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Abstract

A growing body of research suggests that people with ASD may have “enhanced
rationality”, in the sense that their behaviour may be less influenced by various cognitive
biases than for neurotypical people. It has been proposed that this is the result of
reduced influence of prior knowledge on the reasoning of people with ASD, possibly
because likelihood information is weighted relatively more strongly than priors during
integration in the brain. Research conducted so far provides no conclusive evidence
in the favour of this proposed imbalance. Likewise, there has been no research so far
exploring possible differences in confirmation bias strength between people with ASD
and neurotypical population.

In this project, we design two new behavioural task exploring people’s belief updating
upon observing a sequence of evidence. In order to validate these tasks, we conduct
two pilot experiments, and analyse the collected data using a range of Bayesian models.
These models and tasks are proposed as a means to measure individual differences
in a) relative weighting of prior and likelihood, and b) the strength of confirmation
bias. One of the tested tasks resulted in a significant “inertia” in the participants’
behaviour that our models do not account for. This tendency was also present in the
other task, but to a much lesser extent, leading us to believe that minor modifications to
the instructions could eliminate it. Our analysis showed that participants’ performance
in both tasks deviated from optimal, but these deviations were better accounted for
by an imbalance in the prior and likelihood weighting than by confirmation bias as
defined by our proposed models. In future work, our task without an explicit prior
can therefore provide a useful platform to explore individual differences in Bayesian
inference as a function of psychological traits. In the current pilot experiment, we found
no significant relationship between the participants’ weights for prior and likelihood
information and their autistic or schizotypical traits. However, this was expected due
to the pilot experiment’s small sample size, and possible differences therefore deserve
further exploration in a larger study. The pipeline we designed and validated is ready to
be used for such an experiment.
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Chapter 1

Background and Motivation

1.1 Confirmation bias

Confirmation bias is a term used to describe the tendency to search for and interpret
evidence in a way that supports our prior beliefs or expectations [45]]. This tendency
can be likened to a sort of unconscious ‘case-building’, when people seek and preferen-
tially treat evidence that supports the hypothesis they currently believe, as opposed to
objectively considering all available evidence and then drawing a conclusion.

Confirmation bias constitutes a significant departure from rational decision making, and
its effects have been studied in a number of fields, including economics [[11], medicine
[17], criminal investigation [46], science [43], education [42], and politics [36].

Confirmation bias can manifest itself in a number of different behavioural patterns,
which can be broadly categorised into 2 groups: evidence acquisition and evidence
interpretation. Biased evidence acquisition has been observed in phenomena such as
selective testing focused on cases consistent with the current hypothesis, (e.g. [62]), but
also selective exposure to available evidence based on its alignment with one’s position
(investigated e.g. in online news setting by [63]]). On the evidence interpretation side,
patterns of biased behaviour that have been observed include restriction of attention
to the favoured hypothesis (e.g. [5]), or selective interpretation of evidence based on
whether it fits with one’s current belief (e.g. [33]).

In our work we are going to focus on another example of biased evidence interpreta-
tion, overweighting of confirmatory evidence and underweighting of disconfirmatory
evidence. This pattern of behaviour has been observed for example by Lord et al. [38].
The participants in this study were asked if they are in favour of the death penalty, and
then shown 2 research reports, one of which provided evidence in favour of the death
penalty and the other one against it. When asked to rate the quality of the research,
people consistently rated the research that supported their prior belief better than the
disconfirmatory one, and the net effect of being exposed to the balanced evidence was
actually an increase in attitude polarisation between the 2 groups. There is also research
suggesting that this aspect of confirmation bias may be responsible for people’s persis-
tence in gambling despite failure [22]. Furthermore, it has been suggested that selective
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weighting of evidence may explain peoples’ tendency to believe various tricks such as
astrology or mind-reading [45)]. When a person hears a prediction about themselves,
their desire to believe in the special powers of its author (e.g. a horoscope writer) will
cause them to pay more attention to those parts of the prediction that are correct, and to
ignore those that do not fit the reality.

1.1.1 Measurement

Despite its popularity in psychological research, relatively little work on the mea-
surement of confirmation bias has been done to date. Most of the existing research
focuses more on detection of the bias, employing binary scenarios where participants
either display confirmatory behaviour or not [S1]]. These paradigms do not measure
the strength of the confirmation bias, and thus they do not allow for exploration of
potential individual differences. Knowledge of individual differences in the extent
of the confirmation bias is useful for a number of reasons. Recently, in a number of
fields there has been a recognition of the negative influence of confirmation bias on
decision making, and consequently an effort to decrease this influence (see [37] for a
criminal investigation example, or [61]] for an education example). A reliable measure
of individual’s bias strength is necessary for an accurate evaluation of the effects of
such efforts. Such a measure would likewise benefit psychiatrical research, where the
relationship between proneness to cognitive biases and various psychiatric conditions
has been investigated (e.g. [S3] in relation to ASD, [65] in relation to schizophrenia,
[16] in relation to depression).

Measurement of individual differences in confirmation bias has been attempted by
Rassin [51]], who used a self-report 10-item questionnaire to measure proneness to
confirmatory behaviour. This test achieved acceptable internal and temporal stability, but
the resulting scores had only limited correspondence with the participants’ behaviour in
behavioural decision-making paradigms probing confirmatory tendencies. An objective
measure (one based on performance in experimental paradigms) of confirmation bias
was proposed by Berthet [4]. He used a task where the participants are supposed
to evaluate a hypothesis about an interviewee’s personality (e.g. whether they are
extroverted) by selecting questions to ask the interviewee. The set of available questions
contained 8 that assumed the hypothesis was true (e.g. “"What events make you feel
popular with people?”), 8 that assumed it was false (e.g. ”What things do you dislike
about loud parties?”’), and 4 neutral ones (e.g. “What are some of your favourite
books?””). The confirmation bias score was calculated as the percentage of questions
chosen that assumed the hypothesis to be true. When tested experimentally, this measure
was shown to have an almost acceptable level of internal consistency, and the range of
observed scores indicated a good discriminative ability [4].

1.2 Computational modelling

Although traditional descriptive measures of individual differences in various traits are a
useful tool, they do not offer any insight into the underlying mechanisms which produce
these differences [47]]. This shortcoming can be addressed by computational modelling,
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where individual differences are captured by what has been called computational
phenotype, i.e. a set of model parameters derived from behavioural or neural data that
describes the differences in the mechanisms which produce different behaviours in
different individuals. There is a wide range of models that have been used to explore
individual differences in the past [56], but in this project we will focus on those based
on Bayesian inference.

1.2.1 Bayesian models

The brain has no direct access to the outside world - all the information it has is obtained
through noisy sensory channels. That means that it has to overcome the inherent
uncertainty of the available evidence and construct models of the external world that
will allow it to carry out tasks necessary for survival [8]]. In order to do that, it seems
necessary that the brain has to somehow represent information about uncertainty, both
regarding its beliefs and the incoming evidence, and the Bayesian approach to do that
is through probability theory. Through this lens, the brain is carrying out inference
under uncertainty, where it probabilistically combines its prior beliefs (hypotheses) and
expectations about the world with the new evidence to form new beliefs about the world.
Probability theory shows that the best way to do that is by using the Bayes’ rule:

P(data|hypothesis)P(hypothesis)
P(data)

P(hypothesis|data) = (1.1)

This rule defines how we can use new evidence (captured by the likelihood P(data|hypothesis))
to update our current belief (the prior P(hypothesis)) to form a new belief (the posterior
probability P(hypothesis|data)).

Bayesian inference offers a normative model of human mind, in that it defines the task
the brain must solve and the optimal solution how that can be achieved. It is far from
obvious that the brain actually solves these tasks in a perfectly rational Bayesian manner.
However, given how well it deals with uncertainty, it is unlikely that the brain deviates
too much from the norms of good inference, and thus it is reasonable to model it using
a normative model like Bayesian inference [8]. Bayesian models have been used in the
research of perception ([18], [20]), categorisation ([24], [23]), learning [12]], causality
[25]], language processing [44]], and other areas.

When Bayesian models are used to measure individual differences, the parameters of
interest are usually the ones describing the shape of the prior or likelihood distribution,
e.g. their means and standard deviations (e.g. Stankevicius et al. [60] showed that higher
trait optimism score is correlated with higher mean of prior expectations about reward
probability in a Pavlovian conditioning task, Karvelis et al. [30] showed that higher
ASD traits are correlated with lower standard deviation of the sensory likelihood).

Bayesian techniques have also been used to model cognitive biases, for example by
Sharp et al. [S38] who used hierarchical Bayesian inference to explain a number of
biases, such as the halo effect, anchoring bias, outcome bias, and affective evaluation
bias. Most models proposed to account for the confirmation bias focus on the tendency
to overweight confirmatory evidence and underweight disconfirmatory evidence. They
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usually use the classical Bayesian formula, but augment it with parameters that can
capture the bias, and that is also the technique we plan to use in our proposed models.
Baccini and Hartmann [3]] proposed one such a model, designed to explain how agents
modify their belief in a proposition B in light of new argument A in support of B. A
perfectly Bayesian observer would adapt his beliefs according to the Bayes’ rule:

P(B)
P(BIA) = 1.2
(BlA) P(B) +y *P(—B) (1.2
where Y is the likelihood ratio
_ P(A|-B)
~ P(AB) (1.3)

To model how confirmation bias arises, Baccini and Hartmann suggest that agents’
prior belief in the proposition B influences how they perceive the new arguments. If
the argument is confirmatory, they will weigh it more highly than the true likelihood
ratio dictates, and if it is disconfirmatory they will weigh it less than the likelihood ratio
dictates. Additionally, they assume the extent of this over- and underweighting is a
function of the strength of the agents’ prior belief. To achieve this desired behaviour,
Baccini and Hartmann suggest that instead of the true likelihood ratio, people use a
perceived likelihood ratio i’ that is given by the following formula:

[1—PB)]
B)Y+[1-P(B)]Y
where the parameter Y modulates strength of the bias.

