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Abstract

Choosing between alternatives is the stuff of everyday life. Many
choices require trades between competing objectives, such as between
capitalizing on past experience (‘exploitation’) and updating this expe-
rience (‘exploration’). In visual perception, where speed is important,
there are tensions between stability of appearance, sensitivity to visual
detail, and exploration of fundamental alternatives. Presumably, a ’sweet
spot’ balancing these objectives attains the highest degree of adaptive
function. Here, we employ a no-report binocular rivalry paradigm com-
bined with stochastic dynamic modeling to estimate how the visual system
balances the objectives of stability, sensitivity, and exploration through-
out the lifespan. Observed and simulated results reveal characteristic age-
and sex-specific developmental and maturational lifespan trajectories that
quantify important aspects of our neurocognitive phenotype. As we also
reveal aspects of atypical development underlying mental health disorders,
our cognitive modeling may inspire the field of developmental computa-
tional psychiatry, in addition to developmental and evolutionary cognitive
neuroscience.
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1 Introduction

An 80-year-old grandmother and her 8-year-old grandson will react very dif-
ferently to the same stimulus, e.g., a noisy car approaching. The child will be
engaged by the sound, will turn his body in the direction of the sound-source,
and drop all the toys he was playing with. On the other hand, grandma has
heard this sound so many times, she does not even lift her eyes from the page
she was reading. While the child cannot help being over-sensitive to novel
stimuli even if he was busy with doing something else, grandmother — relying
only on her extensive past experience — is a bit indifferent. The baby’s mother
would probably just take a quick look to see if there is anything interesting, and
continue her ongoing activity. This scenario illustrates the main hypothesis of
the paper: adaptive human functioning balances conflicting objectives, and this
balance may change throughout life.

Human neurocognitive development is a multidimensional and ever-changing
process determined both by biological mechanisms and the environment over
the lifespan. Details on the protracted maturation of human structural brain
connectivity are emerging with the advance of brain imaging technology [1-5].
It is becoming increasingly clear from such findings that lifespan trajectories
of brain organization improve our current, fragmented view of human develop-
ment. Nonetheless, little is known about the trajectories of active neurocognitive
adaptation to the environment, in other words, about the lifetime development
of our own behavioural phenotype.

Because of the aforementioned complexity of human growth, the description
of the neurotypical behavioural phenotype ought to be complex as well. It does
not seem meaningful to ask what the typical brain structure of an adult human
is. One needs to specify at least age and sex, since the brain is continually
reorganizing, with its development extending into adulthood [6,7] and as its
structure shows differences between the sexes throughout development [8-10].
Adolescence, in particular, is a period of substantial changes in brain structure —
notably, in the association cortex, connectivity is remodeled [11], while cortical
shrinkage and myelination are accelerated [12,13]. These organizational changes
are coupled with a high vulnerability to mental health disorders [14,15]. Parallel
to the changes in the brain’s structural organization that take place across the
lifespan, we should expect changes in the way it adapts to the environment. Fur-
ther differences should be expected in the case of atypical development underly-
ing mental health disorders, whether resulting from developmental conditions,
environmental factors, or a combination of both.

Here, we aim to provide lifetime developmental and maturational trajecto-
ries of relevant neurocognitive variables. To this end, we model human visual
function as a stochastic dynamics balancing partially conflicting performance
measures. We label these measures ”stability”, ”sensitivity”, and ”exploration”,
in analogy to concepts from reinforcement learning [16,17].

In a volatile environment that continually changes in unpredictable ways,
a successful interaction must take into account several inherent tensions. For
example, relying on past experience in order to make choices in perception or
action typically creates an ”exploration-exploitation-dilemma” [17-19]. Here,
the benefit of safe choices capitalizing on past experience (exploitation) must
be weighed against the potential benefit of risky choices flouting precedent (ex-
ploration) in order to extend or update this experience. Further tensions arise
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when a ”cost of time” creates an urgency for reaching timely decisions [20-22].
For example, visual perception generates transiently stable interpretations of
continuous sensory input and updates these interpretations at short intervals.
Here, the benefit of remaining committed to an interpretation until analysis is
complete must be weighed against the benefit of promptly overturning this in-
terpretation in response to ongoing changes in the input. This tension reflects
the competing objectives of perceptual stability and sensitivity [22,23].

We hypothesize that, during the developmental maturation of the human
brain, the balance between stability and sensitivity, or between exploitation
and exploration, might shift according to developmental constraints. We fur-
ther assume that reaching an optimal balance, or “sweet spot”, might ensure
peak adaptive function, probably around the early twenties. Important ques-
tions follow from this hypothesis. For example, is the sweet-spot displayed at
around the same time for females and males? Is the optimal balance retained,
lost gradually, or lost abruptly after reaching the peak? In other words, what
are the life-time trajectories of the two sexes in terms of trading stability for sen-
sitivity, and vice versa? As developmental conditions do not always provide for
optimal functioning, it is also among our goals to see whether atypical develop-
ment is accompanied by missing the sweet-spot and knocking the developmental
trajectory outside of the typical regime.

Multistable perception, where the perception of an ambiguous sensory in-
put reverses continually between alternative interpretations, offers an attrac-
tive paradigm for studying trade-offs between competing perceptual objectives.
Multistable perception represents a spontaneous reassessment of perceptual de-
cisions, even when sensory input remains unchanged [24,25]. Certain charac-
teristics of multistable perception strengthen this notion; notably, the fidelity
of evidence for, and ecological likelihood of interpretations, as well as auxiliary
information, behavioural context, and prior experience affect the dominance
and suppression of interpretations [26], suggesting an underlying inferential pro-
cess. Observed individual differences in multistable perception — as found across
age [27-32], and in multiple psychiatric disorders, such as autism spectrum disor-
der [33-37] among many others [38-44] — might be assumed to reflect differences
in the underlying inferential processes.

