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Abstract

[ present new evidence about the relationships between learning and synaesthesia, par-
ticularly grapheme-colour synaesthesia, in which individuals experience letters and
numbers as coloured. As part of the largest survey of synaesthetic tendencies ever per-
formed, I show that second language acquisition can act as a trigger for the develop-
ment of synaesthesia, such that children who learn a second language in grade school
are three times more likely to develop synaesthesia as native bilinguals. I also demon-
strate that previous reports of a sex bias in synaesthesia are almost certainly due to re-
sponse and compliance biases, rather than any real differences in the prevalence of
synaesthesia between men and women. In a detailed examination of the influences of
learning on synaesthetic experiences, | show that synaesthetic colours are influenced by
knowledge about letters’ shapes, frequencies, alphabetical order, phonology, and cate-
gorical qualities. Finally, I demonstrate that synaesthesia can itself be exploited in
learning. All these results are presented as supporting a developmental learning hypoth-

esis of synaesthesia, in which synaesthesia develops, at least in part, because it is useful.
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Preface

This thesis describes a number of studies of grapheme-colour synaesthesia that took
place at the University of British Columbia, Simon Fraser University, and Charles Univer-
sity in Prague. For the SFU/CU synaesthesia survey, which is the subject of Chapter 2
and provided the data for Chapters 4 and 5, I participated in the research design from
the start, in roughly equal collaboration with Kathleen Akins and Lyle Crawford. I did lit-
tle data collection, but performed all analyses solo, with helpful suggestions and input

from collaborators. All the writing in these chapters is my own.

Chapter 3 is a slightly adapted version of a previously published paper, (Watson, M. R,
Akins, K. A, & Enns, ]J. T. (2012). Second-order mappings in grapheme-color synesthesia.
Psychonomic Bulletin and Review, 19(2), 211-217). The data for this paper was kindly
provided by Michael Dixon and Jonathan Carriere of the University of Waterloo. The ini-
tial research question was collaboratively arrived at by the three co-authors, all analyses

were my own, and | was the principal author of the paper.

Chapter 6 is also taken from a previously published paper (Watson, M. R., Blair, M. R,
Kozik, P, Akins, K. A., & Enns, J. T. (2012). Grapheme-color synaesthesia benefits rule-
based category learning. Consciousness and Cognition, 21, 1533-1540). Here I was the
primary person involved in determining the research question and experimental
method, though all my collaborators made many useful suggestions and changes. All

analysis was performed by myself, and I was the primary author of the paper.

The research described here was approved by the UBC and SFU Offices of Research
Ethics. (UBC BREB # H10-00287, SFU # 39456).
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1 Introduction

[ cannot express it better than to say that a colored idea appears to
[me]. [...] Particularly those things which form a simple series; e.g.
numbers, the days of the week, the time periods of history and of
human life, the letters of the alphabet, intervals of the musical scale,
and other such similar things, adopt these colors.

These introduce themselves to the mind as if a series of visible ob-
jects in dark space, formless and noticeably of different colors.

[.]

In the alphabet, A and E are vermillion, A however is more
cinnabar, E is more inclined to rose; I is white; O orange; U black;
Ue (1i) gray; C pale-ash-colored; D yellow; F dark gray; H is bluish
ash-colored; K nearly dark green (uncertain); M and N white; S
dark-blue; W brown.

(Jewanski, Day, & Ward, 2009, pp. 297-298, italics in original)

This quotation comes from the first published account of synaesthesia, from the doctoral
dissertation of George Tobias Ludwig Sachs in 1812, but it could easily have been writ-
ten by any of millions of people alive today. The final paragraph specifically describes
his grapheme-colour synaesthesia, in which individuals experience letters or numbers as
having colours. There are numerous other varieties, including such oddities as swim-
ming styles that have colours (Nikolic, Jurgens, Rothen, Meier, & Mroczko, 2011), words
that have tastes (Cytowic, 1993), calendars and number sequences that lie along convo-
luted three-dimensional paths in one’s personal space (Sagiv, Simner, Collins, Butter-
worth, & Ward, 2006), letters and numbers that have well-defined personalities and

genders (Amin et al, 2011), music that has colour and texture (Head, 2006; Ward,



Tsakanikos, & Bray, 2006), and even orgasms that have colours (cf. Novich, Cheng, & Ea-
gleman, 2011).

In the century after Sachs’ account was published, synaesthesia became a popular topic
of research, attracting the attention of several important figures in early psychology (e.g.
Binet & Philippe, 1892; Calkins, 1893; Claparede, 1900; Flournoy, 1892; Galton, 1883).
It fell out of favour for much of the 20th century, likely because a condition in which in-
dividuals describe unusual internal states without obvious behavioural correlates was
incoherent according to the dominant behaviourist framework. Publications on synaes-
thesia slowed to a trickle (with notable exceptions such as Marks, 1975) from the
mid-1930’s until Richard Cytowic's work in the 1980’s (Cytowic, 1988, 1989a, 1989b;
Cytowic & Wood, 1982a, 1982b). His push to bring synaesthesia back to the scientific
mainstream came at exactly the right time, and other researchers slowly began to pick
up the topic. Behaviourism was long gone, there was a renewed interest in conscious
states, and researchers could tackle synaesthesia with the new tools of cognitive neuro-
science, and with new insights from the study of sensory development and other unusu-
al conditions such as autism or phantom limb syndrome (e.g. Baron-Cohen & Harrison,
1997; Baron-Cohen, Wyke, & Binnie, 1987; Maurer, 1993; Paulesu et al, 1995; Ra-
machandran & Rogers-Ramachandran, 1996). Since the turn of the millennium, the
floodgates have truly opened, with research groups all over the world studying every as-
pect of synaesthesia using the full range of tools and methodologies of modern cognitive

science, producing almost 500 publications over the past ten years.

My collaborators and [ have been a small part of this flood of new research for the past
six years, and this thesis brings together our work. [ have been particularly interested in
the bidirectional relationship between synaesthesia and learning: how learning is a nec-
essary part of the development of synaesthesia, and how synaesthesia might itself be
useful for learning. This interest arose because both directions of this relationship are
necessary parts of a developmental learning hypothesis of synaesthesia developed in col-
laboration with Kathleen Akins and Lyle Crawford, which states that synaesthesia devel-

ops, at least in part, as a strategic aid to overcoming a number of learning challenges in



childhood (Watson, Akins, & Crawford, 2010). We initially thought of this as an entirely
new idea, but later discovered that important aspects of it had been sketched over a

century ago (Calkins, 1893).

This thesis presents evidence for three critical components of the developmental
learning hypothesis:

1. Synaesthesia typically develops as part of a difficult learning
process in which the synaesthete learns a category structure
whose members become the triggers of synaesthetic
experiences.

2. Synaesthetic experiences are shaped by this learning process,
such that they encode a wide range of information about the
learned domain.

3. Synaesthesia is exploited on a variety of memory, learning, and
creative tasks, leading to “synaesthetic styles” of performance on
these tasks.

The developmental learning hypothesis connects these three claims in a causal chain.
Synaesthesia develops in response to various learning challenges (#1) because it is use-
ful for these challenges (#3). Synaesthetic experiences are shaped by various aspects of
the learned domain (#2) because they developed as part of a learning strategy to ac-

quire knowledge of this domain (#1 and #3).

Establishing this causal chain would prove the developmental learning hypothesis, but
is well beyond the scope of this thesis, as it would require a comprehensive set of devel-
opmental studies. Rather, my collaborators and [ have provided new evidence for each

of the three claims, which is presented in the research chapters of this thesis.

In the remainder of this Introduction I want to give the reader the background and con-
text necessary to judge the work I present in the research chapters. [ begin with an
overview of the current debates over how to define and operationalize synaesthesia,
and then turn to what other research has already established about the three claims

about synaesthesia and learning.



1.1 What is synaesthesia?

1.1.1 Terminology and definitions

Researchers usually use the term inducer to refer to the “trigger” of synaesthetic experi-
ences, and the term concurrent to refer to these unusual experiences themselves. Thus
George Sachs has letters as inducers and colours as concurrents. The different varieties
of synaesthesia are typically named using the formula inducer-concurrent, and so we
speak of grapheme-colour, music-colour, or word-taste synaesthesias (although this for-
mula may be falling out of favour, cf. “coloured sequence synaesthesia” from Novich,

Cheng, & Eagleman, 2011). Coloured inducers are often referred to as photisms.

The word synaesthesia means "union of the senses", and it was generally thought of in
these terms until quite recently. Typically, synaesthesia was defined as a case of unusual
associations between sensory modalities, so for example you might have the sense of
hearing (music) leading to visual experiences (colour). This cross-modal definition was
commonplace despite the fact that grapheme-colour synaesthesia, by far the most stud-
ied variety, blatantly contradicts it, as both graphemes and colours are visual. More re-
cently it has become commonplace to address this issue by complicating the definition
slightly, e.g. stating that the concurrent experiences are “in another modality [or in] a
different aspect of the same sensory modality” as the inducer (Asher et al.,, 2009, p.
279), which, while more accurate, is so general as to be almost useless. (Are there con-

sistent sensory associations which are not synaesthetic, according to this definition?)

Furthermore, neither synaesthetic inducers nor concurrents are necessarily sensory at
all. Grapheme-colour synaesthetes, for example, can experience colours corresponding
to the answers of mathematical problems, even when these answers are nowhere in the
physical stimulus (Dixon, Smilek, Cudahy, & Merikle, 2000; Smilek, Dixon, Cudahy, &
Merikle, 2002a). It is also universally acknowledged that colours for graphemes do not
typically vary with font or case (although there may be atypical synaesthetes in this re-

spect, cf. Ramachandran & Hubbard, 2001a), suggesting that the inducer is not a simple



sensory stimulus (consider, e.g., how little the shapes of A and a have in common). Sev-
eral researchers now explicitly reject the notion that there need be any straightforward
sensory aspects to synaesthesia at all, arguing that it is generally triggered by “higher-
level” conceptual or linguistic constructs (e.g. Jiirgens & Nikolic, 2012; Simner, 2012a).
And in the case of varieties of synaesthesia such as graphemes with personalities, it is

not clear that the concurrent is sensory either.

The original definition is clearly unsatisfactory, then, but nothing has arisen to take its
place. Indeed, a recent exchange of papers has a number of the leading researchers in
the field agreeing with each other that we do not know how to define synaesthesia (Co-
hen Kadosh & Terhune, 2012; Eagleman, 2012; Simner, 2012a; Simner, 2012b). I would
argue that this is a feature, not a bug, of modern synaesthesia research. Synaesthesia is a
relatively rare and still rather poorly-understood phenomenon, and we run far less risk
of needless errors if we do not impose artificial restrictions on what does and does not
count as “real” synaesthesia, instead letting the data itself slowly shape our category

boundaries.

1.1.2 Operationalizing synaesthesia

While there is no accepted conceptual definition of synaesthesia, there are more-or-less
widely-accepted criteria for establishing that a given person is or is not synaesthetic for
the purposes of research. There are three broad types of such operationalizing criteria:

tests of self-report, consistency, and automaticity.

The self-report criterion is the most most basic, indicating merely that participants self-
identify as having synaesthetic experiences. That is, when asked questions like those
from Appendix 1, e.g. “When you see, hear, or think about certain letters or numbers, do
you see or feel any colours?”, people who answer “no” are not typically considered as
synaesthetes. Some criterion of self-identification is almost universal in synaesthesia re-
search, in fact it is so standard that it is frequently not explicitly mentioned by re-

searchers. Nevertheless, it is a crucial test that eliminates roughly 80% of the popula-



tion from consideration as a synaesthete (see Chapter 2 for rates of self-report of

synaesthetic experiences).

The second criterion uses high performance on a consistency test of inducer-concurrent
associations as a marker of synaesthesia. In these tests, participants are presented with
a series of synaesthetic inducers, usually in random order, and are asked to report their
concurrents for each one. At some later time, they are asked to perform the same task
again, usually in a new order, and a measure of consistency is taken between responses
to the two tests. Those individuals who meet a certain threshold of consistency are
deemed to be synaesthetic. The specific details vary quite widely. For example, consis-
tency tests for grapheme-colour synaesthesia might ask participants to report the name
of the colour they experience for a given letter (Baron-Cohen, Burt, Smith-Laittan, Harri-
son, & Bolton, 1996), or to choose the best match to their concurrent from a small sam-
ple of colours (Simner et al.,, 2006), or to choose the specific shade of their experience
from the >16,000,000 colours available on a standard computer monitor (Eagleman, Ka-
gan, Nelson, Sagaram, & Sarma, 2007). The test-retest interval varies from a matter of
seconds (Eagleman, Kagan, Nelson, Sagaram, & Sarma, 2007) to many months (Simner
et al., 2006). The precise consistency threshold and definition of consistency differ be-
tween studies as well. Typically, less than 5% of the population meets this more strin-

gent requirement.

Another common way of verifying synaesthesia is to test for the automaticity of the in-
ducer-concurrent relationship. Typically, such tests employ a modified Stroop paradigm,
in which participants are asked to name either the physical colour of a stimulus or their
synaesthetic colour for this stimulus, where the physical colour is either congruent or
incongruent with the synaesthetic colour (Dixon, Smilek, Cudahy, & Merikle, 2000; Mills,
Boteler, & Oliver, 1999). Usually there is a strong benefit of congruency for response
time. This is the least commonly-used criterion of synaesthesia, likely because custom-

generating the stimuli for each participant is time-consuming.



Many researchers hope for a clear neurobiological operationalization of synaesthesia
(e.g. Simner, 2012a), but for the time being none exists, and so we are left with the three
criteria of self-report, consistency and automaticity of synaesthetic experiences. It is im-
portant to note that these criteria are independent of each other, not just logically but
also in practice. Thus a constant irritation for synaesthesia researchers is that the large
majority of individuals who report synaesthetic experiences do not meet the consisten-
cy criterion (see Chapter 2). Further, the automaticity criterion can be met without the
self-report criterion, as the implicit learning of novel letter-colour associations can lead
to performance differences on Stroop-type tasks without any conscious awareness of
these associations (Colizoli, Murre, Rouw, Karniel, & Witthoft, 2012; Kusnir & Thut,
2012). After more extensive associative training over the course of weeks, participants
may report experiences that sound somewhat similar to conscious synaesthetic concur-
rents, and this is associated with a stronger Stroop effect, but this has not been system-
atically explored beyond one study that did not directly address synaesthesia (MacLeod
& Dunbar, 1988).

There are theoretical and practical limitations to these criteria, then, but they are the
only ones we have. The studies reported here, like the majority of recent work on
synaesthesia, use the self-report and consistency criteria: anyone who says they have
synaesthetic experiences and is able to consistently reproduce highly similar colours for
the same stimuli is treated as synaesthetic. Details of the specific questions asked and

consistency test used are found in Chapter 2 and Appendix 1.

1.1.3 Sub-types of synaesthesia

There are varieties of synaesthesia that co-occur in individuals more than others, lead-
ing Novich, Cheng, and Eagleman (2011) to identify five distinct sub-types of synaesthe-
sia that cluster in this way. For example, any type of what Novich et al. refer to as
coloured sequence synaesthesia—grapheme-colour, weekday-colour, etc—is much more
likely to co-occur in one individual with another form of coloured sequence synaesthe-

sia, but is not nearly as likely to co-occur with other clusters of synaesthesias, which in-



clude coloured sensations (e.g. touch-colour or orgasm-colour), spatial sequences (e.g.
calendar or number forms in personal space), coloured music, and synaesthesias with
non-visual sequelae (e.g. word-taste or sound-smell). Nevertheless, individuals with
coloured sequence synaesthesias are far more likely to have, e.g., spatial sequences than
individuals with no other forms of synaesthesia (Brang & Ramachandran, 2011; Sagiv,
Simner, Collins, Butterworth, & Ward, 2006, see also Chapter 2). So synaesthesias of
widely different types appear to be somewhat related, but there are at least five distinct
sets of synaesthesias that are especially tightly linked together, for as-yet unknown rea-
sons. This places a potentially important limit on the results in the research chapters of
this thesis, as virtually all the analyses reported here deal with some form of coloured

sequence synaesthesia.

Researchers have also tried to sub-divide synaesthesia based on differences in phenom-
enological reports. In particular, there is a widely used distinction between projector
and associator synaesthetes , where projectors are supposed to experience their concur-
rents as spatially located outside the body, while associators are supposed to experience
them without a location in particular. Several researchers have shown that these phe-
nomenological reports correlate with differences in performance (e.g. Dixon, Smilek, &
Merikle, 2004) and neurophysiology (e.g. Rouw & Scholte, 2010). However other re-
searchers, including me, have had substantially more difficulty in establishing which
group their participants should be classified in. | am confused by several of the ques-
tions on a supposedly clear questionnaire to distinguish between projectors and associ-
ators (Skelton, Ludwig, & Mohr, 2009), and after using it with a number of participants I
found that they had the same confusion, and that responses were not consistent across
repeated presentations of the questionnaire. Thus [ gave up attempting to classify my
participants in this manner. This is not to imply that the classification has no merit, sim-
ply that there is still work to be done before it is usable by all researchers. There is evi-
dence that the divisions run further than projector/associator, and that we should cat-

egorize at least four different phenomenologies of concurrents (Ward, Li, Salih, & Sagiv,



2007), but for the time being I do not differentiate projectors, associators, or any other

phenomenological sub-types of synaesthetes.

1.2 Why are people synaesthetic?

If one wants to understand why there are synaesthetes, there are at least two inter-
twined questions that are really being asked. The more proximal question asks what it
is about synaesthetes’ brains that causes inducers to give rise to synaesthetic concur-
rents: what is the neurophysiology of synaesthesia? The more distal question asks how

it is that such brains came about: how does synaesthesia develop?

1.2.1 The synaesthetic brain

All major theories of the neurophysiology of synaesthesia agree that inducers and con-
currents are represented by activation in distinct populations of neurons in both
synaesthetes and non-synaesthetes. What makes synaesthetes unusual, according to
these theories, is that inducer-related activation in area A leads to concurrent-related
activation in area B, a causal link that does not occur in non-synaesthetes. There are es-

sentially three broad types of theories about how this happens.

First, cross-activation theorists propose that inducer areas have unusually strong direct
connections to concurrent areas among synaesthetes, allowing inducer activations to
trigger concurrent activations. Thus synaesthesia stems from a breakdown, or at least a
reduction, in neural modularity (Baron-Cohen, Harrison, Goldstein, & Wyke, 1993; Mau-
rer, 1993; Ramachandran & Hubbard, 2001b). These theorists have particularly concen-
trated on grapheme-colour synaesthesia, noting that the so-called visual word form area
(VWFA) in the fusiform gyrus is right next to the so-called “colour area” V4, which

would mean that the unusual connectivity in synaesthesia could be highly localized.

Re-entrant processing theories propose a two-step connection, starting with an area that
processes sensory features of the inducer, which projects to an area that processes the
concepts or meanings associated with the inducer, which in turn back-projects to senso-

ry areas that represent the concurrent (Smilek, Dixon, Cudahy, & Merikle, 2001). Thus a



critical difference between re-entrant and cross-activation models is that in the former
the synaesthetic experience is determined by the meaning of the inducer rather than its
sensory features. Once again, the model has been most thoroughly fleshed-out with re-
gards to grapheme-colour synaesthesia. As with the cross-activation model, the inducer
and concurrent areas in this case are presumed to be VWFA and V4, respectively, while
the posterior-inferior-temporal region is suggested as the area representing graphemes’

meanings (Smilek, Dixon, Cudahy, & Merikle, 2001).

Finally, disinhibited feedback theories propose that the connections between inducer
and concurrent areas are no different between synaesthetes and non-synaesthetes, but
that there are differences in the feedback from other areas that modulate the signals
passing from inducer to concurrent areas (Grossenbacher, 1997; Grossenbacher &
Lovelace, 2001). This could either take the form of less inhibitory feedback or more ex-
citatory feedback, in either case making it possible for signals to pass from inducer to

concurrent areas that would otherwise be too weak to do so.

Thus far none of these models has been confirmed by actual neurophysiological studies.
As Hubbard, Brang, and Ramachandran (2011) point out, the cross-activation theory
has probably received the most direct empirical support, but this is patchy at best, and
the re-entrant processing and disinhibited feedback models have not been as carefully
investigated. This is not to say that there is a lack of neurophysiological studies, just that

their results do not map neatly on to any of the theories.

There have now been a number of functional neuroimaging studies showing increased
activation of various brain areas during synaesthetic experiences (Aleman, Rutten, Sit-
skoorn, Dautzenberg, & Ramsey, 2001; Brang, Hubbard, Coulson, Huang, & Ramachan-
dran, 2010; Cohen Kadosh, Kadosh, & Henik, 2007; Hubbard, Arman, Ramachandran, &
Boynton, 2005; Laeng, Hugdahl, & Specht, 2011; Nunn et al., 2002; Paulesu et al., 1995;
Rich et al., 2006; Rouw & Scholte, 2010; Weiss, Zilles, & Fink, 2005), structural studies
showing increased connectivity in various brain areas among synaesthetes (e.g. Banissy

et al, 2012; Hanggi, Beeli, Oechslin, & Jancke, 2008; Rouw & Scholte, 2007; Weiss &
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Fink, 2009), and EEG/MEG studies showing differences in the time course of neural ac-
tivity associated with synaesthesia (e.g. Barnett et al., 2008b; Brang, Hubbard, Coulson,
Huang, & Ramachandran, 2010; Jancke, Rogenmoser, Meyer, & Elmer, 2012). (For a re-
view of the brain areas associated with synaesthesia, see Rouw, Scholte, & Colizoli,

2011))

There are two main ways in which these data fail to map easily on to theoretical predic-
tions. First, results are highly heterogeneous. While there has been some overlap, many
differences exist between the various studies, for instance several studies have found
that when synaesthetes with coloured concurrents are presented with their inducers
they show activation in V4 (e.g. Brang, Hubbard, Coulson, Huang, & Ramachandran,
2010; Hubbard, Arman, Ramachandran, & Boynton, 2005; Nunn et al., 2002) but others
have found no such activation (e.g. Rich et al., 2006; Paulesu et al, 1995; Rouw &
Scholte, 2010; Weiss, Zilles, & Fink, 2005). Second, many of the areas that do seem to be
reliably associated with synaesthesia, such as the precentral gyrus (Laeng, Hugdahl, &
Specht, 2011; Nunn et al., 2002; Paulesu et al.,, 1995; Rouw & Scholte, 2010; Weiss,
Zilles, & Fink, 2005), and frontal-parietal networks (Laeng, Hugdahl, & Specht, 2011;
Rouw & Scholte, 2010), are not predicted by any of the three models.

The heterogeneity of results is to be expected, given both the wide variety of experimen-
tal tasks and tools used and the frequently small sample sizes employed. The hetero-
geneity of synaesthesia itself is also a serious issue: these studies employ different types
of synaesthetes, both in terms of their inducers and concurrents (e.g. grapheme-colour
vs. music-colour), and in terms of their self-reported phenomenology (some studies
separate associators from projectors, others do not). Until a larger number of experi-
ments are run using consistent methods, it will be hard to conduct appropriate meta-

analyses that allow for these inconsistencies to be sorted out.

The activation of areas that are not predicted by any neurophysiological theory of
synaesthesia is also not terribly surprising, and does not indicate that any of these theo-

ries are false. Rather, it merely shows that they are incomplete.
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The developmental learning hypothesis is neutral with regards to the neurological un-
derpinnings of synaesthesia. However it is certainly compatible with an important role
for attention and executive functions, as hinted at by the involvement of frontal-parietal
networks in synaesthetic experiences (Laeng, Hugdahl, & Specht, 2011; Rouw & Scholte,
2010).

1.2.2 The synaesthetic genome

Whatever the specifics of synaesthetic neurophysiology, how do synaesthetes’ brains get
to be that way? A genetic explanation for synaesthetic development has been an attrac-
tive idea for many researchers. The developmental learning hypothesis is not in conflict
with such explanations per se. However it would be hard to reconcile it with a simple ge-
netic cause of synaesthesia, in which a single gene or group of genes reliably causes
synaesthesia to develop (such as is the case for, e.g., Huntington’s chorea), since, the de-
velopmental learning hypothesis includes an important role for learning in synaesthetic

development.

Such simple genetic explanations have been relatively popular, however. There are prob-
ably two main reasons for this, one arising from theory and one from evidence. First, a
number of researchers have proposed a relatively simple genetic mechanism underlying
the high degree of connectivity that is the basis of the cross-activation and re-entrant
feedback theories. They suggest that this connectivity may be present in all of us at
birth, but deteriorates in the standard process of neural pruning. Synaesthetes, on the
other hand, may have a mutation in a gene that controls neural pruning, preventing it
from occurring to the same extent as in non-synaesthetes, leading to the unusual
connectivity (Baron-Cohen, 1996; Maurer, 1993; Ramachandran & Hubbard, 2001b). Of
course this account requires an explanation of why the gene is only selectively ex-
pressed in particular regions of cortex, which may complicate the genetic story

somewhat.

The more evidence-based reason why researchers began speculating about simple ge-

netic causes for synaesthesia comes from the results of familial studies. Since the earli-
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est days of synaesthesia research, scientists have noted that it runs in families (Galton,
1883) and appeared to be strongly linked to sex. One well-cited study found a fe-
male:male ratio of 6:1, further finding that these synaesthetes had a ratio of female:male
family members (synaesthetic or not) of 8:1 (Baron-Cohen, Burt, Smith-Laittan, Harri-
son, & Bolton, 1996). Furthermore, almost all reports of synaesthesia within families in-
volve the trait being passed along the maternal line (Barnett et al.,, 2008a; Baron-Cohen,
Burt, Smith-Laittan, Harrison, & Bolton, 1996; Ward & Simner, 2005). Such skewed ra-
tios require explanation, and a popular hypothesis was that synaesthesia might be an x-
linked dominant trait with lethality in males (Bailey & Johnson, 1997; Baron-Cohen,
Burt, Smith-Laittan, Harrison, & Bolton, 1996), which might explain both the female bias

among synaesthetes and the lack of male family members of synaesthetes.

