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Can Adults Revise Their Core Beliefs about Agents?

Rongzhi Liu (rongzhi_liu@berkeley.edu), Fei Xu (fei_xu@berkeley.edu)
Department of Psychology, University of California, Berkeley
Berkeley, CA 94720 USA

Abstract

A set of fundamental principles governs our reasoning about
agents since infancy. Past research has shown that adults are
surprised when they observe apparent violations of these prin-
ciples, which might prime them to learn from the violations and
update their beliefs. In the present experiments, we demon-
strate that adults can revise their beliefs about these principles
in a specific, virtual world when they observe multiple pieces
of counterevidence, and generalize their revised beliefs to new
agents in the same environment. We discuss these findings to-
gether with the findings of a similar study with preschoolers,
and we suggest future directions for this line of research.

Keywords: belief revision; core knowledge; intuitive psychol-
ogy

Introduction

The Core Knowledge view (Spelke, 1988, 2000; Spelke &
Kinzler, 2007) argues that human infants are endowed with
core knowledge systems — a small number of systems of do-
main-specific knowledge, each accompanied by a set of prin-
ciples. Later in development, infants and children construct
intuitive theories based on these systems, such as intuitive
physics and intuitive psychology (e.g., Carey, 1985; Gopnik
& Meltzoft, 1997; Wellman & Gelman, 1992).

One of the core knowledge systems guides how we repre-
sent and reason about agents. Between the ages of 6 to 12
months, infants understand that agents’ intentional actions
are directed to goals (Woodward, 1998), agents choose effi-
cient means to achieve their goals (Gergely & Csibra, 2003),
and agents’ preferences can be inferred based on violations
of random sampling (Wellman et al., 2016). For ease of ex-
position, we will refer to these as the Goal principle, the Ef-
ficiency principle, and the Sampling principle from now on.
These principles support further learning in the psychological
domain (e.g., Jara-Ettinger et al., 2015; Kushnir et al., 2010;
Sodian et al., 2016). They also persist into adulthood — these
principles underlie adults’ mental state reasoning and action
understanding in complex scenes (Baker et al., 2017, Jara-
Ettinger et al., 2020).

Thus, these core principles about agents are early emerging,
they support learning about the psychological domain
throughout development, and they continue to guide reason-
ing about the psychological world in adulthood. Yet one of
the hallmarks of human learning is that beliefs can be revised
given new evidence (Chater & Oaksford, 2008; Gopnik &
Wellman, 2012; Tenenbaum et al., 2011; Xu, 2019; Ullman
& Tenenbaum, 2020). Are these earliest-emerging core prin-
ciples about agents also subject to revision once we acquire
them? If adults are given enough evidence that violates these
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principles, will they rationally update their beliefs? This is the
focus of the current studies.

A set of past studies has shown that preschoolers and adults
can revise their beliefs about the core principles of objects
given counterevidence (Liu & Xu, 2021, 2022). However,
people’s beliefs about the principles governing agents’ be-
haviors might be more stochastic than their beliefs about the
principles governing object motions. Therefore, it would still
be important to investigate whether the core principles of
agents are revisable given counterevidence.

Infants and children are sensitive to evidence that violates
the core psychological principles and use this evidence to up-
date their beliefs. When an agent violated the Efficiency prin-
ciple, infants attended to the inefficient agent less compared
to an efficient agent, and expected a neutral observer to ap-
proach the efficient agent instead of the inefficient agent (Co-
lomer et al., 2020). In addition, infants were less likely to
learn novel words from an inefficient agent compared to an
efficient agent (Colomer & Woodward, 2023). These find-
ings suggest that infants use agents’ inefficient actions to up-
date their beliefs about the knowledgeability of the agents, as
well as how other agents would interact with them. Lastly, a
past study has shown that preschoolers can revise their beliefs
about the Goal and the Sampling principles when given coun-
terevidence (Liu & Xu, 2021). However, the strength of
adults’ prior beliefs about these principles might be different
from that of children’s, therefore it is unclear whether a few
pieces of counterevidence would also be enough to revise
adults’ beliefs about these principles.

