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Common knowledge—what everyone knows that everyone knows, ad infinitum—is
theoretically required for coordination. But a finite mind cannot represent infinitely
embedded propositions, and even a few are cognitively taxing. We propose that peo-
ple perceive common knowledge by combining a capacity-limited ability for recursive
mentalizing with an intuitive sense of public salience: When an event is jointly and
openly witnessed, they infer that recursively embedded beliefs are licensed. We probed
participants’ attributions of embedded beliefs to characters in fictitious vignettes. Study
1 presented narratives in which the information available to characters was either asym-
metrical, reciprocal, or public. Participants indicated their confidence in the characters’
beliefs with 0, 2, 4, 6, and 18 embeddings (the latter judged indirectly). Ratings showed
i) a decline with number of embeddings, reflecting cognitive load, ii) modest overattri-
bution of embedded beliefs in the nonpublic conditions, iii) far higher attribution of
embedded beliefs in the public conditions, and iv) high indirect judgments that arbitrar-
ily deep beliefs were justified. Study 2 replicated these findings with animated videos in
which the characters’ information was private, reciprocal, doubly reciprocal, or public.
Together, the studies indicate that people attribute common knowledge to observers of a
publicly salient event, while being susceptible to capacity-driven recursion collapse and
heuristic extrapolation (false embedded beliefs). This can explain how humans achieve
coordination from sparse cues, yet sometimes miscoordinate when publicness is absent
or embedding grows complex.

coordination | common knowledge | theory of mind | mentalizing | recursion

Two or more people, say, Ed and Sally, are said to have common knowledge when Ed knows
something, Sally knows it, Ed knows that Sally knows it, Sally knows that Ed knows it, and
so on, ad infinitum (1-4). Common knowledge crucially differs from private knowledge
(where Ed and Sally each know something but neither knows the other knows it) because
it is necessary for coordination: two or more people making arbitrary but mutually beneficial
choices. Human social life requires coordination on many scales, including everyday ren-
dezvous and divisions of labor, social relationships such as friendship and authority, conven-
tions such as language, currency, and driving side, and institutions like corporations and
governments (3, 5-8). Each requires common knowledge, at least tacitly: A driver must
know not just that driving on the right is the norm but that other drivers know it, too. Often
this tacit knowledge takes the form of respecting a convention, where a coordination equi-
librium has been stipulated or entrenched within a community, as in traffic laws or a national
language. But spontaneous, flexible coordination is also a recurring feature of social life.

Despite the ubiquitous requirement for common knowledge in human affairs, how indi-
vidual human minds perceive and mentally represent it remains obscure (4, 7, 9—-12). A
finite brain cannot represent an infinite list of recursive propositions, that is, those containing
another proposition (a formulation of common knowledge sometimes called “iterate”).
Conceivably people entertain a finite list together with the mental equivalent of “and so on,”
“ad infinitum,” or “....” People are certainly capable of recursive mentalizing (thinking about
what other people think that other people think, and so on), since it is essential to everyday
social cognition, such as in persuading, detecting deception, correcting misimpressions, and
following fictional plots. Yet recursive propositions with more than two or three embeddings
are notoriously difficult for people to process, presumably because they overload or overwrite
the mental “stack” which keeps track of the embedding (7, 13-16).

These puzzles have led to the hypothesis that people represent common knowledge in
some finite (or “fixed point”) representation. The simplest version would be the intuition
that something is self-evident, publicly salient, or “out there” (8, 10, 12, 17). When an event
is witnessed in circumstances in which another witness to it is witnessed [a situation of joint
attention (18)], in principle common knowledge of the event may be inferred, and from
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that knowledge recursive beliefs of any finite depth may be deduced
when needed. The two kinds of mental representation are carica-
tured in Fig. 1.

Note that for an event to be common knowledge, it cannot be
merely salient, but must be publicly salient. That is, the public
nature of the event—its visibility to others, and the visibility of
the visibility—must itself be salient. The residents of an apartment
building, for example, who look through cracks in their drapes
and see an obvious act of vandalism in the courtyard have only
private knowledge, not common knowledge, of the act. A com-
monly known event thus by definition includes awareness of that
event, a kind of circularity or reflexiveness which may be captured
in a finite self-referential formula like (7): Ed and Sally know x,
and Ed and Sally know #,” or less formally, “Ed and Sally both
know about the event, and all this is something they both know.”

