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A B S T R A C T

In synesthesia activation in one sensory domain, such as smell or sound, triggers an involuntary and unusual
secondary sensory or cognitive experience. In the present study, we ask whether the added sensory experience of
synesthesia can aid statistical learning—the ability to track environmental regularities in order to segment
continuous information. To investigate this, we measured statistical learning outcomes, using an aurally pre-
sented artificial language, in two groups of synesthetes alongside controls and simulated the multimodal ex-
perience of synesthesia in non-synesthetes. One group of synesthetes exclusively had grapheme-color (GC) sy-
nesthesia, in which the experience of color is automatically triggered by exposure to written or spoken
graphemes. The other group had both grapheme-color and sound-color (SC+) synesthesia, in which the ex-
perience of color is also triggered by the waveform properties of a voice, such as pitch, timbre, and/or musical
chords. Unlike GC-only synesthetes, the experience of color in the SC+ group is not perfectly consistent with the
statistics that signal word boundaries. We showed that GC-only synesthetes outperformed both non-synesthetes
and SC+ synesthetes, likely because the visual concurrents for GC-only synesthetes are highly consistent with
the artificial language. We further observed that our simulations of GC synesthesia, but not SC+ synesthesia
produced superior statistical learning, showing that synesthesia likely boosts learning outcomes by providing a
consistent secondary cue. Findings are discussed with regard to how multimodal experience can improve
learning, with the present data indicating that this boost is more likely to occur through explicit, as opposed to
implicit, learning systems.

1. Introduction

Synesthesia is a perceptual phenomenon in which activation of one
sensory or cognitive domain triggers a secondary experience that is
involuntary, automatic, unusual, and consistent (Cytowic & Eagleman,
2009). Colored hearing is one of the most commonly studied varieties of
synesthesia to date and is a broad label identifying synesthetes who
experience colors triggered from natural and musical sounds, by letters
and/or numerals, and/or by speech. Included in the latter category are
grapheme-color synesthetes (GC synesthetes), who experience color
induced from the shape of a grapheme (e.g., letter or number) whether
it is printed on the page, spoken within the context of words or sen-
tences2 (Elias, Saucier, Hardie, & Sarty, 2003; Mattingley, Rich,
Yelland, & Bradshaw, 2001), or imagined (Dixon, Smilek, Cudahy, &

Merikle, 2000; Jansari, Spiller, & Redfern, 2006). Even though speech
induces color in the absence of printed text, GC synesthetes’ experience
of color is linked to orthography, not phonology. Therefore whether
spoken or written, the first component of the words cradle and cent
would be the same color, while the initial component of sell and cent
would not. A synesthete may also experience multiple forms of sy-
nesthesia, meaning that a synesthete may experience grapheme-color
synesthesia and sound-color synesthesia, which is triggered by the
properties of a sound, including things such as voice, pitch, timbre,
musical chords and /or properties of speech.

Synesthetes have been the subject of several studies that attempt to
understand if the added synesthetic perception can benefit learning and
memory (Rothen, Meier, & Ward, 2012; Watson, Akins, Spiker,
Crawford, & Enns, 2014). GC synesthetes have demonstrated better
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memory than controls for words that are presented both visually (Gross,
Neargarder, Caldwell-Harris, & Cronin-Golomb, 2011; Radvansky,
Gibson, & McNerney, 2011) and verbally (Mills, Innis, Westendorf,
Owsianiecki, & McDonald, 2006; Rothen & Meier, 2009, 2010; Yaro &
Ward, 2007). GC synesthetes also demonstrate better memory for colors
(Yaro & Ward, 2007), simple abstract figures and shapes (Rothen &
Meier, 2010), and concepts (Rothen & Meier, 2010). However, GC sy-
nesthetes show no memory advantage for numerical digits3 (digit span;
(Gross et al., 2011; Rothen & Meier, 2010)), digit matrices (Green &
Goswami, 2008; Rothen & Meier, 2009; Yaro & Ward, 2007), or com-
plex visual figures (Gross et al., 2011; Mills et al., 2006; Yaro & Ward,
2007) including faces (Gross et al., 2011). Overall, it appears that GC
synesthetes perform better than controls when simple visual features,
words, or speech-based information is to be remembered, but not ne-
cessarily for other types of information including individual graphemes
(numbers/digits), and complex stimuli (such as faces).

These studies show that declarative—consciously re-
called—memory can be enhanced in synesthetes. The same may also be
true of learning construed more broadly (Watson et al., 2014). One
study showed that novel associations (made with color) can transfer to
existing color-based synesthetic associations (Meier & Rothen, 2007).
Another study investigated artificial grammar learning using Markov
chain grammars that were built over letters (synesthetically inducing)
versus arbitrary symbols (synesthetically neutral). GC synesthetes sig-
nificantly outperformed controls by identifying more grammatical
strings, but only for strings comprised of letters; groups were equivalent
when neutral symbols were used (Rothen et al., 2013). What’s more, a
further study discovered that synesthetes can learn rule-based cate-
gories using internally-generated synesthetic colors, outperforming
non-synesthetes when no colors were physically present (Watson, Blair,
Kozik, Akins, & Enns, 2012). Synesthesia can therefore benefit learning
across a variety of circumstances.