(1.4)

x =2y
[P(

This model has the property characteristic of confirmation bias that for the posterior
P*(B|A) computed using classical Bayesian inference and the posterior P**(B|A) com-
puted using the perceived likelihood the following holds:

« If P(B) < 0.5 then P*(BJA) > P**(B|A)
e If P(B) = 0.5 then P*(B|A) = P**(B|A)
« If P(B) = 0.5 then P*(BJA) < P**(B|A)

Aside from the fact that the model is consistent with main features of confirmation bias,
Baccini and Hartmann also provide a principled justification for it. The hypothesis
underlying the model is that when an agent modifies their belief in a proposition B, they
consider not only an argument A, but also a new variable E. If E is true, it means that the
proposition B coheres with the agent’s background beliefs. This hypothesis is based on
work suggesting that having a coherent system of beliefs is desirable, as it helps the agent
make sense of the world [19]. Confirmation bias, which treats arguments supporting
our current beliefs preferentially, is thus taken to be an evolutionarily desirable feature.

Under these assumptions, the Bayes rule dictates that the agent should adapt their beliefs
in the following way:

P(A|B)P(E|B)P(B)
(A|B)P(E|B)P(B) + P(A|~B)P(E|~B)P(~B)

P(BIAE) = 5 (1.5)
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, which can be rewritten as

_ P(B)
P(B|AE) = P(B) 3"+ P(=B) (1.6)
, where
» P(AI-B)P(E|-B)  P(E|—B)
" PABPEB) T RED) -7
This is equivalent to the Baccini and Hartmann model of confirmation bias if
P(E|-B)  2x[1-P(B)| (1.8)
P(E[B) — [P(B)+[1—P(B)]Y '
, which is the case if
1
P(E|B) = S ([P(B)] +[1 - P(B)]) (1.9)
and
P(E|-B) = (1—-P(B))" (1.10)

This choice of P(E|B) and P(E|—B) is supported by two main desirable properties.
Firstly, if we assume that the proposition B is false, than the probability we assign to
the proposition B being coherent with our background beliefs P(E|—B) decreases with
the prior probability we assign to B. That is, if we a priori believe B to be likely, than
the probability that it coheres with our background beliefs even if it is false is lower
than if we a priori believe B to be unlikely. Second desirable property is the dependence
of P(E|B) on P(B) depicted in Figure[I.1] As we can see, if y < 1, P(E|B) reaches its
maximum when P(B) = 0.5. That is, when our prior beliefs about B are not confident,
than it is more likely that B coheres with our background beliefs than if we have a strong
opinions about B. Notice that if Y > 1, P(E|B) reaches its minimum when P(B) = 0.5.
As this sort of behaviour is not psychologically plausible, we will follow Baccini and
Hartmann in restricting the range of y to (0, 1).

We will use the ideas from Baccini and Hartmann’s model to adapt two Bayesian
inference models to include confirmation bias, and apply them to a modified version of
the beads task, the details can be found in Chapter 3.

1.3 Autism Spectrum Disorder

Autism spectrum disorder is neurodevelopmental condition affecting approximately
1% of the population [35]]. Its symptoms are heterogenous and vary across individuals,
but the most essential features are a) persistent impairment in social interactions and b)
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Figure 1.1: The dependence of the probability that the proposition B coheres with the
agent’s background beliefs given that B is true P(E|B) on the agent’s prior belief in B
P(B)

restricted repetitive patterns of behaviour, activities or interests [1]. Although the social
symptoms (a) are most salient to an outside observer, the non-social features (b) are also
an important feature, helpful in understanding the phenomenology of people with ASD
and diagnosis. One possible explanation for the presence of non-social symptoms is
that people with ASD perceive the world in a fundamentally different way from others,
prompting research attempting to identify these possible differences [39]]. The results
include reports that individuals with ASD are faster at locating a target concealed in a
more complex figure [S7], are not impaired by the oddity of “impossible” figures like the
Penrose triangle when asked to reproduce them to the same extent as control participants
[41], judge the shape of a slanted circle more accurately than control participants when
there are no ambient visual cues [52], and have an enhanced sensitivity to changes in
pitch [6]].

Pellicano and Burr [48]] proposed a mechanistic account of these findings based on
Bayesian theories of perception (see 2.2.1). They suggest that the reason why individuals
with ASD have a perception that could in many experimental scenarios be described
as more accurate is that they have broader priors in the Bayesian sense. This would
mean that their prior expectations and beliefs about the world have a smaller impact on
how they interpret sensory evidence, making their perception more precise. Broader
priors could also explain the sense of being overwhelmed by their surroundings that is
often reported by people with ASD. In general, prior expectations make the world more
predictable, removing small sensory noise present in the sensory signals. Attenuated
priors would result in a more noisy perception of the world, potentially leading to the
feeling of being overwhelmed by all the new sensory information.

Many of the phenomena that Pellicano and Burr attribute to attenuated priors are also
amenable to explanation that assumes normal priors but reduced sensory noise [7].
The common property of these explanations is that the sensory likelihood is weighted
more strongly than the priors during integration in the brain, but in many situations
it is difficult to distinguish whether this is due to broader priors or sharper likelihood.
Subsequent research does not offer any conclusive evidence in favour of either of these
theories, or even of the proposed prior/likelihood imbalance that lies at the centre of
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Bayesian theories of autism [10].

1.3.1 Cognitive biases

There has been a number of studies that reported enhanced rationality in people with
ASD, in the sense that their decision-making was less prone to various cognitive
biases. Weaker influence of biases was observed in experiments testing for example
the conjunction fallacy [40], sunk-cost fallacy [21]], framing bias [15], and optimism
bias [34]. However, to the best of our knowledge, there has been no investigation so
far into the relationship between ASD and the strength of the confirmation bias. One
of the aims of this project is to design and validate an experiment capable of such an
investigation.

Rozenkrantz et al. [[53]] describe two theoretical frameworks that could account for the
findings of enhanced rationality in people with ASD. The first theory postulates that the
increased objectivity in decision-making is caused by reduced influence of emotional
and reward systems on reasoning. Brains of people with ASD have been reported to have
reduced activations in the amygdala [31] and in response to rewards [32]], suggesting
that this condition does indeed affect how the brain processes and integrates emotions
and reward signals. Reduced influence of emotions on reasoning could lead to less loss
aversion, and thus explain improved performance in tasks involving the framing bias, or
sunk-cost fallacy, although this theory has not been explicitly tested yet.

However, enhanced rationality of people with ASD has been observed also in contexts
where emotionality does not seem to play any role, such as the conjunction fallacy or
attraction effect. Many of these effects could be explained by a second theory described
by Rozenkrantz et al. [53]], which postulates that enhanced rationality is the result of
reduced influence of prior and contextual knowledge on reasoning, and thus a more
bottom-up, detail-oriented style of reasoning. This theory is consistent with the various
findings of perceptual differences of people with ASD described at the beginning of this
section, and also with the Bayesian account of autism, but extends their claims from
perceptual to cognitive domain. A second aim of this project is to assess the suitability
of the experiment we design to investigate individual differences in prior and likelihood
weighting.

1.4 Contribution

Confirmation bias is an ubiquitous feature of human cognition that has been observed
in a wide array of both experimental and real-world contexts. However, little research
has been done into measurement of possible individual differences of the bias. We plan
to design a new behavioural task to develop such a measure. This work differs from
previous attempts to measure confirmation bias strength (e.g. by Berthet [4]) in that
we will use a computational model, rather than a purely descriptive measurement of
behavioural differences. This approach has the potential to aid our understanding of the
underlying neurobiological mechanisms causing the bias. It will also allow us to assess
the hypothesis that enhanced rationality in people with ASD is the result of reduced
influence of prior knowledge on their reasoning.
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The objective of this study is to design, implement, and validate a pilot experiment
capable of:

* Measuring individual differences in the strength of the confirmation bias.
* Measuring individual differences in the relative weighting of prior and likelihood.

The plan is to design new behavioural tasks capable of exploring how people update
their beliefs, and then validate them by conducting two pilot experiments. We will
assess whether the participants understood the experimental tasks, and then use the
collected data to investigate two Bayesian models of confirmation bias and two alter-
native Bayesian models that do not include the bias. We will perform multiple model
comparison techniques to assess which of the models captures the participant data the
best. We will also perform model recovery to assess whether this model can be reliably
identified as the best using the model comparison techniques we used. Then we will
estimate this model’s parameters using maximum likelihood estimation, and conduct
parameter recovery to assess whether this model is capable of reliable parameter esti-
mation. Once we obtain reliable estimated parameters, we will explore the relationship
between these parameters and participants’ psychiatric traits. Since we plan to conduct
only a small sample pilot experiment with limited statistical power, we do not expect
any statistically significant findings. However, our work will provide basis for potential
larger data collection in the future.



Chapter 2

Methods

2.1 Participants and Questionnaires

In the first part of the project, we run 2 pilot experiments, one for each version of
the experimental task described below. In these pilot experiments we asked people to
participate voluntarily. For Task 1 (Belief updating without prior), we had a total of 13
participants, 7 males and 6 females, in the age interval of 20 to 52. For Task 2 (Belief
updating with prior), we had a total of 10 participants, 6 males and 4 females, in the age
interval of 20 to 50.

The study was approved by the Informatics Research Ethics (RT number 29394). In the
experiment, the participants first signed a written consent, and then we asked them to
fill in two questionnaires. The first questionnaire was the Autism Spectrum Quotient
(AQ) used to measure participants’ autistic traits [54]]. The second questionnaire was
the 21-item Peter et al. Delusions Inventory (PDI) [50], used to measure schizotypal
traits, specifically proneness to delusions. Written consent and both questionnaires were
hosted on Qualtrics, and after their completion the participants were redirected to the
task hosted on Pavlovia.