Publicly salient events are sufficient to enable coordination even
without recursive mentalizing, such as when simple organisms like
coral evolve to use the full moon as a cue to synchronize release
of gametes into the ocean. But humans figure out how to coordi-
nate in countless evolutionarily novel activities, and presumably
this depends on their inferring that publicly salient events entail
recursive states of knowledge, including common knowledge. For
example, a prominent advertisement for a new technology stand-
ard or internet marketplace reassures viewers that other viewers
are aware of it, and so on, enabling widespread adoption (5).

Crucially, although a public event licenses an inference of recur-
sive beliefs, including common knowledge, the converse is not true:
No finite set of recursive belief states logically entails common
knowledge (8, 12). In a classic example, two isolated army divisions
would defeat an enemy if both attacked simultaneously but would
be routed if one attacked alone. For a general to confidently send
his division into battle, he must know not just that his counterpart
is aware of his intention, but that the counterpart is aware of his
knowledge of the counterpart’s awareness, and so on ad infinitum.
In some circumstances, though, extrapolating from finite levels of
awareness to common knowledge is a reasonable guess. For example,
a child taught a novel word by an adult or peer may infer that it
will be understood by any English speaker, even though in principle
it could be proprietary to a family idiolect (19).

This paper proposes that humans perceive a state of common
knowledge by an interplay between two mental processes: a
capacity-limited ability for recursive mentalizing and an intuitive
sense of public salience. The main prediction is that people justi-
fiably infer that a public event leads to recursive knowledge of
arbitrary depth. That is, they should infer not just that everyone
in the audience is aware of the event, but aware that everyone is
aware, and aware that everyone is recursively aware.

At the same time, people may be vulnerable to two kinds of
error: recursion collapse, in which they fail to keep track of mul-
tiply embedded knowledge states, and recursion extrapolation, in
which they mistakenly project private knowledge (or finitely
embedded knowledge) into common knowledge. That would be
a vicarious version of the “curse of knowledge,” the fallacy that
what is known to oneself is known to everyone (20-22).

Past research has shown that people are indeed far likelier to
take public announcements as opportunities to coordinate than
messages which convey finite levels of embedded knowledge (6,
23-25). In one set of studies, people imagined themselves in the
classic game-theoretic situation of a Stag Hunt, where two incom-
municado hunters must choose whether to take a chance at meet-
ing up to fell large quarry or to safely pursue smaller quarry
individually; only common knowledge makes it rational to choose
coordination (24, 26, 27). The participants were likelier to choose
to coordinate when the presence of the large quarry was conveyed
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by a public smoke signal than by a sequence of one-way messages
(and similarly in other scenarios exemplifying the game).

Though these studies show that publicness can lead to coordi-
nation, they do not prove that the connection is mediated by
recursive mentalizing: As with the coral, the public event could
directly trigger an urge to coordinate. Somewhat more relevant
were studies of another public signal, blunt speech: People are
likelier to attribute states of multiply embedded knowledge of a
fraught proposition to conversational partners (“She knows that
he knows that she knows ... what he meant”) when one of them
blurts it out than when he strongly implies it by innuendo (28).

The present two studies are more direct tests of whether people
infer that public salience licenses an attribution of recursively
embedded belief states, including common knowledge, and whether
they navigate between these mental states in valid or invalid ways.

Participants were shown scenarios in which an event is known
by two people, but their knowledge about each other’s knowledge
varies. Either they witnessed the event in each other’s presence
(Public Information), one witnessed the event and the other came
to know about it privately, unbeknownst to the first (Asymmetrical
Information), or one witnessed it, the other also knew about it, and
each privately knew the other knew about it (Reciprocal Information).
We then probed their assessment of who knows what, with up to
six levels of embedded knowledge about knowledge.

We could not, of course, literally test for common knowledge
in the sense of an infinite series of ever-lengthening recursive prop-
ositions. But we probed it indirectly via a metacognitive approx-
imation: whether people intuitively sensed that a recursive
proposition of arbitrary depth, even one they could not possibly
process, was licensed; in other words, whether they had “reason
to believe” a multiply embedded proposition, even if cognitive
limitations prevented them from explicitly believing it (29, 30).
Participants chose among three commentators: one who believed
the protagonists had beliefs embedded to an arbitrary depth (as
common knowledge would imply), one who believed they did
not, and a third who believed it was impossible to know.