A growing body of literature shows that adults’ reasoning
about agents can be captured by Bayesian probabilistic
models (Baker et al., 2017, Jara-Ettinger et al., 2020; Shu et
al., 2021). They rationally update their beliefs about agents’
mental states and the environment given new evidence. In
addition, adults are surprised by apparent violations of the
core psychological principles. When they observed events
that violated the Goal and Efficiency principles, they rated
these as more surprising than events that did not violate the
principles (Shu et al., 2021). Surprise provides opportunities
for learning (Stahl & Feigenson, 2015; 2017). Thus, when
adults are surprised by violations of the core psychological
principles, they might be primed to learn from the violations
and rationally update their beliefs about the principles.

In two experiments, participants observed events that sup-
ported or violated the Goal, Efficiency, and Sampling prin-
ciples, or they did not receive any new evidence about these
principles. Then, they made predictions about the outcomes
of new events. We compare 3 hypotheses. Our first hypothe-
sis is that participants would not revise their beliefs about
the principles given counterevidence. Regardless of the
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evidence they observe, they would predict outcomes con-
sistent with the principles for new events. Our second hy-
pothesis is that participants who saw the belief-violating ev-
idence would be more likely to predict outcomes incon-
sistent with the principles, compared to those who saw the
belief-consistent evidence and those who did not receive
new evidence. However, they would not genuinely accept
the counterevidence and genuinely revise their beliefs about
the principles. When asked to explain the belief-violating
evidence, they would either try to come up with alternative
interpretations to explain away the counterevidence, or say
that they learned from the pattern in the belief-violating evi-
dence and made predictions accordingly. Our third hypothe-
sis is that participants would genuinely accept the coun-
terevidence and revise their beliefs. Participants would
make predictions about new events in the same way as pre-
dicted by the second hypothesis. In addition, when asked to
explain the belief-violating evidence, they would state that
they have accepted the violations of the principles in the ev-
idence.

We also examine how far participants would generalize
their revised beliefs about these principles. After observing
an agent violate each principle, participants were asked to
make predictions about the same agent (easy test trials), new
agents of the same kind (hard test trials), and new agents of a
different kind (harder test trials).

Experiment 1

Method

Participants Sixty adults (mean age = 33 years; range = 18
to 54; SD = 9.41; 35 females) participated in the experiment
on Prolific. Participants provided written informed consent
prior to participating in the experiment. They completed a 25-
minute survey for which they were paid $4.

Stimuli and Procedure Participants were randomly assigned
to one of three conditions, the Baseline condition, the Belief
Consistent (BC) condition, and the Belief Violation (BV)
condition. They were tested on 3 principles, Efficiency, Goal,
and Sampling, in counterbalanced orders. For each principle,
there were 6 familiarization trials and 4 test trials (2 easy test
trials and 2 hard test trials; order counterbalanced). The fa-
miliarization trials in the BC condition displayed events that
were consistent with the principle, those in the BV condition
displayed events that violated the principle. The familiariza-
tion trials in the Baseline condition did not display the out-
comes of the events, so participants did not receive any new
evidence that supported or violated the principles. In test tri-
als, participants chose between the Belief Consistent (BC) re-
sponse and the Belief Violation (BV) response. They never
receive feedback about whether their choices were correct or
incorrect.

Efficiency principle. In the familiarization trials, a grey
wall and 2 agents (i.e., geometric shapes with eyes) appeared.
Participants were told that one agent wanted to play with the
other agent. The agent went toward the other agent by

jumping over the wall. Then, the wall was moved to the side.
The agent went toward the other agent by taking a straight
path (BC condition) or a jumping path (BV condition), or did
not go toward the other agent (Baseline condition) (Figure 1).
The goal was a different agent in each familiarization trial.

Familiarization trial
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Figure 1: Events shown in the familiarization trials and test
trials for the Efficiency principle.

In the easy test trials, the same agent went toward a new
geometric-shaped agent by jumping over a wall. Then, the
wall was moved to the side. A red path and a blue path indi-
cated the straight path (the BC response) and the jumping
path (the BV response). Participants chose the path that they
believed the agent would take. In the hard test trials, partici-
pants made predictions about how a new geometric-shaped
agent would behave in the same situation.