The AQ is a self-report measure of autistic traits designed for adults with IQ on average
or above average level. It consists of 50 items, each of which has four possible responses:
“definitely agree”, “’slightly agree”, “’slightly disagree”, and “definitely disagree”. The
scoring is binary - both mild and strong endorsement of an autistic trait is scores as +1,

while both mild and strong rejection is scored as 0. The maximum score is thus 50.

The 21-item PDI questionnaire is used as a measure of schizotypal traits present in the
general population. It is a shortened version of the original 40-item questionnaire [49]
designed to measure delusional ideation in the normal population. The selection of the
21 items was based on an experiment on 272 healthy individuals [S0]. PDI measures
three dimensions of delusions: distress, preoccupation, and conviction. Each of the 21
items can be answered as Yes or No, and in the case of a positive answer, respondents
are supposed to respond 1 to 5 for propmts about each of the three dimensions. There
are 5 scores that can be calculated based on the responses. The PDI Yes/No scores are
calculated by adding 1 for each Yes answer, and O for each No answer, leading to a range
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between O and 21. Each of the three dimensions is scored in the same way. For each
item, No answer adds O to the score of each dimension, whereas in case of a Yes answer
a number between 1 and 5 is added to the score, depending on the respondent’s response
on the corresponding prompt. The score of each dimension thus ranges between 0 and
105. Finally, by adding the PDI Yes/No score with the scores for each of the three
dimensions, a grand total PDI score can be calculated, ranging from 0O to 336.

2.2 The sequential beads task

To measure the individual differences in confirmation bias strength and prior and
likelihood weighting, we decided to design two new tasks exploring how people update
their beliefs upon observing a sequence of new evidence. We based our tasks on the
beads task, where participants sample coloured beads and use this evidence to guess
which jar they have been drawn from. Variations of this task have been used in the
past to investigate individual differences in behaviour. For example, Simonsen et al.
[S9] used a social version of the task to investigate differences in how people integrate
different kinds of information, specifically the direct information from the sample the
participant was shown with the indirect information from the guesses of other people.
Croft et al. [[13] used a variation more similar to what we plan to use in this project,
which they called Probability Estimation Task, to measure ‘disconfirmatory updating’ in
schizophrenia. They presented the participants with an illustration of two jars with 100
beads each, with inverse proportions of coloured beads at a 80:20 ratio. The participants
were then informed the computer will randomly draw a bead from one of the jars, show
it to them, and then return it to the jar. The participants were then shown a sequence
of 30 beads, and after each draw they were asked to rate how certain they were about
which jar the beads were being drawn from. They were also told that the computer may
change the jar it draws the beads from at any point during the experiment.

For the purposes of this project, we modified the Probability Estimation Task of [13].
We decided to test 2 versions of the task in the pilot experiments. The simpler Task 1
(Belief updating without prior), used to make sure that participants approach the task
generally in the same way our models do, was similar to the Probability Estimation
Task. There were two jars with inverse proportions of coloured beads at a 60:40 ration,
as seen in Figure This ratio was chosen because it maintains uncertainty for longer
than a more unbalanced one would - if the ratio was e.g. 90:10, few draws would be
sufficient to make a reasonably accurate judgement, limiting the amount of data about
participants’ decision making we can gather from each trial. The participants were
told that the computer will choose one of these jars at random, and then draw beads
from it one by one. After each draw, participants were asked to rate how certain they
were about which jar the beads are being drawn from, as seen in Figure [2.3] Unlike
in the task used by Croft et al. [[13]], in our task the participants are told that the jar
from which beads are drawn will stay fixed for the entire duration of each trial, because
investigation of how people deal with uncertainty related to changes in the environment
is outside the scope of this project.

In Task 2 (Belief updating with prior), the participants will still have to make the choice
between two jars with different proportions of coloured beads, jar type A and jar type
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Figure 2.1: Both tasks were based on two possible types of jars, one with red:blue ratio
60:40 (left), one with the inverse ratio (right)

B. However, in order to induce prior expectations in the participants, we included an
extra step at the beginning of each trial, before the sequence of draws starts. We tell
the participants that there are 10 jars in total we can choose from, some of them of
type A, some of type B (Figure[2.2). In each trial we will choose one of the 10 jars,
and then draw beads from it for the entire duration of the trial, one by one, asking the
participants how certain they are about which type of jar the beads are being drawn
from after each draw. At the beginning of each trial, we will tell the participants the
proportion of the two types among the 10 jars, and this knowledge should induce a prior
belief in the participants about which jar is more likely to be used in a trial, even before
any evidence is presented. For example, if there are 8 jars of type A and 2 of type B,
the prior probability of jar of type A being drawn is 0.8. We ask the participants to state
their confidence before any beads are drawn, to confirm that they take the prior into
account. Using this task setup should allow us to examine how the participants integrate
their prior expectations with new evidence to update their beliefs about a binary variable
(i.e. which of the two jars is used to draw the beads in this trial) at each step of the
evidence sequence. In this version also, the same jar is used for the entire duration of a
trial.

Figure 2.2: In Task 2, at the beginning of each trial the participants received information
about the red-majority:blue-majority ratio among the ten jars from which the jar used in
that trial will be drawn. This is an example of a trial where there were 7 red-majority jars

To ensure that participants understand the task, we start with detailed instructions
and also two practice trials before the real experiment. All information given to the
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State your confidence:

Figure 2.3: Each time a bead was drawn, participants were prompted to state their
confidence about which jar is being used in the current trial

participants, prior and evidence, is accompanied by animations (an image of the 10 jars
for prior, a hand drawing and holding a bead for evidence). The confidence rating is
done using a slider bar ranging from ”I am sure it is the majority red jar” to ”’I am sure
it is the majority green jar”. A response in the middle of the bar means ”’I don’t know”.

The experimental task was implemented using the jsPsych version 6 framework [[14]].
This JavaScript framework is commonly used to implement behavioural and psychophys-
ical experiments that can run in a web browser. We hosted the task on Pavlovia servers.
Our implementation of the task was based on the work of Matthew Whelan, with modi-
fications done by Fateme Soltani and Nikitas Chrysaitis. These authors implemented a
non-sequential version of the jar task, similar to that of Simonsen et al [59]]. However,
our task was in many respects different from those already implemented, mainly in that
sequential rather than single-trial, and included a different mechanism to provide prior
information. We reused some of the already existing elements, but also made significant
timeline modifications and implemented new elements to match the specifics of our
tasks. We also implemented an extra task at the end of the experiment meant to assess
whether participants combine the two sources of information (proportion of red jars
among all 10, and the sequence of drawn beads) in a Bayesian manner.

2.3 Computational modelling

We will use four models based on Bayesian inference (described in detail in part 1.2.1).
Two of these models were used by Chrysaitis et al. [10] to investigate individual
differences in hierarchical Bayesian processing and their relation to higher autistic traits.
These two models are a simple Bayesian model (SB), a weighted Bayesian model (WB).
The other two models are extensions of these models, which include the possibility of
confirmation bias. This extension was based on the model proposed by Baccini and
Hartmann [3] discussed in part 1.2.1. These two models are a simple Bayesian model
biased (SBB) and a weighted Bayesian model biased (WBB).

The simple Bayesian model is based on classical Bayesian inference. The probability
of the bead being drawn from jar A given its colour is red has the form:
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P(red|A)P(A) P(red|A)P(A)
P(red  P(red|A)P(A)+ P(red|B)P(B)

P(Alred) = (2.1)

However, following Chrysaitis et al. [[10] we will use log odds ratio instead of pure
probability:

P(Alred)  P(red|A)P(A) P(red|A) P(A)

P(Blred) _ P(red|B)P(B) _ P(red|B)  P(B) (2.2)
P(Alred) P(red|A) P(4)

In{ (B|red)) in( (red|B))+ln( P(B )) (2.3)

Le=LotLy (2.4)

Where L, is the log odds ratio of the posterior belief about which jar is being used, Ly is
the log odds ratio of the sensory evidence, and L, is the log odds ratio of the prior belief.
To include the confirmation bias in this model, we will follow Baccini and Hartmann
[3]] and use a perceived likelihood odds instead of the real ones. In their original model,
the perceived likelihood ratio )y’ was calculated using the following expression:

P(B)Y

[P(A)]Y+ [P(B)]Y (2.5)

XIZZX*

, where 7 is the bias strength. However, Baccini and Hartmann define the likelihood
ratio as y = 1%' In order to obtain the perceived likelihood odds as defined by us,

we need to take the inverse of y’:

[P(red|A) I
P(red|B)

=" =5 * (2.6)

which can be rewritten as the inverse of the original ratio  times a weight wy,, which is
a function of a prior belief P(A):

X1 =wox ! 2.7)
oy — % [P(A)];(;)[S(B)]Y _ %qiggi]u 1) = %(eY*LP 1) (2.8)

The log perceived likelihood odds L thus become:

P(red|A)

L —
P(red|B)

o = In(wp*

) 2.9)

where i
Wp = 5(eY*Lp +1) (2.10)

And the Biased Simple Bayes model has the form:
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Le=L,+L, (2.11)

The weighted Bayesian model extends the SB model by allowing for the possibility that
prior and sensory information are weighted differently when integrated. This model has
the form:

Lo =F(Lp,wp)+F(Lg,wy) (2.12)
where .
wet+1—w
F(L =n(——— 2.13
(L) = In( ) @13

The F function returns the log odds ratio L weighted by its “trustworthiness” w.

The biased weighted Bayesian model simply uses the log perceived likelihood odds L,
in place of L;:

Le=F(Lp,wp) +F(L;,ws) (2.14)

but the bias weight wy, is calculated using the weighted log prior odds instead of the raw
ones:

1
wp = E(eY*F(vaWp) + 1) (2.15)

2.4 Model fitting

We fitted the models to the participants’ data using Maximum Likelihood Estimation
(we minimised negative log likelihood (NLL)). Since our models make point estimates
of the participant confidence, we augmented them with a data model consisting of a
normal distribution centred on the point estimate.

