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Abstract 

Language is a complex system with multiple hierarchical subsystems. The current thesis 

investigates the relation between sub-domains of language: phonology, semantics, and 

orthography. The dissertation consists of two parts: the first part introduces the concept of 

grapho-phonemic systematicity and demonstrates it in various orthographies; the second part 

investigates phono-semantic systematicity in English and in Korean. 

Systematicity in Korean was the main motive of the dissertation. Hangeul, the Korean script was 

intentionally created based on a deep understanding of phonology. The consonants visually 

represent articulation. I conducted three experiments to confirm grapho-phonemic systematicity 

in Korean.  

In the first experiment, I tested if naïve foreign participants could exploit cross-modal iconicity in 

hangeul. They had to choose a letter between two that they thought suited the given sound. The 

frontal phonemes with exposed articulation predisposed listeners to recruit more sensorimotor 

iconicity. 

In the second experiment, I successfully quantified grapho-phonemic systematicity in hangeul, 

applying methods from previous phono-semantic systematicity research (Dautriche et al., 2017; 

Monaghan et al., 2014; Tamariz, 2008). I conducted correlation tests between the pairwise 

distances between written letters and the corresponding pairwise distances between their 

canonical pronunciations. A significant, positive correlation was found, indicating that similar 

letters tend to have similar pronunciations in Korean.  

In a third experiment, I examined if this grapho-phonemic systematicity indeed facilitates 

learning. The participants had to learn Korean letter-sound associations without any instruction. 

The result showed no overall difference between correct letter-sound association and random, 

fake association. However, differences in performance were observed between consonants and 

vowels, which I attribute to stronger iconicity of the consonants.  

I expanded the realm of grapho-phonemic research to many other languages and their 

orthographies: six contemporary orthographies (Arabic, Cyrillic, English, Finnish, Greek, and 

Hebrew); four ancient orthographies (Phoenician, Nabataean, Early Arabic, and Aramaic); two 

English artificial scripts (the Shavian alphabet and Pitman’s shorthand), and as methodological 

baselines, two fictitious scripts (Aurebesh from Star Wars and Klingon from Star Trek). I 

redefined phonemes as binary vectors based on articulatory features from the International 



III 
 

Phonetic Alphabet and measured the distances between phoneme vectors. I applied Hausdorff 

distance (Huttenlocher et al., 1993) to measure the distances between letter shapes. I 

conducted correlation tests and a Monte-Carlo permutation test. Especially for English, 64 

combinations of methods were examined to discover the maximum systematicity. Although 

lower than hangeul, all the contemporary orthographies returned significant correlations in a 

range of fonts. None of the four ancient orthographies and neither of the two fictitious 

orthographies returned significant systematicity. Observed systematicity is expected to increase 

when the metrics are particularly designed for the individual languages. 

Two metrics I used to measure orthographical distances, Stroke Share Rate and Hausdorff 

distance were validated by being compared with confusion matrices—examples of higher-level 

letter recognition. With English uppercase letters, I conducted correlation tests between the 

inter-letter distances from my data and the inter-letter confusability from four confusion matrices 

(Gilmore et al., 1979; Lommis, 1982; Townsend, 1971; Van der Heijden et al., 1984). 

Substantial levels of correlation were found between low- and high-level data. Both Stroke 

Share Rate and Hausdorff distance partly capture letter confusability.   

The second part of the dissertation includes two phono-semantic studies. Firstly, I replicated the 

existing research on phono-semantic (Monaghan et al., 2014) and grapho-semantic 

systematicity (Dautriche et al., 2017) in English using an identical corpus. Then I examined the 

grapho-semantic systematicity of spelling-reformed words. I found a high level of grapho-

semantic systematicity for normal spellings, and a lower level for spelling-reformed-words. I 

found exactly the same, very low but significant level of phono-semantic systematicity as in 

previous research (Monaghan et al., 2014). 

I examined, for the first time, the phono-semantic systematicity of Korean. I extracted Korean 

monosyllabic words from a contemporary internet corpus and measured pairwise semantic 

distances based on contextual co-occurrence. I measured pairwise phonological distances 

based on articulatory features and conducted correlation tests between the two corresponding 

lists of distances. Korean demonstrated much higher phono-semantic systematicity than has 

been found for the five European languages that have previously been studied. It was 

consistently observed in etymologically and syntactically different subdomains of the language. I 

attribute this exceptional result to socio-cultural factors that make Korean a relatively ‘esoteric’ 

language.  
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I discuss the different findings under an overarching framework, that of the Principle of Least 

Effort (Zipf, 1949/2016). In language production in particular, high frequency of occurrence 

tends to make forms similar to each other in order to minimize effort. High frequency of 

occurrence also has predictable effects on semantic representations; these necessarily 

correlate with the form changes to generate systematicity. I also introduce a novel conceptual 

model that distinguishes the two different aspects of systematicity: higher-order systematicity 

mainly induced by etymological, syntactic or morphological regularities and distributed 

systematicity that is less intuitable and generalizable but still contributes to the systematicity of 

language (Distributed-Ostensive Systematicity Model). 
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Lay summary 

The relation between letters and sounds may not be perfectly arbitrary. I found a significant, 

positive correlation between the visual difference between letter shapes and the phonological 

difference between phonemes. This indicates that similar letter shapes tend to have similar 

canonical pronunciations. I measured the distance between letters applying sophisticated 

computations that quantify the difference between images. To measure the distance between 

sounds, I defined each phoneme as a binary vector based on articulation features and 

calculated the difference between the two vectors with multiple metrics.  

Arabic, Cyrillic, English, Finnish, Greek, Hebrew, and Korean all returned significant correlations 

in a range of fonts. Consciously designed with a deep understanding of phonology, Korean 

orthography was shown to be the gold standard of letter-sound systematicity. I also examined 

four ancient Semitic orthographies (Phoenician, Nabataean, Early Arabic, and Aramaic) and two 

baseline fictitious orthographies (Aurebesh from Star Wars and Klingon from Star Trek) but did 

not find any significant correlation. This implies that grapho-phonemic systematicity has been 

developed in the process of cultural history and that such a systematicity can potentially help 

the exploration of ancient orthographies. 

Two English shorthand scripts (Pitman’s shorthand and the Shavian alphabet) showed 

significant systematicity. The Shavian alphabet particularly enhanced the letter-sound 

systematicity because it was designed similarly to Korean orthography. The results, taken 

together, suggest that a robust systematicity emerges when voiced-voiceless phonemes have 

coherent letter shapes.  

The dissertation also shows that word meanings are not perfectly arbitrarily associated with their 

forms. I replicate two previous word-level studies on English, calculating phono-semantic and 

grapho-semantic systematicity with the same corpus for each. I found that English orthographic 

representations of words are more systematically related to word meaning than are their 

pronunciations, which is attributable to etymological information in written words. I also 

examined grapho-semantic systematicity of reformed spellings. The reformed words detracted 

from the systematicity with the existing orthographic forms, making the written words closer to 

their pronunciations. 

I examined meaning-form systematicity in Korean monosyllables. I measured the semantic 

distance between two words and the corresponding phonological distance between their 

pronunciations. The semantic distance was measured based on contextual co-occurrence: 
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similar words tend to have similar contexts. The distance between phonemes was measured as 

above. Korean showed much higher systematicity than any of the five European languages 

investigated so far. I attribute this to the language being relatively esoteric: fewer contacts with 

other cultures and languages maintain more prototypical aspects.  

I successfully captured the punctuated equilibrium of language, as a dynamic complex system. 

The findings indicate different kinds and levels of systematicity implicit in language use; we 

assume that the brain is capable of exploiting all the systematicity that our metrics can reveal. 

I suggest two theoretical frameworks as an overarching explanation. First, the Principle of Least 

Effort (Zipf, 1949/2016) regulates language forms according to frequency of occurrence, in both 

form and meaning, which necessarily correlate to produce systematicity. Second, Distributed 

Systematicity, as measured in this dissertation, complements Ostensive Systematicity, which 

emerges as categorical linguistic regularity. 
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Chapter 1. Literature Review 

1.1. General Introduction 

Language as a complex system: from reductionism to gestalt 

Emerging ‘at the edge of chaos’ (Kauffman, 1995), complex systems feature dynamic changes 

of states caused by vigorous interactions among their constituents. The level of complexity of 

the interaction determines that of the system (Gell-Mann, 1995). With repeated feedbacks, 

certain connections get enhanced or inhibited, which is observed as a stable pattern from 

outside (Larsen-Freeman, 1997; Kretzschmar, 2015). This whole process is called self-

organization and suggests that systematicity can emerge from frequent repetition, without any 

central control. 

Language is a complex system. I believe this approach explains better what language really is 

in its material form, compared with the traditional reductionist approach based on unidirectional 

cause-and-effect (Larsen-Freeman, 1997). Formal linguistics presumes that grammar is a static 

and invariant structure based on the smallest set of rules and the limited relations amongst them 

(Kretzschmar, 2015). It also tends to assume ideal speakers and listeners in a completely 

homogeneous group (Chomsky, 1965). These perspectives (i) overly simplify the structure of 

language; (ii) give up explaining the meaningful outliers, treating them as exceptions; (iii) 

overlook the importance of circumstantial cues in communication (i.e. pragmatics); (iv) fail to 

gain general agreement on the source of this structure; (v) cannot explain why grammatical 

mistakes occur among native speakers; (vi) are unable to propose any phylogenetic hypothesis 

concerning the origin of language; and (vii) tend to be Anglocentric.  

Language defined as a complex system conforms with the most comprehensive current account 

of our cognition: the predictive brain. It describes our perception as a ‘virtual version’ of stimuli 

(Clark, 2012), a so-called model. Based on our prior knowledge, we generate a few hypotheses 

(or models) each of which is analysed by the probability of a given situation (Hohwy, 2013). The 

best one is chosen to understand the situation. The presence of a model enables us to 

investigate the world in a highly efficient way. Perception does not require us to synthesize the 

bottom-up stimuli. It collects the difference only, between the hypothesis and the stimulus, which 

is termed the ‘predictive error’. The discrepancy between the model and the stimulus is fed back 

to the model through activation or inhibition of neural connections and refines the model for the 

next time (Clark, 2012). This updated model may be the prior knowledge for the next perception.  
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For example, as shown by Ramachandran (1992), a ‘scotoma’—a small blind spot caused by 

limited local damage in the visual cortex—is hardly noticed by patients, and somehow filled by 

the surrounding information. Patients are likely to create a sensory representation to 

compensate for the hole. The author attributes this to general perceptual mechanisms rather 

than something specifically evolved for this particular purpose. I see this as an effort of our 

perceptual system to reduce the predictive error. Another example suggests how actively our 

sensory system is engaged in reducing this error: when the particular features of a shape are 

highly predictable, the neural activity in V1 is indeed supressed (Kok & de Lange, 2014). In the 

further example of the phoneme restoration effect (Warren, 1970), the subjects heard a 

sentence partially masked by noise, like a cough. Most of them could not tell exactly which 

phoneme had been masked. Many of them even failed to notice in the first place that the 

sentence was disturbed by a cough. Illusory perception fills in the missing input. This restoration 

is not limited to single phonemes or to short phoneme clusters (Warren, 1970). The cortical 

correlate was found in the auditory cortex (King, 2007). 

Viewing language as a complex system is a relatively recent approach (Bybee, 2001; Ellis & 

Larsen-Freeman, 2009; Goldberg, 2006; Kretzschmar, 2015), and it has significant potential to 

develop the field. The current thesis uses this framework to interpret its data and construct 

theoretical conclusions. It will contribute to this emerging conceptualization of language from an 

interdisciplinary perspective. 

 

Development, not a priori 

A complex system approach prefers ‘development’ as opposed to ‘a priori’. Children survive 

‘poverty of the stimulus’ because the pattern emerges ‘not from input nor innate blueprint, but 

from creation of order, constant adaptation of linguistic resource for meaning-making in 

response to the affordance in community’ (Cameron & Larsen-Freeman, 2007, p.8). Being quite 

messy, development is figuratively compared to a web, rather than a ladder (Cameron & 

Larsen-Freeman, 2007; Fischer et al., 2003).  

Learning can be explained in more sophisticated ways from this new perspective. According to 

Sirois and Shultz (1999), development implies the structural change of a network whereas 

learning implies only quantitative weight changes. Neural networks do not assume the 

representation of information (Kretzschmar, 2015). Information is rather scattered across the 

nodes, each of which is differently weighted and connected to other nodes. This distributed 

pattern of activation highlights connectivity, the most fundamental strength of the brain 
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(Bermudez 2014). Neural networks not only illustrate how repeated activation of a neural cluster 

can make it become readily available, but also explain why people learn differently. Genetic 

influences or earlier experiences may pre-set certain connections. Learners do not merely store 

information, but actively manage and construct it.  

A generative cascade correlation network (Fahlman & Lebiere, 1990) illustrates how a flexible 

and loosely specified network can be better for non-linear problems: for example, an XOR 

operator. It returns true if one and only one argument is true and otherwise, false, which is a 

more complex problem than an AND or OR operator. Unlike a static feedforward network, which 

includes all the necessary specific units and levels, a cascade correlation network is quite 

flexibly equipped. It instead recruits hidden units during a training phase, increasing its 

dimensionality (Sirois & Shultz, 1999).  

Although the mechanism of the hidden layers between input and output remain obscure, these 

neural network simulations of stimulus-driven development may provide more alternatives to 

traditional reductionism (Kretzschmar, 2015), and refute the nativist explanations of cognition 

that specific representations or concepts are simply given. It is rather plasticity that builds 

representations and concepts by interactions between human DNA and the environment (Sirois 

& Shultz, 1999). 

 

Safety net for effective communication 

Language processing is inevitably incremental, due to its linearity (Hockett & Hockett, 1960). 

According to Lamer and Hoop (2004) and Hoop (2013), linearly accumulated linguistic forms 

raise multiple potential interpretations, and only one, the most plausible interpretation is chosen 

as output. This optimization is an automatic and parallel process which integrates pragmatics 

(e.g. world knowledge), semantics (e.g. animacy), and syntactic (e.g. pronoun) information.  

Multiple possible interpretations are evaluated against constraints. Those constraints compete 

against one another and can only be violated to keep a higher constraint intact, in the theory 

advanced by Lamer and Hoop (2004): at the sentence level, CASE, where subjects have 

nominative markers whereas objects have accusative markers, is the most important constraint, 

followed by SELECTION, the inherent semantic constraint of verbs (e.g. some verbs take 

inanimate objectives only), and PRECEDENCE, the linearity of sentences in which subjects 

always precede objects. Meanwhile, PROMINENCE, where a subject has potential control over 

action in the sentence, is the weakest constraint and so is frequently violated. At the pronoun 



4 
 

level interpretation, WORLD KNOWLEDGE is considered as the strongest constraint, followed 

by IMPLICIT CAUSALITY and CONTINUING TOPIC (Hoop, 2013). 

These constraints and hierarchy should be understood under the realm of dynamic system. 

Complex system can be composed of multiple hierarchical structure (Simon, 1996) and those 

constraints are the individual forces that pursue its own track, being constrained by other forces. 

The conflict between these forces is to look for a most consistent meaning from a wider 

perspective.  

Along with humans’ predictive brain and rich contextual cues, language is also equipped with 

redundancy as a safeguard against its vulnerable medium. Understanding unclear or overly 

complex speech is inherently multimodal (c.f. McGurk & McDonald, 1976). Jerger et al. (2014) 

showed that /b/, which is visually redundant in that the sound matches the visual cue and is 

therefore an ‘easier’ phoneme, produces a greater filling effect (i.e. phonemic restoration) than 

/g/, a comparatively less informative, therefore ‘difficult’ phoneme. Children seem to be more 

sensitive than adults to visual cues. 

In the following passages, I discuss multi-modal processing as the main source of linguistic 

redundancy. I suggest the mapping between two magnitudes as a possible mechanism of 

audio-visual cross-modality. Widening this framework, I assume the possibility of mapping 

between two planes of distributions (e.g. phonology and semantics), which is important to 

understand the methodology applied throughout this dissertation.   

 

Cross-modality processing, cross-magnitude processing, and synaesthesia 

The visual sense has been proven to be closely connected to the auditory sense through a large 

body of animal research (Falchier, 2001; Gyllensten et al., 1965; Rauschecker et al., 1995; 

Rauschecker, 1996; Rebillard et al., 1977; Ryugo et al., 1975). Deprivation of vision is 

compensated for by increasing neural density in the auditory cortex, and vice versa. The impact 

of the two are asymmetrical: spoken language always seems to be central whereas visual input 

only provides secondary information (Castles et al., 2018; Perfetti & Sandak, 2000; van 

Atteveldt et al., 2004).  

Various imaging techniques such as fMRI, EEG, PET, and MEG have revealed ‘hetero-modal’ 

sites (van Atteveldt, et al., 2004) that integrate two modalities: left posterior superior temporal 

sulcus (Beauchamp et al., 2004; Calvert et al., 1999; Calvert et al., 2000; Calvert et al., 2001; 

Sekiyama et al., 2003) and superior temporal gyrus (van Atteveldt, et al., 2004). Through tasks 
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such as naming (Taylor et al., 2017), pseudo-word reading (Blau et al., 2010), and rhyme 

judgement (Preston et al., 2016; Pugh et al., 2000), many other areas have been found to be 

involved in linguistic audio-visual cross-modality processing: the planum temporale and Heschl’s 

gyrus (Blau et al., 2010), the fusiform gyrus (Preston et al., 2016), and the anterior left 

hemisphere’s inferior frontal gyrus (Pugh et al., 2000). 

From a wider perspective, a few researchers have applied a ‘multidimensional scaling’ approach 

to psychophysics (Shepard, 1994), meaning that two different measures are used to perceive 

an object—a point on one measure may correspond to another point on another measure. As 

Krantz (1972) suggested, cross-modality processing may exploit this approach to magnitude 

estimation, pointing out that the mechanism of magnitude-magnitude mapping is quite similar to 

that of modality-modality mapping. Some non-human species use the identical mechanism to 

estimate space and quantity: the further two numbers are apart from each other, the easier it is 

to compare those numbers (Walsh, 2003). In the human brain, the parietal cortex seems to 

encode magnitude-related information. A particular magnitude is so primarily and firmly set up 

that other magnitudes cannot penetrate or influence it (Hurewitz et al., 2006; Smith & Sera, 

1992). 

Stevens (1957) introduced the notion of the ‘prothetic’ dimension, where magnitudes are aligned 

as a linear order with two poles, so the concept ‘more’ and ‘less’ can be applied to estimate 

perception. In a series of experiments, for example, Smith and Sera (1992) demonstrated that 

infants as young as 2 to 5, as well as adults, matched a small-sized object with quietness and a 

bigger-sized object with loudness. It seems that this tendency not only is established very early 

and strongly, but also lasts long until adulthood. It should be pointed out, however, that people 

are frequently exposed to the expressions like ‘big noise’ or ‘small sound’. Thus, it is not clear 

whether this magnitude mapping between size and loudness is purely based on the intrinsic 

physical and physiological overlap, for older speakers. Spence (2011) claimed that semantically 

mediated cross-modality processing is qualitatively different from statistical or structural cross-

modality.  

Meanwhile, not all the perceptual cross-magnitudes are prothetic, where the unidirectional 

linearity is invariantly shared. In the experiments cited above (Smith & Sera, 1992), some 

participants linked darkness to loudness (or bigness) whereas the others linked brightness to 

loudness. For the former case, they seem to have associated sound to paint (‘more’ paint 

means darkness), whereas for the latter, to light (‘more’ light means brightness). Stevens (1957) 

called this type of dimension ‘metathetic’, which has no inherent consistency perceptually 
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agreed, and so has more complex structure. The shaping of metathetic dimensions can be 

individually distinct and influenced by multiple factors, such as language (Smith & Sera, 1992). 

I discussed, so far, the mapping between modalities, which is supported by ample research, and 

the mapping between two linear representational spaces, which has been comparatively less 

reported but empirically and anecdotally convincing. Why don’t we extend the scope even more, 

to the mapping between planes of distributions? Although scant research has been theoretically 

done in this regard, some of the studies on meaning-form correlation in languages statistically 

compared the meaning distribution and phoneme distribution (Blasi et al., 2016; Dautriche, et 

al., 2017; Monaghan et al., 2014; Piantadosi et al., 2011; Shillcock et al., 2001; Tamariz 2008; 

Zipf 1949). A few recent studies seem methodologically important, introducing a way to capture 

the relations between entities (Dautrich et al., 2017; Monaghan et al., 2014; Tamariz, 2008).  

 

What can synaesthesia tell us about language? 

Synaesthesia, a genetically influenced propensity, features cross-modal perception, mainly 

triggered by linguistic stimuli like letters, numbers or punctuation (Simner et al., 2006). The most 

common type is grapheme-colour synaesthesia which involves 1~2% of the population (Simner 

et al., 2006). This type of synaesthesia seems to enhance letter perception when legibility is low 

(Palmeri et al., 2002; Ramachandran & Hubbard, 2001). Incomplete pruning or excessive 

connectivity between two adjacent cortices appears to be the cause (Simner, 2006; 

Ramachandran & Hubbard, 2001). For example, decoding graphemes and colours recruits the 

fusiform gyrus and area V4, respectively, and these two areas are located very close to each 

other. Various types of sensory information converge in the angular gyrus. Coactivation 

between the fusiform gyrus and the angular gyrus has also been observed in the non-

synaesthetic brain (Hubbard & Ramachandran, 2005).  

The definition of synaesthesia by Ramachandran and Hubbard (2001) is more relevant to the 

current dissertation. Unlike Simner et al. (2006) who limited the concept to ‘extraordinary’ or 

‘atypical’ phenomena, they considered it as an extended version of general cross-modality 

processing, and this enabled them to discuss synaesthesia in connection with the origin of 

language. They claim that several closely related modalities co-evolved, leading to the advent of 

the protolanguage.  

The studies on synaesthesia inform general theories of language processing. First, the fact that 

grapheme-colour synaesthesia is induced even without the presence of a letter, indicates that 

speech comprehension involves orthographic processing as well (Kolinsky et al., 2012; Qu & 
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Damian, 2017). Second, the tendency where the colour of an initial letter sometimes overrides 

the whole letter string resembles the onset effect whereby the first part of a word has greater 

influence on lexical recognition (Marslen-Wilson, & Zwitserlood, 1989; Schiller, 2004). Third, 

distinctions between consonants and vowels among synesthetes confirm that there are intrinsic 

differences between consonants and vowels in language processing (Bonatti et al., 2005; Nazzi, 

2005). Finally, synaesthesia is also governed by top-down processing. For example, an 

ambiguous symbol like ‘l’ is perceived in terms of different colours depending on the context 

(Myles et al., 2003). In another example, where the number 5 consisted of small number 3s, the 

colour was altered depending on the number that synaesthetes perceived (Ramachandran & 

Hubbard, 2001). 

 

Prerequisites for language to emerge 

As one of the hypotheses regarding the origin of language, the ‘ostensive inference model’ 

assumes two prerequisites that may give rise to language: first, informative intension, or the 

information to be provided; and second, communicative intention, or ostensive intention that a 

person has information to impart (Scott-Philps, 2014). Once they both exist, no further cognitive 

skill is required for the advent of the protolanguage. This explanation necessarily assumes 

cooperation of multiple modalities to increase the accuracy of information. Exploiting more than 

one modality is considered to reduce perceptual variance, making it possible to estimate objects 

more correctly (Ernst, 2006) 

One of the cognitive skills that paralleled or boosted ostensive inference has been extensive 

meaning interpretation, where a single code can be interpreted in semantically various ways. 

For example, ‘animal’ can indicate, other than itself, ‘dinner’ or ‘the place it is stored’ (Scott-

Philips, 2014). Metaphor is also the result of cross-modality. Ramachandran and Hubbard 

(2001) demonstrated that a lesion in the angular gyrus, where cross-modality processing is 

based, eliminated the ability to understand metaphor. This semantic flexibility may have brought 

about the structure (i.e. grammar) for the sake of enhanced expressiveness, which will be 

discussed in the following section.  

In summary, I introduced several aspects of human language behaviour that may be better 

explained when language is treated as a complex system. The evidence so far strengthens the 

idea that this framework is effective for holistically analysing language. In the next section, a 

final important factor of language will be discussed: frequency. 
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How did language gain systematicity? 

Recent research on systematicity in language in North America has mainly focused on how 

linguistic structure emerges from chaos (Bybee, 2001; Ellis & Larsen-Freeman, 2009; Goldberg, 

2006), presumably as an effort to defend this novel perspective against nativism. They suggest 

that frequency of usage gains the status of a structure and leads to stable grammar.  

Hopper (1987) called the structure of a complex system ‘epiphenomenal’, indicating that we can 

only observe the episodic fragments. Likewise, ‘punctuated equilibrium’, a term drawn from 

biological evolution, describes the static moment captured from the continuously moving 

complex system. Take the human body, for instance, where the cells are constantly dying and 

being created but the essence of a person is stable (Larsen-Freeman 2008). The captured 

moment of a complex system may include different types of entity: in the linguistic context, 

lexical or syntactic variations. Thus, it is possible that an observation at a punctuated equilibrium 

may mistakenly interpreted. One example is the Great Vowel Shift (Smith, 2004), where the 

advent of long front vowels and long back vowels caused a series of vowel shifts in English 

between 15c and 18c. Minkova and Stockwell (1998) insist that the event was not a unique, 

one-time episode, but an ongoing phenomenon in American English. According to their claim, 

the Great Vowel Shift was not induced by an inherent feature of English (Kretzschmar, 2015). 

With frequency of usage increased, a linguistic feature goes through the selection phase (Ellis & 

Larsen-Freeman, 2009). It aims for more semantic advantages (Larsen-Freeman & Cameron, 

2008). If a lexical item is used frequently in a community and is learnable enough, it gains the 

status of a construction. This construction seems quite flexible at its early stage. It can be 

combined with any other structure freely until semantic conflict arises (Goldberg, 2006). The 

construction is refined through interactions (Schumann & Lee, 2005) and finally, grammaticized 

(Bybee, 2006). The fact that social interaction can modify linguistic structures suggests that no 

specific brain module is required for grammar.  

Once grammaticized, the word may develop a new grammatical function (Hopper & Traugott, 

2003). For example, an English phrase ‘going to’ originally indicated the action of moving 

towards a certain direction. This then gained an additional syntactic meaning that indicates 

planning future activity (Scott-Philips, 2014).  

The stable grammatical constructions are similar to a web which consists of the prototypical 

structure in the core and the larger number of peripheral structures. This web can merge with 

other webs (Bybee, 2010; Ellis & Larsen-Freeman, 2009; Tomasello, 2003). The English word 
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‘get’ seems a good example of a semantic web. It has a core meaning as a verb ‘to obtain’ and 

extends its meanings to ‘catch’, ‘punish’, ‘annoy’, and ‘baffle’. It has also gained the status as a 

functor similar in role to ‘be’ and ‘have’. These meanings on the periphery of the semantic web 

tend to be informal. 

That frequent usage enables structural patterns to emerge from complex system is also 

supported from the developmental perspective. As Tomasello (2009) stated, “If a child were 

born into a world where the same event never recurred, the same object never appeared twice 

and the adult never used the same language, it is difficult to see how that child could acquire a 

natural language (p.88).” Infants as young as 8-months old were able to distinguish 

pseudowords from non-words (Saffran et al., 1996), which indicates that even babies are 

excellent at extracting distributional probability from seemingly random environments. Verbs 

seem more important in merging grammatical and semantic information. The high frequency of 

verbs in mothers’ speech (Goldberg, 2006) may facilitate infants to build significant structures. 

Infants’ most frequent words tend to be pronouns and function words (Tomasello, 2003) which 

are limited in kinds but of high frequency. There was only one noun (‘mummy’) in the most 

frequent 25 words of 2-year-old. 

 

General direction of the current thesis  

A complex system is more likely to consist of multiple hierarchical subsystems. Simon (1996) 

pointed out that the interactions among those subsystems should be distinguished from the 

interaction within a subsystem. A good analogy of this hierarchical complex system is our body. 

Our body consists of several subsystems involving blood, lymph, breathing, etc. Each 

subsystem has its own principles and mechanisms, but at the same time, it needs to coordinate 

and cooperate with other subsystems. Imagine being chased by a large dog. With the 

sympathetic nerve system excited, the heart beats faster and breathing becomes heavy but one 

is unlikely to feel hungry. By reducing their activity, the digestive and excretory systems support 

other more important systems at that moment. This cooperation is all to achieve the ultimate 

goal: maintaining the higher system. 

The current thesis will delve into the systematicity between three subdomains of language: 

phonology, semantics, and orthography. Are there systematic relations between those individual 

planes of distribution? As a more effective way to demonstrate language from a holistic 

perspective, this analysis moves focus away from language’s elements and instead addresses 

the relation between its domains. 
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Language as a complex system now enables us to explain many more aspects of language 

than we used to: how language reflects our cognition; why imperfect messages still succeed in 

communication; and how regularity emerges from chaos. The current thesis investigates the 

relation between three subdomains of language: phonology, orthography, and semantics. The 

systematicity between phonology and orthography will be examined from chapter 2 to 5. The 

systematicity between phonology and semantics will be examined in chapter 6 and 7. Two 

languages, English and Korean are the main subjects of study (chapter 2 & 3) although chapter 

4 includes a number of other phonographic orthographies for comparison. The rest of the 

literature review consists of two parts. 1.2 introduces the background mainly with respect to 

orthography and how it relates to human cognition. 1.3. focuses on the relation between 

phonology and semantics.  

 

 

1.2. Systematicity between Phonology and Orthography 

In this section, I present how orthography, one of the most recent human cultural inventions, 

has interacted with human cognition. I (i) explore how written letters occupied their current 

particular status by comparing them with other visual stimuli: objects, scenes, shapes and 

numbers; (ii) shed light on the synaesthetic aspect of letters; (iii) summarise the emergence of 

the human writing system in connection with the notion of least effort (Zipf, 1949), mainly 

focusing on phonographs and Roman alphabets; (iv) introduce the concept of orthographic 

depth and the efforts to overcome its side effects; and finally (v) provide background knowledge 

of hangeul, the Korean orthography. This section will provide some important perspectives to 

analyse the results from chapter 2 to 5 where systematicity of orthography is investigated. 

  
1.2.1. Cortical Correlates of Orthographic Processing 

An extremely adaptive process  

Very few studies suggest that we are born with the capability of reading ‘letters’. Rather, letter-

decoding is a highly adaptive skill (Dehaene & Cohen, 2011; Polk & Farah 1998). ‘Neuronal 

recycling’ (Dehaene & Cohen, 2011) states that the pre-existing visual centre is developed 

further to recognize written letters. For example, the ventral visual cortex that extracts the 

contour information and spatial relations between objects can be applied to orthography 

perception.  
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To recognize letters, the general visual cortex reduces the size of receptive fields; increases the 

sensitivity to the details of the stimuli; and enhances foveal resolution (Chanceaux & Grainger, 

2012; Dehaene & Cohen, 2011). Then focal attention became fine enough not only to identify 

the precise location of an individual letter in the string (Dunabeitia et al., 2014; Grainger et al., 

2010), but also to distinguish slightly different strokes and their orientations (Changizi et al., 

2006).  

What causes this rapid changes? Vigorous, intensive training in the early stage of life can be an 

answer. Frequent exposure to letters (i) makes the width of focal attention more flexibly 

appropriate (Atkinson et al., 1988; Chung, 2007; Grainger et al., 2010; Huckauf & Nazir, 2007; 

Kwon & Legge 2006; Maurer et al., 2006; Pelli et al., 2007); (ii) decreases the crowding effect 

(Atkinson et al., 1988; Kwon & Legge, 2006); (iii) increases tolerance for little space between 

letters (Chung, 2007; Huckauf & Nazir, 2007) – which all explains why adults can read in 

smaller fonts – ; and (iv) makes readers more sensitive to interference on the left side of letter 

strings if their script reads from left to right (Grainger et al., 2016).  

These modulations are mostly induced by functional adaptation (Polk & Farah, 1998; Polk, et 

al., 2002). For example, in an fMRI study, some Visual Word Form Area (VWFA) voxels 

responded only to the known orthography (Dehaene & Cohen, 2011). Some other evidence 

implies the possibility of change in neural connectivity (Callan et al., 2005; Duñabeitia et al., 

2014) and brain mass (Ungerleider, 1995). Repeated training organizes a segregated neural 

cluster (Polk & Farah, 1998) and through competing with other clusters, the winner strengthens 

the connection (Hebb, 1949).  

Visual sensitivity alone, however, cannot fully explain human orthographic processing. Even 

non-human primates successfully decode orthography after vigorous training (Grainger et al., 

2012). In Duñabeitia et al.’s (2014) experiment, the participants had to identify transposed 

symbols and letters. The literates performed better than the illiterates in both settings. The 

illiterates showed similar error patterns with those of primates. The authors limited their 

discussion to visual flexibility in orthography decoding, which does not explain why the literates 

better performed in letter strings than symbol strings. I suggest auditory process involved as the 

possible foundation for this: audio-visual cross-modality enhances the function.  

 

An extremely multi-modal process 

Ample research indicates that the perception of written language is biased towards the left 

hemisphere in the case in right-handed readers (Callen, et al., 2005; Dehaene & Cohen, 2011; 
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Grainger, et al., 2016; Polk, et al., 2002). For instance, a lesion in the left angular gyrus hinders 

reading Japanese kana (Lee, et al., 2003) and a lesion in the left fusiform gyrus causes alexia 

(Binder & Mohr, 1992; Beversdorf et al., 1997).  