Two studies effectively ended speculation about the lethality in males of any putative
“synaesthesia gene”, using much larger samples of families, and finding no difference in
the number of male and female family members of synaesthetes (Barnett et al., 2008a;
Ward & Simner, 2005). Both studies still found a larger number of female than male
synaesthetes, in one case a ratio of 6:1 (Barnett et al., 2008a), and in the other a ratio of
2:1 (Ward & Simner, 2005). The 2:1 ratio was smaller than previous estimates, and
there was evidence that even this lower ratio was likely too high due to systematic un-
der-reporting of synaesthesia by men. A later, better-controlled and larger, study (Simn-
er et al., 2006) found no evidence of a female bias at all, and it was argued that the fe-
male bias in previous results was largely, if not solely due to differences in response and
compliance biases between the sexes (see Chapter 2 for a more complete account of this
issue). However it has never yet been firmly established that these response and com-

pliance biases exist.

It seems unlikely, then, that there is a simple x-linked genetic cause of synaesthesia,
however it is clear that it does run in families (Barnett et al., 2008a; Baron-Cohen, Burt,
Smith-Laittan, Harrison, & Bolton, 1996; Ward & Simner, 2005), suggesting that a genet-
ic component of some kind is at play. Direct comparisons of DNA between synaesthetes

and non-synaesthetes have found several candidate chromosonal regions (Asher et al.,

13



2009; Tomson et al.,, 2011), but these differ between studies, and the same genetic fac-
tors are not present in all synaesthetes within either study, suggesting that the genetic

influence on synaesthesia is highly polygenic and variable.

1.2.3 The crucial role of learning in synaesthetic development

Most common synaesthetic inducers are culturally transmitted by processes that in-
volve considerable time and effort on the part of the learner, and often formal instruc-
tion. In the first paragraph of this thesis [ mentioned swimming styles, words, calendars,
letters and numbers, music, and orgasms, all but the last of which is clearly learned (and
even there one might debate the point). This bias towards learned inducers is not coin-
cidental, and is found in more formal analyses. For example, of the five sub-groups of
synaesthesia identified by Novich and colleagues (2011) that were described in the pre-
vious section, three of them, which constitute the large majority of cases, exclusively in-
volve learned inducers. Day (2005) lists several dozen types of synaesthesia, including
many examples where the inducers are not obviously learned, and certainly not learned
deliberately or via formal instruction (e.g. orgasms, smells/tastes, personalities, envi-
ronmental sounds, temperature). However five of the six most prevalent types of
synaesthesia on Day's list involve learned inducers, and these account for the vast ma-
jority of his cases. Large-scale surveys of synaesthesia (Rich, Bradshaw, & Mattingley,
2005; Simner et al,, 2006 see also Chapter 2 of this thesis) also show an overwhelming

majority of cases involving learned inducers.

A simple conclusion follows from this: synaesthesia normally only develops as part of a
formal learning process. The need to explain this places a serious constraint upon genet-
ic and neurological theories of synaesthetic development. I agree with Cytowic and Ea-
gleman (2009) that so far none of these theories even attempts to do so, because re-
searchers have not generally acknowledged this crucial role of learning, at least not to
the the extent that it actually informs their theories (for notable and welcome excep-
tions to this trend, see, e.g. Simner, Harrold, Creed, Monro, & Foulkes, 2009; Witthoft &
Winawer, 2013).
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There is only one published account that directly studies the development of synaesthe-
sia in children (Simner, Harrold, Creed, Monro, & Foulkes, 2009). Here a large number
(N = 615) of children ages 6-7 were given a modified version of a letter-colour consis-
tency test that required them to select a colour for each letter twice, and then a year lat-
er were given the same test. Synaesthetes were identified as those who showed a high
degree of consistency in their colours both within each test and across both tests. There
was a clear developmental trajectory here: synaesthetes' mean number of consistently-

coloured letters was approximately 11 on the first test and 16 on the second.

These results demonstrate that synaesthetic associations coalesce over a lengthy period
time that roughly coincides with the development of reading and writing. At 6 years old
the average grapheme-colour synaesthete has consistent colours for less than half the
letters in the alphabet. One year later, this rises to slightly over half. Clearly, these chil-
dren have a long way to go before they reach the consistency levels of adult synaes-

thetes, who frequently have 100% consistent colours.

Like Simner et al. (2009), Cytowic and Eagleman (2009, Table 2.2) suggest that the de-
velopment of synaesthesia coincides with the development of literacy, but they focus on
an earlier stage, namely when children first start learning their letters (generally from
34-48 months). If grapheme-colour synaesthesia begins to develop with the first acqui-
sition of letters, then given Simner et al’s (2009) results, the development of grapheme-
colour synaesthesia is slow indeed, taking shape over the course of at least six years,
and likely much longer. As we will see in the next section, there is evidence that this is
exactly what happens, with different stages of learning about letters affecting the devel-

opment of synaesthesia, leaving behind traces in the synaesthetic colours themselves.

1.3 How does learning change synaesthesia?

We have just seen that synaesthesia generally only develops as part of an explicit
learning process, and that this development takes years. What do we know of the influ-

ences on this development?
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1.3.1 Synaesthetic concurrents as fossils of learning processes

In terms of direct observation, virtually nothing. Simner and colleagues are following
the progress of the synaesthetes identified in their childhood study (Simner, Harrold,
Creed, Monro, & Foulkes, 2009), but as of yet no further data have been published. How-
ever there are a number of papers that describe colour regularities found across adult
synaesthetes, particularly grapheme-colour synaesthetes, and I argue that many of
these regularities can be thought of as perceptual/cognitive "fossils": traces laid down as
a result of the influences on synaesthetic development. Like real fossils, these can tell us

a great deal about the environments in which they were formed.

1.3.2 Semantic influences

One class of these involves cases where inducers and concurrents have a common se-
mantic content. For example, G is often green for English grapheme-colour synaesthetes,
and in general the first letters of common colour words are often associated with the
colours named by these words (Barnett et al., 2008a; Rich, Bradshaw, & Mattingley,
2005; Simner et al., 2005; Simner, Harrold, Creed, Monro, & Foulkes, 2009). Similarly, D
is often brown, which may reflect the fact that D is often taught to English speakers as
the first letter of "dog", an animal that is stereotypically brown (Rich, Bradshaw, & Mat-
tingley, 2005).

Some of these associations may not be learned until quite late in life. For instance one
synaesthete reports that after learning the meaning of the word phthalocyanine (a type
of blue-green dye), the colour of the letters within it changed from largely purple and
pink to blue and green (Curtis, 1998). (This colour change was only within the context
of the word itself - one complicating factor that this thesis ignores entirely is that words
often have their own colours that are somewhat independent of the colours of the let-

ters making them up.)
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1.3.3 Common associative influences

Another influence on the development of synaesthesia is standard associative learning:
some inducer-concurrent associations are formed as a result of the synaesthete being
exposed to these associations in the environment. The letter and number colours of
some grapheme-colour synaesthetes are derived from those found on toys they played
with as young children (Hancock, 2006; Witthoft & Winawer, 2006; Witthoft & Winawer,
2013), others report that they are identical to those used on the wall of their kinder-
garten (Colizoli, Murre, Rouw, Karniel, & Witthoft, 2012), and other childhood associa-
tions have been noted for many years (Calkins, 1893). It should be noted that such easi-
ly-determinable associations are relatively rare in the literature, and often attempts to
find them result in failure. For example, an in-depth look at the colours of letters in chil-
dren’s books published in Australia between 1862-1989 failed to find evidence of a
strong connection to the letter colours of a large sample (N=150) of synaesthetes who
grew up there, although there was some evidence that number colours had been influ-
enced by the colours used in a popular method of math teaching during the 1950’s and

1960’s (Rich, Bradshaw, & Mattingley, 2005).

1.3.4 Universal influences?

There are also common letter-colour associations that may be universal among both
synaesthetes and non-synaesthetes. For example, I and O are most often white for
synaesthetes, and X is often black (Simner et al,, 2005), and these shape-colour corre-
spondences are found among non-synaesthetes as early as age 2, long before they have

started reading (Spector & Maurer, 2008; Spector & Maurer, 2011).

1.3.5 Second-order influences

The semantic, associative, and possibly innate influences on synaesthetic inducers de-
scribed above are all examples of first-order mappings, in which a single element of one
domain is related to a single element of another. For example, the individual letter G is

related to a particular shade of green. These are to be distinguished from second-order
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mappings, “relations between relations”, which, as Chapter 3 explains, are also found in
synaesthesia. Here it is not a single element being mapped from one domain to a single
element within another domain, but rather a pattern or relationship within one domain
being mapped to a relationship within another domain. For example, synaesthetes have
a general tendency to associate similarly-shaped letters, such as E and F, with similar
colours (Brang, Rouw, Ramachandran, & Coulson, 2011; Eagleman, 2010; Jiirgens &
Nikolic, 2012, see also Chapters 3-5). Here, a relationship of similarity within the do-
main of shape is mapped on to a relationship of similarity within the domain of colour.
These mappings can exist independently of first-order relations - thus E might have
entirely different colours for different synaesthetes, but if its colour for one individual is
similar to F's colour for the same individual, and so on for other synaesthetes, then

there is a second-order relationship between shape and synaesthetic colour similarity.

There are also second-order pitch-luminance and pitch hue mappings in music-colour
synaesthesia, such that higher pitches tend to be associated with brighter colours
(Marks, 1975) and quartertones tend to be associated with colours that are closer to the
midpoint of the two adjacent semitones (Head, 2006). Letters and numbers that are
more frequently seen in print tend to be associated with brighter colours (Beeli, Esslen,
& Jancke, 2007; Cohen Kadosh, Henik, & Walsh, 2007; Simner & Ward, 2008; Smilek,
Carriere, Dixon, & Merikle, 2007), more saturated colours (Beeli, Esslen, & Jancke,
2007), and colours whose names are more commonly used (Rich, Bradshaw, & Matting-
ley, 2005; Simner et al., 2005). Letters that appear earlier in the alphabet tend to have
more distinct colours from each other than do letters that appear later in the alphabet
(Eagleman, 2010, see also Chapter 3). Finally, a number of new second-order findings

are detailed in Chapters 3-5.

Synaesthetic concurrents, then, contain numerous traces of the factors that influenced
their development. To put it another way, synaesthetic concurrents encode a wide varie-
ty of information about their inducers, both first-order information about specific in-
ducers and second-order information about the relationships between these inducers.

Some of this information is learned right at the start of literacy development (e.g. the
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shape relationships between letters), some of it quite a bit later (the most extreme
example presented here being the colour change due to learning the meaning of ph-

thalocyanine, but Chapter 5 will provide further examples).

1.4 Is synaesthesia good for anything?

In popular culture, synaesthesia is often portrayed as a superpower, sometimes quite
literally, (Anonymous, n.d.). It seems intuitive to many people that the kinds of experi-
ences synaesthetes describe ought to be useful in some way. Speaking somewhat more
formally, synaesthetes' experiences of their inducers are different from non-synaes-
thetes, in that they have additional associations with these inducers that the rest of us
do not. Do these additional experiences provide any benefit to the synaesthete? Re-
searchers have suggested that this is the case for well over a century (Calkins, 1893),
but very little controlled research was conducted into the utility of synaesthesia until

the turn of the millennium.

1.4.1 Synaesthesia and memory

Anecdotal reports of synaesthesia's utility for memory are common. Synaesthetes often
report using their concurrents in everyday life to assist with remembering names, tele-
phone numbers or the spellings of words (Chapter 2 in Cytowic, 2002, provides several
examples), and they tend to self-report better than average memories (Yaro & Ward,
2007). Several savants also report that their synaesthesia is an integral part of their as-
tounding recall, allowing them to memorize pi to over 20,000 decimal places, perfectly
recall a list of random words on a surprise test 20 years after the initial encoding, or
memorize several 50-digit matrices in a matter of minutes, retaining them for months
(respectively, Bor, Billington, & Baron-Cohen, 2007; Luria, 1968; Smilek, Dixon, Cudahy,
& Merikle, 2002b). Research has confirmed that synaesthesia is associated with mildly
enhanced memory for certain stimuli, such as lists of words, but not generally with truly
exceptional abilities (Rothen, Meier, & Ward, 2012 provide a detailed overview of the
work on synaesthesia and memory), and there is some evidence that this enhancement

is due to the synaesthetic concurrents themselves - e.g. synaesthetes' memory for let-

19



ters can be impaired if these letters are physically coloured incongruently with their
synaesthetic colour (Radvansky, Gibson, & McNerney, 2011). Thus while synaesthesia
may be an integral part of certain exceptional memory abilities, such abilities are not an

integral part of synaesthesia.

At present it is unclear how much of the mild memory benefit associated with synaes-
thesia is due to the synaesthetic experiences themselves. Studies initially found that
grapheme-colour synaesthetes have enhanced memory for colours (Yaro & Ward, 2007)
and that number-form synaesthetes have enhanced visuospatial memories (Simner,
Mayo, & Spiller, 2009), but that these memory advantages were domain-specific such
that, e.g., number-form synaesthetes did not have any enhancement for colour memory.
The suggestion was that this would give synaesthetes a memory advantage for those
stimuli that induce synaesthesia, but not for other stimuli. However the overall evidence
for this is murky at best, as memory advantages can be found on stimuli that do not in-
duce synaesthesia, and some stimuli that do induce synaesthesia do not have a corre-

sponding memory benefit (Rothen, Meier, & Ward, 2012).

1.4.2 Synaesthesia and creativity

A large number of artists are self-reported synaesthetes. There are, for instance, de-
tailed accounts of the synaesthesia of the painters Vassily Kandinsky (Ione, 2004) and
David Hockney (Cytowic, 2002); the composers Alexander Scriabin (Peacock, 1985) and
Oliver Messiaen (Bernard, 1986); the novelist Vladimir Nabokov (Nabokov, 1989); and
the pop/rap musicians Pharrell Williams (Seaberg, 2012) and Kanye West (Anonymous,
2011). Many less famous synaesthetes also offer anecdotal reports of unusually strong

artistic interest or ability.

This connection between synaesthesia and creativity has some empirical corroboration.
The rate of synaesthesia among fine arts students is 3-4 times as high as that in the gen-
eral population (Rothen & Meier, 2010b), and synaesthetes are much more likely to be
employed in artistic professions than non-synaesthetes (Rich, Bradshaw, & Mattingley,

2005; Ward, Thompson-Lake, Ely, & Kaminski, 2008). Furthermore, synaesthetes tend
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to score unusually high on the Remote Associates Test, a common measure of creativity
(Ward, Thompson-Lake, Ely, & Kaminski, 2008), and members of the general population
who score highly on this test also tend to have unusually high consistencies on tests of
associations between colour and tones, vowel sounds, and emotional words, although
no formal test of synaesthesia was used in this study (Dailey, Martindale, & Borkum,

1997).

As with the memory studies, however, care should be taken not to over-interpret these
results: synaesthetes do not out-perform controls on all measures of creativity, and
their performance is higher than average, but not extraordinarily so. Once again, it is as
yet unclear whether synaesthetic experiences themselves are actually exploited in
enhanced creativity, or whether synaesthetes are simply more involved in the arts be-
cause their experiences of, e.g., unusual colours lead them to be interested in colour for

its own sake (Ward, Thompson-Lake, Ely, & Kaminski, 2008).

1.4.3 Looking for synaesthetic styles of performance

There is some evidence, then, that synaesthesia contributes to enhanced memory, artis-
tic abilities, and other skills, albeit usually to a moderate extent. However synaesthesia
serving a useful function does not necessarily entail that synaesthetic performance on
everyday tasks is superior to that of non-synaesthetes. Rather, it might be that synaes-
thesia enables different methods of learning, creative production, and so forth, but that
non-synaesthetic methods may be just as effective. For instance, many synaesthetes re-
port that their synaesthesia contributes to their memory, but others do not, and there is
no difference on standard memory tasks between these two groups (Rothen & Meier,

2010a).

The question, then, is not whether synaesthetes are better than non-synaesthetes at a
given task, but rather whether synaesthetes perform this task in a unique manner that
exploits their synaesthesia. In this case synaesthesia would still be useful, but not neces-

sarily superior.
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Anecdotal reports of a "synaesthetic approach” to memory, learning, or creative endeav-
ours are extremely common. For example,

Specific numbers interact with other numbers in different ways
and their personalities meshed in specific ways as well. When it
didn’t mesh or color correctly, | knew that [ had a) done something
wrong or b) had seen a new kind of math. For example, a word like
‘pottery’ has some of its personality from the double ‘t’ and vy’ If I
left off a ‘t’ or ‘y’, or spelled it with an ‘ie’, the personality was off.
[...] With music, I could easily tell if a note was off on my viola or if
a classmate played the wrong note. It was just the personalities of
the notes. (J. Alsaied, personal communication, March 18, 2013)

Another compelling anecdote comes from a synaesthete who reports that when she
tried to learn the piano, she discovered that she had three different and inconsistent
sets of colours for letters (i.e. the names of the notes), for each of her fingers, and for
musical pitches, which made it entirely impossible for her to succeed (Pautzke, 2010).
More generally, many of the artists noted previously report using their synaesthesia in
their artwork (Anonymous, 2011; Bernard, 1986; Cytowic, 2002; Ione, 2004; Pautzke,
2010), and as previously described many individuals report using their synaesthesia to

help with memory and learning (cf. Cytowic, 2002).

There is little experimental evidence for different synaesthetic approaches to tasks, but
this is unsurprising, as very little research into this area has been undertaken. Some
early work provided in-depth descriptions of a synaesthete's unique approach to a vari-
ety of memory and learning tasks, but this was using the method of introspection and
was never verified in any other way (Wheeler & Cutsforth, 1921, 1922, 1925). More re-
cently, a synaesthetic savant was shown to actually perform worse than controls at re-
membering a matrix of numbers when they were coloured incongruently with her
synaesthetic experiences (Smilek, Dixon, Cudahy, & Merikle, 2002b). One should note
that this congruency effect is not universal: it was observed in a group of child synaes-
thetes (Green & Goswami, 2008) but was not observed with larger groups of synaes-
thetes whose memory for digits is only slightly above average (Yaro & Ward, 2007) or

no higher than non-synaesthetes (Rothen & Meier, 2009). One interesting interpretation
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of these results is that synaesthesia can be exploited for unusual performance, but need
not be. This suggests that if synaesthesia is useful, as the developmental learning hy-

pothesis supposes, it may be useful in different ways for different synaesthetes.

1.5 An outline of this thesis

Each of the research chapters of this thesis is devoted to providing further evidence for
one of the three points introduced earlier:

1. Synaesthesia typically develops as part of a difficult learning
process in which the synaesthete learns a category structure
whose members become the triggers of synaesthetic
experiences.

2. Synaesthetic experiences are shaped by this learning process,
such that they encode a wide range of information about the
learned domain.

3. Synaesthesia is exploited on a variety of memory, learning, and
creative tasks, leading to “synaesthetic styles” of performance on
these tasks.

[ take it that point 1, while not always acknowledged, is uncontroversial: virtually all
synaesthetic inducers are only acquired through a lengthy process of learning, usually in
a classroom. However Chapter 2, which presents the largest survey on synaesthetic ten-
dencies yet performed, and the first covering more than one linguistic environment,
demonstrates that learning's role in the development of synaesthesia is far stronger
than previously known. I show that second language learners who are bilingual from in-
fancy are three time less likely to develop synaesthesia (of any kind) than those who
learn a second language in grade school. Thus the age at which inducers are learned and
the manner in which learning takes place can determine whether or not one develops
synaesthesia, or at least whether one maintains it into adulthood. Furthermore, since
this determination occurs in grade school, this pushes the development of synaesthesia
quite a bit later than is generally assumed. This chapter also establishes that the previ-
ously-reported gender bias in synaesthesia is almost certainly entirely due to differ-

ences in reporting rates and compliance with experimental protocols, rather than to ac-
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tual differences in synaesthetic experiences, which further weakens one of the original

motivations for assuming a strong genetic cause for synaesthesia.

There is fairly extensive evidence for point 2, and we have already reviewed the ways in
which synaesthetic concurrents are modified by various learned characteristics of the
inducing domain. This evidence, however, has generally been presented in a piecemeal
fashion, with most research focussing on one or two ways in which inducer characteris-
tics map on to concurrent characteristics, almost always from a first-order perspective.
In Chapters 3-5 [ simultaneously examine multiple second-order influences on
grapheme-colour synaesthetes' colours, showing how different aspects of these colours
are responsive to different relationships between letters, and how these influences are
independent of each other. Chapters 3 (previously published as Watson, Akins, & Enns,
2012) and 4 outline these effects among two different groups of English synaesthetes,
while Chapter 5 shifts the focus to Czech grapheme-colour synaesthesia, showing that
Czech synaesthetic colours are highly responsive to a extremely detailed set of charac-
teristics of their graphemes. The Czech data also shows that quite sophisticated knowl-
edge about these graphemes affects their synaesthetic colours, showing that the influ-
ence of learning about letters on the development of synaesthesia must continue well

into the primary school years.

As we have seen, there is a great deal of anecdotal evidence for point 3, but less direct
support for it in the laboratory. Chapter 6 outlines a categorization learning study (pre-
viously published as Watson, Blair, Kozik, Akins, & Enns, 2012) showing not only that
synaesthetes perform differently from non-synaesthetes looking at the same stimuli
(and far better than these non-synaesthetes), but also that these differences in perfor-
mance arise because the synaesthetes exploit their synaesthetic colours to succeed, and
not because of general group differences such as motivation or memory advantages.
This is also the first time that synaesthesia has been shown to be useful for a difficult

learning task that involves consciously coordinating multiple pieces of information.
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Finally, the Conclusion will attempt to tie all these strands back together, and assess the
plausibility of the developmental learning hypothesis of synaesthesia in light of the new

evidence I have presented.
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2 Childhood learning and rates of
synaesthesia—The prevalence of
synaesthesia in Czech and English’

2.1 Introduction

If synaesthesia develops in response to childhood learning challenges, then some differ-
ences in these challenges ought to correspond with differences in the development of
synaesthesia. One way this might manifest itself would be if synaesthesia were more (or
less) likely to develop in children who face a particular type of learning challenge. In this
case, one would expect to find differences in rates of synaesthesia in adults that corre-
spond to differences in these challenges. The present study looks for evidence of exactly
this, by measuring rates of synaesthesia among adults and seeing if these rates are asso-
ciated with differences in the particular learning challenges these adults had faced as
children. Of course since synaesthesia is a relatively rare condition, testing this requires
a fairly large study. Thus it was that over the course of four years we found ourselves

conducting by far the largest study of synaesthetic tendencies yet performed (N =

1. The data presented in this chapter and Chapters 4 and 5 was collected over several years
at Simon Fraser University and Charles University in the Czech Republic. I participated in
the research design from the start, in roughly equal collaboration with Kathleen Akins and
Lyle Crawford. Data collection was coordinated by Jan Chromy at Charles University and by
myself, Kathleen Akins, Lyle Crawford and a number of research assistants at SFU. I wrote
the chapters myself and performed all analyses solo, with helpful suggestions and input from
collaborators.

26



11,664) at Charles University in Prague, Czech Republic, and Simon Fraser University in

Burnaby, British Columbia.

2.1.1 The development of literacy and the development of synaesthesia

The particular learning challenge, or more accurately group of challenges, of interest in
this study is that associated with becoming literate. We know that grapheme-colour
synaesthesia begins developing prior to age 6, and continues to develop after age 8
(Simner, Harrold, Creed, Monro, & Foulkes, 2009), meaning that much, if not all, of its
development overlaps with the development of literacy. We also know that synaesthetic
colours are influenced by a wide range of learned properties of letters (Beeli, Esslen, &
Jancke, 2007; Brang, Rouw, Ramachandran, & Coulson, 2011; Eagleman, 2010; Jiirgens &
Nikolic, 2012; Simner et al.,, 2005; Simner & Ward, 2008; Smilek, Carriere, Dixon, &
Merikle, 2007; see also Chapters 3-5), meaning that the development of grapheme-
colour synaesthesia is influenced by the development of literacy. What is unclear is how
far this influence goes. Is it merely that specific grapheme-colour associations are
changed in the course of becoming literate, as is already known, or is there a deeper in-
fluence, such that factors that change the process of becoming literate can change the
likelihood of developing grapheme-colour synaesthesia in the first place? This study ex-

plores the second possibility.

Differences in learning might affect rates of synaesthesia in a number of ways. We offer
two competing hypotheses for how this might occur, the complexity and simplicity hy-
potheses. The complexity hypothesis states that synaesthetic associations are more like-
ly to develop when children are faced with more complex or difficult tasks, because they
would be most useful when task demands are high. The simplicity task, as the name im-
plies, states that synaesthesia is more likely to develop when faced with a simpler task,
simpler either because it is intrinsically easier or because the child understands some
aspect of the task that makes it simpler for them. Using synaesthesia as a strategy might
simply require cognitive resources that are not available when the learning task is too

challenging, or might only be feasible when the child has enough conceptual under-
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standing of the inducer domain. For instance, one might need to have a high degree of
metalinguistic awareness, understanding what letters are and how an alphabet works,

in order to develop grapheme-colour synaesthesia.

There are three specific factors that we reasoned might reliably indicate differences in
the difficulty of becoming literate in ways that might also affect the development of
synaesthesia. These include the orthographic transparency of the language that one is
learning to write (how orderly and simple the relationship between phonemes and
written graphemes is), the acquisition of second languages by the children who are
learning to write, and any unusual strengths or weaknesses that a child has with read-
ing or writing such as learning to read very early or, conversely, dyslexia. For all three
factors, we hypothesized they would affect the rates of grapheme-colour but not other
types of synaesthesia, since the letters that induce grapheme-colour synaesthesia are,

obviously, a critical component of literacy.

Our interest in orthographic transparency led to the study being run in the Czech Re-
public and Canada. Czech and English are interesting comparison cases because their al-
phabets are highly similar, but the relationship between these alphabets and the
phonology of the spoken language differs greatly. Czech is highly orthographically trans-
parent—there is almost a one-to-one mapping between letter identities and their corre-
sponding phonemes (see Chapter 5 for a more complete description of Czech orthogra-
phy). English, on the other hand, is about as orthographically opaque as is possible—
each letter can produce several different phonemes, and each phoneme can be produced
by many different combinations of letters. Learning phoneme-letter correspondences, a
crucial part of learning to read, is a more difficult task in orthographically opaque lan-
guages such as English than in orthographically transparent languages (Ellis et al., 2004;
Seymour, Aro, & Erskine, 2003). According to the complexity hypothesis, then, there
ought to be more English-speakers than Czech-speakers resorting to unusual strategies

such as using synaesthetic associations in order to learn the difficult English orthogra-
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phy, and thus to higher rates of grapheme-colour synaesthesia among English speakers,

while the simplicity hypothesis predicts the reverse.

