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Abstract

As participants repeatedly interact using graphical signals (as in a game of Pictionary), the
signals gradually shift from being iconic (or motivated) to being symbolic (or arbitrary). The
aim here is to test experimentally whether this change in the form of the signal implies a con-
comitant shift in the inferential mechanisms needed to understand it. The results show that,
during early, iconic stages, there is more reliance on creative inferential processes associ-
ated with insight problem solving, and that the recruitment of these cognitive mechanisms
decreases over time. The variation in inferential mechanism is not predicted by the sign’s
visual complexity or iconicity, but by its familiarity, and by the complexity of the relevant men-
tal representations. The discussion explores implications for pragmatics, language evolu-
tion, and iconicity research.

Introduction

Humans are readily able to generate hypotheses about the meanings of novel signals in com-
municative games such as charades or Pictionary (hereafter, ‘novel signalling tasks’), even
when the perceptual form of these signals changes over time. For instance, Garrod, Fay and
colleagues [1, 2] investigate repeated Pictionary-like games, where participants draw graphical
representations of cues which a partner has to guess, and where this process is repeated over
several rounds with the same items. They show that, if the participants are able to interact
while playing, the initially iconic signs become less iconic or more conventionalised, resulting
in symbolic signs (iconic signs share perceptual properties with their referents, whereas sym-
bolic signs are arbitrary, lacking such a link, or are those for which convention or habit play a
role in their interpretation [3]). This shift from iconic to symbolic signs is called symbolisa-
tion, and the process is exemplified in Fig 1.

Research in symbolisation typically focuses on how the perceptual form of the signal varies
over repeated rounds, or how interpersonal interaction affects this. A question not yet tackled
by the literature is what cognitive mechanisms are recruited during symbolisation. The central
questions investigated here, then, are (1) whether the cognitive mechanisms underlying infer-
ence about meaning at earlier iconic stages of symbolisation are different from those during
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later, less iconic stages; and if so, (2) what the relevant cognitive mechanisms are; and (3) what
features of the task predict such a difference.

Answers to these questions would help fill a gap in our understanding of the evolution of
language in our species. Prior to the evolution of human symbolic language, there may have
been an iconic protolanguage stage [5-9]. In this view, our ancestors first developed iconic
signs, and the process of symbolisation eventually lead to these becoming conventional or arbi-
trary. If symbolisation is part of the explanation for how our species evolved to communicate
linguistically, and since we are unsure just what cognitive processes are involved at various
stages of symbolisation, then a serious gap remains in our understanding of one of the defining
traits of our species

Background
Symbolisation

Garrod et al. [1] explore the conditions under which symbolisation happens. The basic set-up
of their experiment 1 was as follows (‘basic’ in that this is the point of departure for the experi-
ment described below). Participants played six rounds of a novel signalling task. In each
round, one participant (the director or signaller) was given a list of target items and, one-by-
one, produced drawings to help the other participant (the matcher or receiver) guess each
item. Items included easily confusable places, people, TV or film genres, objects and abstract
words. The use of speech or letters was prohibited. Receivers were provided with the full list of
items to aid guessing. After all items in a round were guessed, the participants swapped roles
and repeated the game with the same items.

Garrod et al. [1] found that when feedback was allowed, the signs became simpler and less
iconic (Fig 1). They frame this change in informational terms, arguing that icons carry infor-
mation in their graphical structure. As the signs become less iconic, this informational burden
shifts from the signal to the receiver. During earlier stages in Fig 1, the signal is interpreted
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Fig 1. Over several rounds (‘games’) of repeated interaction in a novel signalling task, an iconic sign for ‘theatre’ becomes simplified or
more abstract, resulting in a conventional or symbolic sign (drawn from a corpus collected by [2], published in PLoS ONE by [4]; use
permitted under the Creative Commons Attribution License CC BY 4.0).

https://doi.org/10.1371/journal.pone.0189540.g001
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because of what the receiver sees, whereas in later stages, it is interpreted because of what the
receiver knows about previous interactions, and at this stage the signal itself is less informative.
Symbolisation, in this view, is characterised as a gradual shift in informational burden from
what the receiver perceives to what they know.

Icons

Icons involve resemblance, but not all icons are interestingly alike from a cognitive point of
view. Consider Fig 2, two novel signals drawn independently by two participants in study 1
below to represent the cue ‘Harrison Ford’. Imagine comparing these to a realistic painting of
Harrison Ford. A realistic painting would straightforwardly look like Harrison Ford, and we
would recognise him because of how it looks, because of the information it carries in its graph-
ical structure [1].

On the other hand, although the novel signals in Fig 2 are iconic, they don’t straightfor-
wardly resemble Harrison Ford. Unlike the painting, one cannot simply tell by looking that it
is him. Of all the possible facts about him (he’s American, he’s an actor, he’s male and cauca-
sian, he’s married to Calista Flockhart, etc.) both signallers have independently settled on the
fact that he played Indiana Jones, and of all the possible facts about Indiana Jones (he’s an
archaeologist, he’s a professor, he’s afraid of snakes, etc.) the signallers have settled on the fact
that he carries a whip and has a distinctive hat. Additionally, the signaller in Fig 2b has con-
strued Harrison Ford as sharing a name with a make of car. From the signallers’ perspectives,
these are salient aspects of Harrison Ford. These salient aspects of the signallers’ world knowl-
edge that have been foregrounded in the signal are called its ground [10, 11].

The ground here is not directly communicated to the receiver or straightforwardly per-
ceived by them. Rather than simply recognising Harrison Ford, the receiver has to infer the
signaller’s communicative intentions. The signal is just the input to an inferential process
whereby the receiver must use their world knowledge to generate the hypothesis that the cue
was Harrison Ford [12, 13]. The hat in Fig 2a may look like a sombrero, but trying to interpret
it this way is a dead-end. Rather, it is a poor representation of a fedora, and understanding this
is part-and-parcel of inferring the meaning of the whole. Thus, the receiver cannot take the rel-
evance of any part of the signal for granted, but rather must infer the relevance of all these ele-
ments, so call this a relevance-deciding problem.

This suggests an alternative way to characterise symbolisation. Garrod et al. [1] described it
as involving a shift from what the receiver perceives to what they know. However, in another
(possibly complementary) sense, the receiver’s knowledge is crucial throughout. In earlier
iconic stages, the receiver has to infer the relevance of the ground, based in part on what they
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Fig 2. Pictures produced independently by different signallers during experiment 1, below, representing the cue ‘Harrison Ford’.

https://doi.org/10.1371/journal.pone.0189540.g002
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know about the world. When those elements reappear later on, the receiver simply has to rec-
ognise them, based on what they know about the history of use of those elements. For instance,
in earlier rounds in Fig 1, the receiver has to infer that the dots at the bottom represent the
audience. In later rounds, they simply recognise the signal as being similar to ones seen earlier.

This has implications for the main research question: are different cognitive mechanisms
needed throughout symbolisation? The most parsimonious hypothesis is that we rely on the
same cognitive mechanisms throughout. Perhaps it is sufficient to describe symbolisation as
requiring inductive inference and leave the matter there. The alternative hypothesis suggested
here is that different cognitive mechanisms are needed at different stages. Specifically, in ear-
lier stages, a heavier burden will be placed on whatever cognitive mechanisms we bring to bear
on relevance-deciding problems and in later stages, less of a burden.

The question, in a nutshell, is what happens, cognitively, when people don’t recognise a sig-
nal (i.e. when it is new, before it conventionalises)? However, before the matter can be put to
experimental test, two issues need to be resolved: firstly, what makes something a relevance-
deciding problem? Secondly, what are the cognitive mechanisms we bring to bear on rele-
vance-deciding problems, and how would we tell that they are in fact being brought to bear on
a particular problem?

Relevance-deciding problems

The broad hypothesis under consideration is that different cognitive mechanisms are needed
at various stages of symbolisation. A more specific hypothesis is that relevance-deciding mech-
anisms are important earlier on, and less so later. We thus need a way to decide empirically if a
particular signal or item presents a relevance-deciding problem. If the broad hypothesis turned
out to be true, then a change in the degree of iconicity would be a parsimonious explanation
for a change in processing, since we already know that signals become less iconic during sym-
bolisation [1, 2]. To support the specific alternative hypothesis, we must show that something
other than iconicity predicts the recruitment of particular mechanisms of interpretation.

When a receiver first sees something like one of the circles in Fig 1, they have to infer its rel-
evance. Later on, they simply have to recognise it as an instance of a problem they’ve already
solved. The signal’s novelty (or conversely, its level of familiarity) should thus be a factor in
determining the cognitive mechanisms needed for its interpretation. Although novelty and
iconicity may be correlated (during symbolisation, iconicity decreases as the participants
become more familiar with the signals), they are nonetheless distinguishable. For instance, it is
plausible that a signal in round  might be accurately reproduced in round ¢ + 1. In that case,
its familiarity increases while its iconicity remains constant. Alternatively, if a signal in round ¢
proves ineffective (e.g., it takes a long time to guess), the signaller might change tack in round
t+ 1 and try a different construal (say, represent Harrison Ford as Han Solo instead of Indiana
Jones). In that case, the iconicity of the new signal in round ¢ + 1 may be high or not, whereas
its novelty will definitionally be high, and the receiver will have to infer its relevance all over
again. Thus, in addition to measuring a signal’s iconicity, it is necessary to measure whether it
is novel or familiar, relative to signals drawn in previous rounds of the game.

However, novelty alone does not mean that something is a relevance-deciding problem. A
second factor follows from the distinction between relevance-based meaning and code-like
meaning [12]. In a code, an element in one plane (e.g., meaning space) corresponds with an
element in another plane (e.g., signal space) in a rule-like, predictable way [14]. In Morse code,
for instance, there is a rule-like relationship between particular letters and particular sequences
of dots and dashes. Sperber and Wilson [12] acknowledge that a code model may account for
some aspects of language, but argue that many other aspects (such as pragmatics) require
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something more: open-ended inferential processes of the sort described in the previous
section.

If Sperber and Wilson [12] are right, then we should be able to derive a measure of whether
something presents a relevance-deciding problem by evaluating the degree to which the signal
is predictable given the target item or concept. At the extreme code-like end of this continuum,
letter S is predictably rendered as three dots in Morse code. Similarly, for some target items in
a novel signalling task, the range of construals might be relatively constrained, in which case
the signal should be predictable from the target concept, and independently drawn pictures
should thus be similar to each other. Moving away from a code-like situation, the signallers
who drew Fig 2 were able to choose between several grounds. One construed Ford as a make
of car, and others could plausibly construe him as Han Solo, for instance. At the extreme rele-
vance-deciding end of the continuum, the range of construals might be vast, such that there is
little or no overlap in the signals’ grounds. The less predictable the ground from the concept,
the less similarity between pictures drawn independently for that concept, and the more of a
relevance-deciding problem posed by the item.