The VWFA especially demonstrates that human letters occupy a special position. It shows 

stronger activation for letters than checkboards, faces, digits, geometric shapes, and pictures 

(Callen, et al., 2005; Dehaene & Cohen, 2011). It distinguishes upper letters from lower letters 

and letters from their mirror images. It cannot differentiate, however, faces and pictures from 

their mirror images. Reflecting higher processing, it activates more strongly for words than for 

consonant strings (Cohen, et al., 2002); responds faster to frequent bigrams; and demonstrates 

a morphemic priming effect. However, its reaction to printed letters and handwritten letters was 

invariant (Dehaene & Cohen, 2011).  

Narrowing down, decoding phonography recruits the auditory pathway (Callan, et al., 2005; 

Dehaene & Cohen, 2011), the important role of which was illustrated in Duñabeitia et al. (2014) 

where the participants were better at identifying transposed letters than transposed symbols 

compared with the illiterates and primates. Although not explicitly discussed by the authors, their 

findings imply that decoding orthography is enhanced when the visual modality collaborates with 

the auditory modality. In fact, language processing tends to be purely auditory for the illiterates 

and purely visual for the primates.  

The visual and auditory information integrate in the planum temporale and superior temporal 

sulcus in adults (Froyen et al., 2009). The integration also activates left inferior frontal gyrus 

(Carreiras, et al., 2014) and superior temporal sulcus (Raji et al., 2000). The left angular gyrus is 

involved in the larger chunks such as character-phoneme association (Callen, et al., 2005) and 

syllabogram-sound association (Lee, et al., 2003). The angular gyrus is also involved in effortful 

reading such as long pseudowords or low-frequency words, which additionally engages inferior 

parietal regions (Carreiras et al., 2015). However, this association may be disconnected 

according to the readers’ intention: for example, only the visual area was exclusively activated 

when the participants had to read nonwords without pronouncing them (Puce et al., 1996). 

It takes time to achieve complete sound-letter integration. Advanced readers (4th year) were 

able to integrate letters and sounds naturally but this happened in different temporal windows 

from adult readers. This indicates that such an automation continues to develop even after 4 

years of reading experience (Froyen et al., 2009).  
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Learning a new orthography recruits more activity: as well as visual cortex, areas BA39 and 

BA18 showed a stronger connection. Only BA37 responded to the letters already acquired 

(Callan et al., 2005). Once mastering their own orthographic system, no significant difference 

was found among Japanese, Koreans, and Thais (Callen, et al., 2005). This finding was 

confirmed by Lee, et al. (2003) where Japanese participants activated occipital regions in the 

early stages of learning Korean written words, but later, they activated the left angular gyrus 

only. Complex Japanese characters increased cortical activation (Matsuo, et al., 2001), 

presumably due to eccentricity of the stimuli (Chanceaux & Grainger, 2012). As well as cultural 

influences on the brain’s capacity to learn (Dehaene & Cohen, 2011), individual differences 

were also observed: left-handed participants demonstrated higher activation in response to 

pseudo-letters (Longcamp, 2005).  

Meanwhile, BA6, the middle frontal gyrus (Exner, 1881), is considered to integrate motor 

sensors into orthographic processing. Patients demonstrated difficulties in writing after a 

surgical operation in this area (Roux et al., 2009). Orthography also activates regions that are 

known to mirror the activity related to object recognition (Weisberg et al., 2006). Indeed, 

Longcamp et al. (2006) found activation in motor cortex, a part of mirror neuron system (Hari, et 

al., 1998), during visual perception of handwritten letters. The area responded only to the 

acquired words, not to pseudowords or letter-like symbols. This tendency is observed 

regardless of language (Heimann et al., 2013). Including writing activity seems to increase 

learning efficiency, the letters learnt by handwriting showed higher accuracy than typing, 

presumably because hand gesture prevents learners from being confused by mirror images of 

letters (Longcamp et al., 2005; 2006). 

Reading hand-written words implies that our brain can reconstruct, from the static information, 

the writing action that was conducted earlier (Longcamp et al., 2006). Some clinical findings 

exhibit a possible dissociation between hand-written letters and printed letters. For example, a 

patient with a right-sided temporo-parietal lesion was able to read handwritten words only, not 

printed words (Van Atteveldt, et al., 2002). Handwriting can be impaired when motor control is 

intact (Alexander, et al., 1992). Hanley and Peters (1996) reported that a patient with the severe 

impairment in lower-case spelling did not exhibit any difficulties in writing upper-case letters. 

The patient was able to write lower-case letters when in cursive. 

 

 

What makes letters special? 
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Identifying letters seems to share more similarities than differences with identifying objects, and 

this supports the neuronal recycling hypothesis. Both activities mainly employ the ventral visual 

stream, such as the posterior inferior occipitotemporal region (Callan, et al., 2005) and premotor 

cortex (Chao & Martin, 2000; Murata, et al., 1997; Rizzollatti, et al., 1996; Weisber, et al., 2006). 

In fact, no functional difference was found in seeing objects, printed letters, hand-written letters 

(Longcamp, et al. 2008), and natural scenes (Changzi, et al., 2006). Letter stimuli are likely to 

be perceived as pictures or objects, if they do not make sense (nonwords or pseudowords), 

activating more visual cortex and left ventral pathway (Grainger et al., 2016; Tagamets, et al., 

2000). Nevertheless, Carreiras et al. (2015) suggested that alphanumeric characters may recruit 

unique pathways, as building images activates a particular ventral cortical area (Aguirre et al., 

1998). In the following paragraphs, I will introduce how functionally different is perceiving letters 

from faces, objects, symbols, and numbers. 

Written letters exploit the VWFA, a region in the visual cortex specialized for faces (Kanwisher, 

et al., 1997) and the activation increases with the level of literacy (Dehaene & Cohen, 2011). 

There seems to be a competition for cortical space between letters and faces (Dehaene & 

Cohen 2011) and eventually hemispheric specialization is observed as a compromise: faces 

use the right (or bilateral) hemisphere and letters mainly activate the left hemisphere (in right-

handed readers) even with nonwords (Puce, et al., 1996; Tarkiainen, et al., 2002). Recognising 

faces and general objects demonstrates the same activation until they diverge (Allison et al., 

1999; Tarkiainen et al., 2002), which suggests the possibility of multiple temporal stages of letter 

perception as well. Up to 100ms, letters and faces show quite similar activation depending on 

the complexity of the stimuli, and they start to spatially diverge by 150ms (Tarkiainen et al., 

2002). 

Although both letters and symbols activate the left lateral occipitotemporal sulcus across 

cultures (Dehaene & Cohen, 2011), Grainger et al. (2010) demonstrated that letter perception 

may differ from symbol perception when it comes to the presence of context, although the main 

factor lies in the nature of the target, not the surroundings. First, when people searched for a 

letter from a 5-letter string, their reaction time showed an M-shaped function: the first, third and 

fifth letter was detected faster. However, they showed a U-shaped function when searching for a 

symbol in the symbol string. Second, letters were less susceptible to crowding whereas a single 

flanker was enough to induce the crowding effect for symbols. Third, strings of letters tend to 

draw attention to their left side in readers of left-to-right scripts, thus left flankers caused more 

interference than right flankers. Fourth, Longcamp et al. (2003) also reported that passive 
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observation of pseudowords increased blood flow in the left premotor brain area but letter-like 

symbols did not, which was attributable to hand-motor representation. However, counter-

evidence exists where symbols as well activated a motor-related area with the implication of 

traceable gestures (Heimann, et al, 2013). Fifth, Maurer, et al. (2006) found N1 amplitude only 

in word stimuli, not symbol stimuli. Finally, hemispheric division is also implied between two: 

less familiar stimuli – words, pseudowords, letter strings, and false font, in order – activated the 

right hemisphere more (Polk & Farah, 1998; Polk et al., 2002; Tagmets et al., 2000). 

Although both numbers and letters can benefit from the reduced size of receptive fields, 

(Chanceaux & Grainger, 2012), different neural substrates are engaged in these two processes 

(Changzi et al., 2006). For instance, intensive training built the network specialized for letters 

but not for digits (Polk et al., 2002). Also, transposition has a greater impact on letters than 

symbols and numbers (Duñabeitia, et al., 2012). Letter perception tends to be biased towards 

the left hemisphere (Carreiras et al., 2015; Callan, et al., 2005; Polk, et al, 2002): words or 

word-like stimuli activate the left fusiform gyrus, such as areas BA37 or BA19 (Cohen, et al., 

2000; Polk, et al., 2002), the left inferior visual cortex, and the left ventral cortex (Polk, et al., 

2002). On the other hand, numeric stimuli activate the right lateral occipital cortex, the 

intraparietal sulcus, the right pallidum, the right superior parietal gyrus, and the right inferior 

temporal sulcus (Carreiras et al., 2014). Some neuropsychology patient cases were reported 

where the participants were able to read and write letters but not Arabic numerals (Anderson, et 

al., 1990; Starrfelt, 2007), although Polk, et al. (2002) claim that there are many fewer cases of 

the impairment specialised for numeric perception than for letter perception. 

 

Orthography recruits many different modalities that are designed for more general purposes. In 

spite of their late advent in history, letters seem to occupy a special position in human 

perception and cognition. This is attributable to the intensive audio-visual connection, which 

indicates the potential for orthography to develop systematic mapping with phonology. The 

dissertation mainly addresses this issue (chapter 2 to 6). 

 

 

1.2.2. Synesthetic Aspect of Letters: Semiotic Connotation 

Typefaces: legibility and preference 

Legibility is defined as the capability of a written text to be efficiently identified, specifically in a 

way to ease the eyes and facilitate recognition (Tarasov et al., 2015). High legibility enhances 
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the reading speed and the level of understanding (Hughes & Wilkins, 2000; 2002; Sheedy et al., 

2005). Pardo (2004) claimed that there would be less energy left for semantic process if too 

much is consumed for word recognition. It is arguable that our mental capacity is quantitatively 

and physically limited, but it indeed would make readers more tired if letter or word requires too 

much effort to recognize. After revealing that adult readers use saccadic leaps when reading, 

the research of legibility moved from single letters to letter strings (Geske, 1996). 

Although they are distinct concepts, legibility is intertwined with readability (Geske, 1996). 

Legibility focuses on the features that accelerate reading in a way to discern characters and 

words, whereas readability deals with the features that facilitate reading and understanding 

(Tinker, 1963). Since 1940, the meaning of readability has expanded and now covers the scope 

of legibility (Geske, 1996).  

High legibility is represented as short reaction time. On the one hand, Geske (1996) measured 

how quickly and accurately people perceive words after a short exposure. On the other hand, in 

a maximum effort to exclude semantic influence and focus more on the visual aspect of written 

forms, Wilkins, et al. (1996) used the technique called ‘Rate of Reading Test’ where the 

participants had to read the semantically independent wordlist as fast as possible. Serifs, 

boldness, letter width, and height-width ratio (Tinker, 1963) seem to affect legibility. 

Enhancing legibility (and readability) has been a matter of interest since the advent of mass 

printing (Tinker, 1963). For example, Buckingham (1931) had 2,010 seven-year-olds read texts 

printed in Mototype 8, a metal printing font, with various conditions: 12-point, 14-pica line length, 

and 3-point leading optimized the reading environment. Paterson and Tinker (1932) compared 

reading speed of texts written in 10 different fonts but could not find any consistent differences 

among them.  

The recent, prevalent use of personal computers made the role of writer more public and 

vigorous research began to focus on legibility/readability on-screen (Arditi & Cho, 2005; Geske, 

1996; Tavasov, et al., 2015). This change of medium may require different methods to enhance 

legibility. Bigelow, a font designer, for example, points out that the serifs on a screen take up 

much more space (in pixels) than those on paper, possibly acting either as information or noise 

(Will-Harris, 1998). 

There is no doubt that choosing a font is mainly the subject of individual preference (Tullis et al., 

1995). Arial and Comic Sans have been significantly preferred to Times New Roman or Courier 

(Bernard, et al., 2001; Bernard, et al., 2003). Although preference can be one of the indicators 
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of better perception of written text (Bernard, et al., 2003), it does not always correspond to 

efficiency. For example, Comic Sans was most preferred but least legible (Bernard, et al., 2002). 

Serif fonts are less favoured but are used dominantly on a daily basis: in a survey, 57% 

answered they used 12-point Times New Roman for everyday use and only 8.6% reported they 

used the same size of Arial (Bernard et al., 2001; Bernard et al., 2003). Times New Roman is 

better than Courier both for preference and legibility. Verdana was the most preferred and 

the most legible font (Bernard, et al., 2002).  

It has been claimed that letters are better read when their forms match the way they are written 

(Watts & Nisbet, 1974). The font called ‘Civilite’ was designed in France in the 16c, especially 

for children (Johnson, 1966). British primary schools use sans-serif fonts to promote children’s 

letter acquisition (Sampson, 1985). These explain the preference of Comic Sans in educational 

settings: it resembles very much the letters written by children (e.g. a and g). 

Some studies are in favour of serif fonts (Arditi & Cho, 2005; Geske, 1996; Tarasov et al., 

2015). They insist that serifs enhance legibility by carrying more information regarding letters 

(Geske, 1996), reducing visual fatigue (Rubinstein, 1988), and facilitating distinction among 

letters (McCarthy & Mothersbaugh, 2002). Invisible horizontal lines made by those serifs 

increased reading speed (Burt, 1959; Labuz, 1988) by making readers track the text more easily 

(Arditi & Cho, 2005; Bernard, et al., 2001; Romney, 2006). Gasser et al. (2005) found that serif 

fonts worked better at information recalling as well, using fewer resources required for reading.  

Sans-serif fonts were created later with revived rationalism in the 20c, supporting democratic 

and anti-elitist style of typefaces (Morison, 1972). Much less ornamented, they feature simple 

outlines and somewhat geometrical figures. Sans-serifs are considered less legible due to the 

similarity among the letters (McLean, 1980). Comparatively fewer studies advocate sans-serif 

fonts: not by suggesting direct evidence supporting sans-serifs, but rather by indicating possible 

drawbacks of serif fonts. They argue the reduced space between the serif letters may act as 

noise, making the alignment look flanked and crowded (O’Brien et al., 2005), and eventually, 

decrease the recognition of words (Perea et al., 2011).                                                                                                                                   

Ample research in fact found no difference between serif and sans-serif fonts in terms of 

readability (Beymer et al., 2008; De Lange et al., 1993; Paterson & Tinker, 1932; Poulton, 1965; 

Shaikh, 2005): for example, reading speed (Arditi & Cho, 2005). Also, the fonts from the 

identical group showed great difference (Tarasov, et al., 2015). It seems it is familiarity, not 

certain font-related features, that affects legibility (Tarasov, et al., 2015). Even if there exist 
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inherent strengths of some fonts, they may last only a very short time and quickly disappear 

(Lund, 1999).  

Other factors than font may have an influence: in terms of legibility, size, width, x-height, stroke 

width, boldness (Cheetham et al., 1965; Paterson & Tinker, 1932; Poulton, 1972), and in terms 

of readability, paragraph uniformity, background, line length, density, margins and spacing 

(Bernard et al., 2002; Paterson & Tinker, 1944; Tinker & Paterson, 1946). More specifically, font 

size affects reading speed (Bernard et al., 2003; Chandler, 2001). Legibility is significantly 

increased by boldness but significantly decreased by italics (Geske, 1996). Resolution of the 

screen is one of the new factors of readability: for example, 10-point Times New Roman, Georgia 

and Verdana were equally readable on screen (Bernard et al., 2003). It should be pointed out 

that resolution comes from the number of pixels and sharpness of images, thus is more related 

to the definition of visibility, the ability to detach the written symbols from the background (Park, 

et al., 2008).  

 

Typographic Symbolism 

With the functional aspect of typefaces overly emphasized, their semiotic aspect has been 

overlooked (Thangaraj, 2004; Van Leeuwen, 2006). The predominant view of written text as 

secondary and subservient to speech (Serafini & Clausen 2012; Stöckl 2005) has also played a 

role. As a result, typography has been considered as the ‘dress’ of a text, with its spatial nature 

and organized effect ignored (Stöckl, 2005). However, typography itself can carry additional 

semantic information. McCarthy and Mothersbaugh (2002) have suggested that the message 

can be enhanced when its connotative (visual) and denotative (meaning) representation match. 

Being seen from a gestalt perspective before it is semantically decoded, typography can 

possibly act as noise (Stöckl, 2005) when it does not suit the meaning. According to Berger 

(1979), connotation of the text indicates the important features of a document, such as plot and 

sentiment. 
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Fig 1.1 illustrates the different effect of fonts in carrying the identical message. The meaning of 

the written text becomes clearer when the invisible implication is visually available (Ahn, 2014). 

The semantic association between fonts and meanings is called ‘typographic symbolism’ 

(McCarthy & Mothersbaugh, 2002). Its psychological grounding lies in semantic priming. For 

example, the meaning of ‘tall’ is emphasized when the word is printed in a tall font. This 

typeface-meaning correspondence may increase information retrieval, whereas overly 

inconsistent typefaces hinder the motivation to read (Bartram, 1982; Rowe, 1982; Walker et al., 

1986).  

Nørgaard (2009) listed several effects suggested by fonts. At the word level, roundness 

connotes organic, naturalness, or femininity. Boldness connotes assertive or solid, whereas 

narrowness, economical or cramped. Heavily dependent on the context, at the sentence level, 

boldness represents sonic salience whereas italics suggests mocking accents or whispering. At 

the paragraph level, courier font indicates old text, different text from the main text, data text, or 

typed text.  

The general public became interested in typefaces since the appearance of the word processor, 

especially in terms of agreement between the font and the message. People now think about 

which font would be more efficient to deliver their messages. The factors that vary the 

connotation of typefaces are weight (bold vs. regular), expansion (narrow vs. wide), curvature 

(angular vs. round), slope (sloping vs. upright), connectivity (connected vs. disconnected), 

orientation (horizontal vs. vertical), regularity (regular vs. irregular), dimensionality (2D vs. 3D), 

x-height, colour, material texture, background, and kinetic movement (Ahn, 2014: McCarthy & 

Mothersbaugh, 2002; Van Leeuwen, 2005). 

Indeed, many businesses make an effort to enhance the legibility of their messages both 

physically and perceptually. Corporations pay for new fonts that suit their brand images 

(Friedman, 2009). Consumers also seem to prefer typefaces that have a personality congruent 

with the product or service the corporation provides. In the meantime, people in their everyday 

lives tend to choose fonts according to the medium of communication and the purpose of 

writing. They tend to change fonts often for Word and Power Point but seldom in email and 

instant messages. They particularly choose the font with high legibility for assignments, 

Fig 1.1. Typeface may Typeface may carry the sentimental information [Photography of Font matters] 
(2020). Retrieved from https://www.facebook.com/ByrdsEaglePrinting/posts/ 
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resumes, and spreadsheets. The choice of a proper font can also be the subject of evaluation 

(Shaikh, 2007). 

McCarthy and Mothersbaugh (2002) suggest two ways in which research on typographic 

symbolism should be organized: first, categorizing the dimensions of fonts based on the central 

commonality, and second, theorizing how these dimensions influence on information processing 

and persuasion.  

 
The meaning of a word can be enhanced or disturbed by the font, the allusions generated by 

the visual forms. Does this synaesthetic aspect of fonts appear at the letter-level as well? For 

example, is there any way to facilitate letter acquisition or letter perception by, for example, 

speeding up phonological decoding? Chapter 2 to 4 demonstrate that the relation between 

levels of grapheme-phoneme association can be quantified and compared between different 

fonts.  

 

 

1.2.3. History of the Alphabet 

Emergence of writing 

Mental representation started from describing concrete objects (Robinson, 1995), but it probably 

involved greater semantic value than the object itself. For example, considering various 

circumstantial conditions, the Great Black Bull in Lascaux Cave indicates the wish for successful 

upcoming hunting. This particular nature of drawing, copying an object with expanded intention, 

may have given rise to pictographic symbols. In this regard, there is a very thin line between the 

action of drawing and writing. Distinct from drawing, I define writing as symbols that do not 

resemble the corresponding referents but contain more abstract concepts possibly reflected by 

higher human cognition. 

There are a few scenarios regarding the emergence of writing which are more intertwined than 

conflicting. One of them suggests that the emergence of agriculture caused the need for 

recording. Instead of a hand-to-mouth lifestyle, people had to remember, for example, the 

amount of harvest and the portion for seed-corn (Schmandt-Basserate, 1989). Another focuses 

on the larger scale of trades that appeared as communities grew. Many researchers agree that 

the action of writing began for business purposes (Havelock, 1976; Robinson, 1995; Rogers, 

2005). These proto-writings (Robinson, 1995) on various media (e.g. stick notches, clay tokens, 

or numerical tablets), imply the necessity of simpler, quicker way of recording. With early cities 
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formed, administrative procedures were required for tax and distribution as shown in the 

Sumerian capital, Uruk (Sampson, 1985).  

The evidence all in all indicates that early writings are forms of numbers—abstract concepts but 

unmotivated logographs (Havelock, 1976; Robinson, 1995; Rogers, 2005; Schmandt-Besserat, 

1989). The ruins of the Assyrian empire (the first millennium B.C.) show that their writing did not 

resemble pictography anymore (Robinson, 1995). They managed to establish the arbitrary 

connection between an object and a symbol, but without any phonemic value assigned to it yet. 

The idea of phonographic symbols did not appear until the people found the ‘Rebus principle’ 

(Robinson, 1995; Rogers, 2005), where a single symbol can be connected to a sound value. 

The sound unit at this stage is not necessarily phonemic but more likely syllabic (Havelock, 

1976; Robinson, 1995). Achieving finer phoneme-level association requires segmenting the 

continuous flow of vocal sounds and realizing the differences between air flows and articulatory 

obstructions (Havelock, 1976), which leads to the consonant-vowel distinction. Furthermore, the 

distinction between the presence and absence of vibration in the larynx also had to be noticed 

(voiceless vs. voiced).  

Efficiency and distinctiveness are two poles that any orthographic system should balance. The 

constituent letters of an orthography need to be not only easy to write continuously, but also 

distinguished from one another. For extreme efficiency, all the letters may look the same (Zipf, 

1949/2016) at the cost of distinctiveness. At the other end, with distinctiveness maximized, the 

letters can differ in size, colour, material, or dimension as well as orientation. Actual human 

orthographies tend to lie somewhere between these two extremes. 

Fig 1.2 demonstrates how various orthographic systems achieve coherent discrimination. The 

first way to do this is altering orientation of letters: compare the cuneiform (top-left) /a/-/z/, /h/-/l/ 

or /g/-/t/; and Burmese (bottom-right) /k/-/j/ or /g/-/ŋ/-/p/. The orientation change, however, is 

sometimes not enough: many anecdotes show that children experience difficulty in 

distinguishing between ‘b’ and ‘d’. Another way is partial adding/subtracting: compare cuneiform 

/g/-/z/; Runes (bottom-left) Isa-Nautiz or Ehwaz-Mannaz; ancient Armenian (top-right) /w/-/ṛ/; 

and Burmese /t/-/tʰ/ or /t/-/b/. The third way is duplicating: compare cuneiform /g/-/ṣ/; Runes 

Wunjo-Berkana; and Burmese /w/-/tʰ/.  
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Cultural evolution of letter shapes 

The evolution of the speech modality took over 100,000 years, resulting in multiple anatomical 

changes in human articulators. Audio-visual organs were biologically evolved for the production 

and reception of speech sounds (Sampson, 1985) at the cost of, for example, being choked by 

food (Watt, 1994). In contrast, writing emerged only 5,000 years ago and none of the human 

body parts went through any biological adaptation specialized for writing. It is more plausible to 

see writing as an exclusively cultural heritage (Sampson, 1985). Cultural evolution means that 

more time is allowed to get rid of inefficient traits, not that new innovative features were created 

(Sampson, 1985), which can be enhanced by repetition and communication. In the following 

paragraphs, I discuss the factors that determine letter shapes. 

The nature of writing materials to write with/on determines the angularity of letters: C versus <. It 

furthermore affects the complexity of letters. For example, writing on a hard clay tablet has less 

risk of being erased, thus letters are allowed to be fine and thin (Sirat, 1994). Modern letters 

include ‘fossilised indications’ of writing materials (Watt, 1994).  

Writing position also determines the letter shapes. For example, cuneiform was written with a 

raised hand mainly using brachial muscles, keeping the wrist locked (Sirat, 1994). In contrast, 

Fig 1.2. Regardless of time, alphabet systems show the visual coherence of letters within the system 
(from top-left, clockwise: Cuneiform symbols of the Ugarit, ancient Armenian, Burmese, and Runes) 
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when using pen or pencil, two opposite pressures exist between three writing fingers and two 

supporting fingers. Depending on the direction of strokes, these two pressures alternate active 

and passive roles (Watt, 1994).  

A set of letters tend to face the same direction, in general (Watt, 1994). Anecdotes say that 

children often reverse B until they subconsciously understand that asymmetric Roman letters 

generally face rightwards. Facing direction is defined as the direction of ornaments and 

headings: for example, Arabic numbers mostly face left. Watt (1994) attributes this to a visual 

basis, rather than a kinetic one. Although somewhat Anglocentric, Brekle (1994) assumed the 

horizontal symmetry of letters is less important than the vertical one, historically and cognitively. 

The direction of script can be changed for political and cultural reasons. The people of 

conquered territories often had to adapt to a new writing custom. For example, Egyptians began 

to write from left to right when they accepted Christianity but later returned to write from right to 

left when Islam prevailed in the region (Sirat, 1994). The direction of script in turn affects the 

direction of letters because moving backwards slows the pace of continuous writing, dropping 

efficiency. Hebrew seems to take longer to write because the overall script runs from right to left 

whereas the horizontal stroke is written from left to right (Sirat, 1994). In Rome and Greece, the 

scripts were written in alternating directions, from right to left and then left to right, which is 

called ‘boustrophedon fashion’ or ‘ox-turning’. The asymmetric letters like B, E, N were 

frequently written in their mirror images to match the direction of the script. Some of the modern 

Roman alphabets, therefore, remained as their mirror images when the writing direction was 

stabilized from left to right (Sirat, 1994). 

Watt (1994) introduced four hypothetical forces that vary letter shapes. Homogenization makes 

letters look alike (e.g. F and f), whereas heterogenization distinguishes them from each other 

(e.g. E and e). Facilitation indicates less effort to produce letters. For higher writing speed, the 

cursive form minimizes direction shifts and hand movements (Sirat, 1994). Finally, inertia refers 

to the purely conservative tendency to stabilize the system. These forces are more topological 

rather than kinetic. A letter shape may change when the balance is broken with any of the 

forces getting stronger. It should be noted, however, that the change occurs in connection with 

the other elements in the system (Brekle, 1994; Watt, 1994): letters and phonemes.  

 

Brief history of the Roman alphabet 

The English alphabet originated from Phoenician alphabets (1,000 BC), which is known as the 

first stable alphabetic script (Havelock, 1976; Robinson 1995). It diverged into Hebrew and 
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Greek, and the latter was borrowed by the Romans for the Latin language. The Roman 

alphabets spread through Europe and one of the lineages settled down as English alphabets 

(Havelock, 1976; Robinson, 1995; Rogers, 2005). This long history of the alphabet system (over 

3000 years) naturally has allowed visual and phonemic variations, from time to time caused by 

misunderstanding or modification during cross-cultural transition, and at other fewer times, 

intentional manipulations. Reflecting this multicultural trajectory, Havelock (1976) called it the 

‘Northwest Semitic Graeco-Roman-Etruscan alphabet’.  

As an abjad, the Phoenician alphabets consisted of 22 consonants only. When accepted by the 

Greeks, the weak consonants were changed to vowels (Havelock, 1976; Robinson, 1995). ‘A’, 

for example, was in fact the glottal consonant in Phoenician, but it was perceived as a vowel by 

Greeks because they did not have glottal phonemes in their language. The Greeks added three 

vowels (e, o, and i). Later, a few letters (e.g. r, i, and b) were introduced from Runes, the 

Germanic alphabet (Robinson, 1995). Some non-Latin letters used to be included (e.g. Æ æ, Ð 

ð, Œ œ, Þ þ, Ƿ ƿ, and Ȝ ȝ). At the beginning of the Middle Ages, people created the lowercases 

mainly for economic reasons and used them for different purposes: a less formal setting or 

writing on softer materials.  

It is important to note that in most cases, the canonical phonetic values hardly changed through 

time. Phonemes are sturdier than we expect. It is usually letter-shapes that are modified or 

created to be associated with phonemes. In other words, phonemes give rise to new letters. For 

example, Phoenician  (gīml) was connected to two regionally different phonemes, /k/ and /g/. 

Instead of merging these two phonemes into one or insisting only one is rightful and the other a 

patois, people decided to create two separate letters, C /k/ and G /g/, to contain these distinct 

sounds. In another example, Phoenician Y (wāw) had two ways to pronounce it, /v/ and /u/. The 

Greeks adapted the latter (Upsilon), but it later changed to /i/ (Ypsilon). V, the reduced letter 

shape of Y began to take over /v/, which gave rise to U /u/ and W /w/ (double u or double v). 

From V, pronounced as /v/ or /f/, the letter F was designated to stand for /f/.  

 

Why does /a/ look like ‘A’? 

Even though phonographs rid themselves of pictographic aspects, people have still tried to look 

for possible connections between letters and what they symbolize: for instance, the Roman 

letter ‘A’ represents a bull’s horn upside down; ‘O’ represents the mouth shape of /o:/; and as ‘S’ 

looks like a snake and naturally sounds like /s/ (Robinson, 1995). These speculations remained 

as speculations mainly due to the problem of this sort of rationalization. There is no consistent 
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theory to apply to all the letter shapes. Such explanations seem to be based on somewhat 

haphazard analogy, which is why Société de Linguistique de Paris prohibited discussions on the 

origin of language.  

Recent studies, however, still suggests the possibility of grapheme-phoneme systematicity 

induced by cross modal processing in the brain (Bavelier & Neville, 2002; Spence, 2011). Many 

researchers have demonstrated audio-visual multisensory perception (Baier et al., 2006; Calvert 

et al., 1999; Calvert et al., 2000; Calvert et al., 2001; Fiebelkorn et al., 2010; von Kriegstein & 

Giraud, 2006; Zangenehpour & Zatorre, 2010), some of whom specifically focus on the 

grapheme-phoneme connection (Atteveldt et al., 2004; Raij et al., 2000; van Weissman et al., 

2004). Monaghan, et al. (2014) claimed that ‘hyperconnectivity’ (Ramachandran & Hubbard, 

2001) enables one activated cortical area to map onto another sensory cortex, which 

corresponds to the recent findings where semantically similar words tend to be phonetically 

similar (Shillcock, et al., 2001). Although not all sensory information can be cross-modal 

(Spence, 2011), the fact that linguistic symbols inevitably recruit audio-visual collaboration, 

suggests that systematicity might exist between the two systems, phonology and orthography.  

 

A broad background was introduced in connection with the emergence of writing, prerequisites 

for phonographs, and the history of the alphabet system. In order to facilitate acquisition and 

transmission of the orthography, it is a plausible prediction that the scripts have developed 

some sort of systematicity. The systematicity between orthography and phonology can be 

investigated more properly by moving the focus from the elements (Why /a/ is A?) towards the 

relations between the elements (Is /b/ is similar to /p/ as much as ‘B’ is close to ‘P’?). A 

hypothesis is that phonemic similarity induces visual similarity, and/or vice versa, which is 

examined in chapter 3 and 4 with Roman alphabets. 

 

 

1.2.4. Orthography as a Proxy for Phonology 

Orthographic depth and its consequences 

The differences in literacy rate have largely to do with socioeconomic status. According to 

UNESCO (UNESCO, 2017), the illiterate population has drastically reduced since 1945, after 

the Second World War. Currently, only 19 out of 197 countries have a literacy rate lower than 

50%, most of which are located in Africa (WorldAtlas, 2018). In the case of Europe and Asia, 

less than 5% of the population have difficulty in reading and writing. Literacy rate, however, 
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does not always seem to be congruent with economic situation. For example, Georgia ranks 

15th whereas the UK is 49th. A possible factor is the transparency of the orthography. Georgian 

has one of the shallowest phonographic systems whereas English is notorious for its 

orthographic depth.  

Ample research has considered orthographic depth as an important factor in phonological 

dyslexia (Aro & Wimmer, 2003; Frith et al., 1998; Goswami, 2002; Hricova & Weekes, 2012; 

Karanth, 2002; Landerl et al., 1997; Martin et al., 2016; Paulesu et al., 2000; Paulesu et al., 

2001; Raman & Weekes, 2005; Spencer, 2001). Even for non-dyslexics, a deep orthography 

takes twice as much time to learn as a shallow orthography (Seymour et al., 2003). The 

challenge lies in making a successful link between a letter and the corresponding sound; failure 

is attributed to poor phonemic awareness, the ability to realise that a speech sound can be 

decomposed into smaller units (Yopp, 1992). It was recently found that phonemic awareness is 

influenced by the depth of the orthography (Frith et al., 1998; Goswami, 2002; Landerl et al, 

1997). Phonological recoding is not too difficult for children if the orthography has consistent 

grapheme-phoneme correspondence rules (Goswami, 2002). 

