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Highlights
Intelligent organisms use uncertainty to
guide them towards material that is use-
ful for learning and integrate observations
with existing beliefs.

Human adults’ verbal reports of certainty
predict information-seeking and belief
change, whichmakes clear that certainty
facilitates learning but leaves ambiguous
whether a reportable representation is
Learners use certainty to guide learning. They maintain existing beliefs when
certain, but seek further information when they feel uninformed. Here, we review
developmental evidence that this metacognitive strategy does not require
reportable processing. Uncertainty prompts nonverbal human infants and non-
human animals to engage in strategies like seeking help, searching for additional
information, or opting out. Certainty directs children’s attention and active learning
strategies and provides a commonmetric for comparing and integrating conflicting
beliefs across people. We conclude that certainty is a continuous, domain-general
signal of belief quality even early in life.
required.

Recent work that used novel behavioral
measures of certainty demonstrates
that nonverbal infants and nonhuman
animals represent their certainty as a
graded and domain-neutral signal.

Uncertainty guides children’s information
seeking and acts as a commonmetric to
compare and integrate multiple infor-
mation sources across diverse cognitive
domains.

Using certainty to guide learning is thus
an early emerging phenomenon rather
than an advanced one.
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Leveraging uncertainty to make sense of the world
Learners direct their own learning by strategically seeking out information that is unknown or
surprising [1–3]. Adults prioritize studying hard exam questions [4], children ask for help on
difficult tasks [5,6], and infants explore objects that violate their expectations [7,8]. The ability to
differentiate what is known or expected from what is unknown or unexpected enables these
behaviors. This implies that learners leverage their certainty (see Glossary; and its inverse,
uncertainty) as a metric for what they know. This interpretation is endorsed for adult human
learners [9], yet is resisted in childhood, infancy, and nonhuman populations based on beliefs
that children are not metacognitive and that certainty requires sophisticated reasoning
[10,11]. Here, we present evidence that this resistance is unwarranted. We outline the empirical
case that certainty is a valuable learning signal even for very young children.

The first empirical investigations on certainty in psychology used paradigms that required verbal
responses and thus measured only reportable mental states [10,12,13]. Children appear
unaware of their own knowledge when asked using these methods, reporting that they had
always known a fact that they just learned [14]. Subsequent work revealed that children can
report more accurately on their certainty when asked in appropriate ways. Three-year-old children
appropriately report lower confidence following inaccuracies when given a simple response
scale that includes pictures, as do 20-month-old children when they convey confidence
through a request for help [15,16]. This evidence suggests young children aremoremetacognitively
sophisticated than previously credited.

Certainty also need not be reportable to affect learning. Nonverbal human infants and nonhuman
animals use certainty to guide their behavior in ways that would benefit learning [17–19] (for
reviews, see [20,21], for critique, see [22]). Agents persist on tasks longer when they are accurate
or when the task is easy, and opt out of tasks or seek external guidance when they are inaccurate
or the task is hard [6,16,19,23]. Agents in these studies are not given external feedback about
their accuracy or task difficulty, so they must rely on representations of certainty as a proxy metric
of their knowledge and abilities.

We adopt this functional perspective to demonstrate that certainty guides children’s learning. We
outline the known properties of children’s reasoning about certainty and highlight the implications
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Glossary
Bayesian learning: a principled
mechanism for combining prior beliefs
with new evidence on the basis of their
respective uncertainty distributions.
Calibrate/calibration: how well the
reports or decisions align with the
expected and/or optimal reports or
decisions. A perfectly calibrated sense of
certainty based on accuracy would
report high certainty whenever accurate
and low certainty whenever inaccurate.
Certainty/uncertainty: the signal
about the quality, in terms of accuracy or
reliability, of our own cognitive states or
processes.
Confirmation bias: the tendency for
people to prioritize evidence that agrees
with their existing views.
Criterion: the threshold between
reporting or decision options on a
continuum.
Domain-general: the same properties
irrespective of the cognitive domain.
Metacognitive: the mind’s ability to
represent and evaluate other cognitive
states or processes.
Sensitivity: the ability to tell apart points
on a continuum. Better sensitivity means
that you can discriminate betweenmany
subtle differences.
each property has for learning. We then summarize the two broad ways that certainty impacts
learning: by directing information search and by facilitating comparison.

Properties of certainty
Identifying signature properties of certainty representations helps us understand how certainty is
useful to learners across development. We overview four such properties. For each, we discuss
the available evidence for these properties in childhood and the resulting predictions for children’s
learning.

Property 1: We are certain about mental activities
Certainty takes one’s ownmental processes as its object, unlike mental representations that refer
to a property of the external world [24]. You may activate the mental representation for the
concept BLUEJAY by matching the light patterns reflecting off an object to your stored concept
of BLUEJAY. That representation is about the world – the actual object’s identity – not about your
own mental content or process. A certainty representation in this context could integrate uncer-
tainty that you correctly categorized the object as a bluejay and not a bluebird (uncertainty about
your categorization), or uncertainty that you know what a bluejay looks like (uncertainty in your
conceptual knowledge). This property also distinguishes certainty, in principle, from objective
probability judgments (e.g., there is a 2 in 3 chance of drawing a blue marble due to the compo-
sition of marbles in the bag). Objective probability is a property of the world, not necessarily our
mental representation of it. Shared cognitive resources for probabilities and certainty remain an
open empirical question.

Since certainty is always associated with a mental representation, certainty is influenced by two
broad sources. First, uncertainty is inherent in forming any mental representation. Our imperfect
visual systems interpret light patterns to generate the visual representation of a bird, which is then
matched to our working concept of BLUEJAY. Uncertainty is built into the mental representation
(e.g., there would be more uncertainty if our vision was blurry) and can be detected in the firing
patterns of sensory neurons [25,26]. Second, uncertainty is introduced when making a confi-
dence judgment. We might integrate cues like decision latency that correlate with inaccuracy or
compute the reliability of our decision [27]. Low certainty about whether a bluejay flew by you
could thus stem from the way you represent external contextual ambiguity (e.g., uncertainty
because the bird moved fast and bluejays and bluebirds are perceptually similar), from additional
information used to make your internal confidence judgment (e.g., uncertainty from a past
experience of mistaking a piece of paper for a bluejay), or from a combination thereof (for more
thorough discussions of these influences, see [26–28]).