To illustrate, both drawings in Fig 2 represent Harrison Ford as a man with a hatand a
whip. This is thus a somewhat predictably salient feature of Harrison Ford. If these figures are
tagged for informative or meaningful elements, Fig 2a can plausibly be tagged as {MAN, HAT,
CLIFF, GUN, WHIP} and Fig 2b as {MAN, HAT, WHIP, CAR} (for details of the tagging
schema see Methodology, and Open Science Framework material). If each pair of signals
drawn for a given meaning is represented by sets of tags X and Y, then the similarity between
the signals’ grounds is just the proportion of shared elements (Jaccard Index, JI: the size of the
intersection of the two sets divided by the size of the union). The difference between the
grounds (Jaccard Distance, JD) is just one minus the Jaccard Index:

XN Y|

D=1-JI=1
J J XUY|

(1)

Thus, the JD between the two signals in Fig 2 is 1 — 2 = 0.5 since 3 tags {MAN, HAT,
WHIP} are shared out of the set of 6 tags {MAN, HAT, WHIP, CLIFF, GUN, CAR}. The JDs
between all pairs of signals drawn for a target item can be averaged to provide a mean Jaccard
Distance for the item (JD,,). This represents how much of a relevance-deciding problem that
item poses. In a Morse-code-like situation, JD,, = 0 since the signals are always precisely the
same, whereas if the signals do not overlap at all, JD, = 1. To be clear: the intention is not to
show that some graphical signals are literally codes. Rather, it is to show that, for some items,
the patterns of salience that constitute the ground are relatively more predictable, and others
less so. In that case, some cue items pose more of a relevance-deciding problem than others.
We can thus test whether JD,, plays a role in symbolisation that does not reduce to an effect of
iconicity.

Relevance-deciding cognitive mechanisms

The above factors identify a relevance-deciding problem, but we still need some way to identify
relevance-deciding cognitive mechanisms, and to show that they are in fact being brought to
bear on the interpretation of a signal during a novel signalling task.

A way of doing just that has been identified in the literature on insight problem solving. An
insight problem is one where finding the relevant representation of the problem is hard [15].
Insight problems are thus hard relevance-deciding problems. Since there are well studied
behavioural and neurological hallmarks of the recruitment of insight problem solving
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mechanisms, these can serve as diagnostics here: the more relevance-deciding a novel signal-
ling problem is, the more likely participants should be to display such hallmarks.

In non-insight (i.e., analytic) problem solving, such as doing long division by a set of learnt
rules or reasoning through a deductive syllogism, one begins with an appropriate representa-
tion of the problem, and is able to mechanically follow an algorithm that leads step-by-step to
the solution [16, 17]. By contrast, in insight problem solving, it is not obvious what informa-
tion is relevant to the solution, and the most obvious reading of the problem is typically mis-
leading (often resulting in an impasse [17, 18]). The main difficulty is finding a relevant
representation or construal in the first place, sometimes out of an open-ended set of possible
problem dimensions [15].

An example is this: ‘A man in a small town married 20 different women of the same town.
All are still living and he never divorced. Polygamy is unlawful but he has broken no law. How
can this be?’” [19]. Solution requires one to restructure one’s representation of the problem
[20], i.e., to suppress a predictable but misleading interpretation and search for an alternative
construal (here, an alternative construal of the term ‘married’, since the solution is that the
man officiated at the weddings). The existence of multiple construals here is precisely what the
previous section identified as a feature of relevance-deciding problems. All that makes this an
insight problem is that the relevant construal (as in ‘the clergyman married the bride and
groom’) is much less probable given the word ‘married’ than the obvious but misleading con-
strual (as in ‘the groom married the bride’), so the latter is difficult to override.

A hallmark of insight problem solving is that the solution is often accompanied by a sud-
den, distinctive ‘Ahal” experience [17, 21], like a lightbulb metaphorically turning on in one’s
head [22]. Crucially, evidence from neuroimaging [23] and divided-visual-field priming [24]
shows that subjective reporting of an ‘Ahal’ experience correlates with measurable differences
in cognitive processing. Subjective reporting of such an experience thus serves as a diagnostic
for the recruitment of insight problem solving mechanisms: the more of a burden is placed on
relevance-deciding mechanisms, the more likely participants are to report an ‘Ahal’
experience.

There is ample evidence distinguishing insight processing from more analytic processing,
and linking it to key problem features outline above (contrasting predictable, familiar prob-
lems and less predictable, novel problems). The brain networks recruited during insight prob-
lem solving (centred on the right hemisphere/RH temporal lobe, [25]) are able to activate a
relatively broad range of less predictable associates, whereas the corresponding left hemisphere
(LH) regions are more likely to be successful when a smaller range of more predictable associ-
ates suffice for solution. These RH regions are more active when processing novel metaphors
(which involve making creative, relevance-deciding inferences) whereas LH regions are more
active for conventional (i.e., predictable and familiar) metaphors and literal phrases [26]. As
novel metaphors become more familiar, there is a corresponding shift in processing [27].

Further, the same RH brain networks are active during novel signalling tasks [28, 29], and
are implicated in various forms of pragmatic inference, such as understanding speaker inten-
tion [30], generating coherence-creating inferences [31, 32], creating representations of dis-
course-level meaning [33, 34], and inferring meanings that are less predictable from context
[35, 36] or when the context is less constrained [37, 38].

In sum, insight problem solving involves a distinctive manner of processing. The cognitive
mechanisms recruited by insight have been shown to be active in relevance-deciding inference,
and are recruited in cases of novelty and unpredictability. Subjective reporting of an ‘Aha!’
experience is diagnostic of recruitment of these mechanisms. The claim is not that an ‘Ahal’
experience always happens or only happens for hard relevance-deciding problems, or that all
relevance-deciding problems involve insight. Rather, insight problems lie on the opposite of
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the continuum from analytic, algorithmic, code-like problems [39], and the more of a burden
that is placed on relevance-deciding mechanisms in a novel signalling task, the more likely it is
that participants report an ‘Ahal’ experience.

Summary and predictions

When the appearance of a signal changes over the time course of symbolisation, it is currently
unclear whether there is a corresponding change in the cognitive mechanisms needed for
interpretation. The most parsimonious hypothesis is that there isn’t (perhaps it’s all just induc-
tive inference). If there is a change in cognition, the most parsimonious hypothesis is that it
should be predicted by the signal’s iconicity or visual complexity, since we already know they
decrease over time. However, the alternative hypothesis argued for here is that it should
depend instead on the extent to which the signal presents a relevance-deciding problem. Such
problems are characterised by a high degree of novelty, and by less predictable patterns of
salience in the ground. Subjective reporting of an ‘Aha!” experience is diagnostic of recruit-
ment of relevance-deciding cognitive mechanisms.

In Experiment 1, a novel signalling task is repeated over several rounds. After guessing the
meaning of each signal, the receiver reports the extent to which they had an ‘Aha!” experience.
The prediction is that participants should be more likely to report an ‘Aha!” flash of insight in
earlier stages of the symbolisation process, and less likely to do so in later stages, indicating
that insight (and thus relevance-deciding mechanisms) play an important role in earlier stages
and less so in later stages. Experiment 2 involves the collection of measures of iconicity, of nov-
elty, and of how predictable the ground is (JD,), to test what features of a particular novel sig-
nalling problem predict the kind of cognition needed to solve it.

Experiment 1: Insight in graphical communication
Overview

Pairs of participants took part in a graphical novel signalling task, and reported the extent to
which they experience an insight ‘Aha!” moment after each guess. The aim was to test whether
the change in a signal during symbolisation corresponds with a change in the cognitive mecha-
nisms needed to interpret it. The prediction is that the insight ratings will be higher at the
beginning than at the end of the symbolisation process, indicating a shift in the cognitive
processing.

Methodology

Participants. 20 University of Edinburgh students were recruited via the university’s job
website (17 female; mean age = 20.08, SD = 1.86). All participants gave written, informed con-
sent and were paid £6 for their participation. One pair was excluded from analysis because one
participant repeatedly wrote English words on her drawings, despite instructions to the con-
trary. Ethics approval was obtained under the University of Edinburgh Linguistics and English
Language Ethics committee procedures.

Materials. The cues were based on Fay et al. [2], who used 20 cue items divided into 5 cat-
egories (places, people, entertainment, objects, abstract) and some categories included a dis-
tractor. Because distractors might be more salient, and because salience is a confound, the
distractors were removed and the categories were expanded to include 5 items each (Table 1).
The abstract category in Fay et al. comprised both nouns and adjectives, but it was limited to
nouns here, for the sake of uniformity.
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Table 1. Items grouped by category.

Places Actors Entertainment Objects Abstract
theatre Robert De Niro drama television noise

art gallery Arnold Schwarzenegger soap opera computer monitor depression
museum Clint Eastwood cartoon microwave poverty
parliament Chuck Norris horror window nausea
university Harrison Ford sci-fi iPad violence

https://doi.org/10.1371/journal.pone.0189540.t001

Each participant in a pair had their own response booklet. Each page in the booklet corre-
sponded to one round, and the page for that round indicated which role (signaller or receiver)
each participant was to take. The signaller’s page listed items to be signalled during that round.
The receiver’s page had spaces for them to record their guess for each picture, in addition to a
7-point scale for them to provide an insight rating (by circling the relevant number on the
scale), indicating the extent to which they had an ‘Aha!’ experience while guessing. The scale
increased from left to right, such that circling 7 indicated a strong feeling of insight.

A shortlist of 10 items was randomly generated for each pair from the 25 items in Table 1.
The 10-item shortlist constituted the list of cues for the signaller in round 1, and the order of
the shortlist was randomised again before each subsequent round. Each game thus only
involved a random subset of items, so items were not presented a consistent number of times
across participant pairs. For instance, due to the random allocation, only two pairs saw item
‘art gallery’, while six saw item ‘Arnold Schwarzenegger’.

It is plausible that participants might find the game increasingly repetitive, and thus
increasingly unlikely to provoke an insight response. Therefore, it is worth being able to check
whether any change in insight ratings represents a response to individual items, or to the game
as a whole (i.e., a fatigue effect). Consequently, every second round, one item from the shortlist
was replaced by another from Table 1. This occurred every second round so that both partici-
pants in a pair would have the same number of turns with each item. Since new items appeared
throughout the game, the analysis will be able to check whether any change in insight ratings
reflects increasing familiarity with the game as a whole, or with individual items. Further, the
regular inclusion of novel items means that participants cannot be certain just which items will
appear in a given round.

Procedure. Pairs of participants played eight rounds of a Pictionary-like game, alternating
role after each round, thus having four turns at each role. The progress of the game can thus be
measured in terms of eight rounds or four turns. A coin toss decided which participant was
signaller first.

The participants read instructions describing insight in terms of an ‘Aha!’ experience, like a
light bulb suddenly flashing on in the head [22]. To give them the chance to experience an
‘Aha!” moment before the experiment started, they attempted four typical insight tasks (Com-
pound Remote Associate problems from [40]), and were told that the ‘Aha!’ experience is com-
mon when solving such problems. Participants were instructed not to include any English
words, numbers, letters or other conventional signals in their drawings. They were able to ask
questions if anything was not clear. When both participants indicated they were ready to pro-
ceed, they were given the list of 25 possible answers and were allowed a minute to familiarise
themselves with the items.

The signaller then read the first cue on the 10-item shortlist for round 1 in their booklet,
and began drawing a picture to help the receiver guess the cue. The signaller was required to
continue drawing until the receiver said ‘stop’, indicating that they had guessed. No informa-
tion passed between signaller and receiver except the signal itself, and the receiver’s saying
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‘stop’. Thus, the signaller did not know what the receiver had guessed, and the receiver did not
know if their guess was correct. Throughout the whole process, the signaller and receiver both
had access to the table of 25 items.