In shallow orthography, this letter-sound mapping is fairly predictable and transparent (Raman & 

Weekes, 2005). The efficiency of shallow orthography systems was revealed by several brain 

imaging studies (Paulesu et al., 2001; Spencer 2001; Martin et al., 2016). With positron 

emission tomography (PET) scans, Paulesu et al. (2001) found that dyslexics showed much 

less activity in their left hemisphere, which should be associated with resolving a deep 

orthography. They did not show any problem in the area involved in reading shallow 

orthography. This implies that readers might find it less difficult to read a shallow orthography 

even if they are dyslexic. Paulesu et al. (2000) also found that users of shallow orthographies 

such as Turkish, Italian and German, do not require as much extra energy in brain functioning 

as English readers do. 

 

Two reading routes 

Brain imaging studies have demonstrated that there are two reading routes: a phonologically 

mediated, early stage of reading versus a direct, later stage of sight-word reading (Plaut et al., 

1996; Pugh et al., 2000; Taylor et al., 2017). The left hemisphere dorsal temporo-parietal region 

seems to participate in the rule-based activities such as applying regular phonetic rules to 

written letters, and this area is activated when reading pseudo-words and unfamiliar words 

(Pugh et al., 2000; Taylor et al., 2017). It is also known that the dorsal path is susceptible to 
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early experience and develops only when relevant experience is available (Bavelier & Neville, 

2002). Meanwhile, the left hemisphere ventral occipital-temporal region is known to mediate 

memory-based activity, such as reading familiar words. It provides a fast, direct print-to-meaning 

path, so is closely related to reading fluency (Harm & Seidenberg, 2004; Plaut et al., 1996). The 

ventral path responds robustly in early experience but also responds throughout life (Baverlier & 

Neville, 2002). These functionally distinguished brain areas imply, first, that the regular letter-

phoneme connection is likely to use the dorsal path whereas irregularly spelled words are likely 

to utilize the ventral path; and second, that letter-phoneme connections can be effectively built 

at an early age while more arbitrary sound-letter connection can be encoded in the later stages 

and continuously throughout life. The division of phonographic reading and semantic reading 

naturally becomes the division of mature readers and ongoing learners.  

 

English, the deepest orthography  

Orthographies can be deepened due to orthographic conservatism (Sampson, 1985), where the 

script remained unchanged in spite of change in associated sounds. It is sometimes, however, a 

part of an effort to overcome ambiguity. In Greek, for example, the letter clusters ‘egg-’ 

remained separate from ‘ekg-’ to indicate its morphological difference in spite of the identical 

pronunciation (Sampson, 1985).  

When it comes to English, the national standard of the written form was established based on 

the speech of Wessex by the 11th century. From then on, the English writing system has 

involved more and more irregularity, mainly due to external factors more than internal factors 

like sound change. The fact that English was not the public language since the Norman 

conquest and that Latin or French was mainly spoken among government officials, both gave 

English multiple ways to spell. For instance, the vowel ‘ee’ reflects English convention whereas 

‘ie’ as in ‘friend’ reflects French convention (Sampson, 1985). Another unexpected factor was 

the introduction of printing. This technological advance complicated English spelling in that 

words became lengthened with redundant spellings, largely because workers were paid based 

on the number of letters. It was Dutch workers who published the first book in Britain. 

Furthermore, the intellectuals in the 16c insisted that the words be written to show their 

etymology: ‘debt’ and ‘salmon’ instead ‘det/dette’ or ‘samon’ (Sampson, 1985). 

The unique history of English orthography led itself to ‘a dyslexic language’ (Spencer, 2001). 

Various pieces of comparative research (Aro & Wimmer, 2003; Frith et al., 1998; Landerl et al., 

1997) repeatedly demonstrated that English speakers suffer from dyslexia more seriously than 
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other language users. This is due to the fact that English is presumably the deepest 

orthography, even deeper than French and Dutch (Aro & Wimmer, 2003; Seymour et al., 2003). 

For example, 31% of English monosyllabic words are inconsistent, compared to 12% in French 

and 16% in German (Aro & Wimmer, 2003).  

One of the reasons for poor reading performance in adulthood lies in unsuccessful phonetic 

awareness (Castle et al., 2018; Pugh et al., 2000; Perfetti & Sandak, 2000). In fact, children’s 

phonetic awareness is a key indicator of reading performance in their later lives, in terms of 

speed and accuracy of decoding, spelling, and text comprehension (Perfetti & Sandak, 2000; 

Taylor et al., 2017; Castle et al., 2018). Phonetic awareness also plays a psychologically 

important role when early learners encounter novel words (Taylor et al., 2017): successful 

experience in decoding unfamiliar words on their own acts as a ‘positive learning trial’ (Ehri, 

2017), which may promote reading activity, keeping learners’ attitudes active and motivated.  

Making connections between arbitrary letters and sounds is not an easy skill to acquire (Castle 

et al., 2018). Through a series of experiments, it was shown that children failed to naturally 

recognize consistent phonemic rules and transfer them to novel words (Byrne & Fielding-

Barnsley, 1989; 1990; Byrne et al, 1992). Once acquired, letter-sound links are ‘amalgamated’ 

(Ehri, 2017) in memory and become highly automated and efficient.  

 

Efforts to mitigate the side-effects of a deep orthography 

Being aware of the issue of orthographic depth, there have been several movements in English 

to overcome its adverse effects. Spelling reform is one of them. The movement seems to have 

spread all over the Anglosphere in the late 19th century. That the British phoneticians were 

highly motivated by spelling reform was the reason why phonetics developed particularly as a 

British enterprise whereas the rest of language science mainly developed in Germany 

(Sampson, 1985). Their primary goal was to make English a shallower orthography by reducing 

the number of letter-sound correspondences, removing redundant letters from words, and 

writing words just as they sound. For example, SaypU (Spell as you Pronounce Universally), 

writes ‘high’, ‘we’ and ‘yours’, ‘hai’, ‘wii’, and ‘iooz’, respectively.  

Another attempt to mitigate orthography-related problems was institutionalized by Great Britain 

in the 60s (Sampson, 1985). Young children who learned to read for the first time were taught 

Pitman’s shorthand, whose letters look entirely different from the traditional alphabet. In this 

transition period from illiterate to literate, the children were expected to enhance phonemic 

awareness through shallow one-to-one phoneme-grapheme connections. Once they got used to 
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transcribing spoken sounds, then they learned the real alphabet again. The proponents claimed 

that this would boost the learner’s confidence, demonstrating that the students who had this 

transition stage remained better at spelling after they acquired the real orthography. The 

movement was only mildly successful (Warburton & Southgate, 1969), and after 7 years, only a 

few schools (280 in England, Sampson, 1985) turned out to be maintain this program 

(Sampson, 1985).  

The phonics approach is still robust in pedagogy. Stahl et al. (1998) insist that reading 

instruction in the Anglosphere has always included, to some extent, phonics, an explicit 

teaching of sound-letter correspondences. The differences between phonics and the whole 

word approach lie in (i) the proportion of the explicit teaching and (ii) whether to allocate it as an 

independent curriculum. The advocates of whole-word teaching, focus more on the holistic 

comprehension of the whole text (Ehri, 2017; Castle et al., 2018), possibly cued by multiple 

sources: graph-phonemic, syntactic, semantic (Goodman, 1976) or pragmatic information 

(Stahl, 1999). At the earliest phase of word reading, visual cues play important roles because 

children know little about the letter-sound system. They increasingly use the partial phonetic 

cues like the initial or final phoneme of the words, and eventually reach the stage where the 

phonemic decoding becomes automatized. However, phonics can facilitate and accelerate 

these stages of development (Adams, 1990; Chall, 1996; de Graaff, 2009).  

 

In this section, a few attempts to offset the orthographic depth of English were introduced: 

spelling reform, Pitman’s shorthand, and phonics. They all have plausible rationales. However, 

did any of those measures enhance the systematicity of English? More importantly, how can we 

quantify the impact? In the current dissertation, I examine their impact on language 

systematicity in connection with other subdomains of language. Two questions are asked. Will 

reformed spelling enhance meaning-form systematicity (chapter 6)? Will Pitman’s shorthand 

and phonics increase sound-letter systematicity (chapter 4)? 

 

 

1.2.5. Hangeul, the Korean Orthography 

An artificially constructed orthography for better social equality  

Hangeul, the orthography of the Korean language is renowned for the availability of knowledge 

surrounding its origins. It is also the only orthography that a king himself designed for the 
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illiterate among his people. 28 letters were completed in 1444, named Hunmin Jeongeum, the 

Standard Sounds for the Instruction of the People, and promulgated in 1446.  

Since the Korean peninsula did not have its own writing system, the social elite used Chinese 

instead, which caused two major problems. The first problem is that spoken Korean is a 

fundamentally different language from Chinese. Chinese belongs to the Sino-Tibetan languages 

whereas Korean is (controversially) thought to belong to the Altaic languages, although it is 

equally thought to be a ‘language isolate’, unrelated to any other language (Song, 2006). 

Chinese sentences have subject-verb-object (SVO) structure but Korean have subject-object-

verb (SOV) structure. From a morphological perspective, Chinese is an ‘isolating’ language 

where its characters act independently. Therefore, putting them together side by side makes a 

sentence. However, Korean is an ‘agglutinating’ language where the end of verbs and 

adjectives change their forms with various suffixes. (Note the difference between the two 

linguistic terms: ‘isolating language’ and ‘language isolate’. The former indicates the 

grammatical nature of a language, but the latter is only used for describing language families.) 

The other problem has largely to do with learning efficiency. Like Egyptian hieroglyphs, Chinese 

consists of numerous characters all of which have their own meanings, which take a long time 

to learn. As a result, only the rich and powerful who did not have to work for a living had enough 

time to acquire substantial skill in written Chinese. Literacy gave privileged people access to 

knowledge, for instance of the law. Illiterate commoners did not have this access. Therefore, the 

monopoly over literacy became one of the roots of social inequality. In this regard, Hunmin 

Jeongeum succinctly summarizes the main purpose of the invention of hangeul.  

“Because our spoken language is different from Chinese, the writing (Chinese) does not 

correspond to spoken words (Korean). It is a pity that those ignorant cannot express their idea 

even if they want to. I (the king) thusly created twenty-eight letters in order for the people to 

learn easily and use conveniently” (Lee, 2019). 

The launch of hangeul script was not welcomed by everyone (Kim, 2014; Sampson, 1985). The 

new script faced strong antipathy and resistance from the privileged elite. Being afraid of losing 

their power originating from literacy (termed as ecriture, Hideki, 2011), the elite referred to it as 

‘Eonmun’, vernacular writing, or ‘Amkeul’, female writing. The name hangeul, literally ‘a great 

script’, was introduced in the early 20th century presumably by Shi-Gyeong Ju, one of the 

important Korean linguists. In spite of this resistance, due to its ease of use and convenience, 

hangeul seems to have spread fast into the lower classes and women who had been thirsty for 
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expressing their own ideas. Many poems and novels were written in hangeul, although their 

authorship is not clear: ‘Heungbujeon’, ‘Shimcheongjeon’, and ‘Chunhyangjeon’, etc. These 

stories had a strong influence on ‘pansory’, the Korean traditional solo opera drama (Park, 

2017). Other various types of books have been discovered: cooking recipes for daughters, 

translations of Buddhist scriptures, and textbooks for foreign languages (Park, 2011).  

There were also the efforts of Sejong’s royal descendants who consistently pursued the idea of 

their predecessor: an equal enjoyment of literacy. The books in the royal library were re-

published in hangeul, and the civil servants were tested in hanguel. Yeongjo, the 21st king of 

the Joseon Dynasty wrote several volumes of ‘Domestic Life Education’ in hangeul, and 

Jeongjo, the 22nd king wrote in hangeul to comfort the people suffering from drought (Park, 

2011). 

Hangeul has encountered some adversity. In the 16th century, the devastating effect of the 

Japanese invasion made it almost impossible to unify the writing norms in different regions. 

Also, changes in spoken Korean during the 17th century resulted in discordance between 

writing and pronunciation (Sampson, 1985). Japanese colonial (1910-1945) scholars tried to 

disparage the status of hangeul insisting that Sejong simply copied the shape of doors and 

windows as Fig 1.3 (Danggum Gyoyuk, 2015). This was fortunately disproved by the discovery 

of Hunmin Jeongeum Haere Bon, which explicitly explained how those letters were made. The 

brochure had been kept and protected by its collector, even during the Korean War (1950-

1953). During the final stages of the colonial period (1910-1945), using spoken and written 

Korean was strictly prohibited but the language was secretly taught and learnt to maintain 

Korean cultural identity. 

 

 

 

 

 

 

 

Fig 1.3. Korean traditional door. Ironically, all the Korean consonants can be drawn from the grids. A.P.C. 
(2018). [Photograph]. Retrieved from http://www.apckor.com/CONTENTS/?idx=2035563&bmode=view 
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Along with the phonemic change in the 17th century, hangeul also experienced an intentional 

reform. Founded in 1921, the Korean Language Research Society decided to keep the original 

roots of words regardless of the pronunciations. For example, they maintained the root <값> in 

<값이> (Sampson, 1985). It should be pronounced /gap-i/, in principle, but it is actually 

pronounced /gap-shi/. If written as it sounds (<갑시>), it would be difficult to understand that it 

consists of two parts: <값> ‘price’ + <이> (subjective marker). Leaving the root intact, it is easy 

to understand that <값이>, <값은>, and <값도> have the identical semantic root: ‘the price is’, 

‘the price is (compared to)’, and ‘as well as the price’. In other words, hangeul has kept its 

etymological structure, at the expense of leaving in some discrepancies between characters and 

their pronunciation. Vos (1964) positively evaluated this effort to preserve the semantics, saying 

that otherwise, the words like ‘piece’, ‘grain’, ‘sickle’, ‘daytime’, and ‘face’ were impossible to 

distinguish: they are respectively written <낱>, <낟>, <낫>, <낮>, and <낯> but all pronounced 

as /nɒt/. 

 

The featural alphabet representing mouth shapes 

It is quite revolutionary that King Sejong the Great determined to design a system of 

phonograms, considering how powerful Chinese influence was at the time. Although other 

foreign scripts, such as Mongolian, Phags-pa, Jurchen, and Japanese scripts were introduced 

to a small Korean population like merchants or diplomats, none of them had as huge an impact 

as that of Chinese (Hideki, 2011). The greatest advantage of phonographs is that once the set 

of letters is mastered, which consists of less than thirty letters in most cases (Havelock, 1976), 

one can write any spoken sounds of the language.  

In terms of phonology, the smallest unit of sound expressed in the writing system is different 

across languages. Chinese has a syllabic structure (consonant + vowel + selective final 

consonant): for example, 看 (‘to see’) reads /kàn/ and 是 (‘correct’) reads /shì/ (note that there is 

an /r/ sound at the end). Japanese has a moraic system (consonant + vowel): ご (‘five’) reads 

/go/ and ち reads /chi/, although some consonants and vowels stand alone. Meanwhile, English 

has an alphabetic system, where a letter is linked to a phoneme (either consonant or vowel): ‘a’ 

reads /æ/ and ‘k’ reads /k/. According to Sampson (1985), Korean specifies phonology even 

more deeply, into a featural system. For example, the palatal plosive sound is written in three 

different ways: <ㄱ> (lenis: /g/), <ㅋ>, (aspirated: /k/), and <ㄲ>, (tensed: /k͈/), respectively. With 
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this fine phonemic distinction, Sejong aimed to represent all the possible sounds: the sound of 

cranes, chickens, and even wind (Hideki, 2011). 

 

Korean is an essential language to include in research on systematicity not only because it is 

etymologically different from other mainstream languages that have been studied so far, but 

also because of its status as a language isolate: it has been less influenced by foreign 

languages and kept its original form comparatively well. How can we quantify these socio-

cultural features reflected onto language (chapter 7)? Also, its orthography, created based on a 

scientific understanding of phonology, raises the question of how the intentionally created 

systematicity might be quantified. For example, is letter-sound systematicity of hangeul indeed 

stronger than other orthographies (chapter 2 to 4)? 

 

 

1.3. Systematicity between Phonology and Semantics 

It has been a long-held controversy as to whether a word naturally represents its meaning in its 

form. Are names natural or conventional? (e.g. Plato’s Cratylus). Answers to this question 

cannot be fully provided from thought experiments: if anyone tries, it cannot be free from 

(usually Anglocentric) haphazard presumptions or hasty generalizations. More convincing 

evidence was available only after sufficient developments in statistical analysis, and data 

management/storage. Indeed, a few recent studies have challenged the dominant view of 

meaning-form arbitrariness (Saussure, 1949).  

Blasi et al. (2016) investigated on a crosslinguistically large scale the tendency that certain 

phonemes are associated with certain meanings. They used various metrics: the phoneme 

frequency within the concepts, the number of frequent phonemes divided by the phonemes 

frequent in other words, number of lineages, and ratio of the geographical area over the total 

geographical areas if a unique meaning-sound association is found. As well as using a 

distributional statistics, they also analysed genealogical classification.  

The current dissertation methodologically relies more on Dautriche et al. (2017), Monaghan et 

al. (2014), and Tamariz (2008) where non-arbitrary systematicity was found in meaning-form 

mapping. They all measured the pairwise phonological distances and the corresponding 

pairwise semantic distances. The differences lie in the techniques of the phonological and 

semantic distance measures as well as the type of corpus the semantic distances are based on.  
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Tamariz (2008) collected Spanish words of different lengths, measured the pairwise semantic 

distances using Latent Semantic Analysis (LSA; see 5.2. for details) with a window size 11 (five 

words before and after). Unlike the others, her phonological distances were based on empirical 

data where the participants judged how similar two series of phonemes were. The matrices of 

the phonological distances and the semantic distances were analysed by Fisher divergence 

(Ellison & Kirby, 2006).  

Monaghan et al. (2014) vectorized the English monosyllables according to articulatory features, 

and then calculated the distances between vectors with edit distance, feature edit distance, and 

Euclidean distance. They measured the semantic distances using contextual co-occurrence 

based on the British National Corpus (BNC) with a window size 7 (three words before and after). 

They additionally used WordNet, detailing the hierarchical relations within the vocabulary. 

Pearson’s r was calculated between the two lists of the pairwise phonological distances and the 

corresponding pairwise semantic distances.  

Dautriche et al. (2017) collected the 5000 most frequent words of various lengths (3 to 7) in 100 

languages. They used orthography as a proxy for phonemes, and the distance between two 

words was measured by edit distance. For a semantically coherent corpus, they used identical 

Wikipedia entries in different languages. They measured semantic distances with LSA, pointing 

out that WordNet is highly developed for the English language only. As well as Pearson’s r, they 

also conducted z-score comparisons and mixed effect analyses. 

Meanwhile, Wray and Grace (2007) warn against any hasty assumption that linguistic features 

are universal only on the basis of a few global languages. For example, not all English 

phonoaesthemes (e.g. ‘sn-’ in ‘sneeze’, ‘snort’, or ‘snore’; ‘gl-’ in ‘gleam’, ‘glitter’, or ‘glow’) are 

found in other languages. In addition, the vowel contrast /a/-/ɪ/ with regard to size (/a/ for larger 

objects and /ɪ/ for smaller objects), is reversed in Vietnamese (Diffloth, 1994).  

Both cross-linguistic and language-specific aspects exist in systematicity (e.g. Kawahara, et al., 

2019). These two facets seem to be intertwined within an identical semantic category; for 

instance, Saji, et al. (2019) showed that voiced consonants are related to ‘slow’ locomotion both 

in Japanese and English but in Japanese, nasal consonants additionally contribute to 

‘slowness’.  

Apart from a few large-scale studies (Blasi et al., 2016; Dautriche et al., 2017; Lupyan & Dale, 

2010), most research on systematicity in language still focuses on the major European 

languages. Furthermore, none of the large-scale studies included Korean. Korean used to be 
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categorized as one of the Ural-Altaic languages along with Mongolian and Turkish (Ramstedt & 

Kim, 1979), but is increasingly (albeit controversially) considered to be a ‘language isolate’ with 

no language relatives (Georg et al., 1999). As an agglutinative language, Korean features 

polysyllabic roots with a complex system of suffixes that express different nuances (Sampson, 

1985). The verbs have four different formalisms according to the relationship with the audience, 

which respectively conjugate in the past tense, suggesting mode, imperative, and 

willing/decision mode. Furthermore, they conjugate depending not only on the semantic function 

(for linking, for contrast, for assuming, and for purposes), but also on the part of speech (noun 

forms and adjective forms). As a result, the verb ‘go’, for example, has 19 different inflected 

forms. The number becomes double if the forms to honour the elders are taken into account. 

Korean also features vowel harmony where vowels in the same class co-occur. Not as strictly 

applied as in Middle Korean (15~16c, Kwon, 2018), vowel harmony is still observed in Modern 

Korean as phonotactics, in onomatopoeia, in predicate suffixes (Sohn, 2001) and postpositions 

(Larsen & Heinz, 2012). Korean vowels are divided into three classes: the light vowels like /a/ or 

/o/ connote ‘light’, ‘bright’, and ‘small’; the dark vowels like /ʌ/ and /u/ connote ‘heavy’, ‘dark’, 

and ‘large’; and the vowels that correspond to none of these two, like /i/ and /ɯ/, are referred to 

as the neutral vowels (Kim-Renaud, 1976; Larson & Heinz, 2012). Enhanced by phonetic 

patterns of ideophones (Sung, 2018), the light-dark vowel contrast of Korean may demonstrate 

language-specific aspect of sound symbolism: /a/ for ‘small’ and /ʌ/ for ‘large’. Korean also 

showed the cross-linguistic trend as well: /ɪ/ for ‘small’ and /a/ for ‘large’ (Shinohara & 

Kawahara, 2010).  

Another interesting aspect of Korean is the large presence of Sino-Korean words, the words 

with Korean pronunciation but originating from Chinese characters. According to The National 

Institute of the Korean Language (2016), 57% of Korean lexical items in the dictionary are Sino-

Korean, although pure Korean words take up more in real usage (pure Korean 54%, Sino-

Korean 35%, and 11% loan words). The Korean peninsula has been under Chinese influence 

for centuries. Although spoken Korean and Chinese are very different languages (each belongs 

to a different language family), written Chinese had always been the main means of 

communication among Korean intellectuals until hangeul was invented and promulgated in 

1446. When Chinese words were introduced, their pronunciations had to be modified to suit 

Korean phonology, where neither the tone system nor the final sound /r/ exist. This eventually 

led various Korean words with different meanings to have the same pronunciation.  
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Park, Zhang, and Kim (2000) estimated that 90% of Korean words have some sort of ambiguity 

due to homonymy. Take ‘개/gae/’ for instance. According to the standard Korean dictionary, 

there are 10 different meanings. Each came from a different root, coincidentally sounding the 

same. The Sino-Korean meanings below are marked with Chinese characters. 

개 1: Noun. The area where sea water flows in and out 

개 2: Noun. The hive made to save honey and pollen where bees raise their larva 

개 3: Noun. The mammal of Canidae, clever, friendly domestic animal 

개 4: Noun. In ‘a game of yut’, when two flat sides are up 

개 5: 介 Noun. One of the last names of Korea. 

개 6: 疥 Noun. Itch 

개 7: 個/箇/介 Bound noun. The unit to count individual things 

개 8: 蓋 Noun. The lid of a food container 

개 9: Prefix. Wild low quality, quasi- but different  

개 10: Suffix. The tool for doing such an activity 

The homonymy issue becomes severe when it comes to two-syllable words (Kang, 2005). For 

example, ‘사고’ /sa-go/, a Sino-Korean word, has 21 different meanings, which may be all 

distinguished in Chinese: 司庫, 史庫, 四苦, 四顧, 死苦, 私考, 事故, 社告, 思考, 思顧, etc. Another 

example, ‘연패’ /jʌn-pæ/, has two exactly opposite meanings: successive winning (連霸) and 

successive losing (連敗).  

 

In order to further research into meaning-form systematicity, it is important to investigate the 

Korean language, which is etymologically, geographically, and historically unique. Such a 

quantitative study is expected to reveal culturally unique aspects of the language as well. Is 

there meaning-form systematicity in Korean? If so, is it stronger or weaker? Also, how do these 

various features and layers of the language behave in regard to the systematicity? Can we 

attribute any differences to comparatively less contact with other languages? All of these are 

investigated in chapter 7. 
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Chapter 2. Grapho-phonemic Systematicity of Korean 
 
2.1. How iconic are Korean letters? Effect of articulatory features, phoneme frequency, 

and the kiki-bouba effect on guessing a novel orthography 

Hangeul, the artificially designed Korean orthography is known to visualize articulation. By 

simply letting naïve participants choose the correct letter that corresponds to a given sound, the 

current experiment investigates how well they pick up this sensorimotor information from the 

letters, and whether they can intuit phonemic complexity in letters. None of the hypotheses were 

fully supported. However, the results showed that participants were particularly good at 

guessing the letters for frontal phonemes and particularly poor at those for back phonemes. 

Phoneme frequency in English, not Korean, seemed to affect guessability. The kiki-like sounds 

were associated with the sharper-looking letters whereas the bouba-like sounds were 

associated with the closed, sealed letter shapes as being the nearest to rounder shapes. 

Visually complex letters tended to be associated with phonetically complex phonemes. The 

correct guesses increased, the more similar the phonemes were to each other.  

 

2.1.1. Background 

The kiki-bouba effect and its cognitive foundations 

The kiki-bouba effect (or maluma-takete effect, Köhler, 1929; Rogers & Ross, 1975) indicates 

that people tend to link kiki-like sounds to spiky shapes and bouba-like sounds to round shapes. 

Some have argued the effect comes from familiarity with the Roman alphabet ‘k’ / ‘I’, compared 

to ‘b’ / ‘a’ (Milan et al., 2013). Indeed, orthographic experience seems to affect sound symbolic 

judgements (Bottini et al., 2019; Cuskley et al., 2017). However, the tendency has been 

repeatedly found in languages with different roots (Aveyard, 2012; Imai et al., 2008; Maurer et 

al., 2006) and in different age groups (Maurer et al., 2006; Milan et al., 2013; Ozturk et al., 2012; 

Peña et al., 2011). The tendency is too widespread across different cultures and age groups to 

simply attribute it to accumulated sensory experiences limited to individuals (e.g. large animals 

have round bodies and small animals tend to be sharp). It may be better explained by an 

inherent cognitive foundation prone to cross-mapping between perception and concept (Tsur, 

2005).  

From the perspective of synaesthesia, Ramachandran and Hubbard (2001) suggest three 

possible mechanisms that lie behind the kiki-bouba effect. First, the range of phonemic inflection 

can be mapped onto the visual features of objects: sharp sounds match sharp edges. This 
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sensorisensor mapping (between auditory and visual sensors) is demonstrated in detail by 

Knoeferle et al. (2017), where shape symbolism and size symbolism were elicited by distinct 

acoustic features: F1 is concerned more with judging size whereas F2 is concerned more with 

judging angularity. The auditory modality also overlaps with touch (Spence & Gallace, 2011), 

taste (Bremner et al., 2013) and even abstract concepts: for example, spiky shapes seem to 

connote yin (in contrast to yang), tall, small, slim, nervous, unpleasant, or upper class (Milan et 

al., 2013). 

Second, synkinetic mimicry between two motor systems reflects the fact that the act of drawing 

can be accompanied by pantomimic gesture of articulation. For example, the narrow space 

between the tongue and palate (as in /k/) can be visualised as straight lines with abrupt changes 

of direction (as in the kiki-shape), whereas the bodily movement of opening the mouth (/b/) may 

emphasise visual roundness. 

The third source of the kiki-bouba effect, which is most related to the current chapter, lies in 

sensorimotor synaesthesia arguably supported by mirror neurons (Rizzolatti, et al., 2001). 

Dance moves corresponding to musical rhythm (e.g. slow vs. quick) is one example of 

sensorimotor mapping. A rare type of synaesthesia has also been found between sounds and 

postures (Devereux, 1966). Ramachandran and Hubbard claim that the cortical connections 

implicated in synaesthesia may explain the bias of the kiki-bouba effect: 

Putting these ideas together, we conjecture that the representation of certain lip and tongue movements 

in motor brain maps may be mapped in non-arbitrary ways onto certain sound inflections and phonemic 

representations in auditory regions and the latter in turn may have non-arbitrary links to an external 

object’s visual appearance (as in bouba and kiki). (p.20, Ramachandran & Hubbard, 2001). 

Turoman and Styles (2017) were the first to use real human scripts as stimuli. They tested if 

people can correctly guess the phoneme of an unknown script. The symbols for /i/ and /u/ were 

extracted from various modern and ancient scripts. The participants guessed better than chance 

the correct script for the given sound. They concluded that historically and geographically 

diverse groups of human beings might have had a common strategy of designing visual forms of 

sounds. When it comes to the bias that people have towards unknown scripts, hangeul, the 

Korean script, also provides a good opportunity to examine to what extent people utilize 

sensorimotor iconicity when reading symbols.  

 

Hangeul, visualised articulation 
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It is well known that Hangeul consonants were designed to visualize human articulation (with 

the articulators facing left, Sampson, 1985) and the kinaesthetic movement at the moment when 

the phoneme is pronounced. For example, the letter ㄱ /g/ and ㄴ /n/, represent the tongue 

touching the soft palate and hard palate, respectively. ㅅ /s/ visualizes the airflow through teeth, 

whereas ㅇ /ŋ/, describes the throat. Not all the letters are pictographs copying the oral cavity. 

For example, ㅁ /m/, presumably came from Chinese 口 /kŏu/, meaning ‘mouth’. Its creators 

must have considered this closed mouth just before making /m/ sound, as the neutral and 

default status of mouth. Meanwhile, based on Confucian culture, all the vowels are composed 

by the combination of the earth (ㅡ), the sky (ㆍ), and human being (ㅣ), representing the 

harmony among them. This principle of creating vowels was in fact applied to the Korean mobile 

industry (Fig 2.1.1) and has been widely utilized.  

 

 

 

 

 

 

 

In the study reported below, I used the survey design of Turoman and Styles (2017), and let 

naïve participants, who could not read Korean script, choose the letter they think appropriate for 

the given sound, with no feedback as to their decision.  

What does it mean if participants correctly guess Korean letters better than chance? Based on 

the fact (i) that Korean consonants were designed to visualize articulatory movements, (ii) that 

people are generally biased when choosing a certain shape for a given sound, and (iii) that one 

of the possible mechanisms behind this phenomenon involves sensorimotor synchronization, 

the study investigates whether the internalized articulatory movement facilitates correct 

guessing of visualized articulations. How much iconicity can be picked up regardless of culture 

and orthographic background?  

The study additionally aims to investigate whether and to what extent those participants expect 

the written scripts to be systematic with the details of the articulatory phonology. Some of the 

Fig 2.1.1. The Korean cell phone keyboard that applied the design principle of Korean vowels. The 
combination of the top three buttons can make all the 21 Korean vowels. 
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Korean consonants were derived from the aforementioned pictographic forms. The creators 

distinguished obstruents (ㄷ /d/, ㅈ /tɕ/, and ㅂ /b/) from continuants (ㄴ /n/, ㅅ /s/, and ㅁ /m/) 

by adding a horizontal stroke. An additional stroke also distinguishes aspirated (ㅋ /k/, ㅌ /t/, ㅍ 

/p/, and ㅊ /tɕʰ/) from lenis (ㄱ /g/, ㄷ /d/, ㅂ /b/, and ㅈ /tɕ/). Meanwhile, duplicating makes these 

lenis tensed (ㄲ /k͈/, ㄸ /t͈/, ㅃ /p͈/, and ㅉ /t͈ɕ/). As a result, Korean letters feature visually 

systematic phoneme-grapheme sets (lenis – aspirated – tensed: ㄱ-ㅋ-ㄲ; ㄷ-ㅌ-ㄸ; ㅂ-ㅍ-

ㅃ; and ㅈ-ㅊ-ㅉ). Can the participants intuit these systematic visual forms?  

A positive prediction comes from the fact that people are good at overlapping two ‘prothetic 

magnitudes’ (Stevens, 1957), where the degrees along a continuum are expressed in a linear 

order. Smith and Sera (1992) showed the prothetic magnitude of two different sensations or 

concepts can be assessed in parallel. Turoman and Styles (2017) also showed that inter-letter 

differences in spatial frequency information can affect sound symbolic guessing of 

corresponding phonology. I predict that our participants will be sensitive to the number of 

strokes corresponding to the complexity of the phoneme, especially when those similar letters 

(and phonemes) are compared (e.g. ㄱ-ㅋ or ㄱ-ㄲ). 

 

2.1.2. Experiment 

Participants 

In total, 343 participants were collected through Prolific but 50 of them were rejected because 

they did not pass the attention test (32), did not complete the survey questions (5), or completed 

the survey earlier than 2 and a half minutes (13). After all, the responses from 293 participants 

were collected. 

Hypotheses 

Three hypotheses were set up for the experiment: (i) the naïve participants will guess better 

than chance the correct sounds of Korean letters; (ii) they will choose sharper letters for the 

‘sharper’ sounds and rounder letters for the ‘rounder’ sounds; and (iii) they will be sensitive to 

the letter sets that correspond to the phoneme sets, lenis-aspirated-tensed. 

Survey design 

Following Turoman and Styles (2017), each trial resembled the display in Fig. 2.1.2. Two letters 

were displayed in a forced-choice design and the participants were to choose one of two letters 

that they thought was appropriate for the given sound. The phonemes were presented within an 
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example word along with the corresponding English phoneme so that the participants can easily 

understand. Only one pair of letters and sounds were exposed until the participants clicked to 

go to the next question. It should be noted that it is relations that are being judged, as opposed 

to absolute correspondences. 