In each case, we compared participants’ performance to an Ideal
Observer, one whose judgments tracked the information about
knowledge states presented in the vignette, and who makes only
the logically licensed inference from publicness to recursion, with-
out either collapsing embedded knowledge states downward or
extrapolating them upward.

Results

In Study 1, participants read scenarios in which a salient event
was either jointly witnessed by two protagonists in each other’s
presence (Public), one learned about it without the other’s knowl-
edge (Asymmetrical), or each secretly knew of the other’s knowl-
edge (Reciprocal). For example, in one of the Public Information
scenarios, both Edward and his neighbor Sally witnessed a car
crash directly in front of them, whereas in the corresponding
Asymmetrical Information scenario, Sally learned of the crash
from a roommate who also told her that Edward witnessed it.
After each scenario, participants rated their confidence in attrib-
uting increasingly embedded beliefs to the characters (0, 2, 4, and
6 knowledge embedding levels).

The two panels in Fig. 2 plot degree of confidence in beliefs with
varying levels of embedding for each of the three information con-
ditions, averaged over scenarios. The left panel shows the judgments
of a hypothetical ideal observer in this study: one who infers

“In this paper, we use “knowledge,” which technically refers only to justifiable true beliefs,
to embrace credible beliefs, and “common knowledge” to embrace credible common belief
[“common p-belief” (12)].
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Fig. 1. Two possible mental representations of common knowledge. Left: Recursive mentalizing. Right: The intuition that an event is publicly salient, self-

evident, or “out there.”

common knowledge (including finitely embedded beliefs) from
a salient public event, but who neither spuriously collapses embed-
ded beliefs into simpler ones, nor extrapolates them into more
deeply embedded ones. The right panel shows the data from our
participants.

A linear mixed-effects regression on the ratings, with the pre-
dictors Information Condition and Embedding Depth, and ran-
dom intercepts for Participant, Vignette, and Presentation Order,
confirms that mean ratings varied significantly with Embedding
Depth (2 < 0.001). There was no main effect of Information
Condition (£ =0.396), but, as predicted, there was an interaction
between Information and Embedding Depth (2 < 0.001). Pairwise
comparisons for each level of embedding within an Information
condition confirm visual impressions: Pairs of points with non-
overlapping error bars were significantly different (all Ps < 0.001).

'The pattern of the interaction suggests that participants’ judgments
reflect a composition of three effects. First, the participants attributed
overly embedded beliefs to the protagonists in circumstances where
only Asymmetrical or Reciprocal beliefs were justified. This is seen in
the lowermost five points, which should be at the floor. Presumably
this reflected a tendency to extrapolate simple states of belief to higher
levels (a vicarious curse of knowledge), though it could partly reflect
a compression of their use of the full rating scale.”

The second effect, seen in all three curves, is a decline in con-
fidence with degrees of embedding, even across ranges where an
ideal observer’s judgments would be pinned at the ceiling or floor.
Presumably this occurred because more embedded propositions
are harder to keep in mind, and participants were less confident
in attributing or denying them to the characters.

Of greatest interest is the third effect: the pattern one would
expect in an ideal observer, though attenuated. With a public
event, where ideal judgments should be pinned at the ceiling, we
see that participants were only a bit less confident in attributing
two, four, and six levels of embedded knowledge to the characters
(76.2%, 74.1%, and 72.5%, respectively) than knowledge about
the eventitself (87.7%). This was not a symptom of across-the-board
overattribution of belief embedding, since they correctly judged
that characters entitled only to asymmetrical knowledge were far

"it's unlikely to consist entirely of rating-scale compression because the pattern of interac-
tion differs qualitatively from that of an ideal observer: Reciprocal information (the more
cognitively demanding condition) elicited greater embedded belief attribution than did
asymmetric information.
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less likely to have 2nd, 4th, and 6th-order beliefs and that char-
acters entitled only to reciprocal knowledge were less likely to have
4th- and 6th-order beliefs.