The receiver recorded their guess on their response sheet and also recorded an insight rat-
ing indicating the extent to which they had experienced an ‘Aha!” moment. The signaller then
proceeded to the next item on the list. This process repeated until all 10 items for that round
had been guessed. At that point, both participants turned to a new page, which indicated that
they should swap roles. The procedure for each round was identical, apart from the role played
by each participant.

Analysis

The analysis reports models fitted with the 1mer or glmer functions (for linear and general-
ised linear mixed-effects models, respectively) from the 1me4 package [41] in R [42]. Since the
1mer function does not provide p-values [43], two approaches to significance are taken here:
(1) p-values are calculated using the 1merTest package [44], and (2) bootstrapped 95% con-
fidence intervals (CIs) for the estimated fixed effects are derived using the bootMer function
from the 1me 4 package.

The random effects structure of the models reported below is the maximal structure justi-
fied by experiment design [45], except in cases of non-convergence or overparameterisation
[43]. Thus, unless otherwise stated, the default structure includes both random slopes and
intercepts for item and participant.

Results

Symbolisation. Garrod et al. [1] measure the visual complexity of a signal by calculating
its perimetric complexity [46], which Fay et al. [2] describe as follows: ‘Perimetric complexity
is calculated by adding the drawing’s Inside and Outside Perimeter, squaring the result, and
dividing by the amount of Ink. Perimetric complexity is a scale-free measure of the graphical
information in a picture and is shown to accurately predict the efficiency with which signs of
varying complexity are decoded’ (p 376, their footnote 3. A python script for calculating peri-
metric complexity is available at https://github.com/justinsulik/pythonScripts). They show
that symbolisation (as in Fig 1) involves a decrease in perimetric complexity. The data from
the present study (Fig 3a) suggests a non-linear decrease, so perimetric complexity is log-trans-
formed for the analyses. Log-transformed perimetric complexity was entered into a linear
mixed-effects regression with turn as the fixed effect (random effects structure by-word and
by-item: intercepts and slopes for turn). There is a significant negative effect of turn on peri-
metric complexity (8= —0.199, SE = 0.033¢ = —6.029, p < 0.001, bootstrapped 95% CIs [-0.263,
-0.134]). The model shows that perimetric complexity decreases significantly across turns (Fig
3b), meaning that the signals are becoming simpler, as expected (cf. Fig 4).

Accuracy. Accuracy (whether the item was guessed correctly or not) was entered as the
dependent variable into a binomial mixed-effects regression with turn as fixed effect (random
effects structure by-word: intercept only; by-participant: intercept and slope). Accuracy
increases significantly across turns, despite the lack of any feedback (8 = 0.499, SE = 0.195,
z=2.562, p =0.010, bootstrapped 95% ClIs [0.120, 0.933]).

Insight. Insight ratings were entered into a linear mixed-effects regression with turn as
fixed effect (random effects structure by-word: intercept only; by-participant: intercept and
slope). Insight ratings decrease significantly across turns (8 = -0.328, SE = 0.102, t = —-3.227,

p = 0.005, bootstrapped 95% ClIs [-0.530, -0.130], Fig 3d), meaning that the cognitive
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Fig 3. (a) Mean perimetric complexity vs. turn, suggesting a non-linear decrease. (b) Mean log-transformed perimetric complexity vs. turn (dots),
with linear mixed-effects model estimate for the effect of turn (line). (c) Mean accuracy vs. turn (dots), with binomial mixed-effects model estimate
for effect of turn (curve). (d) Mean insight rating vs. turn for items present since turn 1 (dots), with linear mixed-effects model estimate for the
effect of turn (line). (e) Mean insight ratings vs. turn, grouped by the number of the turn in which the items first appeared. When first introduced,
the mean insight rating for each group is relatively high. For those groups present for more than one turn (i.e. all items except those introduced
during turn 4), there is a subsequent decrease in insight rating.

https://doi.org/10.1371/journal.pone.0189540.g003

mechanisms underlying relevance-deciding inference are recruited more at the start of symbo-
lisation and less so later.

To rule out the possibility that this was merely a fatigue effect, new items were introduced
once per turn. If the drop in insight ratings represents a fatigue effect, then ratings for these
new items should decrease over turns. If not, insight ratings for the new items should be as
high as for items in the first round. Fig 3e illustrates that there is no fatigue effect (indeed, the
graph suggests just the opposite—it’s plausible that in later turns, a novel cue was salient com-
pared to cues that had been present for a few turns already).

The absence of a fatigue effect is confirmed by adding a new variable (time) to the above
model to represent the number of turns an item has been seen. By the end of turn 3, an item
present from the start has been seen in three turns, an item introduced in turn 2 has been seen
for two turns, and an item newly introduced in turn 3 has been seen for one turn. If the effect
of this new variable overrides the previous effect of turn, then this is no fatigue effect. The
model supports this conclusion: the effect of turn drops out (8 = 0.068, SE = 0.067, ¢ = 1.020,

p = 0.308, bootstrapped 95% Cls [-0.068, 0.203]) whereas time is a significant, negative predic-
tor of insight rating (8 = —0.420, SE = 0.115, t = —3.637, p = 0.001, bootstrapped 95% Cls
[-0.652, -0.178]).
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g h

Fig 4. Signals representing cue Harrison Ford across eight rounds for one pair of participants. Rounds
increase left-to-right and top-to-bottom, in which case the left column shows drawings by one participant (the
signaller in rounds 1, 3, 5, 7) and the right one shows pictures by the other participant (the signaller in rounds 2, 4, 6,
8). Each row thus constitutes one turn.

https://doi.org/10.1371/journal.pone.0189540.g004

To show that this effect is not a proxy for either of the results already observed, insight rat-
ings were entered into a linear mixed-effects model along with accuracy, time and perimetric
complexity (log-transformed) as fixed effects (random effects structure by-word: intercept
only; by-participant: intercept and slopes for all fixed effects). There is still a significant
decrease in insight ratings over time (8 = —0.362, SE = 0.084, t = —4.289, p < 0.001, boot-
strapped 95% Cls [-0.524, -0.194]) when accuracy and perimetric complexity are included as
predictors. In this model, accuracy has a significant effect (3 = 0.367, SE = 0.181, t = 2.025,

p = 0.071, bootstrapped 95% Cls [0.009, 0.726]), such that correct guesses were more likely to
be accompanied by an ‘Aha!’ experience. This aligns with findings from non-communicative
insight tasks [47, 48]. There is no effect of perimetric complexity (8 = —0.028, SE = 0.156,

t =-0.180, p = 0.860, bootstrapped 95% ClIs [-0.333, 0.271]), so the decrease in insight ratings
is not driven by the visual complexity of the signal.
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Discussion

The data shows a significant decrease in subjective reporting of an ‘Ahal’ experience over time
in a graphical novel signalling game. At the very least, this constitutes a predictable behavioural
difference along the time-course of symbolisation. Additionally, this behavioural measure is
diagnostic of a difference in cognitive processing, and that recruitment of these cognitive
mechanisms has previously been observed in novel signalling tasks and in relevance-deciding
tasks. In that case, the results show that symbolisation involves a change in the cognitive mech-
anisms recruited for interpretation, in addition to the previously observed changes in the sig-
nal. In particular, earlier stages of symbolisation place more of a burden on the cognitive
mechanisms that underlie relevance-deciding inference than later stages.

Given this result, it is not sufficiently informative to describe the whole process as relying on
induction (this was the most parsimonious hypothesis discussed in the introduction). Firstly,
an inductive account makes no predictions regarding the mechanisms of relevance. Secondly,
it is by no means clear that induction encompasses the more creative, open-ended problem
solving typical of insight. Hypothesis generation (in this case, hypotheses about the meaning of
novel signals) is still poorly understood from an inductive point of view [49, 50], but it is also
possible that it may be a distinct form of inference entirely [3, 51]. Thirdly, regardless whether
insight ever turns out to be amenable to an inductive account, insight problem solving implies
distinctive processing mechanisms, and these are demonstrably related to pragmatics [25, 31].

Experiment 1 thus shows a change in cognition during symbolisation, but it remains to be
seen what feature of the task predicts this change: parsimoniously, it could be that a decrease
in iconicity drives the change in cognition, though the alternative hypothesis considered here
is that it is driven by novelty and salience.

Experiment 2: Task features predicting insight ratings
Overview

There are several ways to describe the changes during symbolisation. The final rounds of Figs
1 and 4 are less iconic and less complex than the earlier rounds, but they are also more familiar
(or conversely, less novel). For instance, the whip in Fig 4 has been present since the start, so
in subsequent turns it is increasingly familiar. When it is familiar, people simply recognise it as
a problem they’ve already solved. One question, then, is which of these properties (iconicity or
familiarity) best predict the extent to which participants rely on relevance-deciding mecha-
nisms or simply recognise the signal.

The following describes how data for iconicity and familiarity were collected, and tests
whether either of these predict how insight ratings or accuracy change over time. The predic-
tion is that familiarity will be a better predictor of insight ratings than iconicity.

Although these measures potentially predict the change in insight rating over time, another
measure (mean Jaccard distance, JD,,) evaluates how much of a relevance-deciding problem a
particular cue item represents in the first place. This was based on how predictable the ground
is, given the item to be communicated. The prediction is that a higher JD,, value (indicating a
less code-like, or a more relevance-deciding problem) should lead to an increase in insight rat-
ings the first time an item is presented in the game.

Methodology

Participants. For iconicity and familiarity ratings, participants were recruited via Ama-
zon’s Mechanical Turk (MT) crowd-sourcing platform. Participation was limited to Mechani-
cal Turk workers (called Turkers) who had a higher than 95% approval rating, and who had
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completed over 1000 tasks on MT. They were paid USD $0.02 per rating. Each Turker was
able to provide ratings for one picture or for several pictures as they wished, but the 10 ratings
for a signal were always provided by 10 different Turkers. Overall, 295 Turkers provided rat-
ings, and the median number of signals seen by a Turker was 20. Ethics approval was obtained
under the University of Edinburgh Linguistics and English Language Ethics committee
procedures.

Materials. The signals produced during experiment 1 were scanned to yield jpg files
(480 x 262 pixels).

Procedure: Familiarity and iconicity ratings. For each signal, 10 iconicity ratings and 10
familiarity ratings were collected. The analysis below uses the average of these 10 ratings, so
each signal is represented by one iconicity score (an average of 10 Turkers’ iconicity ratings)
and one familiarity score (an average of 10 Turkers’ familiarity ratings). The Open Science
Framework material includes the images and their scores.

For an iconicity rating, the participants were given the signal and the cue item, and were
asked to rate how strongly the signal resembled the cue. They were told that it was drawn dur-
ing a game of Pictionary, that Pictionary does not require accurate or skillful drawing, and that
their ratings should bear this in mind. They selected a rating from a 7-option drop-down list,
ranging from ‘extremely bad resemblance’ to ‘extremely good resemblance’.

For a familiarity rating, the participants were given two signals that were produced consec-
utively (or almost consecutively—see blow) for the same item in the same game, and were
asked to rate how strongly the newer signal resembled the older one. The following example
refers to the signals from Fig 4. To rate the familiarity of signal b, it was presented alongside
signal a, and participants were asked to rate how similar the two signals were. They selected a
rating from a 7-option drop-down list, ranging from ‘extremely different’ to ‘extremely simi-
lar’. The higher this resemblance, the more familiar (or less novel) the signal is in the context
of the game. Participants were given the same caveats about Pictionary as the iconicity raters.