 

 

 

 

 

 

 

 

19 consonants (ㄱ, ㄴ, ㄷ, ㄹ, ㅁ, ㅂ, ㅅ, ㅇ, ㅈ, ㅊ, ㅋ, ㅌ, ㅍ, ㅎ, ㄲ, ㄸ, ㅃ, ㅆ, ㅉ) and 7 

monophthongs, (ㅏ, ㅓ, ㅗ, ㅜ, ㅐ, ㅣ, ㅟ) were tested, excluding three vowels: ㅡ and ㅚ, 

because there were no corresponding phonemes in English, and ㅔ, which is indistinguishable 

from ㅐ in pronunciation. 

The 26 letters were paired according to the ‘round-robin tournament system’ where each letter 

meets all the other letters without omission and duplication. Exposing each letter pair only once, 

this prevents the participants from learning. Fifty different versions of the questionnaire were 

designed including counterbalanced questions: for example, with the identical letter pair /a/ - /b/, 

one questionnaire asks, ‘Which one is /a/?’ and the other, ‘Which one is /b/?’.  

Each participant was exposed to 13 questions only, which took on average about 5 minutes. 

Three to four participants took the identical questionnaire. They could not go back to the 

previous questions to change their answer. There was no feedback on their answers. 

 

2.1.3. Results 

General performance 

All of the participants spoke English, with 156 of them speaking it as their first language, which 

was followed by Portuguese (35), Polish (26), and Spanish (12). Very few of them spoke a 

language other than European languages: Bengali (2), Vietnamese (2), Tamil (1), and Arabic 

Fig 2.1.2. An example of the survey questions 
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(1). The correlations among these external factors were very low but the survey time taken by 

the participants positively correlated with having an academic degree (r = .5, p < .001) and with 

the number of languages they spoke (r = .12, p < .001): the higher degree owners and 

multilinguals tended to take more time to complete the survey. Overall, the more languages they 

spoke, the slightly higher the score they achieved (r = .14, p < .001).  

Correct performance approximated a normal distribution (Fig 2.1.3). The apparent skewing was 

not statistically significant (kurtosis = - .12, p = .90). 

 

 
 
 
 
 
 
 
 

Fig 2.1.3. Distribution of the percentage of correct guesses 
 
The average score (50.53%) shows that the naïve participants were performing at almost 

exactly chance level, providing no support for the first hypothesis, that they would guess the 

identities of the letters better than chance. When the letters were analysed individually, the 

distribution of the scores demonstrated an asymmetric pattern (Fig 2.1.4). It seems that some 

letters are easier to correctly guess than some others. 

 

Fig 2.1.4. A Monte-Carlo permutation test confirms that some letters are significantly easy to correctly 
guess compared with some other letters that are significantly difficult to guess. The lower quartile and 
higher quartile respectively marks 47.5% and 52.5%. 

 
Articulatory features 
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Fig 2.1.5A and Fig 2.1.5B arranges in order the percentage of the correct guesses that the 

participants made in response to the given sound, designated by the bars in the graph. 

Additionally marked is the place of articulation of each letter (Sohn, 2001), quantitatively ranked 

from front to back, designated by the circles in the graph, with the trendline as a dashed line. 

The distribution of successful guesses was significantly anti-correlated with the place of 

articulation (r = - .5, p = .004).  

The letters that are pronounced in the front of the mouth tend to score higher than those 

pronounced in the back of the mouth. For example, the consonants corresponding to the 

phoneme /b/, /s/, and /tɕʰ/ gained about a 20% higher mark than the average (50.53%) whereas 

the letters for /ŋ/ and /h/ scored 10% lower than the average. The vowels show the clearer 

pattern (Fig 2.1.5B): the front vowel /i/ scored high and the back vowel /u/ scored low. This 

finding indicates that hearing the front phonemes may predispose the listener to recruit more 

visual iconicity, analogous to visual facial cues to pronunciation.  

 

Fig 2.1.5A. Percentage of correct answers (bars) and the ranked order of place of articulation from front 
to back: 1=lips & front vowels, 2= teeth, 3=hard palate & mid vowels, 4= soft palate, 5=throat & back 
vowels (Sohn, 2001). 

 

 

 

 

 

Fig 2.1.5B. Correct answers (bars) and place of articulation (circles) of consonants (left) and vowels 
(right) 
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Phoneme frequency 

I compared these data with phoneme frequencies. Fig 2.1.6 shows the Korean phoneme 

frequencies (Shin, 2020) fitted to a polynomial trendline, showing higher frequencies towards 

both ends of the distribution. The overall correlation with the performance was not significant: r 

= - .20, p = .43. The comparison is motivated by the post hoc hypothesis that more frequent 

phonemes in Korean might have become associated with simpler letters and that the 

participants might have intuited this relationship. The observed correlation provides no support 

for this hypothesis. We can assume that the participants were not aware of the veridical 

frequencies of Korean phonemes. 

 

 

 

  

 
 

 

 

 

Fig 2.1.6. The correct answers and Korean phoneme frequency: consonants (up) and vowels (below). 
The polynomial trendline shows higher consonantal phoneme frequency towards the two ends of the 
distribution. The vowels do not show any pattern. 

 
Fig 2.1.7 shows the English phoneme frequencies (obtained from 

https://thelanguagenerds.com/most-common-sounds-in-spoken-english/ accessed on 8 

November 2020), although not all the Korean phonemes have corresponding English 

phonemes. The English frequencies are relevant, given that English was the medium of the 

experiment and the dominant language of the participants. The linear trendline suggests that 

frequent phonemes tend to be correctly guessed (r = .56, p = .06, consonants and vowels 

combined). The role of these frequencies is motivated by the post hoc hypothesis that the 

participants intuitively judged the frequencies of the Korean phonemes by comparison with the 

same English phonemes.  
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Fig 2.1.7. The correct answers and English phoneme frequency: the frequent phonemes are better 
guessed both for consonants (up) and vowels (below). 

 
We see a marginally significant correlation between the overall trendline and the tendency to 

guess the correct phoneme-letter relationship. However, when we compare Fig. 2.1.6 and Fig. 

2.1.7, we see that the trendlines are correlated in the left half of the graph, representing the best 

guesses, and are anti-correlated in the right half of the graph, representing the worst guesses. 

There is no principled way to allocate the phonemes in the centre of the graph to the left or 

righthand group of phonemes, but it is clear that our participants were guessing accurately when 

their intuitions about phoneme frequency in English were significantly in accord with veridical 

phoneme frequency in Korean, and inaccurately when their intuitions were the reverse of 

Korean phoneme frequencies. 

We suggest that participants were in effect thinking ‘phoneme x is very frequent in English, so it 

must be very frequent in Korean and therefore would correspond to this letter, which is a letter 

typical of a very frequent phoneme’. We will return to the issue of what a letter typical of a very 

frequent phoneme might look like. 

 

The kiki-bouba effect 

As for the second hypothesis, that they will choose sharper letters for the ‘sharper’ sounds and 

rounder letters for the ‘rounder’ sounds, I examined which letter was chosen for the given 

phoneme regardless of being correct. I expected the rounder letters, albeit limited (ㅇ and ㅎ), to 

be chosen for the phonemes /b/, /m/, /a/, and /u/.  

Letters with an inner space tended to be chosen for these round phonemes. Considering that 

Korean letters are angular in general, closedness seem to be an alternative to roundness. 
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Closed letters (ㅁ, ㅂ, ㅃ, ㅍ, ㅇ, ㅎ) were chosen more than angular letters (ㅅ, ㅆ, ㅈ, ㅉ, ㅊ) for 

the round phonemes (X2 (1, N = 95) = 4.61, p = .03). 

Fig 2.1.8 shows that the most popular letters chosen for vowels included circles or closed inner 

spaces. Although not statistically significant (X2 (1, N = 95) = 1.78, p = .18), it was shown that 

sharp letters with acute angles or ornated letters with broken spaces were not preferred as 

vowels. These findings may indirectly support the bouba-effect. 

 

 

 

 

 

 

 

Fig 2.1.8. Frequency of the incorrectly chosen consonants for vowels. The participants tend to prefer, for 
vowels, the letters with a closed space, round edges, and fewer ornaments. 

 
On the other hand, I expected the participants to choose the letters with sharp edges (ㅅ, ㅆ, ㅈ, 

ㅉ, ㅊ) in response to the consonant /k/ and /t/. The angle in ㅅ or ㅆ, are in fact 90 degrees just 

as any other consonant (e.g. ㄱ or ㄴ), but they look sharper due to their orientation. ㅈ, ㅉ, or ㅊ 

include acute angles within them. The phoneme /i/ was not investigated due to its high 

guessability.  

Fig 2.1.9 shows that those sharp letters tend to be chosen for the phoneme /k/. Interestingly, ㅇ 

was never chosen for /k/. The proportion of choosing those sharper letters (ㅅ, ㅆ, ㅈ, ㅉ, ㅊ) for 

/k/ was significantly different from the proportion of choosing round/blocked letters (ㅇ, ㅎ, ㅁ, ㅂ, 

ㅍ, ㅃ): X2 (1, N = 95) = 3.73, p = .05. In addition, ㅋ, the correct letter for /k/, was best chosen 

when it was compared with ㅇ. A less clear preference towards sharper letters was observed for 

/t/, but rounder letters were likewise avoided.  
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Although hangeul was not a perfect tool to investigate kiki-bouba effect due to its general 

angularity, the participants showed spontaneous preference to sharper letters for sharper 

sounds. They also chose closed, enveloped shapes for vowels alternatively to rounder shapes.  

 

Visual and phonological distances between letters 

In what ways were the participants affected by the inter-letter visual differences? For example, 

ㅂ was more often correctly chosen when compared with other consonants whereas ㅊ was 

more often correctly chosen when compared with vowels. ㅅ and ㅣ were correctly chosen 

regardless.  

In order to investigate further to what extent the participants were sensitive to the perceptual 

visual difference between two letter stimuli, perimetric complexity (Martelli et al., 2003) and 

Hausdorff distance (Huttenlocher et al., 1993) were calculated (see chapter 3 for the 

methodological details). The former measures the complexity of individual images (perimetric 

length divided by ink area), whereas the latter measures the pixel-wise difference between two 

images. I calculated Pearson’s r between these pairwise visual distances and the number of 

times the correct judgement was made from a pair of letters. If the probability of the correct 

guess correlates with Hausdorff distance, it means that the participants performed better when 

the letters are visually distinct. If it correlates with perimetric complexity, it means that the 

participants performed better when the displayed letters are different in complexity, for example, 

when one is simple and the other is complex. 

Fig 2.1.9. The letters chosen for /k/ (left) and /t/ (right). The participants tended to choose the letters with 
sharp edges: ㅅ, ㅈ, ㅊ, ㅆ, and ㅉ in response to the phoneme /k/. ㅇ was never chosen for these 
phonemes. 
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Likewise, to examine whether the participants were affected by the difference between the two 

targeted phonemes in the question, I also measured the pairwise distances between those 

phonemes (chapter 2.2 for details). The phonemes were defined as binary vectors according to 

the articulatory features of International Phonetic Alphabet, and the distance between two 

phonemes was measured in four different ways: Levenshtein distance, which counts the 

number of different features between two vectors; Euclidean distance, the shortest geometric 

distance between two vectors, cosine distance, which measures the angle between two vectors, 

and Jaccard distance, where the number of shared features is divided by the total number of 

features. A positive correlation will indicate that the probability of correct guess increases when 

the phonemes are different from each other.  

Acknowledging the correlations are very low in general, Table 2.1.1 indicates, first, that the 

visual difference, is associated with correct guessing. The more visually different the letters 

were, the more likely the participants were to guess correctly. We do not yet know which 

features they were responding to, just that the clearer the difference the better. 

Table 2.1.1 also shows that phonological differences were relevant to the participants’ 

decisions, for some of the metrics. Although the size of the effect is small, the correct guesses 

tend to decrease the more the phonemes differed from each other. Conversely, correct guesses 

increase the more similar phonemes are to each other. 

 
Table 2.1.1. Correlation between the percentage of correct guesses and the visual or phonological 
distances of the corresponding stimuli 

 r p-value  

between letters 
perimetric complexity 0.16 < .001 *** 

Hausdorff distance 0.10 < .001 *** 

between phonemes 

Levenshtein distance -0.01 0.59  

Euclidean distance 0.02 0.19  

Cosine distance -0.05 < .001 ** 

Jaccard distance -0.05 < .001 ** 

 

2.1.4. Discussion 

I investigated if sensorimotor iconicity facilitates guessing how unknown letters in Korean 

correspond to phonemes. The naïve participants appeared to pick up the iconicity when the 

given phoneme is pronounced more frontally, and thus such an articulatory movement is 

conveniently exposed. In contrast, the phonemes that are pronounced at the back of the mouth 

did not seem to elicit the use of visual iconicity. These findings support one of the suggested 
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mechanisms of synaesthesia: observable articulation (Jones et, al., 2014; Ramachandran & 

Hubbard, 2001; Vainio et al., 2017).  

In this regard, the key finding may provide a new perspective from which to interpret Turoman 

and Styles (2017) where the participants successfully linked vowel /i/ and /u/ to unknown scripts. 

The binary forced-choice task tends to make the participants pay less attention to one of the two 

alternatives, and as a result, may have led researchers to believe that /i/ and /u/ are iconic to the 

same extent even when only one of them actually exists, which raises a more general question 

when it comes to the experimental paradigms for the kiki-bouba effect (Aveyard, 2012; Bremner 

et al., 2013; Maurer et al., 2006; Milan et al., 2013; Rogers & Ross, 1975). My data show that 

people can be more sensitive to the front vowel /i/ than the back vowel /u/. 

In fact, a few previous studies observed only half of the effect (Jones et al., 2014; Nielsen & 

Rendall, 2011). Nielsen and Rendall (2011) found the takete effect more clearly than maluma 

effect. In Jones et al.’s (2014) experiment, on the other hand, only the ‘bouba effect’ emerged 

from the iterated learning, and the round shapes were better perceived and memorized in 

connection with bouba-type of sounds; memory may have been better because more work was 

required on the part of the participant to make the connection (Mitchell & Hunt, 1989; Tyler et 

al., 1979).   

Considering that the stimuli used in the experiment were not exclusively designed to examine 

the kiki-bouba contrast, the current findings should be interpreted as indirect but spontaneous 

evidence of such an effect. The participants preferred sharp letters for /k/ but were reluctant to 

choose round letters for /k/ and /t/. The bouba-effect was only partially demonstrated, which is 

attributable to the inherent limitation of the stimuli. Hangeul letters are mostly angular and very 

few letters have curvature. The nasals seemingly turned out to be too angular to be considered 

nasal. Even the vowels consist of straight lines. As an alternative, the participants chose the 

letters with a sealed space for vowels.  

The frequency of phoneme enhanced correct guessing of unknown letters. It is not likely that 

English phoneme frequency was involved in the creation of Korean letters–the performance 

indeed was not related to Korean phoneme frequency. Perhaps those better guessed letters 

have clearer articulatory visualization, as in the front/back difference reported above. Perhaps 

high frequency phonemes somehow allowed participants to exploit some other knowledge to 

guess. 
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It was challenging for European participants to finely categorize Korean consonant sets 

according to the distinction lenis-aspirated-tensed (e.g. ㄱ-ㄲ-ㅋ or ㄷ-ㄸ-ㅌ). This may be partly 

due to the survey design where the participants were not able to see the overall inventory of 

phonemes and letters. However, they were sensitive to inter-letter visual differences. Especially, 

differences in perimetric complexity positively correlated with guessability, which implies that the 

participants tended to link more complex letters with more complex sounds. In the meantime, 

small phonological differences increased the likelihood of correct answers. A possible 

explanation is that the phonologically close but not identical sounds enhanced the sensitivity of 

phonetic boundary (Kuhl, 1993; Frieda et al., 1999; Iverson & Kuhl, 2000) and in turn enhanced 

the corresponding visual sensitivity. In addition, it may have been that participants responded to 

similar phonemes in a necessarily complex part of phonological space by opting for the more 

complex letter, thereby tending to associate less frequent, complex sounds with complex letters. 

All in all, hangeul does not seem to exhibit ‘strong iconicity’ (Tedlock, 1999) between letters and 

sounds that evokes direct and instant connection between the forms. However, we still can 

benefit from its ‘weak iconicity’ (Lyons, 1977) where iconic correspondences are not as strong 

but still play a role as scaffolding based on contextual analogy (e.g. Korean letters visualize 

articulation). Future research may shed light on the interaction between the inherent iconicity of 

hanguel and the font (cf. De Carolis et al., 2018). 
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2.2. How phonologically systematic are Korean’s insightfully designed letters?  

I quantify, for the first time, the grapho-phonemic systematicity of hangeul, the Korean 

orthography. I defined Korean phonemes as binary vectors according to articulatory features 

and measured the pairwise distance between every pair of phonemes by multiple methods. I 

measured visual distance between letter shapes by (a) Stroke Share Rate, which reflects sub-

letter features and the original principles of the creation of hangeul, and (b) Hausdorff distance 

(Huttenlocher et al., 1993). I calculated the correlation between the phonological distances and 

the corresponding orthographical distances. Positive correlations indicated that similar letters 

tend to have similar pronunciations, confirming the principles of hangeul design. Stroke Share 

Rate returned a higher coefficient than Hausdorff distance. Certain fonts displayed stronger 

grapho-phonemic systematicity than other fonts. More frequent letters tend to decrease the 

entire systematicity whereas less frequent letters enhance it. 

  

2.2.1. Background 

Hangeul, the Korean orthography, is renowned for the availability of information surrounding its 

origins. It is also the only orthography that a king himself designed for the illiterate among his 

people. Named ‘Hunmin Jeongeum’, the Standard Sounds for the Instruction of the People, 28 

letters were completed in 1444 and promulgated in 1446. Hangeul has been highly appreciated 

by linguists worldwide. It has been dubbed ‘the most scientific system of writing’ (Reischauer & 

Fairbank, 1960) and ‘unquestionably one of the great intellectual achievements of humankind’ 

(Sampson, 1985). The reasons for these commendations can be summarized into the following: 

(i) shallow orthographic depth; (ii) fine phonemic distinctions; (iii) letter shapes that signify 

articulation; and (iv) consistency of letter shapes according to the corresponding phonemes. 

Orthographic depth is defined as the extent to which the letter-sound association is transparent 

and predictable (Seymour et al., 2003). Shallow orthography functionally facilitates decoding 

written texts (Martin et al., 2016; Paulesu et al., 2001; Spencer 2001). It is effortless and energy 

efficient (Paulesu et al., 2000). Dyslexics experience fewer difficulties in reading shallow 

orthography than reading deep orthography (Paulesu et al., 2001). Hangeul is a shallow 

orthography along with Finnish, Italian, and Turkish. 

In terms of phonology, Korean has a featural system (Sampson, 1985). Units of sound differ 

across languages. Chinese has a syllabic structure (consonant + vowel + selective final 

consonant): for example, 看 /kàn/; and 是 /shì/. Japanese has a moraic system (consonant + 
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vowel): ご /go/; and ち /t͡ ɕi/. English has an alphabet system, where a letter is linked to a 

phoneme (either consonant or vowel). Korean specifies phonology even more deeply, according 

to phonemic features. For example, tensed phonemes are distinguished from tenseless 

phonemes: /p/ - / p͈ /; /t/ - / t͈ /; and /k/ - / k͈/. With this fine phonemic distinction, hangeul was 

designed to represent the sound of cranes, chickens, and even the wind (Hideki, 2011). 

Along with the tensed phonemes, Korean consonantal sounds consist of sets of three: lenis, 

aspirated and tensed.  Impressively, hangeul made these phoneme sets into visually consistent 

letters. In general, an additional stroke makes the lenis letter aspirated (e.g. ㄱ /g/ - ㅋ /k/) and 

duplicating makes it tensed (e.g. ㄱ /g/ -ㄲ / k͈/). Eventually, a set of the phonemes that share 

their articulation point have visually similar letter-shapes. Likewise, diphthongs are distinguished 

from monophthongs by an additional stroke (e.g. ㅏ/a/ - ㅑ /ja/).  

Last but not least, it is well known that Korean consonants attempt iconically to visualize the 

shape of articulation. The letter ㄱ /g/ represents the tongue touching the hard palate; ㅅ /s/ 

represents the airflow through the teeth; and ㅇ /ŋ/ represents the throat and does not have 

phonemic value at the onset. Not all consonants are pictographic. ㅁ /m/, presumably came from 

Chinese 口 /kŏu/, meaning ‘mouth’ (Sampson, 1985). The obstruents (ㄷ /d/, ㅈ /tɕ/, and ㅂ /b/) 

are distinguished from the continuants (ㄴ /n/, ㅅ /s/, and ㅁ /m/) by additional strokes. 

Meanwhile, Korean vowels have a cultural dimension. They are composed by the combination 

of the earth (ㅡ), the heaven (ㆍ), and human being (ㅣ), symbolizing harmony among all three.  

Acknowledging the unique characteristics of hangeul, less effort has been made in quantitatively 

investigating the extent to which the letters relate to the phonemes. Is the letter-sound 

systematicity of hangeul indeed stronger than other orthographies? If so, how can we quantify 

and compare it? 

 
2.2.2. Procedure 

2.2.2.1. Measuring distances between Korean phonemes 

19 consonants (ㄱ, ㄴ, ㄷ, ㄹ, ㅁ, ㅂ, ㅅ, ㅇ, ㅈ, ㅊ, ㅋ, ㅌ, ㅍ, ㅎ, ㄲ, ㄸ, ㅃ, ㅆ, ㅉ) and 10 monophthongs 

(ㅏ, ㅓ, ㅗ, ㅜ, ㅐ, ㅔ, ㅚ, ㅟ, ㅡ, ㅣ) were included. Each phoneme was defined as a binary vector 

according to its articulatory features (Table 2.2.1). The total number of the pairwise distances 

was 406 (29 * 28 / 2).  
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Table 2.2.1. Articulation features of Korean phonemes 
L
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ㅋ kʰ 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

ㄱ g 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㄲ k* 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

ㄴ n 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ㅌ tʰ 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

ㄷ d 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㄸ t* 0 0 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

ㄹ l 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

ㅁ m 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ㅍ pʰ 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

ㅂ b 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㅃ p͈* 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

ㅅ s 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 

ㅆ s* 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 

ㅇ ŋ 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ㅊ tɕʰ 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 

ㅈ tɕ 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㅉ t͈ɕ* 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 

ㅎ h 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

ㅏ a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 

ㅐ ɛ 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 

ㅓ ʌ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 

ㅔ e 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 

ㅗ o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 

ㅚ ɸ 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 

ㅜ u 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 

ㅟ y 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 

ㅡ ɯ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 

ㅣ i 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 

 

The distance between two vectors was considered to be the distance between the phonemes 

(Monaghan et al., 2010). The distances were measured by four different methods to discover 

the best metric and to demonstrate that any systematicity was robust. The metrics were: feature 

edit distance, which counts the number of different features between two vectors; Euclidean 

distance, which measures the shortest geometric distance between two vectors; cosine 

distance, which measures the angle made by two vectors; and Jaccard distance, where the 
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number of shared features is divided by the total number of features. The first two were used by 

Monaghan et al. (2014) and I added two more measures for robustness. 

 
2.2.2.2. Measuring distances between Korean letters 

Stroke share rate 

In fact, comparing the salient sub-letter features to account for the visual difference between 

letters is not a new idea (Briggs & Hocevar, 1975; Geyer & DeWald, 1973; Watt, 1979). 

However, scant research has examined hangeul letters from this perspective. Inspired by the 

principles of its creation, I designed a novel method especially for hangeul. Firstly, I 

decomposed the letters into strokes and topologically arranged all of the strokes as Fig 2.2.1. 

By marking the strokes of which a letter is composed, I redefined each letter as a binary vector, 

as in Table 2.2.2. Thus, the distance between two letters now equals the distance between two 

vectors. The length of the vector was 19 including 12 strokes for the consonants and 7 strokes 

for the vowels.  

 
Fig 2.2.1. The collection of strokes that compose Korean consonants (left) and vowels (right) 

 
Table 2.2.2. Orthographic features of hangeul for stroke rate 

  Consonants Vowels 
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ㅋ kʰ 1 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

ㄱ g 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

ㄲ k* 1 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

ㄴ n 0 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

ㅌ tʰ 1 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

ㄷ d 1 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

ㄸ t* 1 0 1 0 0 1 1 0 0 0 0 1 0 0 0 0 0 0 0 

ㄹ l 1 1 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

ㅁ m 1 0 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 
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ㅍ pʰ 1 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 

ㅂ b 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

ㅃ p͈* 0 1 1 1 1 1 1 0 0 0 0 1 0 0 0 0 0 0 0 

ㅅ s 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ㅆ s* 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 

ㅇ ŋ 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㅊ tɕʰ 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 

ㅈ tɕ 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ㅉ t͈ɕ* 1 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 

ㅎ h 1 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 

ㅏ a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 

ㅐ ɛ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 

ㅓ ʌ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 

ㅔ e 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 

ㅗ o 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 

ㅚ ɸ 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 

ㅜ u 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 

ㅟ y 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 

ㅡ ɯ 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

ㅣ i 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

 

Hausdorff distance 

Being specialized for hanguel, the critical problem of stroke share rate is that it is impossible to 

apply to other script systems. A consistent method is required to compare grapho-phonemic 

systematicity between various scripts. As an alternative, Hausdorff distance (Huttenlocher et al., 

1993) treats letters as images and quantifies the difference between letters. It converts the 

images into black and white raster graphics. Every pixel of two images in a corresponding 

location is compared. Given two sets of black pixels, X = {x1, … xn} and Y = {y1, … yn}, the 

directed Hausdorff distance is calculated as follows: 

𝑑 (𝑋, 𝑌) = 𝑚𝑎𝑥(𝑚𝑎𝑥
∈

, 𝑚𝑖𝑛
∈

 |𝑥 − 𝑦|) 

where Euclidean distance measures the distance between two individual points, | x – y |. Being 

fundamentally asymmetrical (d (X, Y) ≠ d (Y, X)), the larger value between the two (max) is 

used. Because it recognizes letters as images, different fonts return different values. I examined 

88 available Korean fonts. Scipy.spatial. distance.directed_hausdorff (ver. 1.3.1) was 

implemented on Python 3.6.1. 
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2.2.3. Results 

Pearson’s r was calculated between two corresponding lists of distances: all the pairwise 

distances between phonemes and all the pairwise distances between letters. Stroke share rate 

demonstrates that in hangeul, some 36% of the variation in sound similarity corresponds to 

graphical similarity between letters (Table 2.2.3). The positive correlation coefficients indicate 

that similar Korean letters tend to have similar sounds.  

Table 2.2.3. Hangeul's grapho-phonemic systematicity values 

Distance measure r p 

Euclidean 0.51 < .001 

Cosine 0.60 < .001 

Jaccard 0.60 < .001 

feature edit 0.51 < .001 

When the distances between letters were measured by Hausdorff distance, the majority of the 

fonts displayed very significant correlations between letters and sounds (Table 2.2.4) although 

the correlation coefficients are not as high as those with stroke share rate. Table 2.2.4 also 

shows that these robust results are observed regardless of the phonological distance measures. 

Table 2.2.4. The grapho-phonemic correlation of each Korean font 

 Hamming Euclidean Cosine Jaccard feature edit 

Font r p  r p  r p  r p  r p  

굴림 0.17 0.00 *** 0.16 0.00 *** 0.11 0.02 * 0.11 0.03 * 0.24 0.00 *** 

돋움 0.06 0.21  0.05 0.28  0.03 0.52  0.03 0.52  0.12 0.02 * 

바탕 0.11 0.03 * 0.09 0.07 . 0.07 0.14  0.06 0.20  0.18 0.00 *** 

궁서 0.25 0.00 *** 0.22 0.00 *** 0.18 0.00 *** 0.16 0.00 *** 0.30 0.00 *** 

맑은고딕 0.12 0.02 * 0.10 0.05 * 0.08 0.12  0.07 0.15  0.18 0.00 *** 

나눔고딕 0.12 0.01 * 0.11 0.03 * 0.08 0.12  0.07 0.14  0.18 0.00 *** 

나눔명조 0.12 0.01 * 0.12 0.02 * 0.07 0.14  0.07 0.15  0.20 0.00 *** 

나눔손글씨붓체 0.25 0.00 *** 0.24 0.00 *** 0.22 0.00 *** 0.21 0.00 *** 0.23 0.00 *** 

나눔손글씨 펜체 0.19 0.00 *** 0.18 0.00 *** 0.16 0.00 *** 0.16 0.00 *** 0.15 0.00 ** 

나눔바른고딕 0.12 0.02 * 0.11 0.03 * 0.08 0.12  0.08 0.11  0.18 0.00 *** 

나눔바른펜 0.18 0.00 *** 0.16 0.00 ** 0.12 0.02 * 0.10 0.04 * 0.27 0.00 *** 

0.10 0.05 . 0.09 0.06 . 0.06 0.21  0.06 0.20  0.16 0.00 *** 

나눔스퀘어라운드 0.10 0.05 * 0.10 0.05 . 0.06 0.20  0.07 0.18  0.16 0.00 *** 

Noto Sans CJK KR 0.11 0.03 * 0.10 0.04 * 0.08 0.12  0.08 0.10  0.16 0.00 *** 

NotoSerif CJK KR 0.11 0.02 * 0.10 0.05 . 0.06 0.21  0.06 0.24  0.18 0.00 *** 

0.14 0.00 ** 0.13 0.01 ** 0.10 0.05 * 0.09 0.06 . 0.23 0.00 *** 

주아체 0.13 0.01 ** 0.12 0.02 * 0.09 0.08 . 0.08 0.09 . 0.20 0.00 *** 
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0.21 0.00 *** 0.19 0.00 *** 0.16 0.00 *** 0.15 0.00 ** 0.29 0.00 *** 

간이벽온방 0.26 0.00 *** 0.25 0.00 *** 0.22 0.00 *** 0.21 0.00 *** 0.34 0.00 *** 

대한민국독도체 0.18 0.00 *** 0.16 0.00 *** 0.14 0.01 ** 0.12 0.01 * 0.21 0.00 *** 

법정체 0.14 0.00 ** 0.13 0.01 ** 0.09 0.08 . 0.08 0.12  0.21 0.00 *** 

0.17 0.00 *** 0.16 0.00 *** 0.11 0.02 * 0.11 0.03 * 0.24 0.00 *** 

월인석보체 0.15 0.00 ** 0.14 0.01 ** 0.12 0.02 * 0.11 0.02 * 0.22 0.00 *** 

0.18 0.00 *** 0.17 0.00 *** 0.14 0.01 ** 0.14 0.01 ** 0.23 0.00 *** 

아리따돋움 0.19 0.00 *** 0.18 0.00 *** 0.16 0.00 *** 0.15 0.00 ** 0.28 0.00 *** 

HS 봄바람체 2.0 0.25 0.00 *** 0.24 0.00 *** 0.19 0.00 *** 0.19 0.00 *** 0.31 0.00 *** 

HS 가을생각체 0.28 0.00 *** 0.26 0.00 *** 0.21 0.00 *** 0.20 0.00 *** 0.37 0.00 *** 

HS 겨울눈꽃체 0.18 0.00 *** 0.18 0.00 *** 0.13 0.01 ** 0.13 0.01 * 0.23 0.00 *** 

HS 두꺼비체 0.26 0.00 *** 0.24 0.00 *** 0.18 0.00 *** 0.18 0.00 *** 0.35 0.00 *** 

0.15 0.00 ** 0.13 0.01 ** 0.10 0.05 . 0.09 0.07 . 0.21 0.00 *** 

가비아납작블럭체 0.14 0.01 ** 0.13 0.01 * 0.09 0.08 . 0.08 0.09 . 0.20 0.00 *** 

0.16 0.00 *** 0.15 0.00 ** 0.12 0.01 * 0.12 0.02 * 0.18 0.00 *** 

신비는일곱살 0.05 0.36  0.05 0.33  0.02 0.62  0.03 0.52  0.06 0.26  

0.26 0.00 *** 0.25 0.00 *** 0.20 0.00 *** 0.20 0.00 *** 0.25 0.00 *** 

0.16 0.00 *** 0.15 0.00 ** 0.10 0.05 * 0.09 0.06 . 0.17 0.00 *** 

0.23 0.00 *** 0.21 0.00 *** 0.16 0.00 ** 0.15 0.00 ** 0.23 0.00 *** 

제주한라산체 0.20 0.00 *** 0.19 0.00 *** 0.17 0.00 *** 0.16 0.00 *** 0.15 0.00 ** 

제주고딕체 0.08 0.10 . 0.08 0.11  0.05 0.33  0.05 0.29  0.14 0.00 ** 

제주명조체 0.20 0.00 *** 0.19 0.00 *** 0.14 0.00 ** 0.14 0.01 ** 0.28 0.00 *** 

0.11 0.03 * 0.09 0.07 . 0.07 0.14  0.06 0.20  0.18 0.00 *** 

0.13 0.01 ** 0.13 0.01 ** 0.09 0.07 . 0.09 0.07 . 0.17 0.00 *** 

고양일산체 0.14 0.01 ** 0.13 0.01 * 0.10 0.05 * 0.10 0.05 . 0.19 0.00 *** 

0.10 0.04 * 0.10 0.05 . 0.06 0.22  0.06 0.22  0.16 0.00 *** 

0.18 0.00 *** 0.16 0.00 *** 0.13 0.01 ** 0.13 0.01 ** 0.18 0.00 *** 

전라북도체 0.12 0.01 * 0.11 0.02 * 0.10 0.05 . 0.09 0.06 . 0.17 0.00 *** 

0.10 0.05 . 0.09 0.07 . 0.05 0.29  0.05 0.29  0.16 0.00 *** 

0.06 0.26  0.05 0.28  0.03 0.58  0.03 0.54  0.12 0.02 * 

0.13 0.01 * 0.12 0.02 * 0.08 0.11  0.08 0.12  0.21 0.00 *** 

다온청년고딕 0.08 0.12  0.07 0.14  0.04 0.38  0.05 0.35  0.15 0.00 ** 

0.08 0.09 . 0.07 0.15  0.06 0.22  0.06 0.26  0.14 0.00 ** 

0.08 0.10 . 0.09 0.07 . 0.09 0.07 . 0.10 0.05 * 0.12 0.01 * 

0.13 0.01 ** 0.13 0.01 ** 0.12 0.02 * 0.12 0.02 * 0.20 0.00 *** 

0.26 0.00 *** 0.24 0.00 *** 0.19 0.00 *** 0.18 0.00 *** 0.37 0.00 *** 

0.25 0.00 *** 0.23 0.00 *** 0.17 0.00 *** 0.16 0.00 *** 0.35 0.00 *** 

도서관체 0.23 0.00 *** 0.21 0.00 *** 0.15 0.00 ** 0.14 0.00 ** 0.33 0.00 *** 

0.18 0.00 *** 0.17 0.00 *** 0.16 0.00 *** 0.16 0.00 *** 0.27 0.00 *** 

이롭게바탕체 0.17 0.00 *** 0.16 0.00 *** 0.12 0.01 * 0.12 0.02 * 0.25 0.00 *** 
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0.19 0.00 *** 0.17 0.00 *** 0.14 0.01 ** 0.13 0.01 ** 0.22 0.00 *** 

티몬몬소리체 0.15 0.00 ** 0.14 0.00 ** 0.12 0.02 * 0.12 0.02 * 0.23 0.00 *** 

빙그레체 0.20 0.00 *** 0.19 0.00 *** 0.15 0.00 ** 0.15 0.00 ** 0.28 0.00 *** 

0.18 0.00 *** 0.17 0.00 *** 0.13 0.01 ** 0.12 0.02 * 0.28 0.00 *** 

한겨레결체 0.03 0.49  0.02 0.72  0.01 0.88  0.00 0.99  0.08 0.13  

조선일보명조체 0.05 0.34  0.03 0.57  0.01 0.78  0.01 0.86  0.08 0.09 . 