It is well-established that second language acquisition has associated benefits that affect
the development of literacy. In particular, bilingual children have advantages in execu-
tive function and metalinguistic knowledge. Either of these, according to the simplicity
hypothesis, could lead to higher rates of synaesthesia among bilinguals (and according
to the complexity hypothesis could lead to higher rates of synaesthesia among the
monolinguals who do not have these benefits). Thus the survey asked participants to in-
dicate what languages they spoke and when they began learning them, enabling us to
verify if the acquisition of second languages affects the prevalence of grapheme-colour

synaesthesia.

Finally, reading ability might affect rates of grapheme-colour synaesthesia in at least
two different ways. First, according to the complexity hypothesis, someone who found
reading particularly difficult might be more likely to develop synaesthesia. Conversely,
someone with unusually strong reading abilities might be more likely to develop
grapheme-colour synaesthesia according to the simplicity hypothesis. Cytowic and Ea-
gleman (2009) also suggest that early reading might be associated with synaesthesia.
We asked all participants if they learned to read unusually early (before kindergarten)

and also asked several questions about reading difficulties in childhood or at present.

This is, clearly, a highly exploratory study, and before starting it was apparent that we
might very well not find any influence of orthographic transparency, second language
acquisition, or reading ability on rates of synaesthesia. However testing for these three
effects required a large-scale survey of synaesthetic tendencies, indeed the largest yet
performed, and so would produce the highest-quality data on the epidemiology of
synaesthesia. In particular, we expected to provide clear answers to two long-standing
epidemiological questions: how common is synaesthesia, and are there more female

than male synaesthetes?
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2.1.2 How common is synaesthesia?

Numerous surveys of synaesthetic tendencies have been made over the past 130 years
(Baron-Cohen, Burt, Smith-Laittan, Harrison, & Bolton, 1996; Calkins, 1893; Cytowic,
1993; Cytowic, 1997; Domino, 1989; Galton, 1883; Niccolai, 2012; Ramachandran &
Hubbard, 2001a; Rich, Bradshaw, & Mattingley, 2005; Rose, 1909; Rothen & Meier,
2010b; Simner et al., 2006; Simner, Harrold, Creed, Monro, & Foulkes, 2009; Ulich, 1957;
Ward & Simner, 2005), but there is little agreement among them. Estimates of the preva-
lence of grapheme-colour synaesthesia, for example, range from 0.05% (Baron-Cohen,

Burt, Smith-Laittan, Harrison, & Bolton, 1996) to 13% (Calkins, 1893).

Simner and colleagues (2006) argue that these differences are due to two key method-
ological flaws, one or both of which are found in almost all these studies. Some studies
are far too liberal, in that they simply ask a large group of people whether they make
synaesthetic associations and take them at their word, meaning they use the self-report
criterion for synaesthesia and nothing else. Most recent studies avoid this problem by
using a more stringent consistency criterion, however most of them do not randomly
sample the population, instead relying on self-referral by synaesthetes, canvassing sub-
jects by means such as newspaper advertisements. This makes it likely that their rates
are far too conservative, as it is very unlikely that anything other than a small minority

of newspaper readers would respond to such a advertisement.

To date there have only been two studies that avoid both of these problems. Simner et
al. (2006) directly asked a random sample of individuals about their synaesthetic ten-
dencies, thereby avoiding the self-referral problem, and immediately followed this up
with rigorous tests of consistency, finding an overall prevalence of approximately 4.4%
for all varieties of synaesthesia. Rothen & Meier (2010b) provided a grapheme-colour
consistency test to everyone in their sample, finding a prevalence of 2% in the general
population and 7% among fine-arts students. However even with samples as large as
500, these studies are somewhat underpowered to establish precise rates: for example

the University study of Simner et al. (2006) finds that grapheme-colour synaesthesia
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has an estimated prevalence of 1.8%, but the 95% confidence interval for this estimate
ranges from 0.6-3.0%. This is still vastly better than the 0.05-13.0% range established
from former conservative and liberal estimates (cf., respectively, Baron-Cohen, Burt,
Smith-Laittan, Harrison, & Bolton, 1996; Calkins, 1893). However, given that the upper
bound of Simner et al’s confidence interval is 5 times its lower bound, it is clear that
anyone interested in comparing rates across groups, as we are in the present study,
would be unable to find anything other than exceptionally large effects (such as those

found by Rothen & Meier;, 2010b).

Our survey was handed out to a random sample of students at Charles University, and
the online Synesthesia Battery (Eagleman, Kagan, Nelson, Sagaram, & Sarma, 2007) pro-
vided a rigorous consistency test. Thus, like Simner et al. (2006) and Rothen & Meier
(2010b), the present study avoids both the liberal and conservative flaws of previous
epidemiological studies, and its much larger sample size allows for a higher degree of

precision in the results.

2.1.3 Are there more female than male synaesthetes?

Several studies have reported a strong female bias among synaesthetes, with reported
relative rates of synaesthesia associated with being female as high as 6 (Baron-Cohen,
Burt, Smith-Laittan, Harrison, & Bolton, 1996). Ward and Simner (2005) cast doubt on
this by conducting a much larger familial study (85 families compared to 6 in Baron-Co-
hen, Burt, Smith-Laittan, Harrison, & Bolton, 1996), in which they found a far smaller fe-
male:male bias than in previous studies. Their initial group of 85 synaesthetes was
entirely composed of self-referred synaesthetes, and was strongly female-biased (4:1).
These participants identified a second group of 58 family members who they knew to
be synaesthetic as a result of directly speaking to them about the topic, and the ratio of
female:male synaesthetes was recalculated using both groups to be 2:1. This halving of
the degree of female bias suggests that the initial bias of 4:1 was largely due to women
being more likely to self-refer themselves, which means that even the lower ratio of 2:1

is likely too high, for two reasons. First, as Ward and Simner (2005) point out, a female
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referral bias would mean that male synaesthetes who were the sole synaesthetic mem-
bers of their families were far less likely to come to the attention of the study, as they
could only be members of the first group, since they could not be identified as synaes-
thetic by other family members, yet their lower rates of self-referral would make them
less likely to be part of this first group. They do not discuss a second potential reason
why their 2:1 ratio may be too high, namely that a female self-reporting bias might also
affect the likelihood of family members reporting synaesthesia to each other, not simply
to researchers, which could skew the composition of their second group of family

members.

A more recent large-scale familial study employing a similar methodology (Barnett et
al,, 2008a) still found a 6:1 female:male ratio of confirmed synaesthetes, but this ratio is
highly doubtful. First, as just discussed, male synaesthetes who are the sole synaesthetic
members of their families would probably be less likely to come to the attention of the
study. Second, the proportion of family members who were able to be contacted by the
researchers differed between genders, with 43% of female relatives uncontacted, com-

pared to 69% of male relatives.

Ward and Simner (2005) conclude that accurately determining the ratio of female:male
synaesthetes can only be done using a large-scale study that does not rely on self-refer-
ral. They proceeded to carry out such a study (Simner et al., 2006), which found a ratio
of female:male synaesthetes of 1.1:1, which was not significant. Thus they concluded
that previous reports of female biases were largely, if not entirely, due to a female self-
referral bias rather than to real differences in the prevalence of synaesthesia, but did
not entirely rule out the possibility of a small female bias. Simner et al’s (2009) later
study of the development of synaesthesia in childhood found a female:male ratio of
1.6:1, which was also non-significant due to a small sample size, but suggestive

nevertheless.

Our study may be able to shed more light on this question. As sample sizes are much

larger than any previous study, we have the potential to find small but significant effects.
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Furthermore, the study mixes random sampling and self-referral in a way that may al-
low for a female bias to be observed in action. In the first phase of the study, a paper
survey is handed out to a random sample of students in undergraduate university class-
es, but in the second phase of the study, participants are invited to register for an online
consistency test (Eagleman, Kagan, Nelson, Sagaram, & Sarma, 2007) and complete it to
be confirmed as synaesthetes. Hence differences in willingness to comply with the ex-
perimental protocol should have relatively little impact on the first phase of the study,
but could potentially affect the second phase. Thus we can not only determine sex bias-
es in rates of self-reported and confirmed synaesthesia, but we can also verify if there is
a difference in compliance between men and women during the second phase, which
will provide further evidence for the source of any gender differences in rates of

synaesthesia.

2.1.4 Outline of the study

The study consisted of two phases. First, a paper survey (see Appendix 1) was given to
university students at Charles University (hereafter CU) in the Czech Republic and Si-
mon Fraser University (hereafter SFU) in Canada. This survey included descriptions of a
number of synaesthetic experiences and asked respondents to indicate if they had these
or similar experiences, as well as a number of questions about factors that we thought
might relate to synaesthesia (e.g. second-language acquisition, reading ability, and gen-
der). Respondents who answered positively were then invited to participate in the sec-
ond phase of the study by taking the online consistency tests at the Synesthesia Battery

(www.synesthete.org, Eagleman, Kagan, Nelson, Sagaram, & Sarma, 2007).

Analyses consisted of calculating the reported and confirmed rates of the various types
of synaesthesia, and determining what other factors were associated with each of these
types. In particular, we verified whether there were prevalence differences due to native
language (which, given our two populations, corresponds to orthographic transparen-
cy), second language acquisition, reading ability, and gender. We also determined the

degree to which the various types of synaesthesia tend to cluster together in individu-
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als, by calculating whether having a given type of synaesthesia makes one more or less

likely to have another type.

2.2 Methods

2.2.1 Phase I - Paper survey

The paper survey (see Appendix 1) included questions about gender, handedness, lan-
guages spoken and the age of acquisition of these languages; six questions asking if par-
ticipants had specific synaesthetic experiences (e.g. “When you see, hear, or think about
certain letters or numbers, do you see or feel any colours? Example: There is something
yellow about the letter G."); one open-ended question inviting participants to record any
synaesthetic experiences not covered by the other questions; one question about using
letters or numbers as characters in childhood stories; and four questions on reading
abilities. We also asked participants for their email address in order to invite them to

participate in phase 2. The survey was in English at SFU and in Czech at CU.

Surveys were handed out to students in undergraduate university classes at the start of
the period. A brief presentation was given describing synaesthesia and explaining that
participation was strictly voluntary and was not tied to their course performance. Ap-
proximately 10 minutes after the surveys had been handed out, they were collected. It
was not possible to keep a precise count of the number of students who chose to com-
plete the survey, but we estimate that well over 95% completed and returned the survey

in both universities.

5001 students from CU and 6663 students from SFU returned a completed survey. Of
these, 3431 CU (69%) and 6084 SFU (91%) students provided an email address, which
was necessary for the second phase of the study. A wide variety of courses were sam-
pled in both universities, primarily from Arts and Social Sciences faculties. 69% of CU

and 61% of SFU respondents were female.
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2.2.2 Phase Il - Synesthesia Battery

2394 CU and 2054 SFU respondents (48% and 31%, respectively, of the total survey re-
spondents) reported that they experienced colored letters, numbers, weekdays, months,
or sounds. Of these, 1862 CU and 1881 SFU respondents also provided an email address
(78% and 92%, respectively, of those who reported synaesthesia). Each of these individ-
uals was emailed and invited to participate in the verification stage of the study using
the online Synesthesia Battery (Eagleman, Kagan, Nelson, Sagaram, & Sarma, 2007),
which includes consistency tests for a wide range of synaesthesias. Those who reported
other forms of potential synaesthesia were not contacted, as we did not have easily-
available online tests of consistency. In exchange for registering, each Battery partici-
pant was entered into a lottery for 10,000 Czech Crowns or 500 Canadian dollars (both
approximately 500 USD) with a greater than 1% chance of winning. 355 CU and 302

SFU participants registered for the Battery (thus we ran 4 lotteries in each country).

After registering on the Synesthesia Battery website, participants were presented with a
checklist of synaesthesia types, and instructed to select any types that they may have. If
they selected a form of synaesthesia for which the Battery includes a consistency test,
then they were given this test. These tests are described in detail in Eagleman et al.
(2007) but in brief, they require participants to choose a color for each inducer in ran-
dom order, then repeat this process twice more. The similarity between the three
colours assigned to each inducer is calculated as a distance in RGB space, and the aver-
age across all inducers is calculated. This mean distance is the participant’s consistency
score for a test, and each participant will generate one consistency score for each of the
tests they complete. Eagleman et al. (2007) suggest that genuine synaesthetes tend to

have a consistency score below 1, which is the threshold we adopted.
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2.3 Results

2.3.1 Linguistic characteristics of the samples

There were large differences between the linguistic capabilities reported by students at
CU and SFU (see Figure 2.1). Broadly speaking, the CU population was almost entirely
composed of native Czech or Slovak speakers who learned multiple other European lan-
guages in grade school. (Czech and Slovak are closely related, largely mutually intelligi-
ble languages that use identical alphabets.) The SFU population was far more heteroge-
neous, containing roughly equal proportions of respondents who were bilingual from
birth, who learned a second language from kindergarten on, and who were monolingual.
There are increases in the acquisition of a second language in the SFU population at
ages 5, 10, and 14+, which likely correspond, respectively, to large numbers of children
entering second-language immersion programs in kindergarten, to the beginning of the
British Columbia elementary second-language programs in grade 5 (BC Ministry of Edu-
cation, 2001), and to second-language learning in high school and beyond. Unlike the CU
sample, SFU multilinguals spoke languages from every corner of the globe. We adopted
a conservative definition of “native” languages: any language reported as having been

acquired after their second birthday was considered non-native.

4727 CU respondents (95%) reported speaking Czech or Slovak as a native language,
compared to only 4156 SFU participants (62%) speaking English as a native language.
There were also far fewer distinct languages reported by CU (59) than SFU (158) stu-
dents, with only 10 of the CU languages being non-European, compared to 123 at SFU.
CU students tended to be more multilingual, with only 5 students (0%) reporting them-
selves to be monolingual, compared to 1507 SFU students (23%), and a mean number of
languages spoken of 3.5 compared to 2.3. However there were far fewer native multilin-
guals in the CU sample, with only 102 students (2%) who reported speaking at least 2
languages before age 2, compared to 1427 (21%) at SFU.
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Figure 2.1 Differences in second language acquisition between Czech and English speakers.

Unless otherwise stated, all proportions reported during the remainder of these results
are taken from the 4727 native speakers of Czech or Slovak (CU) and the 4156 native
speakers of English (SFU).

2.3.2 Higher rate of endorsing synaesthesia among Czechs

Figure 2.2 presents the proportions of native-speaking survey respondents who report-
ed synaesthetic experiences on the paper survey. In general, reported rates were high,
with each form of synaesthesia described on the survey being endorsed by 5-40% of re-
spondents at both universities, and 5% reporting other types of experience that they

felt might qualify as synaesthetic. The vast majority of responses to the “other types”
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question appeared to be consistent with those reported in other surveys of the range of
synaesthetic experiences (e.g. Day, 2005). Most were associations between particular
categories (e.g. school subjects, seasons, tastes, bodily actions, car models, letters, mu-
sic) and sensory experiences (colors, sounds, tastes, smells, shapes, sizes, textures, and
temperatures). There were also many reports of personifications of inanimate objects,
as well as of arrangements of various categories in personal space. These reports, how-
ever, were not verified any further, and neither were the reports of word-taste, number-

form, and grapheme-personality synaesthesia.

All varieties of synaesthesia save the “other” category were endorsed by a greater pro-
portion of CU than SFU respondents, a difference that was significant in all cases save
grapheme-personality synaesthesia (as the error bars in Figure 2.2 are 95% C.I's, any
cases where they do not cross are significantly different). It may be worth noting that
differences in the proportions of letter-color and number-color synaesthesia were sole-
ly due to differences in the proportion of participants who reported both types of
synaesthesia. That is, there were no significant differences between the proportion of
respondents endorsing letter-color but not number-color synaesthesia (CU: 10.0%, SFU:
8.5%), or the converse (CU: 5.1%, SFU: 4.5%), but there was a large difference between
the proportion who reported experiencing both (CU: 6.0%, SFU: 1.5%), and this differ-

ence was the main contributor to the overall differences between the two rates.
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Figure 2.2 Reported rates of synaesthetic experiences for native Czech and English speakers. Error bars
indicate +/- 95% C.I.s.

2.3.3 Higher rates of confirmed synaesthesia among Czechs

Figure 2.3 presents the proportions of synaesthesias confirmed by the Synesthesia Bat-
tery among native speakers, which ranged from less than 0.05% to 1.8%. The same gen-
eral trend of higher rates of Czech synaesthesia was observed: absolute proportions
were higher among the CU sample than SFU for all varieties of synaesthesia tested on
the battery save chord-color synaesthesia, and significantly higher in all cases save let-
ter-colour and scale-colour synaesthesia. Interestingly, the differences in the rates of re-
ported sound-color synaesthesia (see Figure 2.2) appeared to be driven largely by dif-
ferences in instrument-color synaesthesia. (Since the paper survey asked about “sound-
color” synaesthesia in general, and the Battery only includes tests for chords, instru-
ments, and scales, it is possible that there are differences in the rates of synaesthetic
colors experienced in response to speech or other sounds, but this could not be veri-

fied.) There was a high degree of crossover between the various types of synaesthesia,
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with most synaesthetes being confirmed as having multiple types (see section 2.3.7 and
Appendices 2 and 3 for a complete discussion of this). We found an overall prevalence of

3.7% synaesthetes in the CU sample and 2.3% in the SFU sample.
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Figure 2.3 Confirmed rates of synaesthesia for native Czech and English speakers. Error bars indicate +/-
95% C.Ls. “Unreported” synaesthetes are those who reported that they did not have the type of synaes-
thesia in question on the survey, but tested positively for it on the Synesthesia Battery.

An unanticipated finding was that there were a relatively large number of confirmed
synaesthetes who reported on the initial paper survey that they did not have the type of
synaesthesia in question, as shown in Figure 2.3. For instance, 19.0% (CU) and 30.0%
(SFU) of confirmed letter-color synaesthetes selected the response “No, I do not have
experiences like this”, when asked about associations between letters and colors on the
survey. Since only participants who reported synaesthetic experiences were asked to
register for the Synesthesia Battery, this means that all of these participants reported
having at least one other type of synaesthetic experience. (E.g. 7 of the 8 confirmed CU
letter-color synaesthetes who reported not experiencing colored letters did report ex-
periencing weekday or month color synaesthesia, and 3 of them reported experiencing

number-color synaesthesia.)
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2.3.4 Higher rates among Czechs are due to late second-language acquisition

What explains the greater prevalence of synaesthesia among Czechs? The second factor
we suggested might impact rates of synaesthesia is second-language acquisition. Recall
that virtually all the Czech speakers learned a second language, but not as a native
speaker, whereas English speakers were almost evenly split between monolinguals, na-
tive multi-linguals, and non-native multi-linguals (see Figure 2.1). If rates of synaesthe-
sia are higher among non-native multilinguals than among monolinguals or native mul-
tilinguals, then this could explain the higher rates among Czech speakers. Figure 2.4
shows the rates of confirmed synaesthesia among these three second-language groups.
In order to maximize power, this analysis was performed using all 11,664 survey partic-
ipants from both samples, regardless of whether they were native speakers or not. Fur-
thermore, since the greater rates among Czechs were found in almost all varieties of
synaesthesia we tested, we combined all varieties into a single measure, which indicat-
ed if a participant was confirmed as having any one of the varieties of synaesthesia
shown in Figure 2.3. Figure 2.4 demonstrates a clear prevalence difference between sec-
ond-language groups. In particular, those who learn a second language between the
ages of 2-12 are 2-4 times as likely to have synaesthesia as native bilinguals, a difference
which is significant between ages 5-10. An identical analysis using only SFU participants
yielded the same pattern of results. (This could not be meaningfully performed using
only CU participants due to the extremely low numbers of Czech monolinguals and na-

tive multi-linguals.)
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Figure 2.4 Rates of confirmed synaesthesia by age of second language acquisition, for all survey partici-
pants in both countries. Error bars indicate +/- 95% C.Ls.

This means than any comparison of all CU participants to all SFU participants, as in Fig-
ure 2.3, would confound at least two factors: native language and age of second-lan-
guage acquisition. Since there were effectively no native multilingual or monolingual
Czechs, the only way to test for an effect of native language without this confound was to
test only non-native multilinguals (i.e. to eliminate roughly 2/3 of the English speakers
from the analysis). When we did this, restricting our sample to native speakers of Czech
or English who learned a second language after their second birthday, no significant dif-

ferences between the two native language groups were found (Figure 2.5).
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Figure 2.5 Confirmed rates of synaesthesia among native Czech and English participants who acquired a
second language after age 1. Error bars indicate +/- 95% C.I.s.

2.3.5 Grapheme stories and reading abilities are associated with reported but not
confirmed synaesthesia

Figure 2.6 shows participants’ endorsement of the final five statements on the paper
survey, which included one statement concerning telling stories involving graphemes,
and four concerning reading ability. CU participants were more likely to report telling
grapheme stories (24.4%, SFU: 17.3%), while SFU participants were more likely to re-
port learning to read before kindergarten (CU: 43.5%, SFU: 48.8%) and also more likely
to report having had special assistance with reading as a child (CU:13.2%, SFU: 20.3%)
and having reading difficulties as an adult (CU: 1.9%, SFU: 6.3%). Equal proportions of
respondents endorsed having been formally diagnosed with a reading disorder as a

child (CU: 6.6%, SFU: 6.2%).

43



60% -

50% - B Czech

O English
40% -

30% -
20% -

10% -

Percentage of survey respondents

B e

0% T T T T 1

Grapheme Stories  Pre-K Reader Help With Reading Disorder Reading Problem
Reading Now

Figure 2.6 Endorsement of questions concerning childhood reading and tendencies to tell stories in-
volving graphemes, in native Czech and English speakers. Error bars indicate +/- 95% C.Ls.

Positive responses to several of these questions were strongly associated with reports
of synaesthesia, but none with confirmed synaesthesia. Participants who reported
telling stories with graphemes as characters were more likely to report all forms of
synaesthesia in both the CU and SFU samples. Reports of learning to read before kinder-
garten or having reading difficulties, on the other hand, were also associated with re-

ports of most forms of synaesthesia, but only in the SFU sample.

These qualitative descriptions were supported by a series of Fisher's exact tests. For
each variety of synaesthesia and each question about grapheme stories or reading, we
constructed a 2-by-2 contingency table, where one dimension separated those who
endorsed the variety of synaesthesia (or were confirmed as having it on the Battery)
from those who did not, and one separated those who endorsed the question from those
who did not. Due to very low cell values, the three questions concerning reading diffi-
culty were combined into a single variable: anyone who reported having at least one of

these difficulties was designated as having indicated a reading problem.

This left one question asking about grapheme stories, one about learning to read before

kindergarten, and one about reading problems in general. Endorsements of 8 varieties
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of synaesthesia included on the survey were compared to each of these 3 questions, and
so p-values were Bonferroni-corrected by multiplying them by 24. All forms of synaes-
thesia were positively associated with reporting having told stories involving
graphemes as a child (all ps <.001 in both samples), save for the open-ended question
about "other" types of synaesthesia which was not significant even prior to Bonferroni
correction in the CU sample (p > .1), but was marginally significant after correction in
the SFU sample (p = .06). Reports of early reading were associated with reports of all
forms of synaesthesia in the SFU sample (all ps <.05) save for number-forms and "oth-
er" varieties (both ps > .9), whereas in the CU sample early reading was significantly as-
sociated with sound-colour synaesthesia (p < 001), and marginally associated with re-
ports of letter-colour (p = .07), number-colour (p = .08) and word-taste (p = .08)
synaesthesia. Reports of reading problems were associated with all forms of synaesthe-
sia in the SFU sample (all ps <.05), but none in the CU sample (all ps >.2). None of these
questions were associated with confirmed synaesthesias in either sample (all ps > .1).
(It should be kept in mind that since there are far fewer confirmed than reported

synaesthetes, power is clearly an issue here.)

The survey also included two questions concerning gender (CU: 69% female, SFU: 63%)
and handedness (CU: 89.4% right-handed, SFU: 87.3%). The associations between gen-
der and synaesthesia are described in the following section. Handedness was not associ-
ated with any form of synaesthesia, reported or confirmed (all ps > .1 before

correction).

2.3.6 A female bias for synaesthesia due to differences in compliance

Women were both more likely to report synaesthesia and to be confirmed as having
synaesthesia, a trend which was true for virtually all varieties of synaesthesia in the
study, but was much stronger among CU than SFU participants. However, the bias in
confirmed rates was almost entirely due to women being more likely to comply with our
request to take part in the second part of the study, suggesting that response and com-

pliance biases were the true source of the sex differences we found.
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Table 2.1 shows the female:male bias for each of the forms of synaesthesia reported on
the paper survey, while Table 2.2 shows the bias for forms of synaesthesia confirmed by
the battery. In general, there was a far stronger female bias among CU participants, with
only two reported rates and one confirmed rate showing a significant bias among SFU
participants, although in almost every case there was a non-significant trend towards

one.

Table 2.1 Female:male relative rates of reported synaesthesia

Weekday/
Letter- Number- Month- Sound- Word- Number  Grapheme-
Colour Colour Colour Colour Taste Forms Personality Other
Czech 1.50%** 1.55%** 1.49%** 1.13. 1.24%** 1.08 1.18* 0.95
English 0.97 1.05 1.22* 1.09 1.08 1.07 1.21** 1.08

P-values are computed using Fisher’s exact method. All p values are Bonferroni corrected and > .1, ex-
cept:.p<.1,*p<.05**p<.01,***p<.001

Table 2.2 Female:male relative rates of confirmed synaesthesia

Letter- Number-  Weekday- Month- Chord- Instrument- Scale-

Colour Colour Colour Colour Colour Colour Colour
Czech 3.51* 2.32. 3,13k 2.21** 0.45 3.31** 3.13
English 3.09* 1.19 1.85 1.68 0.20 4.16 0.59

P-values are computed using Fisher’s exact method. All p values are Bonferroni corrected and > .1, ex-
cept:.p<.1,*p<.05**p<.01,***p<.001

The degree of female bias increased sharply from reported to confirmed rates for almost
every form of synaesthesia in both groups. One possible explanation is that there was a
higher rate of false reporting of synaesthesia among males, or at least a higher propor-
tion of men who reported synaesthetic experiences that are not consistent over time
and hence not confirmable by the Synesthesia Battery. Another possibility, however, is
that men were less likely to comply with Phase 2 of the experiment, meaning that they

would never have been tested in the first place.