Two complications were as follows. First, no familiarity rating is possible for signal a
because this is the first time it appeared in the game, and there is no precedent to compare it
to. Thus, familiarity ratings are only possible after an item’s first appearance in the game. Sec-
ondly, the familiarity of a signal was rated relative to whichever signal from the previous turn
it most resembled. Thus, signal ¢ would be presented with signal a rather than signal b. The
reason c is familiar is that it resembles signal a, so its familiarity must be rated relative to a. For
the same reason, signal d would be compared with signal b. This procedure produced a rating
of how familiar each signal was (apart from the item’s first appearance in the game) based on
preceding signals.

Procedure: JD, values. Whereas iconicity and familiarity ratings were collected on
Mechanical Turk, signals were independently tagged by the author and by a volunteer research
assistant to provide JD,, measures. Ratings of iconicity or familiarity are very quick, need little
instruction and involve at most two images, whereas tagging meaningful elements of the sig-
nals is relatively time-consuming; requires detailed coding instructions (and the opportunity
to provide feedback on or ask for clarification about those instructions); carefully hypothesis-
ing the signaller’s intentions; simultaneously considering multiple images; and reviewing ear-
lier decisions based on later ones. It is thus a great deal more complex and open-ended than
rating for resemblance, and less suited to an online platform like Mechanical Turk.

Both taggers followed a detailed coding schema. The main points in the instructions were
(1) to tag elements of the signal that the tagger thinks are relevant to guessing the target item
(rather than tagging everything recognisable in the signal) and (2) to be consistent, so that
the same element appearing in different pictures receives the same tag. For detailed coding
instructions and the resulting tags, see Open Science Framework material.
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For all possible pairs of new signals drawn for a cue item, the JD (formula 1) was calculated
separately for each tagger. These were then averaged to produce a JD,, for each item (again,
separately for each tagger).

This task is by nature interpretive, and thus allows for substantial variation between taggers.
Anyone who has played Pictionary will know that people do not interpret the drawn signals in
the same way. The expectation is thus not that both taggers will provide the same tags for a sig-
nal, but rather that their resulting JD, measures will correlate strongly. Two features of the
coding schema and JD,, measure afford a degree of robustness. First, the measure is not con-
tent sensitive. It does not matter if one tagger tags the hat in Fig 4 as FEDORA and the other as
HAT, as long as they are internally consistent and use the same tag if this element reappears in
other signals drawn for this cue. Second, the measure is proportional, so one tagger might pro-
vide less detail and another more, since the extra detail will appear both in the numerator and
denominator of formula 1.

Analysis

The main analysis falls into two parts: (1) new items (items on their first exposure, i.e., all
items in round 1, and the additional items introduced at the start of each subsequent turn to
guard against fatigue effects), and (2) older items (any item after its first exposure). The JD,, is
only informative for new items, since it reflects how people create a graphical signal based on
their world knowledge of the cue, whereas the content of subsequent signals depends in large
part on previous signals. On the other hand, the familiarity rating is only possible for older
items, since it requires comparison with a previous appearance. Iconicity ratings are available
in either case.

Results

New items. There is a high correlation between the two taggers’ by-item JD,, measures
(r,=0.707, p < 0.001). The following analysis uses the average of both taggers’ JD, measures,
though using either tagger’s measures separately yields the same conclusions.

Averaging by item (since iconicity and perimetric complexity are calculated by signal,
whereas the JD,, values are calculated by item), there is a moderate negative correlation
between JD,, and iconicity (r, = —0.457, p = 0.008). Thus, the more iconic an items’ signals, the
more consistency there is in how it is represented. There is no relationship between JD, and
perimetric complexity (r; = 0.374, p = 0.124) or between iconicity and perimetric complexity
(r,=—-0.294, p = 0.325).

Iconicity, parametric complexity and JD,, were scaled (after parametric complexity was log-
transformed) and entered as fixed effects into a linear mixed-effects model with insight rating
as the dependent variable (random effects structure by-participant: intercept and slope for ico-
nicity and parametric complexity. Item word was excluded as a random effect since there is
only one JD, measure per word). JD,, is a significant, positive predictor of insight ratings
(8=0.394, SE=0.165, t = 2.389, p = 0.019, bootstrapped 95% CIs [0.069, 0.720], Fig 5a). Thus,
the less predictable an item’s signals are from its mental representation, the more likely it is
that receivers report an ‘Aha!” moment when inferring the signaller’s intentions. The same
conclusion follows using either tagger’s ratings independently, in place of the average just
reported (tagger 1: f=0.384, SE=0.173, t = 2.215, p = 0.029, bootstrapped 95% ClIs [0.039,
0.728], tagger 2: f = 0.334, SE = 0.156, t = 2.140, p = 0.035, bootstrapped 95% Cls [0.032,
0.649]). However, there was no significant effect of iconicity (8 = 0.091, SE = 0.221, t = 0.413,
p = 0.689, bootstrapped 95% ClIs [-0.339, 0.525]) or perimetric complexity (3 = 0.014,
SE=0.171, t = 0.080, p = 0.940, bootstrapped 95% Cls [-0.331, 0.364]).
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Given the relationship between JD,, and iconicity, it is worth checking that the lack of an
effect of iconicity is not due to their collinearity. However, even when iconicity is the only
fixed effect in the model, it still fails to predict insight ratings (8 = —0.116, SE = 0.216, t =
-0.538, p = 0.603, bootstrapped 95% ClIs [-0.551, 0.309]). Thus, for novel signals, the recruit-
ment of insight-solving cognitive mechanisms depends on how predictable the ground is
given the item, not on perceptual properties such as iconicity or perimetric complexity.

A binomial mixed-effects model with the same fixed effects, but with accuracy as the depen-
dent variable (random effects structure by-participant: intercept only), shows that JD,, is a
significant, negative predictor of accuracy (8 = —0.714, SE = 0.326, z = —2.189, p = 0.029, boot-
strapped 95% Cls [-1.562, -0.160]) but there is no effect for iconicity (8 = 0.451, SE = 0.279,
z=1.619, p = 0.105, bootstrapped 95% ClIs [-0.080, 1.110]) or perimetric complexity (8 = 0.145,
SE = 0.246, z= 0.587, p = 0.557, bootstrapped 95% ClIs [-0.367, 0.696]). Thus, the more of a rele-
vance-deciding problem the item poses, the less likely receivers were to guess it correctly.

As previously, given the collinearity between JD,, and iconicity, it is worth checking whether
iconicity has an effect on its own. When it is the only fixed effect in the model, it has a signifi-
cant positive effect (8 = 0.659, SE = 0.246, z = 2.673, p = 0.008, bootstrapped 95% CIs [0.198,
1.228]), meaning that more iconic signals were easier to guess. Since this effect is overridden
by JD,, when both are included in a model, performance at novel signalling tasks may some-
times seem to reflect an effect of iconicity, but may actually reflect an effect of world knowl-
edge. This suggests that a focus on iconicity in novel signalling tasks may sometimes yield
misleading effects.

Older items. The focus now shifts to items than have already been seen at least once in a
game. JD,, is no longer an applicable measure, but familiarity now is. Since some items first
appeared in later turns than others, the following uses the time (the number of turns an item
has been seen), rather than turn, as a fixed effect.
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For older items, there is a moderate correlation between iconicity and perimetric complex-
ity (r;=0.367, p < 0.001), and a weaker one between iconicity and familiarity (r; = 0.203,

p < 0.001). The relationship between perimetric complexity and familiarity is negligible in size
(r, = —0.043, p = 0.065).

As a sanity check (to test whether the Mechanical Turk ratings behave as expected), iconic-
ity and familiarity were entered as the dependent variables in two separate linear mixed-effects
regressions, with time as the fixed effect (random effects structure by-item: intercepts and
slopes for time; by-participant: intercepts only). Since Fig 5¢ suggests a non-linear effect of
time on familiarity, a quadratic term was included. The models show that iconicity decreases
significantly over turns (= —0.131, SE = 0.019, t = -6.952, p < 0.001, bootstrapped 95% Cls
[-0.168, -0.089]), whereas familiarity increases (8 = 0.563, SE = 0.078, t = 7.204, p < 0.001,
bootstrapped 95% Cls [0.410, 0.712]), though this effect weakens over time given a significant
negative quadratic term (8 = —0.049, SE = 0.010, t = =5.117, p < 0.001, bootstrapped 95% Cls
[-0.069, -0.030]). Signals thus become less iconic and more familiar over time, as expected.
Although the correlation between iconicity and perimetric complexity is only moderate, their
behaviour over time is very similar (Fig 5¢).

The main question to be answered here is: which variable best predicts the change in insight
ratings? Insight ratings were entered into a linear mixed-effects model as the dependent vari-
able, with iconicity, familiarity and log-transformed perimetric complexity (all scaled) as fixed
effects, as well as time (random effects structure by-item: intercept and random slopes for peri-
metric complexity and familiarity; by-participant: intercept and random slopes for iconicity
and familiarity). As observed previously, there is a significant negative effect of time (8 =
-0.087, SE = 0.025, t = —=3.518, p < 0.001, bootstrapped 95% ClIs [-0.133, -0.037]). In addition,
there is a significant negative effect of familiarity(8 = —0.214, SE = 0.082, t = —2.624, p = 0.016,
bootstrapped 95% Cls [-0.372, -0.040]), but no effect of iconicity (8 = 0.079, SE = 0.064,
t=1.223, p = 0.236, bootstrapped 95% ClIs [-0.059, 0.210]), or perimetric complexity (8 =
-0.073, SE = 0.053, t = —1.378, p = 0.169, bootstrapped 95% ClIs [-0.176, 0.032]). Thus, the
insight ratings decrease as the signals become increasingly familiar (and this does not reduce
to an effect of time), but they are not predicted by the signal’s level of iconicity or visual
complexity.

To test the effects of the same factors on performance, accuracy was entered as the depen-
dent variable into a binomial mixed-effects regression with the same fixed effects as above
(random effects structure by-item and by-participant: intercept only). There is a significant
negative effect of perimetric complexity (8 = -0.761, SE = 0.219, z = —3.476, p < 0.001, boot-
strapped 95% Cls [-1.295, -0.315]) and a positive one of familiarity (8 = 0.462, SE = 0.173,
z=2.670, p = 0.008, bootstrapped 95% CIs [0.072, 0.870]), but no effect of iconicity (8 =
0.187, SE = 0.259, 2= 0.719, p = 0.472, bootstrapped 95% ClIs [-0.370, 0.756]) or time (8 =
0.061, SE = 0.096, z = 0.632, p = 0.527, bootstrapped 95% CIs [-0.144, 0.292]). Thus, guessers
are better able to guess the signaller’s intentions as the signals become more familiar and
simpler.

Discussion

To see what factors drive the pattern of responses in experiment 1, measures for familiarity
and iconicity were collected, as well the extent to which an item presents a relevance-deciding
problem. For new items, higher insight ratings were predicted by a decrease in JD,,, which
measures how predictable the signals were given the item. Over subquent turns, a drop in
insight ratings was predicted by an increase in familiarity. Thus, symbolisation can be charac-
terised as a decrease in how much of a burden is placed on the cognitive machinery that
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underlies human performance on relevance-deciding problems. This shift in processing is not
predicted by visual properties of the signal, such as iconicity or visual complexity.

