , 180} refers to the trial), the estimated perceptual mean μψij , and
standard deviations σψij derived from the computational model of percep-
tion, and the individial perceptualmemorymeanμϕ1iklm (k∈ {1, 2} signifies S3
or S8, l∈ {1, 2} representsCS+orCS+, andm∈ {1, 2, 3, 4, 5}denotes thefive
blocks) and μϕ2iklm and standard deviation σϕ1im and σϕ2im estimatedwith the size
reproduction (ϕ1) and estimation data (ϕ2) in the memory task.

The fundamental assumption of the model is that, at each time point,
individuals generalize their previous learning to the next context based on
their generalization tendency and either the physical distance or perceptual
distance between the newly encountered stimulus and the previously
learned context. Themodel quantifies previous learning through individual
learning speed and the disparity between the current expectation and the
actual outcome, known as the prediction error.

At the very beginning, with no ongoing learning, individuals are
assumed to have no expectations (vij) about the stimulus-outcome rela-
tionship (vij=0).The speed atwhich individuals update their expectationsof
the stimulus-outcome relationship is embedded in the learning rate para-
meter α ∈ [0, 1]. The outcome variable is denoted as rij (rij ∈ [0, 1] for the

CS+ and rij∈ [−1, 0] for theCS−). Theprediction error is then calculated as
∣rij− vij∣. Since we assume that learning only occurs during the trials of the
conditioned stimuli, another variable kij is used to represent the occurrence
of CS(s).When there is a new interactionwith the conditioned stimulus, the
expectation vij will be updated:

vi;jþ1 ¼ vij þ αiðrij � vijÞkij: ð11Þ

In the context of threat learning,wedenoted thepredictive strength of threat
(i.e., excitatory strength) as vþij , where vþij 2 ½0; 1�. Conversely, in safety
learning, we denoted the predictive strength of threat absence (i.e., inhibi-
tory strength) as v�ij , where v

�
ij 2 ½�1; 0�.

Once an expectation is established (∣vij∣ > 0), it can be transferred to
newly encountered contexts with the aid of the generalization rate para-
meter λi. The generalized associative strength is assumed to exponentially
decrease with the increasing stimuli distance. Hence, a higher value of λi
indicates less generalization behavior, and vice versa:

gij ¼ vije
�λidij : ð12Þ

In the context of the differential learning paradigm in this work, the para-
meter gij is constrained within the range of [−1, 1]. This constraint arises
from the interaction between excitatory and inhibitory generalized
strengths, expressed by the equation gij ¼ vþij e

�λid
þ
ij þ gijv

�
ij e

�λid
�
ij 99.

In Yu et al.49, the model incorporates a mixture structure to identify
latent groups based on patterns of generalization behavior. In situations
where learning does not occur, individuals are identified as Non-Learners
(m1,i=1), leading to vij consistently being 0. This prevents the generalization
process, as there is no acquired associative strength to be extended. If
learning occurs (∣vij∣ > 0), yet the generalization tendency is excessively
strong due to an extremely small generalization rate λi, individuals are
identified as Overgeneralizers (m1,i = 2). In this case, 70% of the learned
associative strength persists even when encountering the most distant sti-
mulus. For these two latent groups, the generalized response remains
independent of the stimulus distance dij.

In instances where both learning and generalization processes operate
normally, themodel investigates thedegree towhichgeneralizedpatternsalign
more with the physical stimulus features (Physical Generalizers, m1,i = 3) or
the perceived stimulus features (Perceptual Generalizers, m1,i = 4). For Phy-
sical Generalizers, the stimulus distance between the currently encountered
stimulus (TS) and the conditioned stimuli (CSs) is determined as follows:

dij ¼ jxCS � xTSij j: ð13Þ

where dij is the physical distance (x
CS represents the physical coordinate of

the conditioned stimulus (CS), while xTSij signifies the physical coordinate of
the currently encountered stimulus (TS) on trial j).