It is currently unknown how synesthesia impacts statistical learning,
a fundamental learning mechanism which allows learners to track the
statistics present in their environment in order to segment continuous
information into discrete, reliable units. Statistical learning is a wide-
spread and powerful learning mechanism that was originally demon-
strated in infants as a way to extract words from a stream of continuous
speech when the reliable co-occurrence of syllables was the only cue
present to help infants segment the speech (Saffran, Newport, & Aslin,
1996). The co-occurrence metric that is generally discussed in studies of
statistical learning is transitional probability (or the likelihood of XY
given an instance of X (Aslin, Saffran, & Newport, 1998)). However,
statistical learning can operate over a number of other regularities and
statistical relationships (Conway & Christiansen, 2005; Janacsek, Fiser,
& Nemeth, 2012; Perruchet & Pacton, 2006; Schapiro, Turk-Browne,
Norman, & Botvinick, 2015). Statistical learning can occur after very
brief exposure (2min or less (Batterink, 2017; Saffran, Aslin, &
Newport, 1996)) and has been shown to operate across ages, species,
and in multiple modalities (Campbell, Zimerman, Healey, Lee, &
Hasher, 2012; Fiser & Aslin, 2001; Saffran et al., 1996; Toro &
Trobalón, 2005). It has been put forward as a mechanism that allows
learners to extract statistical structure from the environment in order to
learn regularities that are foundational to language (Aslin & Newport,
2009), vision (Turk-Browne, Jungé, & Scholl, 2005), and action
(Baldwin, Baird, Saylor, & Clark, 2003; Buchsbaum, Griffiths, Plunkett,
Gopnik, & Baldwin, 2015).

Of particular relevance for synesthesia, multimodal input has been
shown to benefit statistical learning. This is true specifically when vi-
sual information (shape or color) is presented consistently at the level of

the to-be segmented auditory unit. For example, a segmentation benefit
is observed when each syllable of an auditory word is associated with
the same visual shape (Cunillera, Laine et al., 2010; Thiessen, 2010) or
color (Glicksohn & Cohen, 2013), when unique shapes are associated
with unique sounds in a unit (Seitz, Kim, van Wassenhove, & Shams,
2007), and when visual information marks the boundary of auditory
units (Cunillera, Camara et al., 2010a; Mitchel & Weiss, 2011). The
multimodal experience of synesthetes is therefore likely to boost their
statistical learning outcomes.

In the current study, we investigate exactly this. We ask whether the
additional perceptual experience of GC synesthetes will facilitate sta-
tistical learning. In Experiment 1, we measure this directly in sy-
nesthetes. To gain insight into how the multimodal experience of sy-
nesthesia can benefit statistical learning, we further manipulate sound-
color pairings during learning in non-synesthetes in Experiments 2 and
3.

2. Experiment 1

We predict that the additional perceptual experience of GC sy-
nesthetes will enhance statistical learning. An important question is
whether synesthetes will show an advantage in segmenting both words
and the categories to which those words belong. GC synesthetes will
have both visual and auditory transitional probability cues to indicate
(and segment) the words. For categories, however, there is no direct
statistical cue in either the visual or auditory domains. It is therefore
unknown whether the additional experience of color at the level of the
word will enhance category learning. On the one hand, segmenting the
words is an important first step to learning about categories and so
learning those better could facilitate category learning. On the other
hand, it has been shown that better learning of exemplars (in this case
words) can make abstracting away from particular forms, and thus
category learning, more difficult (Pitts Cochran, McDonald, & Parault,
1999).

Any advantage of GC synesthetes show should be due to the ex-
perience of color that is associated with hearing speech and having a
consistent, redundant domain (vision, color) upon which to compute
transitional probability. An advantage, however, could be due to some
other factor associated with having synesthesia and the additional
motivation to succeed on the part of participants who know they are
being recruited because they have synesthesia. We therefore recruited
another group of synesthetes that have both grapheme-color and sound-
color synesthesia (the SC+ group), in which the experience of color is
also triggered by the waveform properties of a voice, such as pitch,
timbre, and/or musical chords and other properties of speech; while
this group experiences color with speech (matching the domain of the
experience of the GC group), the experience is not consistent with the
statistics that signal word boundaries and is therefore not expected to
benefit learning.

2.1. Materials and methods

2.1.1. Participants
Thirty-one native-English speaking individuals with normal hearing

and no reported history of neurological, psychiatric or learning dis-
orders participated. Eleven made up the control group and were un-
dergraduates from the University of California, Berkeley who partici-
pated for course credit (Mean age=22.6 years, SD=8.9, 8 female).
Twenty were synesthetes who participated for monetary compensation,
10 were GC synesthetes (mean age= 21.3, SD=8.3; 7 female) and 10
were SC+ synesthetes (mean age= 28.3, SD=9.9; 9 female). GC sy-
nesthetes did not experience sound-color synesthesia (GC group),
whereas the SC+ group experienced both sound-color and grapheme-
color synesthesia.

Grapheme color synesthesia was confirmed for all synesthetes using
the Synesthesia Battery (Eagleman, Kagan, Nelson, Sagaram, & Sarma,

3 One explanation for this could be that numbers (for example 7) have both a
grapheme and a word (“seven”) that could be automatically associated with an
auditorily presented digit. This could generate conflicting cues or possibly too
many cues to leverage a learning advantage.
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2007). Using previously established criteria (Carmichael, Down,
Shillcock, Eagleman, & Simner, 2015), both groups were determined to
be highly consistent in selecting the same color across the 3 iterative
visual presentations of their triggering graphemes; the mean normal-
ized distance across their choices in RGB (red, green, blue) color space
was low for the GC group (0.78) and even lower for the SC+ group
(0.68; Supplementary Fig. 1). For reference, any individual with a mean
score below 1 is classified as a GC synesthete. (See Supplemental
Materials for additional metrics from this battery.) Sound-color sy-
nesthesia was determined though personal interview in the lab. Parti-
cipants were asked a series of questions to determine whether they had
consistent sound-color associations that were elicited form any acoustic
stimulus other than graphemes including voice, pitch, timbre, and
musical chords.