The same factors (familiarity and JD,,) predict some of the variation in accuracy for guess-
ing new signals, as well as an improvement in accuracy over time. In the former case iconicity
is misleading (it has an effect when it is the only regressor, but not once JD,, is included), and
in the latter case it has no effect. Experimenters should thus account for the extent to which an
item presents a relevance-deciding problem in experiment design, or before making claims
about the effect of iconicity on performance.

Fig 5a indicates that much of the variation in insight ratings remains unaccounted for,
despite the significant effect of JD,,. It could be that JD,, is quite a coarse measure, especially
since it is calculated by item rather than by signal. It is, after all, about how the item is repre-
sented mentally, or the extent to which that representation predicts the contents of drawings
that signal the item. However, the question of just how mental representations are translated
into particular drawings lies outside the scope of the current research. Further, JD,, uses a sin-
gle dimension to quantify the effect of world knowledge, but world knowledge is massively
multidimensional. Finally, it could be that there are effects of context (each signal is guessed
relative to a particular list of 25 possible items). Despite these limitations, JD,, nonetheless has
a significant effect in the predicted direction.

A decrease in perimetric complexity predicts an increase in accuracy, in addition to the
effect of familiarity. There are several possible interpretations of this (all speculative, alas).
Perhaps low perimetric complexity reflects conventionalisation and perhaps accuracy is
higher for more conventional items. Perhaps, as signals become similar, they also become
more distinct (i.e., less like the signals drawn for other items) and thus easier to guess. These
explanations are certainly compatible, but they lie beyond the scope of the present research
questions.

One concern about the familiarity ratings is that they involve comparing the signals as
awhole (I thank an anonymous reviewer for this suggestion). For instance, in Fig 4, the
familiarity rating for signal b involves comparing it with signal a. There are both similarities
and differences between these two pictures. Focusing on the whip might make them seem
more similar, whereas focusing on general features (e.g., the layout) might make them seem
more different. The worry is that the raters might be doing the latter, and the receiver the
former.

The data gathered in this experiment are insufficient to resolve this issue decisively.

An eye-tracking study would be interesting to explore the time-course of how receivers nar-
row in on salient, informative elements of the signal, but that lies beyond the scope of the
present research question. However, there are several reasons to think that the above worry
does not problematise the conclusions drawn here. First, the raters’ familiarity responses
(but not their iconicity responses) predict the receivers’ insight responses. There is thus
demonstrably some relationship between how the raters are processing the signal for famil-
iarity and how the receiver is inferring its meaning. Second, the receivers’ insight ratings
reflect the extent to which they are tackling a relevance deciding problem. It might be that
they quickly recognise the whip and make a guess on that basis (i.e., do not need to infer its
relevance), or it might be that the whip is not very salient to them, in which case they would
be interpreting the picture as a whole, and having to infer the relevance of its parts while
inferring the communicative intentions of the signaller. The claim is that the insight rating
is a measure of just that. To the extent that the familiarity rating predicts the insight rating,
then, it is likely to be unproblematic that familiarity raters are evaluating the signal as a
whole.
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General discussion
Summary

The results show that there is a shift in the cognitive mechanisms recruited for interpretation
as a signal changes during symbolisation. This shift is not predicted by visual features of the
signal (such as its iconicity or visual complexity), but rather by the extent to which it presents a
relevance-deciding problem. Relevance and the inferential mechanisms humans bring to bear
on relevance-deciding problems play a role in earlier stages of symbolisation.

The question that prompted this research was whether the change in signals observed dur-
ing symbolisation implies a concomitant change in cognitive processing, and if so, how to
characterise that change. Symbolisation can be described as a decrease in iconicity and visual
complexity [1]. However, icons can also pose a relevance-deciding problem, in which case
symbolisation might also involve a decrease in the burden placed on the cognitive mechanisms
that humans bring to bear on relevance-deciding problems. In the case of symbolisation, a rel-
evance-deciding problem is characterised by high novelty (or low familiarity), and by a lack of
predictability in the signal’s ground. Insight problem solving is the recruitment of a distinctive
style of processing to solve hard relevance-deciding problems. Thus, the extent to which some-
thing is a relevance-deciding problem should predict the extent to which participants display
the hallmarks of insight. Crucially, subjective reporting of an ‘Aha!” moment is a behavioural
hallmark of insight problem solving, and is correlated with the distinctive patterns of insight
processing [23, 24]. Subjective reporting of an ‘Ahal’ experience can thus serve as a diagnostic
for this mode of processing in a novel signalling task.

The broad hypothesis was that symbolisation involves a concomitant change in cognitive
processing, and the specific hypothesis that this is explained by relevance, rather than iconicity
or visual complexity. Thus, the prediction was that there should be a decrease in subjective
reporting of an ‘Ahal’” experience over time, and that this should be predicted by familiarity,
and by how unpredictable an item’s ground is.

To test these hypotheses, participants took part in a repeated novel signalling task. After
each guess, receivers provided a rating indicating the extent to which they had experienced an
‘Aha!” moment. They had practised other insight problems before the experiment, so that they
were likely to have a better sense of this experience. Experiment 1 replicated the increase in
accuracy and decrease in visual complexity previously demonstrated in the literature on sym-
bolisation [1, 2], showed a decrease in insight ratings over time, and demonstrated that this is
not a mere fatigue effect, nor explicable by changes in visual complexity or accuracy. Experi-
ment 2 showed that insight ratings for new items are explained by a measure of how predict-
able the ground is, given the item (JD,), and that the decrease in insight ratings over time is
predicted by increasing familiarity, rather than by iconicity or visual complexity. Further, both
factors (familiarity and JD,,) have a significant effect on accuracy, and an apparent effect of ico-
nicity on accuracy was shown to be misleading, since this effect drops out when JD,, is included
in the model. Thus, both the broad and specific hypotheses were supported by the data.

Implications

The results have implications beyond this particular experiment. For instance, they align with
previously observed differences in the cognitive processing of novel vs. conventional meta-
phors [26, 52], and with a shift in cognition as novel metaphors become more familiar [27].
Like the novel signals here, novel metaphors present a relevance-deciding problem, and
Mashal and colleagues show that there is a strong overlap between the neural mechanisms at
work in understanding novel metaphors and those underlying insight problem solving: they
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both involve activation in right hemisphere temporal lobe areas responsible for searching
broad semantic sets, and retrieving less predictable or distantly related semantic information
[25]. Similar patterns of activation are found in a novel signalling task [29], but there the pat-
terns of activation are interpreted as indicating the creation or processing of mental models of
one’s interlocutor. Thus far, then, the literature has linked novel metaphors and insight [52],
or has linked novel signalling and intention reading [29]. The results here suggest that these
may all be part of a bigger picture, since they connect insight, novelty, representation, and
intention reading. The precise relationship between these various abilities remains unclear for
now, but a fuller account of pragmatics and problem solving would require an exploration of
how these pieces fit together [25]. Some possibilities are as follows: the cognitive similarity
between insight and pragmatics could turn out to be illusory; or the cognitive mechanisms
thought to underlie intention reading might be better described as solving relevance-deciding
problems; or insight problem solving could co-opt inferential and representational mecha-
nisms initially evolved for pragmatic intention-reading.

Either way, symbolisation implies a particular cognitive trajectory, such that relevance-
deciding mechanisms are important for earlier stages of the process. This cognitive trajectory
has implications for the evolution of language, since there may have been an iconic protolan-
guage stage prior to the evolution of symbolic (i.e., conventional) communication in our spe-
cies [5-9]. Given the various ways iconicity relates to the other variables of interest here, an
explanation of how humans evolved language cannot focus solely on properties of the signal
(e.g., the extent to which it is iconic), but must also encompass questions of representation and
inference. In particular, the results suggest that the cognitive mechanisms of relevance may
have been a prerequisite for our ancestors’ novel signalling abilities.

This aligns with the claim that relevance is a fundamental aspect of human communica-
tion [12] and that relevance-based pragmatics must have played an explanatory role in the
evolution of human language [53]. What the present work adds to such claims is empirical
measurement of the extent to which something poses a relevance-deciding problem, and a
demonstration that this predicts a difference in cognitive mechanism. However, the results
diverge from such claims in terms of how they characterise those mechanisms. Sperber and
Wilson [12] argue that interpretation of communicative intentions is based on deductive
inference, explicitly rejecting the notion that more creative forms of inference underlie inter-
pretation. The results here show that this insistence on deduction is overly restrictive, since
insight is a creative form of inference [17, 52] and since insight-like mechanisms play a role
in understanding communicative intentions, depending on factors such as novelty and
predictability. Similarly, pragmatic inference can be modeled with Bayesian induction [54],
but it is by no means clear that induction is able to encompass the creative, open-ended infer-
ences underlying human insight problem solving. The results here thus suggest that two
influential models of pragmatic inference (as deductive or inductive) might be incomplete or
inaccurate. Regardless, if pragmatics played an important role in early stages of the evolution
of language in our species, then the cognitive mechanisms described here played an early role
in language evolution.

Language evolution aside, the results have broader implications for iconicity research, since
they show that the role of iconicity in processing and performance is sometimes bound up
with questions of mental representation. Firstly, iconicity was negatively correlated with JD,,.
Since JD,, reflects modes of construal or patterns of salience in world knowledge, it is arguably
a measure of complexity in representational structure. Secondly, although it seemed like ico-
nicity drove an increase in accuracy for novel signals, this effect vanished when JD,, was
included in the model. In this view, what makes Fig 2a a good iconic signal for Harrison Ford
is not just that it resembles him, but also that it foregrounds predictably salient aspects of
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common knowledge about him. The claim about representation, processing and performance
coheres with some recent directions in iconicity research. For instance, Emmorey [55] argues
that iconicity depends as much on representational structure as it does on perceptual resem-
blance, and that representational structure must thus play a part in how iconicity affects pro-
cessing or performance. Ortega and Morgan [56] argue, like Emmorey, that icons are not a
homogeneous group, and show that features of representational structure (a sign’s neighbour-
hood density—the number of associates with distinct meanings) affect the processing of iconic
gestures.

Since the novel signals here elicited an ‘Aha!’ response, this offers a new avenue of research
for insight problem solving. Historically, research in insight problem solving focused on a
small number of hard-to-solve ‘classical’ insight problems (like the marriage problem
described in the introduction above). Later, the problem space was expanded with Remote
Associates Tasks [57] or Compound Remote Associates problems [17], and even more recently
with rebus puzzles [22] and magic tricks [48]. The results here show that novel signalling tasks
could be another fruitful way to study insight, at least where they involve relevance. One strong
benefit of such a move would be that communication is more central to people’s daily lives
than these other problems: they have more experience with trying to communicate in novel
ways, it requires no expert knowledge, language is a core human competence, and time to solu-
tion is often short.