0.17 0.00 *** 0.15 0.00 ** 0.12 0.02 * 0.11 0.02 * 0.22 0.00 *** 

FB 이철수 80 목판 TM 0.21 0.00 *** 0.20 0.00 *** 0.13 0.01 * 0.12 0.02 * 0.19 0.00 *** 

FB 이철수 80 목판 M 0.21 0.00 *** 0.20 0.00 *** 0.13 0.01 * 0.12 0.02 * 0.19 0.00 *** 

FB 이철수 90 목판 TM 0.19 0.00 *** 0.18 0.00 *** 0.15 0.00 ** 0.14 0.00 ** 0.15 0.00 ** 

FB 이철수 90 목판 M 0.19 0.00 *** 0.18 0.00 *** 0.15 0.00 ** 0.14 0.00 ** 0.15 0.00 ** 

FB 이철수 2000 목판 TM 0.24 0.00 *** 0.23 0.00 *** 0.19 0.00 *** 0.19 0.00 *** 0.24 0.00 *** 

FB 이철수 2001 목판M 0.11 0.02 * 0.12 0.02 * 0.13 0.01 ** 0.13 0.01 ** 0.08 0.11  

FB 이철수 2001 목판TM 0.11 0.02 * 0.12 0.02 * 0.13 0.01 ** 0.13 0.01 ** 0.08 0.11  

Yoon 다정 0.05 0.28  0.05 0.29  0.03 0.60  0.03 0.52  0.10 0.05 * 

Yoon 민준 0.06 0.22  0.06 0.23  0.03 0.51  0.04 0.45  0.11 0.03 * 

Yoon 세희 0.06 0.25  0.06 0.26  0.03 0.55  0.03 0.49  0.10 0.04 * 

0.10 0.04 * 0.09 0.06 . 0.06 0.26  0.06 0.26  0.16 0.00 *** 

Yoon 지영 0.07 0.18  0.06 0.20  0.03 0.48  0.04 0.43  0.11 0.03 * 

Yoon 지희 0.07 0.18  0.06 0.20  0.03 0.48  0.04 0.43  0.11 0.03 * 

Yoon 형오 0.06 0.24  0.06 0.23  0.03 0.52  0.04 0.44  0.10 0.04 * 

Yoon 흥수 0.05 0.28  0.05 0.29  0.03 0.60  0.03 0.52  0.10 0.05 * 

김남윤 0.06 0.23  0.06 0.23  0.03 0.49  0.04 0.43  0.11 0.03 * 

이현지 0.06 0.25  0.06 0.25  0.03 0.54  0.04 0.48  0.11 0.03 * 

윤태민 0.07 0.16  0.07 0.19  0.04 0.46  0.04 0.42  0.13 0.01 * 

0.15 0.00 ** 0.13 0.01 ** 0.11 0.03 * 0.11 0.03 * 0.21 0.00 *** 

0.08 0.10 . 0.08 0.09 . 0.06 0.26  0.06 0.21  0.13 0.01 ** 

0.31 0.00 *** 0.28 0.00 *** 0.24 0.00 *** 0.22 0.00 *** 0.39 0.00 *** 

0.19 0.00 *** 0.18 0.00 *** 0.15 0.00 ** 0.14 0.01 ** 0.18 0.00 *** 

0.09 0.08 . 0.08 0.09 . 0.04 0.38  0.04 0.37  0.15 0.00 ** 

0.19 0.00 *** 0.18 0.00 *** 0.12 0.02 * 0.12 0.02 * 0.22 0.00 *** 

 

I also investigated the level of contribution of each letter to the whole systematicity by excluding 

each letter and re-conducting the correlation test. Table 2.2.5 displays each letter and the re-

calculated correlation coefficient excluding the letter. The correlation coefficients lower than the 

coefficient as a whole indicate that including the relevant letters increase the entire correlation: 

therefore, those letters are ‘contributors’ to the systematicity. In contrast, if the coefficients are 

larger than that as a whole, it means that the relevant letters interfere with the entire correlation. 
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For example, without ㄸ and ㅃ, the correlation decreased from r = .3 (p < .001) to r = .27 (p 

< .001). In contrast, excluding ㅡ considerably increased the coefficient to r = .4 (p < .001). In 

general, the consonants tend to positively contribute to the grapho-phonemic systematicity as a 

whole whereas the vowels tend to hinder it.  

Table 2.2.5. The contribution of each letter in 궁서 (r = .3, p < .001) 

excluded item 
re-calculated correlation r 

 without the item 

ㅃ 0.27 

ㄸ 0.27 

ㅍ 0.28 

ㅌ 0.28 

ㅎ 0.28 

ㅂ 0.28 

ㅉ 0.28 

ㅈ 0.28 

ㄷ 0.28 

ㅁ 0.28 

ㅋ 0.28 

ㅊ 0.29 

ㄲ 0.29 

ㅆ 0.29 

ㄹ 0.29 

ㅇ 0.30 

ㅅ 0.30 

ㅐ 0.30 

ㅔ 0.31 

ㅓ 0.31 

ㄴ 0.32 

ㄱ 0.32 

ㅚ 0.33 

ㅣ 0.33 

ㅏ 0.33 

ㅟ 0.34 

ㅜ 0.34 

ㅗ 0.36 

ㅡ 0.40 

I compared these data with phoneme frequency (Byun,2003; Shin, 2010). The systematicity of 

each letter is related to its frequency. In general, frequent phonemes tend to diminish grapho-

phonemic systematicity (r = .51, p = .01). When analysing the consonants only (Fig 2.2.2), the 
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tendency becomes clearer (Byun: r = .68, p = .001, Shin: r = .74, p < .001). The Byun’s (2003) 

data are based on the audio corpora whereas Shin’s (2010), the text corpora. 

 

Fig 2.2.2. The frequency of each letter and the entire systematicity excluding the letter 
 

2.2.4. Discussion 

In this section, I quantified the pairwise distances between Korean letter shapes applying two 

different ways to quantify orthographic distance: stroke shape rate and Hausdorff distance. I 

then conducted a correlation test between those orthographic distances and the corresponding 

distances between phonemes. Artificially designed with an explicit pedagogical aim, hangeul 

demonstrated its intrinsic systematicity between letter shapes and their phonemes. Stroke share 

rate returned the highest letter-sound correlation values by reflecting the intended systematicity. 

With a more generally applicable method, Hausdorff distance, the correlation was slightly 

reduced but still robust for the majority of fonts. The current result suggests hangeul, the result 

of deliberate cultural invention, is the gold standard of grapho-phoneme systematicity among 

scripts. 

Some fonts returned higher correlation coefficients than others, which indicates that they may 

emphasize phonemic regularity. This suggests a number of pedagogical implications in terms of 

choosing fonts for classroom settings, especially for those who are exposed to letter-sound 

association for the first time. It is still an empirical question, however, whether lower-level letter 

systematicity induces any behavioural consequences. 
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The relation between systematicity and frequency of use provides a complicated but interesting 

aspect of language from a wider view. The more frequent letters need to be more distinctive and 

hence less systematic. For example, frequent English auxiliary verbs have different forms like 

‘am’, ‘is’ and ‘are’, which is called suppletion. The less frequent letters are helped in their 

processing by being more systematic, a type of compensation. We typically observe this 

differential systematicity in aspects of language that have undergone a long cultural evolution. 

For instance, infrequent Chinese characters are more compositional; it is easier to derive their 

meaning from the simple sum of their parts, and probably stay in the language longer because 

of this assistance (Zhang, 2020). In English, an infrequent word like ‘gloaming’ is helped to 

survive because of its ‘gl-’ neighbours that refer to illumination. It is remarkable that this principle 

has been embodied here in the absence of long cultural evolution. 
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2.3. Does Korean grapho-phonemic systematicity enhance spontaneous learning? 

The well-known systematicity between Korean letters and sounds was successfully quantified in 

the previous section. In this section, I investigate whether such a systematicity is spontaneously 

intuited and whether it then enhances learning. During the experiment, the participants had to 

learn Korean letters by themselves without any instruction. All participants had the opportunity 

to learn the correct phoneme-grapheme associations and randomly paired, fake phoneme-

grapheme associations. It was hypothesised that participants would learn better and faster 

when the association was the veridical one. However, the performance was not significantly 

different between the two conditions. The participants repeated less in learning consonants than 

vowels. Nasals were the easiest consonants to learn. The participants had difficulties in learning 

vowels when jaw movements were not involved. Those whose first language was Chinese 

showed comparatively poorer performance in general. 

 

2.3.1. Experiment 

Participants 

11 male and 50 female participants were recruited from the University of Edinburgh. 42 were 

postgraduates and the rest were undergraduates. Their ages ranged from 18 to 34. All of them 

were at least bilingual. They were told that they would learn Korean consonants and vowels. 

After a 40-minute experiment, they were paid £8 each. 

Stimulus 

19 Korean consonants and 18 out of 20 vowels were used for the experiment (Table 2.3.1). The 

vowel ㅔ /e/ and ㅖ /je/ were excluded due to the high confusability of the sound with ㅐ /ae/ and 

ㅒ /jae/, respectively. I included diphthongs to maximise the systematic visual relation among 

the vowels. The visual stimuli were designed on PsychoPy (Ver. 3.2.4). Each letter in white 

sans-serif font (맑은 고딕) was displayed on a black background for 6 seconds in random order. 

At the same time, the corresponding phoneme was also heard over headphones. For the 

consonants, the phoneme was heard in C-C-CV form (e.g. /g-g-ga/) and for the vowels, V-V 

form (e.g. /ah-ah/).  

Table 2.3.1. 19 consonants and 18 vowels 

Consonants Vowels 

ㄱ /g/ ㅊ /tɕʰ/ ㅏ /a/ ㅑ /ia/ 

ㄴ /n/ ㅋ /k/ ㅐ /ɛ/ ㅒ /iɛ/ 

ㄷ /d/ ㅌ /t/ ㅓ /ʌ/ ㅕ /iʌ/ 
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ㄹ /l/ ㅍ /p/ ㅗ /o/ ㅛ /io/ 

ㅁ /m/ ㅎ /h/ ㅜ /u/ ㅠ /iu/ 

ㅂ /b/ ㄲ /k*/ ㅚ /ø/ ㅘ /oa/ 

ㅅ /s/ ㄸ /t*/ ㅟ /y/ ㅝ /wʌ/ 

ㅇ /ŋ/ ㅃ /p*/ ㅡ /ɯ/ ㅢ /ɯi/ 

ㅈ /tɕ/ ㅆ /s*/ ㅣ /i/ ㅙ /oɛ/ 
  ㅉ /tɕ*/     

 

Experiment design 

A mixed design was employed. Because the consonant-vowel distinction in Korean orthography 

is widely recognized as a clear source of systematicity, I focused on the potential effects of 

orthographic systematicity within the consonants and within the vowels. Half of the stimuli were 

fake letter-sound association, half were veridical. Half participants learned correct consonants 

and fake vowels, the other half learned fake consonants and correct vowels. The correct set of 

letters was always first. There was a 3 to 5-minute break between the two sessions. 29 

participants learned correct consonants and the randomly associated vowels and 32 learned the 

correct vowels and the randomly associated consonants.  

For the fake condition, the letter stimuli were displayed with the wrong sounds. The participants 

did not know that they were learning the wrong association at that moment. They had a short 

lesson to debrief them after the experiment. A 5-minute post-experimental interview was also 

conducted to investigate the learning strategies they used. 

Procedure 

The experiment consisted of a few training phases followed by the test phase. During the 

training, each letter-sound pair was exposed twice in random order. After the training, the 

participants took the test with 9 letters only. The letters were displayed altogether, and the 

participants were required to click the appropriate letter according to the sound played. Letters 

could be chosen multiple times. If they failed to score 70%, they had to go back to the training, 

which repeated a maximum of 4 times. Thus, if a participant failed to pass the test 4 times in a 

row, the experiment went directly to the final test. During the final test, all the letters (19 

consonants or 18 vowels) were displayed altogether, and the participants were required to click 

the correct letter according to the sound. Letters could be chosen multiple times. In both tests, 

participants’ reaction times as well as answers were recorded. 
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2.3.2. Results 

Did the naïve learners learn the Korean alphabet better with the correct letter-sound 

association? I predicted a difference in performance between the correct association and the 

random association. However, participants were able to learn letter-sound associations, 

regardless of condition. The proportion of correct answers and the mean reaction times were 

not significantly different between the two groups (Fig 2.3.1), confirmed by a Mann-Whitney U 

test (U = 356, p = .16 for consonants; U = 405, p = .40 for vowels). Performance in learning 

consonants (M = 61.98, SD = 16.20) was slightly better than vowels (M = 58.26, SD=12.96), but 

the difference was not significant (U = 402, p = .39). 

 
Fig 2.3.1. The percentage of correct answers (left) and reaction time (right). SD=16.20 (correct consonants); 
SD=16.44 (random consonants); SD=12.96 (correct vowels); SD=17.12 (random vowels) 

Fig 2.3.2 shows the number of tests the participants repeated in each condition. They generally 

needed more training to learn random letter-sound association, but the difference was not 

statistically significant (U = 7, p = .44). Rather, the difference was found between learning 

consonants and vowels (U = 2, p = .04). Compared to vowels, the consonants required less 

training, as shown by the number of tests taken. During the interview, many participants 

mentioned that the consonants were easier to learn, regardless of the condition.  

 
Fig 2.3.2. The number of the tests the participants repeated for consonants (left) and vowels (right): Many 
participants passed the first test when learning consonants but had to repeat multiple times for vowels. 
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The reaction time during the test phase was inversely proportional to the scores (Fig 2.3.3). 

Taking longer time did not enhance decisions. It rather indicated incomplete learning. This 

implies that the letter-sound association requires an instant, intuitive judgement rather than 

thoughtful, comprehensive reasoning skills. 

                                                

 

 

 

 

 

 

Fig 2.3.3. Relation between score and reaction time  

The easiest consonants to learn were nasals (Fig 2.3.4): they were considered ‘special’ letters. 

When asked about their learning strategies, the participants often answered they began with 

those nasals and extended from them. In contrast, the most difficult consonants to learn were 

those for tensed phonemes: mainly due to the difficulties in distinguishing sounds. One 

participant said that she eventually managed to notice the difference between lenis and tensed 

sounds, but it was too late. This implies that such a fine distinction among Korean phoneme 

sets requires substantial time to be accustomed to. 

Fig 2.3.4 also shows that those vowels accompanied by jaw opening were better learnt than the 

closed-jaw vowels. The participants had difficulties in understanding the phonemic boundaries 

of back vowels (e.g. ㅜ /u/ and ㅡ /ɯ/) (cf. the previous study on iconicity in chapter 2.1). Lack of 

visual information presented such as lip shapes can be a reason for the failure in distinction 

between ㅗ /o/ and ㅜ /u/. In fact, these vowels were confusable even for a native when heard in 

the identical setting.  

Meanwhile, the participants readily noticed the combination rules for Korean diphthongs. One 

participant pointed out the issue of ㅚ /ø/ does not sound /oi/ as it is supposed to. According to 

the general diphthong rule—where basic monophthongs compose diphthongs with their original 

sounds intact—she was right.  
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In terms of learning strategies, the participants in general showed very active attitudes. They 

tended to apply a strategy and if it failed, apply another. Partly due to the experiment design, 

where they were exposed to the systematic grapheme-phoneme association first, the 

participants expected and looked for systematicity in the random condition, too. They explicitly 

tried to find a pattern, even when there was no pattern to find. 

The interview also demonstrated that participants tended to exploit existing knowledge. Most of 

the participants strategically associated the stimuli with sounds or characters they already knew. 

For example, they connected Japanese 口 /ku/ with ㅁ /m/, ancient letter H /ae/ with ㅐ, Greek Λ 

/l/ or Chinese 人 /ren/ with ㅅ, and Cyrillic Г with ㄱ. Sometimes conflicting knowledge helped: 

Chinese 口 sounded different from Korean ㅁ; Greek Π /p/ sounded the same as ㅈ but looked 

different (in the random condition); and ㅌ should sound like /e/ as in the participant’s name, but 

sounded different.  

Some participants generated particular meanings. For example, letter ㅍ /p/ reminded a 

participant of ‘prison’ or ‘papa who always uses stairs’. Some others used the vocabulary from 

their first language to memorize associations. Interestingly, in most cases, this lexical 

association was related to family: mom, dad, aunt, and even sister in law. The vowels were 

frequently connected to the sound ‘yes’ in different languages: French /wi/, German /ja/ and 

Swedish /jʌ/. 

Meanwhile, a large proportion of poor performers spoke Chinese as their first language (Fig 

2.3.5). Korean consonants rather than vowels seemed more difficult for Chinese participants to 

Fig 2.3.4. The fulfilment of each letter based on the final test 
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learn. Further research is required, however, to investigate whether this was induced by their 

logographic experience. 

 

 

 

 

 

 

2.3.3. Discussion 

People seem to successfully learn any kind of orthography. It did not matter at all whether it was 

the real Korean letter-sound association, which maximized audio-visual systematicity, or 

whether it was randomly paired, fake letter-sound associations. Even learning efficiency, as 

approximated by the number of repetitions, showed no difference between the two conditions. 

The results show more differences between learning consonants and vowels. Korean 

consonants were significantly easier to learn than vowels. 

The nasals elicited the best performance, which is attributable to two reasons. First, nasal 

sounds seem to occupy a special position in human perception. The ratio of obstruents and 

sonorants is found to be constant across languages (Lindblom & Maddieson, 1988). In addition, 

nasals, approximants, and laterals are closer to vowels than plosives and fricatives are 

(Monaghan & Shillcock, 2003; 2006). For example, a trained neural network (Monaghan & 

Shillcock, 2003) demonstrated that a vowel-layer lesion damaged nasal consonants more than 

plosives and fricatives (see their Table 2). Therefore, it seems plausible that one of the Korean 

language textbooks for foreigners begins with nasal consonants, which is followed by plosives, 

aspirated and tensed (Sogang University, 2004). The current data in fact demonstrated the 

aspirated letters may be easier than plosive letters. 

Second, the reason for the better performance on nasals may lie in the letter shapes. Due to its 

special position in the phonemic inventory, nasals may be easily connected to more canonical 

figures (e.g. ㅇ, ㅎ, and ㅁ). Considering that the Korean consonants are visualised articulation, I 

am tempted to argue that those letters successfully represent the articulators, but this does not 

Fig 2.3.5. The distribution of the first languages of the performers who scored below average (left); and 
the scores within Chinese participants (right) 
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correspond to the previous finding in chapter 2.1 where those back phonemes were hardly 

guessed even after it was known that the letters visualised articulations. 

Whereas the perception of consonants can be categorical, that of vowels is more continuous. 

Fry et al. (1962) argued that there is no categorical effect for vowels. In fact, vowels show a 

much weaker categorical effect (Kronrod et al., 2012) and one that is more fluid than that of 

consonants (Toro, et al., 2008): for example, in the latter experiment where the peudo-word 

‘cebra’ was given, people tended to change vowels (e.g. cobra) rather than consonants (e.g. 

zebra). This may explain why learning vowels was more challenging than consonants, which 

can be made more difficult by the similar letter shapes of Korean vowels. For the participants, 

round back vowels were especially difficult to discriminate, which conforms with the previous 

iconicity experiment (chapter 2.1). Recorded mouth movements, for instance, are expected to 

increase the performance.  

It is interesting, however, that the participants did not experience any difficulty in learning ㅓ /ʌ/, 

which hardly exists as an independent phoneme and is usually realized as one of allophones. 

This can be explained by a ‘perceptual magnet effect’, where people tend to be sensitive more 

to non-prototypical vowels than typical ones: the ‘poor examplars’ are ironically better 

distinguished than ‘good examplars’ (Iverson & Kuhl, 2000).  

In summary, the current experiment demonstrated that people are very good at learning 

arbitrary letter-sound association and they do so, exploiting the relations between letters. The 

merits of hangeul’s systematicity is only potentially observed in consonants in connection with 

learning efficiency. Along with the previous experiment (chapter 2.1), the current findings 

suggest the inherent difficulties of back phonemes when it comes to visualizing and memorizing, 

and implies the necessity of additional visual aids in educational settings.   
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Chapter 3. Methodological Exploration of Grapho-phonemic 

Systematicity of English 

 

In this chapter, I investigate whether significant letter-sound systematicity also exists in English.  

I measured all the pairwise distances between canonical pronunciations of letters and all the 

pairwise visual distances between the letters themselves – for both upper and lower cases – 

and examined the correlation between the two corresponding lists of distances. I explored 

various methods to maximise this letter-sound systematicity. Four different phonological 

specifications were applied to convert English phonemes to vectors: Huttenlocher and Zue 

(1983), Shillcock et al. (1992), International Phonetic Alphabet (IPA), and Harm and Seidenberg 

(1999). Four methods were applied to measure orthographical distances, from the crudest to the 

most sophisticated: pixel count, Stroke Share Rate, perimetric complexity (Pelli et al., 2006), 

and Hausdorff distance (Huttenlocher et al., 1993). Finally, different measures were compared 

to calculate the distance between vectors: cosine distance, Euclidean distance, feature edit 

distance, and Jaccard distance. In total, there were 64 different combinations of the methods, 

conducted both on upper cases and lower cases. Overall, more complex measures tended to 

maximize the systematicity. Positive correlations were found between English graphemes and 

their canonical pronunciations. 

 

3.1. Procedure 

3.1.1. Sample 

As a deep orthography (Frost, 2005; Seymour, Aro, & Erskine, 2003), an English letter is 

connected to more than one phoneme (‘c’ in ‘cite’ and ‘cat’) and a phoneme is connected to 

more than one letter (/k/ in ‘cat’ or ‘kite’). I constrained the number of possible sounds of a letter 

according to British phonics (Lloyd et al., 1998), which determines the most frequent and core 

phoneme-grapheme correspondences: for example, ‘a’ is only pronounced /æ/ as in ‘cat’. I 

excluded ‘x’ and ‘q’ because the former is a polyphone /ks/, and the latter almost always co-

occurs with ‘u’. Each of 24 letters was connected to only one, canonical phoneme. In the set of 

letters, there are 264 (24x23/2) separated orthographic distances and 264 corresponding 

phonological distances. 
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3.1.2. Defining phonemes according to four specifications 

The phonemes were defined feature vectors according to the following four standards of 

classification. They vary in number and kind of categories, as well as the numeric range of 

evaluation. 

 
Huttenlocher and Zue (1983) 

Shipman and Zue (1982) classified English phonemes into 6 phonemic features: (1) vowels and 

syllabic consonants, (2) stops, (3) nasals, (4) strong fricatives, (5) weak fricatives, and (6) glides 

and semi-vowels. The classification I used was the simpler and clearer version provided by 

Huttenlocher and Zue (1983), (Table 3.1.1). Each phoneme was converted to a binary vector, 

according to the presence or absence of the features. The vector for /dʒ/ (not provided by the 

authors) was created by merging two categories: stop and strong fricative. 

Table 3.1.1. The features of English phonemes from Huttenlocher and Zue (1983) 

Letter Phoneme Stops 
Strong  

fricatives 
Weak  

fricatives 
Nasals Liquids Vowels 

p /p/ 1 0 0 0 0 0 

t /t/ 1 0 0 0 0 0 

k /k/ 1 0 0 0 0 0 

c /k/ 1 0 0 0 0 0 

b /b/ 1 0 0 0 0 0 

d /d/ 1 0 0 0 0 0 

g /g/ 1 0 0 0 0 0 

j /dʒ/ 1 1 0 0 0 0 

s /s/ 0 1 0 0 0 0 

z /z/ 0 1 0 0 0 0 

f /f/ 0 0 1 0 0 0 

h /h/ 0 0 1 0 0 0 

v /v/ 0 0 1 0 0 0 

m /m/ 0 0 0 1 0 0 

n /n/ 0 0 0 1 0 0 

l /i/ 0 0 0 0 1 0 

r /r/ 0 0 0 0 1 0 

y /j/ 0 0 0 0 1 0 

w /w/ 0 0 0 0 1 0 

i /ɪ/ 0 0 0 0 0 1 

e /e/ 0 0 0 0 0 1 

a /æ/ 0 0 0 0 0 1 

o /ɒ/ 0 0 0 0 0 1 

u /ʌ/ 0 0 0 0 0 1 
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Shillcock, Lindsey, Levy, and Chater (1992) 

Applying Government Phonology, Shillcock, et al. (1992) classified English phonemes into 9 

categories: (1) oral cavity openness, (2) palatality, (3) labiality, (4) occlusion, (5) aperiodic 

energy, (6) nasality, (7) coronality, (8) velarity, and (9) voicelessness. Compared with 

Huttenlocher and Zue (1982), the criteria of Shillcock et al. (1992) are more perceptually 

oriented and focus more on consonantal sounds. According to their Table 1 (p.409), English 

phonemes were defined as binary vectors. /dʒ/ was not defined by the authors, so two vectors, 

/d/ and /ʒ/, were combined and designated for the letter J. 

These two classifications were designed for word recognition in speech. With small numbers of 

broad-class features, they both successfully characterized words in large lexicons. However, it 

should be noted that words, compared with phonemes, have multiple cues to increase their 

chance of being identified. Distinguishing individual phonemes requires a detailed description of 

their features. 

 

International Phonetic Alphabet (IPA) 

The IPA provides a coherent feature set that is applicable across languages. The consonants 

are categorized by the place and manner of articulation (Table 3.1.2) and vowels are 

categorized by the height of the tongue and roundness of the lips (Table 3.1.3), which is the 

same manner of categorizing Korean phonemes. 

The features were chosen parsimoniously: the feature ‘voiceless’ and ‘voiced’ are 

complementary, so I used the latter only. The features for ‘c’ are identical with those for ‘k’, 

according to phonics (i.e. ‘c’ as in ‘cat’). I combined two vectors, /d/ and /ʒ/, to create /dʒ/. Not 

all the vowel features were necessary so the features for 5 vowels (/æ/, /e/, /i/, /ɒ/, and /ʌ/) were 

used. In order to compare the phonemes across consonants and vowels, the features from two 

tables (Table 3.1.2 & 3.1.3) were appended, making the vector length 22. 

Table 3.1.2. The features of English consonants from the IPA 
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b b 1 1 0 0 0 0 0 0 0 1 0 0 0 

c k 0 0 0 0 0 1 0 0 0 1 0 0 0 

d d 1 0 0 1 0 0 0 0 0 1 0 0 0 

f f 0 0 1 0 0 0 0 0 0 0 1 0 0 
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g g 1 0 0 0 0 1 0 0 0 1 0 0 0 

h h 0 0 0 0 0 0 1 0 0 0 1 0 0 

j dʒ 1 0 0 1 0 0 0 1 0 1 1 0 0 

k k 0 0 0 0 0 1 0 0 0 1 0 0 0 

l l 1 0 0 1 0 0 0 0 0 0 0 1 0 

m m 1 1 0 0 0 0 0 0 1 0 0 0 0 

n n 1 0 0 1 0 0 0 0 1 0 0 0 0 

p p 0 1 0 0 0 0 0 0 0 1 0 0 0 

r r 1 0 0 1 0 0 0 0 0 0 0 0 1 

s s 0 0 0 1 0 0 0 0 0 0 1 0 0 

t t 0 0 0 1 0 0 0 0 0 1 0 0 0 

v v 1 0 1 0 0 0 0 0 0 0 1 0 0 

w w 1 1 0 0 0 0 0 0 0 0 0 0 1 

y j 1 0 0 0 1 0 0 0 0 0 0 0 1 

z z 1 0 0 1 0 0 0 0 0 0 1 0 0 

 

Table 3.1.3. The features of English vowels from the IPA 
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i i 1 0 0 0 0 1 0 0 0 

e e 0 1 0 0 0 1 0 0 0 

u ʌ 0 0 1 0 0 0 1 0 0 

a æ 0 0 0 1 0 1 0 0 0 

o ɒ 0 0 0 0 1 0 0 1 1 

 

Harm and Seidenberg (1999) 

Especially designed for English, Harm and Seidenberg (1999) provides the most detailed and 

comprehensive features, although a few criteria like ‘degree’ are not clearly defined by the 

authors. Unlike the others, the evaluation values range from -1 to 1 (Table 3.1.4). Because the 

template is based on American English, Table 4 additionally provides the examples from British 

vocabulary. 
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Table 3.1.4. The features of English phonemes from Harm and Seidenberg (1999) 

L
e

tt
e

r 

B
ri

tis
h

 
P

ro
n

u
nc

ia
tio

n 

E
xa

m
p

le
 fr

o
m

 
B

ri
tis

h
 E

n
gl

is
h 

S
o

n
o

ra
nt

 

C
o

n
so

na
n

ta
l 

V
o

ic
e 

N
a

sa
l 

D
e

g
re

e 

L
a

b
ia

l 

P
a

la
ta

l 

P
h

a
ry

ng
e

al
 

R
o

u
n

d 

T
o

n
g

ue
 

R
a

d
ic

a
l 

p /p/ puff -1 1 -1 -1 1 1 0 -1 1 0 0 

b /b/ bat -1 1 0 -1 1 1 0 -1 1 0 0 

t /t/ tennis -1 1 -1 -1 1 -1 1 -1 -1 1 0 

d /d/ drum -1 1 0 -1 1 -1 1 -1 -1 1 0 

k /k/ cat -1 1 -1 -1 1 -1 -1 -1 -1 -1 0 

g /g/ gurgle -1 1 0 -1 1 -1 -1 -1 -1 -1 0 

f /f/ fish -0.5 1 -1 -1 0 -1 1 -1 1 0 0 

v /v/ van -0.5 1 0 -1 0 -1 1 -1 1 0 0 

s /s/ snake -0.5 1 -1 -1 0 -1 1 -1 -1 1 0 

z /z/ buzz -0.5 1 0 -1 0 -1 1 -1 -1 1 0 

h /h/ hop -0.5 1 0 -1 0 -1 -1 1 -1 -1 -1 

m /m/ meal 0 0 1 1 1 1 0 -1 1 0 0 

n /n/ net 0 0 1 1 1 -1 1 -1 -1 1 0 

r /r/ rag 0.5 0 1 0 -1 -1 -1 1 1 -1 -1 

l /l/ lollipop 0.5 0 1 0 -1 -1 1 -1 -1 1 0 

w /w/ wind 0.8 0 1 0 0 1 -1 -1 1 -1 0 

y /j/ yogurt 0.8 0 1 0 0 -1 0 -1 -1 0 1 

j /dʒ/ jam -0.8 1 0 -1 1 -1 0 -1 -1 0 0 

i /ɪ/ ink 1 -1 1 0 0 -1 0 -1 -1 0 -1 

a /æ/ ant 1 -1 1 0 -1 -1 0 1 -1 -1 1 

e /e/ egg 1 -1 1 0 -1 -1 0 -1 -1 -1 -1 

o /ɒ/ on 1 -1 1 0 -1 -1 -1 1 -1 -1 -1 

u /ʌ/ umbrella 1 -1 1 0 -1 -1 -1 -1 -1 -1 -1 

 

3.1.3. Measuring distances between phonological vectors by four distance measures 

With the phonemes converted into vectors, the distance between phonemes equals the distance 

between vectors. The pairwise distances between two phonemes were measured by feature 

edit distance, which counts the number of different features between two vectors; Euclidean 

distance, which calculates the geometrically shortest route; cosine distance, which measures 

the angle made by two vectors; and finally, Jaccard distance, where the number of shared 
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features is divided by the total number of features. editdistance 0.3.1 and scipy.spatial.distance 

(SciPy v0.14.0) imported to Python 3.7.1.  