. .
1 _

9 = argminy,(NLL) = argminy| E — 255 )2] (2.16)
i—10V2n

where NLL is the negative log likelihood, calculated by summing the probability of the
participant response L)(Cl) given normal distribution centred on the corresponding model

(i)

estimate Ly’ with standard deviation & over all participant responses.

The standard deviation of the normal distribution ¢ was calculated using participants’
responses in the following way:

ner (@) 1 (y2
std = \/ Ll — L) (2.17)

n—1
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We implemented all the models in Python 3. The optimisation was done using the Scipy
optimize package’s minimize function, which uses the Broyden—Fletcher—Goldfarb—Shanno
optimisation algorithm [2]. We set the maximum number of function evaluations to
10,000. To prevent finding local minima, for each participant we started the fitting
procedure at 10 random initial parameter values sampled from a uniform distribution
(with range [0.5, 1] for w, and w; and [0, 1] for 7).

2.5 Model comparison

We need a way to determine which of the considered models fits the participant data
the best. The simplest approach would be to use the negative log likelihood of the data
given each model at its best fitting parameter settings. However, since the data we
would be using to evaluate the model are the same we used to estimate its parameters,
we would be risking overfitting. A model with more free parameters can usually fit the
data it has been trained on better than simpler models. Since our models are nested,
the more complex models are actually guaranteed to always have a smaller or equal
negative log likelihood to the simpler models. However, it is possible that the difference
in the models’ performance is not generalisable to data they have not been trained on.
Therefore we need to find a way to somehow take model complexity into account along
with fit to the data.

One such measure very popular in cognitive modelling is the Bayesian Information
Criterion (BIC) [S5], which includes a penalty for free parameters.

BIC =2« NLL+kxlog(N) (2.18)

where NLL is the negative log likelihood of the data given the model, & is the number
of free parameters in the model, and N is the number of data points the model has been
trained on.

The probability that BIC will select the correct model approaches one as the sample
size approaches co. However, for small samples, the heavy penalty on model complexity
imposed by BIC often leads it to pick a model that is too simple [26]. An alternative
measure is the Akaike Information Criterion.

AIC=2x«NLL+2xk (2.19)

AIC imposes a lower penalty on complexity than BIC, which leads it to pick models
that are too complex when the sample is large [26]. Since our sample is quite small,
AIC may be more suitable than BIC, but in case of conflict, it would be useful to have
an alternative.

One alternative measure that prevents overfitting is evaluating model performance on a
held-out validation dataset that was not used for parameter fitting. Although not widely
used in cognitive modelling, this technique efficiently penalises model complexity if
it does not improve general performance, since models overfitted to a single dataset
will not do well on other data. Major problem with this technique is that it reduces
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the amount of data that can be used for parameter estimation, which is especially
problematic for psychological research where the data is usually scarce. This problem
can be avoided by using k-fold cross-validation [26]], where the data is split into k parts,
and then the model is trained on all except one of these parts and evaluated on this part.
This is repeated for each part, and the final model performance is the average of its
performance on each part. We will use this technique (each participant’s data will be
one fold) to support the results obtained with BIC and AIC.

2.6 Parameter and model recovery

Model and parameter recovery is an important part of any computational modelling
pipeline [64]]. If we plan to draw any conclusions based on the parameter values we
estimate for the participant data, we need to make sure that the models’ parameters
are identifiable, i.e. there is a unique mapping between the estimated parameters and
the data patterns that the estimation is based on. We can assess whether this is the
case by parameter recovery. First, we use the model to simulate data with known
parameter values, and then we fit the model to these simulated data. In the end, we
compare the estimated parameters with the true parameters that produced the data. An
ideal outcome of parameter recovery is a tight correlation between the simulated and
estimated parameters, and no bias.

To choose a relevant range for the parameters used to simulate data, we based it on the
parameters fitted to the participant data. At each iteration of the parameter recovery, we
randomly sampled each parameter’s value from the estimated participant parameters,
and added small Gaussian noise to it. The resulting parameter combination was then
used to simulate the data. Since our model outputs a point estimate of the confidence
instead of a probability distribution, we augmented it with the same data model we used
for the Maximum Likelihood Estimation.

For each of the two task versions, we simulated participant data for a 200 different
parameter combinations. Each simulation consisted of 20 trials with 10 bead draws
each, just like in the actual experiment. Before fitting the model to the simulated data,
we added noise equal to the standard deviation calculated using equation for the
WB model. For the no prior task, parameter recovery of the best-fitting WB model was
good for both parameters (r,, b, = 0.71, ry,, = 0.97, and there was no bias, Figure @)
The recovery of w;, was worse in the lower range of the spectrum, but the w,s estimated
from actual participant data are almost all near 1, so this should not be a problem. We
observed no significant correlation between the two parameters (p = 0.11).

For the task version with prior, parameter recovery of the best-fitting WB model had
high correlation for both parameters (r,,, = 0.98,r,, = 0.97). There was no significant
correlation between the two parameters (p = 0.46).

Model recovery is necessary to assess whether the techniques of model comparison we
used to pick the best model are reliable. The procedure is similar to parameter recovery.
For each model, we sample 200 parameter combinations and then use them to simulate
data. All models are then fitted to the data and their AIC score is used to assess which
fits it the best.
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Figure 2.5: Parameter recovery for the WB model in Task 2.

Ideally, the model that produced the data should also always be the one that fits them the
best (i.e. the confusion matrices in figures [2.6a and [2.6b] should be identity matrices).
However, as we can see in the two figures, the model recovery is good for all models
except weighted Bayes biased. Data produced by WBB is in most cases fitted the best
by the unbiased weighted Bayes model. This is potentially problematic - if our model
comparison picks WBB as the best model, we cannot have much confidence in this
result, since its recovery is so poor. At the same time, if WB is picked as the best model,
we cannot be sure that the data was not actually produced by WBB.

Real Model

(a) Task 1: Belief updating without prior.

SBB

WB

Fitted Model

WBB

Real Model

SBB

WB

WBB

Fitted Model

(b) Task 2: Belief updating with prior.

Figure 2.6: Model recovery confusion matrices using AIC score. We can see that for
both tasks, the model recovery is good for all models except the Weighted Bayes Biased.
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Results

The aim of this project is to design and validate the pipeline for two new behavioural
tasks designed to analyse belief updating, one with and one without prior. To this
purpose, we conducted two pilot experiments and used the collected data to answer the
following questions:

* Do people understand the task? Do they solve it in a way compatible with the
models we are considering?

* Are the participants behaving optimally, or are there deviations that can be
captured by our models?

* Is there any relationship between these deviations and the participants’ psychiatric
traits?

First we will evaluate the results from the version of the task without prior, and then the
one with prior.

3.1 Task 1: Belief updating without a prior

3.1.1 AQuestionnaires

First we analyse the AQ and PDI scores to understand our participant samples. In
the sample that did the task without prior, the mean AQ score was 23.08, which is
significantly higher (p = 2.5¢ —4) than the mean AQ score of general population, 16.94
[54]. The average PDI Yes/No score of our sample was 6.92, which is not significantly
different (p = 0.84) from the average PDI Yes/No score of general population, 6.7 [S0].
The mean PDI scores for distress, preoccupation, and conviction were respectively
18.08, 19.46, and 21.23, and were not significantly different from the general population.
The distribution of AQ and PDI Yes/No scores for the no-prior sample can be seen in

Figure[3.1]

In the no-prior sample, we observed relatively strong significant (p = 0.02) correlation
between AQ and PDI Yes/No scores (r = 0.62). This relationship could make inter-
pretation of potential results problematic, since it would be difficult to disambiguate

18
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Figure 3.1: The AQ and PDI Yes/No scores obtained from the two questionnaires for
the sample participating in Task 1. In both figures, the solid black and red lines indicate
the mean score in general and clinical population respectively. In the figure on the left,
the dashed black line (AQ scores below 26), delineates the absence of autism spectrum
disorder, while the dashed red line (AQ scores above 32) indicates clinically significant
level of autistic traits [54] [50]

whether the observed differences are related to differences in autistic or shizotypical
traits.

3.1.2 Behavioural analysis

Left/Right bias  Since we generate the stimuli in the task randomly, the task is not
perfectly symmetrical. The mean of all stimuli (considered as 1 for a red bead and O for
a blue bead) was 0.5146. To investigate left/right bias, we use the performance of the
Simple Bayes model as an unbiased baseline. The mean response of this optimal model
was 0.5168, which was not significantly different (p = 0.25) from the mean participant
response, 0.5237. We thus observe no left/right bias in participant responses.

Final response distribution Next we explore the distribution of participants’ re-
sponses at the end of each trial, once they have seen all the evidence. This is shown in
Figure[3.2] Since the task is symmetrical, we analyse the absolute confidence calculated
as the distance of the response from complete uncertainty, i.e. 0.5 (|r —0.5|). This value
ranges from 0O for no confidence to 0.5 for complete confidence. For comparison, we
also plot the absolute confidence values of the optimal Simple Bayes model.

We can see that compared to the SB model, the participants’ responses are more spread
out over the whole absolute confidence range. Another difference is that participants’
estimates are more concentrated around the edges of the range, i.e. absolute confidence
or no confidence, whereas SB estimates tend towards the center of the range. This can
be linked to a tendency some participants described in their feedback questionnaire,
where they mentioned that if they become confident enough, they moved the slider to
the edge for the corresponding jar.

Update size distribution = We also looked at the distribution of the participants’
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Figure 3.2: The distribution of absolute confidence at the end of each trial of the no prior
task version, for both participants (left) and the Simple Bayes model (right)

confidence updates after observing evidence. We find that participants’ average update
is 0.0029, which is not significantly different from O (p = 0.3). This indicates that there
is no increase/decrease bias, so we can consider just the distribution of update size, i.e.
the absolute value of the update. This is depicted in Figure [3.3]

Participants’ mean update size is 0.0869, which is not significantly different from the
optimal model (p = 0.12). We can see that participants’ update sizes seem to cluster
in the area around this mean. However, unlike in the optimal model updates, there is a
second peak near 0. This is caused by the fact that unlike the optimal model, participants
sometimes do not update their confidence estimate at all after observing evidence - there
seems to be inertia about their estimates until enough new evidence accumulates. Some
participants also reported this strategy in the feedback survey.