Finally, there are some ramifications for research into creative aspects of language process-
ing. The results reinforce previous evidence that there is a continuum between relatively con-
ventional and relatively novel meanings, and that variation along this continuum predicts the
difference in processing observed here (for instance, in metaphor [26, 27]). Mashal and col-
leagues describe the continuum in terms of salience, but operationalise salience in terms of
familiarity (or conventionality) versus novelty. The current work shows that, in addition to
novelty, salience can usefully be operationalised in terms of representational structure.
Research in this area could be further enriched by the consideration of such structure. Take
the example of ‘crystal river’, a novel metaphor from [52]. It is a relevance-deciding problem
since it is novel, so there is no convention to guide interpretation. An interpreter has to infer
the relevant feature of a crystal that resembles a river (the ground of the metaphor [58]). Pre-
sumably, the ground in this case is that the river is like a crystal in that it is clear or sparkling.
It turns out that ‘clear’ is a close associate of ‘crystal’ but that ‘sparkling’ is a more distant asso-
ciate [59]. If metaphors can vary in terms of how accessible the ground is, it is plausible that
this will moderate the effect of novelty on cognitive processing.

Limitations

In addition to the above implications for cognitive science, the study also has a couple of limi-
tations. One is that it does not explore contextual effects. Plausible contextual factors are that
the set of items is limited to 25 nouns (whereas real-world communication might be more
open-ended), and that the context forces an overlap in drawings (‘TV’ appears as an item, but
a TV also appears in signals for other items, such as ‘cartoon’ or ‘soap opera’, see Fig 6). A
potential worry stemming from these factors is that the measures used here (e.g., ‘Ahal’ ratings
and JD,, values) might partly reflect contextual constraint (I thank an anonymous reviewer for
this suggestion). However, there are several reasons to think that these worries do not under-
mine the conclusions drawn here.

Sulik [60] explores the effect of contextual constraint on hypothesis generation, and finds
that ‘Ahal’ responses increase along with context size (the number of items). In that case, con-
training the context to 25 items could mean that participants’ ‘Ahal’ ratings are not as high as
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Fig 6. Pictures produced by signallers during experiment 1 representing (a) TV, (b) soap opera, (c) drama, (d) cartoon.

https://doi.org/10.1371/journal.pone.0189540.9006

they might otherwise have been if this were a more open-ended task. If so, contextual con-
straint involves a ceiling effect. Thus, higher insight ratings (those at the start of the game)
might have been even higher in an open-ended task. Since one of the main conclusions here is
that the cognitive mechanisms of relevance (as indexed by insight ratings) are important for
novel signals, the presence of contextual constraint means that this conclusion is understated,
if anything.

Another worry is whether context impacts JD,, ratings, and if so, whether this is likely to
undermine the conclusions here. Some elements (e.g., TVs and guns) reappear in signals for
many items (see Open Science Framework material and Fig 6). In a constrained context such
as this, these elements are made less informative by virtue of being shared across items on the
25-item list. If participants aimed to be maximally informative, the contextually constrained
task here might actually have fewer of these shared elements than an otherwise similar open-
ended task would. In that case, the JD, measure would be affected by context. In contrast to
this worry, the claim here is that the signals reflect signallers’ representations of the items, and
that JD,, is a useful (if noisy) measure of how complex those representations are. In this view, if
a TV is central to many people’s representations of an item, then it will probably appear in
many signals for that item, and it would not matter to much whether other items also involve
TVs.

The issue hinges on how informative signallers manage to be. Sulik and Lupyan [61] show
that signallers are typically egocentric when they generate novel signals (i.e., they signal based
on their own world knowledge, regardless how informative this would be to the receiver).
Contextual constraint can drive them to be allocentric (signalling so as to be informative from
the receiver’s perspective). However, constraining the meaning space (by providing a list of
potential target items, as here) has a comparatively small effect on signalling behaviour,
whereas constraining the signal space (for instance, by forcing signallers to pick from a list of
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pre-existing signals) has a much larger effect on signalling behaviour. Thus the worry about
JD, and context would be better founded if the present study constrained the signal space
rather than the meaning space. Further, the small effect seen in [61] involves a very con-
strained meaning space of five items. The meaning space here is five times larger, so the effect
is likely to be even smaller.

The issue of these particular measures aside, the presence of a constrained list need not
imply that receivers are going through the list and matching signals with items analytically
(i.e., without relevance-deciding mechanisms). Even if the receiver recognises that the signaller
has drawn a TV, and even if the constrained context allows them to narrow their guess down
to just a few items, they still have to work out whether they are meant to focus on the TV itself,
or on what is being shown on the TV, or whether things drawn next to the TV represent things
that are shown on TV (Fig 6). These are all relevance-deciding inferences: they involve infer-
ring how to interpret the signal as part and parcel of inferring signaller intention. Overall,
then, contextual constraint is unlikely to undermine the conclusions drawn here. Nonetheless,
context is an important part of pragmatics, and the precise effect on signalling and interpreta-
tion of having a limited set of items, grouped into categories, is worth further exploration.

A final potential issue relating to constraint (though not context in the sense discussed
above) is that the taggers for JD,, values were told to tag elements they thought were relevant to
guessing the item, rather than tagging all elements of the signal. However, this plausibly affects
the JD,, values (I thank an anonymous reviewer for raising this question).

On the practical side, this instruction to taggers was intended to minimise subjectivity and
noise, for several reasons. Firstly, the tags are meant as a measure of the signalers’ mental rep-
resentations of the item, so it is reasonable that taggers be aware of the item. The point of the
tags is, for instance, to measure the extent to which a whip is a highly predictable element of
various signals for Harrison Ford (and it turns out to be quite predictable). Secondly, as any-
one who has played Pictionary will know, the guesses produced can be wide and varied. If tag-
gers did not know what the image was meant to represent, there would be a great deal more
noise in the tags. Thirdly, without this constraint, the tags would suffer greatly from the Gava-
gai problem [62]: there might be multiple ways to construe each element, but the JD,, value is
meant to reflect the signalers’ construals.

Practical considerations aside, there are data-supported reasons for this choice. Sulik and
Lupyan [61] show that people vary quite widely in how informative they are when generating
signals, but are a lot more consistent when evaluating signals. Thus, by having the taggers eval-
uate what they thought were relevant elements, given the item, they are thus demonstrably
more likely to be consistent. Nonetheless, there is a fair amount of variation in the tags, though
the observed relationship between JD, and ‘Aha!’ ratings holds regardless which tagger’s tags
were used to derive a JD, measure for each item.

There are other limitations that do not relate to constraint or context. Just how humans
understand conventional symbols is an important question, but the experiments here do not
seek to explore or characterise those cognitive processes. Instead, the focus here has been on
finding something useful to say about what happens, cognitively, when signals are not con-
ventional or familiar. One strong candidate for the non-insight cases is Bayesian induction
[63]. Though Fay et al. [2] do not explicitly address the issue, they mention that inductive
biases play a role in symbolisation. The results here can be interpreted to mean that, even
though induction may play a very large role, it cannot explain all stages of symbolisation.
Similarly, the experiments here do not speak to the question of how people recognise things
on sight (for those images that obviously resemble their referents). That is a very broad ques-
tion indeed, but in as far as any distinction can be made between perception and inference
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(and it might be that no clear-cut distinction can be drawn), this seems to be a matter of
perception.

Second, the experiments consider just one type of novel signalling task: graphical signals.
Graphical signals differ from other novel signals (such as spontaneous gesture) in several ways.
For instance, they are permanent (the receiver can review the entire picture in any order at any
time, whereas a novel gesture is more temporary). Relatedly, they are more transparent (it is
easier to see what kind of hat is being drawn in Fig 2a than it would be if gestured, where shape
of the whole hat cannot be perceived simultaneously).

JD,, is not a general measure of representational structure. It only measures the amount of
variation in graphical signals produced independently for the same cue (in order to see how
predictable those signals are given the cue). Different values might be obtained by applying the
same strategy to gestural signals, or by applying a different strategy (such as by collecting word
association data).

The familiarity rating just measures how familiar a signal is given the previous signal. It
thus does not reflect cumulative familiarity with a signal over several rounds. Nor does it mea-
sure increasing familiarity with the items themselves as the game progresses. None of these
limitations problematise the conclusions drawn here, though.

It might be objected that subjective reporting of an ‘Aha!’ experience could be merely a sur-
prisal effect (i.e., an indication that participants are surprised to see something new, rather than
indicating the recruitment of particular cognitive mechanisms for relevance-deciding infer-
ence). This is unlikely to be problematic for several reasons. Firstly, surprisal and ‘Aha!’ ratings
are at best weakly related (r, = 0.06, in [48]). Secondly, not only does subjective reporting of an
‘Ahal” experience correlate with activation in the cognitive networks associated with insight,
but this activation has also been shown to be depend on variables tested here, such as novelty
or predictability. Thirdly, insight shows distinctive patterns of neural activity prior to solution,
involving resting brain state [64], or the suppression of irrelevant information [65, 66]. Since
these differences are observable prior to solution, they cannot be explained by the surprise that
arises when the solution becomes conscious. Finally, behavioural evidence shows that insight
problem solving is characterised by distinctive patterns of attention [67-70]; executive control
[71]; error (e.g., errors of commission vs. omission [64]); or memory [72]. Even physiological
measures such as heartbeat distinguish insight and from non-insight problem solving [73].

Recent work suggests that the distinction between insight and analytic processes is not
always clear cut [74, 75] or that analytic and insight processes may complementarily tackle dif-
ferent aspects of a problem [75]. The claim here is just that communicative problems can place
more or less of a burden on relevance-deciding mechanisms, that insight problem solving lies
at one end of this spectrum, and that we are more likely to observe hallmarks of insight prob-
lem solving (such as the ‘Ahal” experience) when more of a burden is placed on those mecha-
nisms. This claim thus does not rely on a clear-cut distinction between insight and non-insight
processes.

Conclusions

Symbolisation involves a shift from complex, iconic signals to simpler, less iconic signals, but
it also involves a shift in cognitive processing that is not predicted by iconicity or visual sim-
plicity. In early stages of the process, more of a burden is placed on the cognitive mechanisms
that humans bring to bear on relevance-deciding problems, but this burden decreases over the
time. These mechanisms underly creative insight problem solving, but they are also active
when a signal poses a relevance-deciding problem, such as novel metaphor or novel signals
here.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189540 January 16, 2018 23/27


https://doi.org/10.1371/journal.pone.0189540

@° PLOS | ONE

Inference during symbolisation

Acknowledgments

I thank Kenny Smith, Christine Cuskley and Gary Lupyan for comments on earlier drafts of
this manuscript, as well as three reviewers for their helpful comments and suggestions.

Author Contributions

Conceptualization: Justin Sulik.

Data curation: Justin Sulik.

Formal analysis: Justin Sulik.

Methodology: Justin Sulik.

Software: Justin Sulik.

Visualization: Justin Sulik.

Writing - original draft: Justin Sulik.

Writing - review & editing: Justin Sulik.

References

1.

10.
11.

12.

13.

14.
15.

16.

Garrod S, Fay N, Lee J, Oberlander J, MacLeod T. Foundations of Representation: Where Might
Graphical Symbol Systems Come From? Cognitive Science. 2007; 31(6):961-987. https://doi.org/10.
1080/03640210701703659 PMID: 21635324

Fay N, Garrod S, Roberts L, Swoboda N. The Interactive Evolution of Human Communication Systems.
Cognitive Science. 2010; 34:351-386. https://doi.org/10.1111/j.1551-6709.2009.01090.x PMID:
21564217

Peirce CS. Philosophical Writings of Peirce. Buchler J, editor. New York: Dover Publications; 1955.