2.1.2. Procedure
Participants were asked to listen to the artificial language over

headphones. Following previous work (Ettlinger, Finn, & Hudson Kam,
2011; Finn & Hudson Kam, 2008; Saffran, 2002; Saffran, Newport,
Aslin, Tunick, & Barrueco, 1997), and to encourage passive listening,
they were asked not to over-think or ignore what they were hearing and
were permitted to draw anything other than graphemes to encourage
this. After listening, participants completed two tests, the trials for
which were presented randomly using Psychopy software (Peirce,
2007).

2.1.3. Stimuli
Participants were exposed to an artificial language previously used

to study word segmentation and grammatical category learning (Finn,
Lee, Kraus, & Hudson Kam, 2014). The experimental stimuli lasted
9min and 37 s and consisted of nine two-syllable words made from nine
consonants and nine vowels. There were no silences or cues to word
boundary other than transitional probability. Within words transitional
probabilities were high (deterministic or 1.0) and low (0.33 or 0.5)
across word boundaries. Each word fell into one of 3 categories (A, B
and C; Fig. 1a). Category members had the same phonological structure
and distribution: A words were created from a pattern of consonant (C)-
vowel (V)-consonant (C)- vowel (V) sounds (CVCV), B words followed a
CVVC pattern, and C words followed a CVCVC pattern. A words always
followed C words, B words always followed A words and C always
followed B.

As previously described (Finn et al., 2014), the artificial language
stimuli and test items were generated with SoftVoice, a text-to-speech
software that uses terminal analog formant synthesis (and not pre-re-
corded di-phones (Katz, 2005)). This was chosen to eliminate seg-
mentation cues that were not experimentally relevant, holding co-ar-
ticulation cues the same and keeping voice and pitch constant at a
monotonic F0 (fundamental frequency) of 83.62 Hz. Vowels in all of the
stimuli and tests were the same length (170ms) and consonants ranged
from 60ms to 140ms (but were always the same for that phone re-
gardless of their location).

2.1.4. Tests
After exposure, participants were asked to complete word segmen-

tation and grammatical category tests. All tests were two alternative
forced choice in which participants were asked to listen to two items,
separated by a 700ms pause, and indicate which was more re-
presentative of the language they were just exposed to.

2.1.5. Word segmentation
In the word segmentation test, participants were given a choice

between a word and a foil. A word was one of the items listed in Fig. 1a
(e.g. mukeh), which occurred in the stimuli and had a word-internal
syllable-to-syllable transitional probability of 1.0. A foil consisted of
either a non-word or a part-word. Non-words never occurred in the
stimuli (thus having a syllable-to-syllable transitional probability of 0)

and were made up of two syllables from separate words (e.g. dukeh).
Part-words consisted of the second syllable of one word with the first
syllable from a different word that had previously occurred after that
word during exposure (e.g. odti). In the speech stream, these syllables
occurred in succession, but had lower transitional probabilities than
words (0.33 or 0.5 as opposed to 1.0). There were 18 items total, nine
pitting words against non-words and nine pitting words against part-
words.

2.1.6. Category level test
For the category level test, learners chose between two three-word

strings that can be thought of as sentences with no pauses. Test items
made use of novel words in strings with familiar words from the ex-
posure phase of the experiment. Eighteen novel words were generated,
nine followed one of the three phonological category structures (three
for each of the phonological categories; these are referred to as novel-
good words; Supplementary Table 1), and nine did not follow the
phonological structure of any of the A, B, or C words (referred to as
novel-bad words; Supplementary Table 2).

Test items were also made of two main sub-types. In the first sub-
type (novel-good) learners were asked to compare a full three-word
“sentence” using a novel category congruent word (novel-good) that
was in the correct place relative the other familiar words in the sen-
tence to a different three-word sentence using a novel category con-
gruent word (novel-good) that was in the incorrect place relative to the
other words in the sentence. In the second sub-type (novel-good versus
bad) learners were asked to compare a full three-word sentence using a
novel category congruent word (novel-good) that was in the correct
place relative the other familiar words in the sentence to a novel ca-
tegory incongruent word (novel-bad) in a sentence. (Note there is no
correct placement for novel-bad words since they are not part of the
categorical structure). Crucially, because novel words were created that
had never appeared in exposure, there was no way that participants
could use their knowledge of the transitional probabilities between
syllables to choose the correct option. This means that any above-
chance performance on these tests reflects participants having learned
something about the underlying sound-based category structure. There
were eight novel-good test items and six novel good versus bad. See
Table 1 for examples.

2.1.7. Data analysis
Analyses were conducted using R (R Core Team, 2012). Repeated

measures analyses of variance (ANOVAs) were used to analyze omnibus
effects pertaining to test-type. For tests with no repeating items (the
category level test), one-sample t-tests were used to compare perfor-
mance to chance. In tests with item repetition (the word segmentation
test), generalized mixed-effects models, predicting accuracy, (glmer
function in the lme4 package (Bates, Mächler, Bolker, & Walker, 2015))
were used to assess whether performance differed from chance, whe-
ther learning occurred during test, and differences across learning
groups accounting for item repetition during test. All models contained
random intercepts and random slopes for the within-subject variables
included as fixed effects, grouped by subject. Differences from chance
were assessed in a model containing only an intercept as a fixed effect.
Learning during test was assessed in a model with test item repetition
and learning group (with the interaction term) included as fixed effects,
and learning differences by group—accounting for repetition during
test—were assed in a model containing test item repetition and learning
group (with no interaction term). See the Supplementary Material for
exact model specifications in R. All raw data are also available through
the Supplementary Material (Forest, Lichtenfeld, Alvarez, & Finn,
2019).
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2.2. Results

2.2.1. Word segmentation
A repeated measures ANOVA examining performance on the 3 types

of word segmentation sub-tests (transitional probabilities of 0 vs. 1,
0.33 vs. 1, and 0.5 vs. 1) showed that performance did not differ across
the sub-tests (F(2, 56)= 1.81, p= .170, ŋp2=061). An aggregate
measure (average of all word segmentation sub-tests) was therefore
used in all subsequent analyses. Across all groups learning was better
than chance (Mean= 62%, β=0.25, z=5.09, p=3.52e−07;
Fig. 1b), a finding that was also true when only considering the first
presentation of each word (Mean= 56%, β=0.31, z=2.56, p= .01).