Both sources of certainty impact learning. We use uncertainty inherent in our mental representa-
tions to prioritize information from more reliable senses [29] and even infants strategically allocate
attention to visual patterns that are intermediately predictable over too-predictable or too-
unpredictable patterns [3]. We use uncertainty unique to our confidence judgments to direct
study efforts toward items we feel are unknown [4] or sometimes elect not to seek information
about a belief [30].

Presently, most studies of certainty and learning in childhood do not differentiate the influence of
these sources. It is empirically difficult to separate the influence of uncertainty inherent to the
mental representation from the influence of the uncertainty introduced whenmaking a confidence
judgment as these are often highly correlated [31,32]. Current approaches involve administering
hundreds of trials to facilitate statistical corrections (e.g., metacognitive efficiency in the meta-d'
model) [32], which are not scalable to populations with short attention spans. Further, face-
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valid measures of subjective experiences like introspective reports assume subjects are honest
and able to communicate their certainty. We need to consider a broader range of methods
than what is used with educated adults as we look for certainty unique to internal confidence
judgments in the learning process beyond adulthood [16,17,33] (for a recent overview, see
[20]). By using these methods in tandem with methods that manipulate or measure uncertainty
inherent in the mental representation, we can uncover any unique mechanisms, affordances,
and/or constraints for learning that stem from each source of certainty.

Although these two broad sources of certainty often align, a decider’s internal confidencemay be
miscalibrated to their accuracy in many cases, even though accuracy is also influenced by the
uncertainty inherent in the mental representation. For example, in one study [34], learners in a
novel concept learning task becamemore confident than their subsequent accuracy would justify
when they made a series of lucky guesses about whether a shape fit into a novel latent category.
A string of lucky guesses could thus prompt a learner to become so confident that they disengage
from collecting the additional data required to correct their misconception.

As a quick note, these sources are sometimes distinguished as two different types of certainty
given the likely computational differences (e.g., objective and subjective certainty, as in [35], or
certainty and confidence as in [26]). Our use of certainty in this paper encompasses both sources
because they have the same broad functions for the learner (see ‘How certainty guides learning’),
and there is presently limited developmental evidence to disentangle the mechanisms of their
influence on learning.

Property 2: Certainty is a signal about belief quality
We expect high certainty judgments to be accurate, and we expect low certainty judgments to be
unreliable [26,36]. Introspective reports reflect these expectations (‘I am sure I got it right’, ‘I feel
80% likely that I know their name’), as do strategic behaviors (persisting in anticipation of a
reward, seeking help when torn between two options [20,21,37]. Researchers can empirically
verify certainty judgments by comparing a subject’s certainty report or behavior with the subject’s
objective accuracy on a target activity. The objective accuracy tells us what the subjective repre-
sentation of certainty should be if certainty was appropriately encoding the chances that they will
be correct. Showing this predicted link, 3–5-year-old children reported higher certainty on a
3-point scale when they correctly recalled whether they had seen a picture [15,33]. Similarly,
primates opted out when likely to be inaccurate, resulting in higher accuracy on a memory test
when opting out was permitted [38].

Certainty isolates the subjective quality of a judgment from other metacognitive signals about the
origin of that judgment and the optimal resulting actions. The experience of high certainty does
not tell you why that judgment feels right or how you came to know something [39]. Learners
must use a suite of metacognitive skills to gain the full picture of their knowledge, rather than
certainty alone. The experience of high certainty also does not tell you how to optimally use that
signal. Learners need decision-making strategies contingent on different levels of certainty for it
to be a useful signal [24,40]. These additional skills and strategies may develop independently
from a sense of certainty but impose important affordances or constraints on how certainty is used.

Property 3: Certainty is a continuum
We can experience feeling certain and uncertain, but also extremely certain, somewhat certain,
and many degrees in between. These distinctions hold meaning. Adults’ confidence judgments
on continuous gradients (e.g., 0–100% or Likert scales) increased as accuracy increased and
trial difficulty decreased [12,24,41]. Rats’ waiting time for a reward increased and neural firing
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in the orbito-frontal cortex decreased as rats were presented with easier odor categorizations
[18]. This graded pattern also appears in behavioral measures that use a simplified gradient or
even a binary response for younger subjects. The proportion of high certainty behaviors or
responses increases as trial difficulty decreases [6,15–17,33,42]. Infants’ likelihood of engaging
with material changes continuously as their degree of certainty and surprise about that material
change through learning [3,43,44].

Another demonstration of continuity comes from forced-choice measures of certainty. Subjects
compare their certainty between two trials that vary in how similar the states of certainty are
(e.g., from ‘very sure’ against ‘not sure’ to ‘extremely sure’ against ‘very sure’, indexed both by
accuracy and trial difficulty [31]). If certainty were discrete rather than continuous, subjects should
confuse all high certainty cases together and all low certainty cases together. Yet, both adults and
children successfully identify items with higher certainty for a range of certainty contrasts [45–48].

Certainty as a continuum necessitates two skills for learners. First, learners need to be sensitive to
differences in states of certainty. Some learners can only differentiate extreme contrasts, while
others can differentiate closer contrasts [45]. One of the notable developments in certainty rea-
soning during childhood is the fine-tuning of sensitivity to certainty; older children differentiate
finer degrees of certainty [45]. Second, learners must calibrate their certainty appropriately to
the available response options. Learners deciding whether to ask for help must categorize the
continuous certainty signal into either asking for help or refraining, split by a criterion: the thresh-
old between decision options. If the criterion is misplaced, the learner may ask for help more or
less often than needed. Calibrating certainty to the available response options also develops in
childhood [42,49,50]. Younger children trend towards overconfidence, but calibration improves
as children get older [42,49,51].