The extent to which the data are well fitted by the latter two effects
may be assessed by a regression with one predictor capturing a linear
decline across increasing depth of embedding (reflecting cognitive
load), another consisting of weights corresponding to the ideal
observer pattern, and a third capturing differences in the slopes of the
linear decline for the different knowledge conditions (if the effects of
cognitive load are modulated by the different kinds of information).
‘The ideal observer and linear decline contrasts were moderately cor-
related (r = 0.53), and the ideal observer and different slopes contrasts
were modestly correlated (r = 0.28). Together the three variables
accounted for 90.5% of the variance across the 12 condition means
(ideal observer: 37.4%; linear decline: 4.9%; slope difference: 0.6%).
Across participants, the variables account for 30.5% of the variance,
and each of the first two predictors uniquely captured a significant
portion (ideal observer: 12.6%, P < 0.001; monotonic decline: 1.6%,
P <0.001; slope difference: 0.2%, P = 0.166).

Metacognitive Probe. If people naturally infer common knowledge
from public salience, and if this inference penetrates their conscious
awareness, they should feel it is justifiable for the protagonists
to have any number of nested beliefs, but only in the Public
Information Condition.

Fig. 3 shows that participants were not exactly ideal observers.
They illicidly felt it justifiable to attribute arbitrarily embedded
beliefs to a character who had only Asymmetric Information
23.3% of the time, and in the other direction, they failed to con-
clude that it was justifiable to attribute such beliefs to the character
who had public information 13.3% of the time. They did, how-
ever, show a strong tendency toward the ideal pattern, attributing
the deeply embedded belief to the observer of a public event a
majority of the time, 63.3%, far more than in the other informa-
tion conditions (the distribution among the three judgments dif-
fered across the Information conditions (% = 21.33, P< 0.001).

We conclude that through all the noise in people’s reflecting on
construals of incomprehensibly embedded beliefs there is a signal
of ideal inference from public salience to recursive knowledge.

Study 2 extends the inquiry from verbal descriptions to video
depictions, to address the possibility that people have difficulty only
in perceiving recursive linguistic expressions, not the mental states on
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Fig. 2. Left: Degree of certainty in an ideal observer (one who attributes recursive beliefs only to observers of public events) in beliefs with different depths of

embedding. Right: Mean certainty ratings by the participants of Study 1.

which they are based. [This suspicion arises from the finding that
children can recognize false beliefs depicted in actions years before
they recognize them described in verbal narratives (31, 32).] The
study also extends the range of information conditions to the sim-
pler case of Private Information (in which two observers know of
an event, but neither knows the other knows) and to the more
complex case of Doubly Reciprocal Information (where each knows
the other knows, and each knows that, while still falling short of
common knowledge). For example, in one set of videos, two security
guards saw a coffee spill within direct view of each other (Public
Information), or they each saw the spill while hidden behind a
bookshelf (Private Information), or they saw in surveillance footage
that their witnessing of the incident had itself been espied by another
guard (Doubly Reciprocal Information). As in Study 1, after seeing
each vignette, participants rated their confidence that the characters
held beliefs about each other’s beliefs about the event with multiple
depths of embedding (0, 2, 4, and 6 levels). This design thus pro-
vides a further test of whether people correctly infer common
knowledge from observation of public events, and also whether they
sometimes incorrectly infer it by extrapolating from deeply embed-
ded but finite knowledge states.

Fig. 4 plots mean degree of confidence against number of
embeddings for each information condition by a hypothetical
ideal observer and as rated by our participants. Note that because
there was no probe for 1 embedded belief, which would have
distinguished Private from Reciprocal Information, the predictions
for those two conditions are identical.®

A linear mixed-effects regression on the ratings, with the predic-
tors Information Condition and Embedding Depth, and random
intercepts for Participant and Presentation Order, confirms that
mean ratings varied significantly with Embedding Depth (P <
0.001). There was no main effect of Information Condition (P =
0.391), but, as predicted, there was an interaction between
Information and Embedding Depth (P < 0.001). Pairwise compar-
isons for each level of embedding within an Information condition

“Consistent with the findings in these studies, this very design flaw arose from of an instance
of recursion extrapolation by the first and third authors, who mistakenly assumed that

asymmetric information licensed two levels of embedded belief, until the error was spotted
by the second author.
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confirm visual impressions: Pairs of points with nonoverlapping
error bars were significantly different (all Ps < 0.001).