In order to test this we examined the female:male relative rates at various stages of the
experiment. Specifically, we looked at rates of those who reported synaesthesia, of those
who registered for the Synesthesia Battery after being invited, of those who completed

at least one test on the Battery, and finally of those who were confirmed synaesthetic by
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the Battery. Since the female bias was present in both samples and across virtually all
forms of synaesthesia, all 11,664 participants were used in order to maximize power
(results were qualitatively identical when run with either sample alone), and a single
measure was used to indicate if a participant reported or was confirmed as having any
one of the seven varieties of synaesthesia tested on the Battery, as in the analysis of sec-
ond-language acquisition shown in Figure 2.4. Confidence intervals for relative rates

were calculated using an online relative risk calculator (MedCalc Software, 2013).

Figure 2.7 shows the results. There was a small female:male bias (1.28) for reporting
synaesthesia, then a larger bias (1.67) for registering for the Battery after reporting
synaesthesia. No significant bias existed for either completing a Battery test after regis-
tering for the Battery (1.09) or being confirmed as synaesthetic after completing a test
(1.01). This means that the increase in female:male bias between reported and con-
firmed synaesthesia was entirely due to attrition: men were less likely to comply with
our request to register for the Battery. Of those who did register for the Battery, equal
rates of men and women were confirmed synaesthetic. Thus we have no evidence for a

female bias in synaesthesia beyond a mild difference in initially reported rates.
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Figure 2.7 Female:male relative rates across various stages of the experiment. There is female bias for
reporting synaesthesia and registering for the Synesthesia Battery, but almost identical female:male rates
of completing the Battery and being confirmed as synaesthetic. Error bars are +/- 95% confidence
intervals
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2.3.7 All forms of synaesthesia cluster together

Virtually every form of synaesthesia, whether reported in Phase 1 of the study or con-
firmed in Phase 2, was associated with every other form of synaesthesia, in both the CU
and SFU populations. In other words, individuals with only one variety of synaesthesia,

either reported or confirmed, were extremely rare in these data.

This qualitative description is supported by a series of Fisher’s exact tests. First, each of
the eight forms of synaesthesia asked about on the survey (including “other” as a single
type) was compared to each of the 7 other forms, by constructing a 2-by-2 contingency
table, where each dimension separated those who endorsed one form of synaesthesia
from those who did not. As there were 56 total tests, p-values were Bonferroni-correct-
ed by multiplying them by 56. All p-values were still significant below the .001 level,
save for the comparison between endorsements of grapheme-personality and “other”
types of synaesthesia in the SFU sample, where p = .004. All these differences were due
to a positive association, such that the relative rate of reporting one type of synaesthesia
was 1.5-4.9 times higher among those who had reported another type than it was
among those who did not report any other type. There were no apparent differences be-
tween the CU and SFU samples in these results. (See Appendix 2 for a complete table of

relative rates.)

Results were similar for the seven varieties of synaesthesia confirmed on the Battery.
Here there were 42 total tests, and so p-values were Bonferroni-corrected by multiply-
ing them by 42. Letter-, number-, weekday-, month, and instrument-colour synaesthe-
sias were all positively associated with each other in both the CU and SFU samples (all
ps < .001), chord-colour synaesthesia was positively associated with only month-colour
synaesthesia in both samples (both ps < .05), while scale-colour synaesthesia was posi-
tively associated with letter-, number-, and instrument-colour synaesthesia in the CU
sample (all ps <.01) and with letter- and month-colour synaesthesia in the SFU sample
(both ps < .05). Effect sizes were frankly enormous, with relative rates for the significant

comparisons ranging from 23.9-185.9. Given that scale-colour and chord-colour synaes-
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thesia were confirmed in such tiny percentages of both samples (see Figure 2.3), it
seems likely that a failure to find positive associations with some other varieties of
synaesthesia was simply a power issue. Further evidence in support of this claim comes
from the fact that of 8 non-significant comparisons in the CU sample and 9 in the SFU
sample, 4 and 6 (respectively) were significant prior to the Bonferroni corrections, and
there was no overlap between the 4 remaining non-significant comparisons in the CU
sample and the 3 in the SFU sample. (See Appendix 3 for a complete table of relative

rates.)

2.4 Discussion

2.4.1 Overview of results

The prevalence of synaesthesia differs markedly between our samples of native Czech
and English speakers, with Czechs reporting and being confirmed as having higher rates
of almost all forms of synaesthesia—an overall prevalence of 3.7% synaesthetes as op-
posed to 2.3% among our native English speakers. However this difference does not
stem from differences in orthographic transparency, or any other difference between
the Czech and English languages per se. Rather; it is tied to second language acquisition:
those who learn a second language as a native speaker (before age 2) are three times
less likely to be synaesthetes as those who learn a second language later in life, and
there are far more native bilinguals found in the SFU sample. Reading ability may be
another influence on the development of synaesthesia, but this result is far stronger
among our English than Czech speakers, and is only measurable in rates of reported, not
confirmed, synaesthesia. We also find a female bias among our reported and confirmed
synaesthetes, however further analysis demonstrates that the confirmed bias is almost
entirely due to differential rates of attrition between men and women: men are less like-
ly than women to participate in the second phase of our study. Finally, all forms of
synaesthesia are highly associated, such that having one type means one is much more

likely to have any other type.

2.4.2 Rates of synaesthesia are consistent with previous studies, likely under-
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estimates of true population rates

The confirmed rates of synaesthesia established here are within the general range of
those from the two previous studies that use a large sample not dependent on self-re-
ferral and use a formal test of synaesthetic consistency (Rothen & Meier, 2010b; Simner
et al., 2006). More specifically, four types of synaesthesia that we determine rates for
(letter-, number-, weekday-, and month-colour) were also tested for in the University
study of Simner et al. (2006), and both the CU and SFU rates for these four types are all
within the 95% confidence intervals of this study’s results. Thus it is clear that Simner
et al. (2006) were correct to argue that appropriate methodologies are the key to con-
sistent results across different studies. By avoiding the liberal bias of only using the self-
report criterion as a test of synaesthesia, and the conservative bias of depending on self-
referral to obtain subjects, a clearer picture of the epidemiological profile of synaesthe-
sia can be established. (The fact that both SFU and CU rates are within these confidence
intervals, however, also establishes that previous studies lacked the power to find the

relatively large group effects we find in the present study.)

While our study’s large sample size allows for a high degree of confidence in the results,
the proportion of confirmed synaesthesia should be interpreted as lower bounds on its
true prevalence, rather than estimates of the actual rate. There are two reasons for this.
First, attrition or non-compliance at various stages of the experiment meant that were
undoubtedly some genuine synaesthetes who were never tested. A large number of sur-
vey respondents did not provide an email address (CU: 31.4%, SFU: 7.1%), meaning that
they could not be contacted to participate in the second phase of the study. Of those who
were contacted, only approximately one quarter registered for the Synesthesia Battery
(CU: 25.6%, SFU: 21.2%), and of those who registered for the Battery, many did not
complete a single consistency test (CU: 19.4%, SFU: 27.1%), even though we used a very
liberal criterion for “completing” a test: participants simply had to assign any colors at
all to at least one inducer on each of the three occasions that this inducer was presented

to them during the test.
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True synaesthetes would likely be far more interested in the study, and thus more will-
ing to comply with its various stages. Some evidence in favour of this comes from the
fact that the rate of endorsing some form of grapheme-color synaesthesia was far lower
among participants who did not provide an email address (CU: 13.1%, SFU: 9.2%) than
among those who did (CU: 24.8%, SFU: 14.5%), and the same pattern holds for all other
forms of synaesthesia on the survey. We have followed up informally with a number of
the participants who responded positively to questions about synaesthetic experiences
on the survey but did not register for or complete the Battery, all of whom indicated that
they misunderstood the initial question or that they were referring to one-off experi-
ences rather than consistent experiences across their lifetime. This is consistent with
numerous anecdotal reports from other synaesthesia researchers, as well as the finding
of Simner et al. (2006) that the majority of individuals who respond positively to ques-
tions about synaesthetic experiences are unable to successfully complete consistency
tests. Furthermore, we have already noted that our results are within the ballpark of
previous studies, in particular our rates for grapheme-colour synaesthesia are close to
those established in the Museum study of Simner et al. (2006) and in the control study
of Rothen & Meier (2010b), both of which were designed such that attrition was not an
issue (all participants completed a consistency test). Nevertheless, there are almost cer-
tainly some genuine synaesthetes who, for whatever reason, did not provide an email

address, or did not register for or complete the Battery.

The second reason why our rates should be interpreted as lower bounds stems from the
fact that we found a surprisingly large number of confirmed synaesthetes who reported
on the survey that they did not have the form of synaesthesia they were confirmed as
having. This raises important questions about the appropriate definition and opera-
tionalization of synaesthesia, as clearly the self-report criterion that is used by almost
all studies of synaesthesia is not only prone to false positives (in that most individuals
who meet the criterion do not meet the consistency criterion) but also to false negatives
(in that some people who do not meet the criterion do meet the consistency criterion).

A more pressing concern for interpreting these results, however, is that it is unclear how
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many of those who report no synaesthetic associations at all would be able to make con-

sistent associations. We see no reason to think that this group is insignificant.

Clearly the best way of solving these issues would be to run a similarly-sized study
where all participants were given consistency tests, regardless of their self-reported ex-
periences. For the time being, we will simply have to accept that the true rates of
synaesthesia are likely somewhat higher than those established in this study and in the
University study of Simner et al (2006), which also only gave consistency tests to those

who reported synaesthesia.

2.4.3 Learning and synaesthesia

One of the hypotheses driving this study was that the orthographic opaqueness of Eng-
lish would result in more English than Czech grapheme-colour synaesthetes, but not af-
fect other varieties of synaesthesia. Clearly, this hypothesis is false, both in terms of the
direction of the effects and their specificity. Czechs, not English speakers, are more likely
to be synaesthetic, and this is true across synaesthesia in general, not restricted to the
grapheme-colour variety. And in perhaps the most intriguing finding from the present
study, we find that this group difference is associated with second-language learning:
those who learn a second language later in life are more likely to develop synaesthesia,
of virtually any type. This single factor appears to entirely account for the differences

between our two language groups.

This result was, to say the least, a surprise. Bilingualism is associated with stronger ex-
ecutive functioning and a higher degree of metalinguistic awareness (Bialystok & Barac,
2012), which might either lead to greater or lesser rates of grapheme-colour synaesthe-
sia (supporting the simplicity and complexity hypotheses, respectively). Indeed, our ini-
tial reason for asking about the age of acquisition of second languages was simply to
rule out those who learned a second language as an adult. However there is no signifi-
cant difference between the rates of synaesthesia between bilinguals and monolinguals,

rather the difference is between native and non-native bilinguals.
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Unfortunately, any attempts to explain this finding will suffer from a serious lack of hard
data. Most research on bilingualism tends to be performed on non-native bilinguals, and
most research on native bilinguals compares their performance to monolinguals, not to
non-native bilinguals (cf. Werker & Byers-Heinlein, 2008). The research that does exist,
in a nutshell, shows that non-native bilinguals are faced with a harder task than native
bilinguals, and that they have a number of corresponding neurophysiological and be-
havioral differences. In general, the brain areas activated by the use of second languages
do not differ with the age of acquisition, but children who acquire their second lan-
guages later show more variable and greater activation in these areas (Bloch et al,
2009), and are less able to suppress the involuntary switching of attention (Ortiz-
Mantilla, Choudhury, Alvarez, & Benasich, 2010). Furthermore, if participants are young
enough, then studies comparing monolinguals and native bilinguals are effectively also
comparing non-native bilinguals, since some of the monolinguals will go on to learn a
second language later in life. There are several reliable differences of note here. In a
nutshell, young native bilinguals tend to have a smaller vocabulary in each of their two
languages (e.g. Bialystock & Herman, 1999; Cobo-Lewis, Pearson, Eilers, & Umbel,
2002), a greater degree of phonological awareness (Bialystock, Luk, & Kwan, 2005), and

stronger executive functions (Kovacs & Mehler, 2009).

Non-native bilinguals are, by definition, faced with a difficult learning task that monolin-
guals do not face: namely learning a new language, and more specifically learning to
read and write in this new language. Native bilinguals will generally also become liter-
ate in both their languages, but they have the distinct advantage of already being fluent
speakers of each language, and also a higher degree of phonological awareness and ex-
ecutive function that will likely assist in becoming literate. Thus learning to read and
write in both languages may be significantly easier for native than non-native bilinguals,
and since monolinguals do not have a second language to learn, this allows them to be
differentiated from both bilingual groups. This explanation, then, is consistent with the
complexity hypothesis and not with the simplicity hypothesis. However more research

is clearly needed in this case.
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2.4.4 Development or retention of synaesthesia

An important question is whether the bilingualism effects we observe are due to non-
native bilinguals being more likely to develop synaesthesia, or less likely to lose it. This
chapter has generally advanced the idea that differences in adult rates of synaesthesia
are due to differences in developing synaesthesia, but there is no a priori reason why
these effects could not arise due to differences in retaining an already-existing synaes-
thesia. The idea that the utility of synaesthesia might cause either its development or
simply its retention is an old one (Calkins, 1893), and the latter possibility is consistent
with the notion that synaesthesia is a normal part of development (Maurer, 1993). The

present data, of course, do not allow these two possibilities to be decided.

2.4.5 The generalizability of synaesthetic tendencies

We initially hypothesized that group differences would only be found for grapheme-
colour synaesthesia, but instead found a general difference between groups for almost
all varieties of synaesthesia, and a strong tendency for all types of synaesthesia that we
test for to cluster with each other. This is consistent with Novich et al’s (2011) reports
of clusters of synaesthetic types, since almost all the varieties of synaesthesia confirmed
on the Battery are what they refer to as coloured-sequence synaesthesia. Novich et al.
(2011) provide a neurological explanation of this clustering, suggesting that coloured-
sequence synaesthesias are based in unusual connectivity found within the neural net-
works responsible for coding sequence information, located in the middle temporal
gyrus and temporoparietal junction in the right hemisphere, and the inferior frontal
gyrus in the left hemisphere (Pariyadath, Plitt, Churchill, & Eagleman, 2012). We would
like to offer another, learning-based, hypothesis for this clustering: perhaps once
synaesthesia has been employed in solving a given task, it is likely to be used for other,
conceptually similar tasks. Of course this is not meant as an alternative to the neurologi-

cal account of Novich et al. (2011), and both factors might play an important role.
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2.4.6 Sex bias in synaesthesia

Our results firmly establish that women are more likely than men to report synaesthetic
experiences, and to voluntarily follow experimental procedures testing for synaesthesia
(at least in the North American and European contexts in which these studies have tak-
en place). It is technically possible that these differential rates of attrition and non-com-
pliance between men and women are due to more men realizing that their false reports
of synaesthesia will be uncovered by rigorous consistency testing, and thus feeling too
uncomfortable to proceed. However this seems overly complex, especially in the face of
the alternative explanation that women in our societies are simply more likely to follow
requests and instructions, particularly when these involve self-disclosure of things that
may be embarrassing or at least uncomfortable (cf. Dindia & Allen, 1992; Simner et al,,

2006; Ward & Simner, 2005).

Like the two previous studies that have shown a smaller sex bias in synaesthesia than
was previously thought to exist (Simner et al., 2006; Ward & Simner, 2005), our findings
show a small female bias that cannot be explained on the basis of attrition (an overall
relative ratio associated with being female of 1.28 for reporting synaesthesia). It is pos-
sible that this reflects a genuine sex difference in prevalence, but once more it seems far
more parsimonious to explain this bias on the basis of a self-disclosure bias: male
synaesthetes may be less likely than women to report synaesthesia even when asked di-
rectly about it. The only appropriate way of falsifying this hypothesis, once again, is a
large-scale study that requires all participants to take a consistency test regardless of
self-report. Until such time, we can be confident based on these results that if there is a

genuine sex bias in synaesthesia, it is a minor one.

If men are less likely to report synaesthesia even when asked directly about it, this casts
doubt upon reports that synaesthesia is predominantly passed down via the maternal
line (Barnett et al., 2008a; Baron-Cohen, Burt, Smith-Laittan, Harrison, & Bolton, 1996;
Ward & Simner, 2005). All these studies screened participants using a short question-

naire, and did no further testing on those who responded negatively. Thus it could very
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well be that there are far more synaesthetic fathers of synaesthetes than previously

thought.

In general, then, these results strongly imply that there is no true sex bias in synaesthe-
sia, which further weakens one of the original motivations for assuming a simple genet-

ic cause of synaesthesia.

2.4.7 Problems with the self-report and consistency criteria?

Two aspects of our results raise questions about the suitability of the self-report criteri-
on for synaesthesia. First, as suggested above, it is very likely the case that men are less
likely to report synaesthesia even when asked directly about it. Second, a large fraction
of our confirmed synaesthetes denied having the type of synaesthesia on the initial sur-
vey which they were eventually confirmed to have by the consistency criterion. Both
these results indicate that self-reported synaesthetic experience is not necessary to
have highly consistent inducer-concurrent relationships. Conscious experience has typi-
cally been taken as a fundamental aspect of synaesthesia, but we suggest that this is not

necessarily true.

Furthermore, there may be reason to think that the consistency criterion is not an ap-
propriate test for all forms of synaesthesia. Roughly the same proportion of people re-
port colour experiences induced by letters and by music, but the consistency test is
passed by far more of those who report letter colours than music colours. It is possible
that individuals interpret questions about music-induced colours in a more metaphori-
cal manner than questions about letter-induced colours, and thus that questions about
music-colour synaesthetes will be answered far more liberally. However it seems equal-
ly plausible that music tends to induce colour experiences that are highly context-de-
pendent, and thus not amenable to simple consistency tests. This may be the real expla-
nation for the very low rates of confirmed music-colour synaesthesia in this and other

studies (e.g. Novich, Cheng, & Eagleman, 2011).
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2.4.8 Future directions

The epidemiology of synaesthesia is still somewhat mysterious. There are strong indica-
tions that the standard criteria used to confirm synaesthesia have important flaws. It
also appears that in order to firmly establish both the precise rates of synaesthesia in
the population and the nonexistence of a female bias among synaesthetes, a large-scale
study that does not screen participants based on self-report will be necessary. And new
research will also be needed to confirm or refute the hypothesis that the greater rates of
synaesthesia among non-native bilinguals are due to the increased demands they face
while becoming literate in their second language, and to determine if these greater rates
are due to the development or retention of synaesthesia. However our results have shed
light on some mysteries. Most importantly, they provide a strong reason to think that
the nature of the learning challenges faced in childhood have a large impact on the de-

velopment of synaesthesia.
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3 Second-order mappings in grapheme-
colour synaesthesia®

3.1 Introduction

Despite an explosion of research on grapheme-colour synaesthesia over the past two
decades, little is known about how these associations are made. Why does Jane see the
letter M as a deep purple, while John associates the same letter with forest green? Here
we verify that there are several different sources of synaesthetic associations, and we
investigate both how they interact with each other and what aspects of synaesthetic

colour they influence.

To date, synaesthesia research has documented a number of regularities in the
grapheme-colour pairs of individuals. For example, English speakers often associate the
letter B with blue or brown, G with green, and so on for the first letters of other com-
mon colour names (Barnett et al., 2008a; Rich, Bradshaw, & Mattingley, 2005; Simner et
al,, 2005). Similarly, some synaesthetes have adopted the colours of letter-shaped fridge
magnets used in their childhoods (Witthoft & Winawer, 2006; Witthoft & Winawer,

2013). These are regularities in first-order relations—that is, between nonrelational

2. This chapter is a slightly adapted version of a previously published paper (Watson,
Akins, & Enns, 2012). The data for this paper was kindly provided by Michael Dixon and
Jonathan Carriere of the University of Waterloo. The initial research question was
collaboratively arrived at by the three co-authors, all analyses were my own, and I was the
principal author of the paper.
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properties of a letter (such as its shape or name) and dimensions of synaesthetic colour

such as hue and lightness (Day, 2005).

A parallel line of research has begun to investigate grapheme-colour pairings by looking
for second-order relations, or “relations between relations.” For example, letters with
similar shapes, such as E and F, tend to be associated with synaesthetic colours that are
similar in hue (Brang, Rouw, Ramachandran, & Coulson, 2011; Eagleman, 2010; Jiirgens

& Nikolic, 2012; Brang, Rouw, Ramachandran, & Coulson, 2010).

Here there is a correlation between two relations: A relation of similarity in the domain
of letter shape is correlated with a relation of similarity in the domain of synaesthetic
colour. Importantly, second-order relations can exist independently of first-order pair-
ings. That is, two synaesthetes may each assign different colours to E, but so long as
each individual’s colour for F is similar to that individual’s colour for E, this constitutes
a second-order relation between letter shape and synaesthetic colour. Thus, second-or-
der letter-colour associations may not be apparent when looking at first-order

relations.

A variety of second-order influences on synaesthetic colour have been demonstrated.
Marks (1975) noted that music-colour synaesthetes often associate higher pitches with
brighter colours. In grapheme-colour synaesthesia, numerals and letters that appear
more frequently in print tend to be associated with brighter (Beeli, Esslen, & Jancke,
2007; Cohen Kadosh, Henik, & Walsh, 2007; Simner & Ward, 2008; Smilek, Carriere,
Dixon, & Merikle, 2007) and more saturated (Beeli, Esslen, & Jancke, 2007) colours.
More frequent letters also tend to be associated with colours whose names are more
common in spoken language (Rich, Bradshaw, & Mattingley, 2005; Simner et al., 2005).
Each of these results has been reported as a first-order relation (correlations between
absolute values on two dimensions), but they all imply second-order relations (correla-
tions between differences in values on two dimensions). For example, the fact that more-
frequent letters have brighter colours implies that letters that differ greatly in terms of

frequency will also differ in terms of their brightness.
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Two recent results have come directly from second-order analyses. First, as noted
above, letters with similar shapes appear to be associated with similar synaesthetic
colours (Brang, Rouw, Ramachandran, & Coulson, 2011; Eagleman, 2010; Jiirgens &
Nikolic, 2012; Brang, Rouw, Ramachandran, & Coulson, 2010). Second, letters early in
the alphabet tend to have colours that are quite distinct from each other, whereas later
letters tend to have colours that are more similar to those of nearby letters (Eagleman,
2010). On Eagleman’s view, this pattern stems from the order in which children learn
their letters. The first letter learned is associated with an idiosyncratic colour; the next
letter is associated with a colour that is easily distinguishable from the first; and each
subsequently learned letter is associated with a colour as distinct as possible from those
already assigned. With each letter learned, however, the range of distinct colour choices
is diminished, and inevitably, letters learned later are associated with colours similar to
some of those associated with earlier letters. Note that this interpretation implies a rela-
tion between letter ordinality and synaesthetic colour that is similar to Weber’s fraction.
In brief, a pair of letters that appear early in the alphabet (e.g., A and D) will be assigned
colours that are more distinctive than will a pair of letters later in the alphabet (e.g., S
and V), even though they are equal numbers of steps apart in absolute units (three, in
this example). Such a finding requires a second-order perspective: When one looks at
absolute hue assignments, no relation with ordinality is found (Cohen Kadosh, Henik, &

Walsh, 2007; Smilek, Carriere, Dixon, & Merikle, 2007).

In line with these findings, we prefer to analyze second-order relations among
grapheme-colour pairs. Our primary motivation is that strong second-order mappings
(with weaker first-order mappings) have often been observed in human perception
more generally (e.g., we remember melodies, not absolute pitch, in music; facial configu-
rations, not specific facial features, in vision; and words, not phonemes, in language). A
secondary motivation is that second-order analyses allow for the easy investigation of
the property of hue. Because luminance and saturation are one-dimensional properties
of colours, they can be used in correlations or other linear analyses. Hue requires at

least two dimensions, however, in order to be specified (e.g., blue-yellow or red-green),
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which makes it impossible to compute a simple correlation between hue and any other
measure. Differences between hues, on the other hand, are one-dimensional, and thus

amenable to linear analysis.

In the present study, we compared the colours assigned to letters by a large group of
synaesthetes (N=54) with a wide variety of letter similarity measures taken from non-
synaesthetic individuals. We sought to determine how different aspects of letter similar-
ity (e.g., shape, order, and frequency) are related to synaesthetic colours, and how these
effects relate to each other. We were especially interested in how the various aspects of
letter similarity might be related to two dimensions of colour—namely, luminance and
hue (Beeli, Esslen, & Jancke, 2007). As noted above, differences in letter frequency have
been shown to correspond to differences in luminance, while differences in hue have
generally been overlooked, possibly because researchers have been looking for first-or-
der relations. How letter shape and ordinality map separately onto luminance and hue

remains an open question.