Fay N, Ellison TM. The cultural evolution of human communication systems in different sized popula-
tions: usability trumps learnability. PloS one. 2013; 8(8):e71781. https://doi.org/10.1371/journal.pone.
0071781 PMID: 23967243

Zlatev J. From proto-mimesis to language: Evidence from primatology and social neuroscience. Journal
of Physiology. 2008; 102:137-151. PMID: 18502623

Kita S, Kantartzis K, Imai M. Children learn sound symbolic words better: evolutionary vestige of sound
symbolic protolanguage. In: Smith ADM, Schouwstra M, de Boer B, Smith K, editors. The Evolution of
Language: Proceedings of the 8th International Conference (EVOLANG). New Jersey: World Scientific;
2010. p. 206-213.

Cuskley C, Kirby S. Synesthesia, cross-modality, and language evolution. In: Simner J, Hubbard EM,
editors. The Oxford Handbook of Synesthesia. Oxford: Oxford University Press; 2013. p. 869-907.
Perliman M, Cain AA. Iconicity in vocalization, comparisons with gesture, and implications for theories
on the evolution of language. Gesture. 2014; 14(3):320-350. https://doi.org/10.1075/gest.14.3.03per
Perniss P, Thompson RL, Vigliocco G. Iconicity as a general property of language: Evidence from spo-
ken and signed languages. Frontiers in Psychology. 2010; 1:227. https://doi.org/10.3389/fpsyg.2010.
00227 PMID: 21833282

Eco U. Kant and the Platypus: Essays on Language and Cognition. San Diego, CA: Harcourt; 1997.

Sonesson G. The meaning of meaning in biology and cognitive science: A semiotic reconstruction. Sign
Systems Studies. 2006; 34(1):135-213.

Sperber D, Wilson D. Relevance: Communication and Cognition. 2nd ed. Malden, MA: Blackwell Pub-
lishing; 1995.

Levinson SC. On the human “interaction engine”. In: Enfield NJ, Levinson SC, editors. Roots of human
sociality: Culture, cognition and interaction. Oxford: Berg; 2006. p. 39-69.

Eco U. A Theory of Semiotics. New York: John Wiley & Sons; 1978.

Kwisthout J. Relevancy in Problem Solving: A Computational Framework. The Journal of Problem Solv-
ing. 2012; 5(1):18-38. https://doi.org/10.7771/1932-6246.1141

Metcalfe J, Wiebe D. Intuition in insight and noninsight problem solving. Memory & cognition. 1987; 15
(3):238-246. https://doi.org/10.3758/BF03197722

PLOS ONE | https://doi.org/10.1371/journal.pone.0189540 January 16, 2018 24/27


https://doi.org/10.1080/03640210701703659
https://doi.org/10.1080/03640210701703659
http://www.ncbi.nlm.nih.gov/pubmed/21635324
https://doi.org/10.1111/j.1551-6709.2009.01090.x
http://www.ncbi.nlm.nih.gov/pubmed/21564217
https://doi.org/10.1371/journal.pone.0071781
https://doi.org/10.1371/journal.pone.0071781
http://www.ncbi.nlm.nih.gov/pubmed/23967243
http://www.ncbi.nlm.nih.gov/pubmed/18502623
https://doi.org/10.1075/gest.14.3.03per
https://doi.org/10.3389/fpsyg.2010.00227
https://doi.org/10.3389/fpsyg.2010.00227
http://www.ncbi.nlm.nih.gov/pubmed/21833282
https://doi.org/10.7771/1932-6246.1141
https://doi.org/10.3758/BF03197722
https://doi.org/10.1371/journal.pone.0189540

@° PLOS | ONE

Inference during symbolisation

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bowden EM, Jung-Beeman M, Fleck J, Kounios J. New approaches to demystifying insight. Trends in
Cognitive Sciences. 2005; 9(7):322—328. https://doi.org/10.1016/j.tics.2005.05.012 PMID: 15953756

Ohlsson S. Information-processing explanations of insight and related phenomena. Advances in the
psychology of thinking. 1992; 1:1-44.

Gilhooly KJ, Murphy P. Differentiating insight from non-insight problems. Thinking & Reasoning. 2005;
11(3):279-302. https://doi.org/10.1080/13546780442000187

Weisberg R. Prolegomena to theories of insight in problem solving: A taxonomy of problems. In: Stern-
berg R, Davidson J, editors. The Nature of Insight. Cambridge, MA: MIT Press; 1995. p. 157—-196.

Kaplan CA, Simon HA. In Search of Insight. Cognitive Psychology. 1990; 22:374-419. https://doi.org/
10.1016/0010-0285(90)90008-R

MacGregor JN, Cunningham JB. Rebus puzzles as insight problems. Behavior Research Methods.
2008; 40(1):263—-268. https://doi.org/10.3758/BRM.40.1.263 PMID: 18411549

Jung-Beeman M, Bowden EM, Haberman J, Frymiare JL, Arambel-Liu S, Greenblatt R, et al. Neural
Activity When People Solve Verbal Problems with Insight. PLOS Biology. 2004; 2(4):500-510. https://
doi.org/10.1371/journal.pbio.0020097

Bowden EM, Jung-Beeman M. Aha! Insight experience correlates with solution activation in the right
hemisphere. Psychonomic Bulletin and Review. 2003; 10(3):730-737. https://doi.org/10.3758/
BF03196539 PMID: 14620371

Jung-Beeman M. Bilateral brain processes for comprehending natural language. Trends in Cognitive
Sciences. 2005; 9:512-518. https://doi.org/10.1016/j.tics.2005.09.009 PMID: 16214387

Mashal N, Faust M, Hendler T. The role of the right hemisphere in processing nonsalient metaphorical
meanings: Application of Principal Components Analysis to fMRI data. Neuropsychologia. 2005;
43:2084-2100. https://doi.org/10.1016/j.neuropsychologia.2005.03.019 PMID: 16243053

Mashal N, Faust M. Conventionalisation of novel metaphors: A shift in hemispheric asymmetry. Lateral-
ity. 2009; 14(6):573-589. https://doi.org/10.1080/13576500902734645 PMID: 19253086

Noordzij ML, Newman-Norlund SE, De Ruiter JP, Hagoort P, Levinson SC, Toni |. Brain mechanisms
underlying human communication. Frontiers in Human Neuroscience. 2009; 3:14. https://doi.org/10.
3389/neuro.09.014.2009 PMID: 19668699

Stolk A, Verhagen L, Schoffelen JM, Oostenveld R, Blokpoel M, Hagoort P, et al. Neural mechanisms of
communicative innovation. PNAS. 2013; 110(36):14574—14579. https://doi.org/10.1073/pnas.
1303170110 PMID: 23959895

Kaplan JA, Brownell HH, Jacobs JR, Gardner H. The Effects of Right Hemisphere Damage on the Prag-
matic Interpretation of Conversational Remarks. Brain and Language. 1990; 38:315-333. https://doi.
org/10.1016/0093-934X(90)90117-Y PMID: 2322815

Beeman M. Semantic Processing in the Right Hemisphere May Contribute to Drawing Inferences from
Discourse. Brain and Language. 1993; 44:80—120.

Beeman M, Friedman RB, Grafman J, Perez E, Diamond S, Lindsay MB. Summation Priming and
Coarse Semantic Coding in the Right Hemisphere. Journal of Cognitive Neuroscience. 1994; 6(1):26—
45. https://doi.org/10.1162/jocn.1994.6.1.26 PMID: 23962328

Xu J, Kemeny S, Park G, Frattali C, Braun A. Language in context: emergent features of word, sen-
tence, and narrative comprehension. Neurolmage. 2005; 25:1002—1015. https://doi.org/10.1016/j.
neuroimage.2004.12.013 PMID: 15809000

Virtue S, van den Broek P, Linderholm T. Hemispheric processing of inferences: The effects of textual
constraint and working memory capacity. Memory & Cognition. 2006; 34(6):1341—1354. https://doi.org/
10.3758/BF03193276

Faust M, Kravetz S. Levels of Sentence Constraint and Lexical Decision in the Two Hemispheres. Brain
and Language. 1998; 62:149—-162. https://doi.org/10.1006/brln.1997.1892 PMID: 9576819

Faust M, Chiarello C. Sentence context and lexical ambiguity resolution by the two hemispheres. Neu-
ropsychologia. 1998; 36(9):827—-835. https://doi.org/10.1016/S0028-3932(98)00042-6 PMID: 9740356

Federmeier KD, Kutas M. Right words and left words: electrophysiological evidence for hemispheric dif-
ferences in meaning processing. Cognitive Brain Research. 1999; 8:373-392. https://doi.org/10.1016/
S0926-6410(99)00036-1 PMID: 10556614

Kircher TTJ, Brammer M, Andreu NT, Williams SCR, McGuire PK. Engagement of right temporal cortex
during processing of linguistic context. Neuropsychologia. 2001; 39:798-809. https://doi.org/10.1016/
S$0028-3932(01)00014-8 PMID: 11369403

Faust M, Kenett YN. Rigidity, chaos and integration: hemispheric interaction and individual differences
in metaphor comprehension. Frontiers in Human Neuroscience. 2014; 8:511. https://doi.org/10.3389/
fnhum.2014.00511 PMID: 25071534

PLOS ONE | https://doi.org/10.1371/journal.pone.0189540 January 16, 2018 25/27


https://doi.org/10.1016/j.tics.2005.05.012
http://www.ncbi.nlm.nih.gov/pubmed/15953756
https://doi.org/10.1080/13546780442000187
https://doi.org/10.1016/0010-0285(90)90008-R
https://doi.org/10.1016/0010-0285(90)90008-R
https://doi.org/10.3758/BRM.40.1.263
http://www.ncbi.nlm.nih.gov/pubmed/18411549
https://doi.org/10.1371/journal.pbio.0020097
https://doi.org/10.1371/journal.pbio.0020097
https://doi.org/10.3758/BF03196539
https://doi.org/10.3758/BF03196539
http://www.ncbi.nlm.nih.gov/pubmed/14620371
https://doi.org/10.1016/j.tics.2005.09.009
http://www.ncbi.nlm.nih.gov/pubmed/16214387
https://doi.org/10.1016/j.neuropsychologia.2005.03.019
http://www.ncbi.nlm.nih.gov/pubmed/16243053
https://doi.org/10.1080/13576500902734645
http://www.ncbi.nlm.nih.gov/pubmed/19253086
https://doi.org/10.3389/neuro.09.014.2009
https://doi.org/10.3389/neuro.09.014.2009
http://www.ncbi.nlm.nih.gov/pubmed/19668699
https://doi.org/10.1073/pnas.1303170110
https://doi.org/10.1073/pnas.1303170110
http://www.ncbi.nlm.nih.gov/pubmed/23959895
https://doi.org/10.1016/0093-934X(90)90117-Y
https://doi.org/10.1016/0093-934X(90)90117-Y
http://www.ncbi.nlm.nih.gov/pubmed/2322815
https://doi.org/10.1162/jocn.1994.6.1.26
http://www.ncbi.nlm.nih.gov/pubmed/23962328
https://doi.org/10.1016/j.neuroimage.2004.12.013
https://doi.org/10.1016/j.neuroimage.2004.12.013
http://www.ncbi.nlm.nih.gov/pubmed/15809000
https://doi.org/10.3758/BF03193276
https://doi.org/10.3758/BF03193276
https://doi.org/10.1006/brln.1997.1892
http://www.ncbi.nlm.nih.gov/pubmed/9576819
https://doi.org/10.1016/S0028-3932(98)00042-6
http://www.ncbi.nlm.nih.gov/pubmed/9740356
https://doi.org/10.1016/S0926-6410(99)00036-1
https://doi.org/10.1016/S0926-6410(99)00036-1
http://www.ncbi.nlm.nih.gov/pubmed/10556614
https://doi.org/10.1016/S0028-3932(01)00014-8
https://doi.org/10.1016/S0028-3932(01)00014-8
http://www.ncbi.nlm.nih.gov/pubmed/11369403
https://doi.org/10.3389/fnhum.2014.00511
https://doi.org/10.3389/fnhum.2014.00511
http://www.ncbi.nlm.nih.gov/pubmed/25071534
https://doi.org/10.1371/journal.pone.0189540

@° PLOS | ONE

Inference during symbolisation

40.