In the explanation question, participants were asked to ex-
plain why the agent took the straight or the jumping path to
get to its goal.

Goal principle. In the familiarization trials, an agent and 2
objects appeared. Participants were told that the agent wanted
to play with some toys. The agent went toward one of two
objects and took the object 3 times. Then, the two objects
switched locations. The agent took the old object at the new
location (BC condition) or the new object at the old location
(BV condition), or did not take either object (Baseline condi-
tion) (Figure 2). A different pair of objects was used in each
familiarization trial.

In the easy test trials, a new pair of objects appeared. The
same agent took one of the objects 3 times. Then the two ob-
jects switched locations. Participants chose the object that
they believed the agent would take, either the old object at
the new location (BC response) or the new object at the old
location (BV response). In the hard test trials, participants
made predictions about a new geometric-shaped agent in the
same situation.

In the explanation question, participants were asked to ex-
plain why the agent took the respective object after the ob-
jects switched locations.
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Figure 2: Events shown in the familiarization trials and test
trials for the Goal principle.

Sampling principle. In the familiarization trials, an agent
and a box of objects appeared. The box contained 7 objects
of one type and 31 objects of the other type. Participants were
told that the agent wanted to play with some toys. The agent
picked out 4 objects of the minority type from the box, and
put them into a small box in front of the agent. Then, an object
of the minority type and an object of the majority type ap-
peared, equidistant from the agent. The agent went toward the
minority type (BC condition) or the majority type (BV con-
dition), or did not go toward either object (Baseline condi-
tion) (Figure 3).
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Figure 3: Events shown in the familiarization trials and test
trials for the Sampling principle.

In the easy test trials, the same agent sampled 4 objects of
the minority type from a new toy box. Then, an object of the
minority type and an object of the majority type appeared,
equidistant from the agent. Participants chose the object that
they believed the agent liked better, either the minority-type
object (BC response) or the majority-type object (BV

response). In the hard test trials, participants made predic-
tions about a new geometric-shaped agent in the same situa-
tion.

In the explanation question, participants were asked to ex-
plain why the agent went toward the respective object after
the sampling behaviors.

Results

The proportion of BV response by condition and principle is
shown in Figure 4. We used mixed-effect logistic regression
to predict participants’ binary response (BV response =1, BC
response = 0) from condition, principle, and test trial type,
while controlling for the random effects of individual partic-
ipants. The best-fitting model included condition and princi-
ple as predictors. Participants were more likely to choose the
BV response in the BV condition than in the Baseline condi-
tion (= 5.39, SE = 0.88, p <.001) and the BC condition (S
= 7.81, SE = 1.10, p < .001), and they were less likely to
choose the BV response in the BC condition than in the Base-
line condition (8 = - 2.42, SE = 0.93, p = .009). The effect of
principle showed that, compared to the Goal principle, par-
ticipants were more likely to choose the BV response for the
Efficiency principle (f = 1.26, SE = 0.34, p <.001), and less
likely to choose the BV response for the Sampling principle
(f=-2.43, SE=0.41, p <.001). Test trial type (easy vs. hard
test trials) did not have a significant effect on participants’
responses.

To assess the strength of adults’ prior beliefs about the
principles, we compared the proportion of BV response in the
Baseline condition against chance. For all 3 principles, adults
selected the BV response below chance (Exact binomial test:
PEjﬁciency =3 [20, 41],p < 001, PaGoar = .21 [13, 32],p <
001, PSampling =.01 [00, O7],p < 001)
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Proportion of BV response
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Figure 4: The proportion of trials that participants selected
the BV response by condition and principle, in Experiment 1.
The dashed line indicates chance selection (.5), and the error
bars indicate bootstrapped 95% Cls.

For the explanation questions, 2 researchers coded partici-
pants’ responses into different categories (interrater reliabil-
ity was excellent, Cohen’s Kappa = .89; disagreements were
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resolved through discussion). In the BC condition, most re-
sponses (89.5%) referred to the principle itself to explain the
evidence (other responses were irrelevant to the principle or
incomprehensible). In the BV condition, we coded partici-
pants' explanations into 4 categories based on the criteria in
Table 1.