3.2 Data preparation

The RGB colour values of each letter were provided by 54 confirmed grapheme-colour
synaesthetes (Smilek, Carriere, Dixon, & Merikle, 2007). These values were recoded into
CieLab colour space, which more accurately describes human colour discriminations
and allows for the separation of colour into luminance and hue components. There are
325 possible letter pairs (not including doubles of the same letter), and for each of these
pairs we computed separate values for colour distance (Euclidean distance in CieLab
space), luminance distance (distance along the CieLab L-axis), and hue distance (dis-
tance in the CieLab ab plane). These values were averages of the distances across all 54

synaesthetes.
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Table 3.1 Letter similarity measures used in the English studies

Similarity Measure Description
Shape difference Euclidean distance in an 11-dimensional space defined using the ba-
sic letter shape features from Gibson (Gibson, 1969)
Frequency difference Difference of two letters’ frequencies divided by the sum of their fre-
quencies (Lewand, 2000)
Ordinality difference Difference of two letters’ positions in the alphabet divided by the sum
of their positions
Ratings
A (similarity) Similarity ratings of uppercase letters (Boles & Clifford, 1989)
B (similarity) Similarity ratings of lowercase letters (Boles & Clifford, 1989)
C (difference) Difference ratings of uppercase letters (Podgorny & Garner, 1979)
Discrimination RT Reaction time on a same-different discrimination task for uppercase
letter pairs (Podgorny & Garner, 1979)
Confusion
A Chance of confusing two briefly presented uppercase letters on a let-
ter-naming task (Gilmore, Hersh, Caramazza, & Griffin, 1979)
B Chance of confusing two uppercase letters (in Keepsake font) pre-
sented at low intensity on a letter-naming task (Gupta, Geyer, &
Maalouf, 1983)
C Chance of confusing two uppercase letters (dot-matrix font) present-
ed at low intensity on a letter-naming task (Gupta, Geyer, & Maalouf,
1983)

Letter Name Similarity = Number of shared phonemes in two letter names (e.g., “bee” and
“dee” have 1 shared phoneme, /i/)

A total of 11 measures of letter similarity were derived for comparisons with the
synaesthetic colour data (see Table 3.1). Shape difference is the Euclidean distance in a
letter-shape similarity space generated from 11 basic letter-shape features (Gibson,
1969), such as the presence or absence of a diagonal line (see Table 3.2). Frequency dif-
ference and ordinality difference are the differences between the frequencies (Lewand,
2000) and positions in the alphabet of two letters, divided by their sum. Letter name
similarity consists of the number of shared phonemes in the English names of two let-
ters; for instance, the names of the letters B and D share one phoneme, /i/, and hence
would have a letter name similarity of 1 (Ward & Simner, 2003). These are examples of
the familiar Weber fraction that describes perceived difference in numerous psy-

chophysical domains. The remaining measures were previously published behavioral
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data on letter similarity, and thus may have been influenced by letter shape, frequency,
order of acquisition, and (potentially) many other factors. These measures include dis-
crimination RTs, from a same-different task in which the subjects were briefly presented
with letter pairs (Podgorny & Garner, 1979); comparison ratings of letter similarity or
difference (Boles & Clifford, 1989; Podgorny & Garner, 1979); and confusion, from letter-
naming tasks using degraded stimuli (Gilmore, Hersh, Caramazza, & Griffin, 1979; Gup-

ta, Geyer, & Maalouf, 1983).

Except where noted, all subsequent analyses were performed after binning the 325 let-
ter pairs into 65 bins that each included five letter pairs. Bins were determined by the
mean colour distance of each letter pair across all 54 synaesthetes, such that the first
bin contained the five pairs whose two letters were, on average, most similar in colour,
and the last bin contained the five pairs whose two letters were, on average, most dis-
similar in colour.

Table 3.2 Letter shape dimensions adapted from Gibson (1969). Some dimensions’ names have been

changed for clarity, and two dimensions—right and left diagonal—have been combined into a single diag-
onal dimension.

Shape Dimension Letters
Straight Horizontal AEFGHLTZ
Straight Vertical BDEFHIKLMNPRTY
Closed Curve BDOPQR
Upward-Opening Curve JU
Horizontal-Opening Curve CGJ]S
Intersection ABEFHIKPQRTX
Repeated Element BEMSW
Symmetry ABCDEHIKMOTUVWXY
Vertical Discontinuity AFHIKMNPRTY
Horizontal Discontinuity EFLTZ
Diagonal AKMNQRVWXYZ

63



3.3 Results

3.3.1 Letter similarity measures predict different aspects of colour similarity

We computed the simple correlations of all of the letter similarity measures with colour,
luminance, and hue distance (see Table 3.3). Since multiple correlations were run, we
corrected the p values, multiplying each by 7, as seven distinct types of measures were
being compared with each of the colour distance measures. We also used Spearman’s

rho for the correlations involving the three ratings, since they are ordinal measures.

Colour distance and hue distance were both correlated with shape difference, ordinality
difference, and Letter Confusion B. Luminance distance was correlated with frequency
difference, with Rating C and marginally correlated with Letter Confusion C. Thus, there
appears to be a split between those aspects of letter similarity that predict synaesthetic

luminance and hue.

Table 3.3 Correlations between letter and colour similarity

Similarity Measure Colour Luminance Hue
Distance Distance Distance

Shape difference 0.48*** 0.07 0.49%***
Frequency difference 0.06 0.34* 0.01
Ordinality difference 0.37* 0.02 0.39**
Ratings

A (similarity) -0.20 -0.28 -0.19

B (similarity) -0.22 -0.29 -0.20

C (difference) 0.23 0.35* 0.21
Discrimination RT -0.21 -0.26 -0.19
Confusion

A 0.04 -0.23 0.07

B -0.34* -0.26 -0.32.

C -0.27 -0.31. -0.24
Letter Name Similarity -0.02 -0.00 -0.02

Correlations with the ratings use Spearman’s rho. All p values
are Bonferroni corrected and > .1, except: . p <.1, *p <.05,**p
<.01,***p<.001

64



3.3.2 Letter shape and ordinality predict hue; letter frequency predicts luminance

All of the correlations described above can be accounted for in terms of only three map-
pings, shown in Figure 3.1. A first mapping involves letter shape and synaesthetic hue, a
second involves letter ordinality and hue, and a third involves letter frequency and lu-
minance. A regression model using only shape difference and ordinality difference to
predict hue distance (R* 0 .31, p <.001) did not explain less variance than one using all
11 letter similarity measures to predict hue distance (p > .05). However, removing ei-
ther shape difference or ordinality difference from the reduced model resulted in signif-
icantly less explained variance (p < .05 in both cases). As Confusion B was also signifi-
cantly correlated with hue distance (see Figure 3.3), we tried adding it to this reduced
model, but it did not explain any variance independently of shape and ordinality differ-
ence (p >.9). Similarly, a regression model using frequency difference as the sole predic-
tor of luminance distance (R*0.12, p <.01) did not differ from a model using all 11 simi-
larity measures as predictors (p >.1). We also tried a two-predictor model that included
Rating C, as this was correlated with luminance distance, but it did not explain any vari-

ance independent of frequency difference (p >.1).
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Figure 3.1 Scatterplots of three second-order mappings between letter similarity and synesthetic color.
The x-axes denote differences between letter pairs in (a) letter shape, (b) letter ordinality, and (c) letter
frequency. The y-axes for panels (a) and (b) denote distance in terms of synesthetic hue; in panel (c), the
y-axis denotes distance in terms of synesthetic luminance. The 65 data points in each plot were obtained
by binning 325 letter pairs into five-pair bins and then averaging over 54 synesthetes (from Smilek et al.,
2007)
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3.3.3 Analyses of individual differences show that the mappings are independent

We computed the correlations for each of the mappings in Figure 3.1 at the level of indi-
vidual synaesthetes. This revealed that these correlations were positive for a majority of
the synaesthetes (81%, 67%, and 54% for panels (a), (b), and (c), respectively, in Fig. 1])
Overall, 28% of the synaesthetes had positive correlations for all three mappings, 46%
had positive correlations for two of the mappings, 19% had a positive correlation for
only one mapping, and the remaining 7% had no positive correlations for any of the
three mappings. Critically, there were no hints of correlations between any of these
mappings, as tested by coding the presence or absence of each mapping as 0 or 1 for
each synaesthete, or by correlating the rank order of synaesthetes on each mapping, as

determined by the magnitude of their individual correlations (all ps >.2).

3.3.4 Which aspects of shape matter?

The shape difference measure was further subdivided into 11 dimensions of shape that
are important in letter identification (Gibson, 1969). Only two of these dimensions were
significantly correlated with hue distance (after a Bonferroni correction)—namely, dis-
tance along the closed curve and repeated element dimensions (rs = .41 and .38, ps =.01
and .02, respectively; all other ps > .1). However, a model that used only these two
dimensions to predict hue distance explained less variance than did a model using all 11
dimensions (p < .05). In the complete 11-predictor model, the only variables that made
a significant independent contribution were distance along the closed curve, repeated
element, and diagonal dimensions (all ps < .01). Thus, we tried a model using these
three variables to predict hue distance (R* = .38, p <.001), and found that it did not pre-
dict less variance than the complete 11-predictor model (p > .1), but removing any one
of these three dimensions from the model resulted in less explained variance (all ps
< .05). Further study will be needed to determine why these features are especially im-

portant to synaesthetes.
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3.4 Discussion

These results confirm that three distinct aspects of letter similarity have a second-order
influence on synaesthetic colour assignments. The shape, frequency, and ordinality of
individual letters influence the colours assigned to them by synaesthetes, and these
three effects are completely independent of each other: For instance, an individual with
a strong shape-hue association may or may not have a strong frequency-luminance as-
sociation. Finally, each of these mappings is confined to a particular dimension of colour
space: Letter shape and ordinality are associated with hue, while frequency is associat-

ed with luminance.

Brang et al’s (2011) cascaded cross-tuning model of synaesthesia states that shape-
colour associations are the result of the coactivation of contiguous brain areas in the
fusiform gyrus that represent letter form and colour. This model does not currently ac-
count for the other relations we found, nor for the fact that each relation is confined to a
particular dimension of colour. Instead of looking for an explanation at the level of
shared neurons, we offer two complementary hypotheses for these findings, both of
which revitalize an old hypothesis of Calkins (1893): that synaesthetic associations may
arise for strategic reasons. (We remain agnostic as to whether those who employ such

strategies are consciously aware of doing so.)

First, associating letter shapes and identities with hue might aid learning to read, but
associating them with luminance might compromise reading performance. In vision, a
common strategy is to process hue and luminance separately (Gheorghiu & Kingdom,
2006, 2007; Kingdom, Beauce, & Hunter, 2004; Kingdom & Kasrai, 2006; Liebe, Fischer,
Logothetis, & Rainer, 2009; Nagai & Uchikawa, 2009; Shimono, Shiori, & Yaguchi, 2009),
because each dimension provides different information about the environment (Hansen
& Gegenfurtner, 2009). For example, a vital part of vision is to differentiate shadows

from material objects. Since shadows are defined by differences in luminance, whereas
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objects usually differ from their background in both luminance and hue, it follows that

hue edges are a more reliable cue to object boundaries than are luminance edges.

A similar moral applies in reading. Graphemes are usually presented as dark, achromat-
ic elements on a lighter background, and thus are usually processed entirely on the ba-
sis of luminance contrast. Second-order relations between synaesthetic hue and shape
could provide an additional source of information to be exploited for such tasks as letter
segmentation, identification, place-holding for visual saccades, search for letters, main-
taining letter order in short-term memory, and so forth. However, similar mappings be-
tween synaesthetic luminance and shape might interfere with the luminance-sensitive
channels responsible for letter shape perception, and so could conflict with natural vari-
ations in luminance from the font and from illumination. Thus, synaesthetes may exploit
information about letter identity encoded in synaesthetic hue, in addition to the sys-
tems that they share with nonsynaesthetes, which use luminance contrast in the various

cognitive operations involved in reading.

A complementary hypothesis for mapping hue and luminance to separate aspects of let-
ter identity stems from differences in the ways that humans use hue and luminance to
represent information. Take map reading as an example. Defining regions by hue typi-
cally allows for faster and more accurate judgments of categorical distinctions than does
defining them by luminance, while luminance scales afford advantages for judgments
about relative quantity or continuous magnitudes (Breslow, Trafton, McCurry, & Rat-
wani, 2010). This likely reflects the fact that variations in luminance have an underlying
continuity, from dark to light, while hues are perceived categorically. As letter frequency
varies along a continuum, then, it maps naturally to luminance. Letter shapes, on the
other hand, are perceived categorically (Boles & Clifford, 1989), and thus map naturally
to hue. Since letter ordinality also varies continuously, one might think that it should be
associated with luminance. Recall, however, that we use letter ordinality as a rough in-

dex of the order of learning of individual letters, which are themselves seen as categori-
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cal objects (Eagleman, 2010), so the association between ordinality and hue is also con-

sistent with this hypothesis.

Previous research has reported a number of first-order synaesthetic colour associa-
tions; for instance, the letters used to begin common colour words are frequently asso-
ciated with the colours named by these words, and the letters O and I are almost always
black, white, or gray (Barnett et al,, 2008a; Day, 2005; Rich, Bradshaw, & Mattingley,
2005; Simner et al., 2005). We stress that the finding of second-order relations is com-
plementary to such results. It appears that a wide range of factors, of both the first and
second orders, can potentially influence letter-colour mappings, as a good deal of vari-
ance in both luminance and hue still remains unexplained. Our analysis of individual dif-
ferences suggests that these factors often co-exist within individual synaesthetes. That
is, any given letter-colour mapping might be influenced by a particular factor, but a dif-
ferent letter (or the same letter for a different synaesthete) is quite likely to be coloured

according to a different factor.

In summary, examining relations involving differences between letters and their as-
signed colours has allowed us to directly compare and contrast multiple influences on
synaesthetic associations. The finding that second-order relations are pervasive in
synaesthesia is further evidence for the view that synaesthesia builds on normal mecha-
nisms (Barnett et al., 2008a; Simner et al., 2005). Though most of us may not reliably as-
sociate letters with colours, those of us who do tend to use principles common to other

sensory and cognitive domains.
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4 Higher-fidelity synaesthetic colour
data increases strength of effects’

4.1 Introduction

The previous chapter demonstrated a number of second-order relationships between
various properties of letters and their synaesthetic colours. Since analyzing these data,
however, I have obtained a similarly-sized database of colours from different synaes-
thetes. In this chapter I re-run the same analyses as in Chapter 3 on this new data set.
This is partly in order to verify that the pattern of results is similar, as Chapter 3 was an
exploratory study that found a number of unexpected results, and so one might ques-
tion if these results generalize. Furthermore, it is probable that the colours in the new
data set have a higher fidelity to synaesthetic experience, as they are chosen from all
possible colours on a standard computer screen, which vary freely in hue, saturation,
and luminance, unlike the colours chosen by participants in Chapter 3, which, in order
to speed up colour selection, were all fully saturated. Thus it is possible that there will

be stronger effect sizes using the present data set.

4.2 Participants

Potential participants were identified on the basis of their responses to an ongoing
large-scale survey about synaesthetic tendencies at Simon Fraser University in British
Columbia, Canada, or were self-referred after viewing advertisements on various web-

sites (e.g. Craigslist) or on bulletin boards in the Vancouver area (e.g. at universities, cof-

3. See Footnote 1 on p. 26 for authorship details.
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fee shops, libraries, community centres, etc). All potential synaesthetes were invited to
take the online synaesthesia Battery (Eagleman, Kagan, Nelson, Sagaram, & Sarma,
2007), a standard cofirmation test for synaesthesia that verifies that the colour associa-
tions made with a variety of inducers (letters, sounds, weekdays, etc) are consistent
across repeated presentations. 48 participants obtained a consistency score below 1 on
the letter-colour consistency test, which is considered a strong indicator of genuine

synaesthesia.

4.3 Data preparation

While completing the Battery, each participant assigned an RGB colour to each letter 3
times. For each letter, we took the final (third) colour assigned to that letter as its
canonical synaesthetic colour for that individual, on the assumption that by the third at-
tempt, participants would have fully understood the colour-choosing interface. All
analyses use these canonical colours. Participants had the option of choosing “no
colour” for particular letters, and if they did this on any trial that letter was ignored in

all subsequent analyses for that participant.

As in Chapter 3, all RGB colours were recoded into CieLab colour space, and each partic-
ipant’s 26 letter colours were converted into three different distance measures: colour
distance, luminance distance, and hue distance. These values were then averaged across
all 48 synaesthetes. The same 11 measures of letter similarity were used for compar-
isons with the synaesthetic colour data (see Table 3.1). Also as in Chapter 3, all data
were binned from 325 letter pairs into 65 bins that each included five letter pairs, or-

dered according to the mean colour distance across all participants.

4.4 Results

Chapter 3 used four types of analyses. First, simple correlations between the 3
measures of colour distance and the 11 letter similarity measures revealed that lu-
minance and hue were correlated with different aspects of letter similarity. Second, lin-

ear models revealed that three effects drove the simple correlations: a relationship be-
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tween shape and hue, between ordinality and hue, and between frequency and
luminance. Third, analyses of individual differences showed that these three effects
were independent of each other, such that the likelihood of individuals displaying any of
them is unaffected by whether they display any of the others. Finally, by further
breaking down shape difference into 11 different dimensions, it was shown that only
three of these dimensions (closed curve, repeated element, and diagonal) were related

to differences in hue. Each of these analyses is reproduced below.

4.4.1 Shape-hue and ordinality-hue results replicate

Table 4.1 Correlations between letter and colour similarity (new data set)

Similarity Measure Colour Luminance Hue
Distance Distance Distance

Shape difference 0.47*** 0.21. 0.45***
Frequency difference -0.05 0.09 -0.06
Ordinality difference 0.64*** 0.02 0.66***
Ratings

A (similarity) -0.35%* -0.18 -0.32%*

B (similarity) -0.10 -0.07 -0.10

C (difference) 0.35** 0.23. 0.31*
Discrimination RT -0.40%** -0.20 -0.39**
Confusion

A -0.14 -0.17 -0.11

B -0.35** 0.04 -0.36**

C -0.36** -0.12 -0.35%*
Letter Name Similarity 0.04 -0.20 0.09

Correlations with the ratings use Spearman’s rho. All p values
are Bonferroni corrected and > .1, except: . p<.1, *p <.05, **p
<.01,**p<.001

Table 4.1 displays the simple correlations between the three dimensions of colour dis-
tance and the 11 dimensions of letter similarity in the new data set. A comparison with
Table 3.3 on p. 64 reveals a high degree of similarity between the two sets of results.
Once again, there were strong correlations between both Colour Distance and Hue Dis-
tance with Shape Difference and Ordinality Difference. Furthermore, the overall pattern

of positive and negative correlations was preserved quite closely. Indeed, all of the cor-
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relations with an absolute magnitude of over 0.1 on Table 4.1 were in the same direc-
tion on Table 3.3, and vice versa. In general, the correlations on Table 4.1 are stronger,
with twice as many reaching significance (14 as opposed to 7 on Table 3.3). One clear
difference between the two data sets, however, is that the correlation between lu-

minance and frequency did not approach significance in the new data set.

A model using shape and ordinality difference to predict hue distance (R* = .57, p
< .001) did not predict any less variance than a model using all 11 letter similarity
measures as predictors (p > .5). However removing either shape or ordinality from the
two-predictor model led to less variance explained (p < .001 in both cases). Thus, as in
Chapter 3, it seems safe to say that any correlations between the various similarity
measures and hue are entirely due to shape and ordinality effects. Furthermore, this
model explained almost twice as much variance in hue distance as the same model us-
ing data from Chapter 3. The model using all 11 measures to predict luminance differ-
ence, on the other hand, barely approached significance (R* = .26, p = .09). Thus lu-
minance in the present data set was not well-predicted by the similarity measures,

whether we use simple correlations or a linear model.

4.4.2 The shape-hue and ordinality-hue effects are independent

In terms of individual differences, the shape-hue and ordinality-hue correlations were
both positive for 81% of participants. However these were not necessarily the same par-
ticipants: 65% of participants showed both effects, while 15% showed only one or the
other. As in Chapter 3, there was no hint of a correlation between these mappings, as
tested by coding the presence or absence of each mapping as 0 or 1 for each synaes-
thete, or by correlating the rank order of synaesthetes on each mapping, as determined

by the magnitude of their individual correlations (both ps >.2).

4.4.3 The same dimensions of shape predict hue distance
Finally, separating the shape difference measure into distance along 11 separate dimen-
sions led to very similar results as in Chapter 3. Distance along three of these dimen-

sions was significantly correlated with hue (after a Bonferroni correction): the repeated
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element (r =.63, p <.001), diagonal (r = .45, p <.01) and upward-opening curve (r = -.36,
p < .05) dimensions. Two of these three dimensions—repeated element and diagonal—
were also identified as important predictors in Chapter 3. The third dimension identi-
fied in that chapter was the closed curve dimension, which does not have a simple corre-
lation with hue distance in this data set. However it is a marginal contributor to the
complete 11-predictor model (p = .05), with the only other two contributors to this
model being distance along the repeated element (p <.001) and diagonal dimensions (p
< .01). Since it had already been identified as a dimension of interest in Chapter 3, it

seemed worthwhile to investigate its role as a predictor further.

A 4-predictor model using distance along the repeated element, diagonal, upward-
opening curve, and closed curve dimensions (R* = .59, p <.001) explained no less vari-
ance than the complete 11-predictor model (p > .5). Distance along each of these dimen-
sions was a significant contributor to the 4-predictor model (all ps <.05), and removing

any of them from this model results in less variance explained (all ps <.05).

4.4.4 A frequency effect after all

The lack of a frequency-luminance effect came as something of a surprise, given that it is
one of the more replicated results in the literature (Beeli, Esslen, & Jancke, 2007; Cohen
Kadosh, Henik, & Walsh, 2007; Simner & Ward, 2008; Smilek, Carriere, Dixon, & Merikle,
2007; Watson, Akins, & Enns, 2012). As there was prior reason to suspect that such an
effect exists, I re-ran the frequency-luminance correlation using un-binned data, in or-
der to obtain higher power. This effect was significant (r = .25, p <.001), showing that
there is indeed a frequency-luminance effect. It is surprising that the magnitude of this
effect increased substantially with unbinned data, as the opposite is normally the case

(and is for both the shape-hue and ordinality-hue relationships).

4.5 Discussion

With only one exception, the results from Chapter 3 are entirely replicated in the new

data set, with larger effect sizes. We can be very confident that the synaesthetic hue of
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letters is strongly influenced both by the shape of these letters and by their positions in
the alphabet, and that this applies to synaesthetes in general, rather than simply being a
peculiarity of those participants in the first study. It is also clear that the strength of
these effects are independent of each other, such that a synaesthete whose hues are
strongly influenced by letter shape is no more likely than any other synaesthete to have

a strong relationship between hue and alphabetical order.

The specific dimensions of shape—repeated element, diagonal and closed curve—
identified as driving the shape-hue effect in Chapter 3 are also signficant predictors of
hue distance in the present data. Thus it seems likely that there is something about
these dimensions that are of particular importance to synaesthetes, but it is not clear
what this is. Diagonals and curves are fairly low-level visual features, but the notion of
repeated elements (as in the letters S and M) is not, and other low-level elements of
shape such as vertical and horizontal lines do not influence hue. Furthermore, one other
shape dimension—upward-opening curve—is an important predictor of hue in the

present data but not in Chapter 3. Further research is needed.

The only effect that is not replicated with the present data is the correlation between
frequency and luminance, but this appears to be due to two factors: lower power as a
result of binning data, and possibly the presence of specific groups of letters that have
different relationships with luminance, and thus whose effects might cancel out after

binning.

Finally, the synaesthetes in the present data set chose colours that varied in saturation,
which [ suggested might increase the fidelity of these colours. The larger effect sizes
found in this chapter support this suggestion, and also open the door to increasing pow-
er by using raw data without binning. The next chapter takes advantage of this in a se-

ries of novel analyses.
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5 The structure of Czech synaesthesia*

5.1 Introduction

We have now established a number of independent relationships between letter simi-
larity and synaesthetic colour similarity among English language speakers. This chapter
shifts focus to a different linguistic and cultural context, examining similarity relations
between the synaesthetic colours of the 41 letter-colour synaesthetes identified at
Charles University in the Czech Republic (see Chapter 2). The Czech language and edu-
cational system have a number of unique qualities that enable several important exten-

sions of our understanding of the influences of learning on synaesthetic colour.

5.1.1 Unique features of Czech letters may affect synaesthetic colour

Czech uses an alphabet that is very similar to English (see Table 5.1). Thus the visual
stimuli that induce Czech grapheme-colour synaesthesia are more or less the same as in
the previous chapters, and indeed the same as in the vast majority of published studies,
almost all of which involve languages that use some variation of the Latin alphabet (for
some welcome exceptions to this trend, see Asano & Yokosawa, 2011, 2012; Mills et al,,
2002; Simner, Hung, & Shillcock, 2011). This similarity of inducers enables testing of
many of the same effects presented in Chapters 3 and 4, but the many differences be-

tween Czech and English allow us to branch out.

4. See Footnote 1 on p. 26 for authorship details.
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Table 5.1 The graphemes of the Czech alphabet including all diacriticals, their alphabetical positions, and
order of learning.

Letter  Alphabet Learning | Letter Alphabet Learning
Position Group Position Group

A 1 1 N 17 3
A 1 1 N 18 8
B 2 5 0 19 1
C 3 5 0 19 1
c 4 5 P 20 3
D 5 4 R 21 4
D 6 8 R 22 5
E 7 1 S 23 2
E 7 1 S 24 5
E 7 7 T 25 3
F 8 6 T 26 8
G 9 6 U 27 1
H 10 5 U 27 1
CH 11 5 U 27 1
I 12 1 14 28 4
i 12 1 Y 29 1
Ji 13 3 Y 29 1
K 14 4 A 30 4
L 15 2 VA 31 5
M 16 2

5.1.2 Does phonological similarity map to synaesthetic colour similarity?

The first difference to consider between Czech and English is the much higher degree of
orthographic transparency of Czech letters. As explained in Chapter 2, in a perfectly
transparent language, each grapheme represents only one sound and each sound is
produced by only one grapheme (some exceptions to this in Czech are discussed below).
This means that the phonological similarity of Czech letters can be measured relatively
simply. Doing this is impossible in a language as orthographically opaque as English,
where the closest one can come is likely something like the phoneme co-occurence

score used in Chapters 3 and 4, which only measures the similarity of letter names, not
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the sounds they represent. Given that various types of letter similarity affect synaesthet-
ic colour, and acoustic properties can also affect synaesthetic colour (e.g. the stressed
syllable in an English word often determines its synaesthetic colour, Simner, Glover, &
Mowat, 2006), it seems likely that phonological similarity could also affect synaesthetic
colours. This might be especially true in an orthographically transparent language like

Czech, where phonology and letter identity are almost perfectly mapped to each other.

5.1.3 Alphabetical order vs. learning order in Czech

Another important difference between Czech and English is that Czech students typical-
ly learn their letters in a set order that is entirely unrelated to alphabetical position.
This enables a clear test of the learning order explanation of the ordinality-hue effect.
Recall that in Chapter 3, it was suggested that the ordinality-hue effect is the result of
the order in which letters are learned. If this is true, then there should be a relationship
between Czech learning order and synaesthetic hue. If, on the other hand, there is a re-
lationship between alphabetical order and hue, but no relationship between learning
order and hue, this would be very strong evidence against the learning order hypothe-

sis. (Of course finding both effects, or neither, would only confuse matters more.)