In this work, we assess life-time behavioural phenotypes employing mul-
tistable perception and dynamic modeling to estimate how the visual system
balances the dual objectives of stability and sensitivity. To reach this goal, we
measure and model the stochastic dynamics of visual perception under binocu-
lar rivalry, a form of multistable perception where different stimuli are shown to
each eye. We measure binocular rivalry in a no-report paradigm, which estab-
lishes perceptual dominance objectively, purely from eye movements, avoiding
confounding cognitive functions related to conscious reporting [45]. Participants
viewed two stimuli dichoptically through a mirror stereoscope, while we tracked
their left eye’s movements (Fig. 1). The stimuli were horizontally moving grat-
ings, which elicit optokinetic nystagmus (OKN), with slow phases (pursuits) in
the direction of the stimulus that is consciously perceived at the time [45-47].
Our method of analysis reliably and accurately reproduces perceptual domi-
nance from these slow pursuits [48]. From the observed data, we calculated
what parameters describe the participants’ behaviour in a dynamical systems
model of multistable perception [49]. Given these parameters, we then per-
formed extensive simulations with modulated input to examine how observers
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would perform in a volatile environment. We describe this predicted percep-
tual performance of observers in terms of the partially conflicting performance
parameters of stability, sensitivity, and disposition for exploration.

To draw lifespan trajectories of perceptual performance, we conducted the
binocular rivalry experiment with a large group of neurotypical participants
(N=107) of different ages, from 12-year-old children to senior adults. We chose
this broad range of ages to capture the expected developmental changes during
adolescence, and follow up the developmental trajectories through adulthood,
into senior age. Then, to explore how atypical perceptual performance relates to
typical trajectories, we conducted the experiment with two psychiatric groups.
One group consisted of young adults diagnosed with borderline personality disor-
der (BPD; all females) which is associated with developmental vulnerability fac-
tors, it is diagnosed predominantly in females [50] (although one study suggests
equal prevalence among men and women in the general population [51]), and
it is found in adolescents as well as in adults [52]. The second group consisted
of young adults diagnosed with autism spectrum disorder (ASD; all males), an
early onset neurodevelopmental disorder, more often diagnosed in males [50].
While patients with ASD are known to show alterations in multistable percep-
tion [33-37], to our knowledge, there are no studies demonstrating this in BPD.
Although atypical sensory perception is not included in the core symptoms of
BPD, patients show emotion-related misattributions in the perception of emo-
tionally ambiguous faces (i.e., for faces showing no, or neutral emotion [53,54]).
We hypothesized that patients with BPD would also show atypical behaviour
in an ambiguous perceptual situation with more general, non-emotional stimuli.
For both ASD and BPD, we expected measures of perceptual parameters to
deviate from typically developing subjects.

We found that females and males have different developmental trajectories
in terms of the observable variables of binocular rivalry statistics. We calculated
a maturation index from these variables, and found that females peak earlier in
the maturation index than males. From simulated experiments with modulated
input, we found that perceptual performance trajectories also differ in females
and males. Females seem to gain in all three perceptual parameter values of
stability, sensitivity, and exploration during adolescence, reach a sweet-spot in
their early twenties, and remain near the sweet spot until menopause. Males, on
the other hand, have their highest values of sensitivity and exploration in early
adolescence, both parameter levels decreasing through adolescence. Stability
increases until the mid-twenties, and drops continuously after that. The char-
acteristic divergence between the female and male trajectories raises the possi-
bility that the fine-tuning of perceptual function is correlated with sex hormone
levels throughout the lifetime. Experiments with the psychiatric patient groups
show that their measures (both in terms of binocular rivalry observables, and
performance in simulations with modulated input) fall outside of typical matu-
rational trajectories. Overall, our results suggest that the processes underlying
perceptual decisions develop across the lifespan, follow a different developmental
strategy between the sexes, and are affected by atypical development, resulting
either from a developmental condition in the case of ASD, or from a mental
illness associated with both genetic and environmental risk factors in the case
of BPD.
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Figure 1: Binocular rivalry paradigm. Participants sat in a mirror stereoscope and viewed
two separate displays with their left and right eyes. Displays showed gratings of different colour
(red and green) and opposite motion, inducing occasional reversals of phenomenal appearance
(binocular rivalry). Perceived appearance and its reversals were monitored objectively by
recording optokinetic nystagmus of one eye (OKN), using an automated analysis [48]
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2 Results

2.1 Females and males show different developmental tra-
jectories of binocular rivalry dominance statistics

The stimuli in the binocular rivalry experiment consisted of horizontally mov-
ing gratings, which differed in colour (red-and-black or green-and-black), and
in direction of movement. Such stimuli invoke optokinetic nystagmus (OKN)
in the direction of the one currently dominant in perception, allowing for a no-
report paradigm, where dominance- and transition periods are extracted from
eye movements [47,48,55]. Participants viewed the stimuli for ten trials, nine
of which were analyzed, each trial lasting 95 seconds. We first conducted the
experiment with neurotypical subjects. In this group, a total of 21 typically de-
veloping children (12 twelve-year-olds, 19 sixteen-year-olds), and 52 neurotypical
adult participants (aged 18-69) took part in the experiment (see Methods for
details).

We established the statistics of perceptual dominance periods from the recorded
eye movements with an automated OKN analysis [48]. Fig. 2 a, b shows the
median duration, interquartile range (IQR), and medcouple (MC, a robust mea-
sure of skewness) of dominance period distributions, separately for female and
male observers, computed with a log-normal weighted sliding average. The re-
sulting trajectories show considerable difference between sexes, e.g. in terms of
the starting and turning points, end points, or in terms of the curved segments
of the trajectories. It is noticeable that the direction of the trajectory of female
observers changes between the ages of 40 and 50 years, while there is no such
second direction change in male observers at a later age.

2.2 Females peak earlier in maturation index derived from
dominance statistics

To better summarize the development of the three parameter terms, we obtained
a maturation index (MI), shown in Fig. 2 d, by converting all values (from both
sexes) to z-scores, applying principal component analysis, and projecting mean
parameter triplets onto the first principal component (PC) axis. The first PC
accounts for most (79%) of the variance in the data, thus MI provides a good
measure of overall differences in dominance statistics. In terms of MI, females
peak at an earlier age (age 18.9) than males (age 23.7). The projection of mean
parameter triplets on the second and third PCs (which account for 16%, and
3% of the variance, respectively), show smaller modulating effects (Fig. 2 e, f).