As in Study 1, participants showed a tendency to overattribute
embedded beliefs with nonpublic information, in this case even
when the information was Private (30.2 to 35.5%). And as
before, we see declines in confidence with increasing depth of
embedding, even in ranges where an ideal observer would show
no difference, with the slope of the decline depending on the
information condition (presumably due to cognitive load). We
also see, importantly, a strong signal of Ideal recursive belief
attribution: With Public Information, participants attributed
beliefs with 2, 4, and 6 embeddings almost as confidently as
knowledge of the event itself, whereas with Private Information,
attribution of embedded belief was far lower (though as noted,
not zero).

As before, we confirmed the hypothesized combination of
effects of degree of embedding (reflecting cognitive load) with an
ideal observer pattern (reflecting inference from publicness to
common knowledge) in a regression with three predictors. Across
the 16 means, the three predictors together accounted for 74.4%
of the variance (ideal observer = 39.3%; linear decline, 0.18%;
slope difference, 0.88%). Across participants, the three predictors
collectively accounted for 29.2% of the variance (ideal observer:
15.4%, P < 0.001; linear decline: 0.07%, P = .346; slope differ-
ence: 0.34%, P = 0.0306).

Metacognitive Probe. The ideal and observed degree of agreement
with attributions of a belief with 18 embeddings is shown in
Fig. 5. Contingency tests confirm that the proportions differ
by Information condition (y? = 62.30, P < 0.001). Even more
than in Study 1, participants attributed arbitrarily embedded
beliefs to an observer of a public event: 89.5% agreed with a
commentator who endorsed this attribution, compared to only
17.5% who agreed in the case of a private observer. And as in
Study 1, this signal of normative inference to common knowledge
was mingled with a graded overattribution of highly embedded
beliefs when there was only private and reciprocal information and
they should have been zero. Again, this suggests that people have
some tendency to extrapolate finite embedded beliefs to common
knowledge, a vicarious curse of knowledge.

pnas.org
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General Discussion

We asked how people perceive a state of common knowledge,
necessary for coordination on scales large and small, when it would
seem to require, impossibly, mentally representing an infinite list
of ever-more-complex recursive beliefs. We tested the possibility
that people represent it as an intuition that the knowledge is self-
evident or “out there,” inferred from a salient public event. We
also tested whether people, exercising a distinct capacity-limited
talent for recursive mentalizing, extrapolate from shallowly
embedded beliefs to a tacit acceptance of more deeply embedded
ones, all the way up to common knowledge—an inference that is
not logically justified but sometimes a reasonable heuristic. By
showing participants scenarios with events that are either publicly
salient or observed under different conditions of the observer
being observed, we concluded that people have a strong (though
not automatic) tendency toward the first kind of inference (a

..Ideal Observer

* Information
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Mean Rated Degree of Certainty

public event implies common knowledge), and slight (though
persistent) tendency toward the second (finitely embedded knowl-
edge implies common knowledge).

This complex mix of frequent valid and occasional invalid infer-
ences to common knowledge, together with confusions among
levels of embedded knowledge, may help to resolve the paradox that
finite human minds can enjoy the benefits of coordination while
also being vulnerable to miscoordinations and the resulting social
problems (5, 7). At smaller, personal scales, these may consist of
faux pas and snafus such as inadvertently blurting out a secret,
having a seemingly obvious implication go over one’s head, playing
Alphonse-and-Gaston at a four-way stop sign, writing in opaque
academic jargon, and being the sole applauder between movements
of a sonata. At larger, collective scales, it may consist of pluralistic
ignorance (when everyone assumes that everyone believes some-
thing, such as support for a regime, but no one actually believes it),
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beliefs in different conditions of information. Right: Mean degree of certainty
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commitment to an inferior technological standard (as in VHS vs.
Betamax), misjudging an enemy’s resolve in an international game
of chicken, or acting on rumors that reverberate into self-fulfilling
bubbles, hoarding, panic buying, and bank runs.

Materials and Methods

All studies were approved by Harvard's Institutional Review Board (protocol
IRB16-0158), and all participants provided informed consent. Data and code
are available at Github (33).

In Study 1, we recruited 69 participants (mean age 36, 33% female) from Amazon
Mechanical Turk who passed a simple attention screen. Each participant completed
the survey once; no weighting or poststratification procedures were applied. We
excluded 9 who failed basic comprehension checks about the topic of the story.