These changes in both sensitivity and calibration suggest that certainty emerges as a noisy
continuum, like other perceptual continua. As a parallel, infants are sensitive to differences in
numerical magnitude at birth, but only when there is a large ratio between the numbers (e.g., 1 vs
3, [52]). Sensitivity to number improves such that 6-month-old infants can discriminate 1 from
2 [53], 9-month-old children can discriminate 2 from 3 [54], and adults can discriminate 10 from
11 [55]. Children also learn to calibrate those intuitive representations of number with number
words [56]. The emerging evidence of certainty as a continuum suggests a similar developmental
trajectory. A young learner’s inability to detect subtle differences in certainty states may therefore
reflect an imprecise sense of certainty that can only discriminate extreme contrasts rather than the
absence of a sense of certainty [45]. Like intuitions about number, certainty may exist as an impre-
cise sense from very early in development, with critical fine-tuning occurring in early childhood. It is
still an open empirical question why certainty sensitivity and calibration improve, and could be related
to natural maturation, changes in expertise, or the development of related skills (e.g., representing
alternative possibilities; [57]).

Property 4: Certainty holds meaning across domains
We can feel certain about the presence of a memory, the estimate of a surface area, the value of a
possession, and even recursively about the experience of certainty. One explanation for this
breadth is a single cognitive resource that reasons about certainty for all decisions (akin to ‘g’
for intelligence [58]). Correlated individual differences are used to support this explanation, includ-
ing correlations in the sensitivity of certainty judgments across numerical reasoning, semantic
memory, and executive function in adulthood [58,59]. However, there is limited causal evidence
of modified certainty judgments transferring from one domain to another. Adults in one training
study had better calibrated certainty in a recognition memory task after receiving certainty
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calibration training on a perceptual brightness task [60,61], but this has failed to replicate when
fixing methodological confounds [62].

The few studies with children also show mixed results. Individual differences in sensitivity to
certainty correlate across domains by 4–8 years of age, with stronger evidence of transfer after
6 years [45,61]. Children aged 6–9 years who were more sensitive to certainty about number
comparisons (e.g., ‘which group has more dots?’) were also more sensitive to certainty about
emotion comparisons (e.g., ‘which face is happier?’) and area comparisons (e.g., ‘which shape
is bigger?’) [46] (see also [63] for correlations in arithmetic and spelling certainty). However,
individual differences in those same domains are uncorrelated at younger ages [42,64]. Children
aged 4–7 years who were more sensitive to certainty about number comparisons were more
sensitive to certainty about area comparisons but not emotion comparisons [42,64]. Thus, any
domain-general mechanism for reasoning about certainty likely emerges during childhood
rather than being an inherent property of reasoning about certainty.

With maturation, certainty becomes a common scale for comparing information that uses distinct
units. By 6 years old, children can compare feelings of certainty between emotion and number
judgments – two decision domains that otherwise do not share common units (one cannot be
more ‘three’ than ‘happy’, for instance) [65]. This builds upon growing evidence that adults can
flexibly exchange certainty judgments between different visual decisions (e.g., matching either
the orientation or the frequency of a grating) and between different sensory modalities
(e.g., vision and audition) [48,66,67]. Certainty is therefore not constrained to the domain it refer-
ences (e.g., emotion or number), or else can easily be converted into a common format by
school-aged children. It is currently unknown whether this applies to younger children.

These findings pose two implications for learners. First, training interventions that target certainty
may remain localized to the domain of training (e.g., specific tomath certainty) until later childhood
or adulthood, given the lack of correlated individual differences in younger children. Second,
certainty is comparable across individual cognitive domains by at least 6 years of age. It acts
as a common metric to compare the quality of two judgments from unrelated domains or
between people. A learner could compare their certainty in what they see against their certainty
in what they hear to evaluate which source is more trustworthy. This account naturally aligns
with theories of Bayesian learning and sensory integration in which the uncertainty of competing
options are evaluated and combined across traditional cognitive boundaries [29,68].

How certainty guides learning
Certainty representations provide learners with a common metric for determining the quality of
their beliefs. Certainty can be used to identify information yet to be learned or to compare the
relative merits of two pieces of information. Emerging evidence demonstrates these two functions
early in human development and across species, consistent with certainty’s role as a fundamental
learning signal. We elaborate on these two functions here.

Certainty directs information search
Certainty allows us to identify and then attend to things that we do not yet know. If uncertain, we
can seek information to increase our knowledge; if certain, we can devote our attention to more
fruitful pursuits. Certainty directs attention in developmental and comparative populations
[6,16,19,69]. For instance, 3-year-old children, chimpanzees, and rhesus monkeys checked for
an item inside a tube less frequently if they witnessed the experimenter hide the item than if the
hiding event was blocked from view [19,69]. Several other species seek information when
experiencing uncertainty (e.g., dogs [70], ravens [71], bees [72], for review see [73]), and this
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behavior extends beyond finding hidden objects to learning new words and building intuitive
theories [74,75] (Box 1).

Learners are most attentive to intermediate degrees of the certainty continuum. Infants, older
children, and even rhesus macaques preferentially attended to sequential events of intermediate
surprisal values rather than those that were too predictable or overly unexpected [3,76–78]
(Box 2). These findings align with classic developmental theories including the zone of proximal
development and ‘theory’ theory, in which children are driven to attend to information just beyond
their current capabilities which in turn optimizes their learning [1,79,80].

Information can also be acquired from other social agents through imitation or soliciting help,
reflected in the species-general social learning strategy ‘copy when uncertain’ [81]. Rats
preferred the diet choices of demonstrator rats when facing uncertainty about the source of a
foodborne illness than when given disambiguating evidence about the source [82]. Twenty-
month-old infants also referenced a caregiver more often when they made incorrect guesses
on a memory test and when recall was more difficult due to longer delays from encoding to
test [16]. Certainty thus directs information search early in development and across species in
both social and asocial contexts.

The optimal use of certainty requires that the criterion is appropriately placed so that learners seek
information only when it would truly benefit them. Consider a child deciding whether to ask for
help from a teacher. That child could use a very low criterion – only asking for help when utterly
uncertain – but they would potentially miss out on guidance for mildly uncertain items. A child
who instead asks for help on almost everything may monopolize a teacher’s time or even hinder
learning if the teacher takes over [83].