 

3.1.4. Measuring distances between letters with four different methods 

Pixel count 

Imagine the alphabet letters on a cross-stitch. Although looking quite disconnected, Fig 3.1.1 

illustrates English letters can be represented as binary arrays (list of lists). Those black-filled 

blocks are 0 and un-filled blocks are 1 (Python 3.7.1).  

Fig 3.1.2 shows that overlapping two arrays makes a new array. In the new array, 0 indicates 

that the corresponding pixel is black in both images; 2 indicates that the pixel is white in both 

images; and 1 (grey) indicates that the pixel was black in one image and white in the other, 

which means, therefore, the difference between the two images. Thus, the number of 1s in the 

new arrays was considered as the distance.  

 

 

Fig 3.1.2. An example of pixel count. Overlapping two arrays for V and W generates the new array. The 
grey pixels or 1s indicate the difference between the two letters. 

 

Stroke share rate  

Treating letters as the sum of their lines, stroke share rate counts how many strokes two letters 

share. It performed well for Korean orthography (chapter 2.2). Far fewer visual features are 

Fig 3.1.1. English upper and lower cases in 5x5 grid 
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shared among English letters than Korean letters, and even fewer features are shared between 

lower cases than between upper cases.  

The template for English upper cases was based on Rumelhart and Siple (1974) but with 

additional strokes to finely represent the letters (Fig 3.1.3). Each stroke was given a name. By 

marking which strokes a letter contains, the letters were transformed into binary vectors: for 

example, A = [1,1,1,0,1,1,1,1,0,0,0,0,0,0,0,0,0,0,0,0] containing a, b1, b2, d1, d2, e1, and e2 

(Fig 3.1.3). The distance between two vectors were measured by various methods: feature edit 

distance, Euclidean distance, cosine distance, and Jaccard distance.  

 

 

 

 

 

 
For the lower cases, 30 strokes were aligned systematically in the squares in a 3x3 grid (Table 

3.1.5), in a way to gain maximum overlap between the letters, but at the same time to represent 

the letters as their true forms. Table 3.1.5 is specific enough to distinguishes ‘f’, a centrally 

aligned ascender, from ‘p’, a left-aligned descender. The diagonal line from right-top to left-

bottom is efficiently shared by x, y, and z. Some spaces in the grids were exclusively used for 

‘a’, ‘f’, ‘r’, ‘j’, ‘k’, and ‘s’, which prevents these letters from being forced to overlap awkwardly with 

other letters. 

 

 

Fig 3.1.3. The template for English upper cases 
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Table 3.1.5. Stroke share rate template of lower case 
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Perimetric complexity (Pelli et al., 2006) 

From the Gestalt perspective (Köhler, 1967), Pelli, et al. (2006) claim that people are more likely 

to perceive images or letters holistically rather than by adding up all the individual features. 

Defined as the perimeter squared divided by the sum of ink area, perimetric complexity shows 

how visually complex images are. The characters with more lines tend to be more complex (e.g. 

Chinese characters vs. English letters). Focusing on the level of ornateness, it is less concerned 

with the orientation of images. The efficiency of recognizing a letter inversely increases with 

perimetric complexity (Pelli, et al., 2006).  

We examined 29 English fonts available from Microsoft, including serif, sans-serif, and cursive 

fonts. Letters of identical size were saved as high-resolution image files (.PNG) and the 

perimetric complexity of each letter was calculated (Python 3.7.1)1. I treated the absolute value 

of the difference in complexity as the distance between letters.  

Hausdorff distance (Huttenlocher et al., 1993) 

Implemented in Python (3.7.1)2, Hausdorff distance first converts an image into a black and 

white raster graphic. Every pixel of the two images in the corresponding location is compared. If 

a pixel is filled (black) in one image but not in the other, it looks for the nearest black pixel and 

calculates the Euclidean distance between the two points. The distance from ‘a’ to ‘b’ is different 

from ‘b’ to ‘a’, but the maximum value between the two is conventionally used. The identical 29 

fonts, as above, were examined. The centre-aligned letters in each font were individually saved 

as PNG files and Hausdorff distances were calculated between the letter images. 

 
3.2. Results 

In sum, I used four specifications to define the phonemes (e.g. IPA), four methods to measure 

the distances between the letter images (e.g. Hausdorff distance), and four measures for the 

distance between phonemes or between images (e.g. feature edit distance). A Pearson’s r 

correlation was tested between the list of the phonological distances and the list of the 

corresponding orthographical distances, in each case. The significant correlation coefficients 

were considered as grapho-phonemic systematicity obtained from the particular combination of 

methods. Those results are presented below according to the orthographic distance 

measurement.  

 
1 Python codes available from https://github.com/HanaJee/pelli-s-perimetric-complexity  
2 Python codes available from https://github.com/HanaJee/hausdorff-distance-
letters/tree/master/source_upload.  
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3.2.1. Pixel count 

Presumably being too crude, pixel count did not show any statistical significance either in upper 

cases or lower cases (Table 3.1.6). It rather played the role of a baseline method to measure 

the orthographic distances. 

 
Table 3.1.6. Letter-sound correlations with the orthographical distances measured by pixel count 

 Phoneme specification   Euclidean Cosine Jaccard Feature edit 

    r p r p r p r p 

Huttenlocher & Zue  
(1983)  

Upper 0.02 0.79 -0.04 0.49 -0.03 0.63 0.04 0.53 

Lower -0.01 0.81 -0.02 0.73 -0.02 0.76 -0.01 0.81 

Shillcock et al.  
(1992)  

Upper -0.03 0.61 -0.07 0.27 -0.05 0.40 -0.08 0.20 

Lower 0.04 0.47 0.03 0.65 -0.01 0.85 -0.03 0.65 

IPA  
Upper -0.03 0.63 -0.10 0.10 -0.07 0.22 -0.05 0.41 

Lower -0.03 0.59 -0.03 0.67 -0.01 0.84 -0.05 0.38 

Harm & Seidenberg 
(1999)  

Upper -0.13 0.03 * -0.10 0.11 -0.04 0.55 -0.03 0.58 

Lower -0.02 0.80 0.00 0.95 -0.01 0.86 0.01 0.87 

Note. Monte Carlo test results are omitted being similar to the Pearson’s r values. 

 

3.2.2. Stroke share rate 

English uppercase letters and their phonemes appear to have negative systematicity (Table 

3.1.7): visually similar letter have distinct phonemes and vice versa. In contrast, lower cases 

showed a positive letter-sound correlation, indicating that similar letters tend to have similar 

sounds. However, there was no method combination that returned consistently significant 

results, although cosine distance tended to return statistical significance, followed by Jaccard 

distance. With systematicity at chance level, these data do not allow us to reject the null 

hypothesis: there will be no significant systematicity between English letters and sounds. 

 
Table 3.1.7. Letter-sound correlation of English upper cases according to measurement 

 Phoneme 
specification 

 Upper cases 
 

Lower cases  

  r p  r p  

Huttenlocher 
& 

Zue 
(1983) 

Euclidean -0.02 0.76  0.10 0.10  

Cosine -0.01 0.81  0.18 0.00  *** 

Jaccard -0.02 0.70  0.20 0.00 *** 

feature edit -0.05 0.37  0.08 0.21  

Shillcock 
et al. (1992) 

Euclidean -0.02 0.80  0.00 0.96  

Cosine -0.01 0.87  0.03 0.62  
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Jaccard -0.02 0.73  0.02 0.80  

feature edit -0.03 0.62  0.00 0.94  

IPA 

Euclidean -0.11 0.07  0.08 0.18  

Cosine -0.13 0.03 * -0.01 0.92  

Jaccard -0.14 0.02 * 0.01 0.86  

feature edit -0.10 0.08  0.06 0.32  

Harm 
& 

Seidenberg 
(1999) 

Euclidean -0.10 0.08  -0.01 0.84  

Cosine -0.19 0.00 *** -0.04 0.46  

Jaccard -0.10 0.09  -0.09 0.14  

feature edit 0.06 0.33  0.03 0.59  

Note. Monte Carlo test results are omitted being similar to the Pearson’s r values. 

 

3.2.3. Perimetric complexity 

Tables 3.1.8A to 3.1.11B demonstrate the level of letter-sound systematicity according to each 

phoneme specification, with the level of complexity of the specification increasing from Tables 

3.1.8A to 3.1.11B. Not including correction for multiple comparisons, these results should be 

interpreted with caution. 

Table 3.1.8A. Letter-sound systematicity from the combination of Huttenlocher and Zue (1983) and 
perimetric complexity. Upper cases. 

 Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial 0.04 0.51 0.05 0.45 0.04 0.49 0.04 0.46 

Arial Black 0.02 0.80 0.02 0.76 0.02 0.78 0.02 0.76 

Book Antiqua -0.06 0.36 -0.07 0.24 -0.07 0.27 -0.05 0.41 

Calibri 0.05 0.39 0.04 0.51 0.04 0.50 0.06 0.30 

Calibri Light 0.04 0.50 0.03 0.64 0.03 0.62 0.05 0.41 

Cambria 0.07 0.24 0.01 0.83 0.03 0.67 0.09 0.12 

Candara 0.08 0.21 0.08 0.20 0.07 0.23 0.09 0.16 

Century Gothic 0.03 0.60 0.04 0.48 0.04 0.53 0.03 0.59 

Comic Sans MS 0.02 0.78 0.04 0.49 0.03 0.60 0.02 0.72 

Consolas 0.09 0.14 0.10 0.08 0.10 0.11 0.09 0.12 

Constantia 0.08 0.16 0.02 0.70 0.04 0.54 0.11 0.07 

Corbel 0.01 0.87 0.00 0.96 0.00 0.98 0.02 0.73 

Courier New -0.07 0.26 -0.05 0.39 -0.06 0.32 -0.06 0.33 

Franklin Gothic Medium 0.06 0.32 0.06 0.31 0.06 0.33 0.07 0.28 

Gabriola -0.04 0.52 -0.05 0.41 -0.05 0.44 -0.04 0.53 

Georgia 0.02 0.71 -0.01 0.90 0.00 1.00 0.03 0.60 

Impact -0.04 0.47 -0.06 0.35 -0.06 0.36 -0.03 0.60 
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Lucida Console 0.02 0.76 0.03 0.66 0.02 0.70 0.02 0.74 

Lucida Handwriting 0.00 0.94 0.02 0.77 0.01 0.85 -0.01 0.88 

Lucida Sans Unicode 0.06 0.32 0.08 0.20 0.07 0.25 0.07 0.26 

Microsoft Sans Serif 0.02 0.69 0.03 0.58 0.03 0.64 0.03 0.63 

Palatino Linotype 0.03 0.58 0.02 0.75 0.02 0.73 0.04 0.46 

Segoe Print 0.06 0.34 0.03 0.59 0.04 0.52 0.06 0.29 

Segoe Script 0.07 0.25 0.03 0.62 0.04 0.51 0.08 0.18 

Segoe UI Symbol 0.07 0.26 0.05 0.36 0.06 0.35 0.08 0.20 

Tahoma 0.05 0.40 0.05 0.45 0.04 0.47 0.06 0.32 

Times New Roman 0.03 0.61 -0.04 0.55 -0.02 0.77 0.04 0.46 

Trebuchet MS 0.07 0.22 0.07 0.25 0.07 0.26 0.09 0.16 

Verdana 0.03 0.62 0.03 0.60 0.03 0.64 0.04 0.51 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included.  

 

 
Table 3.1.8B. Letter-sound systematicity from the combination of Huttenlocher and Zue (1983) and 
perimetric complexity. Lower cases. 

 Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial 0.05 0.44 0.07 0.23 0.07 0.28 0.04 0.51 

Arial Black 0.04 0.51 0.06 0.30 0.06 0.35 0.04 0.55 

Book Antiqua -0.05 0.45 -0.07 0.24 -0.06 0.30 -0.04 0.47 

Calibri 0.05 0.40 0.05 0.37 0.05 0.36 0.04 0.46 

Calibri Light 0.06 0.34 0.04 0.56 0.04 0.51 0.07 0.27 

Cambria -0.01 0.87 0.01 0.89 0.00 0.95 -0.01 0.82 

Candara 0.00 1.00 0.02 0.72 0.02 0.79 0.00 0.93 

Century Gothic -0.05 0.38 -0.04 0.53 -0.04 0.48 -0.06 0.35 

Comic Sans MS 0.04 0.51 0.05 0.41 0.05 0.46 0.04 0.48 

Consolas 0.01 0.81 0.04 0.55 0.03 0.59 0.00 0.97 

Constantia -0.03 0.58 -0.06 0.36 -0.05 0.43 -0.03 0.57 

Corbel 0.04 0.54 0.06 0.33 0.05 0.36 0.03 0.65 

Courier New 0.00 1.00 -0.07 0.21 -0.05 0.40 0.01 0.93 

Franklin Gothic Medium 0.03 0.62 0.05 0.36 0.05 0.42 0.02 0.69 

Gabriola -0.05 0.39 -0.03 0.64 -0.03 0.59 -0.06 0.28 

Georgia -0.02 0.75 0.00 0.96 0.00 0.93 -0.02 0.77 

Impact 0.12 0.06 0.14 0.02 0.13 0.03 0.11 0.06 

Lucida Console -0.05 0.41 -0.02 0.71 -0.03 0.61 -0.05 0.39 

Lucida Handwriting -0.02 0.72 -0.02 0.72 -0.02 0.76 -0.03 0.61 

Lucida Sans Unicode -0.01 0.89 0.01 0.86 0.01 0.92 -0.01 0.83 

Microsoft Sans Serif 0.03 0.65 0.06 0.36 0.05 0.44 0.02 0.70 
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Palatino Linotype -0.03 0.57 -0.02 0.79 -0.02 0.75 -0.04 0.46 

Segoe Print 0.05 0.40 0.07 0.24 0.07 0.26 0.04 0.56 

Segoe Script -0.01 0.90 -0.01 0.91 0.00 0.96 -0.02 0.73 

Segoe UI Symbol 0.01 0.84 0.03 0.63 0.02 0.71 0.01 0.81 

Tahoma 0.01 0.87 0.04 0.54 0.03 0.63 0.00 0.94 

Times New Roman -0.10 0.10 -0.07 0.22 -0.08 0.16 -0.10 0.10 

Trebuchet MS 0.01 0.85 0.04 0.55 0.03 0.62 0.00 0.94 

Verdana 0.04 0.46 0.07 0.25 0.06 0.29 0.03 0.59 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 
 

Table 3.1.9A. Letter-sound systematicity from the combination of Shillcock et al. (1992) and perimetric 
complexity. Upper cases. 

 Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial 0.03 0.63 0.08 0.20 0.05 0.37 -0.08 0.18 

Arial Black 0.07 0.25 0.02 0.76 0.02 0.76 0.00 0.99 

Book Antiqua -0.01 0.87 -0.02 0.80 -0.03 0.62 -0.11 0.07 

Calibri 0.05 0.38 0.09 0.13 0.08 0.21 -0.05 0.43 

Calibri Light -0.07 0.24 0.08 0.19 0.07 0.27 -0.14 0.03 * 

Cambria 0.02 0.71 0.07 0.24 0.06 0.33 -0.04 0.47 

Candara 0.06 0.31 0.13 0.04 * 0.11 0.08 -0.04 0.53 

Century Gothic 0.09 0.13 0.08 0.21 0.07 0.30 -0.06 0.35 

Comic Sans MS 0.02 0.75 0.10 0.08 0.09 0.14 -0.06 0.33 

Consolas 0.12 0.04 * 0.10 0.11 0.08 0.18 0.00 0.99 

Constantia 0.07 0.22 0.05 0.37 0.07 0.26 -0.05 0.36 

Corbel 0.03 0.57 0.17 0.01 ** 0.14 0.02 * -0.06 0.35 

Courier New 0.03 0.58 0.07 0.26 0.05 0.45 -0.04 0.53 

Franklin Gothic Medium 0.07 0.26 0.15 0.01 ** 0.14 0.02 * -0.03 0.60 

Gabriola -0.02 0.72 0.09 0.14 0.08 0.21 -0.07 0.22 

Georgia -0.06 0.36 -0.01 0.85 0.00 0.96 -0.11 0.06 

Impact 0.00 0.96 0.08 0.19 0.07 0.27 -0.08 0.17 

Lucida Console 0.07 0.27 0.08 0.17 0.06 0.32 -0.03 0.67 

Lucida Handwriting 0.05 0.41 0.09 0.13 0.04 0.48 -0.01 0.82 

Lucida Sans Unicode 0.06 0.31 0.19 *** 0.17 *** -0.03 0.64 

Microsoft Sans Serif 0.01 0.92 0.08 0.17 0.06 0.34 -0.08 0.16 

Palatino Linotype -0.02 0.75 0.06 0.35 0.07 0.22 -0.09 0.13 

Segoe Print 0.04 0.46 0.14 0.02 * 0.12 0.04 * -0.03 0.57 

Segoe Script 0.06 0.33 0.16 0.01 ** 0.14 0.02 * 0.00 0.99 

Segoe UI Symbol 0.10 0.10 0.14 0.02 * 0.12 0.04 * -0.02 0.79 

Tahoma 0.01 0.82 0.10 0.08 0.08 0.16 -0.08 0.18 
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Times New Roman -0.07 0.26 -0.01 0.81 0.01 0.88 -0.11 0.07 

Trebuchet MS 0.11 0.07 0.08 0.21 0.07 0.27 -0.01 0.86 

Verdana 0.03 0.65 0.11 0.06 0.09 0.12 -0.07 0.24 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 

Table 3.1.9B. Letter-sound systematicity from the combination of Shillcock et al. (1992) and perimetric 
complexity. Lower cases. 

  Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial 0.02 0.79 0.06 0.33 0.03 0.65 -0.08 0.21 

Arial Black -0.01 0.85 0.08 0.17 0.06 0.32 -0.09 0.13 

Book Antiqua 0.09 0.15 0.00 0.97 -0.03 0.67 -0.02 0.69 

Calibri 0.06 0.31 0.09 0.12 0.05 0.38 -0.02 0.78 

Calibri Light -0.07 0.22 0.11 0.06 0.08 0.17 -0.12 0.05 * 

Cambria 0.04 0.55 0.05 0.40 0.02 0.75 -0.05 0.37 

Candara -0.02 0.72 0.09 0.14 0.05 0.40 -0.11 0.08 

Century Gothic -0.05 0.38 0.02 0.72 -0.02 0.73 -0.13 0.03 * 

Comic Sans MS 0.03 0.58 0.00 0.98 -0.03 0.63 -0.07 0.25 

Consolas 0.10 0.10 0.00 0.94 -0.02 0.70 0.01 0.90 

Constantia 0.03 0.59 -0.04 0.51 -0.07 0.24 -0.05 0.41 

Corbel -0.01 0.92 0.10 0.09 0.06 0.33 -0.07 0.25 

Courier New 0.13 0.03 -0.01 0.93 -0.02 0.80 0.05 0.43 

Franklin Gothic Medium 0.01 0.86 0.04 0.48 0.01 0.83 -0.07 0.24 

Gabriola 0.06 0.33 0.03 0.57 0.00 0.98 0.03 0.64 

Georgia 0.03 0.56 0.00 1.00 -0.02 0.69 -0.03 0.58 

Impact 0.00 0.97 0.13 0.03 * 0.10 0.08 -0.07 0.26 

Lucida Console -0.08 0.16 0.04 0.49 0.01 0.81 -0.11 0.06 

Lucida Handwriting 0.04 0.56 -0.07 0.28 -0.06 0.28 -0.08 0.21 

Lucida Sans Unicode 0.06 0.32 0.06 0.35 0.02 0.75 -0.04 0.49 

Microsoft Sans Serif 0.00 0.94 0.05 0.41 0.02 0.72 -0.09 0.14 

Palatino Linotype 0.08 0.18 0.00 0.98 -0.03 0.66 -0.01 0.91 

Segoe Print -0.02 0.70 0.06 0.31 0.02 0.76 -0.03 0.58 

Segoe Script 0.05 0.40 0.00 0.94 -0.03 0.60 0.04 0.52 

Segoe UI Symbol -0.06 0.36 0.11 0.07 0.07 0.22 -0.11 0.06 

Tahoma 0.00 0.95 0.07 0.26 0.03 0.61 -0.08 0.18 

Times New Roman 0.02 0.76 0.01 0.91 -0.01 0.88 -0.04 0.55 

Trebuchet MS 0.05 0.45 0.09 0.14 0.05 0.39 -0.03 0.57 

Verdana 0.04 0.52 0.06 0.36 0.02 0.80 -0.07 0.26 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 
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Table 3.1.10A. Letter-sound systematicity from the combination of IPA and perimetric complexity. Upper 
cases. 

 Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial 0.03 0.68 -0.06 0.35 -0.04 0.49 0.04 0.56 

Arial Black 0.00 0.95 -0.04 0.51 -0.02 0.7 0.00 0.96 

Book Antiqua 0.00 0.94 -0.03 0.62 -0.02 0.75 0.03 0.63 

Calibri 0.05 0.43 -0.04 0.53 -0.02 0.69 0.08 0.21 

Calibri Light 0.09 0.14 0.00 0.95 0.01 0.84 0.10 0.10 

Cambria 0.07 0.26 -0.04 0.51 -0.03 0.68 0.11 0.06 

Candara 0.07 0.22 0.00 0.95 0.01 0.84 0.09 0.14 

Century Gothic 0.06 0.36 -0.05 0.40 -0.03 0.58 0.07 0.26 

Comic Sans MS 0.03 0.67 -0.04 0.53 -0.03 0.64 0.06 0.34 

Consolas 0.04 0.54 -0.04 0.47 -0.03 0.61 0.03 0.64 

Constantia 0.12 0.05 * 0.01 0.85 0.03 0.65 0.13 0.03 * 

Corbel 0.10 0.10 0.02 0.79 0.03 0.68 0.14 0.02 * 

Courier New 0.03 0.58 0.01 0.89 0.01 0.83 0.08 0.19 

Franklin Gothic Medium 0.09 0.14 0.00 0.94 0.02 0.75 0.09 0.12 

Gabriola 0.02 0.72 -0.01 0.88 -0.01 0.83 0.06 0.32 

Georgia 0.05 0.38 -0.03 0.63 -0.01 0.85 0.05 0.43 

Impact 0.02 0.70 0.00 0.95 0.00 0.96 0.05 0.39 

Lucida Console 0.03 0.66 -0.03 0.63 -0.01 0.81 0.04 0.55 

Lucida Handwriting 0.01 0.81 0.01 0.93 0.01 0.87 0.02 0.71 

Lucida Sans Unicode 0.09 0.12 0.06 0.3 0.07 0.26 0.11 0.08 

Microsoft Sans Serif 0.03 0.62 -0.02 0.69 -0.01 0.84 0.04 0.49 

Palatino Linotype 0.07 0.27 0.07 0.27 0.07 0.23 0.07 0.23 

Segoe Print 0.08 0.16 -0.01 0.81 0.00 0.97 0.11 0.08 

Segoe Script 0.13 0.03 * 0.01 0.88 0.03 0.62 0.15 0.01 ** 

Segoe UI Symbol 0.08 0.19 -0.01 0.83 0.00 0.99 0.09 0.13 

Tahoma 0.06 0.33 -0.03 0.62 -0.02 0.75 0.08 0.18 

Times New Roman 0.11 0.08 0.03 0.66 0.05 0.45 0.10 0.08 

Trebuchet MS 0.08 0.20 -0.01 0.93 0.01 0.92 0.07 0.22 

Verdana 0.04 0.55 -0.03 0.61 -0.02 0.73 0.05 0.37 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 

 

Table 3.1.10B. Letter-sound systematicity from the combination of IPA and perimetric complexity. Lower 
cases. 

  Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 
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Arial 0.04 0.55 0.02 0.75 0.03 0.67 0.03 0.64 

Arial Black 0.05 0.39 -0.01 0.83 0.00 0.98 0.06 0.29 

Book Antiqua 0.00 0.96 -0.08 0.18 -0.07 0.28 0.01 0.90 

Calibri 0.05 0.39 -0.01 0.88 0.00 0.98 0.07 0.25 

Calibri Light 0.09 0.14 -0.05 0.39 -0.04 0.54 0.10 0.10 

Cambria 0.03 0.56 0.00 0.97 0.01 0.93 0.03 0.68 

Candara 0.02 0.71 -0.03 0.60 -0.03 0.64 0.04 0.53 

Century Gothic -0.04 0.54 -0.06 0.36 -0.05 0.44 -0.01 0.84 

Comic Sans MS 0.01 0.89 -0.07 0.22 -0.06 0.30 0.02 0.69 

Consolas 0.02 0.73 0.00 1.00 0.00 0.99 0.02 0.78 

Constantia 0.01 0.91 -0.06 0.28 -0.05 0.37 -0.02 0.77 

Corbel 0.03 0.57 0.00 0.99 0.00 0.99 0.06 0.30 

Courier New 0.14 0.02 * -0.02 0.70 0.00 0.99 0.12 0.05 * 

Franklin Gothic Medium 0.03 0.64 0.04 0.50 0.04 0.49 0.01 0.93 

Gabriola -0.05 0.38 -0.04 0.52 -0.05 0.39 -0.04 0.46 

Georgia -0.04 0.48 -0.06 0.29 -0.06 0.29 -0.04 0.56 

Impact 0.06 0.32 0.00 0.99 0.01 0.83 0.08 0.19 

Lucida Console 0.02 0.78 0.03 0.59 0.04 0.48 0.00 0.95 

Lucida Handwriting -0.08 0.21 -0.17 0.01 ** -0.17 0.01 ** -0.06 0.35 

Lucida Sans Unicode 0.02 0.69 -0.02 0.72 -0.01 0.82 0.02 0.79 

Microsoft Sans Serif 0.00 0.98 -0.01 0.81 -0.01 0.88 0.00 0.97 

Palatino Linotype -0.01 0.89 -0.01 0.84 -0.01 0.91 -0.04 0.56 

Segoe Print 0.07 0.26 0.07 0.23 0.07 0.26 0.08 0.21 

Segoe Script -0.01 0.88 0.00 0.94 -0.01 0.92 -0.03 0.57 

Segoe UI Symbol 0.03 0.57 0.00 0.96 0.00 0.96 0.06 0.30 

Tahoma 0.02 0.80 0.02 0.71 0.02 0.71 0.03 0.60 

Times New Roman -0.06 0.32 -0.06 0.30 -0.06 0.32 -0.03 0.58 

Trebuchet MS 0.04 0.50 0.03 0.64 0.03 0.61 0.05 0.44 

Verdana 0.00 0.95 -0.01 0.90 -0.01 0.92 0.00 0.94 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 

 
Table 3.1.11A. Letter-sound systematicity from the combination of Harm and Seidenberg (1999) and 
perimetric complexity. Upper cases.  

 Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial 0.10 0.11 0.18 *** 0.21 *** 0.18 *** 

Arial Black 0.05 0.44 0.12 0.04 * 0.16 0.01 ** 0.20 *** 

Book Antiqua 0.04 0.50 0.08 0.17 0.08 0.21 0.04 0.53 

Calibri 0.11 0.08 0.18 *** 0.21 *** 0.21 *** 

Calibri Light 0.06 0.36 0.13 0.04 * 0.17 0.01 ** 0.10 0.1 
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Cambria 0.04 0.51 0.12 0.05 * 0.19 *** 0.18 *** 

Candara 0.15 0.01 ** 0.24 *** 0.26 *** 0.26 *** 

Century Gothic 0.15 0.02 * 0.21 *** 0.21 *** 0.18 *** 

Comic Sans MS 0.13 0.03 * 0.20 *** 0.21 *** 0.18 *** 

Consolas 0.12 0.04 * 0.19 *** 0.22 *** 0.27 *** 

Constantia 0.05 0.41 0.12 0.04 * 0.17 *** 0.17 0.01 ** 

Corbel 0.10 0.10 0.18 *** 0.21 *** 0.14 0.02 * 

Courier New 0.04 0.53 0.06 0.33 0.02 0.76 -0.07 0.24 

Franklin Gothic Medium 0.10 0.08 0.20 *** 0.25 *** 0.25 *** 

Gabriola -0.04 0.52 0.00 0.94 0.03 0.62 0.00 0.96 

Georgia 0.03 0.65 0.11 0.07 0.15 0.01 ** 0.14 0.02 * 

Impact 0.05 0.42 0.09 0.12 0.10 0.1 0.06 0.3 

Lucida Console 0.11 0.08 0.19 *** 0.22 *** 0.21 *** 

Lucida Handwriting 0.10 0.11 0.14 0.02 * 0.13 0.03 * 0.10 0.08 

Lucida Sans Unicode 0.13 0.03 * 0.22 *** 0.27 *** 0.27 *** 

Microsoft Sans Serif 0.08 0.20 0.16 0.01 ** 0.19 *** 0.17 0.01 ** 

Palatino Linotype 0.06 0.29 0.10 0.09 0.13 0.03 * 0.12 0.04 * 

Segoe Print 0.06 0.35 0.14 0.02 * 0.21 *** 0.20 *** 

Segoe Script 0.10 0.09 0.18 *** 0.25 *** 0.23 *** 

Segoe UI Symbol 0.11 0.07 0.20 *** 0.24 *** 0.26 *** 

Tahoma 0.10 0.11 0.18 *** 0.21 *** 0.18 *** 

Times New Roman 0.01 0.86 0.06 0.36 0.10 0.11 0.07 0.28 

Trebuchet MS 0.14 0.02 * 0.23 *** 0.24 *** 0.25 *** 

Verdana 0.09 0.13 0.16 0.01 ** 0.18 *** 0.15 0.02 * 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 

 
Table 3.1.11B. Letter-sound systematicity from the combination of Harm and Seidenberg (1999) and 
perimetric complexity. Lower cases. 

  Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial 0.15 0.01 ** 0.22 *** 0.22 *** 0.21 *** 

Arial Black 0.15 0.02 * 0.21 *** 0.22 *** 0.18 *** 

Book Antiqua -0.02 0.73 0.00 0.95 0.00 0.98 -0.01 0.88 

Calibri 0.14 0.02 * 0.20 *** 0.20 *** 0.18 *** 

Calibri Light 0.01 0.83 0.09 0.16 0.18 *** 0.12 0.04 * 

Cambria 0.08 0.17 0.14 0.02 * 0.14 0.02 * 0.12 0.05 * 

Candara 0.10 0.11 0.15 0.01 ** 0.16 0.01 ** 0.13 0.03 * 

Century Gothic 0.06 0.30 0.09 0.13 0.07 0.23 0.01 0.92 

Comic Sans MS 0.09 0.15 0.15 0.01 ** 0.16 0.01 ** 0.12 0.05 * 

Consolas 0.10 0.09 0.16 0.01 ** 0.15 0.01 ** 0.20 *** 
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Constantia 0.02 0.73 0.07 0.24 0.07 0.25 0.08 0.18 

Corbel 0.14 0.02 * 0.20 *** 0.21 *** 0.15 0.01 ** 

Courier New 0.02 0.69 0.08 0.19 0.11 0.07 0.03 0.57 

Franklin Gothic Medium 0.11 0.06 0.16 0.01 ** 0.15 0.01 ** 0.12 0.04 * 

Gabriola 0.03 0.66 0.07 0.28 0.04 0.54 -0.01 0.87 

Georgia 0.02 0.80 0.06 0.30 0.06 0.29 0.08 0.19 

Impact 0.17 *** 0.24 *** 0.28 *** 0.26 *** 

Lucida Console 0.10 0.10 0.14 0.02 * 0.15 0.01 ** 0.05 0.41 

Lucida Handwriting -0.03 0.60 0.00 0.97 -0.01 0.89 0.01 0.86 

Lucida Sans Unicode 0.10 0.08 0.17 *** 0.17 0.01 ** 0.13 0.03 * 

Microsoft Sans Serif 0.14 0.02 * 0.20 *** 0.19 *** 0.19 *** 

Palatino Linotype 0.08 0.19 0.10 0.11 0.06 0.29 0.09 0.14 

Segoe Print 0.07 0.23 0.11 0.06 0.14 0.02 * 0.08 0.17 

Segoe Script 0.05 0.36 0.07 0.21 0.04 0.48 -0.02 0.74 

Segoe UI Symbol 0.06 0.32 0.11 0.08 0.14 0.02 * 0.09 0.14 

Tahoma 0.11 0.08 0.16 0.01 ** 0.16 0.01 ** 0.13 0.03 * 

Times New Roman 0.05 0.39 0.06 0.33 0.01 0.93 0.01 0.91 

Trebuchet MS 0.11 0.08 0.17 0.01 ** 0.17 *** 0.17 0.01 ** 

Verdana 0.13 0.04 * 0.19 *** 0.18 *** 0.17 *** 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 
 

Fig 3.1.4 illustrates the percentage of the fonts examined that returned significant systematicity. 