The study employed a mixed design: three kinds of Information (Asymmetrical,
Reciprocal, Public) x 3 Scenarios (Visual Salience, Eye Contact, Auditory Salience)
x 6 orders. The three scenarios were intended to capture distinct ways in which
an event can be public: visible in each other's presence, mutually acknowledged
by eye contact, audible in each other’s presence.

Each participant read three scenarios, each with a different kind of information.
The order of the scenarios was constant (Visual, Eye Contact, Auditory) while the
order of information conditions varied; pairings and orders were counterbalanced
across participants.

Visual Salience. Participants read:

Edward and his neighbor, Sally, share a garden in a medium-sized
apartment complex. One day Edward is watering their garden, when
a car crash occurs on the street right in front of the garden in which
he is working.

The Asymmetrical Information condition continued:

Sally's roommate notices the event from her window, and calls Sally
to let her know about the crash and that Edward witnessed it.

If participants are ideal observers, inferring no more than what was stated and
logically justified, they should conclude only that Edward and Sally each know
about the crash and that Sally knows that Edward knows about it.

The Reciprocal Information condition continued with:

Sally's roommate notices the event from her window, and calls Sally
to let her know about the crash and that Edward witnessed it. She
then goes outside to talk to Edward about the crash, and tells him all
about her phone call with Sally.

6 of 8 https://doi.org/10.1073/pnas.2536294123

An ideal observer would infer only that Edward and Sally each know and that
each knows that the other knows.

Inthe Public Information condition, the second sentence in the story had both
neighbors witnessing the event:

One day they are talking and watering their garden, when a car crash
occurs on the street right in front of the garden in which they are
working.
Anideal observer who inferred common knowledge froma publicly and mutually
observed event could inferany number of arbitrarily embedded knowledge states.

Eye Contact. Participants read:

Edward and Sally are sitting across from each other on a train, when
Edward notices a man on the other side of the train silently walk up
to another passenger who is wearing a provocative t-shirt, say some-
thing to him, then give him the finger. While this is happening,
Sally glances toward Edward and sees that he is watching the event.

In the Asymmetrical Information condition, the story continued:
However, Edward does not notice Sally do this.

Anideal observer would conclude that Edward and Sally each know about the
confrontation and that Sally knows that Edward knows about it.
In the Reciprocal Information condition, it continued:

Edward immediately spots this out of the corner of his eye, but pre-
tends not to notice her.

The ideal observer's takeaway is that Edward and Sally each know about the
confrontation, and each knows the other knows.

In the PublicInformation condition, the confrontation was described as occur-
ring between the two friends, visible to both. An ideal observer can infer common
knowledge.

Auditory Salience. The scenario began:

Sally barges into her bosses' office and shouts in frustration, “Please
tell Edward to get rid of his childish Looney Tunes cellphone ringtone.
Yesterday his phone rang in front of an important client."

In the Asymmetrical Information condition, it continued:

Just as Sally is uttering this sentence, Edward walks past the
room and overhears her say this. However, Sally does not see
Edward pass by.
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Edward and Sally each know about Sally's complaint (in the case of Sally,
because she herself made it), and Edward knows Sally knows.
In the Reciprocal Information condition, it continued:

Just as Sally is uttering this sentence, Edward walks past the room
and overhears her say this. Instead of continuing down the hallway,
Edward hides outside the door and hears Sally say, “Oops, | just saw
Edward and I think he heard everything.”

Edward and Sally each know about Sally's complaint, and each knows the
other knows.
In the Public Information condition, it continued,

Right at this point, Edward gets a call and his phone rings loudly,
playing the Looney Tunes song.

Common knowledge may be inferred.

After reading each story, and with it still visible, participants rated four pos-
sible beliefs of Edward, with increasing depths of embedding, by adjusting
a 100-point slider (1 = "Not certain at all," 100 = "Completely certain”). To
ease the cognitive demand, we varied the verbs of knowing (which reduced
self-similarity), and broke the beliefs into separate sentences (which reduced
the working memory load). In the visual salience scenario, for example, they
were asked "Is Edward thinking...."

[0 embeddings (event itself):] "A car crash just happened.”

[2 embeddings:] "Sally knows I'm aware of the car crash.”

[4 embeddings:] "Sally knows I'm aware of the car crash. And she
understands that | realize that she knows it."