2.3 Different trajectories in terms of a dynamic model of
multistable perception

To uncover the dynamics underlying the results above, we calculated what pa-
rameter values reproduce the observed dominance statistics in a model of mul-
tistable perception. We used a model based on the dynamic interaction of com-
petition, adaptation, and noise [23,49] (Fig 3. a, b). Four model parameters
are most consequential in determining dominance statistics: strength of compe-
tition (/3), adaptation strength (¢,), noise (o,,) (all relative to input strength,
which we set to equal values I1 o = 1), and the time-constant of adaptation
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Figure 2: Developmental and maturational trajectory of distribution parameters. a, b: Pa-
rameters of distribution of dominance durations — median duration (median), interquartile
range (IQR), and medcouple (MC) — during development and maturation of neurotypical fe-
male and male observers (blue to yellow color scale). The grey mesh represents mean values
+ 50% SEM, computed with sliding log-normal weighting and repeated sampling with re-
placement. The developmental trajectories of the two sexes differ notably within this space.
c: Principal component (PC) axes of mean distribution parameters observed over all ages
and sexes (computed after conversion to z-score values). First (red), second (blue) and third
(green) components account for 79%, 16%, and 3% of the variance, respectively. A matura-
tional index (MI) is obtained by projecting mean parameter triplets onto the first principal
component axis. d: Maturation index (MI) of neurotypical female and male observers (ma-
genta and green, respectively), as a function of age. At age 18.9 and 23.7, peak values of
2.11 and 2.42 are reached by female and male observers, respectively (stars). Sliding window
average (solid curves) and confidence intervals (£100% SEM, dotted curves) in harmonized
units (z-score values). Individual observers are also indicated (circles). e, f: Development
and maturation along second (e) and third (f) principal component axes, in harmonized units
(z-score values). Note far smaller variance with age compared to (d).
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(1a). We performed the calculations with four different, fixed levels of compe-
tition strength: 8 =1, 8 =2, f§ = 3, and 8 = 4 (in what follows, results are
illustrated with 8 = 3). Other, less consequential parameters were also fixed
(time-constants of activity 7, and noise 7., inflection point of activation func-
tion k; see Methods). We systematically varied ¢, 7,, and o, to reproduce
the experimentally observed mean dominance distribution parameters, within a
+5% tolerance limit (see Methods for details).

The resulting volumes of model parameters for females and males - in ¢,-
Tq-0pn Subspace, with § = 3 - are shown in Fig. 3 ¢, d. Both females and males
show a similar trajectory in terms of adaptation time constant: an increase
in development (from childhood to young adulthood), and a decrease during
maturation (from young adulthood to senior age). Distinctly, females develop
toward larger values of adaptation strength, and smaller values of noise, while
males develop towards smaller values of adaptation strength, and larger values
of noise. This reflects a tight trade-off between adaptation and noise in the
dynamics of multistable perception - strong adaptation is coupled with small
noise, or vice versa, weak adaptation with large noise. During maturation, there
is a decrease in adaptation time constant for both females and males. In the
female model parameter trajectory, as in that of binocular rivalry dominance,
there is a second change of direction between young adulthood and senior age,
with an increase in noise. There is no similar change of direction seen in the
male trajectory.

2.4 Simulations in a volatile environment predict different
perceptual performance trajectories

The reproduction of dominance statistics revealed that the developmental and
maturational trajectories of the mechanisms underlying multistable perception
differ notably between females and males. While input biases were treated as
equal in the model, this is not the general case when making perceptual deci-
sions, where the environment is changing and uncertain. Thus, we aimed to
explore the perceptual performance along development and maturation by pre-
dicting the behaviour of observers in a volatile environment, with stochastically
changing, unequal inputs. In particular, we wanted to predict and describe the
relative contribution of the environment (external state) vs. that of the percep-
tual system (internal state) in perceptual decisions - in this context, perceptual
stability (no change in perceived stimulus) or reversal (change in perceived stim-
ulus).

To accomplish this, we performed simulations, subjecting the fitted param-
eter models (described above) to a volatile environment with a stochastically
changing input bias AI. This parameter describes the volatility of the environ-
ment, i.e., the external state. The model’s state variables 71, 7o (responses) and
a1, as (levels of adaptation) change dynamically and stochastically in response
to this environment (Fig. 4 a). Variables r; and re are most of the time binary
(near zero or near unit value), taking intermediate values briefly during tran-
sition periods around reversals (time points where r; = r2). Variables a; and
as, on the other hand, change gradually - this may be summarized as the time
varying adaptation bias Aa (a1 — a2). Together, the joint statistics of input
bias, i.e. external state AI, model response, i.e. internal state Aa, and the
occurrence of reversals characterize the perceptual performance of the model in
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Figure 3: Development and maturation of fitted model parameters. a: Dynamic model of
binocular rivalry, with competition, adaptation, and noise. Two representations (r1, r2) are
driven by associated visual inputs (I1, I2) and independent noise (n1, n2). Each representation
is inhibited by the other, as well as by the associated adaptive state (a1, a2). Free model
parameters are competition strength (), adaptation strength (¢4 ), adaptation time-scale (74),
and noise amplitude (o). Input strength is fixed at I; = I3 = 1. b: Representative example
of model dynamics with abrupt dominance reversals of activities 1 and r2, gradual build-up
and recovery of adaptive states a1 and a2 (middle), and noise n; and nz added to visual
input I =1 (8 =2, ¢a =0.7, 7o = 0.3, 0, = 0.2). Reversals may be triggered by differential
adaptive state a1 — ag, differential noise n; — ng, or both. ¢, d: Parameter triplets ¢q-7q-0n
fitted to reproduce (within a £5%) experimentally observed mean distribution parameters.
Competition strength was fixed at 8 = 3. Centroid values (colored dots) and confidence range
(+ standard deviation, gray mesh).
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a volatile environment.

After performing the simulations, we distinguished between transition peri-
ods (20 ms before and after reversal), initiation periods (40-21 ms before rever-
sal), and all other times in the resulting time-series, in 1 ms intervals (Fig. 4
a). We disregarded transition periods, as they concern the largely stereotypical
time course of the reversal itself, rather than the initiation of the reversal. Then,
we established how the initiation of reversals depend on external and internal
state, by computing the conditional likelihood of reversals as a function of AT
and Aa values during initiation periods, in the vicinity of the median Al and
Aa values, Py, (Al Aa) (Fig. 4 b; see Methods for details).