Well-calibrated criterion-setting predicts success on educational measures. Fifth-graders with
better-calibrated certainty reports about math questions performed better on amath assessment
and showed larger gains in math ability by grade 8 [84,85]. This effect appears to be largely driven
by individual variability in calibration, rather than sensitivity to certainty. Variability in 4–6-year-old
children’s metacognitive sensitivity did not predict their math performance when individual differ-
ences in calibration were removed by using a forced-choice paradigm [86]. We can reason that
Box 1. Certainty directs word learning

Learning a language is a difficult feat, but one that most human toddlers accomplish in just a few years. Toddlers learn
words rapidly by using a sophisticated suite of language-learning biases including the mutual exclusivity bias: the assump-
tion one object is unlikely to have two labels [94]. Toddlers attribute a novel label to a novel object if there is a familiar object
present, knowing that the familiar object already has a familiar label [94] (for a meta-analysis of this effect, see [95]). This
inference requires that learners recognize, at least implicitly, that they are certain about the known object’s label.

The strength of word knowledge – what certainty encodes – impacts the use of the mutual exclusivity bias to learn new
words. Children are more likely to attribute the novel word to the novel object when they have strong knowledge of the
competitor object’s label (e.g., producing its label correctly compared to understanding but not correctly producing the
label) [96]. Reasoning about certainty helps drive this inference. The mutual exclusivity effect was strongest in adults when
they reported high certainty in the familiar competitor [97]. Preschoolers who correctly categorized items they knew
and items they did not know also showed a stronger mutual exclusivity bias, independent of age and vocabulary size
[98–100]. Certainty about word knowledge helps both young and older learners identify the likely referents of new words.

Word learning in childhood also reflects the continuous nature of certainty. The degree of ambiguity about a word
modulated children’s information search from a computer or a caregiver [5,74]. Children sought information least often
for unambiguous evidence or a known word, and most often when given highly ambiguous evidence (e.g., there are
two equally likely candidates). Mildly ambiguous evidence that could be disambiguated through the mutual exclusivity
principle led to intermediate information-seeking in children aged 2–8 years [5,74].
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Box 2. Certainty motivates curiosity

Curiosity is a drive to reduce uncertainty [40]. Infants’ attention and exploration offer an early signal of their curiosity [101].
For instance, infants who viewed a train roll down a hill and appear to pass through a solid wall looked at the event longer
and explored the solidity of the train by hitting it against their highchair [8]. These behaviors were believed to be geared
toward reducing uncertainty: the infants did not look longer or explore the object if an explanation for a surprising event
was given (e.g., the wall had a hole in it) [102].

Curiosity is also linked to learning. Infants were more likely to learn an association between a hidden property
(e.g., squeaking) and an object that appeared to pass through a solid wall than an object that did not [8]. Preschool
children were more likely to learn the label for an object that appeared to teleport rather than one that visibly moved
locations [103]. Children and adolescents were alsomore likely to remember trivia facts that they expressed curiosity about
[104]. Part of the link between curiosity and learning may result from learners considering the expected learning alongside
their uncertainty [105–107]. Uncertainty can be evoked for anything unpredictable or unknown, but learners as young as
7 months seem to experience certainty judiciously for material that is possible for them to learn [3,77,78].

The definition of uncertainty within the curiosity literature typically revolves around the unpredictability of the environment,
rather than the quality of one’s own beliefs. These two are undeniably linked (as discussed in ‘We are certain about mental
activities’ in the main text). If your environment is unpredictable, then any beliefs you generate about that environment
should be held with less certainty. The degree to which subjects’ curiosity reflects their own psychological experience
remains an open question for future research.

Trends in Cognitive Sciences
learners need some sensitivity to certainty to discriminate extreme contrasts in high and low
certainty because certainty calibration relates to learning. However, it appears that the larger
gains come from learning to optimally calibrate their certainty to the available response options
rather than precisely discerning nearby states of certainty.

The definition of optimal calibration depends in part on the availability and constraints on available
information sources, making it likely to be malleable to feedback. Adults’ reports of certainty are
heavily influenced by feedback about decision accuracy on previous trials [34], and by feedback
about criterion-setting [60,87]. In childhood as well, a study with kindergarteners found that
providing feedback on both task performance and criterion-setting improved the calibration of
children’s certainty judgments to their performance [50]. Targeted feedback about certainty
calibration is therefore a fruitful avenue for training interventions throughout the lifespan.

Certainty acts as a common metric to compare information
Learners must also identify truth amid conflicting information. We need to choose between two
answers on multiple-choice tests, or discern whether a news story is true given what we already
know. Certainty is valuable here as a common metric of the quality of our beliefs to facilitate
comparison between competing options.

Adults and children use certainty to differentiate competing options tomeet their goals [46,47,88].
Children 5 years and older strategically opted to answer questions with a high likelihood of
success (as indexed both by children’s accuracy as well as the difficulty of the questions) when
rewards were provided for correct responses [46,88]. Children by 4–5 years old also integrate
certainty with early social understanding by assigning high certainty items to collaborators with
less skill and offering to help others faced with difficult tasks [89,90]. Theories of achievement
motivation also presuppose that children differentiate easy from difficult items, preferring easy
items when driven to demonstrate competence and preferring challenging items when driven
to build new skills [91].

Comparing the quality of information is also a critical component of updating your beliefs. It is
rational to update a belief if presented with higher certainty evidence of a competing belief, a finding
consistently documented under the frame of Bayesian learning [2] (Box 3). The interchangeability of
Trends in Cognitive Sciences, October 2022, Vol. 26, No. 10 893
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Box 3. Certainty facilitates social belief revision

Social groups allow us to divide labor, but that also mean that we will face disagreements about what is true due to differing
experiences. We need ways to navigate conflicting inputs, and certainty is one tool that facilitates social decision-making and
belief revision [108]. Information communicated with high certainty should generally be more reliable than information com-
municated with low certainty, given that certainty generally predicts accuracy [109]. Rational decision-makers can therefore
weigh each piece of information by its respective certainty to form an improved, integrated estimate. This pattern is consistent
with theories of Bayesian cue combination in belief revision [110], and is reflected in adults’ decision-making [108].

Certainty is also a critical component of children’s belief revision in social contexts. Preschool children generally trusted an
adult who indicated that a prize fell into a counterintuitive hidden location, but were skeptical when they could be certain of
its presence in a different location [111]. Children also trusted collaborators more when their own beliefs were founded on
probabilistic rather than deterministic evidence, and when the collaborator communicated high confidence [112,113].