This finding suggests that the participants do not always report a change in their current
confidence until they see more evidence. Our models assume no such inertia, which
means that they do not account well for some of the collected data. However, Figure
shows that for most people this tendency was not too strong, although there is one
outlier who did not update their confidence in more than half the trials.
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Figure 3.3: The distribution of update sizes after observing evidence in Task 1, for both
participants and the Simple Bayes model

Summary Model-free analysis indicates that participants understand the task. In some
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(a) Task 1: Belief updating without prior. (b) Task 2: Belief updating with prior.

Figure 3.4: The distribution of the total number of trials when no update was made
among the participants

participants’ estimates we detected an inertia - sometimes they did not update their
estimates after observing new evidence but waited until more evidence was available.

3.1.3 Computational analysis
3.1.3.1 Model comparison

To assess how the participants decision making differed from the optimal solution,
we fitted our four models (Simple Bayes, Simple Bayes biased, Weighted Bayes, and
Weighted Bayes biased) to the participants’ data. Then we compared the results using
BIC, AIC, and cross-validation, as illustrated in Figure @ For each metric, the
performance is plotted as the difference between the score of each model and the
score of the best model for that metric. For BIC, which penalises model complexity
heavily, the best score was achieved by Weighted Bayes. For the more lenient AIC,
Weighted Bayes Biased came out as the best model. We also evaluated the models using
cross-validation, where WBB also came out as the best model, although the difference
between WBB and WB was negligible.

In Figure [3.5| we show that the best fitting models vary across different participants. We
plot the difference in AIC between each model and the best-fitting model according to
AIC, WBB. We see that WBB was the best fit only for three participants’ data. For 7 it
was WB, for two it was SBB, and SB for one.

It is surprising that WBB was picked as the best model by AIC despite the fact that
model recovery suggests that most of the datasets produced by WBB are actually better
fitted by WB. However, we see that WBB was the best fit for only 3 participants, while
for 7 it was WB. This suggests that most participants are best fitted by WB, but there
are some outliers which are better fitted by WBB, and those skew the overall model
comparison. Most participants had low bias strength, and one way to interpret the model
recovery results is that WB and WBB are too similar to reliably distinguish unless the
bias is quite strong. Since WBB has poor model identifiability, we decided to exclude it
from further analysis.

The best-fitting model is thus WB. However, all of the measures mentioned above allow
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Figure 3.5: Model comparison for no prior task. On the left, we see the difference
between the BIC/AIC score of each model and the best-fitting model according to each
metric. In the middle, we see the best fitted model for each participant, together with
the difference between its AIC and the AIC of best-fitting WB. On the right, we see the
difference in the cross-validation average NLL between each model and the best-fitting
WBB model.

us to measure only the relative goodness fit of the models, and thus to determine which
of the models we are considering is the best. However, since we are considering only a
limited selection of models, it is possible that even the best-fitting model still fails to
capture important characteristics of the participant behaviour. To prevent this outcome,
it is important to perform model validation of the best fitting model [64]].

One way to assess how well the model captures the participants’ behaviour is to calculate
the correlation between the model’s predictions and the participant estimates. For the
WB model, r =0.79. This is a fairly good correspondence, as can also be seen in Figure
[3.6] This figure shows the accuracy of the WB model’s predictions of the participant
responses.

3.1.3.2 Parameter estimation and psychiatric traits

In this section we use the WB model to evaluate whether there is any relationship
between the estimated parameters for each participant’s data and their psychiatric traits.

First we look at whether there is any relationship between the participants’ psychiatric
traits and the best-fitting model. Figure [3.”/|depicts this. With the limited data we have,
it is difficult to judge whether the data points best-fitted by each model form any clearly
discernible clusters. Since the single participant best fitted by SB had very low AQ and
PDI Yes/No scores, whereas 3 of the 4 participants best fitted by the biased models
(SBB and WBB) had high AQ scores, there is some indication that higher AQ scores
may lead to suboptimal decision making. However, the small sample does not give
much weight to these speculations.

Since we could not discern any clear clusters, we will look at the distribution of
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Figure 3.6: Heatmap of the accuracy of the WB model’s predictions of participant
responses. Both axes are split into 20 bins, and the colour of each bin indicates the
proportion of times the participant’s estimate fell into the corresponding y-bin when the
model’s prediction fell into the corresponding x-bin.

Lt | p [ r | p
AQ,w, | 0.15 | 0.62 PDIY/N, w, | 0.15 | 0.62
AQ. w, | -0.16 | 0.61 PDI Y/N, w, | 0.09 | 0.78

Table 3.1: Relationship between fitted parameters of the WB model and psychological
traits

parameters estimated using the overall best-fitting model, WB, as shown in Figure [3.§]
We can see that the estimated prior weights tend to be concentrated around 1 while
the likelihood weights are more spread out over the range, though also mostly above
0.8. However, Mann-Whitney U test revealed no significant difference between the two
weights (p = 0.20).

Next we examine the relationship between estimated parameters and participants’
psychological traits. The results are shown in Table 3.1 We can see that there is
no significant correlation between either AQ or PDI Yes/No scores and either of the
parameters. This is unsurprising considering the small sample size.

Next we divided our participants into a low and high AQ groups based on [54], where
AQ score less than 26 is taken as the absence of ASD. 8 of our participants were in the
low AQ group, 5 in the high AQ group. We tested if there is any significant difference
between the medians of the estimated parameters for each group, depicted in Table
3.2] Using the Mann-Whitney U test, we found no significant difference for either of
the 3 parameters. This is not surprising considering the small size of our sample, but
larger data collection in the future should be able to assess possible differences more
conclusively.
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Figure 3.7: The relationship between the best-fitting model for each participant and their
psychiatric traits in Task 1
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Figure 3.8: The distribution of estimated parameters of the WB model for the no prior
task

Next we compared the group AIC score each model achieves on the data from the low
and high AQ group separately. Both groups were best fitted by the WB model.

3.1.3.3 Further analysis

In the feedback questionnnaires, several participants described feeling tired towards
the end of the experiment, and suggested this might have had some effect on their
performance. We tried to assess this by training and evaluating (using AIC) the model
separately on the data from first half of the experiment (10 trials) and second half (10
trials). We find that the data from the first half were best fitted by the SB model, whereas
for the second half it was WB. This suggests that participants’ decision making starts to

‘ A median ‘ p
0.004 | 0.21
0.09 0.76

Wp
Wy

Table 3.2: Difference of medians of the estimated parameters between the high AQ and
low AQ group
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| SB AIC | WB AIC
-1106.1 | -1092.5
-1020.3 | -1032.8

First half
Second half

Table 3.3: Group AIC scores of the SB and WB models when evaluated separately on
the first and second half of each participant’s trials

deviate from optimal decision making more as the experiment progresses, although the
observed differences between the models are relatively small (Table [3.3)).

3.1.4 Participant feedback

The purpose of the pilot experiments was to implement and test the pipeline for data
analysis, and to assess the suitability of the task before conducting the main experiment.
To this purpose, we asked the participants to give us feedback on their experience during
the experiment.

In general, the participants found the task engaging, although many of them reported
that it was too long and tiring towards the end. In terms of changes that would improve
their experience, there were multiple suggestions that we include a progress bar that
would let them know how many more trials there are left. Some of the participants
also said they would appreciate having ticks on the confidence slider, so that they can
pick 0.5 (no confidence) more accurately. In terms of strategies, peoples’ reports vary.
Some suggested that they adjusted the slider scale just based on how they felt, while
others described more elaborate strategies trying to take the precise colour ratios into
consideration. We think that this might be the consequence of the fact that our sample
for the pilot experiment consisted mainly of university students in technical fields,
who are more likely to try to consciously come up with an optimal solution than the
general population. Another pattern reported multiple times was that people did not
always adjust their confidence after observing new evidence. Rather they described
only adjusting their confidence once multiple beads were drawn.

3.1.5 Task 1 Summary

Our analysis showed that in the task without the prior, participants understand the
task and mostly solve it in a way that seems compatible with our models. Some
people demonstrate inertia in their confidence estimates that our models do not account
for. However, in our sample such participants constitute a minority, and we believe
that this tendency could be illuminated with minor changes in the experiment that
would better incentivise the participants to share their confidence after every bead draw.
Our model-based analysis suggests that participants’ behaviour deviates from optimal
Bayesian inference. However, these deviations seem to usually be better captured by an
imbalance in prior and likelihood weighting than by the confirmation bias as defined
by our models. As expected due to the sample size, analysis of estimated parameters
showed no significant correlations between either prior or likelihood weight and AQ or
PDI, and also no significant difference between parameter means of low and high AQ
subgroups. Finally, participant feedback suggests that participants find the experiment
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too long and computational analysis indicates their behaviour might change towards
the end of the experiment as a result. In summary, the pilot experiment suggests that
Task 1 is more suitable for exploring differences in prior and likelihood weighting as
a function of psychiatric traits than for the measurement of confirmation bias. The
pipeline we developed is ready for larger data-collection, which can provide enough
statistical power to detect such differences if they exist.

3.2 Task 2: Belief updating with prior

3.2.1 Questionnnaires

In the sample that did the task with prior, the mean AQ score was 24.46, which is
significantly higher (p = 4.68e — 6) than the mean AQ score of general population,
16.94 [54]. The average PDI Yes/No score of this sample was 6.69, which is not
significantly different (p = 0.99) from the general population average, 6.7 [50]. The
mean PDI scores for distress, preoccupation, and conviction were respectively 18.85,
18.08, and 23.15, and neither was significantly different from the general population.
The distribution of the AQ and PDI Yes/No scores in this sample can be seen in Figure
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Figure 3.9: The AQ and PDI Yes/No scores measured in the sample participating in Task
2. In both figures, the solid black and red lines indicate the mean score in general and
clinical population respectively. In the figure on the left, the dashed black line (AQ scores
below 26) delineates the absence of ASD, while the dashed red line (AQ scores above
32) indicates clinically significant level of autistic traits [54][50]

In this sample, we did not observe a significant correlation between the AQ and PDI
Yes/No scores, (p = 0.33).