Table 1: Coding criteria and examples for explanations in

the BV condition
Category Criterion E.g., Sampling
A ; Accepted the violation of the  “He likes the pur-
Ec.cjp target principle in the coun- ple toy better (the
VIAenee  terevidence. majority type).”
Explained the counterevi- w .
Explain dence with reasons that _He was getting
Away would not involve any viola- rid O,f the t?,y he
tions of the target principle. didn’t like.
“Because that has
P Noted the pattern in the evi- ~ been the pattern
attern dence. throughout the vid-
€0s.”
Explanations that cannot be
Other categorized into the first “I don’t know.”

three categories.

Table 2 shows the number of responses in each category
for each principle. We used mixed-effects multinomial lo-
gistic regression to predict participants’ explanations from
principle, while controlling for the random effects of individ-
ual participants. We found an effect of principle. When
switching from the Sampling principle to the Efficiency prin-
ciple or the Goal principle, participants became more likely
to provide “accept evidence” explanations than the other
types of explanations (ps <.02).

Table 2: Number of responses by category and principle in
the BV condition in Experiment 1

Efficiency Goal  Sampling
Accept Evidence 17 15 3
Explain Away 2 6
Pattern 1 2 6
Other 1 3 6

Next, we used mixed-effects logistic regression to predict
participants’ binary choice in the test trials (BV response =1,
BC response = 0) from the type of explanation they provided,
while controlling for the random effects of individual partic-
ipants. Compared to participants who provided “accept evi-
dence” explanations, participants who provided any other
types of explanations were less likely to choose the BV re-
sponse for that principle (“explain away”: f = -2.78, SE =
0.62, p < .001; “pattern”: f = -1.41, SE = 0.68, p = .040;
“other”: f=-1.93, SE = 0.60, p =.001).
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Discussion

Experiment 1 assessed adults’ prior beliefs about the Effi-
ciency, Goal, and Sampling principles, and examined
whether adults can revise their prior beliefs about these prin-
ciples given counterevidence, in a specific, virtual environ-
ment. We found that adults had strong prior beliefs about
these principles. Most adults who did not receive any new
evidence expected agents to behave in ways consistent with
these principles. After observing evidence supporting these
principles, their prior beliefs were strengthened. Further-
more, we found that adults can revise their beliefs about these
principles given counterevidence. After observing evidence
violating these principles, they were more likely to predict
that agents would behave in ways inconsistent with the prin-
ciples. Moreover, adults’ performance did not differ in the
easy and hard test trials, suggesting that they generalized their
revised beliefs to new agents.

We also found an interesting effect of principle. Across
conditions, adults’ likelihood of choosing the inconsistent
outcome is higher for the Efficiency principle than the Goal
principle, which is in turn higher than the Sampling principle.
This suggests that adults had stronger prior beliefs for the
Sampling principle than the Goal principle, and stronger prior
beliefs for the Goal principle than the Efficiency principle.
There was no interaction between principle and condition,
suggesting that across the 3 principles, the belief-violating
evidence had similar effects on participants’ prior beliefs.

Participants’ explanations for the evidence showed that
they were more likely to accept the belief-violating evidence
for the Efficiency and Goal principles than the Sampling prin-
ciple. Indeed, most participants accepted the counterevidence
for the Efficiency and the Goal principles, but most partici-
pants did not accept the counterevidence for the Sampling
principle. This suggests that the counterevidence for the Sam-
pling principle might not be as compelling as the counterevi-
dence for the other 2 principles. Importantly, across princi-
ples, participants who had accepted the counterevidence were
indeed more likely to predict outcomes that violated the prin-
ciples.

In the next experiment, we aim to replicate these findings
with more realistic, three-dimensional stimuli, and investi-
gate whether adults can generalize their revised beliefs to
agents that are not geometric shapes.

Experiment 2

Method

Participants Eighty-two undergraduate Psychology students
(mean age = 20.28 years; range = 18 to 36; SD = 2.54; 65
females, 15 males, 2 of unknown gender) participated in the
experiment. Participants provided written informed consent
prior to participating in the experiment. They completed a 25-
minute survey and received course credits.