[6 embeddings:] "Sally knows I'm aware of the car crash. And she
understands that | realize that she knows it, and also that | know that
she knows this.”

Then, to estimate participants’ tacit attribution of common knowledge
in the sense of a potentially infinite number of nested knowledge states,
we gave them a metacognitive task that asked them to consider whether
Edward believed a thought with 18 levels of embedding. In the visual sali-
ence scenario, it was:

Sally knows that I'm aware that she realizes that | understand that she
recognizes that | know that she's aware that | realize that she under-
stands that | recognize that she knows that I'm aware that she realizes
that I understand that she recognizes that | know that she understands
that I'm aware of the car crash.

Since a direct rating of confidence in Edward's belief in this patently incompre-
hensible sentence was inappropriate, we assessed their metacognitive judgment
of whether the belief was justified (whether Ed had reason to believe it) by asking
which of three commentators they agreed with. They were told that Art, Bart, and
Hart all find the sentence "difficult to think about," but "Art and Bart think this is
irrelevant, since they still know the answer.”

Art's sense is that no matter how many more "Edward knows that Sally
knows..." clauses there are, Edward and Sally both know that they
both know (and so on) that Edward is aware of the car crash.

Bart's sense is that no matter how many more "Edward knows that
Sally knows..." clauses there are, Edward and Sally both do not know
that they both know (and so on) that Edward is aware of the car crash.
Hart, however, thinks there is no way to know the answer, since he
has no sense at all of whether the sentence could be correct.
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In Study 2, we recruited 59 participants (28 female) from Prolificand excluded
two who failed attention checks. Each participant completed the survey once;
no survey weighting or poststratification procedures were applied. The study
employed a mixed design: four kinds of Information (Private, Reciprocal, Doubly
Reciprocal, Public) x 24 orders. The four Information conditions were presented
within subjects, order counterbalanced.

Participants watched a cartoon animation of an event in a library with a "No
food or drink” sign posted. Sally and Edward are security guards.

In the Private Information condition, Sally and Edward are stationed in dif-
ferent aisles between book stacks with no line of sight between them. Sally and
Edward both witness a student accidentally spilling coffee on a table, depicted
by animated arrows extending from each one’s eyes to the spill, but neither can
see the other. (Video: hitps://youtu.be/v3c9_kQz6SY.)

The Reciprocal Information condition was the same, except that Sally peers
through a gap between the bookshelves and sees Edward staring at the coffee spill
(shown by an animated arrow extending from her head to his). Unbeknownst to
her, Edward then peers through a different gap and sees her looking at the spill,
also depicted by an animated arrow. (Video: https://youtu.be/MCFgM_v2RJg.)
Thus, each knows about the spill, and each knows the other knows.

In the Doubly Reciprocal Information Condition, this sequence was followed
by the characters returning to separate offices and reviewing the security camera
footage. Edward has a thought bubble, “Sally will report the coffee incident," but
then sees footage of Sally seeing him seeing the spill, and the thought bubble
changes to an exclamation point. Sally undergoes the same sequence. (Video:
https:/lyoutu.be/XViKBAmZk1E.) Now, Edward knows that Sally knows that
Edward knows about the event, and vice versa.

In the Public Information Condition. Sally and Edward are in the open, each
seeing the spill and seeing each other see it (depicted by four animated arrows).
(Video: https://youtu.be/VXq-bAD6CIA).

After each condition, participants were told that the protagonists do not com-
municate with each other. As in Study 1, after watching each video, participants
rated four first-person statements about Edward's knowledge, with increasing
numbers of embedded beliefs. This time we further disambiguated the ques-
tion by replacing "it" in the Study 1 questions with the exact proposition. Thus,
participants were asked “Is Edward thinking...."

[0 embeddings (event itself):] “Someone spilled a cup of coffee in an
area where food and drink are prohibited.”

[2 embeddings:] "Sally knows I'm aware of the coffee incident."

[4 embeddings:] "Sally knows I'm aware of the coffee incident. And
she understands that | realize that she knows that I'm aware of the
coffee incident”

[6 embeddings:] “Sally knows I'm aware of the incident. And she
understands that | realize that she knows that I'm aware of the coffee
incident, and also that | know that she knows this."

They then answered the metacognitive probe with the 18-deep test sentence
and three commentators.

Data, Materials, and Software Availability. Survey response data are avail-
able in Github (33).
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