3.2.2 Behavioural analysis

Left/Right bias In this version of the task we investigated separately possible left/right
bias in the responses after seeing evidence, and also in the prior estimates. The mean
of all prior estimates was 0.51, which is not significantly different (p = 0.71) than the
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mean of optimal model estimates (0.5). For the responses based on seeing evidence,
the participant mean is 0.50, which is significantly higher (p = 0.01) than the mean of
optimal model responses (0.48). However, it is not significantly different from 0.5, and
we therefore suggest that the difference from optimal model is caused not by bias, but
by other phenomena we observed in participant behaviour, such as inertia.

Final response distribution Next we look at the distribution of the final responses of
the participants versus the optimal model, depicted in Figure [3.10] Just as with the no
prior version, we analyse absolute confidence (|r — 0.5]).
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Figure 3.10: The distribution of absolute confidence at the end of each trial of the task
version with prior, for the participants (left), and the SB model (right)

We can see that both distributions have multiple peaks. Both peak at absolute confi-
dence. Both distributions also have a second peak in the lower half of the confidence
spectrum, but the participant confidences are more spread out than the SB confidences,
which cluster around 0.1 and around 0.3. On the whole participant confidence is more
concentrated in the lower half of the scale whereas the opposite is true for SB. This
can be partly the result of a tendency described in participants’ feedback, where some
participants at first made a low confidence estimate and then waited until they gathered
enough evidence to fully commit to their choice of a jar, expressing no uncertainty.

Prior estimate and integration Since this task introduces new source of information,
the prior, we need to investigate whether the participants can and do successfully
use this information to make their estimates. We use two metrics to do this, whose
distribution can be seen in Figure[3.11] First is the deviation between the participants’
confidence before seeing any beads, based on the prior alone, and the real prior. We
observe that the mean of this deviation is -0.009, which is not significantly different
from O (p = 0.26), suggesting that participants’ estimates are noisy but unbiased. The
mean absolute deviation was 0.07, and in Figure [3.11] we can see that vast majority of
participants’ estimates was within 0.15 of the real prior. Aside from assessing whether
the participants can use the prior information on its own, we also want to know if
they integrate it with new evidence. We used the absolute update size after observing
the first bead to analyse this. We can see in Figure [3.T1] that in the vast majority of
cases participants do not update their prior estimate at all after observing the first bead.
This has been confirmed by qualitative exploration of the participant data, and also in
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the participants’ feedback. Multiple participants described that the prior information
impacted their confidence strongly, and they were not willing to change their estimate
until they observed enough evidence, i.e. more than 1 bead. This behaviour is very
different than that of the optimal model, which always updates its confidence based on
evidence.
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Figure 3.11: The distribution of absolute deviations between the real priors and the
participant estimates (left) and the distribution of the absolute update size after observing
the first bead in each trial for both the participants and SB model (right)

Update size distribution Next we extend the analysis of participants’ confidence
updates to all the bead draws. We find out that the mean estimate update -0.0015 is
not significantly different from O (p = 41), which suggests that there is no bias and we
can proceed to analyse only the absolute update sizes. The participants’ mean absolute
update size is 0.036, which is significantly less than the optimal model’s mean update
size 0.069 (p = 0.0000). We can see the full distributions of update sizes for both the
participants and the optimal model in Figure [3.12] We can see that most of participants’
updates are 0, which confirms the trend observed above. Participants seem to update
their confidence estimate only after observing enough evidence, not every time new
evidence is available. This tendency is much more pronounced than in the task without
prior, as can be seen in Figure [3.4b]

Summary Our model-free exploration of the participant data suggests that people
understand the task, but do not make their estimates in the expected manner. The
main deviation is strong inertia in their responses confirmed by both qualitative and
quantitative exploration - participants mostly do not change their confidence after each
new observation, but instead wait until more evidence accumulates before making a new
estimate. This tendency is problematic, since it does not make participants’ decision
making transparent to us and the models we are trying to fit to the data. Furthermore,
this tendency seems to be much stronger than in the no prior task.
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Figure 3.12: The distribution of update sizes after observing evidence in Task 2, for both
participants and the Simple Bayes model

3.2.3 Computational analysis
3.2.3.1 Model comparison

Our model comparison methodology is the same as for the no prior version of the task,
the results can be seen in Figure For this sample, all three methods (BIC, AIC,
and cross-validation) picked Weighted Bayes as the best model, with WBB as second.
The WBB parameters that fitted participant data the best made the model identical to
WB: w, and w, were identical to the best-fitting weights of WB, and y was estimated to
be 0. The optimal 7y value for the SBB model is also 0, making it equivalent to SB. This
suggests that the added bias did not improve the fit of the participant data, although
in this version of the task the results of model-based analysis should be taken with
skepticism, since our model-free analysis revealed that participants behave differently
from either of the analysed models.

When we looked at which model fits each participant the best (using AIC), we found
that for 7 participants it is WB, for 2 it is SB, and WBB for just 1. This likewise suggests
that participants’ responses were not biased in the way defined by our models.

Figure [3.14]depicts the accuracy of WB model’s predictions of participant responses.
Surprisingly, their correlation is fairly good at r = 0.86, considering the observed
phenomenon where participants do not update their confidence after every draw, unlike
the WB model. It is possible that once participants change their confidence, their
confidence update is similar to the sum of all the updates made by the model since the
participant’s last update, so that broad correlation is preserved despite differences in
trajectory.

3.2.3.2 Parameter estimation and psychiatric traits

We will use the best-fitting model WB to estimate and analyse the parameters for each
participant’s data. First we check if there is any relationship between the participant’s
psychiatric traits and the model that fits their data the best, Figure It seems there
are no clearly discernible clusters, so we proceed to analyse all participants using WB
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Figure 3.13: Model comparison for Task 2. On the left, we see the difference between
the BIC/AIC score of each model and the best-fitting model according to each metric. In
the middle, we see the best fitted model for each participant, together with the difference
between its AIC and the AIC of best-fitting WB. On the right, we see the difference in the
cross-validation average NLL between each model and the best-fitting WB model.

ot | p | r | p
AQ.w, | -0.08 | 0.8235 PDIY/N, w, | 0.09 | 0.7900
AQ.w, | 012 | 07378 PDI Y/N, w, | 0.37 | 0.2981

Table 3.4: Relationship between fitted parameters of the WB model and psychological
traits for the task with prior

only.

The distribution of the fitted parameters is shown in Figure[3.16] We can see that the prior
weights are all very close to one (w), = 0.98, std,,, = 0.02), while the likelihood weights
are more spread out (W; = 0.87,std,,, = 0.14). However, we recorded a significant
correlation between the two parameters (r = 0.76, p = 0.01). We observed no such
correlation between these two parameters in parameter recovery, which suggests that
this correlation is more likely to be due to a real correlation between the two parameters
than due to the parameters trading off one another.

Next we examine whether there is any relationship between the estimated parameters
and participants’ psychological traits. The results are recorded in Table[3.4 We see that,
as expected, there is no significant correlation between either AQ or PDI Yes/No score
and either of the parameters.

We split the participants into the low and high AQ groups based on the same criteria
as in the no prior task. In this sample, 5 participants were in the high AQ group and
5 in the low AQ group. We tested if there is any significant difference between the
medians of the estimated parameters for each group, depicted in Table[3.5] Using the
Mann-Whitney U test, we found no significant difference for either of the parameters.
This is unsurprising considering the sample size.
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Figure 3.14: Heatmap of the accuracy of the WB model’'s predictions of participant
responses. Both axes are split into 20 bins, and the colour of each bin indicates the
proportion of times the participant’s estimate fell into the corresponding y-bin when the
model’s prediction fell into the corresponding x-bin

| Amedian | p
-0.008 | 0.84
0.113 0.67

Wp
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Table 3.5: Difference of medians of the estimated WB parameters between the high AQ
and low AQ group for the task with prior

We also did model comparison for each of the two groups separately. Using AIC, we
found that both groups were best fitted by the WB model, which is in line with the
evidence above demonstrating no difference between the two groups for our small
sample.

3.2.3.3 Further analysis

Similarly to the no prior task, participants’ feedback mentioned that they felt like the
experiment was too long and tiring, and suggested possible change in performance
towards the end as a result. We again assessed this by splitting the participant data into
first 10 trials and the second 10 trials, and fitting and evaluating the models separately
for each group. We find that both groups are best fitted by the WB model, which does
not indicate that there was any change in decision making in the later stages of the
experiment. This is contrary to the findings for that task without prior, where the earlier
trials were best fitted by SB, whereas the later ones by WB. This conflict is especially
surprising given that the task with prior lasted longer than the one without prior. One
possible explanation is that the task with prior was more interesting for the participants
and thus managed to keep them engaged longer.
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Figure 3.16: The distribution of estimated parameters of the WB model for each partici-
pant in the task with prior

3.2.4 Participant feedback

Participants’ comments on the general experimental setup were similar to the no prior
task. They found the experiment a bit too long, and would have appreciated a progress
bar indicating how many trials there are left. When they describe their strategy, 2
comments occur multiple times. First one is that the prior information about how
many jars there are of each colour impacted their confidence strongly. The second
recurring comment was that the participants did not change their confidence after every
draw. Especially at the beginning of each trial, when few beads had been observed, but
also later on, participants would describe waiting for about two or three draws before
adjusting their confidence estimate.