Word repetition did not impact performance during test (β=0.37,
z=1.29, p= .196), suggesting that learning did not occur during the
test itself. In models that nonetheless accounted for word repetition
during test, we observed that GC synesthetes performed better than
both controls (Mean GC Synesthetes= 73%, Mean Controls= 58%,
β=0.66 z=2.99, p= .003) and SC+ synesthetes (Mean SC+
Synesthetes= 57%, β=0.72, z=3.19, p=0.001). Performance in the

SC+ synesthetes and control groups did not differ (β=−0.058,
z=−0.28, p= .780). Thus, while all groups demonstrated successful
learning, GC synesthetes were superior.

2.2.2. Category level test
Across all learning groups, one-sample t-tests revealed that perfor-

mance was significantly better than chance for the novel-good items,
(Mean=58%, t(30)= 2.599, p= .014, d= . 476; Fig. 1c), but not the
novel good versus bad items (Mean= 51%, t(30)= 0.259, p= .798,
d=0.046; Fig. 1d). Thus, subjects show knowledge of the category
structure when one novel item is generated and tested, but not when
two items, one that fits with a category form and one has a new form,
are generated. A between-subjects ANOVA was conducted on the
learned subtest (novel-good) and revealed no group differences (F(2,
28)= 0.087, p= .917, ŋp2=0.006; Fig. 1c). Thus, all groups showed
learning of the categorical structure (as measured by the novel good
items), but this did not differ based on whether one had synesthesia (or
the type of synesthesia they have).

Fig. 1. Experiment 1. (a) Darker words are written phonetically, and connecting bars are meant to indicate how vowels were pronounced (i.e., the vowel ‘⌢oy ’ is
pronounced as the final sound in the English word “boy;” the vowel ‘

⌢eh’ is pronounced as the middle sound in the English word “let.”) Words in parentheses (gray)
demonstrate the consonant-vowel structure of each word. The mean proportion correct is plotted for each learning group for: the word segmentation test (b), the
novel-good test items (c), and novel-good-versus-bad test items (b). Controls are plotted in orange, GC synesthetes in dark blue, and SC+ synesthetes in light blue.
Dots indicate the performance of individual participants and the dashed lines represent chance (50%).

Table 1
Example test items.

Definition Example

Word segmentation test
Word vs. non-word Mukeh vs. dukeh (transitional probability= 0)
Word vs. part word Beyod vs. odti (transitional probability= 0.33)

Category level test
Novel-good correct vs. incorrect place Aword Bnovel (cvvc) Cword vs. Aword Cword Bnovel (cvvc)

mukeh dehuwt tibehd vs. mukeh tibehd dehuwt
Novel-good vs. novel-bad Aword Bnovel (cvvc) Cword vs. Aword Nnovel-bad(cvccv) Cword

mukeh dehuwt tibehd vs. mukeh neytlae tibehd
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2.3. Discussion

GC synesthetes outperformed both non-synesthetes and SC+ sy-
nesthetes on measures of word segmentation. Further, while it was
possible that GC synesthesia could benefit the learning of grammatical
categories (via better learning of the words), we did not observe any
group differences on category learning. Below we discuss the possibi-
lities as to why synesthetes do not differ from controls on the category
learning measure and why GC synesthetes show superior word seg-
mentation.

2.3.1. Category level test
All groups demonstrated learning of the categorical structure as

measured by performance on the novel-good test items and no group
showed learning as measured by the novel good versus bad test items.
Poor performance on novel good versus bad items is expected given
previous work (Finn et al., 2014). As stated in that work, it is likely that
learners are not sure what to do with the novel “bad” words, since these
are comprised of a phonological structure that does not exist in the
artificial language. All groups showed significant learning of the cate-
gory structure based on performance on the novel-good test and per-
formance did not differ across groups. Thus, GC synesthesia afforded no
benefit to learning the categorical structure of the artificial language.

It was possible that both the GC and SC+ synesthetes could have
learned the grammatical categories better than controls because sy-
nesthetes have a unique pattern of neural connectivity that could un-
derlie an enhanced ability to draw connections among exemplars
(Whitaker et al., 2014), something that is important for learning cate-
gories. It was also possible that because GC synesthetes showed superior
word segmentation, that their grammatical category-level performance
would also be better than the other groups. This, however, was not the
case, fitting with previous work showing that better learning of words
does not necessarily lead to better learning of the categories (Finn et al.,
2014). In fact, there are demonstrations that learning the first level
information well (in this case words) can actually prevent abstraction
and thinking about how a given word fits within the broader structure
(Gómez, 2002; Marchman, 1993; Pitts Cochran et al., 1999; Ramscar &
Gitcho, 2007).

Importantly, synesthetes did not perform any differently from con-
trols on this measure. Of note, this test does not measure participants’
knowledge of the statistical information present in the stimuli, but ra-
ther the distributional patterns that govern the operation of words. The
word segmentation test, on the other hand, does measure knowledge of
statistical structure since it pits items that have high versus low tran-
sitional probability directly against one another.