The alphabetical order of the Czech letters is presented in Table 5.1. This order may ap-
pear haphazard to an English observer, but it has a (relatively) simple phonemic justifi-
cation. All the vowels have both a short and a long form, where the latter is indicated by
the accent known as the ¢drka (which occurs over the first A in the word “carka”). The
¢arka merely indicates a longer duration of pronunciation, not the underlying vowel
quality, and vowels with ¢arkas are not considered as separate letters in their own right
(e.g. they are ignored when determining the order of words in a dictionary or phone
book). The small circle over U (known as the krouzek, or “small circle”) lengthens the
sound of U in exactly the same way as a ¢arka (U always occurs at the beginning of
words, U always occurs within them), and so is not considered a unique letter either.
Czech orthography also contains the hdcek (the diacritical over the C in the words “car-

ka” and “hacek”), which can be applied to several consonants and also to E. It indicates
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a palatalized consonant or, to the English speaking ear, a 'softening’ of the consonant.
The phonemes differ as a result of this palatalization, and consonants with a hacek are
considered letters in their own right, occupying their own places in the Czech alphabet
and dictionary. E is a special case, as the hacek here does not modify the vowel’s sound,
but rather indicates that the preceding consonant is itself palatalized, and so is not con-
sidered as a separate letter from E. Finally, the letter pair CH (the sound (x)) is also con-

sidered as a unique letter.

Table 5.1 also gives the learning order for the Czech letters, adapted from eight recent
first-grade textbooks (Bfezinova, Havel, & Stadlerova, 2007; Ladova, Holas, & Staudkova,
2011; Melicharkova, Stépan, & Svecova, 2008; Mikulenkova & Mlady, 2004; Miku-
lenkova, Mlady, & Forman, 2004; Novackova, 2010; Potlckova, 2010; Zatek &
Zmatlikova, 2010). As noted above, Czechs learn their letters in a highly regular order.
Grade 1 textbooks present the letters in a number of distinct groups, where the letters
in each group are presented on the same page or two-page spread of the textbook.
While the order of letter presentation within each group varies substantially between
texts, the composition and order of the groups themselves is highly consistent (with
some exceptions, noted below), and the pedagogical method is highly similar across the
Czech Republic. The vowels and their accented forms are always taught first (with the
exception of E), followed by groups of consonants. Each consonant is always introduced
as a modifier of the vowels, thus a child learns the letter T by learning the nonsense syl-
lables ta, te, ti, to, tu. By the end of Grade 1 the child is expected to be able to read any
Czech text fluently, albeit without comprehension, which is of course impossible in a

language as orthographically opaque as English.

These learning groups should be taken as a fairly close approximation of any given
Czech student’s order of learning the letters, rather than a perfect replication of this or-
der. Aside from well-known phenomena such as children learning the letters of their
first name prior to other letters (Justice, Pence, Bowles, & Wiggins, 2006), the learning
group to which some letters belong differs slightly between textbooks. For example, Y is

sometimes presented later than the other vowels, and S is sometimes a member of
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group 3, not group 2. Further, the consonants in groups 4 and 5 are not generally pre-
sented as a single group on a two-page spread, but rather are each presented on a single
page, in an order that varies widely between textbooks (though the letters in group 4
are learned before the letters in group 5). Aside from small differences such as these,

however, the learning order is remarkably constant.

5.1.4 A special role for vowels?

Phonological similarity, alphabetical order and learning order apply across all letterrs,
but there are also a number of discrete categories among Czech letters that could influ-
ence the synaesthetic colours. In each case, the prediction is that letters that are catego-

rized together will be closer in synaesthetic colour.

To begin with, vowels and consonants are clearly distinguished in Czech, as they are in
English. But this distinction may be far more salient for Czech than for English speakers,
for a number of reasons. There are only five vowel sounds in Czech and at least twice as
many in English (the precise number depending on dialect), and thus less phonological
variation within the Czech vowels, which might make the vowel class easier to catego-
rize. Furthermore, as described above, consonants are always learned from the start as
components of vowel-consonant morphemes, whereas the vowels are taught on their
own, and each vowel is re-presented as part of learning each consonant. This special
treatment of vowels might also increase the salience of vowels as a special class. Finally,
the vowels are the first letters Czech children learn (see Table 5.1), which could serve to

further increase the strength of the vowel category.

Vowels being learned first also enables another test of the learning order hypothesis.
The previous chapters have shown that letter similarity often leads to synaesthetic
colour similarity, which would predict a clustering of the vowels in colour space, since
for Czechs they are highly similar in phonology, function within the writing system, and
pedagogy. However according to the learning order hypothesis, letters learned earlier
are generally further apart in colour space. These two hypotheses, then, make exactly

opposite predictions about vowels’ colour relationships.
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5.1.5 Base-diacritical pairs

Perhaps the most obvious categories in Czech are the ones formed by base letters and
their diacritical variations. An intuitive hypothesis is that these would tend to be very
close in colour, if not identical, since the base letters and their variations are so similar.
An important question, however, is exactly what type of similarity matters here. There
are at least three ways in which the base pairs can be similar to their diacritical varia-
tions, which do not apply equally to all base-diacritical pairs. These include similarity in
terms of shape, identity, and phonology. By choosing comparisons carefully, it may be
possible to determine the priority of these three types of similarity in terms of influenc-

ing synaesthetic colour.

First, bases and their diacritical forms are highly similar in shape, and we have seen in
Chapters 3 and 4 that shape similarity is generally correlated with hue similarity. Shape
similarity then, would seem to apply more or less equally to all base-diacritical pairs.
Second, as discussed above, vowels with ¢arkas are considered to be variants of the
same letter as their base forms, whereas consonants with haceks are distinct letters
(see Table 5.1). This, then, might cause vowel-¢arka pairs to be closer together in colour
than consonant-hacek pairs. Third, there is a phonological relationship between bases
and their diacriticals, but the precise nature of this relationship differs between carkas
and haceks. Vowels, as noted above, are merely lengthened by their ¢arkas, with no
change in vowel quality, whereas haceks indicate a different place of articulation for the
phoneme. This change is rule-governed (palatalization), but it is more significant than
the lengthening of vowels by the ¢arkas. Thus if phonological similarity drives synaes-
thetic colour similarity, we might again expect vowel-carka pairs to be closer together in

colour than consonant-hacek pairs.

Merely comparing vowel-¢arka and consonant-hacek pairs, then, confounds similarity in
terms of abstract identity and in terms of phonology, since vowel-¢arka pairs are more
similar in both ways. However a third type of category within Czech letters might allow

these two types of similarity to be disentangled. The members of each pair of voiced-un-
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voiced consonants (D-T, G-C, H-CH, V-F, and Z-S) bear very little shape similarity to each
other, and are not considered to have the same letter identity, but their phonological re-
lationship is quite similar to that between consonants and their haceked forms. Thus if
phonological relationships influence letter similarity, one would expect to find that pairs
of voiced-unvoiced consonants are somewhat closer to each other than they are to the
other consonants. Thus by comparing how clustered vowel-carka pairs are from the
other vowels, and how clustered consonant-hacek and voiced-unvoiced pairs are from
the other consonants, one can determine which of the three types of similarity affect
synaesthetic colour. Table 5.2 summarizes the possibilities.

Table 5.2 Three types of letter pairs in Czech, three ways in which the letters in these pairs are similar to

each other, and three predictions about what ought to happen if each type of similarity affects synaesthet-
ic colour.

Similar shapes Same letter identity Similar phonology
Vowel-carka pairs Yes Yes Identical phoneme
(A-A, E-E, I-1, 0-0, U-U, Y-Y)
Consonant-hacek pairs Yes No Different phoneme
(C-C, D-D, N-N, R-R, S-S, T-T, Z-Z)
Voiced-unvoiced pairs No No Different phoneme
(D-T, G-C, H-CH, V-F, Z-S)
Prediction for synaesthetic Vowel-¢arka and Vowel-c¢arka pairs All three types of
colour (assuming similarity consonant-hacek should cluster, con- pairs should cluster,
maps to similarity). pairs should cluster, sonant-hacek pairs vowel-¢arka pairs
voiced-unvoiced and voiced-unvoiced closest of all.
pairs should not. pairs should not.
516 IandY

One final category that may influence Czech synaesthetic colour stems from one of the
rare exceptions to the orthographic transparency of Czech. I and Y both represent the
phoneme <1, and / and Y both represent the phoneme (ix). This phonemic identity, then,
might translate into colour similarity, with I and Y (and their ¢arka forms) closer to each

other than they are to the other vowels.

5.1.7 Outline of this study

The remainder of this chapter explores each potential influence on Czech synaesthetic

colour in turn. First, I look for evidence of each of the potential categorical effects just
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described. I then return to the correlational analyses that were the centerpieces of
Chapters 3 and 4, incorporating novel measures of letter similarity derived from Czech

letters’ frequency, alphabetical order, learning order, and phonology.

5.2 Participants

41 native Czech-speaking letter-colour synaesthetes were identified as part of the
Charles University survey described in Chapter 2. As with the English-speaking partici-
pants in Chapter 4, all participants were confirmed as having highly-consistent
grapheme colours by the Synesthesia Battery (Eagleman, Kagan, Nelson, Sagaram, &

Sarma, 2007).

5.3 Data preparation

As in Chapter 4, the final (third) colour assigned to each letter on the Synesthesia Bat-
tery was used in all analyses, and if a participant chose “no colour” for any trial, that let-
ter was removed from all analyses for that participant. Once again, participants’ letter
colours were transformed from RGB to CieLAB coordinates, and three separate colour
distance measures were computed: Colour, Luminance, and Hue distance. Mean dis-
tance scores for each letter pair were computed by averaging across all participants. As
in Chapter 4, participants had the option of selecting “no colour” for particular letters, in

which case their data was ignored for that letter.

Five letter similarity measures were computed, summarized in Table 5.3. The Shape Dif-
ference measure was adapted from the one used in Chapters 3 and 4 (Gibson, 1969),
with the addition of three extra dimensions: one representing the presence or absence
of a ¢arka ('), one the presence or absence of a hacek (), and one the presence or ab-
sence of the krouzek (°). Also as in Chapters 3 and 4, Frequency and Ordinality Difference
scores were computed as Weber fractions (absolute value of the difference between two
letters divided by the sum). Data for the frequency fractions were taken from the overall
frequency of each grapheme in a large corpus of Czech texts, as reported by Kralik

(1983). Ordinality was computed using Czech dictionary order, as given in Table 5.1.
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Learning Order Difference was another Weber fraction, computed using the learning
groups presented in Table 5.1. Finally, Phonological Similarity of Czech letter pairs was
computed using the SimilarityCalculator PERL script (Albright, 2006). This character-
izes similarity according to the system of Frisch (Frisch, 1996; as used in, e.g., Frisch,
Pierrehumbert, & Broe, 2004), which defines the similarity of two phonological seg-
ments as the number of natural classes they share over the sum of all shared and non-
shared natural classes. A complete set of feature values for the Czech letters was cus-
tom-developed for this study by a collaborator (John Alderete, SFU) using the Unified
Feature Theory of Clements & Hume (1995), which specifies each phonological segment

in terms of 19 articulatory features.

Table 5.3 Letter similarity measures used in the Czech study.

Similarity Measure Description

Shape difference Euclidean distance in an 14-dimensional space defined using the ba-
sic letter shape features from Gibson (1969) shown in Table 3.2,
with the addition of ¢arka ("), hacek (), and krouzek (°) features.

Frequency difference Difference of two graphemes’ frequencies in Czech divided by the
sum of their frequencies (from Kralik, 1983).

Ordinality difference Difference of two graphemes’ positions in the alphabet divided by
the sum of their positions (see Table 5.1).

Learning order difference Difference in two graphemes’ learning order group in Czech, divided
by the sum of these groups (see Table 5.1).

Phonological similarity =~ Phonological similarity between Czech letters.

Participants provided colours for 38 letters: all 23 base letters plus all their diacritical
forms (not including CH due to experimenter error). There are 703 possible letter pairs
made from these 38 letters, and thus each similarity measure has 703 points. Unlike
Chapters 3 and 4, no binning was performed on the data. This allows for increased pow-
er, but at the expense of effect sizes, which should be kept in mind when making

comparisons to previous chapters.
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5.4 Results

5.4.1 Categorical second-order influences on synaesthetic colour in Czech

Our Czech synaesthetes formed several categorical clusters of graphemes in colour
space, such that members of a given category were closer together than they were to
other graphemes (see Figure 5.1). This is supported by a series of t-tests comparing the
mean distances of the categories noted in the Introduction. As is immediately obvious
upon glancing at Figure 5.1, there was a bimodal distribution of letter pair distances in
colour space, such that bases and their diacritical variations were much closer to each
other than to other letters, in terms of both hue (s = -16.33, p <.001) and luminance
(tsse = -14.61, p < .001). The base-diacritical pairs could be further sub-divided: vowels
with ¢arkas were closer together than consonants with haceks (Hue: t;; =-3.42, p < .01,

Luminance: t;; =-3.60, p <.01).

The bimodal nature of these data meant that base-diacritical pairs had to be removed
from all analyses not specifically pertaining to them, because any other effects could
easily be swamped by the strong clustering of base-diacritical pairs. This is particularly
true of the correlational analyses in the next sections, since base-diacritical pairs were
also very close in terms of shape, ordinality, learning order, and phonology, which con-
stitute most of the measures to be correlated with colour. Thus the 17 base-diacritical
pairs were removed from the remainder of analyses, leaving 686 grapheme pairs in

total.

Among these 686 pairs, there was a less visually obvious, but equally significant, clus-
tering of vowels, which were closer to each other than they were to the consonants
(Hue: t4;5 = -3.34, p <.001, Luminance: t;;5 = -4.60, p <.001). Conversely, the consonants
tended to be slightly further apart in hue from each than they were from the vowels (3

= 3.20, p <.01), but were not clustered in luminance (p > .4).

Breaking things down further, there was at least one sub-cluster within the vowels: |

and Y (and their accented forms) are closer together than they were to the other vowels
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in hue (t;o = -3.68, p <.001), but very slightly further apart in luminance (t;, = 2.54, p
< .05). The only potential letter clusters mentioned in the Introduction that do not ap-
pear to impact synaesthetic colour were pairs of voiced-unvoiced consonants, which
were no closer together in either hue or luminance than they were to other consonants

(both ps > .25, not shown in Figure 5.1).
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Figure 5.1 Mean hue and luminance distances of all Czech letter pairs across all participants, grouped
into various categories. The “Vowel-Other” pairs include E-E, E-E, U-U,and U-U. The I-Y pairs are also in-
cluded in analyses of the Vowel-Vowel group.
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With one possible exception, English synaesthetes did not appear to cluster any of these
categories in colour space. While none of the tests involving base pairs with diacriticals
could be performed for the English alphabet, those tests that were meaningful in Eng-
lish showed no significant effects in the colour data used in Chapter 4 save, curiously
enough, for consonants being slightly closer together in luminance than they were to

vowels (t305 = -2.80, p <.01; all other ps >.25).

5.4.2 Notes on the remaining analyses

As described above, the 17 base-diacritical pairs were removed from all remaining
analyses. However preliminary analyses revealed that this was not always enough, and
that some important effects could not be uncovered without removing diacriticals from
analyses entirely. Consider that among the 686 grapheme pairs there are twice as many
pairs involving some version of A as pairs involving some version of B, since A can be
modified by the ¢arka, but there is no version of B with a hacek. E and U would be repre-
sented three times as often as a letter like B, since they each have two diacritical varia-
tions. Since diacritical variations tend to be very similar in colour to their base forms
(see Figure 5.1), including them in the data set effectively magnifies the importance of
the colours of letters that have diacritical versions, giving them two or three times as
much potential influence over the results as their unmodified cousins. One way of pro-
ceeding that could avoid this would be to remove diacriticals entirely from all analyses,
leaving only the 23 base letters. This would be far from ideal, however, both because it
greatly reduces power and because the diacriticals are interesting in their own right.
Thus, the remainder of analyses in this chapter were performed twice, once on the com-
plete data set of 686 grapheme pairs (not including the 17 base-diacritical pairs), and
once on the 253 pairs of base letters only. For the sake of brevity, however, results will
only be reported for the complete set of 686 pairs, except in those instances where
there are important differences. Where the smaller data set is not explicitly mentioned,

the reader can safely assume that the qualitative pattern of results was the same as in
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the larger set (i.e. all significant effects in either data set were significant, or at least

marginal, in the other, and in the same direction).

Another wrinkle that became apparent during preliminary analyses is that a number of
effects were different for vowel-vowel, consonant-consonant, and vowel-consonant
pairs. Thus the in-depth analyses of each important relationship between letter and
colour similarity split the letter pairs into these three groups, although it should be kept
in mind that this reduced power once more. The lack of an effect for one (or all three)
groups does not necessarily mean that they did not contribute to an effect that applies
over the entire set of letter pairs. However when strong differences between the groups
were found, these may be indicative of some of the important processes that underlie

Czech synaesthetic development.

5.4.3 Shape-, ordinality-, and phonology-colour correlations in Czech

As in Chapters 3 and 4, simple correlations were calculated between the various letter
similarity measures and colour distance measures, multiplying p-values by 15 to com-
pensate for the number of tests. For the simple correlations, the pattern of results was
very similar for both the complete data set including diacriticals and the reduced base
letter only data set.(see Table 5.4). As one would expect, correlations in the smaller base
letter data set were generally less significant, but were all in the same general range as
the results from the larger set. In both sets, shape distance was correlated with colour
distance, and this was solely due to a correlation with hue distance, as in Chapters 3 and
4. Both ordinality difference and phonological similarity were correlated with colour
distance in the larger data set, but these correlations arose from relationships with both
luminance and hue. In the base letter set, none of the correlations with ordinality differ-
ence were significant, although both the ordinality-luminance and ordinality-hue corre-
lations were marginally significant. Furthermore, the correlation between phonological
similarity and luminance distance was no longer significant, although given that its ab-
solute magnitude increased from 0.11 to 0.14, this was likely a power issue (without the

Bonferroni correction, it was significant: p =.03).

88



Table 5.4 Simple correlations between Czech letter similarity measures and colour distance, calculated
using all 38 graphemes (after removing the base-diacritical pairs) and the 23 base letters only.

All Graphemes (no base-diacriticals) Base Letters Only
(38 graphemes, 683 pairs) (23 graphemes, 253 pairs)
Similarity Measure Colour  Luminance Hue Colour  Luminance Hue
Distance Distance Distance Distance Distance Distance
Shape difference 0.27%*** 0.03 0.27%** 0.19* 0.07 0.19*
Frequency difference -0.07 0.02 -0.09 0.09 0.04 0.07
Ordinality difference 0.16%** -0.19%** 0.21%** 0.12 -0.16. 0.16.
Learning order difference 0.05 0.10 0.01 -0.02 0.06 -0.04
Phonological similarity -0.15%** -0.11* -0.14** -0.21** -0.14 -0.20**

All p-values are Bonferroni corrected and > .1, except: . p <.1, * p <.05,** p <.01, *** p <.001.

5.4.4 Independent influences of shape, ordinality, and phonology

The various effects reported in Table 5.4 were independent of each other. That is, each
of the aspects of letter similarity that are significantly (or marginally) correlated with
synaesthetic luminance or hue accounted for different portions of the variance in lu-
minance or hue distance. This is supported by two linear models, one which predicted
hue distance on the basis of shape difference, ordinality difference and phonological
similarity, and the other which predicted luminance distance on the basis of ordinality
difference and phonological similarity (Table 5.5). All the letter similarity measures

were significant contributors to their models.

Table 5.5 Summary of linear models predicting hue and luminance, giving t-values of each predictor and
R? of the models.

Difference Measure  Luminance Model Hue Model
t-values t-values

Shape Difference N/A 6.04***
Ordinality Difference -4 74K 6.26%**
Phonological Difference  -2.47* -4.81%**
Model R* 0.04*** 0.12%**
All p-values are >.1, except:.p<.1,*p<.05 **p<.01,***p
<.001.

In terms of absolute effect sizes, both models were fairly anemic. Keep in mind, however,

that effect sizes would be larger with binned data as is used in Chapters 3 and 4. More
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importantly, these models establish that the effects were independent of each other, and
so a complete account of influences on synaesthetic colour in Czech needs to consider
each of these three letter similarity measures separately. The following three sections

consider each of these effects in turn.

5.4.5 Shape-hue effect is strongest for vowel-vowel pairs, predictive dimensions for
Czech and English overlap
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Figure 5.2 The shape-hue effect for Czech letters (not including base-diacritical pairs). In order to im-
prove legibility, the Shape Difference values for Consonant-Consonant pairs have been shifted slightly to
the left, and the values for Vowel-Consonant pairs have been shifted slightly to the right.

The shape-hue effect was due to a general trend across all letter pairs, rather than to a

few outliers (see Figure 5.2). The effect was much stronger among vowel-vowel pairs (r
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=.63, p <.001), but was still significant for consonant-consonant pairs (r =.16, p <.01)

and for vowel-consonant pairs (r=.16, p <.01).

While the shape-hue effect had virtually the same strength for both data sets (see Table
5.4), the two differed markedly in terms of their usefulness for determining the dimen-
sions of shape that actually drove the overall effect. Indeed, this could only be done us-
ing the smaller data set that excluded the diacriticals. This is supported by a series of

linear models, described below.

The data set using all 38 graphemes did not allow for a sensible interpretation of the
dimensions of shape that influence synaesthetic hue. Distance along all but 4 (Straight
Vertical, Closed Curve, Diagonal, and Hdcek) of the 14 shape dimensions had a significant
simple correlation with hue distance, even after a Bonferroni correction (all ps <.01).
And all but 5 (Straight Horizontal, Straight Vertical, Symmetry, Diagonal, and Hdcek)
were significant contributors to a model predicting hue distance on the basis of all the
shape dimensions (R* = .29, p < .001). Without compelling theoretical reasons to select
from among the 9 or 10 dimensions that were significantly associated with Czech
synaesthetic hue, it was impossible to reduce this models further, and one can be
reasonably certain that some of the variance it explained was simply due to the sheer
number of predictors in play. Note that the Diagonal and Close Curve dimensions, which
were among the few non-significant predictors of shape here, were important predic-

tors in both sets of English data from Chapters 3 and 4.

However the smaller data set including only the base letters produced more inter-
pretable results. Bonferroni-corrected simple correlations between distance along the
various shape dimensions and hue distance revealed only three signficant correlations:
upward-opening curve (r = -.20, p < .05), repeated element (r = .29, p < .001), and hori-
zontal discontinuity (r = .24, p < .01). These three dimensions were also the only signfi-
cant predictors (ps < .01, all other ps >.05) in a model predicting hue using all 11 shape
dimensions (R* = .20, p <.001). (Note that this model has 11 dimensions instead of 14,

as the three diacritical dimensions had no predictive value for the base letters.) A model
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using only these three dimensions to predict hue distance (R* = .16, p <.001) explained
only 3% less variance than the complete 11-dimensional model (see Table 4.1), but this
difference was nevertheless marginally significant (p = .08). Using these three dimen-
sions alone as predictors in the complete data set explained almost as much variance as
the complete 14-predictor model (R* = .24, p < .001), but the remaining 5% of variance
was a significant difference between the 3-predictor and 14-predictor models (p
<.001), again indicating that some other dimension of letter shape was an important
predictor. Thus these three dimensions explain almost all the variance in hue space
attributable to shape similarity for Czechs. The repeated element dimension was a con-
tributor to the reduced shape models for the English data in Chapters 3 and 4, while the
upward-opening curve dimension was a contributor in Chapter 4, indicating a partial
overlap between the dimensions of shape that influence synaesthetic colour in all three

samples.

For the sake of completeness, an attempt was made to account for the remaining differ-
ence between the reduced model and the complete 11-predictor one. Three dimensions
were marginal contributors to the 11-predictor model (diagonal, horizontal-opening
curve, and horizontal discontinuity), and adding any one of these to the 3-predictor mod-
el explained no less variance than the complete model (all ps > .2), while adding any
other dimension to the 3-predictor model resulted in a model that was still marginally
different from the complete model (.05 < p <.1 in all cases). While the diagonal dimen-
sion was important in both sets of English data, there was no principled reason to prefer
it over the other two marginal predictors of hue distance, and so the present data did

not support any further conclusions.

5.4.6 Ordinality effects with both hue and luminance, in opposite directions

The ordinality-hue effect, like the shape-hue effect, was strongest for vowel-vowel pairs
(r=.63, p <.001), and weaker for vowel-consonant pairs (r = .32, p <.001) (see Figure
5.3). Unlike the shape-hue effect, consonant-consonant pairs made no contribution to

the overall ordinality-hue effect (p > .3), indeed they trended in the opposite direction.
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The ordinality-luminance effect, on the other hand, was only significant for vowel-con-

sonant pairs (r = -.25, p <.001, other ps > .3) although the trend for vowel-vowel and

consonant-consonant pairs was still negative.
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Figure 5.3 The ordinality-hue effect in Czech synaesthesia.

No further reductions of the ordinality effects are possible at present. It seemed that the

ordinality-luminance effect might be driven solely by the unusual brightness of I and 0O,

which have often been reported as preponderantly white (cf. Simner et al., 2005), which

would lead to a large luminance distance with other letters. In the Czech data, ], [ 0and

O were all among the 5 brightest letters, with a mean CIE L value of 85, compared to an

average of 71 for all other letters (t;; = 3.84, p <.001). However after removing them
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from the data set, the ordinality-luminance effect was still significant for vowel-conso-

nant pairs (r=-.19, p <.01). No other potential outliers were apparent in these data.

5.4.7 Phonology-colour relations are strongest for vowel-like consonants

The correlation between phonological similarity and hue was significant for both the
complete and the base-letter-only data sets, but when these were decomposed along
vowel-consonant lines only one significant correlation was found, for vowel-consonant
pairs in the base-letter-only data set (r = -.26, p <.01). The phonology-luminance corre-
lation disappeared altogether when the data were decomposed into the vowel/conso-

nant groups (all ps >.05).

Of course this does not mean that the phonology-hue and phonology-luminance effects
were spurious, simply that these effects were likely weak general trends across all letter
pairs, and carving the data into three groups lowered power. However carving up the
data in this way still proved valuable, as further investigation of the one significant cor-
relation revealed a very clean effect of phonological similarity between vowels and con-
sonants. In Figure 5.4, the vowel-consonant pairs are presented by themselves, and fur-
ther split into 3 sub-groups: all pairs where either the consonant or the vowel has a
diacritical, all pairs involving a consonant other than J or V, and all pairs involving J or V.
This scatterplot allows us to see two trends clearly. First, among the base pairs without
diacriticals, the phonology-hue effect was driven almost entirely by J and V, which are
the closest base consonants in phonology to all the vowels. These two letters appeared
to have been pulled towards the vowels by their relatively high phonological similarity,
leading to the strong phonology-hue effect among the vowel-consonant pairs. Removing
pairs involving J or V from the base-letter-only data set rendered the phonology-hue ef-
fect among vowel-consonant pairs insignificant (r = -.14, p = .19), although there was

still a significant effect across all base letter pairs (r=-.13, p <.05).