3.2.5 Task 2 Summary

Our analysis shows that peoples’ behaviour in the task with prior is different from that
of either of our models. The most significant deviation is the strong inertia we observed
both quantitatively and qualitatively. Both participant feedback and their responses
suggest that the prior information strongly influences their estimates, and it takes a large
amount of evidence accumulated over several bead draws to change their initial estimate
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based on the prior alone. The inertia effect was to some extent present also in the no
prior task 1, but in task 2 it seems to be reinforced by the explicit prior. Therefore we
do not believe that the inertia could be eliminated by any simple modification to the
experiment instructions. In future work, task 2 should not be used unless new models
are designed that incorporate the inertia observed in participant behaviour. The fact
that neither of our current models captures the participants’ behaviour also limits the
conclusions we can make based on computational analysis. The fact that WB was the
best-fitting model suggests that participants’ behaviour deviates from optimal Bayesian
inference, but these deviations are better captured by a slight imbalance in prior and
likelihood weighting than by confirmation bias as defined by our models.
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Conclusions

4.1 Discussion

There is growing research indicating that people with ASD may be less susceptible to
various cognitive biases, and thus may have “enhanced rationality” [S3]]. We hypoth-
esised that these findings can extend to the confirmation bias, which has, to the best
of our knowledge, not yet been analysed with regards to possible differences between
people with ASD and general population. In order to conduct such a research, it is
necessary to have a reliable measure of individual differences in confirmation bias.
One of the objectives of this project has thus been to design and validate models and
experimental tasks that would be capable of measuring such differences.

To this purpose, we decided to use Bayesian models of belief updating used previously to
explore how people integrate prior and likelihood information in probabilistic reasoning
[S9]] [9]. One of these was the Simple Bayes model, and the other was the Weighted
Bayes model. Bayesian models were picked because they provide a principled way
to handle integration of prior and likelihood information, which makes them a useful
framework for exploring how peoples’ prior beliefs bias their interpretation of new
evidence. We modified the original models to include confirmation bias based on the
model proposed by Baccini and Hartmann [3]. Their model of the confirmation bias
proposes that people update their beliefs more based on evidence that is in agreement
with their prior beliefs than based on disconfirmatory evidence, and the strength of this
effect is a function of the strength of their prior beliefs.

Multiple explanations have been proposed to account for the enhanced rationality
observed in people with ASD. One of the main theories postulates that the lower
susceptibility to bias is the result of reduced influence of prior and contextual knowledge
on the reasoning of people with ASD, resulting in a more detail-oriented style of
reasoning. This theory is consistent with a Bayesian theory of ASD proposed by
Pellicano and Burr [48], which proposes that the differences observed in people with
ASD are caused by the fact they have broader priors in the Bayesian sense, and thus
their prior beliefs influence their interpretation of new evidence less than in neurotypical
people. The Weighted Bayes model we decided to modify to include confirmation
bias is capable of capturing such an underweighting of prior information, as well as

34
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overweighting of new evidence, which has been proposed as an alternative to Pellicano
and Burr’s theory [7]. A second purpose of the experiments we design is thus to explore
whether the Weighted Bayes model, or its modification including confirmation bias,
show any differences in the relative weighting of prior and likelihood information
between individuals with low and high autistic trait scores.

Since Pellicano and Burr proposed their Bayesian theory of ASD, there has been a
large amount of research trying to assess whether people with ASD truly overweight
likelihood information relative to the prior information. However, the results of this
research are mixed. Our experiment concerns the specific case of learned priors, i.e.
priors that are acquired during the experiment. A review by Chrysaitis et al. [[10] shows
that when the priors are learned implicitly, studies are split between those demonstrating
an imbalance in prior and likelihood weighting and those failing to demonstrate such
an imbalance. However, when the priors were made explicit, as in our experiment,
most studies failed to demonstrate any imbalance. One possible explanation for these
null results is that Bayesian priors are generally considered to be implicit, and it is
unclear whether an explicitly stated prior information, such as the proportion of jars
of each type in our case, can be learned as priors influencing Bayesian reasoning.
However, another possible explanation of the generally conflicting results in this field
of research is the heterogeneity of the research methodology used in studies trying to
assess presence of prior/likelihood weighting imbalance. Many of the studies do not
use any Bayesian modelling, which can provide more mechanistic detail than simple
behavioural analysis. Additionally, even the studies that do use modelling often fail to
follow all the recommended modelling guidelines that aim to increase the confidence
we can have in model-based analysis of psychiatric data [64]. To avoid such pitfalls,
we paid special attention to following these guidelines. Specifically, even though we
were mainly interested in modelling confirmation bias, we also analysed alternative
models, which did not include bias. Additionally, we performed parameter and model
recovery to assess how much trust we can have in the results from our computational
analysis, and we validated the best-fitting model by comparing its behaviour to the real
participants’ data.

These additional measures helped us uncover several shortcomings of our approach that
would otherwise go unnoticed. First of all, we discovered that the data is better fitted
by the unbiased Weighted Bayes model than by the biased one, and the Simple Bayes
model also performed better than its biased version. This suggests that participants’
judgements are not influenced by confirmation bias in the manner assumed by our
models. Additionally, our model recovery analysis revealed that the Weighted Bayes
Biased model has poor recovery, and we therefore had to exclude it from our analysis.

We conducted two pilot experiments to validate our proposed models and experimental
tasks. We observed an unexpected “inertia” tendency, where participants did not
update their confidence estimate after each new observation, but rather only once more
evidence was accumulated over the course of multiple bead draws. This tendency seems
to be particularly strong in the task version with prior. Based on participant feedback,
we believe this is the result of the fact that the prior information about the relative
proportions of the two jar types strongly influences participants’ confidence, to the
extent that only multiple conflicting bead observations can change it. We therefore do
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not think that the task version without prior can be used in further research unless new
models capable of incorporating the inertia effect are designed.

The inertia effect was present also in the task version without prior, but to a lesser extent.
This leads us to believe that relatively minor modifications to the experiment could
eliminate it entirely. One such modification would be changes to the experiment in-
structions that would encourage the participants to always state their current confidence
even if they are unsure. A less subtle modification would be to force the participants
to update their confidence estimate after every draw. In the current implementation
of the experiment, there is the possibility to proceed to the next bead draw without
changing the confidence slider position. This possibility could be removed in future
implementations. However, there is a risk that this would force the participants to
behave in a manner that does not truly reflect their confidence, and thus we believe that
less aggressive modifications should be tried first.

The results from both prior experiments suggest that participants’ estimates deviated
from optimal Bayesian inference. However, these deviations were better captured
by simple imbalance in prior and likelihood weighting of the WB model than by the
confirmation bias implemented in the WBB or SBB models. We thus have to conclude
that if confirmation bias affects peoples’ decision making in the tested tasks, it does not
do so in the way assumed by our models.

4.2 Future work

The purpose of the pilot experiments was to validate the pipeline for the two versions
of the experiment in preparation for a large-scale experiment. Our results show that
the version of the experiment with prior is not ready for large scale deployment, since
the participants exhibit inertia that our models do not account for. The no prior version
of the task, with some modifications, therefore seems more promising. However,
the poor model recovery of the Weighted Bayes Biased model suggests that even if
model comparison picked it as the best model for this task, we still could not have full
confidence in it. Furthermore, the pilot results suggest that the participants’ estimates
are not influenced by confirmation bias in the way it is defined in our proposed models.

However, we believe that the no-prior version of the sequential beads task could be
used to explore probabilistic belief updating in future research, particularly to explore
possible differences in prior and likelihood weighting between people with ASD and
neurotypical population. This task is similar to tasks used previously to explore Bayesian
theories of ASD and schizophrenia, e.g. the fisher task used by Jardri et al. [29] and
Chrysaitis et al. [9]], and particularly the social beads task used by Simonsen et al.
[S9]. However, these tasks consider only a single-trial static integration of prior and
likelihood, whereas our task focuses on sequential belief updating. In the fisher task,
participants were supposed to state their confidence that a red fish was caught from one
of two available lakes. Two sources of information were made available to them: two
fish baskets whose size expressed the fisher’s preference for each of the two lakes, and
the proportion of black and red fish in each of the two lakes. Chrysaitis et al. found
that participants did not take the precise prior information expressed by the fish basket
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sizes into account, instead just focusing on which of them was larger. Since our task 1
is sequential, the role of the prior after each bead observation is played by the posterior
calculated after the previous observation. Since the participants state their posterior
after each observation, the prior for the next draw is made explicit and the vagueness
present in the fisher task is thus eliminated.

The social beads task by Simonsen et al. [S9] has been previously adapted to a version
more similar to our task by Soltani et al., as an MSc student at Peggy Series’ lab. In their
version of the task, participants were asked to state their confidence about which of two
jars a sample of multiple beads has been drawn from. Aside from the beads, they also
had an additional source of information: the confidence estimates of two other agents.
Chrysaitis et al. piloted a similar experiment and discovered that when participants are
presented with prior information about which jar the beads are from and a likelihood
information in the form of multiple beads drawn from the jar, they tend to average the
two sources of information rather than integrate them in a Bayesian way. E.g. if the
prior suggests 0.8 confidence in the majority red jar, and 60% of the drawn beads are
red, participants tend to update their confidence to approximately 0.7. We observed no
such behaviour - when the participants observed a red bead, they either did not change
their estimate, or, much more often, updated it in the direction of the majority red jar,
regardless of their previous estimate.

We therefore believe that the no-prior version of the sequential beads task could be
used in future research to explore Bayesian theories of ASD and potentially also
schizophrenia. In our pilot experiment, the Weighted Bayes model had good model
recovery, was best according to BIC, and even its AIC was the best for most individual
participants. It therefore seems that the most promising continuation of this project is to
focus on differences in the weighting of prior and likelihood information between people
with ASD and neurotypical population. An important part in planning an experiment
that would address this question is determining the necessary sample size.

4.2.1 Power analysis

Power analysis allows us to calculate the sample size that achieves a desired effect size
with desired statistical power at a desired significance level o.. Therefore we need to
determine all the other variables before we can proceed to calculate the sample size.