We found that in the vicinity of the median state (AL, Aa,,), the logarithm
of initiation probability log P;,;; varies almost linearly with state variables AT
and Aa (quality of linear regression r? > 0.99). As this planar dependence
has three degrees of freedom, it can be described in terms of three parameters
of perceptual performance: sensitivity, exploration, and stability. (Fig 4 b, ¢)
Sensitivity, the maximal gradient of log P;,;; with respect to state variables AT
and Aa, defined as the length of the gradient vector 0log Pi,:+(AI, Aa) at
the median state, measures how rapidly log P;;; changes with state (A, Aa).
Exploration, the direction of the gradient vector at the median state, measures
the relative influence of internal state Aa, compared to external state Al, on
the log conditional likelihood of reversals, log P;,;;. And stability, the difference
between log P;,,;; at the median and the neutral state (defined as AI = Aa = 0),
measures the stabilizing or destabilizing effect of the median state. For positive
values of stability, median state lowers reversal probability, i.e. stabilizes the
percept. For negative values of stability, the opposite is the case, i.e. the median
state destabilizes the percept. (For more details, see Methods.)

The values of stability, sensitivity, and exploration, derived from the volatile-
environment simulations on the fitted model parameters of neurotypical ob-
servers, are shown in Fig. 4 d, e. While the developmental and maturational
trajectories have some similarities, they differ notably between sexes.

Females gain higher values of stability, sensitivity, and exploration during
development, and reach peak values at young adulthood, which then decreases
slowly during maturation. Males, on the other hand, have peak values of sensi-
tivity and exploration at an early age. They gain stability during development,
which peaks at young adulthood, but at the same time lose sensitivity and ex-
ploration. This shows different developmental strategies between sexes, in which
females gain in all three measures of stability, sensitivity, and exploration dur-
ing adolescence, while males have higher values of sensitivity and exploration in
early adolescence, which decrease during adolescence, coupled with an increase
in stability.

2.5 Clinical populations fall outside of typical develop-
mental and maturational trajectories

In addition to neurotypical observers of various ages, we performed the same
set of procedures - binocular rivalry experiment, model fitting, and volatile-
environment simulations - with two adult clinical groups: 12 females with bor-
derline personality disorder (BPD; mean age 27.1), and 12 males with autism
spectrum disorder (ASD; mean age 28.5). The observed binocular rivalry domi-
nance distribution parameters, and predicted perceptual parameters are shown

10
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Figure 4: Predicted perceptual behaviour in a volatile environment. a: Represen-
tative example of simulated dynamics of fitted model: activities r1, ro and adaptive states
a1, ag driven by intrinsic noise n1, ne and variable sensory inputs I7 and 2. In a volatile
environment, reversals (defined by r1 = r2) may be triggered externally (differential input
AI = I — I) or internally (differential adaptive state Aa = al — a2) or both. To assess
reversal initiation, we distinguished between transition periods (yellow stripes, 20ms before
and after r1 = r2), immediately preceding periods (purple stripes, 40 to 21 ms before r1 = r3),
and all other times. b: Based on this classification, we computed the conditional likelihood
of reversals (colored contours) as a function of Al and Aa values during initiation periods, in
the vicinity of the median AT and Aa values (over all periods, red dot). In this vicinity, the
reversal probability grows exponentially in a particular direction (red dashed line). The length
of the gradient vector dlog P(AI, Aa) represents the ‘sensitivity’ of reversal probability to AT
and/or Aa values, and the ’exploration’ angle a represents the relative influence of internal
state Aa, compared to external state Al (external state). A larger value implies that the
system responds less consistently to external state, behaving in a more explorative manner.
c: Enlarged cut through the log P(AI, Aa) surface in the direction of the the gradient vector
(red arrow), showing the neutral level (defined by AI = Aa = 0, black dashed line) and me-
dian level (red dashed line). The distance between levels (blue arrow), represents ’stability’
and measures the stabilizing or destabilizing effect of external and internal median states. For
positive values (within green area), median states lower reversal probability, stabilizing the
percept; vice versa for negative values (within grey area). d, e,: Developmental and matura-
tional trajectories of predicted perceptual parameters (stability, sensitivity, exploration) for
females (d) and males (e). Mean values (coloured dots) and confidence intervals (standard
deviations, grey volumes).
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in Fig 5, contrasted with the corresponding sex’s typical developmental and mat-
urational trajectories (results of the model fitting are shown in Supplementary
Fig. 1).

The results show that both atypical groups fall outside the typical develop-
mental and maturational trajectories. Despite the different character of their
respective disorders, they differ from the typical trajectories in similar ways.
In terms of observable dominance distribution parameters (Fig. 5 a, b), both
groups show lower median and IQR, and higher MC values. In the predicted
perceptual performance in a volatile environment (Fig. 5 ¢, d), both groups
have higher values of sensitivity and exploration, compared to neurotypicals.

3 Discussion

The perceptual parameters predicted by our model are broadly analogous to
competing objectives prescribed by the framework of reinforcement learning.
When objects can appear or disappear at any time, the thoroughness of ob-
ject classifications must be balanced against the frequency of such classifica-
tions [20,21]. In our context, this corresponds to a balance between stability
(temporal persistence of current choice) against sensitivity (susceptibility to
changed circumstances, internal or external) [22,23]. Additionally, in an un-
stable world the value of past experience diminishes with time, so that the
benefit of past experience must be weighed against the benefit of discovering
something new (exploitation-exploration dilemma [17-19]). In our context, this
corresponds to the weight afforded to external states (input bias), relative to in-
ternal states (adaptation bias) that prompt a fundamental reassessment of such
evidence. Hence the relative weight of adaptation bias represents a tendency
for exploration.