When it comes to phonological specification, Harm and Seidenberg (1999) showed the most 

outstanding performance returning many of the fonts with a significant letter-sound 

systematicity, across distance measures and both upper and lower cases (Table 3.1.11A and 

3.1.11B). The positive correlations in general indicate that similar English phonemes are also 

similar in visual complexity. Interestingly, the serif fonts (Book Antiqua, Times New Roman, Palatino 

Linotype, and Gabriola) did not show significant systematicity. 
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Fig 3.1.4. The percentage of the fonts out of 29 that returned significant systematicity 

 
 
3.2.4. Hausdorff distance 

Tables 3.1.12A to 3.1.15B demonstrate the letter-sound correlation coefficients when the 

distances between two letters were measured by the most computationally sophisticated 

method. 

Table 3.1.12A. Letter-sound systematicity from the combination of Huttenlocher and Zue (1983) and 
Hausdorff distance. Upper cases. 

  Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial 0.03 0.57 -0.05 0.44 -0.03 0.66 0.06 0.35 

Arial Black 0.05 0.37 -0.03 0.57 -0.01 0.85 0.08 0.20 

Book Antiqua -0.02 0.69 -0.04 0.51 -0.04 0.53 -0.01 0.82 

Calibri 0.00 0.98 -0.01 0.93 -0.01 0.92 0.01 0.85 

Calibri Light -0.01 0.93 0.00 1.00 0.00 0.94 0.00 0.95 

Cambria -0.01 0.93 -0.03 0.66 -0.02 0.68 0.01 0.84 

Candara -0.02 0.79 -0.04 0.46 -0.04 0.49 0.00 0.95 

Century Gothic 0.00 0.96 -0.05 0.41 -0.04 0.55 0.02 0.77 

Comic Sans MS 0.00 0.94 0.02 0.80 0.01 0.86 0.01 0.89 

Consolas 0.00 0.95 -0.03 0.57 -0.03 0.67 0.02 0.76 

Constantia -0.02 0.77 -0.04 0.51 -0.04 0.52 0.00 0.97 

Corbel 0.02 0.72 -0.01 0.83 0.00 0.94 0.03 0.59 

Courier New -0.01 0.87 -0.05 0.40 -0.05 0.45 0.02 0.76 

Franklin Gothic Medium 0.01 0.90 -0.04 0.50 -0.03 0.64 0.02 0.75 

Gabriola 0.01 0.83 -0.05 0.41 -0.04 0.54 0.04 0.52 
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Georgia -0.01 0.83 -0.04 0.46 -0.04 0.51 0.01 0.93 

Impact 0.02 0.76 -0.01 0.92 0.00 0.99 0.03 0.63 

Lucida Console 0.01 0.90 -0.02 0.69 -0.02 0.78 0.02 0.76 

Lucida Handwriting 0.00 0.99 -0.04 0.46 -0.04 0.55 0.02 0.76 

Lucida Sans Unicode -0.03 0.59 -0.04 0.52 -0.04 0.51 -0.02 0.71 

Microsoft Sans Serif 0.03 0.67 -0.06 0.33 -0.04 0.54 0.05 0.43 

Palatino Linotype -0.02 0.69 -0.03 0.57 -0.03 0.57 -0.01 0.83 

Segoe Print 0.03 0.67 -0.06 0.32 -0.04 0.54 0.05 0.45 

Segoe Script 0.03 0.57 -0.05 0.38 -0.03 0.64 0.05 0.40 

Segoe UI Symbol -0.01 0.90 -0.01 0.87 -0.01 0.82 0.01 0.93 

Tahoma -0.01 0.82 -0.03 0.65 -0.03 0.68 -0.01 0.93 

Times New Roman -0.03 0.56 -0.05 0.37 -0.05 0.40 -0.03 0.66 

Trebuchet MS 0.01 0.84 -0.05 0.39 -0.04 0.56 0.03 0.64 

Verdana -0.02 0.70 -0.05 0.39 -0.04 0.46 -0.02 0.80 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 

Table 3.1.12B. Letter-sound systematicity from the combination of Huttenlocher and Zue (1983) and 
Hausdorff distance. Lower cases. 

  Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial 0.03 0.57 0.00 0.95 0.00 0.96 0.05 0.36 

Arial Black 0.05 0.41 0.02 0.78 0.02 0.71 0.07 0.27 

Book Antiqua 0.04 0.55 0.01 0.89 0.01 0.82 0.05 0.43 

Calibri 0.04 0.47 0.04 0.56 0.03 0.59 0.06 0.31 

Calibri Light 0.02 0.68 0.00 0.97 0.00 0.96 0.05 0.45 

Cambria 0.05 0.39 0.03 0.58 0.04 0.55 0.06 0.30 

Candara 0.03 0.67 0.02 0.79 0.02 0.80 0.04 0.52 

Century Gothic 0.04 0.52 0.01 0.82 0.02 0.77 0.05 0.37 

Comic Sans MS 0.04 0.52 -0.02 0.78 0.00 0.95 0.06 0.35 

Consolas 0.04 0.53 -0.02 0.78 0.00 0.96 0.05 0.39 

Constantia 0.02 0.78 0.00 0.98 0.00 0.94 0.03 0.68 

Corbel 0.03 0.63 -0.01 0.81 -0.01 0.92 0.05 0.40 

Courier New 0.00 0.98 -0.08 0.18 -0.06 0.36 0.01 0.86 

Franklin Gothic Medium 0.05 0.45 0.00 1.00 0.01 0.86 0.06 0.30 

Gabriola 0.05 0.37 0.04 0.52 0.04 0.48 0.06 0.34 

Georgia 0.02 0.71 0.01 0.86 0.01 0.84 0.03 0.61 

Impact 0.03 0.61 0.03 0.67 0.03 0.67 0.04 0.53 

Lucida Console 0.10 0.10 0.05 0.44 0.06 0.33 0.11 0.06 

Lucida Handwriting 0.14 0.02 * 0.07 0.24 0.09 0.13 0.16 0.01 ** 

Lucida Sans Unicode 0.05 0.41 0.03 0.61 0.03 0.58 0.06 0.30 

Microsoft Sans Serif 0.00 0.97 -0.04 0.51 -0.03 0.57 0.02 0.72 
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Palatino Linotype 0.02 0.75 -0.01 0.85 0.00 0.94 0.03 0.59 

Segoe Print 0.09 0.16 0.05 0.38 0.06 0.33 0.10 0.10 

Segoe Script 0.11 0.06 0.02 0.73 0.04 0.49 0.15 0.01 ** 

Segoe UI Symbol 0.03 0.57 -0.01 0.80 -0.01 0.93 0.06 0.34 

Tahoma 0.07 0.23 0.03 0.62 0.04 0.52 0.09 0.15 

Times New Roman 0.02 0.77 -0.02 0.74 -0.01 0.84 0.03 0.59 

Trebuchet MS 0.05 0.40 0.01 0.87 0.02 0.77 0.07 0.24 

Verdana 0.07 0.26 0.03 0.67 0.03 0.57 0.09 0.14 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 

 
Table 3.1.13A. Letter-sound systematicity from the combination of Shillcock et al. (1992) and Hausdorff 
distance. Upper cases. 

 Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial 0.05 0.37 -0.02 0.79 -0.01 0.91 -0.02 0.77 

Arial Black 0.06 0.31 -0.02 0.78 -0.01 0.93 0.00 0.98 

Book Antiqua 0.12 0.04 * 0.06 0.31 0.07 0.22 0.06 0.36 

Calibri 0.13 0.03 * 0.07 0.22 0.08 0.20 0.05 0.42 

Calibri Light 0.13 0.03 * 0.07 0.22 0.07 0.25 0.02 0.73 

Cambria 0.09 0.15 0.08 0.17 0.09 0.13 0.05 0.38 

Candara 0.13 0.03 * 0.07 0.25 0.07 0.24 0.05 0.40 

Century Gothic 0.18 *** -0.01 0.89 0.01 0.89 0.07 0.23 

Comic Sans MS 0.07 0.26 0.05 0.37 0.06 0.34 0.00 0.97 

Consolas 0.17 0.01 ** -0.07 0.27 -0.05 0.39 0.09 0.13 

Constantia 0.11 0.07 0.11 0.06 0.12 0.04 * 0.04 0.50 

Corbel 0.15 0.02 * 0.02 0.76 0.03 0.65 0.05 0.38 

Courier New 0.11 0.06 0.04 0.56 0.03 0.67 0.08 0.19 

Franklin Gothic Medium 0.04 0.49 -0.03 0.65 -0.03 0.63 -0.02 0.70 

Gabriola 0.12 0.04 * 0.00 1.00 0.03 0.59 0.04 0.52 

Georgia 0.08 0.17 0.08 0.21 0.08 0.16 0.05 0.44 

Impact 0.04 0.53 0.02 0.69 0.02 0.80 -0.04 0.53 

Lucida Console 0.12 0.04 * -0.05 0.42 -0.04 0.47 0.07 0.26 

Lucida Handwriting 0.06 0.34 -0.01 0.92 0.01 0.86 0.01 0.93 

Lucida Sans Unicode 0.11 0.06 0.00 0.95 0.00 0.96 0.04 0.48 

Microsoft Sans Serif 0.06 0.32 -0.04 0.47 -0.03 0.59 -0.02 0.75 

Palatino Linotype 0.11 0.06 0.06 0.28 0.08 0.20 0.03 0.58 

Segoe Print 0.02 0.69 -0.01 0.89 0.00 0.97 -0.02 0.78 

Segoe Script 0.02 0.78 -0.01 0.89 0.01 0.92 -0.01 0.90 

Segoe UI Symbol 0.13 0.03 * 0.05 0.39 0.06 0.33 0.05 0.38 

Tahoma 0.14 0.02 * 0.02 0.73 0.02 0.70 0.06 0.36 
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Times New Roman 0.06 0.31 0.04 0.49 0.05 0.41 0.01 0.83 

Trebuchet MS 0.11 0.07 0.01 0.88 0.01 0.81 0.03 0.58 

Verdana 0.11 0.06 0.00 0.95 0.00 0.96 0.03 0.63 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 

 

Table 3.1.13B. Letter-sound systematicity from the combination of Shillcock et al. (1992) and Hausdorff 
distance. Lower cases. 

  Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial 0.02 0.77 -0.03 0.63 -0.06 0.34 -0.04 0.49 

Arial Black 0.01 0.91 -0.01 0.84 -0.05 0.46 -0.03 0.58 

Book Antiqua 0.02 0.74 -0.07 0.23 -0.10 0.11 -0.02 0.76 

Calibri 0.03 0.65 0.04 0.51 0.01 0.93 -0.05 0.38 

Calibri Light 0.02 0.71 -0.01 0.90 -0.04 0.53 -0.06 0.34 

Cambria 0.02 0.73 -0.03 0.62 -0.06 0.31 -0.01 0.93 

Candara 0.04 0.47 0.01 0.90 -0.02 0.69 0.00 0.94 

Century Gothic 0.08 0.20 0.07 0.27 0.05 0.38 0.02 0.77 

Comic Sans MS -0.01 0.85 -0.11 0.06 -0.12 0.04 * -0.06 0.33 

Consolas -0.02 0.72 -0.06 0.34 -0.07 0.22 -0.07 0.27 

Constantia 0.02 0.70 -0.07 0.27 -0.09 0.15 -0.02 0.72 

Corbel 0.06 0.32 -0.05 0.39 -0.07 0.26 -0.01 0.89 

Courier New 0.02 0.80 -0.10 0.10 -0.10 0.10 0.02 0.76 

Franklin Gothic Medium 0.11 0.07 -0.01 0.86 -0.03 0.58 0.02 0.70 

Gabriola -0.01 0.89 -0.09 0.13 -0.11 0.06 -0.04 0.55 

Georgia -0.01 0.81 -0.08 0.19 -0.10 0.09 -0.04 0.55 

Impact 0.02 0.72 0.05 0.43 0.01 0.84 -0.02 0.74 

Lucida Console 0.02 0.76 0.00 0.95 -0.02 0.78 0.00 0.95 

Lucida Handwriting 0.01 0.87 -0.11 0.07 -0.13 0.03 * -0.06 0.28 

Lucida Sans Unicode 0.08 0.16 0.03 0.65 -0.01 0.86 0.02 0.79 

Microsoft Sans Serif 0.01 0.85 -0.03 0.63 -0.06 0.35 -0.04 0.52 

Palatino Linotype 0.02 0.80 -0.09 0.15 -0.10 0.09 -0.02 0.76 

Segoe Print 0.00 0.96 -0.08 0.21 -0.09 0.13 -0.08 0.20 

Segoe Script 0.04 0.53 -0.06 0.36 -0.06 0.33 -0.10 0.10 

Segoe UI Symbol 0.04 0.53 -0.03 0.59 -0.06 0.34 -0.02 0.80 

Tahoma 0.07 0.23 -0.01 0.83 -0.03 0.57 -0.01 0.87 

Times New Roman 0.01 0.91 -0.07 0.24 -0.09 0.16 -0.05 0.40 

Trebuchet MS 0.03 0.61 0.00 0.96 -0.03 0.67 -0.03 0.60 

Verdana 0.05 0.41 -0.01 0.88 -0.02 0.68 -0.03 0.62 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 
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Table 3.1.14A. Letter-sound systematicity from the combination of IPA and Hausdorff distance. Upper 
cases. 

  Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial 0.06 0.34 -0.09 0.13 -0.07 0.27 0.03 0.68 

Arial Black 0.07 0.25 -0.09 0.14 -0.06 0.36 0.03 0.67 

Book Antiqua 0.10 0.11 0.00 0.98 0.02 0.80 0.07 0.22 

Calibri 0.06 0.32 0.00 0.97 0.01 0.81 0.03 0.66 

Calibri Light 0.04 0.52 0.00 0.95 0.01 0.85 0.01 0.90 

Cambria 0.10 0.09 0.00 0.99 0.02 0.74 0.09 0.15 

Candara 0.07 0.24 0.00 0.99 0.02 0.78 0.04 0.56 

Century Gothic 0.09 0.15 -0.04 0.46 -0.02 0.69 0.06 0.35 

Comic Sans MS 0.00 0.96 -0.01 0.82 0.00 0.99 -0.06 0.30 

Consolas -0.01 0.92 -0.03 0.64 -0.01 0.81 -0.08 0.16 

Constantia 0.12 0.05 0.00 0.99 0.02 0.79 0.13 0.03 * 

Corbel 0.06 0.32 -0.02 0.75 0.00 0.99 0.00 0.98 

Courier New 0.07 0.23 -0.02 0.74 -0.01 0.88 0.07 0.24 

Franklin Gothic Medium 0.03 0.60 -0.07 0.23 -0.05 0.41 -0.01 0.82 

Gabriola 0.09 0.13 -0.01 0.87 0.02 0.79 0.05 0.36 

Georgia 0.08 0.19 -0.05 0.41 -0.03 0.63 0.08 0.18 

Impact 0.04 0.56 -0.04 0.50 -0.02 0.74 0.00 0.96 

Lucida Console 0.02 0.78 -0.02 0.77 0.00 0.97 -0.06 0.32 

Lucida Handwriting 0.05 0.46 -0.06 0.29 -0.04 0.51 0.05 0.44 

Lucida Sans Unicode 0.03 0.65 0.00 1.00 0.01 0.89 -0.04 0.53 

Microsoft Sans Serif 0.04 0.47 -0.10 0.09 -0.08 0.20 0.00 0.93 

Palatino Linotype 0.10 0.10 0.00 0.99 0.01 0.81 0.07 0.22 

Segoe Print 0.07 0.26 -0.10 0.10 -0.07 0.25 0.04 0.53 

Segoe Script 0.04 0.52 -0.13 0.04 * -0.09 0.12 0.02 0.69 

Segoe UI Symbol 0.04 0.49 -0.01 0.89 0.00 1.00 0.00 0.95 

Tahoma 0.02 0.72 -0.02 0.79 0.00 0.98 -0.03 0.58 

Times New Roman 0.07 0.23 -0.05 0.40 -0.03 0.58 0.05 0.40 

Trebuchet MS 0.06 0.36 -0.03 0.59 -0.01 0.82 0.02 0.79 

Verdana -0.01 0.88 -0.06 0.28 -0.05 0.45 -0.07 0.27 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 

 
Table 3.1.14B. Letter-sound systematicity from the combination of IPA and Hausdorff distance. Lower 
cases. 

  Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial 0.00 0.99 -0.11 0.07 -0.09 0.12 -0.02 0.76 
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Arial Black 0.06 0.36 -0.05 0.40 -0.04 0.54 0.04 0.47 

Book Antiqua -0.02 0.79 -0.09 0.14 -0.08 0.18 -0.05 0.37 

Calibri 0.00 0.97 -0.08 0.21 -0.07 0.25 -0.02 0.80 

Calibri Light 0.00 0.96 -0.09 0.12 -0.08 0.17 -0.03 0.67 

Cambria 0.02 0.74 -0.04 0.53 -0.03 0.60 -0.01 0.91 

Candara -0.01 0.87 -0.06 0.35 -0.05 0.38 -0.04 0.55 

Century Gothic 0.09 0.13 -0.01 0.93 0.01 0.90 0.08 0.18 

Comic Sans MS -0.03 0.63 -0.14 0.02 * -0.13 0.03 * -0.05 0.37 

Consolas -0.05 0.42 -0.14 0.02 * -0.14 0.02 * -0.08 0.20 

Constantia -0.04 0.51 -0.07 0.23 -0.07 0.25 -0.09 0.14 

Corbel 0.00 0.98 -0.09 0.13 -0.08 0.18 -0.04 0.53 

Courier New 0.03 0.57 -0.07 0.27 -0.05 0.39 -0.01 0.87 

Franklin Gothic Medium 0.04 0.56 -0.08 0.18 -0.07 0.27 0.02 0.71 

Gabriola -0.06 0.29 -0.08 0.20 -0.08 0.19 -0.11 0.06 

Georgia -0.03 0.58 -0.05 0.40 -0.05 0.40 -0.07 0.26 

Impact 0.01 0.87 -0.04 0.46 -0.05 0.43 0.04 0.51 

Lucida Console 0.02 0.74 -0.06 0.33 -0.05 0.37 0.02 0.77 

Lucida Handwriting -0.04 0.46 -0.17 0.01 ** -0.16 0.01 ** -0.04 0.54 

Lucida Sans Unicode 0.02 0.72 -0.05 0.41 -0.04 0.46 0.01 0.83 

Microsoft Sans Serif 0.00 0.97 -0.10 0.11 -0.09 0.16 -0.04 0.55 

Palatino Linotype -0.02 0.70 -0.09 0.13 -0.08 0.18 -0.06 0.30 

Segoe Print 0.00 0.95 -0.11 0.06 -0.11 0.08 -0.03 0.58 

Segoe Script 0.00 0.95 -0.20 *** -0.18 *** -0.02 0.70 

Segoe UI Symbol 0.01 0.92 -0.09 0.12 -0.09 0.16 -0.02 0.75 

Tahoma 0.01 0.86 -0.09 0.14 -0.08 0.20 -0.03 0.63 

Times New Roman 0.00 0.93 -0.06 0.29 -0.05 0.39 -0.04 0.51 

Trebuchet MS 0.04 0.56 -0.08 0.18 -0.07 0.26 0.00 0.98 

Verdana 0.03 0.62 -0.08 0.17 -0.07 0.26 -0.01 0.91 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 

 
Table 3.1.15A. Letter-sound systematicity from the combination of Harm and Seidenberg (1999) and 
Hausdorff distance. Upper cases. 

  Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial -0.03 0.62 0.02 0.72 0.08 0.17 0.01 0.84 

Arial Black -0.03 0.58 0.03 0.65 0.12 0.05 * 0.06 0.33 

Book Antiqua 0.08 0.21 0.09 0.13 0.10 0.09 0.08 0.19 

Calibri 0.08 0.18 0.13 0.03 * 0.14 0.02 * 0.09 0.12 

Calibri Light 0.08 0.18 0.12 0.04 * 0.12 0.05 * 0.08 0.21 

Cambria 0.11 0.07 0.16 0.01 ** 0.19 *** 0.12 0.04 * 
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Candara 0.08 0.20 0.12 0.06 0.13 0.03 * 0.08 0.20 

Century Gothic 0.03 0.64 0.06 0.34 0.07 0.22 0.05 0.36 

Comic Sans MS 0.03 0.58 0.06 0.36 0.06 0.29 0.01 0.84 

Consolas 0.00 0.94 0.02 0.77 0.02 0.76 -0.01 0.93 

Constantia 0.09 0.13 0.13 0.03 * 0.15 0.01 * 0.10 0.09 

Corbel 0.04 0.53 0.06 0.29 0.08 0.16 0.05 0.42 

Courier New -0.04 0.49 -0.02 0.72 0.02 0.78 0.00 1.00 

Franklin Gothic Medium 0.02 0.75 0.08 0.16 0.13 0.03 * 0.06 0.31 

Gabriola 0.05 0.36 0.09 0.16 0.13 0.03 * 0.12 0.04 * 

Georgia 0.05 0.37 0.10 0.08 0.15 0.01 ** 0.10 0.09 

Impact 0.06 0.36 0.14 0.02 * 0.19 *** 0.15 0.01 ** 

Lucida Console -0.02 0.80 -0.01 0.93 0.01 0.87 -0.02 0.73 

Lucida Handwriting 0.04 0.53 0.07 0.27 0.09 0.14 0.05 0.45 

Lucida Sans Unicode 0.04 0.46 0.06 0.29 0.07 0.27 0.02 0.72 

Microsoft Sans Serif -0.04 0.49 0.00 0.94 0.06 0.30 0.00 0.97 

Palatino Linotype 0.10 0.11 0.12 0.05 * 0.13 0.04 * 0.09 0.12 

Segoe Print -0.06 0.29 -0.02 0.72 0.06 0.30 0.00 0.98 

Segoe Script -0.07 0.24 -0.01 0.83 0.08 0.19 0.03 0.61 

Segoe UI Symbol 0.08 0.20 0.11 0.07 0.12 0.06 0.08 0.21 

Tahoma 0.05 0.37 0.08 0.18 0.08 0.16 0.06 0.36 

Times New Roman 0.01 0.81 0.06 0.36 0.08 0.17 0.05 0.42 

Trebuchet MS 0.01 0.85 0.05 0.40 0.09 0.12 0.05 0.43 

Verdana -0.02 0.79 0.01 0.84 0.04 0.55 0.00 0.94 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 

 
Table 3.1.15B. Letter-sound systematicity from the combination of Harm and Seidenberg (1999) and 
Hausdorff distance. Lower cases. 

  Euclidean Cosine Jaccard Feature edit 

Font r p r p r p r p 

Arial -0.01 0.90 0.06 0.32 0.12 0.05 * 0.09 0.15 

Arial Black 0.05 0.45 0.12 0.04 * 0.18 *** 0.14 0.02 * 

Book Antiqua 0.01 0.92 0.06 0.31 0.12 0.06 0.09 0.16 

Calibri 0.06 0.33 0.12 0.04 * 0.15 0.01 ** 0.09 0.16 

Calibri Light 0.01 0.82 0.08 0.20 0.11 0.08 0.05 0.44 

Cambria 0.06 0.33 0.12 0.05 * 0.16 0.01 ** 0.13 0.03 * 

Candara 0.06 0.31 0.12 0.05 * 0.14 0.02 * 0.11 0.07 

Century Gothic 0.10 0.10 0.16 0.01 ** 0.16 0.01 ** 0.08 0.16 

Comic Sans MS -0.04 0.46 -0.01 0.87 0.03 0.58 -0.02 0.76 

Consolas -0.05 0.45 -0.03 0.58 0.01 0.84 -0.01 0.84 

Constantia -0.01 0.81 0.04 0.48 0.09 0.13 0.08 0.19 
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Corbel -0.01 0.89 0.04 0.49 0.09 0.15 0.05 0.43 

Courier New -0.10 0.09 -0.08 0.21 -0.01 0.91 -0.05 0.44 

Franklin Gothic Medium 0.02 0.74 0.10 0.11 0.15 0.01 ** 0.15 0.01 ** 

Gabriola -0.04 0.52 -0.01 0.85 0.01 0.87 -0.03 0.66 

Georgia 0.00 0.96 0.05 0.40 0.08 0.19 0.05 0.39 

Impact 0.09 0.12 0.16 0.01 ** 0.16 0.01 ** 0.10 0.08 

Lucida Console 0.01 0.93 0.03 0.64 0.07 0.24 0.01 0.83 

Lucida Handwriting -0.06 0.36 0.00 0.95 0.04 0.50 0.00 1.00 

Lucida Sans Unicode 0.08 0.18 0.15 0.01 ** 0.16 0.01 ** 0.10 0.10 

Microsoft Sans Serif -0.04 0.55 0.03 0.63 0.09 0.14 0.06 0.32 

Palatino Linotype -0.03 0.58 0.01 0.82 0.07 0.23 0.06 0.32 

Segoe Print 0.02 0.79 0.08 0.16 0.14 0.02 * 0.12 0.05 * 

Segoe Script -0.05 0.40 0.03 0.64 0.09 0.15 0.03 0.59 

Segoe UI Symbol -0.04 0.49 0.00 0.96 0.06 0.31 0.03 0.59 

Tahoma 0.04 0.52 0.10 0.10 0.14 0.02 * 0.12 0.04 * 

Times New Roman -0.03 0.58 0.03 0.62 0.09 0.14 0.08 0.21 

Trebuchet MS -0.01 0.90 0.06 0.32 0.13 0.04 * 0.08 0.20 

Verdana 0.02 0.70 0.09 0.12 0.14 0.02 * 0.14 0.02 * 

Note: * p < .05, ** p < .01, *** p < .001. Monte Carlo test results are omitted being similar to the Pearson’s r values. 
The correction for multiple comparisons is not included. 
 

The proportion of the fonts that returned significant letter-sound correlation (Fig 3.1.5) is in fact 

smaller when the orthographic distances were measured by Hausdorff distance, compared with 

perimetric complexity (Fig 3.1.4). It should be noted, however, that Hausdorff distance is a 

distance measure in a detailed sense, comparable to the phonemic distance measures. The 

data from perimetric complexity are interpreted such that phonological difference corresponds to 

the difference in the simpler, more general measure of the visual complexity of the letters. 
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Fig 3.1.5. The proportion of the fonts out of 29 that returned significant systematicity 

 
3.3. Discussion 

The current study is the first step to explore the presence of grapho-phonemic systematicity in 

the Roman alphabet, as used in English. The data showed that the relationship between English 

letters and their corresponding phonemes may not be perfectly arbitrary. In total, I examined 64 

different methodological combinations: four different measurements for the orthographic 

distances; four different feature specifications of English phonemes; and four different metrics to 

calculate the phonemic distances. These combinations were applied to 29 different fonts. The 

letter-sound systematicity seems to be susceptible to the choice of the method.  

I expected longer vectors to provide more scope for correlation. However, the length of vectors 

did not guarantee the statistical significance. For example, the vector length was longest in the 

IPA template, but the Harm and Seidenberg metric (1999) tended to return better results. It 

rather seems to be the range of evaluation values rather than the length of vectors that tended 

to increase the statistical significance of the correlation. Unlike the others, Harm and 

Seidenberg’s (1999) evaluation values range from -1 to 1.  

When measured by perimetric complexity, serif fonts were particularly poor in demonstrating 

letter-sound systematicity, and the tendency was stronger with the fonts with longer and thicker 

serifs such as Book Antiqua, Times New Roman, and Courier New, compared with Cambria, 

Consolas, and Lucida Console. In the former fonts, the orthographical distances between 

the letters tend not to correspond to corresponding phonological distances, suggesting that the 

ornaments on the letters may hinder the general letter-sound systematicity. 
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Meanwhile, Hausdorff distance is not only a sophisticated version of pixel count, but also 

measures the distance between letters in the true sense (c.f. perimetric complexity, which only 

measures complexity difference). Unlike stroke share rate, which requires a template designed 

only for one script, Hausdorff distance is applicable across various scripts. In the next chapter, I 

apply this metric to investigate other phonographic orthographies. 

The fact that systematicity was observed when the ranges of the phonemes were constrained 

according to British phonics, suggests a positive implication of teaching the canonical 

phonemes to early learners (Rastle & Coltheart, 1999). This may facilitate learning by 

emphasizing the regularity of English phonemes (Coltheart et al., 2001) in connection with the 

letter shapes if the right font is chosen. 

In terms of font, Lucida Handwriting and Segoe Script frequently returned significant letter-

sound correlations in lower cases. Further research is required to understand the role of 

cursives in connection with the efficiency of production and the least effort (Zipf, 1949/2016). 

Width can play a role in grapho-phonemic systematicity in English lower cases: for example, 

Impact and Arial Black. These fonts also have great visibility. 

In conclusion, the existence of grapho-phonemic systematicity of English letters in spite of its 

complicated history (1.2.3), is an optimistic indicator of the possibility that such a systematicity 

may also exists in other phonographic orthographies. The results also confirm the 

methodological validity. In the next chapter, I expand to many other orthographies, both 

conventional and artificial; and both modern and ancient. 
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Chapter 4. Comparison of Grapho-phonemic Systematicity in Various 

Orthographies 

 

Two orthographies studied so far showed significant grapho-phonemic systematicity: Korean 

and English. Is such a systematicity language specific or universal? In this chapter, I examined 

the letter-sound systematicity of five other contemporary phonographic orthographies (Arabic, 

Cyrillic, Finnish, Greek, and Hebrew), four ancient scripts (Phoenician, Nabataean, Early Arabic, 

and Aramaic), two English artificial scripts (the Shavian alphabet and Pitman’s shorthand), and 

as methodological baselines, two fictitious scripts (Aurebesh from Star Wars and Klingon from 

Star Trek).  

In each script, all the pairwise distances between two letter shapes and all the pairwise 

distances between the corresponding phonemes were measured. Pearson’s r was examined 

between these two lists of distances. For the orthographical distances, centrally aligned letters 

of identical size (50 x 50) were saved as PNG image files and the distances were measured by 

Hausdorff distance. I examined 10 fonts for Arabic, 13 fonts for Hebrew, 29 fonts for Cyrillic, 

Finnish, and Greek, and 6 fonts for Klingon. The phonemes were re-defined as feature vectors 

according to the International Phonetic Alphabet (IPA) and the distances were measured by 

feature edit distance, Euclidean distance, cosine distance and Jaccard distance. To verify 

statistical significance, a Monte-Carlo permutation test was also conducted. 

All the conventional scripts returned significant correlations in a range of fonts. All scripts but 

one returned positive correlations: similar letters have similar sounds. Greek lowercases 

returned a negative correlation: similar letters have distinct sounds or vice versa. Courier New 

consistently returned robust results across languages. English shorthand scripts showed 

stronger systematicity than the conventional orthohgraphy. No significant systematicity was 

shown for ancient and fictitious scripts. I suggest that human orthography evolved over a long 

time period to increase its grapho-phonemic systematicity and/or that our knowledge of the 

phonology of dead languages is incomplete or inaccurate. The systematicity is expected to 

increase when the metrics are particularly designed for a specific language. 

 

4.1. Arabic 

Procedure 
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A written Arabic abjad can have four different forms for letters: in initial positions, in the middle 

of a word, in final positions, and in the isolated forms (Erfani, 2005). I studied the isolated forms 

only, considering that they are canonical letters for the corresponding sounds, and taught first to 

children. It is interesting to note that Arabic long vowels (ا/a:/, و/w/, and ي/j/) are included in the 

set of alphabets whereas short vowels (ُ /u/, َ /a/, and ِ /i/) are considered as diacritics. I collected 

28 Arabic letters (Table 4.1.1) and their corresponding phonemes. Then I converted those 

phonemes into feature vectors based on 18 IPA features (Table 4.1.2). 10 fonts available were 

compared (Table 4.1.3). 

Table 4.1.1. Arabic letters and the representative phonemes 

Letter Phoneme Letter Phoneme Letter Phoneme Letter Phoneme 

 /k/  ك /dˤ/  ض  /d/  د /a/ ا

 /l/  ل /tˤ/  ط /ð/  ذ /b/  ب 

 /m/  م /ðˤ/  ظ /r/  ر /t/  ت 

 /n/  ن  /ʕ/  ع /z/  ز /θ/  ث 

 /h/  ه /ɣ/  غ /s/  س /d͡ʒ/  ج

 /w/  و /f/  ف /ʃ/  ش /ħ/  ح

 /j/  ي /q/  ق /sˤ/  ص  /x/  خ
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Table 4.1.2. IPA features of Arabic phonemes 
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 a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 ا

 b 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 ب

 t 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 ت

 θ 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 ث

 d͡ʒ 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 ج

 ħ 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 ح

 x 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 خ

 d 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 د

 ð 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ذ

 r 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 ر

 z 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ز

 s 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 س

 ʃ 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 ش

 sˤ 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 ص

 dˤ 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 ض

 tˤ 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 ط

 ðˤ 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ظ

 ʕ 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 ع

 ɣ 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 غ

 f 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 ف

 q 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 ق

 k 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 ك

 l 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 ل

 m 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 م

 n 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 ن

 h 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 ه

 w 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 و

 j 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 ي

 

Table 4.1.3. Arabic fonts and examples 

Font name Arabic example 
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Simplified Arabic  قابل ف   ت
Arial Black  لتك مقا فت   

Times New Roman  تشرفت بمقابلتك 
Arabic Typesetting  رشفت مبقابلتك  

Traditional Arabic  تشرفت مبقابلتك 
Courier New تشرفت بمقابلتك 

Microsoft Sans Serif  تشرفت بمقابلتك 
Segoe UI  فت بمقابلتكت  
Andalus  تشرفت بمقابلتك 

Tahoma  تشرفت بمقابلتك 
 

Results 

Not including correction for multiple comparisons, these results should be interpreted with 

caution. Letter-sound systematicity was observed in a few fonts although with marginal 

significance (Table 4.1.4). Certain phonological measurements seem to strengthen the 

correlations. Alignment of letters seems to affect the result, which requires further investigation.  