2.3.2. Word segmentation
We observe a very clear benefit in word segmentation for GC sy-

nesthetes. It is likely that the superior performance of GC synesthetes is
due to their synesthetic concurrents providing an additional and con-
sistent cue to word boundaries, thereby enhancing the statistical signal
by making it present in both the visual and auditory modalities. Indeed,
as reviewed above, we know that multimodal input can enhance sta-
tistical learning (Cunillera, Camara et al., 2010a; Glicksohn & Cohen,
2013; Seitz et al., 2007; Thiessen, 2010).

Importantly, however, the SC+ synesthetes also have synesthetic
concurrents, but their learning is not better than controls. We think this
is because the visual experience of SC+ synesthetes does not directly
reflect the transitional probability structure of the auditory stimulus as
it does in the GC only group, but we cannot measure this in syntheses
directly. Thus, to gain more insight into the cause of the learning ad-
vantage in our GC group, we ran two additional experiments in which
we directly manipulated the visual experience of non-synesthetes to
match what we think is happening in GC and SC+ participants re-
spectively.

3. Experiment 2

In Experiment 2 we therefore sought to emulate the experience of
GC synesthetes in non-synesthetes by creating a perfect statistical
match between a visually-displayed color and the auditory stimulus
using the same language as in Experiment 1. We therefore paired each
syllable with one and only one color so that the auditory and visual
information matched exactly. After consultation with grapheme-color-
only synesthetes, we chose to assign a unique color to each syllable.
Since our stimuli are quite rapid (each syllable is 230–310ms), GC-only
synesthetes indicated experiencing a color at the level of the syllable
that was unique – sometimes initiated by the first consonant or vowel
and sometimes by the vowel.

Further, since we did not observe a difference across groups on the
category level test in Experiment 1, we chose to leave this test out and
enhance our understanding of word segmentation in various ways.
First, to gain more insight into the nature of participants’ learning—-
whether they were aware of the learning they express—we modified the
word segmentation test to also ask participants to rate the confidence of
each of their choices. We also added an indirect measure of learning
(Batterink, Reber, Neville, & Paller, 2015; Ryan, 2012) and measured
how quickly learners were able to detect syllables that were predicted
(occur in the second position of a word) as compared to syllables that
were not predicted (occurring in the first position of a word). This
combination of measures allows us to gain insight into participants’
learned representations—that is, how implicit or explicit their knowl-
edge is.

3.1. Materials and methods

3.1.1. Participants
Sixty undergraduates at the University of Toronto participated in

exchange for course credit. Thirty participated in the one-to-one-mul-
timodal condition (mean age= 19.65 years, SD=1.05; 21 female) and
30 participated in an auditory-only control group (mean
age= 19.36 years, SD=3.6; 22 female).

3.1.2. Stimuli
Participants in the auditory-only group were exposed to the same

experimental stimuli as in Experiment 1. Participants in the one-to-one-
multimodal group were exposed to the same auditory information as
participants in the audio-only group, but were also exposed to si-
multaneously presented visual information. This visual information was
made up of large colored ovals (29×20 cm) that appeared on a com-
puter screen in perfect synchrony with the auditory presentation of
syllables. Each of the 18 unique syllables was assigned a unique color
(Fig. 2a; Supplementary Table 3). Thus, visual information had exactly
the same statistical regularities as the auditory information.

3.1.3. Tests
After exposure, participants were asked to complete word segmen-

tation and target detection tests. The word segmentation test always
took place before the target detection task.

3.1.3.1. Word segmentation. Participants in the auditory control group
completed the same word segmentation test as in Experiment 1 with the
one modification: they were asked to rate how confident they were
about each decision on a four-point scale with ‘1’ being not at all
confident and ‘4’ being very confident. Participants in the one-to-one-
multimodal group completed the exact same test except that the color
information present during exposure was also present during the test.

3.1.3.2. Target detection. For this task, participants were presented with
one of the 18 syllables from the artificial language and asked to detect
this syllable from a continuous stream of the artificial language as
quickly as possible. Before detecting syllables, participants completed a
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practice stream in which they were provided with one of the syllables
(‘muh’) which they would detect again during the test, and given the
same instructions. Both instances of detecting this syllable were then
excluded from further analyses. In all, participants were asked to detect
all 18 syllables one at a time in mini-streams of the training stimulus
that were approximately 14 s long and contained 2 repetitions of each
word and three repetitions the target word. To promote detection, these
short streams were slowed down to an average of 390ms per syllable. A
unique stream was generated for the detection of each syllable and the
order of syllables was counterbalanced. The one-to-one-multimodal
group completed this test with the addition of the visual information,
while the auditory-only group completed the task with only the
auditory information.

3.1.4. Data analyses
For the word segmentation test, the same generalized mixed-effects

models (glmer function in the lme4 package (Bates et al., 2015)) from
Experiment 1 were used to assess whether performance differed from
chance, whether learning occurred during test, and whether learning
differed across learning groups accounting for item repetition during
test.

Two additional models were run to (1) asses the relationship be-
tween confidence and accuracy on the word segmentation test, and (2)
examine if reaction times during the target detection task differed for
syllables that were predicted (second syllable) versus syllables that
were not (first syllable). Both models included random intercepts and
random slopes for the within-subject variables included as fixed effects,
grouped by subject. A generalized mixed-effects model (glmer function
in the lme4 package (Bates et al., 2015)) was used to assess the re-
lationship between confidence and accuracy and included item repeti-
tion, confidence, and learning group as fixed effects. A Mixed-effects
model (lmer function in lme4 package) was used to assess differences in
syllable position by reaction time. Syllable position (first or second
position) and learning group were included as fixed effects. Before

analyses, reaction times (RTs) with filtered with the following specifi-
cations: RTs lower than 100ms and that fell below or above three
standard deviations from the by-participant, by-position (position-one
or two syllable) mean were excluded. See Supplemental Material for full
model specifications in R. All raw data are also available through the
Supplemental Material (Forest et al., 2019).