An important caveat is that belief revision is not always perfectly rational. Adults and children are unlikely to change their
beliefs if held with high confidence, even when conflicting evidence is also presented with high confidence [30,114,115].
This bias can be problematic when a learner is overconfident and unwilling to engage with the conflicting evidence.
However, a confirmation bias can improve decision-making when the subject has well-calibrated metacognition by
reducing susceptibility to false high-confidence claims, thereby protecting a learner from falling for another’s overconfident
claim [116]. Developmental and comparative investigations into the constraints learners apply will reveal whether these
biases are inherent to the way certainty is used or learned from experience with untrustworthy claims.

Trends in Cognitive Sciences

Outstanding questions
How does a certainty representation
form? What sources are used
(e.g., direct computations from sen-
sory noise, feedback on past perfor-
mance) and how does their influence
change as children develop?

How alike are reasoning about certainty
and objective probability?

Can learners be taught to leverage
their certainty more effectively?

How can representations of certainty
benefit artificial learning algorithms?

Does culture impact the way humans
generate and use certainty?

How does certainty contribute to self-
efficacy? Do people maintain a global
sense of their own general certainty?

How does our own certainty influence
how we interpret the certainty of
others?

What consequences arise from
imperfect certainty?

Does certainty influence learning
differently in childhood relative to
adulthood?

How does certainty interact with other
early-emerging learning capacities?
certainty representations across domains is particularly useful here because it allows a decision
maker to compare the reliability of information from distinct sources [48,65]. When deciding
which of two groups is more socially dominant for instance, decision makers might integrate
their certainty in the physical size difference to their certainty in the numerical size difference
between groups [92].

Concluding remarks
Certainty is a valuable, early emerging signal for learning. In contrast to accounts that reasoning
about certainty is a sophisticated high-level cognitive process restricted to humans well into
ontogeny [10,93], research with nonverbal infants and nonhuman primates suggests certainty
is available broadly throughout the lifespan and our evolutionary history as a foundational signal
about the quality of mental processes and beliefs. Knowledge of how certainty influences learning
in inexperienced populations such as children reveals how reasoning about beliefs becomes
more complex over time (see Outstanding questions). Additionally, formal theories of how
certainty is represented are foundational not only for optimizing learning in humans, but also for
developing artificially intelligent agents capable of more autonomous learning.

Acknowledgments
This work was supported in part by a Social Sciences and Humanities Research Council of Canada Postdoctoral Fellowship

to CB, and by the Hellman Fellows Fund, DARPA Machine Common Sense, the Templeton Foundation, the Jacobs Young

Scholars program, theWalton Family Foundation, and the Berkeley Center for NewMedia Human Frontiers Science Program

to CK. We also thank the Social Origins Lab at UC Berkeley, CB’s writing groups, Darko Odic, Dorsa Amir, and Evan Orticio

for valuable feedback on earlier drafts of this paper.

Declaration of interest
No interests are declared.

References

1. Piaget, J. (1970) Structuralism, Basic Books
2. Gopnik, A. and Bonawitz, E. (2015) Bayesian models of

child development. Wiley Interdiscip. Rev. Cogn. Sci. 6,
75–86

3. Kidd, C. et al. (2012) TheGoldilocks Effect: human infants allocate
attention to visual sequences that are neither too simple nor too
complex. PLoS One 7, e36399

4. Tullis, J.G. and Benjamin, A.S. (2011) On the effectiveness of
self-paced learning. J. Mem. Lang. 64, 109–118

5. Hembacher, E. et al. (2020) Children’s social information seeking
is sensitive to referential ambiguity. Child Dev. 91, e1178–e1193

6. Coughlin, C. et al. (2015) Introspection on uncertainty and
judicious help-seeking during the preschool years. Dev. Sci.
18, 957–971
894 Trends in Cognitive Sciences, October 2022, Vol. 26, No. 10

http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0005
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0010
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0010
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0010
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0015
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0015
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0015
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0020
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0020
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0025
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0025
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0030
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0030
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0030
CellPress logo


Trends in Cognitive Sciences
7. Schulz, L.E. and Bonawitz, E.B. (2007) Serious fun: preschoolers
engage in more exploratory play when evidence is confounded.
Dev. Psychol. 43, 1045–1050

8. Stahl, A.E. and Feigenson, L. (2015) Observing the unexpected
enhances infants’ learning and exploration. Science 348, 91–94

9. Veenman, M.V.J. et al. (2006) Metacognition and learning:
conceptual and methodological considerations. Metacogn.
Learn. 1, 3–14

10. Carruthers, P. (2009) How we know our own minds: the
relationship between mindreading and metacognition. Behav.
Brain Sci. 32, 121–138

11. Perner, J. (2012) MiniMeta: in search of minimal criteria for
metacognition. In Foundations of metacognition, pp. 94–116,
Oxford University Press

12. Pierce, C.S. and Jastrow, J. (1884) On small differences in
sensation. Mem. Natl. Acad. Sci. 3, 77–83

13. Flavell, J.H. (2000) Development of children’s knowledge about
the mental world. Int. J. Behav. Dev. 24, 15–23

14. Taylor, M. et al. (1994) Children’s understanding of knowledge
acquisition: the tendency for children to report that they have
always known what they have just learned. Child Dev. 65,
1581–1604

15. Lyons, K.E. and Ghetti, S. (2011) The development of uncer-
tainty monitoring in early childhood. Child Dev. 82, 1778–1787

16. Goupil, L. et al. (2016) Infants ask for help when they know they
don’t know. Proc. Natl. Acad. Sci. 113, 3492–3496

17. Goupil, L. and Kouider, S. (2016) Behavioral and neural indices
of metacognitive sensitivity in preverbal infants. Curr. Biol. 26,
3038–3045

18. Kepecs, A. et al. (2008) Neural correlates, computation and
behavioural impact of decision confidence. Nature 455, 227–231

19. Call, J. and Carpenter, M. (2001) Do apes and children know
what they have seen? Anim. Cogn. 3, 207–220

20. Goupil, L. and Kouider, S. (2019) Developing a reflective mind:
from core metacognition to explicit self-reflection. Curr. Dir.
Psychol. Sci. 28, 403–408

21. Hampton, R.R. (2019) Metacognition and metamemory in
non-human animals. In Encyclopedia of Animal Behavior
(Vol. 1) (2nd ed), pp. 383–389, Elsevier Academic Press