The main purpose of our study was to draw lifespan trajectories of perceptual
performance in both neurotypical and psychiatric populations. With respect to
neurotypical brain development and maturation, our results indicate that vi-
sual decision making, assessed in a multistable perceptual paradigm, changes
markedly in adolescence, and then more gradually across the lifespan. We found
sex-specific lifetime maturation trajectories suggesting that biological matura-
tion plays a major role in visual decision making. Neuroendocrine changes,
especially the levels of sex steroid hormones are known to time bodily growth,
emotional development and cortical pruning in adolescence [5,56,57], and seem
to influence cognitive function during [58,59] and after the teenage years [60,61].
The fact that females peak earlier (around 19 years of age) than males (around
24 years of age) in maturation index in our study is in line with the known
delay of puberty onset times in boys as compared to girls [62] and the relatively
late peaks indicate a neotenous human-specific function, involving the latest
maturing brain areas such as the prefrontal cortex and the precuneus [63,64].

The perceptual performance trajectories predicted by our simulations pro-
vide further details on the specific parameters determining development and
maturation. The trajectories of neurotypical females and males also demon-
strate marked age- and sex-specific variations. Males are going through an
uninterrupted change after the apex in young adulthood, while the trajectory
has a second abrupt turn of direction in females around the time of menopause.
This second inclination in the perceptual performance trajectory might be the
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Figure 5: Observed distribution parameters and predicted perceptual behaviour of atypi-
cal groups. Observed distribution parameters (a, b), and predicted perceptual behaviour in
volatile environments (c, d) for atypical groups, compared to neurotypical trajectories. Ob-
servers with borderline personality disorder (BPD, all female) are compared to neurotypical
females of different ages. Observers with autism spectrum disorder (ASD, all male) are com-
pared to neurotypical males of different ages. (a, b) Ellipsoids represent mean SEM values for
BPD (purple) and for ASD (in orange). (c, d) Coloured volumes represent confidence inter-
vals (standard deviation) for BPD (purple) and for ASD (in orange). The dominance period
statistics and perceptual predictions of both groups fall outside the typical developmental and
maturational trajectory.
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consequence of a sharp gonadal hormone falloff later in life in females [65], while
the gradual change might be reflecting the progressive decline of sex hormones
in males [66].

In terms of perceptual parameters estimated by our model, females are char-
acterised by increasing values of stability, sensitivity, and exploration during
adolescent development. Peak values of all three parameters are reached by
twenty, defining a sweet-spot of optimal function for perceptual decisions. After
the peak, a moderate decline can be observed until menopause, which is similar
in all three parameters. Signs of a stability-sensitivity trade-off can be observed
after menopause when stability declines sharply, with slight increases in sensi-
tivity and exploration, following the male pattern in this age-group. Males, on
the other hand, have peak values of sensitivity and exploration by the age of
sixteen, exceeding the highest female levels. The heightened sensitivity is cou-
pled with extreme low levels of stability, demonstrating a clear trade-off between
these parameters that might show up so distinctly only in the higher parameter
ranges. Until the mid-twenties, stability rises at the expense of sensitivity and
exploration. The male sweet-spot of optimal function seems to be characterised
by lower sensitivity and exploration levels, but a higher level of stability as
compared to females. After the peak, males decline progressively in stability.
This intriguing and complex pattern in the lifespan evolution of the two sexes
demonstrates, on one hand, that the rules of growth are not uniform even in
the developmental period, and on the other hand, it clearly shows that ageing is
not simply the “reverse” of development as it has been suggested with respect
to other cognitive functions as well [67], even though, to our knowledge, such a
detailed pattern of later development has not been described before.

Given the obvious biological determination reflected in the age- and sex-
specific differences, we interpret this pattern of findings as a result of alternative
developmental strategies. It seems that females approach the peak in all three
parameters faster, and although this provides them with lower peaks as com-
pared to males, it also seems to provide for a greater stability throughout the
childbearing years, with a major decline only after menopause. The trade-off
between stability and sensitivity is more obvious in males who start with max-
imum levels of sensitivity and exploration mid-adolescence, and in parallel to
stability building up by the mid-twenties, a great deal of sensitivity is lost. The
greater exploration range in the early years, the higher apex, and the continuous
decline after the apex might indicate a developmental strategy to fine-tune the
individual for the age of highest fertility in males [68]. Although sex-difference
research cannot always escape design flaws and misinterpretation, we believe
that our carefully collected and analysed data-set reveals biologically grounded
cognitive differences between the sexes without the indictment of “neurosex-
ism” [69]. These alternative developmental strategies - one focusing on stability
throughout the childbearing period, and the other, focusing on highest per-
formance by the peak fertility age - are particularly interesting in the context
of perceptual decisions. Decisions made between alternatives, even if not voli-
tional or highly conscious, make up our everyday life, and the particular style
with which we are dealing with those decisions will, in fact, determine our life.
It makes a difference, for example, whether our brain is tuned to be relatively
insensitive to environmental changes, rendering decisions stable and stereotypi-
cal and preventing extensive exploration or, in another scenario, whether higher
sensitivity is combined with a heightened inner drive for exploration. In the first
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case, we might function with high stability and acceptable sensitivity in a man-
ner that provides for our offspring, whereas, in the second case, we might forgo
stability and explore with high sensitivity in a manner that procures optimal
mates for reproduction. At this point, we can only speculate that there is in-
deed a direct link between gonadal hormone levels and perceptual performance
throughout the lifetime, and further investigations into this issue are definitely
due. However, the pattern in our data seems to be very compelling, and sug-
gests that age- and sex-specific variations should not be overlooked when testing
psychological function.

After obtaining such fine-resolution developmental and maturational lifetime
trajectories of neurotypical subjects, it is of particular interest how these would
be drawn when biological conditions or environmental factors are not adequate
for typical development. To this end, we have tested two psychiatric groups:
adult participants with borderline personality disorder and with autism spec-
trum disorder. In terms of our measures, the perceptual parameters of these
patient groups (all males for ASD, and all females for BPD) fell completely out-
side of the typical developmental trajectories for their respective sex —i.e., adults
with these disorders differed not only from neurotypical adults of a similar age,
but from the measures of any examined ages, probably missing the sweet-spot of
optimal function at an earlier age. In terms of the trade-off, both patient groups
demonstrate sensitivity and exploration levels beyond the range of neurotypical,
while stability is reduced markedly only in males, resembling the pattern seen
in neurotypicals. As all psychiatric patients in the study were adults, we cannot
pinpoint the when-and-how of the deviations from typical trajectories in ASD
and BPD from these results. It is likely that the onset of deviations is present
from early childhood in ASD as sensory symptoms and differences in visual
perception are already present in childhood [70], and multistable perception al-
ready differs from that of typically developing children before adolescence [36].
Since BPD is not characterised as a neurodevelopmental disorder, deviations
probably have a later onset. By adolescence, the disorder can be reliably di-
agnosed [52], so the deviations from typical trajectories likely occur during, or
somewhat before, adolescence.