3.2. Results

3.2.1. Word segmentation
A repeated measures ANOVA examining performance on the 3 types

of word segmentation sub-tests (transitional probabilities of 0 vs. 1.0,
0.33 vs. 1.0, and 0.5 vs. 1.0) showed that performance did not differ
across the sub-tests (F(2, 118)= 1.85, p= .162, ŋp2=0.03). An ag-
gregate measure (average of all word segmentation sub-tests) was
therefore used in subsequent analyses. Across all groups, learning was
better than chance (Mean= 65%, β=0.625, z=7.25, p=4.07e−13;
Fig. 2b), a finding that was also true when only considering the first
presentation of each word (Mean=63%, β=0.527, z=5.40,
p=6.52e−08). Moreover, confidence was positively associated with
performance across participants even when accounting for the repeti-
tion of test items (β=0.312, z=3.81, p=0.0001; Fig. 2c), an effect
that did not differ by condition (β=0.158, z=0.98, p=0.325). Per-
formance on this particular test therefore reflects knowledge that par-
ticipants are aware of.

We observed no difference in performance across the first and
second presentations of words during test (β=0.011, z=0.06,
p=0.953), suggesting that word repetition did not impact performance
on this test. In a model that nonetheless accounted for word repetition,
we observed that one-to-one-multimodal participants performed better
than auditory-only participants (Mean one-to-one-multimodal = 68%,
Mean auditory-only= 61%, β=0.353, z=2.11, p= .035), an effect
that did not interact with confidence (β=0.158, z=0.99, p=0.325).
Thus, both groups learned and were aware of their learning, but similar
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Fig. 2. Experiment 2. (a) Words presented in
color are spelled phonetically with the color in-
dicating the patch of color that was displayed in
sync with that syllable (for the one-to-one-mul-
timodal learners). Words in parentheses (gray)
are written as they would be spelled in English.
(b) The mean proportion correct is plotted for
each learning group separately for the word
segmentation test. Dots indicate the performance
of individual participants and the dashed lines
represent chance (50%). In this and all other
graphs in this figure, controls are plotted in or-
ange and one-to-one-multimodal learners are
plotted in dark blue. (c) Mean proportion correct
is plotted by confidence (one being not at all
confident and four being very confident). Error
bars represent standard error of the difference.
(d) Mean reaction time is plotted by syllable
position with one being the first (not predicted)
syllable and two being the second (predicted)
syllable. Error bars represent standard error of
the difference.

T.A. Forest et al. Cognition 186 (2019) 72–81

77



to the GC synesthetes in Experiment 1, the one-to-one-multimodal
participants displayed a learning advantage.

3.2.2. Target detection
Linear mixed-effects models show that participants, across learning

groups, are faster to detect position two targets (β=0.514, t=2.88,
p= .004; Fig. 2d), but that this does not interact with condition
(β=0.487, t=1.36, p=0.174). Thus, both groups show evidence of
learning using this indirect measure, but the additional visual in-
formation does not impact performance on this test.

3.3. Discussion

Results from Experiment 2 show that one-to-one-multimodal lear-
ners outperformed auditory-only learners on the word segmentation
measure, just as the GC synesthetes outperformed controls in
Experiment 1. Of interest, the superior performance of these multi-
modal learners was restricted to the word segmentation task. Further,
this experiment shows that participants are aware of the knowledge
they demonstrate on the word segmentation test: confidence scales with
performance. This suggests that the knowledge demonstrated on this
test is explicit. Further, performance on the indirect, target detection
measure, was indicative of learning, but did not differ by condition.
Taken together, these data show that the superior performance of GC
synesthetes in Experiment 1 is likely to be due to the consistent map-
ping between the auditory stimulus and visual concurrent, since a
consistent mapping also produces superior learning in non-synesthetes.
These data further show that this multimodal learning could benefit
explicit representations (for which participants are aware) but not im-
plicit representations (as measured indirectly via reaction times).

4. Experiment 3

While Experiment 2 showed that consistent audio-visual informa-
tion could boost learning—even in non-synesthetes—it is unclear if the

learning benefit has to do with the addition of any visual information or
consistent visual information. Indeed, previous work has shown that
multimodal exposure boosts learning, presumably by making to-be
learned stimuli more salient (Shams & Seitz, 2008). In our final ex-
periment, we therefore sought to understand how the consistency of the
mapping impacts learning outcomes. In particular, we investigated
whether a correlated but not perfect match between auditory and visual
stimuli would improve learning. Previous work has only looked at
perfectly correlated cross-modal information or randomly matched
(completely unrelated) cross-modal information (Cunillera, Camara
et al., 2010a; Glicksohn & Cohen, 2013; Seitz et al., 2007; Thiessen,
2010). We therefore sought to simulate the experience of the SC+ sy-
nesthetes in Experiment 1 who have multiple triggers for their synes-
thetic concurrents resulting in a more variable audio-visual mapping.

4.1. Materials and methods

4.1.1. Participants
Sixty undergraduates at the University of Toronto participated in

exchange for course credit. Thirty participated in the variable-multi-
modal condition (mean age=19.88 years, SD=3.1; 25 female) and 30
participated in an auditory-only control group (mean age=19.37,
SD=1.3; years 20 female).