22. Smith, J.D. et al. (2008) The comparative study of metacognition:
sharper paradigms, safer inferences. Psychon. Bull. Rev. 15,
679–691

23. Gweon, H. and Schulz, L. (2011) 16-Month-olds rationally infer
causes of failed actions. Science 332, 1524

24. Nelson, T.O. and Narens, L. (1990) Metamemory: a theoretical
framework and new findings. Psychol. Learn. Motiv. 26, 125–173

25. Kiani, R. and Shadlen, M.N. (2009) Representation of confidence
associated with a decision by neurons in the parietal cortex.
Science 324, 759–764

26. Pouget, A. et al. (2016) Confidence and certainty: distinct proba-
bilistic quantities for different goals. Nat. Neurosci. 19, 366–374

27. Shekhar, M. and Rahnev, D. (2021) Sources of metacognitive
inefficiency. Trends Cogn. Sci. 25, 12–23

28. Koriat, A. (2012) The self-consistency model of subjective
confidence. Psychol. Rev. 119, 80–113

29. Alais, D. and Burr, D. (2004) The ventriloquist effect results from
near-optimal bimodal integration. Curr. Biol. 14, 257–262

30. Schulz, L. et al. (2020) Dogmatism manifests in lowered
information search under uncertainty. Proc. Natl. Acad. Sci.
117, 31527–31534

31. Mamassian, P. (2020) Confidence forced-choice and other
metaperceptual tasks. Perception 49, 616–635

32. Maniscalco, B. and Lau, H. (2012) A signal detection theoretic
approach for estimating metacognitive sensitivity from confi-
dence ratings. Conscious. Cogn. 21, 422–430

33. Hembacher, E. and Ghetti, S. (2014) Don’t look at my answer:
subjective uncertainty underlies preschoolers’ exclusion of
their least accurate memories. Psychol. Sci. 25, 1768–1776

34. Martí, L. et al. (2018) Certainty is primarily determined by past
performance during concept learning. Open Mind 2, 47–60

35. Goupil, L. and Proust, J. (2022) Curiosity as a metacognitive
feeling. SSRN Published online June 21, 2022. https://doi.org/
10.2139/ssrn.4141925

36. Caziot, B. and Mamassian, P. (2021) Perceptual confidence
judgments reflect self-consistency. J. Vis. 21, 8

37. Ghetti, S. et al. (2013) Feeling uncertain and acting on it during
the preschool years: a metacognitive approach. Child Dev.
Perspect. 7, 160–165

38. Hampton, R.R. (2001) Rhesus monkeys know when they
remember. Proc. Natl. Acad. Sci. 98, 5359–5362

39. Efklides, A. (2006)Metacognition and affect: what canmetacognitive
experiences tell us about the learning process? Educ. Res.
Rev. 1, 3–14

40. Kidd, C. and Hayden, B.Y. (2015) The psychology and neuro-
science of curiosity. Neuron 88, 449–460

41. Baranski, J.V. and Petrusic, W.M. (1998) Probing the locus of con-
fidence judgments: experiments on the time to determine confi-
dence. J. Exp. Psychol. Hum. Percept. Perform. 24, 929–945

42. Vo, V.A. et al. (2014) Young children bet on their numerical skills
metacognition in the numerical domain. Psychol. Sci. 25,
1712–1721

43. Aslin, R.N. (2007) What’s in a look? Dev. Sci. 10, 48–53
44. Roder, B.J. et al. (2000) Infants’ preferences for familiarity and

novelty during the course of visual processing. Infancy 1,
491–507

45. Baer, C. and Odic, D. (2019) Certainty in numerical judgments
develops independently of the Approximate Number System.
Cogn. Dev. 52, 100817

46. Baer, C. et al. (2018) A domain-general sense of confidence in
children. Open Mind Discov. Cogn. Sci. 2, 86–96

47. Barthelmé, S. and Mamassian, P. (2009) Evaluation of objective
uncertainty in the visual system. PLoS Comput. Biol. 5,
e1000504. https://doi.org/10.1371/journal.pcbi.1000504

48. De Gardelle, V. and Mamassian, P. (2014) Does confidence use
a common currency across two visual tasks? Psychol. Sci. 25,
1286–1288

49. Destan, N. and Roebers, C.M. (2015) What are the metacognitive
costs of young children’s overconfidence? Metacogn. Learn. 10,
347–374

50. van Loon, M.H. and Roebers, C.M. (2020) Using feedback
to improve monitoring judgment accuracy in kindergarten
children. Early Child. Res. Q. 53, 301–313

51. Hagá, S. and Olson, K.R. (2017) Knowing-it-all but still learning:
perceptions of one’s own knowledge and belief revision. Dev.
Psychol. 53, 2319–2332

52. Izard, V. et al. (2009) Newborn infants perceive abstract numbers.
Proc. Natl. Acad. Sci. 106, 10382–10385

53. Xu, F. and Spelke, E.S. (2000) Large number discrimination in
6-month-old infants. Cognition 74, B1–B11

54. Lipton, J.S. and Spelke, E.S. (2003) Origins of number sense:
large-number discrimination in human infants. Psychol. Sci.
14, 396–401

55. Halberda, J. et al. (2012) Number sense across the lifespan as
revealed by a massive Internet-based sample. Proc. Natl. Acad.
Sci. U. S. A. 109, 11116–11120

56. van Marle, K. et al. (2014) Acuity of the approximate number
system and preschoolers’ quantitative development. Dev. Sci.
17, 492–505

57. Leahy, B.P. and Carey, S.E. (2020) The acquisition of modal
concepts. Trends Cogn. Sci. 24, 65–78

58. Mazancieux, A. et al. (2020) Is there a G factor for metacognition?
Correlations in retrospective metacognitive sensitivity across
tasks. J. Exp. Psychol. Gen. 149, 1788–1799

59. Rouault, M. et al. (2018) Human metacognition across
domains: insights from individual differences and neuroimaging.
Personal. Neurosci. 1, e17

60. Carpenter, J. et al. (2019) Domain-general enhancements of
metacognitive ability through adaptive training. J. Exp. Psychol.
Gen. 148, 51–64

61. Rahnev, D. et al. (2015) Confidence leak in perceptual decision-
making. Psychol. Sci. 26, 1664–1680

62. Rouy, M. et al. (2022) Metacognitive improvement: disentangling
adaptive training from experimental confounds. J. Exp. Psychol.
Gen. https://doi.org/10.1037/xge0001185