Stimuli and Procedure The procedure of Experiment 2 was
similar to that of Experiment 1, with a few exceptions. First,
we used photorealistic, three-dimensional stimuli made with
Blender. Second, we added 2 harder test trials for each



principle, where participants were asked to predict how ani-
mals would behave in the same situation (Figure 6). Third,
participants in the Baseline condition were also asked the ex-
planation questions. Instead of explaining an event in the fa-
miliarization trial, they were asked to explain their predic-
tions in an easy test trial.

Efficiency principle

Figure 6: Events shown in the harder test trials for each prin-
ciple in Experiment 3.

Results
1.00
©
2
8_0.75
(%]
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= Condition
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o Belief Consistent
5 [l Belief Violation
o]
8.0.25 I
& I ]

0.00

Efficiency Goal
Principle

Sampling

Figure 7: The proportion of trials that participants selected
the BV response by condition and principle, in Experiment 3.
The dashed line indicates chance selection (.5), and the error
bars indicate bootstrapped 95% Cls.

The proportion of BV response by condition and principle
is shown in Figure 7. Mixed-effects logistic regression re-
vealed main effects of condition and principle. Across 3 prin-
ciples, participants were more likely to choose the BV re-
sponse in the BV condition than in the Baseline condition (f
=4.92, SE =0.73, p <.001) and the BC condition (f = 5.82,
SE =0.79, p <.001); their choices did not differ significantly
between the Baseline and the BC conditions (f = -0.90, SE =

0.70, p = .20). Compared to the goal principle, participants
were more likely to choose the BV response for the Efficiency
principle (8 = 0.55, SE = 0.21, p = .009), and less likely to
choose the BV response for the Sampling principle (f=-1.52,
SE =0.24, p <.001). Test trial type (easy vs. hard vs. harder
test trials) did not have a significant effect on participants’
responses.

To assess the strength of adults’ prior beliefs about the
principles, we compared the proportion of BV response in the
Baseline condition against chance. For all 3 principles, adults
selected the BV response below chance (Exact binomial test:
Peficiency = .20 [.14, .26], p < .001; PGoar = .17 [.12, 23], p <
001, PSampling =.06 [03, 10],p < 001)

For the explanation questions, 3 researchers coded partici-
pants’ responses (interrater reliability was good, Light’s
Kappa = .72; disagreements were resolved through discus-
sion). In the Baseline and the BC condition, most responses
(97.6% and 94.4%) referred to the principle itself to explain
the evidence or their predictions (other responses were irrel-
evant to the principle or incomprehensible).

Table 3 shows the number of responses in each category
for each principle in the BV condition (based on the criteria
in Table 1). Mixed-effects multinomial logistic regression re-
vealed that when switching from the Efficiency principle to
the Goal principle, participants became more likely to pro-
vide “accept evidence” explanations than “explain away” ex-
planations (f = 1.79, SE = 0.83, p = .03); when switching
from the Sampling principle to the Goal principle, partici-
pants became more likely to provide “accept evidence” ex-
planations than “other” explanations (f = 2.24, SE=1.13, p
=.047).

Table 3: Number of responses by category and principle in
the BV condition in Experiment 2

Efficiency Goal Sampling
Accept Evidence 21 28 19
Explain Away 9 2 4
Pattern 1 2 4
Other 2 1 6

Mixed-effects logistic regression revealed that participants
were more likely to choose the BV response if they provided
“accept evidence” explanations for that principle, compared
to if they provided “explain away” (f = 1.30, SE = 0.46, p =
.004) or “other” (f = 1.54, SE = 0.44, p < .001) explanations.

Discussion

Experiment 2 replicated the main findings of Experiment 1 in
a photorealistic, three-dimensional environment. Adults had
strong prior beliefs about the Efficiency, Goal, and Sampling
principles. Most adults who did not receive any new evidence
expected agents to behave in ways consistent with the princi-
ples. Unlike Experiment 1, we did not find statistically sig-
nificant evidence that observing evidence supporting the
principles did not further strengthen their prior beliefs. After
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observing evidence violating these principles, adults revised
their prior beliefs in this specific context. Their performance
did not differ in the easy, hard, and harder test trials, suggest-
ing that they generalized their revised beliefs even to new
agents that were not geometric shapes.