4.1.2. Stimuli
Participants in the auditory-only group were exposed to the same

experimental stimuli as in Experiments 1 and 2 (auditory-only group).
Participants in the variable-multimodal group were exposed to the same
auditory information as participants in the audio-only group, but were
also exposed to simultaneously presented visual information. As in
Experiment 2, this visual information was made up of large colored
ovals (29×20 cm) that appeared on a computer screen in perfect
synchrony with the auditory presentation of syllables. Instead of being
assigned a unique color as in Experiment 2, the 18 unique syllables
were assigned one of nine colors, (Fig. 3a; Supplementary Table 4).
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Fig. 3. Experiment 3. (a) Words presented in color
are spelled phonetically with the color indicating
the patch of color that was displayed in sync with
that syllable (for the variable multimodal lear-
ners). Words in parentheses (gray) are written as
they would be spelled in English. (b) The mean
proportion correct is plotted for each learning
group separately for the word segmentation test.
Dots indicate the performance of individual par-
ticipants and the dashed lines represent chance
(50%). In this and all other graphs in this figure,
controls are plotted in orange and the variable
multimodal learners are plotted in light blue. (c)
Mean proportion correct is plotted by confidence
(one being not at all confident and four being
very confident). Error bars represent standard
error of the difference (d) Mean reaction time is
plotted by syllable position with one being the
first (not predicted) syllable and two being the
second (predicted) syllable. Error bars represent
standard error of the difference.
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Thus, the visual information has statistical structure that is correlated
with, but not exactly matching the auditory structure. We built these
variable mappings to match the experience of SC+ synesthesia in
which there are various sources that could predict a similar percept.

4.1.3. Tests
After exposure, participants were asked to complete word segmen-

tation and target detection tests. These were the same as in Experiment
2; visual information was also present during test for the variable-
multimodal group.

4.1.4. Data analyses
All analyses and models were the same as in Experiment 2.

4.2. Results

4.2.1. Word segmentation
A repeated measures ANOVA examining performance on the 3 types

of word segmentation sub-tests (transitional probabilities of 0 vs. 1.0,
0.33 vs. 1.0, and.5 vs. 1.0) showed that performance differed across the
sub-tests (F(2, 116)= 4.19, p= .017, ŋp2=0.07), with Tukey’s
posthoc pairwise tests indicating that performance did not differ on 0
vs. 1.0 and 0.33 vs. 1.0 items (p=0.47) or 0 vs. 1.0 and 0.5 vs. 1.0
items (p= .09), but that performance on 0.33 vs. 1.0 items was higher
than 0.55 vs. 1.0 (p= .023). Importantly, this main effect of test-type,
did not interact with condition (F(2, 116)= 1.65, p= .197,
ŋp2=0.03), so an aggregate measure (average of all word segmentation
sub-tests) was used in subsequent analyses.

Across all groups, learning was better than chance (Mean=67%,
β=0.716, z=8.47, p < 2e−16); Fig. 3b), a finding that was also true
when only considering the first presentation of each word
(Mean= 61%, β=0.455, z=4.55, p=5.51e−6). Moreover, con-
fidence was positively associated with performance across participants
even when accounting for the repetition of test items (β=0.631,
z=7.25, p=4.03e−13), an effect that did not interact with condition
(β=0.068, z=0.406, p=0.685). Performance on this particular test
therefore reflects knowledge that participants are aware of.

We observed significantly better performance on the second pre-
sentations of words during test (β=0.571, z=2.86, p=0.005), sug-
gesting that word repetition during the test did impact performance in
these participants. In a model that consequently accounted for word
repetition, we observed that variable-multimodal participants per-
formed no differently than auditory-only participants (Mean variable
multimodal= 67%, Mean auditory-only= 66%, β=0.019, z=0.115,
p=0.909). Thus, both groups learned and were aware of their
learning, but similar to the SC+ synesthetes in Experiment 1, the
variable-multimodal participants did not differ from controls.

4.2.2. Target detection
Linear mixed-effects models show that participants, across learning

groups, are faster to detect position two targets (β=0.387, t=2.25,
p=0.025; Fig. 3c), but that this does not interact with condition
(β=0.196, t=0.57, p=0.57). Thus, both groups show evidence of
learning using this indirect measure, but the additional visual in-
formation does not impact performance on this test.

4.3. Discussion

Results from Experiment 3 show that variable multimodal learners
are no different from auditory-only learners on both the word seg-
mentation measure and the target detection measure. Both groups
display substantial learning on both measures, but this learning does
not differ by condition, suggesting that the variable, but correlated
color mapping is not sufficient to produce the learning boost observed
in both Experiments 1 and 2.

5. General discussion

In the present study, we showed that synesthetes could outperform
controls on a classic measure of statistical learning—an auditory word
segmentation task. Specifically, we showed that individuals with gra-
pheme-color-only (GC-only) synesthesia outperformed both non-sy-
nesthetes and synesthetes who have grapheme-color and sound-color
synesthesia (the SC+ group). This is likely because the visual con-
currents for GC-only synesthetes come from only one source and the
concurrents for the SC+ synesthetes come from multiple sources, some
of which are linked to the statistical relationship of interest and some of
which are not.

To understand if this was the mechanism driving our observed
group differences, we ran two additional experiments in non-sy-
nesthetes: one in which the visual and auditory information was mat-
ched perfectly (the one-to-one-multimodal group; Experiment 2) and
one in which the mapping between the visual and auditory information
was variable (the variable-multimodal group; Experiment 3). We found
that learning was improved only when auditory and visual information
matched perfectly. Thus, the learning advantage in GC-only synesthetes
appears to be due to their consistent cross-modal mapping. Below, we
discuss the implications of these findings for improving our under-
standing of both synesthesia and statistical learning.