In interpreting the clinical findings, it should be mentioned that BPD is a dis-
order that predominantly affects females [50] (but note that a study found equal
prevalence of BPD among the sexes in the general population [51]). Distinctive
patterns in hormone levels, especially the relative changes in ovarian hormones
may induce the expression of BPD features [71]. Our BPD participants seem to
be in a much higher sensitivity and exploration range than neurotypical women
of the same age, however, this is obtained at the expense of stability, demon-
strating the force of the trade-off, especially outside of the sweet-spot. In the
light of our neurotypical results and the particular hormonal impact on the psy-
chopathology of BPD, it is in our future plans to include hormonal assessments
in the toolkit of the current study.

With respect to ASD which is more often diagnosed in males [50], a similar
tendency can be observed: increased levels of sensitivity and exploration and
reduced stability as compared to neurotypicals of similar age. Although female
under-diagnosis [72] should not be overlooked, a popular theory of autism claims
that the autistic brain is a hypermasculinized version of the male brain due to
increased fetal testosterone levels [73]. In terms of excessive levels of sensitivity
and exploration, our result supports this picture, although alternative interpre-
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tations, such as a general drawback of sex differentiation [74,75] cannot be ruled
out. Including female ASD participants, and hormonal assessments would be
essential in further studies.

Our results regarding ASD and BPD may inform the field of computational
psychiatry, which aims at the large-scale phenotyping of human behaviour us-
ing computational models, with the hope that it may structure the search for
genetic and neural contributions of healthy and diseased cognition [76]. Within
this field, the framework of developmental computational psychiatry aims to
establish normative developmental trajectories of computations, relate them to
brain maturation, and determine when and how they deviate in mental disor-
ders, in order to help uncover the relationship between the changes of brain
organization in childhood and adolescence, and the heightened vulnerability to
psychiatric disorders in these periods [15]. Our results fit into this framework
by establishing typical developmental trajectories of visual decision making, and
relating results from subjects with mental disorders to these trajectories. They
also may serve as a small step of the large-scale phenotyping efforts to better
understand the nature of mental disorders in terms of aberrant computations.

Since we did not employ any neuroimaging methods in this study, we can
only speculate about the changes of brain structure underlying the observed
developmental and maturational trajectories. While the overall structure, or-
ganization, and connectivity of the brain is established by birth, important
changes take place in later development in structural brain connectivity [1-5],
with known differences between the sexes [8-10]. Our results roughly follow the
course of the described overall structural changes, although beyond the teenage
years, maturation is reflected more in the specialization of the brain than in
anatomical growth [77]. The specialization of neural systems results in a shift
from local to distributed connectivity profiles (i.e., short range networks weaken,
while long-range networks strengthen), changes in the strength of specific net-
works, and in the hierarchical modular structure of networks, e.g., in the brain’s
hub structure [78]. The long-range pliability of the brain both in terms of con-
nectivity is coupled with prominent vulnerability to mental disorders [14,15]. In
ASD, studies examining functional connectivity have heterogeneous results with
converging evidence, suggesting global under-, and local overconnectivity of the
brain, supporting a theory of less segregation within functional networks, and
more diffuse connectivity between some networks in ASD [79]. A recent study
suggests that the macroscale cortical hierarchy is disturbed in ASD, with re-
duced functional distance between the sensory areas and unimodal convergence
regions at one end of the hierarchy, and transmodal association cortices on the
other [80]. Results of both under- and over-connectivity in different regions
are reported in BPD [81], with a study showing, among other alterations in
network connectivity, higher connectivity within some non-hub nodes, and de-
creased connectivity at several hub nodes [82]. The connectivity of hub regions
in the association cortex, which is remodeled in adolescence [11], and some of
which show decreased connectivity in the observed psychiatric disorders, may
be a potential link to connect our results of marked developmental changes in
adolescence, and the similarly-differing atypical results in ASD and BPD.

To conclude, in our detailed study on the lifespan trajectories of perceptual
performance employing a no-response binocular rivalry paradigm combined with
dynamic computational modeling, we have found characteristic age- and sex-
specific developmental and maturational trajectories, with marked differences
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between neurotypical and psychiatric populations. These trajectories should
serve to better describe our own neurocognitive phenotype and reveal relevant
factors behind atypical development underlying mental health disorders.

4 Methods

4.1 Participants

A total of 107 participants took part in the binocular rivalry experiment: 28
twelve-year-old (19 female), and 19 sixteen-year-old (10 female) children; 52
neurotypical adults (average age 35.9, range 18 to 69, 32 female); 12 adults with
autism spectrum disorder (ASD, average age 29, range 19 to 44, n=12, all male),
and 12 adults with borderline personality disorder (BPD, average age 27, range
20-37, n=12, all female). Participants were considered typically developing, or
neurotypical, if they reported no history of mental illness or disorder.

Nine of the twelve participants with ASD were recruited from the Depart-
ment of Psychiatry and Psychotherapy, Semmelweis University. These partici-
pants were diagnosed by a trained psychiatrist. They went through a general
psychiatric examination, and their parents were interviewed about early autism-
specific developmental parameters. All participants fulfilled the diagnostic cri-
teria of ASD, including autism-specific signs between the ages of 4-5 years. The
other three participants in this group were recruited from Aura Organization, a
nonprofit organization assisting people with ASD. We did not collect further di-
agnostic information from these participants. The participants with BPD were
all recruited from the Department of Psychiatry and Psychotherapy, Semmel-
weis University. Their diagnostic status was assessed by the Hungarian version
of the Structured Clinical Interview for the Diagnostic and Statistical Manual
of Mental Disorders, fourth edition, Axis I and II disorders.