We also replicated the effect of principle in Experiment 1.
Adults’ prior beliefs were stronger for the Sampling principle
than the Goal principle, which were in turn stronger than their
prior beliefs for the Efficiency principle. We will return to
this effect of principle in the general discussion.

Most participants accepted the counterevidence for all 3
principles, including the Sampling principle, suggesting that
the photorealistic counterevidence might be more compelling
than the stimuli in Experiment 1. There was also some evi-
dence that participants were more likely to accept the coun-
terevidence for the Goal principle than the other 2 principles.
It is possible that the counterevidence for the Goal principle
was more compelling than the other 2 principles, or that it
was less likely to come up with alternative explanations to
explain away the counterevidence for the Goal principle.
Lastly, participants who had accepted the counterevidence
were again more likely to predict outcomes that violated the
principles.

General Discussion

The present study reports the first systematic investigation of
whether adults can revise their beliefs about the most funda-
mental principles governing their reasoning about agents. We
found that adults had strong prior beliefs about the Effi-
ciency, Goal, and Sampling principles. However, they were
able to revise their prior beliefs in a specific, virtual environ-
ment with just a few pieces of counterevidence. Moreover,
supporting our third hypothesis, a majority of participants
genuinely accepted the counterevidence, instead of coming
up with alternative interpretations to explain away the coun-
terevidence or simply learning from the statistical pattern ob-
served in the counterevidence.

In addition, adults generalized their revised beliefs to new
agents of the same type and new agents of a different type in
this environment. After they observed a few agents violate
these principles, they expected new agents to also violate the
principles, even though they had not observed any behaviors
of the new agents. Why? One possibility is that participants
interpreted the behaviors that violated the principles as
“norms” in this virtual environment. For example, after ob-
serving 2 agents jump to get to their goals when there is no
obstacle, participants might think that the norm in this virtual
environment is to jump to get to goals. Future studies can ex-
amine this possibility by asking participants to explain why
they expected the new agents to violate the principles. It
would also be interesting to examine whether participants
would generalize their revised beliefs to new agents entering
this world and agents in a completely different virtual envi-
ronment.

In both experiments, we found that adults had stronger
prior beliefs for the Sampling principle than the Goal princi-
ple, and stronger prior beliefs for the Goal principle than the

Efficiency principle. Interestingly, a previous study (Liu &
Xu, 2021) found that preschoolers also showed stronger prior
beliefs for the Sampling and the Goal principles than the Ef-
ficiency principle, suggesting that the strength of our prior
beliefs about these principles might be relatively stable across
development. Future studies should systematically investi-
gate the developmental course of beliefs about core psycho-
logical principles, and why the strength of our prior beliefs
differ across principles. For example, we might have weaker
prior beliefs for the principles that are more frequently vio-
lated in the real world.

While adults revised their beliefs about all 3 core psycho-
logical principles, preschoolers in the previous study (Liu &
Xu, 2021) only revised their beliefs about the Goal and the
Sampling principles, but not the Efficiency principle. One
possibility is that, unlike adults, children do not consider
jumping as a violation of the Efficiency principle (e.g., they
might find jumping more rewarding than taking the straight
path, and therefore worth the additional time and energy). In
future research, we could show children different types of vi-
olations (e.g., an agent taking a detour when walking on the
ground) to see if those would revise children’s beliefs about
the Efficiency principle. More generally, we could show par-
ticipants multiple types of violations for each principle, and
ask them to make predictions about different types of events,
to further rule out the possibility that participants were simply
learning from the statistical pattern in the evidence.

The present study found that adults can revise their beliefs
about the core psychological principles when they observe
geometric-shaped agents violate these principles in a virtual
world. Past research suggests that adults expect geometric-
shaped agents to behave similarly to humans in the real world
in terms of the core psychological principles (Baker et al.,
2017, Jara-Ettinger et al., 2020; Shu et al., 2021). Thus, the
present findings imply that adults have the potential to (1)
generalize their revised beliefs about these principles to hu-
mans in the real world, and (2) revise their beliefs when they
observe humans violate these principles in the real world.
These are important directions for future research.
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