5.1. Synesthesia

To our knowledge this is the first study to show that statistical
learning outcomes can differ in synesthetes. This discovery is im-
portant. Statistical learning is thought of as a foundational learning
system that supports our understanding of how the world is structured,
whether these be regularities in our visual, motor, or auditory worlds
(Aslin & Newport, 2012; Smith, Jayaraman, Clerkin, & Yu, 2018). The
fact that this foundational learning system can operate differently in
synesthetes is central to understanding how synesthetes extract reg-
ularities from their worlds.

Interestingly, it has been suggested that all infants have a form of
synesthesia; the neonatal-synesthesia hypothesis suggests that all in-
fants who experience stimulation in one sense can experience addi-
tional stimulation in another sense (Maurer, 1993; Wagner & Dobkins,
2011). While much remains to be discovered about this possibility, this
suggests that all infant statistical learners might have different per-
ceptual experiences (as compared with adults and children) which
could impact their learning, quite possibly resulting in better learning
under some circumstances. Much work is needed to know if these ex-
periences would be in line with the one-to-one-multimodal and GC
synesthetes here, but this possibility merits consideration in current
thinking about the ways statistical learning changes with development
(Gómez, 2017; Schapiro, Turk-Browne, Botvinick, & Norman, 2017;
Smith et al., 2018).

5.2. Statistical learning

We join previous work in showing that statistical learning can
benefit from multimodal input. Most of this previous work, however,
assigns one visual stimulus to all elements of an auditory unit, using, for
example, the same shape to mark each syllable of a “word” (Cunillera,
Camara et al., 2010a; Cunillera, Laine et al., 2010; Thiessen, 2010).
This is quite different from what we did by manipulating color at same
level of the syllable. Two previous experiments did do something si-
milar to this. One manipulated color at the level of the syllable
(Glicksohn & Cohen, 2013), but had 24 unique syllables and only eight
unique colors. They did not find a learning advantage in this condition,
likely because of the variable mapping, as we also found in Experiment
3. The other experiment assigned unique shapes to unique artificial
sounds (not syllables (Seitz et al., 2007)) and found a multimodal
learning advantage. Taken together, this pattern of data is similar to
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ours. When the mappings are consistent (one-to-one) and not variable,
learning outcomes are enhanced.

In our data, we show no learning advantage in SC+ synesthetes nor
in our variable-mapping learning group, suggesting that noise in mul-
timodal mappings is neither helpful nor harmful to unimodal learning.
This would not have to be the case. It could be that one consistent color-
auditory syllable (for example our syllable “poy” which is the only one
to occur in pink in Experiment 3) would boost the signal helping to
learn the whole word “poyin” and provide an “anchor” so to speak in
helping to segment the rest of the words, as has been observed in un-
imodal studies of statistical learning in which a known word is included
in the artificial language (Bortfeld, Morgan, Golinkoff, & Rathbun,
2005; Cunillera, Camara et al., 2010b; Johnson & Tyler, 2010). We did
not observe this, suggesting that there is something unique about
multimodal input. Further studies are needed to probe the precise
conditions under which multimodal input can benefit statistical
learning.

Importantly, the variable mappings and experience of SC+ sy-
nesthetes also did not harm learning (as compared with the control and
auditory-only groups). This suggests that there is no real cost to having
variable or less consistent multimodal information, although the
boundaries of this could be explored much further and work in-
vestigating how multiple levels of information are learned in statistical
learning studies is greatly needed (c.f., (Brady & Oliva, 2008; Emberson
& Rubinstein, 2016; Turk-Browne, Isola, Scholl, & Treat, 2008). It could
be that when multiple modalities indicate a statistical relationship, they
sum to produce a stronger learning signal and boost learning. When the
signals are not as strongly correlated, however, they could be treated as
separate therefore not adding to produce a stronger signal. Future ex-
periments are needed to explore these ideas.

The present work is also important for thinking about how in-
formation that is learned via statistical learning is represented in the
mind. Statistical learning is generally discussed as an automatic and
implicit process that occurs with little effort or awareness on the part of
the learner (Aslin & Newport, 2009; Saffran et al., 1997; Shohamy &
Turk-Browne, 2013; Turk-Browne, Scholl, Chun, & Johnson, 2009).
However, various studies have shown that attention can be important
and even sometimes necessary for statistical learning (Finn et al., 2014;
Musz, Weber, & Thompson-Schill, 2015; Toro, Sinnett, & Soto-Faraco,
2005; Vickery, Park, Gupta, & Berryhill, 2017). Indeed, it is increas-
ingly clear that statistical learning is not process pure, tapping into both
explicit and implicit learning systems (Batterink et al., 2015; Bays,
Turk-Browne, & Seitz, 2016). We echo this here: participants across all
conditions in Experiments 2 and 3 were able to display learning of the
statistical structure using separate tests that tap into both explicit and
implicit representations. Performance on the word segmentation test
appears to be explicit since it scales with confidence. And since the
target-detection-task maps subtle differences in reaction time based on
whether an item is predicted, performance on this measure is likely to
reflect implicit representations. Importantly, the benefit of one-to-one-
multimodal learners was only observed on the word segmentation test,
suggesting that the additional and consistent visual information present
in this condition boosts learning through more explicit learning sys-
tems. This is important for furthering our understanding of how sy-
nesthesia and multimodal input can boost learning, suggesting that
declarative or explicit learning systems and their associated neural
circuitry are impacted most.

This work has therefore answered an important question at the
crossroads of perception and learning: does multisensory experience
boost statistical learning in synesthesia? Using a variety of tools to
measure the nature of learned representations, we found that yes mul-
tisensory experience can boost statistical learning in synesthetes and
non-synesthetes alike. Mechanistically, we further determined that the
learning boost is likely due to consistent cross-modal pairing and that
the observed learning benefit is more likely to occur though explicit
learning systems.
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