All participants had normal or corrected to normal vision, and reported no
colour blindness. Before the experiment, all participants passed a stereoacuity
test (Super Stereoacuity Timed Tester, by Stereo Optical Co., U.S. Patent No.
5,235,361, 1993). All adult participants, and all the children’s caregivers have
provided informed written consent. The study was approved by the Ethical Re-
view Committee of the Institute of Psychology, Pdzmény Péter Catholic Univer-
sity for neurotypical participants, and by the Semmelweis University Regional
and Institutional Committee of Science and Research Ethics for participants
with a psychiatric condition. Participants were given a book voucher for their
participation.

4.2 Binocular rivalry experiment

Participants were fixated at a headrest during the experiments (SR Research
Head Support, https://www.sr-research.com). The setup for dichoptic stimu-
lation consisted of two LCD displays (subtending 26.6° horizontally and 21.5°
vertically, with an approximate resolution of 48 pixels/® of visual angle, and
a refresh rate of 120 Hz), which participants viewed through two 45° mirrors,
attached to the headrest. The mirrors were coated, such that they reflected
the visible light spectrum, but transmitted infrared light, allowing the use of an
infrared camera for optical eye tracking.
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The participants viewed green-and-black gratings with one eye, and red-and-
black gratings with the other eye. The gratings moved horizontally, either con-
sistently (in the same direction), facilitating perceptual fusion, or inconsistently
(in opposing directions), facilitating perceptual rivalry. Each grating subtended
a rectangular area of 15.2° width and 8.4° height. The spatial frequency was
0.26 cycles/°, and the temporal frequency 8.7 cycles/s. The motion’s speed was
33.5°/s or 1600 pix/s. Gratings were framed in a rectangular box with a random
texture pattern, in order to facilitate binocular fusion. Stimuli were generated
with Psychophysics Toolbox 3 [83-85] running under MATLAB R2015a. The
display’s spatial resolution was 48 pix/°, and its temporal refresh rate was 120
Hz.

Before the experiment, participants were asked to view the display as at-
tentively as possible, and to follow the horizontally moving gratings with their
gaze. This was introduced with analogies such as “follow them like you would
follow passing trees on a moving train”. We did not tell them that they will
see rivalling stimuli, only that if the direction of the gratings they see will seem
to change, let their gaze change direction too. We asked them to refrain from
blinking as much as convenient. Participants did not have to report which stim-
uli they were perceiving at any time. Instead, perceptual states and transitions
were calculated from eye-movement recordings.

The experiment consisted of ten trials, each 95 s long. The initial trial
(introductory trial) served to familiarize participants with the display, and was
not included in the analysis. It started with 22 s of consistent grating motion in
alternating directions, followed by 72 s of inconsistent motion, and finishing with
1 s of consistent motion. During the introductory trial, we provided feedback
for the participants on the behaviour of their eye movements. The following
nine trials (experimental trials) began with 2 s of consistent motion, followed
by 92 s of inconsistent motion, and ended with 1 s of consistent motion. The
consistent episodes served to reduce eye strain and to test the ocular response
to physical motion reversals. On experimental trials, participants received no
feedback on their behaviour. Across trials, the colour (either red or green) and
direction (either leftward or rightward) shown to each eye was altered. The
experiment consisted of three blocks. After the third and sixth experimental
trials, participants had a 5-minute break.

4.3 Establishing reversal sequences and dominance statis-
tics from OKN

When a rivalrous display induces horizontal OKN, the direction of smooth pur-
suit phases provides a reflex-like indication of perceived direction [45-47]. Dur-
ing the experiment, we recorded horizontal eye position of subjects with a sample
rate of 1000 Hz, and inferred reversals of perceived direction with the cumulative
smooth pursuit (CSP) method, described elsewhere [48]. Briefly, the method
removes off-scale values (blinks and other artefacts), and defines slow pursuit
segments by a compound criterion (slow velocity |v| < 1.5 pix/ms, low accel-
eration |a| < 0.12 pix/ms?, duration > 50 ms), aligns slow pursuit segments,
interpolates gaps, then subsamples and fits the resulting sequence multiple times
(“bagging” [86]). The result of this robust splining procedure is estimated eye
velocity (median and 95% CI) at every time-step. Dominance periods were de-
fined as contiguous intervals in which the entire 95% CI is either above or below
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a gaze velocity threshold of £0.1 pix/ms. All other intervals were designated as
perceptual transition periods.

As the rate of perceptual reversals often accelerates while viewing a binoc-
ular rivalry display [87,88], the initial 30 seconds of each trial were discarded
from analysis. We pooled the remaining reversal sequences obtained for each ob-
server across different trials, and calculated the median (M), interquartile range
(IQR), and medcouple (MC) of dominance durations. These robust statistical
measures were used to reduce the effect of outliers. Median and interquartile
range (IQR) provide robust alternatives for first and second moments (mean
and variance), while medcouple (MC) offers a robust alternative for the third
moment (skewness), which is particularly sensitive to outliers.

4.4 Establishing developmental and maturational trajec-
tories

For each observer i, three distribution parameters were established as described
above: M;, IQR,;, MC;, and age a;. From the individual observer values, average
values were computed separately for female and male observers. As development
slows down with age, sliding averages were computed with log-normal weight-
ing, so that window size increased proportionally with age. For median M;, M;
was computed as follows:

—  >2; M;LN(aj]a;) 1
= , LN (a;la;) = —1In(aj—ao)—aitao/y 2 ,
>, LN (a;[a) (ko) = G el

where ag = 8 and o = 0.35.

IQR;and MC; were obtained analogously. Confidence intervals were com-
puted by repeatedly sampling observers with replacement, and recomputing the
average parameters.