M.

42,

43.

44,

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

Bowden EM, Jung-Beeman M. Normative data for 144 compound remote associate problems. Behavior
Research Methods, Instruments, & Computers. 2003; 35(4):634—639. https://doi.org/10.3758/
BF03195543

Bates D, Maechler M, Bolker B. Ime4: Linear mixed-effects models using S4 classes; 2011. Available
from: http://CRAN.R-project.org/package=Ime4.

R Development Core Team. R: A Language and Environment for Statistical Computing; 2011. Available
from: http://www.R-project.org/.

Baayen RH, Davidson DJ, Bates DM. Mixed-effects modeling with crossed random effects for subjects
and items. Journal of Memory and Language. 2008; 59:390—-412. https://doi.org/10.1016/j.jml|.2007.12.
005

Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest: Tests for random and fixed effects for linear
mixed effect models. R package version 2.0-11; 2015.

Barr DJ, Levy R, Scheepers C, Tily HJ. Random effects structure for confirmatory hypothesis testing:
Keep it maximal. Journal of Memory and Language. 2013; 68:255-278. https://doi.org/10.1016/j.jml.
2012.11.001

Pelli DG, Burns CW, Farrell B, Moore DC. Identifying letters. Vision Research. 2006; 46:4646-4674.

Salvi C, Bricolo E, Kounios J, Bowden E, Beeman M. Insight solutions are correct more often than ana-
lytic solutions. Thinking & Reasoning. 2016; 22(4):443-460. https://doi.org/10.1080/13546783.2016.
1141798

Danek AH, Wiley J. What about False Insights? Deconstructing the Aha! Experience along its Multiple
Dimensions for Correct and Incorrect Solutions Separately. Frontiers in Psychology. 2017; 7:2077.
https://doi.org/10.3389/fpsyg.2016.02077 PMID: 28163687

Bonawitz EB, Griffiths TL. Deconfounding Hypothesis Generation and Evaluation in Bayesian Models.
In: Proceedings of the Thirty-second Cognitive Science Society. Austin, TX: Cognitive Science Society;
2010. p. 2260-2265.

Navarro DJ, Perfors AF. Hypothesis Generation, Sparse Categories, and the Positive Test Strategy.
Psychological Review. 2011; 118(1):120-134. https://doi.org/10.1037/a0021110 PMID: 21058871
Campos DG. On the distinction between Peirce’s abduction and Lipton’s inference to the best explana-
tion. Synthese. 2011; 180(3):419-442. https://doi.org/10.1007/s11229-009-9709-3

Mashal N, Faust M, Hendler T, Jung-Beeman M. An fMRI investigation of the neural correlates underly-
ing the processing of novel metaphoric expressions. Brain and Language. 2007; 100:115-126. https://
doi.org/10.1016/j.bandl.2005.10.005 PMID: 16290261

Scott-Phillips TC. Speaking Our Minds. London: Palgrave Macmillan; 2014.

Goodman ND, Frank MC. Pragmatic language interpretation as probabilistic inference. Trends in Cogni-
tive Sciences. 2016; 20(11):818-829. https://doi.org/10.1016/j.tics.2016.08.005 PMID: 27692852
Emmorey K. Iconicity as structure mapping. Phil Trans R Soc B. 2014; 369(1651):20130301. https://
doi.org/10.1098/rstb.2013.0301 PMID: 25092669

Ortega G, Morgan G. The effect of iconicity in the mental lexicon of hearing non-signers and proficient
signers: evidence of cross-modal priming. Language, Cognition and Neuroscience. 2015; 30(5):574—
585. https://doi.org/10.1080/23273798.2014.959533

Mednick SA. The Associative Basis of the Creative Process. Psychological Review. 1962; 69(3):220—
232. https://doi.org/10.1037/h0048850 PMID: 14472013

Richards IA. The Philosophy of Rhetoric. London: Oxford University Press; 1936/1950.

De Deyne S, Navarro D, Storms G. Better explanations of lexical and semantic condition using networks
derived from continued rather than single word associations. Behavior Research Methods. 2012;
45:450-498.

Sulik J. Cognitive differences between hypothesis generation and evaluation; in prep.

Sulik J, Lupyan G. Perspective taking in a novel signaling task: effects of world knowledge and contex-
tual constraint; submitted.

Quine WVO. Word and Object. Cambridge, MA: MIT Press; 1960.

Xu F, Tenenbaum JB. Word Learning as Bayesian Inference. Psychological Review. 2007; 114(2):245—
272. https://doi.org/10.1037/0033-295X.114.2.245 PMID: 17500627

Kounios J, Fleck JI, Green DL, Payne L, Stevenson JL, Bowden EM, et al. The origins of insight in rest-
ing-state brain activity. Neuropsychologia. 2008; 46(1):281-291. https://doi.org/10.1016/j.
neuropsychologia.2007.07.013 PMID: 17765273

Kounios J, Frymiare JL, Bowden EM, Fleck JI, Subramaniam K, Parrish TB, et al. The Prepared Mind:
Neural Activity Prior to Problem Presentation Predicts Subsequent Solution by Sudden Insight.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189540 January 16, 2018 26/27


https://doi.org/10.3758/BF03195543
https://doi.org/10.3758/BF03195543
http://CRAN.R-project.org/package=lme4
http://www.R-project.org/
https://doi.org/10.1016/j.jml.2007.12.005
https://doi.org/10.1016/j.jml.2007.12.005
https://doi.org/10.1016/j.jml.2012.11.001
https://doi.org/10.1016/j.jml.2012.11.001
https://doi.org/10.1080/13546783.2016.1141798
https://doi.org/10.1080/13546783.2016.1141798
https://doi.org/10.3389/fpsyg.2016.02077
http://www.ncbi.nlm.nih.gov/pubmed/28163687
https://doi.org/10.1037/a0021110
http://www.ncbi.nlm.nih.gov/pubmed/21058871
https://doi.org/10.1007/s11229-009-9709-3
https://doi.org/10.1016/j.bandl.2005.10.005
https://doi.org/10.1016/j.bandl.2005.10.005
http://www.ncbi.nlm.nih.gov/pubmed/16290261
https://doi.org/10.1016/j.tics.2016.08.005
http://www.ncbi.nlm.nih.gov/pubmed/27692852
https://doi.org/10.1098/rstb.2013.0301
https://doi.org/10.1098/rstb.2013.0301
http://www.ncbi.nlm.nih.gov/pubmed/25092669
https://doi.org/10.1080/23273798.2014.959533
https://doi.org/10.1037/h0048850
http://www.ncbi.nlm.nih.gov/pubmed/14472013
https://doi.org/10.1037/0033-295X.114.2.245
http://www.ncbi.nlm.nih.gov/pubmed/17500627
https://doi.org/10.1016/j.neuropsychologia.2007.07.013
https://doi.org/10.1016/j.neuropsychologia.2007.07.013
http://www.ncbi.nlm.nih.gov/pubmed/17765273
https://doi.org/10.1371/journal.pone.0189540

@° PLOS | ONE

Inference during symbolisation

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Psychological Science. 2006; 17(10):882-890. https://doi.org/10.1111/j.1467-9280.2006.01798.x
PMID: 17100789

Kounios J, Beeman M. The Aha! Moment: The Cognitive Neuroscience of Insight. Current Directions in
Psychological Science. 2009; 18(4):210-216. https://doi.org/10.1111/j.1467-8721.2009.01638.x

Knoblich G, Ohlsson S, Raney GE. An eye movement study of insight problem solving. Memory & cog-
nition. 2001; 29(7):1000—1009. https://doi.org/10.3758/BF03195762

Ansburg P, Hill K. Creative and analytic thinkers differ in their use of attentional resources. Personality
and Individual Differences. 2003; 34:1141-1152. https://doi.org/10.1016/S0191-8869(02)00104-6

Wegbreit E, Suzuki S, Grabowecky M, Kounios J, Beeman M. Visual attention modulates insight versus
analytic solving of verbal problems. The journal of problem solving. 2014; 4(2):94—115.

Salvi C, Bricolo E, Fanconeri SL, Kounios J, Beeman M. Sudden insight is associated with shutting out
visual inputs. Psychonomic Bulletin and Review. 2015; 22:1814—-1819. https://doi.org/10.3758/s13423-
015-0845-0 PMID: 26268431

Gilhooly KJ, Fioratou E. Executive functions in insight versus non-insight problem solving: An individual
differences approach. Thinking & Reasoning. 2009; 15(4):355-376. https://doi.org/10.1080/
13546780903178615

Danek AH, Fraps T, von Miiller A, Grothe B, Ollinger M. Aha! experiences leave a mark: facilitated recall
of insight solutions. Psychological research. 2013; 77(5):659-669. https://doi.org/10.1007/s00426-012-
0454-8 PMID: 23007629

Jausovec N, Bakracevic K. What Can Heart Rate Tell Us About the Creative Process? Creativity
Research Journal. 1995; 8(1):11-24. https://doi.org/10.1207/s15326934crj0801_2

Gilhooly KJ, Ball LJ, Macchi L. Insight and creative thinking processes: Routine and special. Thinking &
Reasoning. 2015; 21(1):1-4. http://dx.doi.org/10.1080/13546783.2014.966758.

Webb ME, Little DR, Cropper SJ. Insight is not in the problem: Investigating insight in problem solving
across task types. Frontiers in Psychology. 2016; 7. https://doi.org/10.3389/fpsyg.2016.01424 PMID:
27725805

PLOS ONE | https://doi.org/10.1371/journal.pone.0189540 January 16, 2018 27/27


https://doi.org/10.1111/j.1467-9280.2006.01798.x
http://www.ncbi.nlm.nih.gov/pubmed/17100789
https://doi.org/10.1111/j.1467-8721.2009.01638.x
https://doi.org/10.3758/BF03195762
https://doi.org/10.1016/S0191-8869(02)00104-6
https://doi.org/10.3758/s13423-015-0845-0
https://doi.org/10.3758/s13423-015-0845-0
http://www.ncbi.nlm.nih.gov/pubmed/26268431
https://doi.org/10.1080/13546780903178615
https://doi.org/10.1080/13546780903178615
https://doi.org/10.1007/s00426-012-0454-8
https://doi.org/10.1007/s00426-012-0454-8
http://www.ncbi.nlm.nih.gov/pubmed/23007629
https://doi.org/10.1207/s15326934crj0801_2
http://dx.doi.org/10.1080/13546783.2014.966758
https://doi.org/10.3389/fpsyg.2016.01424
http://www.ncbi.nlm.nih.gov/pubmed/27725805
https://doi.org/10.1371/journal.pone.0189540