Conversely, Perceptual Generalizers function uniquely within the
perceptual dimension, introducing an additionalmixture component in this
study to compare three assumptions regardingperceptual distance.First, the
perceptual distance is characterized by the overlapping region between the
current perceptual distribution and the most recently encoded CS(s) per-
ceptual distribution (m2,i=1). Second, theperceptual distance is represented
by the overlapping region between the current perceptual distribution and
the memory distribution estimated by the size reproduction data in the
memory task (m2,i = 2). Third, the perceptual distance is depicted by
the overlapping region between the current perceptual distribution and the
memory distribution estimated by the size estimation data in the memory
task (m2,i = 3):

dij ¼
1� R

minðf1ðxÞ; f ψ2 ðxÞÞdx form2;i ¼ 1;

1� R
minðf1ðxÞ; f ϕ12 ðxÞÞdx form2;i ¼ 2;

1� R
minðf1ðxÞ; f ϕ22 ðxÞÞdx form2;i ¼ 3:

8>><
>>: ð14Þ

Table 2 | Prior and hyperprior distributions for various
parameters in the perception model

Parameter Prior Hyperprior

Sensory scaling β0;i � N ðμβ0 ; σ
2
β0
Þ

β1;i � LN ðμβ1 ; σ
2
β1
Þ

μβ0 � N ð0; 52Þ
μβ1 � N ð�3; 22Þ
σβ0 � Half� Cauchy ð0; 2Þ
σβ1 � Half� Cauchy ð0; 2Þ

Sensory uncertainty σSi1 � LN ðμσS1 ; σ
2
σS Þ

σSi2 � LN ðμσS2 ; σ
2
σS Þ

μσS1
� N ð0;52Þ

μσS2
� N ð0;52Þ

σσS � Half� Cauchy ð0; 2Þ
Process noise forgetting ωi � LN ðμω; σ2ωÞ μω � N ð�5; 52Þ

σω � Uniform ð10�9; 1Þ
Initial process noise η � LN ð2; 1Þ
Prior source allocation mi � Bernoulli ðπψÞ πψ � Beta ð1; 1Þ
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where f1 is the perceptual distribution and f2 is the perceptual memory
distribution. In order to determine the overlapping regions of two dis-
tributions, involving the calculation of the integral encompassing the
minimum of their respective probability density functions across the entire
range, we employed a numerical approximationmethod usingMonteCarlo
simulation. This approach involved generating a set of random points
within the defined range, enabling the estimation of the proportionof points
that fellwithin theoverlapping region.Thismethodallowedus toprovide an
estimate of the corresponding area without resorting to direct integration.

The final step in the generalization model involves transforming
the latent response into the observed response. To achieve this, a sig-
moid function is applied to map the latent generalized expectation gij to
the consistent behavioral measurement scale of the US expectancy
response:

θij ¼
Ω

1þ e�ðw0;iþw1;igijÞ
: ð15Þ

here, in this study, the US expectancy response is measured on a scale
ranging from 0 to 100, denoting Ω = 100.

The presumed distribution of the final generalization response follows
a normal distribution, where θij serves as the mean:

Expectancyij � N θij; σ
2

� �
: ð16Þ

Similar to the computational model on perception, this model also
adopts a multilevel structure to account for information across various
layers. In addition, we employed a weakly informative hyperprior to signify
our limited understanding of the underlying process, as illustrated in
Table 3.

Statistical inference
All statistical inferences for the analysis were conducted using the Gibbs
samplingmethod through JAGS100, employingMarkov ChainMonte Carlo
(MCMC). The analyses were executed with specific settings: four MCMC
chains were run, each comprising 100,000 iterations. To ensure sampling

stability and optimize data storage, a burn-in period of 75,000 iterations and
a thinning factor of 10 were employed, resulting in 10,000 retained samples
per parameter (100;000�75;000

10 × 4).
Convergence of parameter sampling was evaluated through visual

inspection for irregular chain patterns and by checking the R̂ value, which
was required to be below 1.1, based on Gelman and Rubin diagnostics101,102.

For all post-sampling analyses, the statistical computing language R103

was utilized, along with the R package jagsUI104 to interface with JAGS in R.

Data availability
The raw and processed data for the experiment in this study can be accessed
at the following Open Science Framework (OSF) repository: https://osf.io/
8qxu3/.

Code availability
The code for the computational model and analysis, as well as supple-
mentary information with additional information about the model and
results, canbe found at the same repository as thedata: https://osf.io/8qxu3/.
The Bayesian sampling is conducted with JAGS (version 4.3.1), and the
post-sampling analysis and visualization are conducted with R (ver-
sion 4.3.0).
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