63. Bellon, E. et al. (2020) Metacognition across domains: is the
association between arithmetic and metacognitive monitoring
domain-specific? PLoS ONE 15, e0229932

64. Baer, C. et al. (2021) Are children’s judgments of another’s
accuracy linked to their metacognitive confidence judgments?
Metacogn. Learn. 16, 485–516
Trends in Cognitive Sciences, October 2022, Vol. 26, No. 10 895

http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0035
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0035
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0035
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0040
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0040
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0045
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0045
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0045
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0050
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0050
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0050
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0055
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0055
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0055
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0060
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0060
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0065
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0065
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0070
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0070
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0070
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0070
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0075
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0075
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0080
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0080
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0085
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0085
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0085
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0090
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0090
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0095
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0095
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0100
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0100
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0100
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0105
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0105
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0105
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0110
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0110
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0110
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0115
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0115
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0120
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0120
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0125
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0125
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0125
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0130
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0130
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0135
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0135
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0140
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0140
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0145
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0145
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0150
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0150
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0150
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0155
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0155
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0160
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0160
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0160
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0165
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0165
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0165
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0170
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0170
https://doi.org/10.2139/ssrn.4141925
https://doi.org/10.2139/ssrn.4141925
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0180
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0180
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0185
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0185
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0185
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0190
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0190
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0195
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0195
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0195
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0200
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0200
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0205
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0205
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0205
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0210
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0210
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0210
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0215
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0220
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0220
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0220
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0225
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0225
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0225
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0230
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0230
https://doi.org/10.1371/journal.pcbi.1000504
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0240
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0240
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0240
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0245
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0245
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0245
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0250
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0250
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0250
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0255
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0255
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0255
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0260
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0260
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0265
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0265
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0270
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0270
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0270
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0275
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0275
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0275
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0280
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0280
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0280
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0285
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0285
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0290
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0290
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0290
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0295
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0295
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0295
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0300
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0300
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0300
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0305
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0305
https://doi.org/10.1037/xge0001185
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0315
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0315
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0315
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0320
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0320
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0320
CellPress logo


Trends in Cognitive Sciences
65. Baer, C. and Odic, D. (2020) Children flexibly compare their
confidence within and across perceptual domains. Dev. Psychol.
56, 2095–2101

66. De Gardelle, V. et al. (2016) Confidence as a common currency
between vision and audition. PLoS One 11, e0147901

67. Klever, L. et al. (2021) Crossmodal metaperception: visual and
tactile confidence share a common scale. bioRxiv Published on-
line July 8, 2021. https://doi.org/10.1101/2021.07.07.451428

68. Meyniel, F. et al. (2015) Confidence as Bayesian probability:
from neural origins to behavior. Neuron 88, 78–92

69. Rosati, A.G. and Santos, L.R. (2016) Spontaneousmetacognition
in rhesus monkeys. Psychol. Sci. 27, 1181–1191

70. Belger, J. and Bräuer, J. (2018) Metacognition in dogs: do dogs
know they could be wrong? Learn. Behav. 46, 398–413

71. Lambert, M.L. and Osvath, M. (2020) Investigating information
seeking in ravens (Corvus corax). Anim. Cogn. 23, 671–680

72. Perry, C.J. and Barron, A.B. (2013) Honey bees selectively avoid
difficult choices. Proc. Natl. Acad. Sci. 110, 19155–19159

73. Iwasaki, S. and Kishimoto, R. (2021) Studies of prospective infor-
mation-seeking in capuchin monkeys, pigeons, and human chil-
dren. In Comparative Cognition: Commonalities and Diversity
(Anderson, J.R. and Kuroshima, H., eds), pp. 255–267, Springer

74. Zettersten, M. and Saffran, J.R. (2021) Sampling to learn
words: adults and children sample words that reduce referential
ambiguity. Dev. Sci. 24, e13064

75. Wang, J. (Jenny) et al. (2021) Children with more uncertainty
in their intuitive theories seek domain-relevant information.
Psychol. Sci. 32, 1147–1156

76. Kidd, C. et al. (2014) The Goldilocks Effect in infant auditory
attention. Child Dev. 85, 1795–1804

77. Cubit, L.S. et al. (2021) Visual attention preference for interme-
diate predictability in young children. Child Dev. 92, 691–703

78. Wu, S. et al. (2022) Macaques preferentially attend to intermedi-
ately surprising information. Biol. Lett. 18

79. Vygotsky, L.S. (1980) Mind in Society: the Development of
Higher Psychological Processes, Harvard University Press

80. Gopnik, A. and Meltzoff, A.N. (1997) Words, Thoughts, and
Theories, MIT Press

81. Kendal, R.L. et al. (2018) Social learning strategies: bridge-
building between fields. Trends Cogn. Sci. 22, 651–665

82. Galef, B.G. et al. (2008) Social learning of food preferences in
‘dissatisfied’ and ‘uncertain’ Norway rats. Anim. Behav. 75,
631–637

83. Bonawitz, E. et al. (2011) The double-edged sword of pedagogy:
instruction limits spontaneous exploration and discovery.Cognition
120, 322–330

84. Rinne, L.F. and Mazzocco, M.M.M. (2014) Knowing right from
wrong in mental arithmetic judgments: Calibration of confidence
predicts the development of accuracy. PLoS One 9, e98663

85. Bellon, E. et al. (2019) More than number sense: the additional
role of executive functions and metacognition in arithmetic.
J. Exp. Child Psychol. 182, 38–60

86. Baer, C. and Odic, D. (2020) The relationship between children’s
approximate number certainty and symbolic mathematics.
J. Numer. Cogn. 6, 50–65

87. Miller, T.M. and Geraci, L. (2011) Training metacognition in the
classroom: the influence of incentives and feedback on exam
predictions. Metacogn. Learn. 6, 303–314

88. O’Leary, A.P. and Sloutsky, V.M. (2017) Carving metacognition
at its joints: protracted development of component processes.
Child Dev. 88, 1015–1032

89. Baer, C. and Odic, D. (2022) Mini managers: children strategi-
cally divide cognitive labor among collaborators, but with a
self-serving bias. Child Dev. 93, 437–450