The power of an experiment is the probability that the null hypothesis will be correctly
rejected based on the sample if the actual effect in the population is equal or greater
than the specified effect size [27]. The significance level o is the maximum probability
that the null hypothesis will be rejected even if it is actually true. The choice of power
and significance level is essentially arbitrary, and since our study does not require
extraordinary caution to avoid either false positive or false negative results, we will use
the most commonly used values: o0 = 0.05 and power of 0.80.

Another variable that determines the necessary sample size is the effect size. Effect
size is essentially the magnitude of the association between a predictor and an outcome
variable. In our case, there are four hypotheses we could consider. First two of them
are whether there is a correlation between participants’ AQ scores (the predictor) and
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the estimated parameters w), or wy (the outcome variable). In this case, the effect size
would be the absolute value of the Pearson’s correlation coefficient. The other two
hypotheses were whether there is a difference between the estimated parameter w), or
wy (the outcome variable) between the individuals with high AQ and those with low AQ
(the predictor). In this case the effect size would be the difference between the outcome
variable’s means for each of the two groups.

In related previous research, Karvelis et al. [30] explored differences in how prior and
sensory information is combined by participants with high and low AQ scores. They
conducted a visual statistical learning experiment where participants were asked to
estimate the direction of motion of a cloud of coherently moving dots, and analysed the
results using a Bayesian model. This model was characterised by four parameters: the
mean and uncertainty of the prior; and mean and uncertainty of the sensory likelihood.
The study found a significant correlation between the participants AQ scores and
the estimated uncertainty of the sensory likelihood (r = —0.185,p = 0.011). The
uncertainty of the sensory likelihood has the same function as the likelihood weight
in our Weighted Bayes model - the higher the uncertainty of the sensory likelihood,
the less the likelihood information influences the posterior. We can therefore use the
findings of Karvelis et al. to hypothesise that in our task, we should observe a positive
correlation between the participants AQ scores and their estimated likelithood weight
Wy.

Using the correlation observed by Karvelis et al. as the expected effect size, we
calculated that for an experiment to achieve power of 0.8 when we expect to find an
effect of size r = 0.185 at a significance level oo = 0.05, we would need results from 86
participants.

An interesting avenue for future research would be to analyse the data from our ex-
periment using a broader variety of Bayesian models. Of particular interest could be
the circular inference models that have been proposed as a mechanistic account of
schizophrenia[28]], and successfully captured differences in Bayesian inference between
people with schizophrenia and neurotypical population [29]. The same models have
also been applied to the study of ASD [9]], but no significant differences have been
found. Our task could provide valuable new data on the possibility that these models
can explain the mechanisms behind ASD.

4.3 Conclusion

In this project, we conducted two pilot experiments to validate that our proposed models
and the two new behavioural tasks we designed are capable of

* Measuring individual differences in prior and likelihood weighting
* Measuring individual differences in confirmation bias

Both experiments were based on a beads task exploring how participants update their
beliefs upon repeatedly observing new evidence. We found that the version of the task
with explicit prior information resulted in a strong inertia effect that made our models
incompatible with the participant behaviour. This effect was also observed in the no
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prior version of the task, but to a considerably lesser extent. This leads us to believe
that the inertia could be eliminated by minor modifications to the existing no prior
task, which could subsequently be used for further research. The results of both pilot
experiments suggest that participants behaviour is not affected by confirmation bias as
it is defined by our proposed models. This, together with poor model recovery of the
WBB model, leads us to conclude that the current tasks and models are not capable of
capturing individual differences in confirmation bias strength. Nevertheless, the no prior
task we designed still provides a useful platform to explore individual differences in
Bayesian inference, in particular the weighting of prior and likelihood information, as it
does not suffer from some of the shortcomings present in previously used experiments.
In the pilot experiments, we found no significant relation between the estimated prior
and likelihood weights and either the autistic or schizotypical traits of the participants.
However, this was expected since our power analysis showed that the sample size in the
pilot experiments did not result in sufficient statistical power to detect an effect even if
it was present. Possible differences in prior/likelihood imbalance between people with
ASD and neurotypical population therefore deserve further exploration in a larger study
with sufficient power.
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Appendix A

Participants’ information sheet

A.1 Task 1: Belief updating without prior

STUDY TITLE Investigating the relationship between decision-making and personality
traits

RESEARCHERS David Daubner, Peggy Series

You are being asked to take part in a research study on decision-making and personality.
This study was certified according to the Informatics Research Ethics Process, RT
number 29394. Please take time to read the following information carefully.

WHAT WILL HAPPEN In this study, you will be asked to answer some questionnaires
about psychological traits and afterwards you will be automatically redirected to take
part in a decision-making task. In the task you will be shown some coloured glass
beads and then you will be asked to make confidence judgements about the jar which
they came from. You will be explained the procedure in more detail before starting the
experiment.

TIME COMMITMENT The study typically takes about 30 minutes.

PARTICIPANTS’ RIGHTS You may decide to stop being a part of the research study at
any time without explanation. You have the right to ask that any data you have supplied
to that point be withdrawn/destroyed. You have the right to have your questions about
the procedures answered (unless answering these questions would interfere with the
study’s outcome). If you have any questions as a result of reading this information sheet,
you should send an email to the researchers before participating in the study.

BENEFITS AND RISKS There are no known benefits or risks for you in this study.

STUDY RESULTS The results of this study may be summarised in published articles,
reports and presentations. Key findings will be anonymized: We will remove any
information that could, in our assessment, allow anyone to identify you. With your
consent, information can also be used for future research. Your data may be archived
for a minimum of 2 years.
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If you want to find out about the final results of this study, you should send David an
email (email address provided below) and he will email you the final report whenever it
is available.

DATA PROTECTION AND CONFIDENTIALITY Your data will be processed in
accordance with Data Protection Law. All information collected about you will be kept
strictly confidential. Your data will be referred to by a unique participant number. Your
data will only be viewed by the researcher and the supervisors. All data will be stored
on a password-protected encrypted computer, on the School of Informatics’ secure
file servers, or on the University’s secure encrypted cloud storage services (DataShare,
ownCloud, or Sharepoint).

DATA PROTECTION RIGHTS The University of Edinburgh is a Data Controller for
the information you provide. You have the right to access information held about you.
Your right of access can be exercised in accordance Data Protection Law. You also
have other rights including rights of correction, erasure and objection. For more details,
including the right to lodge a complaint with the Information Commissioner’s Office,
please visit www.ico.org.uk. Questions, comments and requests about your personal
data can also be sent to the University Data Protection Officer at dpo@ed.ac.uk.

FOR FURTHER INFORMATION David Daubner or Peggy Series will be glad to
answer your questions about this study at any time. You may contact David via email at
s1965226 @ed.ac.uk and Peggy at pseries@inf.ed.ac.uk.

If you wish to make a complaint about the study, please contact inf-ethics @inf.ed.ac.uk.
When you contact us, please provide the study title and detail the nature of your
complaint.

A.2 Task 2: Belief updating with prior

STUDY TITLE Investigating the relationship between decision-making and personality
traits

RESEARCHERS David Daubner, Peggy Series

You are being asked to take part in a research study on decision-making and personality.
This study was certified according to the Informatics Research Ethics Process, RT
number 29394. Please take time to read the following information carefully.

WHAT WILL HAPPEN In this study, you will be asked to answer some questionnaires
about psychological traits and afterwards you will be automatically redirected to take
part in a decision-making task. In the task you will be shown some coloured glass
beads and then you will be asked to make confidence judgements about the jar which
they came from. You will be explained the procedure in more detail before starting the
experiment.

TIME COMMITMENT The study typically takes about 30 minutes.

PARTICIPANTS’ RIGHTS You may decide to stop being a part of the research study at
any time without explanation. You have the right to ask that any data you have supplied
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to that point be withdrawn/destroyed. You have the right to have your questions about
the procedures answered (unless answering these questions would interfere with the
study’s outcome). If you have any questions as a result of reading this information sheet,
you should send an email to the researchers before participating in the study.

BENEFITS AND RISKS There are no known benefits or risks for you in this study.

STUDY RESULTS The results of this study may be summarised in published articles,
reports and presentations. Key findings will be anonymized: We will remove any
information that could, in our assessment, allow anyone to identify you. With your
consent, information can also be used for future research. Your data may be archived
for a minimum of 2 years.

If you want to find out about the final results of this study, you should send David an
email (email address provided below) and he will email you the final report whenever it
is available.

DATA PROTECTION AND CONFIDENTIALITY Your data will be processed in
accordance with Data Protection Law. All information collected about you will be kept
strictly confidential. Your data will be referred to by a unique participant number. Your
data will only be viewed by the researcher and the supervisors. All data will be stored
on a password-protected encrypted computer, on the School of Informatics’ secure
file servers, or on the University’s secure encrypted cloud storage services (DataShare,
ownCloud, or Sharepoint).

DATA PROTECTION RIGHTS The University of Edinburgh is a Data Controller for
the information you provide. You have the right to access information held about you.
Your right of access can be exercised in accordance Data Protection Law. You also
have other rights including rights of correction, erasure and objection. For more details,
including the right to lodge a complaint with the Information Commissioner’s Office,
please visit www.ico.org.uk. Questions, comments and requests about your personal
data can also be sent to the University Data Protection Officer at dpo@ed.ac.uk.

FOR FURTHER INFORMATION David Daubner or Peggy Series will be glad to
answer your questions about this study at any time. You may contact David via email at
s1965226 @ed.ac.uk and Peggy at pseries @inf.ed.ac.uk.

If you wish to make a complaint about the study, please contact inf-ethics @inf.ed.ac.uk.
When you contact us, please provide the study title and detail the nature of your
complaint.
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Participants’ consent form

CONSENT By proceeding with the study, I agree to all of the following statements: I
have read and understood the above information. I understand that my participation
is voluntary, and I can withdraw at any time. I consent to my anonymised data being
used in academic publications and presentations. I allow my data to be used in future
ethically approved research.
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