4.5 Computing maturation index

As all parameters tended to change concomitantly, we sought to summarize the
development of all three parameters in terms of a single maturation index. As a
first step, averaged distribution parameters M;, IQR,;, MC; were normalized (z-

scored), to obtain values J\//Z»7 I@?Bi, ]\7[-51' with zero mean and unit variance, over
all typically neurotypical observers. Next, we computed the principal compo-
nent direction over all typical observers (both male and female), which captured
most of the variance (~ 80%). We defined the maturation index (MI) as the

projection of normalized average parameters (]\/4\1, I@]\%i, MEZ) onto this direc-
tion, or equivalently, a linear combination of these parameter triplets:

MI = PC1 = 0.542 M; — 0.567 IQR, — 0.620 MC;  (79% variance)

The maturation index provided a convenient summary of binocular rivalry
statistics over different ages and sexes. The other components were:

PC2 = 0.765 M; + 0.639 IQR, +0.084 MC;  (16% variance)
PC3 =0.349 M; — 0.520 IQR; +0.780 MC; (3% variance)
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Confidence intervals were computed by repeatedly sampling observers with re-
placement, and recomputing the average parameters.

4.6 Computational model implementation

Bistable perception was modeled in terms of a dynamic system with competition,
adaptation, and noise. The specific formulation we used was introduced by
Laing and Chow [49,89,90] and has been analyzed and extended by several
other groups [23,91-94].
The dynamic response r; o of each neural representations is given by
Tri1 2 = —T1,20+ F (=fra1 — ¢a01,2 + 12 + n1.2)
with sensory input Iy o, intrinsic noise n; 2, adaptive state a1 2 and activation
function
F(z) = [1 +exp (=)
The dynamics of adaptive states a; 2 is given by
Tal12 = —Q12 +T12

and intrinsic noise nq 2 is generated from two independent Ornstein—Uhlenbeck

processes:
2
. ni2 20n
e
Tn Tn

where £ is normally distributed white noise. Different dynamical regimes may be
obtained by varying competition (8), adaptation (¢, 7,), and noise (o), while
keeping time constants 7, and 7,, and activation parameter k fixed. Inputs were
set as equal (I} = I, = 1).

4.7 Fitting computational model parameters

We performed grid simulations for competition strengths g =1, 8 = 2, § =
3, and B = 4, because competition strength is not well constrained by our
observations. Each simulation lasted 104 s and covered 100-by-100-by-100 value
triplets of the other critical model parameters, adaptation strength (¢,), time
constant of adaptation (7,), and noise (¢,). The explored range of parameter
values was ¢, € [0.1,0.5], o, € [0,0.1] for 8 = 1; ¢, € [0.3,1.2], o, € [0,0.4]
for = 2; ¢, € [0.5,2.0], 0, € [0,0.4] for § = 3; and ¢, € [1,4], o, € [0,0.5]
for 8 = 4. For all values of 3, 7, was in a range of [0.1,1.3] s. The remaining,
non-critical parameters were I1» = 1, 7, = 0.1 s, 7. = 0.02 s, k = 0.1, and
dt = 0.002 s in all four cases.

For each of the 3-by-106 value quadruplets of 3, ¢,, 0, and 7,, we parsed the
resulting reversal sequence of 104 s duration into dominance periods by taking
sign(ry — r2), and calculated three summary statistics of dominance duration:
median, interquartile range (IQR), and medcouple (MC).

To compare simulations to the reversal statistics of human observers, we
identified combinations of model parameters that reproduce the observed binoc-
ular rivalry statistics (median, IQR, MC). Specifically, those parameter combi-
nations were selected for which the simulated median, IQR and MC falls within
5% of the respective mean values obtained for any given participant.
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4.8 Simulating experiments with modulated inputs

After fitting model parameter combinations to observers, we performed simula-
tions on these parameter combinations with a time-varying input bias, Al;, gen-
erated as an Ornstein-Uhlenbeck process with standard deviation oy = 0.3 and
autocorrelation time 77 = 0.2 s. To keep total input constant I1(t) + I2(t) = 2,
the bias was applied anti-symmetrically I;(t) = 1 + AI(t), I(t) = 1 — AI(¢).

The simulated dynamics were obtained in time-steps of 1 ms, and included
response Ar = r; — ry, perceptual dominance sign(Ar), differential adaptation
Aa = (a1 — az) sign(r), and differential input AI = (I; — I3) sign(Ar). Note
that positive Aa favours the suppressed percept, whereas positive Al favours
the dominant percept. Intrinsic noise n; o was treated as unobservable, and
was subsumed in the probabilistic analysis described in the next section. In
other words, probabilities and expectation values were obtained by averaging
over intrinsic noise.

4.9 Obtaining perceptual parameters

We calculated perceptual parameters from the simulations described above. In
the simulated time series, reversals were defined as time-points where responses
were equal, 1 = ro. To calculate perceptual parameters, we disregarded tran-
sition periods, defined as 20 ms before and after a reversal. We classified all
other time points as either initiation periods preceding a reversal (40-21 ms be-
fore a reversal), or as periods not closely preceding a reversal. Based on this
classification, we established the following probabilities: the joint probability of
P(AI, Aa), the conditional joint probability given a subsequent reversal (being
in initiation) P(AI, Aa | init), and the conditional joint probability of Aa and
AT given no subsequent reversal P(AI, Aa | no rev). From this, the we cal-
culated conditional probability of a subsequent reversal (i.e., initiation) given
input bias and model response, P(init | AI, Aa), for each time-point.

In the vicinity of the median state (Alys, Aays), the log reversal probability
varies almost linearly with AT and Aa (Fig. 4 b, quality of linear regression 72 >
0.99). The three perceptual parameters - sensitivity, stability, and exploration
- were defined to parametrize this dependence. Stability was defined as the
gradient vector, or, equivalently, as the tangent of the slope, at the median state
tan(B) = \/77 +73. Stability was defined as the difference between the median
and neutral levels of log Pinit, —v1AIy — vaAAy. Exploration was defined

S ; - . 44
as the direction of the gradient vector at the median state sin(a) = o
These definitions are presented alongside visualizations in Supplementary figure
2.

5 Data availability

The eye tracking datasets are available from the authors on request.

6 Computer code

The code used to extract reversal sequences is available via https://github.
com/cognitive-biology/Cumulative-smooth-pursuit-analysis-of-BR-0KN.
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The code used for computational modeling and simulated experiments is avail-
able from the authors on request.
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