90. Magid, R.W. et al. (2018) Four- and 5-year-olds infer differences in
relative ability and appropriately allocate roles to achieve coopera-
tive, competitive, and prosocial goals. Open Mind 2, 72–85

91. Dweck, C.S. (1986) Motivational processes affecting learning.
Am. Psychol. 41, 1040–1048

92. Pun, A. et al. (2016) Infants use relative numerical group size to
infer social dominance. Proc. Natl. Acad. Sci. 113, 2376–2381

93. Sodian, B. et al. (2012) Metacognition in infants and young
children. In Foundations of metacognition, pp. 119–133, Oxford
University Press

94. Markman, E.M. and Wachtel, G.F. (1988) Children’s use of
mutual exclusivity to constrain the meanings of words. Cognit.
Psychol. 20, 121–157

95. Lewis, M. et al. (2020) The role of developmental change and
linguistic experience in the mutual exclusivity effect. Cognition
198, 104191

96. Grassmann, S. et al. (2015) Children’s level of word knowledge
predicts their exclusion of familiar objects as referents of novel
words. Front. Psychol. 6, 1200

97. Dautriche, I. et al. (2021) Subjective confidence influences word
learning in a cross-situational statistical learning task. J. Mem.
Lang. 121, 104277

98. Slocum, J.Y. and Merriman, W.E. (2018) The metacognitive
disambiguation effect. J. Cogn. Dev. 19, 87–106

99. Hartin, T.L. et al. (2016) Preexposure to objects that contrast in
familiarity improves young children’s lexical knowledge judgment.
Lang. Learn. Dev. 12, 311–327

100. Henning, K.J. and Merriman, W.E. (2019) The disambiguation
prediction effect. J. Cogn. Dev. 20, 334–353

101. Perez, J. and Feigenson, L. (2021) Stable individual differences
in infants’ responses to violations of intuitive physics. Proc. Natl.
Acad. Sci. 118, e2103805118

102. Perez, J. and Feigenson, L. (2022) Violations of expectation
trigger infants to search for explanations. Cognition 218,
104942

103. Stahl, A.E. and Feigenson, L. (2017) Expectancy violations
promote learning in young children. Cognition 163, 1–14

104. Fandakova, Y. and Gruber, M.J. (2021) States of curiosity and
interest enhance memory differently in adolescents and in
children. Dev. Sci. 24, e13005

105. Liquin, E.G. et al. (2021) Developmental change in what elicits
curiosity. Proc. Annu. Meet. Cogn. Sci. Soc. 43

106. Ruggeri, A. et al. (2021) Toddlers search longer when there is
more information to be gained. PsyArXiv Published online
August 3, 2021. https://doi.org/osf.io/uzdvp

107. Poli, F. et al. (2020) Infants tailor their attention to maximize
learning. Sci. Adv. 6, eabb5053

108. Bahrami, B. et al. (2010) Optimally interacting minds. Science
329, 1081–1085

109. Jin, S. et al. (2022) Across-subject correlation between
confidence and accuracy: a meta-analysis of the Confidence
Database. Psychon. Bull. Rev. Published online February 7,
2022. https://doi.org/10.3758/s13423-022-02063-7

110. Toelch, U. and Dolan, R.J. (2015) Informational and normative
influences in conformity from a neurocomputational perspec-
tive. Trends Cogn. Sci. 19, 579–589

111. Jaswal, V.K. (2010) Believing what you’re told: young children’s
trust in unexpected testimony about the physical world. Cognit.
Psychol. 61, 248–272

112. Bridgers, S. et al. (2016) Children’s causal inferences from
conflicting testimony and observations. Dev. Psychol. 52, 9–18

113. Plate, R.C. et al. (2021) Testimony bias lingers across develop-
ment under uncertainty. Dev. Psychol. 57, 2150–2164

114. Miosga, N. et al. (2020) Selective social belief revision in young
children. J. Cogn. Dev. 21, 513–533

115. Rollwage, M. et al. (2018) Metacognitive failure as a feature of
those holding radical beliefs. Curr. Biol. 28, 4014–4021.e8

116. Rollwage, M. and Fleming, S.M. (2021) Confirmation bias is
adaptive when coupled with efficient metacognition. Philos.
Trans. R. Soc. B Biol. Sci. 376, 20200131
896 Trends in Cognitive Sciences, October 2022, Vol. 26, No. 10

http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0325
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0325
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0325
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0330
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0330
https://doi.org/10.1101/2021.07.07.451428
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0340
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0340
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0345
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0345
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0350
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0350
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0355
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0355
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0360
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0360
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0365
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0365
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0365
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0365
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0370
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0370
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0370
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0375
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0375
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0375
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0380
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0380
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0385
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0385
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0390
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0390
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0395
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0395
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0400
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0400
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0405
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0405
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0410
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0410
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0410
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0415
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0415
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0415
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0420
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0420
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0420
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0425
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0425
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0425
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0430
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0430
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0430
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0435
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0435
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0435
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0440
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0440
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0440
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0445
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0445
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0445
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0450
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0450
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0450
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0455
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0455
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0460
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0460
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0465
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0465
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0465
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0470
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0470
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0470
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0475
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0475
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0475
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0480
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0480
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0480
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0485
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0485
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0485
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0490
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0490
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0495
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0495
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0495
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0500
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0500
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0505
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0505
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0505
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0510
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0510
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0510
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0515
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0515
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0520
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0520
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0520
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0525
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0525
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0530
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0530
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0530
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0535
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0535
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0540
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0540
https://doi.org/10.3758/s13423-022-02063-7
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0550
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0550
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0550
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0555
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0555
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0555
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0560
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0560
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0565
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0565
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0570
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0570
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0575
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0575
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0580
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0580
http://refhub.elsevier.com/S1364-6613(22)00167-X/rf0580
CellPress logo

	Learning with certainty in childhood
	Leveraging uncertainty to make sense of the world
	Properties of certainty
	Property 1: We are certain about mental activities
	Property 2: Certainty is a signal about belief quality
	Property 3: Certainty is a continuum
	Property 4: Certainty holds meaning across domains

	How certainty guides learning
	Certainty directs information search
	Certainty acts as a common metric to compare information

	Concluding remarks
	Acknowledgments
	Declaration of interest
	References