Second, there was no phonology-hue effect for the vowel-consonant pairs if the pairs in-
cluding diacriticals are included, despite the fact that several diacriticals had a far high-

er degree of phonological similarity to the vowels than either J or V. Presumably, this
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was because the categorical similarity between bases and diacriticals (see Figure 5.1)
overrode the phonological similarity between these vowel-consonant pairs involving di-
acriticals. This would explain why the absolute magnitude of the correlation between
phonological similarity and colour distance went up when the diacriticals were

removed from the data set (see Table 5.4).
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Figure 5.4 The phonology-hue effect for vowel-consonant pairs alone, demonstrating the special role of
and V, and the lack of an effect among pairs that include diacriticals.

Further investigations did not uncover any other outliers or unusual patterns in either

phonology-hue or phonology-luminance relationships.

5.4.8 Is there any impact of learning order on synaesthetic colour?
The learning order hypothesis was not well-supported by the data thus far. The vowels,

which are learned first by Czechs, were closer together in both hue and luminance than
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they were to the subsequently-learned consonants, exactly opposite to the prediction of
the hypothesis. Furthermore, there was no correlation between learning order and hue
or luminance, while there was also a moderate correlation between alphabetical order

and hue, despite the fact that Czechs do not learn their letters in alphabetical order.

In order to leave no stone unturned, the correlational analyses between learning order
difference and hue and luminance distance were re-run, splitting the data set into the
three consonant/vowel groups. Surprisingly, there were highly significant effects. There
was no relationship with either hue or luminance among the consonant-consonant pairs
(all ps > .1), nor among the consonant-vowel pairs when the base letter only data set
was used (both ps >.5). However when the diacriticals were included, there was a rela-
tionship between learning order distance and hue distance among the vowel-consonant
pairs (p < .05, r = -.13) the vowel-vowel pairs (p <.001, r =.40), as well as a relationship
between learning order distance and luminance distance among the vowel-vowel pairs

(p <.05,r=-.26; p >.5 for vowel-consonant pairs).

It quickly became apparent that all the apparent relationships here were driven solely
by E, the only vowel that is not learned at the beginning of Czech letter-learning (see Ta-
ble 5.1). Removing pairs including E from the data set eliminated all effects (all ps > .1).
The reason for this is easy to understand in the case of vowel-consonant pairs. Because
vowels, including E, clustered together in hue and luminance (see Figure 5.1), then E
would tend to be far away in hue and luminance from the consonants that it was close to
in learning order, producing the negative relationship between learning order difference
and hue distance among the vowel-consonant pairs. With the vowel-vowel pairs, how-
ever, the role of E was due to two effects we did not originally anticipate: E was further
in hue from the other vowels, on average, than the other vowels with diacriticals were
from these vowels, and closer in luminance (hue: p <.001, ts = -3.99, luminance: p < .05,
tss = 2.29). Note that no form of p-value correction was used here, and it is quite possi-
ble that either of these effects is spurious. Certainly there is a sensible explanation for
the hue effect: E is categorically distinct from vowels with ¢arkas or krouZeks, in that it

indicates a palatalization of the immediately preceding consonant, as opposed to merely
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lengthening the vowel. Thus it may be that its separation in hue was due to another cat-
egorical effect like those shown in Figure 5.1. However this does not explain the fact
that it is closer together in luminance. Whatever the reason for the effects involving E’s,
these analyses give no reason to think that there is any genuine impact of learning order

on synaesthetic colour in Czech.

5.4.9 Chasing down the frequency-luminance effect

The lack of a frequency-luminance effect (see Table 5.4) once again came as a surprise,
although this time it could not be blamed on low power alone, since the data are not
binned as they were in Chapters 3 and 4. One further analysis did indicate that such an
effect existed, but only as a first-order effect, unlike all the other effects described in this
chapter. This was by calculating, for each subject, the magnitude of the correlation be-
tween the raw luminance values of each letter (not distances between letter pairs) and
the raw frequency of each letter. Only one of these correlations was significant on its
own (p < .05 with no Bonferroni correction), but on average, the absolute magnitudes of
the individual correlations were above 0 (p < .01, t4 = 3.17). This was not the case when
individual correlations were calculated between frequency difference and luminance
distance (p = .20), nor when correlations were calculated with either dimension of hue
(both ps > .1). Thus there was a very small frequency-luminance effect in these data, but

only at a first-order level.

5.5 Discussion

5.5.1 Overview of results

Czech grapheme-colour syanesthetes, like their English counterparts, are influenced by
a wide range of learned letter properties as they develop their letter-colour associa-
tions. To begin with, they cluster their letters categorically within colour space. Base let-
ters are extremely close to their diacritical variations, and among these pairs, vowel-c¢ar-
ka pairs are closer to each other than consonant-hacek pairs. Vowels are slightly closer

to each other than they are to consonants, and within the vowels, I, Y and their accented
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forms are closer to each other than they are to the other vowels. As with English synaes-
thetes, they tend to associate similarly-shaped letters with similar hues, and less similar
colours to letters that are earlier in the alphabet. Furthermore, similar-sounding letters
tend to be more similarly-coloured, both in luminance and hue. These three effects all
differ for different groups of letters: the shape-hue and ordinality-hue relationships are
particularly strong for vowel-vowel pairs, and the phonology-hue and phonology-lu-
minance relationship are much stronger for vowel-consonant pairs, specifically those
involving the consonants that are most vowel-like. Unlike English synaesthetes, there is
no second-order relationship between letter frequency and synaesthetic luminance,
though there is a small first-order effect. Finally, there is no hint of a relationship be-

tween the order in which letters are learned and their synaesthetic colours.

5.5.2 No learning order effect, a special role for sequences?

These results force the rejection of the learning order hypothesis, which states that
synaesthetes tend to assign more distinct colours to letters earlier in the alphabet be-
cause this is (roughly) the order they learn these letters in. Czechs do not learn their let-
ters in alphabetical order, but the learning order of Czech letters is not even close to be-
ing correlated with synaesthetic colour, while alphabetical order is. Furthermore, Czech
vowels, which are the first letters Czech children learn, are clustered together in both
hue and luminance, while the learning order hypothesis suggests that they should be
driven widely apart. One can account for the ordinality-hue effect among both Czech
and English speakers by positing a single mechanism related to ordinality itself, rather
than learning order. That is, ordinality maps on to synaesthetic colour because ordinali-
ty is particularly salient to synaesthetes. This is consistent with the position argued by
Eagleman and colleagues in recent years, who have suggested that grapheme-colour
synaesthesia is a sub-type of “coloured sequence synaesthesia” (Novich, Cheng, & Eagle-

man, 2011; Pariyadath, Plitt, Churchill, & Eagleman, 2012; Tomson et al., 2011).

As the name implies, coloured sequence synaesthesias are those in which individuals

associate colours with items that are habitually learned as members of a sequence. This
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may be the most common type of synaesthesia, and appears to be only weakly related to
forms involving colour but not sequences, such as pain-colour or orgasm-colour, or
forms involving sequences but not colour, such as spatial forms for numbers or time
(Novich, Cheng, & Eagleman, 2011). Neuroimaging work in non-synaesthetes suggest
that over-learned sequences, unlike linguistic items in general, are predominantly
processed in the right hemisphere, specifically in the middle temporal gyrus and inferi-
or parietal lobe (Pariyadath, Plitt, Churchill, & Eagleman, 2012). Several neuroimaging
studies have shown these areas activated in synaesthetic perception involving sequen-
tial stimuli, however several others have not (for a review see Rouw, Scholte, & Colizoli,
2011). These Czech data can be seen as further support for the idea that there is some-

thing special about sequences for synaesthetes.

5.5.3 Ranking the influences on synaesthetic colour

These results also allow a tentative ranking of some of the influences on synaesthetic
colour. For example, it appears that phonological similarity is of less importance than vi-
sual or ordinal similarity. Two results point towards this conclusion. First, consonant-
hacek pairs are tightly clustered in colour space, but pairs of voiced-unvoiced conso-
nants are not. Both groups have similar phonological relationships within each letter
pair, but only the consonant-hacek pairs are similar in shape and ordinality, suggesting
that one or both of these two types of similarity accounts for the consonant-hacek ef-
fect. Second, there is a relatively strong phonology-colour relationship for vowel-conso-
nant pairs, due to the pair of vowel-like consonants J and V being “pulled” towards the
vowel cluster. However this effect vanishes when letters with diacriticals are included in
the analysis. Despite the fact that many of these letters are much more vowel-like than
either J or V (Figure 5.4), there is no hint that this affects their synaesthetic colours. I
suggest this is because their colour is far more determined by their strong relationship
(in terms of shape, ordinality, or abstract identity) with their base letters. While phonol-
ogy clearly affects synaesthetic colour, it is trumped by shape and ordinality in the

present data.
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This is in keeping with a report of a native English-speaking synaesthete who learned
Russian in high school, long after her English letter colours had stabilized. Her colours
for Cyrillic letters were strongly influenced by their visual and phonological similarity to
English letters, however in a case where a Cyrillic letter was visually similar to one Eng-
lish letter and phonologically similar to another, it usually took the colour of the similar-

ly-shaped letter (Mills et al., 2002).

The relative importance of shape and ordinality cannot be determined from these data.
The shape-colour effect in the present data is slightly stronger in absolute magnitude,
but the ordinality-hue effect is stronger for the English synaesthetes in Chapter 4. Vow-
el-Carka pairs are closer in hue than consonant-hacek pairs, and they are closer in terms
of ordinality while being (arguably) no closer in terms of shape. However this does not
show that ordinality is in any way overriding the effects of shape, simply that it can add

to it. These data, then, do not allow the shape and ordinality to be disentangled.

5.5.4 A special role for vowels?

There seems to be a special role for vowels in Czech synaesthesia. Vowels are somewhat
clustered together in colour space, but they also seem to be the prime movers of several
of the other similarity relationships. For instance, the shape-hue and ordinality-hue re-
lationships are far stronger for vowel-vowel pairs than they are for consonant-conso-
nant pairs, indeed of the effects discussed in this chapter, only the shape-hue effect has a
detectable impact on consonant-consonant pairs at all. Furthermore, the phonology-hue

effect appears to be driven largely by the similarity of / and V to the vowels.

5.5.5 Ambiguous evidence for a hue/luminance split

Evidence of a hue/luminance split is more ambiguous in the Czech data than those from
the English synaesthetes in Chapters 3 and 4. As in the English data, there is a shape-
hue effect but no shape-luminance effect, and a frequency-luminance but no frequency-
hue effect. Further, while there are both ordinality-hue and ordinality-luminance effects
of roughly equal magnitude, they are in opposite directions, indicating that they cannot

be due to the same factors. Thus for the similarity dimensions that were tested among
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English synaesthetes, we replicate the finding of a hue/luminance split. However, all the
categorical effects shown in Figure 5.1 are more or less equivalent in hue and lu-
minance, save that [ and Y are only clustered within hue space. Also, the phonology-hue
and phonology-luminance effects seem essentially indistinguishable from each other,
especially among the base letter pairs where they are strongest. Further work is needed
to determine why the hue/luminance split occurs for some types of similarity but not

others.

What these results establish beyond the shadow of a doubt is that synaesthetic colours
of Czech speakers reflect a number of learned properties of letters. Thus Czech
grapheme-colour synaesthesia, like English grapheme-colour synaesthesia, encodes a

surprising amount of information about its inducer domain.
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6 Grapheme-colour synaesthesia
benefits rule-based category learning®

6.1 Introduction

We have now seen strong evidence for the effect of learning on synaesthesia. It has been
established that the likelihood of developing (or retaining) synaesthesia is dependent
upon childhood learning challenges (Chapter 2), and that specific synaesthetic associa-
tions encode a great variety of information about the inducer domain (Chapters 3-5).
Now we examine the other direction of the relationship, verifying if synaesthesia can be

useful for learning.

Is synaesthesia good for anything? The suggestion that it has some utility goes back well
over a century (Calkins, 1893; Calkins, 1895) and recent work has begun to confirm
this. Grapheme-colour synaesthetes, who experience letters and numerals as having spe-
cific colours, have episodic memory advantages for letters and words (Radvansky, Gib-
son, & McNerney, 2011; Rothen & Meier, 2010a; Yaro & Ward, 2007), calendar-form
synaesthetes, who experience dates as located in peripersonal space, have advantages
for remembering events and dates (Simner, Mayo, & Spiller, 2009), and several varieties
of synaesthesia are associated with enhanced perceptual discrimination (Banissy,

Walsh, & Ward, 2009; Saenz & Koch, 2008). However it remains an open question

5. This chapter is slightly adapted from a previously published paper (Watson, Blair, Kozik,
Akins, & Enns, 2012). I was the primary person involved in determining the research
question and experimental method, though all my collaborators made many useful
suggestions and changes. All analyses were performed by myself, and I was the primary
author of the paper.
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whether synaesthesia can be exploited for more sophisticated and abstract forms of
learning (Brang & Ramachandran, 2011). Here we answer this question in the affirma-

tive for rule-based category learning.

We investigated whether grapheme-color synaesthetes are able to use synaesthetic
colours on a difficult category learning task. We show that synaesthetes viewing black
letters use their internally-generated colours during this task in much the same way as
non-synaesthetes viewing genuinely coloured stimuli. Thus synaesthesia can be a tool

used in learning novel abstractions.

Participants learned to classify stimuli according to a rule-based category structure.
Such learning is hypothesized to involve an explicit reasoning process in which hypothe-
ses are maintained in working memory, individual stimuli are attended to and catego-
rized according to the currently active hypothesis, and this hypothesis is either
strengthened or modified on the basis of subsequent feedback (Ashby & Maddox, 2005).
The particular 4-category structure we created was structurally similar to one used by
Maddox, Filoteo, Hejl, and Ing (2004), in that the category rules conjoin two distinct
pieces of information. Such conjunctive rules are frequently taught in primary school,
for example when learning English phonetics (e.g. a vowel followed by a consonant has
a short pronunciation, unless the consonant is immediately followed by the letter ‘e’, in
which case the first vowel has a long pronunciation), in mathematics (e.g. a number is
prime if it can be divided by 1 and not by any other number), or in the sciences (e.g. a

mammal is an animal with warm blood that gives birth to live young).

Stimuli were pairs of graphemes (see Figure 6.1a) whose category membership could
be determined by simple rules involving the order and associated colours of graphemes,
e.g. “Members of category 1 contain a green followed by a pink grapheme”. As synaes-
thetes’ colours are idiosyncratic, a different stimulus set was generated for each synaes-
thetic participant. Participants who discovered the colour rules were expected to be
more accurate on the initial Category Learning task than those who did not. Other parti-

cipants would have to resort to more complex rules based on all possible combinations
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of the eight graphemes in the stimulus set, to use explicit memorization of 16 stimulus-
category pairs, or to resort to more idiosyncratic strategies - e.g. treating letter pairs as

acronyms for words or phrases with personal meaning.
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a. Category Learning Stimuli

1 2 3 4
GH GT H T
GK G6 K 6
AH AT H T
AK A6 K 6

b. Transfer Test Stimuli

1 2 3 4
3K AJ B J
3P 36 H 6

3J =

c. Recognition Test Stimuli -

Foils

1 2 3 4
3H GJ B T
GP 3T K J
AP J
d. Recognition Test Stimuli -
Novel Stimuli

D

5
FR
9S8
UF
Q8

Figure 6.1 One of the stimulus sets, based on the color assignments of one of the synaesthetes, for the
various measures in the experiment. Synaesthetes and members of the Control-Achromatic group would
have been presented with these stimuli in black. (a) Stimuli used during the Category learning task and
Recognition Test, arranged so that the color rules are obvious. (b) The 10 stimuli used during the Transfer
Test. (c) The 10 Foil Stimuli used during the Recognition Test. (d) The six completely novel stimuli used
during the Recognition Test.

This initial task was followed by a Transfer Test and Recognition Test, both designed to
verify if participants were using colour rules. Immediately following the category
learning task, participants completed 10 Transfer Test trials, in which novel stimuli that
followed the same colour rules were presented (Figure 6.1b). Participants who had used
colour rules previously ought to be able to apply them to these novel stimuli, whereas
those who used other strategies should be at chance. This Transfer Test was followed by

a Recognition Test, on which the opposite pattern of results was expected. Here partici-
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pants were presented with grapheme pairs and asked if they had been presented previ-
ously in the experiment. These stimuli included all 16 stimuli from the Category
Learning task (Figure 6.1a), 10 novel Foil Stimuli that also followed the colour rules
(Figure 6.1c), and six additional stimuli with no colours or identities in common with
any others used during the experiment (Figure 6.1d). Subjects who had used colour
rules would be expected to confuse the 10 Foil Stimuli with those previously presented
in the category learning task and Transfer Test. However those using alternative rules

would be expected to correctly reject more of them.

Three groups participated in the study. A Synaesthete group viewing achromatic stimuli
was compared with non-synaesthetes viewing either the same achromatic stimuli (Con-
trol-Achromatic) or stimuli that were coloured according to synaesthetic colour assign-
ments (Control-colour). Thus if synaesthetic colours can be used in rule-based catego-
rization tasks, we expect the Synaesthete group to perform better than the Control-
Achromatic group on the category learning task and the Transfer Test, but worse on the
Recognition Test. Comparing the Synaesthete and Control-colour groups allows us to in-
fer further similarities and differences between synaesthetic and normal colour

perception.

6.2 Experiment 1

6.2.1 Participants

Ten grapheme-colour synaesthetes participated in the study and were rewarded with
$10 (CAN). All synaesthetes’ grapheme-colour associations were verified as consistent
by the online Synaesthesia Battery (Eagleman, Kagan, Nelson, Sagaram, & Sarma, 2007),
with a mean consistency score of .70, and a mean accuracy score of 89% on the Speed-
Congruency Test. Eighty- six non-synaesthetes were recruited from undergraduate psy-
chology classes at the University of British Columbia. Six of these participants were

removed from all analyses for performing at chance, leaving 80 non-synaesthetic partic-
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ipants. Eight of these participants were randomly assigned to each synaesthete’s stimu-

lus set, 4 to the Achromatic and 4 to the colour condition.

6.2.2 Displays and responses

Stimuli consisted of grapheme pairs presented in Arial font, each grapheme occupying
approximately 2.5 cm® (3.6° of visual angle at a distance of 40 cm). Graphemes were ei-
ther all black (Achromatic condition) or coloured as the synaesthete reported them
(colour condition). Each Category Learning and Transfer Test trial began with a fixation
cross (approximately 1.5 cm? or 2.1° v.a.) at the center of the screen for 400-800 ms,
followed by a stimulus at the center of the screen and four response boxes near the bot-
tom, labeled with the digits 1-4. Participants selected one box with a mouse click, and
were given feedback in the form of the incorrect response boxes disappearing. Partici-
pants responded to the feedback by clicking on the correct box, and the next trial began.
Recognition Test trials had identical displays, save that there were only two re- sponse

boxes, labeled “Yes” and “No”, and no performance feedback was given.

6.2.3 Category structure

A category structure of 16 letter pair stimuli was created for each of the 10 synaes-
thetes. These were generated from eight graphemes, which were associated with four
distinct colours (see Figure 6.1a), organized such that each colour appeared only in the
left or right position. Stimuli were assigned to one of four categories on the basis of sim-
ple conjunctive colour rules, as illustrated in Figure 6.1a that can be easily applied in a
2-stage hierarchy. For example, one could begin a trial by looking at the left- hand letter,
and narrowing down the possible responses to categories 1 and 2 if the letter is blue or
3 and 4 if it is red. Then the colour of the right hand letter could be used to determine
which of the two remaining options is correct, since the possible responses are 1 and 3
if this letter is orange or 2 and 4 if it is green. Of course these colour rules would be un-
available to non- synaesthetes viewing achromatic letters, and we expected their perfor-

mance to suffer accordingly.

107



6.2.4 Foil stimulus sets

In addition to the stimulus sets shown to participants during Category Learning, we
constructed stimulus sets following the same colour rules, but including novel
graphemes, for use in the subsequent Transfer and Recognition Tests, illustrated in Fig-
ure 6.1b and c. Within each set, four additional graphemes were used, each associated
with one of the four colours from the learning phase. Combined with the original
graphemes, this allowed for the construction of 20 more grapheme pairs (five new stim-
uli in each category) that followed the same colour mapping as in the learning task. Ten
of these stimuli were randomly selected to appear in the Transfer Test, and the other 10
appeared during the Recognition Test. Again, participants in the Achromatic condition

saw the same letter pairs, but coloured black.

6.2.5 Procedure

Category Learning consisted of 256 trials in total, divided into eight blocks of 32 trials.
Each block contained each of the 16 stimuli presented twice in random order. On each
trial participants indicated which category a stimulus belonged to and were given feed-
back as described above. Immediately following these eight blocks, participants com-
pleted 10 Transfer Test trials that were identical in format, except that the stimuli were
drawn from the Foil Stimuli. Other than the sudden appearance of novel stimuli, partici-

pants were given no indication that anything was different on these trials.

Participants then completed 32 Recognition Test trials, where they were asked to indi-
cate if they had seen a particular stimulus previously during the experiment. They indi-
cated their response by clicking on one of two boxes, labeled “Yes” and “No”, and were
not given any feedback. The stimuli presented in this phase consisted of all 16 original
stimuli, the 10 Foil Stimuli that had not been used in the Transfer Test, and six new
grapheme pairs unrelated to any of the other stimuli in the experiment. Thus, half of the

stimuli in the Recognition Test had been seen previously and half had not. We were par-
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ticularly interested in participants’ responses for the 10 Foil Stimuli, as someone paying

attention to colour might be expected to make False Recognition errors on these trials.

Finally, participants were asked to write down any strategies they used during the Cate-

gory Learning phase of the experiment.

6.2.6 Behavioral results

For each participant, we computed four scores. Categorization Accuracy was the mean
accuracy over each block of the category learning task, and response times (RTs) were
also recorded during these blocks. Transfer Accuracy was the mean accuracy over the
10 Transfer Test trials. False Recognition was the inverse of the mean accuracy over the
10 Recognition Test trials that used the Foil Stimuli. (Recognition Test accuracy for the

other stimuli was over 95% for all groups, and so was not analyzed further.)

The results were qualitatively very simple. First, accuracy on the Category Learning task
was higher for those with access to colour information, whether these colours were
synaesthetic or real (see Figure 6.2a), although synaesthetes learned somewhat more
slowly than controls viewing real colours. Second, participants looking at achromatic
letters were slower to make decisions, whether they were synaesthetes or controls, and
the synaesthetes were generally slowest of all. Third, access to colour information also
improved participants’ ability to generalize to novel stimuli on the Transfer Test, al-
though real colours provided more of an advantage than synaesthetic colours (see Fig-
ure 6.2b). Finally, participants with access to colour information were prone to False
Recognition of the Foil Stimuli during the Recognition Test, but those without colour

were able to correctly re- ject most of these stimuli (see Figure 6.2c).

These qualitative descriptions are supported by analyses of variances (ANOVAs) and
post hoc group comparisons. To begin with, Categorization Accuracy and RT were the
dependent measures in two-way ANOVAs using Group as a between-subjects factor with
three levels (Synaesthete, Control-Achromatic, and Control-colour), and Epoch (1-4,
each composed of two experimental blocks) as a within-subjects factor. In both cases,

there were significant main effects of Group (Categorization Accuracy: F,g;, = 12.1, n* =
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.22, MSE = .11, p <.001; RT: F,5, = 11.5, n* = .21, MSE = 2.1, p < .001) and Epoch (Fs =
146.5, 31.4, n* = .61, .26, MSE = .01, .42, respectively; both ps <.001), as well as Block by
Epoch interactions (Fs261 = 2.5, 2.3, n2 = .02, .04, MSE = .01, .42, respectively; both ps
< .05). These were followed by tests of the simple main effect of Group at each of the
four levels of Epoch, which all indicated group differences (F,.s; between 5.0 and 19.3,
n2 between .04 and .12, MSE for accuracy between .06 and .14, for RT between 2.1 and
8.1, all ps <.01; except for RT on epoch 4, where F;,¢ = 3.2, n2 =.02, MSE = 1.3, p = .04).
The Tukey-Kramer method was used to determine which groups were significantly dif-
ferent from each other on each of the four epochs, and these results are described

below.

In the case of Categorization Accuracy, as shown in Figure 6.2a, the interaction stems
from the Synaesthete group improving at a faster rate (a rise of over 40% from epochs 1
to 4) than either control group (both of whom improve by approximately 30%). The
Control-colour group outperforms the Control-Achromatic group by 15-20% through-
out the experiment, while the Synaesthete group begins by performing similarly to the
Control-Achromatic group on the first epoch, but on Epochs 2-4 is significantly more ac-
curate than the Control-Achromatic group, and not distinguishable from the Control-

colour group.

In the case of RT, the interaction also stems from the Synaesthete group improving at a
faster rate (an overall gain of 1.7 s from an initial RT of 4.9 s in Epoch 1) than either con-
trol group (the Control-colour and Control-Achromatic groups improve by 0.6 s from 2.1
s and by 0.8 s from 2.8 s, respectively). Despite this greater improvement, the Synaes-
thete group was slower than both control groups on all epochs save for epoch 4, where
it was not distinguishable from the Control-Achromatic group. The Control-colour group
was faster than both other groups on all epochs save for epoch 3, where it was not dis-

tinguishable from the Control-Achromatic group.
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Figure 6.2 Performance of participants in Experiment 1. (a) Accuracy over the course of the Category
Learning task (each epoch = 64 trials), (b) accuracy over the 10 Transfer Test trials in which participants
categorized foils that follow the same color mapping rules, and (c) error rate over the 10 Recognition Test
trials involving novel Foil Stimuli. Error bars indicate plus/minus one standard error of the mean. Aster-
isks indicate significant group differences. *: p <.05, **: p <.01.
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The remaining two measures (Transfer Accuracy and False Recognition) were depen-
dent variables in one-way ANOVAs using Group as a between-subjects factor. Levene’s
test showed a violation of the homogeneity of variance assumption for Transfer Accura-
cy (F.s7 = 4.5, p < .05) so Welch’s statistic was used. Both ANOVAs were significant
(Transfer Accuracy: Fs,;, = 39.4, n° = .46, MSE = .06, p < .001; False Recognition: F,g; =
24.2,n* = .36, MSE = .04, p < .001), indicating group differences on each of the measures.
Following up with Tukey-Kramer revealed that the Control-colour group had the high-
est Transfer Accuracy (78%), then the Synaesthete group (56%), followed by the Con-
trol-Achromatic group (32%), and all 3 between-group comparisons were significant
(all ps <.05). Finally, the Synaesthete and Control-colour groups both performed poorly
on the Recognition Test trials using Foil Stimuli (False Recognition of 48% and 55%, re-
spectively) whereas the Control- Achromatic group made far fewer errors (24%) than

either (both ps <.01).

6.2.7 Self-report data

The data from participants’ reports of their own strategies also support the notion that
group performance differences stemmed from the availability of colour-based rules. Re-
viewing these reports revealed a number of common strategies, including the use of
acronyms (mentioned by 14% of participants), memorization (60%), various forms of
mathematical reasoning (11%), the use of colour information (49%), and explicit de-
scriptions of the formal category structure (22%). Fisher’s Exact Test was used to see if
the proportions of participants reporting each strategy differed between groups. This
was the case for memorization (p =.002), the use of colour (p <.001) and describing the
structure (p <.001), but not for acronyms (p >.9) or math (p > .25). The Control-Achro-
matic group was the source of all three group differences, as removing this group result-
ed in no significant differences between the Synaesthete and Control-colour groups (all
ps > .5). Specifically, the Control Achromatic group was more likely to report memoriza-

tion (80%) than the Synaesthete (50%) or Control-colour (43%) groups, and less likely
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to report the use of colour (0% vs. 80% and 90%, respectively) or to describe the cate-

gory structure (3% vs. 40% and 38%, respectively).

Finally, we verified whether these strategies were connected to performance using five
ANOVAs, each using Group and one of the strategies described above as between-sub-
jects factors, and accuracy on the final category learning epoch as the dependent
measure. There were main effects of describing the category structure (F = 7.1, n° = .08,
MSE = .04, p <.01) and mathematical reasoning (F = 6.8, n° = .05, MSE = .04, p <.01), and
an interaction between the use of colour information and group (F = 5.2, n* = .05, MSE =
.04, p < .05). No other main effects of strategy or interactions were significant (all ps >
.05). The two main effects of strategy were due to participants who described the cate-
gory structure performing better than those who did not (mean accuracy on Epoch 4 =
94% vs. 73%) and those who used mathematical reasoning performing worse than
those who did not (60% vs. 80%). The group by colour interaction was followed with
tests of the simple main effect of colour, which was marginally significant for the Con-
trol-colour group (F = 3.8, n* = .04, MSE = .15, p = .06), but not for the Synaesthete group
(p > .25). Among Control-colour participants, Tukey-Kramer revealed that participants
who used colour had a higher accuracy than those who did not (87% vs. 59%, respec-
tively). As only two synaesthetes did not report using colour, the lack of a main effect is

likely uninformative for this group.

6.3 Experiment 2

The overall pattern of results from Experiment 1 is consistent with the claim that
synaesthetes can exploit their colour experiences during category learning, in much the
same manner as non-synaesthetes viewing real colours. Indeed, the only accuracy dif-
ferences between the Synaesthete and Control-colour groups were that the synaes-
thetes were slightly slower to learn the category structure, and somewhat less accurate
on the Transfer Task. But it was still possible that the superior performance of the
Synaesthete and Control-colour groups was not due to their using colour rules per se.

For instance, it is possible that colour by itself makes the categorization task easier to
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learn, irrespective of any category rules: perhaps it is simply easier to memorize letter
pairs when they are coloured, and hence easier to apply mnemonic strategies to learn
the category structure. To see if this was the case, we ran a second experiment using
new subjects, identical to Experiment 1 save that colours were no longer diagnostic of
category membership. If the results from Experiment 1 were indeed due to participants
in the Synaesthete and Control-colour groups making category decisions on the basis of
colour rules, then they should not be able to do this in Experiment 2, and we should not

find the group differences we found in Experiment 1.

6.3.1 Methods

The experimental procedure was identical to Experiment 1, save that similarly-coloured
letters were not grouped in the same categories, so colours were no longer diagnostic of
category membership. Eight synaesthetes participated in the experiment, whose
grapheme-colour associations were verified as consistent by the Synethesia Battery
(mean consistency score: .66, mean Speed-Congruency accuracy: 87%), along with 68
non-synaesthetic controls, four of whom were eliminated from the analysis as random
responders, leaving 64 non-synaesthetes who were randomly assigned to a particular
synaesthete’s stimulus set, and to a colour or Achromatic condition, as in Experiment 1.

None of the participants were in Experiment 1.

As in Experiment 1, stimuli were composed of pairs of graphemes, made from eight
graphemes with four distinct colours. These were organized into four categories of four
stimuli each. However graphemes with each of the four colours appeared in at least
three of the four categories, and at least once on the left and once on the right-hand side

of different stimuli. Thus colour was entirely useless for categorization.

6.3.2 Results

In brief, the three groups perform similarly to each other on all tasks, with only one ex-
ception. Furthermore, all three groups also perform very similarly to the Control-Achro-
matic group from Experiment 1. Thus it is clear that the group differences we found in

Experiment 1 are not due to colour per se, but to its use in a system of rules.
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To support this conclusion, we performed the same analyses on the same variables as in
Experiment 1. No group differences or interactions were found (all ps > .3) save for
False Recognition (F = 5.4, n* = .14, MSE = .05, p < .01). Tukey’s HSD revealed that this
group difference was due to the Control-colour group performing significantly worse (p
< .01) than the Control-Achromatic group (False Recognition of 57% and 28%, respec-
tively). Furthermore, with the exception of the Control-colour group’s False Recognition,
all groups’ mean performance on all measures was within the 95% confidence interval

of the performance of the Control-Achromatic group on Experiment 1.

6.4 Discussion

These results demonstrate that synaesthetes can learn rule-based categories using in-
ternally-generated synaesthetic colours. Moreover, they do this similarly to non-synaes-
thetic individuals using physical colours. Both synaesthetes and non-synaesthetic parti-
cipants viewing coloured stimuli learned to categorize more successfully than non-
synaesthetes viewing achromatic stimuli, were able to generalize to novel stimuli on the
transfer task, and were unable to correctly reject Foil Stimuli in a Recognition Test, indi-
cating that their memory for individual grapheme identities was impaired. Further-
more, these participants were also likely to give explicit reports indicating that they
used the colour information and understood the category structure, unlike non-synaes-
thetes viewing achromatic stimuli, and giving these reports was correlated with higher
accuracy. Taken together,; these findings demonstrate that synaesthetes can exploit their
grapheme colours to learn a rule-based category structure similar to those taught in a

variety of domains.

More detailed analyses showed some performance differences between synaesthetes
and non-synaesthetes viewing physically coloured stimuli. First, synaesthetes learned
more slowly. Though their performance for most of the experiment was comparable to
non-synaesthetes viewing real colours, their accuracy was lower at the start of the ex-

periment. We suggest that this is because experiences of synaesthetic colours may be
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somewhat less vivid than experiences of real colours, which might delay rule

acquisition.

Second, synaesthetes were not as successful in transferring their learning to novel stim-
uli. This might also be explained by less vivid synaesthetic experiences. Alternatively, a
comment made by a synaesthetic participant may shed light on this result. He indicated
that when viewing the stimuli, he did not experience two different colours, but saw a
single colour for the pair as a whole, typically the colour of the grapheme that seemed
more “dominant” than the other. Indeed, many grapheme-colour synaesthetes experi-
ence single colours for words, often determined by the colour of an individual letter
(Simner, Glover, & Mowat, 2006; Ward, Simner, & Auyeung, 2005). This may account for
the lower accuracy of synaesthetes on the transfer task, although it does not mitigate
the critical finding that their accuracy was almost twice that of non-synaesthetes view-

ing achromatic grapheme pairs.

Third, synaesthetes were slower to respond than participants viewing real colours.
There are at least two ways of accounting for this result. First several researchers argue
that synaesthetic colours cannot be induced without the conscious recognition of the
grapheme (e.g. Laeng, 2009). This would imply that the Synaesthete group ought to re-
spond at least as slowly as the Control-Achromatic group, which is what we find. An al-
ternative is that the process of establishing which letter in a pair is dominant, as de-
scribed in the previous paragraph, may take some time to resolve itself. The present
data does not provide enough evidence to decide whether one or both of these is the

true source of the reaction time differences.

How well might these results generalize to other tasks? Stimuli in Experiment 1 were
specifically tailored to each synaesthete such that their personal colour associations
would be maximally informative for distinguishing between the four categories. It
seems remarkably unlikely that this could happen by chance. Thus one would be justi-
fied in asking whether our results have any meaning outside the laboratory. Are the ap-

parently arbitrary associations synaesthetes make between graphemes and colours ac-
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tually any use in learning or using the rules of, for example, spelling, mathematics or

phonetics?

Our data do not directly address this question, but there is reason to think that synaes-
thetic colours could provide a significant benefit to such rule use. Many of the explicit
rules we learn in everyday life - including all the examples given in Section 1 - are sin-
gle rules that do not require combining with other rules in a hierarchical fashion, as the
colour rules in this study do. Any rule that involves a specific combination of letters -
e.g. “I before E except after C”’ - is one that involves a specific combination of colours for
a grapheme-colour synaesthete. Provided the synaesthete’s colours for these letters are
distinguishable from each other; this could provide a cue to aid in learning and applying
the rule. The same is true for any numerical rule in math - e.g. any number ending in 5
is divisible by 5. The present study shows that with less than 30 min training, synaes-
thetes can flexibly employ their colours to learn and use a complex and abstract set of
intertwined rules. We see no reason why they could not do the same for simpler rules in

the classroom or in the rest of daily life.

Of course establishing that this is possible is one thing, verifying that it occurs under na-
tural conditions is another matter. There are no published studies that test this hypothe-
sis. There are anecdotal reports, and several savants attribute their astounding memory
and mathematical skills to synaesthesia (Bor, Billington, & Baron-Cohen, 2007; Luria,
1968), but it remains unconfirmed whether the average synaesthete employs their
colours in this manner. It appears that synaesthetic photisms influence mathematical
processing (Ghirardelli, Mills, Zilioli, Bailey, & Kretschmar, 2010), but the nature of this
influence is far from clear. Determining if colours are actually being used to represent

rules in mathematics, spelling, or in other domains is a crucial next step.

Finally, the rule-based categorization task used here is generally considered to involve
explicitly conscious processes that operate in a fundamentally different manner from
the processes used in statistical or implicit learning (Reber, 1993). Further experiments

could more directly test whether the sub-personal mechanisms that underlie implicit
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learning can also exploit synaesthetic colour information. If this is the case, the potential
utility of synaesthesia for learning is even wider, given the ubiquity of implicit learning

throughout life.

Previous work has demonstrated that the colours synaesthetes associate with letters
are influenced by a number of learned properties of these letters (Beeli, Esslen, &
Jancke, 2007; Cohen Kadosh, Henik, & Walsh, 2007; Day, 2005; Rich, Bradshaw, & Mat-
tingley, 2005; Simner et al., 2005; Simner & Ward, 2008; Watson, Akins, & Enns, 2012).
Here, we demonstrate the reverse: synaesthetic colours can influence learning about
letters. Further exploration of the interactions between synaesthesia and learning is
likely to be the source of new understanding about the nature of this fascinating

phenomenon.
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7 Conclusion

7.1 What do we know?

7.1.1 Demonstrating 3 main points

The work described in this thesis was inspired by the developmental learning hypothe-
sis of synaesthesia, according to which synaesthesia develops, at least in part, as a
strategic method of solving various learning challenges in childhood. The thesis set out
to defend three points which underpin this hypothesis. These are:

1. Synaesthesia typically develops as part of a difficult learning
process in which the synaesthete learns a category structure
whose members become the triggers of synaesthetic
experiences.

2. Synaesthetic experiences are shaped by this learning process,
such that they encode a wide range of information about the
learned domain.

3. Synaesthesia is exploited on a variety of memory, learning, and
creative tasks, leading to “synaesthetic styles” of performance on
these tasks.

In the Introduction, I presented what we already know about these three points, and in

the research chapters I expanded on this by presenting new evidence supporting them.

For point 1, the literature already shows that the majority of synaesthetic inducers are
learned categories, and that the development of grapheme-colour synaesthesia takes
place over a period of several years that overlap with the development of literacy. Chap-
ter 2 expanded on this, by showing that a particular learning challenge—the acquisition
of a second language in grade school—is associated with a higher likelihood of becom-

ing synaesthetic.
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Point 2 is supported by a number of previous findings demonstrating that synaesthetic
concurrents are shaped by a wide range of learned information about the inducer do-
main. In Chapters 3-5, I expanded on this, showing that various different kinds of
learned information independently influence the colours of grapheme-colour synaes-
thetes. In Czech, this includes quite high-level categorical knowledge about the role dif-
ferent letters and diacriticals play within the language. This knowledge is not available
until first grade at the earliest, showing that synaesthetic development is mediated by

high-level learning over the course of several years.

Finally, point 3 has been largely accepted by researchers, but generally supported by
anecdotal evidence. Chapter 6 provides the first clear proof that synaesthetic associa-
tions can be useful on a difficult learning task. Synaesthetes in this category learning
study spontaneously began using their colours as guides to the category structure in a
very similar manner to non-synaesthetes looking at real colours, and both groups signif-
icantly out-performed non-synaesthetes who did not have access to colour information.
If synaesthetes can learn to do this in 20-40 minutes seated in front of a computer, who
knows what they can do over the course of decades as they navigate the various tasks

associated with literacy?

7.1.2 Other findings

In the course of gathering evidence for the three main points guiding this thesis, my col-
laborators and I uncovered a number of other fascinating findings, which may or may
not directly relate to the developmental learning hypothesis. Here I outline some of the

most interesting of these findings.

Chapter 2 demonstrated that women are far more likely to cooperate with experimenter
requests in synaesthesia studies, demonstrating that previously-reported female biases
in synaesthesia are almost certainly due to cooperation with the experimental protocol,
rather than any actual differences in prevalence between the sexes. It is probably now
safe to assume that there is at most a very small influence of sex on synaesthetic preva-

lence, and very likely no influence at all. If there is no influence, this suggests that the fe-
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male compliance bias extends all the way to answering direct questions about synaes-
thesia: men may be less likely to self-report as synaesthetic even if they are given a
description of synaesthesia and asked if this applies to them. If this is the case, then all
previous reports of sex differences in synaesthesia should be treated very cautiously, in
particular the finding of a strong bias for transmission down the maternal line. This
casts doubt upon one of the main reasons for believing in a simple genetic account of
synaesthetic development, which in turn makes something like the developmental

learning hypothesis far more plausible.

Another important result from Chapter 2 is the finding of a large proportion of individu-
als who pass the consistency tests for various kinds of synaesthesia, but initially denied
having the forms of synaesthesia in question. This confirms that the self-report and con-
sistency criteria for synaesthesia are fully independent of each other, and shows that we
cannot simply screen synaesthetes based on self-report. In the Introduction I reviewed
the current consensus that we do not have a good theoretical definition of synaesthesia,
and these data suggest that there are serious issues with our operationalizations as

well.

Chapter 2’s results are also consistent with previous reports of synaesthetic “clustering”.
We find that the effect of second language acquisition is not confined to grapheme-
colour synaesthesia, as originally hypothesized, but rather to all varieties of synaesthe-
sia we test for. This, it is argued, may be the result of generalizing a particular learning
strategy initially developed during literacy acquisition to other, conceptually similar,

problems.

One fascinating finding from Chapters 3-5 is that almost all the effects we uncover are
confined to either luminance or hue, but not both. In Chapter 3 it was argued that this
split is useful. Categorical information can be most usefully mapped onto hue space,
partly because this is more natural for humans, but also because this would not inter-
fere with the luminance-based processes we use to actually identify letter categories.

This suggestion is complicated somewhat by the Czech findings from Chapter 5. While
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the same hue/luminance splits were found for several mappings, the strongest categori-
cal mappings (the base-diacritical pairs) were found in both luminance and hue, as was

the influence of phonology.

The Czech data used in Chapter 5 also enabled a strong test of the learning order hy-
pothesis, which stated that the ordinality-hue effect, in which letters earlier in the al-
phabet are further apart in hue, was due to the earlier letters having been learnt first.
Since Czech letters are not learned in alphabetical order, this hypothesis could be direct-
ly tested, and it was conclusively rejected. Instead, it appears that there is something
special about ordinality itself, which may provide support for Novich et al’s notion of

coloured sequence synaesthesias.

The data from Chapter 5 also allowed a tentative ranking of some of the influences on
synaesthetic colour, suggesting that letter shape and alphabetical order (and possibly an
abstract notion of letter identity) are stronger determinants of colour than phonology.
This might be taken as evidence that grapheme-colour synaesthesia does not have its
earliest roots in a phoneme-colour synaesthesia, but rather results specifically from the

learning problems associated with the development of literacy:.

Finally, in Chapter 6 we saw that though the synaesthetes in our study exploited their
colours in a similar manner to non-synaesthetes viewing real colours, their response
times were far slower. This may be an indication that the induction of synaesthetic expe-
riences is a slow process, which might be taken as support for the re-entrant processing
or disinhibited feedback theories of the neurophysiology of synaesthesia. As always,

more investigation is needed.

7.2 What don’t we know?

| take it that the three points that were the organizing principles of this thesis have been
firmly established. This does not, it should be noted, prove the developmental learning
hypothesis per se. In order to do this, one would need to connect the points in the causal

chain described in the Introduction, which is far beyond the scope of this thesis. That is,
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one would have to show that synaesthesia develops in the course of learning (point 1)
because it can be exploited to achieve learning success (point 3), and that the particular
aspects of the inducer domain which are encoded within synaesthetic concurrents
(point 2) are encoded because they are useful in this manner. I hope that this causal
chain seems at least somewhat plausible now. For example, it seems intuitive that en-
coding categorical information about vowels and consonants might be particularly use-
ful in learning to read. However plausibility is a long way from proof, and a great deal of
innovative research would need to take place before this causal chain could be estab-

lished. What might this research look like?

One step would be to verify if children with synaesthetic colours are exploiting them in
some way. Consider the case of the categorical distinction between vowels and conso-
nants. Would a child whose synaesthetic colours make this distinction clear be impaired
on a vowel/consonant discrimination task if the letters were presented in incongruent
colours? This would at least provide preliminary evidence that their method of making

this discrimination in some way exploited their colours.

A great deal of reading performance involves the recognition of dozens of common bi-
grams and trigrams. Colour-based “markers” for letters might be a particularly good
method of recognizing such common groups of letters, allowing for improved acquisi-
tion and retention. Another possible study, then, would be to see, for individual synaes-
thetes, which of the common bigrams and trigrams are particularly salient, given their
personal letter colours, and then to see if they have a particular advantage at recogniz-

ing, discriminating or otherwise interacting with these groups of letters above others.

An important longitudinal question concerns what happens to those children who at
some point have synaesthetic tendencies, but who lose these as they get older. Might
these be individuals for whom letter colours were particularly uninteresting, or for
whom the development of literacy was accomplished in a manner that did not exploit

their synaesthesia?
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Finally, the research presented here has been strongly slanted towards grapheme-
colour synaesthesia, and letter-colour synaesthesia in particular. However we have seen
strong evidence that this emphasis does not reflect the tendencies among synaesthetes,
who generally have multiple forms of synaesthesia. Understanding how synaesthetic
colours (or other concurrents) might help with learning these other inducer domains is

an important and difficult task.

7.3 Why study synaesthesia?

Supposing the developmental learning hypothesis is true, one can imagine a great num-
ber of ways in which the kinds of studies described here might have practical benefits.
For instance, if colour-coding information is useful for synaesthetes, might it be equally
useful for non-synaesthetes? Would it help with second-language learning among older
children or adults? Anything that could reduce the drudgery and increase the success
rate of second-language learning would be of obvious utility to many. Other similar pos-

sibilities are fairly easy to think of.

Aside from its potential practical utility, it is often suggested that synaesthesia is of
great theoretical importance. Researchers often describe the importance of synaesthe-
sia research in terms of its utility for understanding the mysteries of consciousness,
multimodal associations, the heterogeneity of perception across individuals, or other
profound aspects of the human mind. One question which might have real theoretical
importance, for example, concerns the great preponderance of spatial and coloured con-
currents in synaesthesia. Though there are synaesthetes who taste words, or hear
sounds when they see particular stimuli, they are a tiny minority compared to those
who experience members of categories as coloured or as located in personal space. Why
are space and colour so important? Understanding this might be of real importance to

understanding the structure of our own minds, which is arguably the purpose of
psychology.
However, while I agree that such theoretical and practical considerations are important,

they are not the ones that motivated me to begin studying synaesthesia, and [ suspect
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this is true of most researchers. I study synaesthesia for its own sake. It is seriously
weird, and endlessly fascinating. I argue that this is a perfectly good reason to devote
time and energy to a research topic. Basic research cannot be guided purely by short-
term utilitarian concerns, especially if a society’s long-term interests are utilitarian. By
definition, unexpected results that genuinely shift paradigms and provide the greatest
long-term benefits to society cannot come from “safe” areas of research, because all that

we mean by “safe” is that an area of research is expected to produce useful results.

Frankly, while I agree that synaesthesia research can shed light on consciousness or oth-
er important issues, it is not at all clear to me that it is more likely to do this than re-
search into virtually any other conscious phenomenon. And while colour-coding
learning materials might improve retention, [ suspect that raising teacher’s salaries
would have a far stronger effect. However science needs to keep poking into the weird
and fascinating, because every now and then when we turn over one of these pebbles,

we find it is actually a diamond.
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Appendix 1 - Synaesthesia Survey

Email:
Gender: Handedness:
Male Left-handed
Female Right-handed
Both

First language (the one you learned to understand first)(if you learned two languages
from birth, please name both languages):

Have you learned any other languages? What age were you when you learned them?

Language: Age:
Language: Age:
Language: Age:

When you see, hear or think about certain letters or numbers, do you see or feel any
colours? (Example: There is something yellow about the letter G.)

_____No, I do not have experiences like this.

____Yes, | have experiences like this with letters.

____Yes, | have experiences like this with numbers.

When you see, hear or think about the names of the days of the week or months, do you
see or feel any colours? (Example: The name “Monday” is purple.)

_____No, I do not have experiences like this.

___Yes, | have experiences like this.

When you hear certain sounds, do you see or feel any colours? (Examples: Car horns are
blue. The musical note C-sharp feels dark green. The sound of a guitar seems pink.)
___ No, I do not have experiences like this.

___Yes, | have experiences like this.

Do any words seem to have tastes or smells? (Example: The word "elephant" tastes like
strawberries.)

____No, I do not have experiences like this.

____Yes, | have experiences like this.

Do any numbers, hours, days of the week, or months seem to have a location in space
around you? (Example: September is always three feet to my left.)

____No, I do not have experiences like this.

____Yes, | have experiences like this.

Turn Over >

Page 1 of 2
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Do you think of any numbers or letters as having a personality, gender, or age?
(Example: 4 is a friendly, older lady.)

_____No, I do not have experiences like this.

___Yes, | have experiences like this.

These questions have described some different kinds of synaesthesia, but there are
other kinds, too. Do you think you might have another kind that we did not ask about?
No.

Yes. Describe:

Do you remember telling yourself stories with letters or numbers as characters when
you were a child?

____No, I do not remember telling myself stories like this.

____Yes, | remember telling myself stories like this.

Did you learn to read before you went to kindergarten (or whatever kind of school you
went to at age 5)?

| do not know.

Yes, | learned to read before | went to kindergarten.

No, | learned to read after | went to kindergarten.

As a child, were you ever given extra help with reading, writing or spelling? For
example, did you ever have one-on-one lessons with a special teacher?
____ldonot remember.

__ No, I'wasnot.

__ Yes, lwas.

As a child, were you ever told you had dyslexia or some other problem with reading?
____ldonot remember.

___ No, wasnot.

_ Yes,lwas.

Do you feel that reading or spelling is difficult for you now?
___lamnot sure.

____No, these things are not difficult.

____Yes, these things are difficult.
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Appendix 2 - Associations between
reported synaesthesia types

Letter Number  Wkdy/Mth Sound Word-Taste Number Fm Other
3.00 3.54 2.70 2.26 2.34 2.68

Letter-
Colour

Number- 4.45 3.86 2.33 2.27 2.55

Colour

Weekday/ 4.11
Month-Colour

Sound- 2.07 2.33
Colour

Word- 1.63 1.62 1.60
Taste

Number 1.57 1.58 1.45 1.66
Forms

Other 2.56 2.69 1.79 2.27
Types

4.24 2.83 2.95 2.50

3.65 3.40 3.59

2.99

Relative rates of simultaneous occurrence of different forms of reported synaesthesia (how much more
likely someone who reports synaesthesia of Type A is to also report synaesthesia of Type B than some-
one who does not report synaesthesia of Type A). The upper triangle is taken from the SFU sample, the
lower from the CU sample. P-values are all <.001 after Bonferroni correction.
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Appendix 3 - Associations between
confirmed synaesthesia types

Letter Number Weekday Month Chord Scale Instrument
66.53%** 25.75%** 36.96*** 44.35 79.84* 133.06

Letter-

Colour

Number- 65.98*** 52.86*** 49.22%%* 0.00 41.65 41.65
Colour

Weekday- 47.07*** 49.70%** 93.51%** 37.11 66.79 0.00
Colour

Month- 50.18*** 43.66*** 52.17%*** 89.35* 148.91* 89.35
Colour

Chord- 0.00 35.26* 0.00 54.31 0.00 346.00
Colour

Scale- 25.94%** 23.90** 34.96 41.19 111.55 172.83
Colour

Instrument-  48.15 27.23 13.72 13.56 0.00 79.71**

Colour

Relative rates of simultaneous occurrence of different forms of confirmed synaesthesia (how much more
likely someone who has synaesthesia of Type A is to also have synaesthesia of Type B than someone
who does not have synaesthesia of Type A). The upper triangle is taken from the SFU sample, the lower
from the CU sample. P-values are all Bonferroni-corrected, and > .05 except: *** p <.001, **p <.01,*p
<.05
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