 
Table 4.1.4. The letter-sound correlation of Arabic fonts 

Font 
(Example) 

Euclidean Cosine Jaccard feature edit 

r p   r p   r p   r p 

Simplified Arabic 
قابل ف   ت

0.09 0.09 . 0.11 0.03 * 0.11 0.03 * 0.04 0.39 

Arial Black 
لتك مقا فت   0.09 0.08 . 0.11 0.03 * 0.11 0.03 * 0.04 0.39 

Times New Roman 
 تشرفت بمقابلتك 

0.09 0.09 . 0.11 0.03 * 0.11 0.03 * 0.04 0.39 

Arabic Typesetting 
رشفت مبقابلتك   0.09 0.08 . 0.11 0.03 * 0.11 0.03 * 0.04 0.39 

Traditional Arabic 
 0.39 0.04 * 0.03 0.11 * 0.03 0.11 . 0.09 0.09 تشرفت مبقابلتك

Courier New 
 0.72 0.02-   0.39 0.04   0.39 0.04   0.67 0.02- تشرفت بمقابلتك

Microsoft Sans Serif 
 0.99 0.00   0.11 0.08   0.11 0.08   0.32 0.05 تشرفت بمقابلتك 

Segoe UI 
فت بمقابلتك   ت

0.01 0.87   0.05 0.37   0.05 0.37   -0.07 0.17 

Andalus 
 تشرفت بمقابلتك 

0.09 0.09 . 0.11 0.03 * 0.11 0.03 * 0.04 0.39 
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Tahoma 
 تشرفت بمقابلتك

0.00 0.97   0.03 0.56   0.03 0.56   -0.05 0.38 

Note: * p < .05, ** p < .01, *** p < .001, N=378, phonological distance M=1.84, SD=0.25 (Euclidean); M=0.88, 
SD=0.21 (cosine), M=0.92, SD=0.14 (Jaccard), M=3.06, SD=0.78 (feature edit), orthographical distance M=10.44, 
SD=2.60. Monte Carlo test results are omitted being similar to the Pearson’s r values. The correction for multiple 
comparisons is not included. 

 

4.2. Cyrillic 

Procedure 

Cyrillic script is being used in many Eastern European countries including Russia, with some 

variations. Ukrainian, Bulgarian, Serbian, Macedonian, certain Iranian languages and other 

scripts look slightly different from each other. Russian Cyrillic, for example, was reformed in the 

18th century. I collected common letters and their phonemes. E, Ю and Я were excluded, being 

diphthongs (/jɛ/, /ju/ and /ja/, respectively), and Ь, because it does not have any phonetic value 

and only makes accompanying consonants softer. I collected 25 letters and phonemes (Table 

4.2.1). The phonemes were analysed based on 20 articulatory features (Table 4.2.2).   

 
Table 4.2.1. Cyrillic letters and the representative phonemes 

Upper Lower Phoneme Upper Lower Phoneme 

А а /a/ О о /o/ 

Б б /b/ П п /p/ 

В в /v/ Р р /r/ 

Г г /ɡ/ С с /s/ 

Д д /d/ Т т /t/ 

Ж ж /ʒ/ У у /u/ 

З з /z/ Ф ф /f/ 

И и /i/ Х х /x/ 

Й й /j/ Ц ц /ts/ 

К к /k/ Ч ч /tʃ/  

Л л /l/ Ш ш /ʃ/ 

М м /m/ Щ щ /ʃt/ 
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Н н /n/    

 

Table 4.2.2. The features of Cyrillic phonemes 
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Place of Articulation Manner of Articulation Vowel Qualities 
V

o
ic

ed
 

B
ila

bi
a

l 

L
a

b
io

-d
e

nt
a

l 

A
lv

e
ol

a
r 

P
a

la
ta

l 

V
e

la
r 

P
o

st
-a

lv
eo

la
r 

N
a

sa
l 

P
lo

si
ve

 

A
ff

ri
ca

te
 

F
ri

ca
tiv

e 

T
ri

ll 

A
p

p
ro

xi
m

a
n

t 

C
lo

se
 

M
id

 

O
p

e
n 

F
ro

n
t 

C
e

n
tr

a
l 

B
a

ck
 

R
o

u
n

d
ne

ss
 

А а a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 

Б б b 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

В в v 1 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Г г ɡ 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Д д d 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Ж ж ʒ 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 

З з z 1 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

И и i 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 

Й й j 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

К к k 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Л л l 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

М м m 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Н н n 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

О о o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 

П п p 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Р р r 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

С с s 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Т т t 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

У у u 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 

Ф ф f 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Х х x  0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Ц ц ts  0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Ч ч tʃ  0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 

Ш ш ʃ  0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 

Щ щ ʃt 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

 

Results 

Not including correction for multiple comparisons, these results should be interpreted with 

caution. I found letter-sound systematicity in Cyrillic uppercase letters (Table 4.2.3) and 

lowercase letters (Table 4.2.4). In both cases, Courier New consistently returns correlations 

above significance level, which is verified by multiple distance measures.  
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Table 4.2.3. The letter-sound correlation of Cyrillic upper-case fonts 

 Euclidean Cosine Jaccard feature edit 

Font r p   r p   r p   r p   

Arial 0.03 0.57   -0.01 0.90   -0.01 0.90   0.01 0.88   

Consolas 0.00 0.95   0.00 0.94   0.00 0.95   -0.04 0.49   

Constantia 0.06 0.34   0.04 0.47   0.04 0.47   0.02 0.70   

Corbel 0.03 0.64   0.03 0.64   0.03 0.66   -0.02 0.69   

Courier New 0.14 0.02 * 0.09 0.13   0.08 0.15   0.18 0.00 ** 

Franklin Gothic Medium 0.03 0.61   0.00 0.94   0.01 0.91   0.01 0.81   

Gabriola -0.04 0.46   -0.02 0.70   -0.02 0.74   -0.10 0.09   

Georgia 0.11 0.06 . 0.11 0.05 * 0.11 0.05 * 0.09 0.14   

Impact -0.05 0.43   -0.04 0.54   -0.03 0.59   -0.11 0.06 . 

Lucida Console 0.02 0.78   -0.04 0.54   -0.04 0.51   0.03 0.63   

Lucida Handwriting 0.07 0.22   0.05 0.40   0.05 0.38   0.04 0.48   

Arial Black 0.04 0.45   -0.02 0.79   -0.01 0.81   0.02 0.76   

Lucida Sans Unicode 0.03 0.63   0.02 0.74   0.02 0.79   0.01 0.87   

Microsoft Sans Serif 0.03 0.60   -0.02 0.71   -0.03 0.66   0.01 0.80   

Palatino Linotype 0.08 0.18   0.06 0.34   0.06 0.32   0.06 0.27   

Segoe Print 0.04 0.53   0.00 0.96   0.00 0.96   0.01 0.88   

Segoe Script 0.06 0.32   0.07 0.23   0.07 0.21   0.01 0.85   

Segoe UI Symbol -0.01 0.90   -0.02 0.69   -0.02 0.70   -0.06 0.33   

Tahoma 0.02 0.71   -0.01 0.90   -0.01 0.88   -0.01 0.83   

Times New Roman 0.05 0.37   0.05 0.41   0.05 0.42   0.03 0.65   

Trebuchet MS 0.00 0.96   -0.03 0.63   -0.03 0.65   -0.03 0.56   

Verdana 0.04 0.48   -0.01 0.91   -0.01 0.90   0.01 0.80   

Book Antiqua 0.04 0.49   0.05 0.41   0.05 0.43   0.00 0.96   

Calibri -0.01 0.90   -0.02 0.69   -0.02 0.70   -0.06 0.33   

Calibri Light 0.01 0.91   -0.02 0.75   -0.02 0.77   -0.03 0.58   

Cambria 0.07 0.22   0.05 0.40   0.05 0.38   0.04 0.48   

Candara 0.02 0.75   -0.01 0.88   -0.01 0.91   -0.01 0.84   

Century Gothic 0.05 0.38   0.06 0.32   0.05 0.36   0.01 0.91   

Comic Sans MS 0.06 0.33   0.05 0.37   0.05 0.38   0.02 0.79   
Note: * p < .05, ** p < .01, *** p < .001, N=300, phonological distance M=1.96, SD=0.32 (Euclidean); M=0.86, 
SD=0.23 (cosine), M=0.90, SD=0.16 (Jaccard), M=3.59, SD=1.17 (feature edit), orthographical distance M=5.98, 
SD=1.71. Monte Carlo test results are omitted being similar to the Pearson’s r values. The correction for multiple 
comparisons is not included. 

 
Table 4.2.4. The letter-sound correlation of Cyrillic lower-case fonts 

 Euclidean Cosine Jaccard   feature edit 

Font r p   r p   r p   r p 
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Arial 0.01 0.89   -0.02 0.68   -0.02 0.68   -0.01 0.82 

Consolas 0.07 0.21   -0.01 0.87   -0.02 0.77   0.06 0.29 

Constantia 0.03 0.60   -0.03 0.60   -0.03 0.64   0.03 0.63 

Corbel 0.05 0.36   0.00 0.98   0.00 0.96   0.05 0.34 

Courier New 0.13 0.03 * 0.09 0.10 . 0.09 0.14   0.12 0.04 

Franklin Gothic Medium 0.03 0.60   -0.03 0.66   -0.03 0.62   0.03 0.60 

Gabriola 0.02 0.75   -0.04 0.47   -0.04 0.46   0.02 0.70 

Georgia 0.05 0.41   0.01 0.86   0.01 0.84   0.03 0.59 

Impact -0.02 0.76   -0.06 0.26   -0.06 0.28   -0.06 0.33 

Lucida Console 0.06 0.27   -0.04 0.53   -0.04 0.45   0.08 0.19 

Lucida Handwriting 0.04 0.51   -0.03 0.64   -0.03 0.66   0.03 0.55 

Arial Black 0.03 0.66   -0.04 0.45   -0.05 0.44   0.02 0.70 

Lucida Sans Unicode 0.04 0.46   -0.03 0.64   -0.03 0.61   0.03 0.58 

Microsoft Sans Serif 0.01 0.88   -0.05 0.41   -0.05 0.37   0.01 0.83 

Palatino Linotype 0.05 0.38   0.00 0.95   0.00 0.99   0.06 0.33 

Segoe Print 0.03 0.59   -0.05 0.40   -0.05 0.43   0.04 0.47 

Segoe Script 0.04 0.50   -0.06 0.34   -0.05 0.42   0.00 0.94 

Segoe UI Symbol 0.03 0.63   -0.04 0.53   -0.04 0.54   0.01 0.88 

Tahoma 0.07 0.23   0.01 0.82   0.01 0.88   0.05 0.39 

Times New Roman 0.06 0.27   -0.01 0.83   -0.01 0.82   0.05 0.37 

Trebuchet MS 0.07 0.25   0.01 0.88   0.01 0.91   0.03 0.66 

Verdana 0.05 0.36   -0.02 0.71   -0.03 0.64   0.03 0.57 

Book Antiqua 0.05 0.41   -0.03 0.64   -0.03 0.64   0.05 0.37 

Calibri 0.03 0.63   -0.04 0.53   -0.04 0.54   0.01 0.88 

Calibri Light 0.03 0.66   -0.03 0.66   -0.03 0.63   0.00 0.96 

Cambria 0.04 0.51   -0.03 0.64   -0.03 0.66   0.03 0.55 

Candara 0.02 0.73   -0.04 0.54   -0.03 0.57   0.01 0.88 

Century Gothic 0.04 0.54   0.01 0.85   0.01 0.92   -0.02 0.75 

Comic Sans MS 0.08 0.15   0.03 0.66   0.02 0.71   0.08 0.15 

Note: * p < .05, ** p < .01, *** p < .001, N=300, phonological distance M=1.96, SD=0.32 (Euclidean); M=0.86, 
SD=0.23 (cosine), M=0.90, SD=0.16 (Jaccard), M=3.60, SD=1.17 (feature edit), orthographical distance M=5.24, 
SD=1.43. Monte Carlo test results are omitted being similar to the Pearson’s r values. The correction for multiple 
comparisons is not included. 

 

4.3. Finnish 

Procedure 

The Finnish script is the same as English except for three additional letters: ä, ö, and å. Another 

difference from English is that the letter ‘k’, ‘p’, and ‘t’ have tensed sounds, not aspirated. The 

letter ‘q’ was included considering it independently sounds like /k/. Table 4.3.1 shows 28 letters 

and 17 phoneme features. 
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Table 4.3.1. Finnish letters, the canonical phonemes, and the features of the phonemes 
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a ɑ 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 

b b 1 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

c s 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

d d 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

e e 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 

f f 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

g g 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 

h h 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 

i i 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 

j j 1 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 

k k 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 

l l 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

m m 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

n n 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

o o 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 

p p 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

q k 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 

r r 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

s s 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

t t 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

u u 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 

v ʋ 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

w ʋ 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

y y 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 

z z 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ä æ 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 

ö ø 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 

å o 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 

 

Results 

Not including correction for multiple comparisons, these results should be interpreted with 

caution. It was quite difficult to find any consistent letter-sound systematicity in Finnish (Table 

4.3.2 & 4.3.3). Considering English still returned a few fonts over significance level when its 

phonemes were analysed by IPA features, those three additional letters and phonemes (ä, ö, 

and å) in Finnish may have disturbed the systematicity as a whole. Note that Harm and 
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Seidenberg (1999) metric cannot be applied to Finnish because it did not define the tensed 

phonemes (/kk/, /tt/, /pp/) as well as those vowels. As the Harm and Seidenberg (1999) metric 

enhanced the occurrence of the systematicity in English, a comparable phonological 

specification especially designed for Finnish might increase the observed systematicity. 

Table 4.3.2. The letter-sound correlation of Finnish upper-case fonts 

 Euclidean Cosine Jaccard feature edit  

Font r p r p r p r p  

Arial 0.00 0.99 -0.02 0.71 0.00 0.95 -0.05 0.31  

Consolas -0.04 0.40 -0.02 0.72 -0.01 0.82 -0.06 0.24  

Constantia 0.04 0.48 0.03 0.52 0.03 0.51 0.04 0.39  

Corbel -0.03 0.53 -0.02 0.72 -0.01 0.82 -0.06 0.26  

Courier New 0.06 0.26 0.03 0.58 0.02 0.73 0.12 0.02 * 

Franklin Gothic Medium 0.01 0.90 -0.01 0.77 0.00 0.97 -0.02 0.76  

Gabriola 0.00 0.98 0.06 0.28 0.05 0.37 0.01 0.92  

Georgia 0.01 0.85 0.02 0.72 0.02 0.64 0.00 1.00  

Impact 0.06 0.21 0.00 0.93 0.01 0.90 0.08 0.13  

Lucida Console -0.05 0.34 -0.02 0.73 0.00 0.96 -0.08 0.12  

Lucida Handwriting 0.02 0.68 0.03 0.52 0.05 0.34 -0.01 0.88  

Arial Black 0.03 0.59 0.01 0.79 0.03 0.52 -0.04 0.46  

Lucida Sans Unicode -0.05 0.35 -0.03 0.51 -0.03 0.59 -0.05 0.31  

Microsoft Sans Serif -0.02 0.76 -0.03 0.57 -0.01 0.79 -0.07 0.18  

Palatino Linotype 0.03 0.60 0.03 0.53 0.04 0.48 0.02 0.70  

Segoe Print 0.02 0.76 -0.01 0.92 0.01 0.82 -0.03 0.60  

Segoe Script 0.04 0.40 0.02 0.70 0.04 0.48 0.00 0.98  

Segoe UI Symbol -0.04 0.49 -0.01 0.78 0.00 0.95 -0.07 0.20  

Tahoma -0.02 0.73 -0.01 0.90 0.00 0.96 -0.03 0.54  

Times New Roman 0.01 0.78 0.01 0.78 0.02 0.64 0.00 0.95  

Trebuchet MS -0.01 0.78 0.00 0.98 0.02 0.73 -0.07 0.17  

Verdana -0.03 0.60 -0.02 0.65 -0.01 0.83 -0.04 0.43  

Book Antiqua 0.02 0.64 0.03 0.53 0.03 0.50 0.02 0.72  

Calibri -0.02 0.74 -0.01 0.88 0.00 0.96 -0.05 0.34  

Calibri Light -0.04 0.39 -0.02 0.63 -0.02 0.77 -0.06 0.24  

Cambria 0.03 0.52 0.05 0.36 0.05 0.30 0.02 0.72  

Candara -0.02 0.75 0.00 0.94 0.00 0.96 -0.04 0.46  

Century Gothic 0.01 0.88 -0.01 0.84 -0.01 0.85 0.00 0.96  

Comic Sans MS -0.06 0.26 -0.02 0.73 0.00 0.98 -0.07 0.17  

Note: * p < .05, ** p < .01, *** p < .001, N=378, phonological distance M=1.97, SD=0.39 (Euclidean); M=0.85, 
SD=0.25 (cosine), M=0.90, SD=0.19 (Jaccard), M=3.67, SD=1.34 (feature edit), orthographical distance M=5.91, 
SD=1.35. Monte Carlo test results are omitted being similar to the Pearson’s r values. The correction for multiple 
comparisons is not included. 
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Table 4.3.3. The letter-sound correlations of Finnish lower-case fonts 

 Euclidean Cosine Jaccard feature edit  

Font r p  r p r p r p  

Arial 0.05 0.37  0.01 0.86 0.02 0.66 0.00 0.95  

Consolas 0.03 0.53  -0.02 0.75 -0.01 0.91 0.00 0.94  

Constantia 0.06 0.25  0.04 0.46 0.05 0.32 -0.01 0.79  

Corbel 0.08 0.12  0.03 0.54 0.03 0.54 0.05 0.33  

Courier New 0.10 0.06 . 0.03 0.59 0.03 0.50 0.07 0.17  

Franklin Gothic Medium 0.09 0.07 . 0.06 0.23 0.06 0.23 0.08 0.14  

Gabriola 0.04 0.47  0.03 0.60 0.04 0.46 -0.01 0.92  

Georgia 0.03 0.61  0.00 0.95 0.01 0.78 -0.03 0.61  

Impact 0.03 0.55  -0.01 0.84 -0.01 0.81 0.03 0.62  

Lucida Console 0.03 0.56  0.00 1.00 0.01 0.84 0.02 0.65  

Lucida Handwriting 0.04 0.42  -0.01 0.91 0.01 0.83 0.00 0.96  

Arial Black 0.08 0.10  0.05 0.32 0.05 0.31 0.06 0.26  

Lucida Sans Unicode 0.06 0.24  0.02 0.70 0.02 0.70 0.05 0.30  

Microsoft Sans Serif 0.05 0.30  0.01 0.78 0.02 0.64 0.01 0.88  

Palatino Linotype 0.06 0.23  0.03 0.61 0.04 0.47 0.00 0.95  

Segoe Print 0.06 0.24  0.02 0.74 0.03 0.56 -0.02 0.75  

Segoe Script 0.10 0.05 * 0.01 0.84 0.02 0.64 0.00 0.96  

Segoe UI Symbol 0.05 0.31  0.01 0.86 0.02 0.68 -0.02 0.68  

Tahoma 0.06 0.27  0.02 0.76 0.02 0.76 0.03 0.53  

Times New Roman 0.03 0.52  0.00 0.93 0.02 0.71 -0.05 0.32  

Trebuchet MS 0.10 0.06 . 0.04 0.43 0.04 0.48 0.11 0.04 * 

Verdana 0.07 0.16  0.03 0.58 0.02 0.69 0.08 0.10  

Book Antiqua 0.06 0.26  0.01 0.81 0.02 0.66 -0.01 0.92  

Calibri 0.04 0.41  0.00 0.98 0.01 0.84 0.00 0.99  

Calibri Light 0.01 0.79  -0.02 0.73 -0.01 0.86 -0.03 0.61  

Cambria 0.07 0.18  0.04 0.43 0.04 0.41 0.03 0.52  

Candara 0.04 0.41  0.02 0.67 0.03 0.57 -0.01 0.83  

Century Gothic 0.08 0.13  0.04 0.47 0.04 0.40 0.07 0.19  

Comic Sans MS 0.05 0.29  -0.01 0.86 0.00 0.99 0.01 0.90  

Note: * p < .05, ** p < .01, *** p < .001, N=378, phonological distance M=1.97, SD=0.39 (Euclidean); M=0.85, 
SD=0.25 (cosine), M=0.90, SD=0.19 (Jaccard), M=3.67, SD=1.34 (feature edit), orthographical distance M=6.42, 
SD=1.38. Monte Carlo test results are omitted being similar to the Pearson’s r values. The correction for multiple 
comparisons is not included. 

 

4.4. Greek 

Procedure 
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Greek upper letters are historically important in that they are closely related to ancient 

orthographies like Phoenician. Greek lower letters are distinct in form from the upper letters 

(Table 4.4.1). Two lower letters correspond to the upper letter ‘Σ’ (/s/), thus the number of the 

sample was 22 for uppercases and 23 for lowercases. Ξ and Ψ and their corresponding 

lowercases ξ and ψ were excluded, being diphthongs: /ks/ and /ps/, respectively. Table 4.4.2 

demonstrates 19 IPA features of Greek phonemes. 

Table 4.4.1. Greek letters and the representative phonemes 

Upper Lower Phoneme Upper Lower Phoneme 

Α α /a/ Ν ν /n/ 

Β β /v/ Ο ο /o/ 

Γ γ /ɣ/ Π π /p/ 

Δ δ /ð/ Ρ ρ /r/ 

Ε ε /e/ Σ σ /s/ 

Ζ ζ /z/ Σ ς /s/ 

Η η /i/ Τ τ /t/ 

Θ θ /θ/ Υ υ /i/ 

Ι ι /i/ Φ φ /f/ 

Κ κ /k/ Χ χ /x/ 

Λ λ /l/ Ω ω /o/ 

Μ μ /m/    

 

Table 4.4.2. The features of Greek phonemes 
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Α  α a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 

Β  β v 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Γ  γ ɣ 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
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Δ  δ ð 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 

Ε  ε e 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 

Ζ  ζ z 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Η  η i 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 

Θ  θ θ 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 

Ι  ι i 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 

Κ  κ k 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Λ  λ l 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Μ  μ m 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Ν  ν n 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Ο  ο o 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 

Π  π p 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Ρ  ρ r 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

Σ σ s 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Σ ς s 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Τ  τ t 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Υ  υ i 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 

Φ  φ f 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Χ  χ x 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Ω  ω o 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 

 

Results  

Not including correction for multiple comparisons, these results should be interpreted with 

caution. Courier New returned significant letter-sound correlation both in uppercases and 

lowercases and Book Antiqua did for the uppercases only (Table 4.4.3 & 4.4.4). The correlation 

was confirmed by different distance measurements.  

Table 4.4.3. The letter-sound correlation of Greek uppercase fonts 

 Euclidean Cosine Jaccard  feature edit 

Font r p  r p  r p  r p  

Arial 0.07 0.31  0.02 0.81  0.02 0.72  0.08 0.24  

Consolas 0.03 0.64  -0.04 0.58  -0.02 0.77  0.02 0.73  

Constantia 0.11 0.09 . 0.12 0.08 . 0.11 0.08 . 0.08 0.20  

Corbel 0.05 0.43  0.02 0.72  0.03 0.62  0.04 0.52  

Courier New 0.15 0.02 * 0.15 0.02 * 0.15 0.02 * 0.16 0.02 * 

Franklin Gothic Medium 0.01 0.87  -0.03 0.67  -0.02 0.81  0.03 0.70  

Gabriola 0.04 0.51  0.05 0.41  0.06 0.40  0.04 0.59  

Georgia 0.11 0.10  0.10 0.11  0.10 0.12  0.07 0.31  

Impact -0.05 0.46  -0.04 0.58  -0.02 0.73  -0.04 0.50  

Lucida Console 0.02 0.74  -0.07 0.28  -0.05 0.44  0.03 0.70  
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Lucida Handwriting 0.07 0.32  0.02 0.71  0.03 0.70  0.06 0.38  

Arial Black 0.01 0.86  -0.04 0.50  -0.04 0.55  0.02 0.74  

Lucida Sans Unicode 0.07 0.28  0.05 0.41  0.06 0.38  0.11 0.11  

Microsoft Sans Serif 0.05 0.43  0.00 0.97  0.01 0.85  0.07 0.28  

Palatino Linotype 0.11 0.11  0.11 0.10  0.10 0.12  0.08 0.22  

Segoe Print 0.07 0.31  0.04 0.52  0.03 0.67  0.09 0.15  

Segoe Script 0.04 0.57  0.01 0.90  0.00 0.96  0.08 0.24  

Segoe UI Symbol 0.09 0.16  0.06 0.36  0.07 0.27  0.08 0.22  

Tahoma 0.05 0.46  0.00 0.99  0.01 0.82  0.04 0.51  

Times New Roman 0.10 0.14  0.06 0.40  0.05 0.41  0.05 0.49  

Trebuchet MS 0.02 0.80  -0.04 0.59  -0.02 0.71  0.05 0.50  

Verdana 0.05 0.43  0.00 0.99  0.02 0.82  0.05 0.42  

Book Antiqua 0.13 0.04 * 0.14 0.04 * 0.14 0.03 * 0.09 0.16  

Calibri 0.09 0.16  0.06 0.36  0.07 0.26  0.07 0.27  

Calibri Light 0.09 0.15  0.06 0.36  0.08 0.25  0.07 0.28  

Cambria 0.07 0.32  0.02 0.71  0.03 0.70  0.06 0.38  

Candara 0.04 0.50  0.01 0.90  0.02 0.77  0.06 0.36  

Century Gothic 0.11 0.10  0.12 0.07 . 0.13 0.06 . 0.10 0.12  

Comic Sans MS 0.03 0.70  0.00 0.98  0.01 0.93  0.06 0.40  

Note: * p < .05, ** p < .01, *** p < .001, N=231, phonological distance M=1.92, SD=0.39 (Euclidean); M=0.87, 
SD=0.25 (Cosine), M=0.90, SD=0.20 (Jaccard), M=3.48, SD=1.17 (feature edit), orthographical distance M=5.47, 
SD=1.31. Monte Carlo test results are omitted being similar to the Pearson’s r values. The correction for multiple 
comparisons is not included. 

Table 4.4.4. The letter-sound correlations of Greek lowercase fonts 

 Euclidean  Cosine  Jaccard  feature edit  

Font r p  r p  r p  r p  

Arial 0.02 0.76  -0.03 0.65  -0.02 0.78  0.02 0.81  

Consolas 0.01 0.91  -0.07 0.25  -0.05 0.45  -0.03 0.64  

Constantia 0.05 0.47  -0.04 0.53  -0.01 0.82  0.01 0.89  

Corbel 0.03 0.62  -0.02 0.77  0.00 0.94  0.02 0.81  

Courier New -0.11 0.09 . -0.17 0.01 ** -0.16 0.01 ** -0.08 0.18  

Franklin Gothic Medium -0.01 0.86  -0.07 0.30  -0.04 0.49  -0.01 0.89  

Gabriola 0.08 0.19  0.00 0.95  0.02 0.75  0.04 0.53  

Georgia 0.05 0.43  -0.04 0.48  -0.02 0.76  -0.01 0.93  

Impact -0.04 0.53  -0.11 0.09 . -0.09 0.14  -0.02 0.76  

Lucida Console -0.03 0.65  -0.12 0.06 . -0.09 0.15  -0.05 0.45  

Lucida Handwriting -0.01 0.91  -0.01 0.82  -0.01 0.90  -0.03 0.69  

Arial Black 0.00 0.94  -0.02 0.72  -0.01 0.86  0.01 0.91  

Lucida Sans Unicode 0.03 0.69  -0.05 0.44  -0.03 0.65  0.04 0.53  

Microsoft Sans Serif 0.03 0.67  -0.06 0.37  -0.04 0.55  0.01 0.91  

Palatino Linotype 0.09 0.15  -0.01 0.89  0.00 0.99  0.04 0.56  
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Segoe Print 0.07 0.24  0.02 0.75  0.02 0.70  0.03 0.65  

Segoe Script 0.10 0.13  0.04 0.49  0.04 0.52  0.12 0.06 . 

Segoe UI Symbol 0.05 0.44  -0.05 0.42  -0.03 0.65  0.00 0.97  

Tahoma -0.02 0.81  -0.09 0.18  -0.06 0.36  -0.05 0.39  

Times New Roman 0.03 0.69  -0.07 0.29  -0.04 0.49  -0.01 0.93  

Trebuchet MS 0.04 0.52  -0.05 0.42  -0.02 0.70  0.02 0.81  

Verdana 0.04 0.52  -0.05 0.42  -0.02 0.70  0.02 0.81  

Book Antiqua 0.04 0.57  -0.02 0.72  -0.01 0.86  0.01 0.84  

Calibri 0.08 0.22  0.01 0.84  0.04 0.57  0.03 0.68  

Calibri Light 0.05 0.40  -0.01 0.90  0.02 0.80  0.00 0.95  

Cambria -0.04 0.50  -0.09 0.17  -0.08 0.21  -0.04 0.48  

Candara 0.03 0.66  -0.04 0.52  -0.01 0.84  0.00 0.99  

Century Gothic -0.01 0.87  -0.09 0.15  -0.07 0.27  -0.05 0.43  

Comic Sans MS -0.01 0.92  -0.11 0.07  -0.09 0.14  -0.02 0.81  

Note: * p < .05, ** p < .01, *** p < .001, N=253, phonological distance M=1.96, SD=0.32 (Euclidean); M=0.86, 
SD=0.23 (Cosine), M=0.90, SD=0.16 (Jaccard), M=3.59, SD=1.17 (feature edit), orthographical distance M=5.98, 
SD=1.71. Monte Carlo test results are omitted being similar to the Pearson’s r values. The correction for multiple 
comparisons is not included. 

 

4.5. Hebrew 

Procedure 

As a consonantal orthography, written Hebrew for advanced readers does not indicate vowel 

values. The vowels are typically written for children and foreign learners only until they get used 

to reading (Learn Hebrew with HebrewPod101.com, 2019). I collected 33 consonants in 13 

different fonts (Table 4.5.1 & 4.5.3, respectively). Table 4.5.2 shows 14 IPA features of Hebrew 

phonemes.  

Table 4.5.1. Hebrew letters and the representative phonemes 

Letter Phoneme Letter Phoneme Letter Phoneme 

 /p/  ּפ /k/  ּכ empty א

 /f/  פ /x/  כ /v/  ב

 /f/  ף /k/  ּך /b/  ּב

 /ts/  צ /x/  ך /g/  ג

 /ts/  ץ /l/  ל /d/  ד
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 /k/  ק /m/  מ /h/  ה

 /r/  ר /m/  ם /v/  ו

 /sh/  ׁש /n/  נ /z/  ז

 /s/  ׂש /n/  ן /x/  ח

 /t/  ּת /s/  ס /t/  ט

 /t/  ת emp  ע /j/  י

 

Table 4.5.2. The features of Hebrew phonemes 

L
e

tt
e

r 

P
h

o
n

e
m

e 

Place of Articulation Manner of Articulation 

V
o

ic
ed

 

B
ila

bi
a

l 

L
a

b
io

-d
e

nt
a

l 

A
lv

e
ol

a
r 

P
a

la
ta

l 

V
e

la
r 

G
lo

tt
a

l 

P
o

st
-a

lv
eo

la
r 

N
a

sa
l 

P
lo

si
ve

 

A
ff

ri
ca

te
 

F
ri

ca
tiv
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 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - א

 b 1 1 0 0 0 0 0 0 0 1 0 0 0 0 ּב

 v 1 0 1 0 0 0 0 0 0 0 0 1 0 0 ב

 g 1 0 0 0 0 1 0 0 0 1 0 0 0 0 ג

 d 1 0 0 1 0 0 0 0 0 1 0 0 0 0 ד

 h 0 0 0 0 0 0 1 0 0 0 0 1 0 0 ה

 v 1 0 1 0 0 0 0 0 0 0 0 1 0 0 ו

 z 1 0 0 1 0 0 0 0 0 0 0 1 0 0 ז

 x 0 0 0 0 0 1 0 0 0 0 0 1 0 0 ח

 t 0 0 0 1 0 0 0 0 0 1 0 0 0 0 ט

 j 1 0 0 0 1 0 0 0 0 0 0 0 0 1 י

 k 0 0 0 0 0 1 0 0 0 1 0 0 0 0 ּכ

 x 0 0 0 0 0 1 0 0 0 0 0 1 0 0 כ

 k 0 0 0 0 0 1 0 0 0 1 0 0 0 0 ּך

 x 0 0 0 0 0 1 0 0 0 0 0 1 0 0 ך

 l 0 0 0 1 0 0 0 0 0 0 0 0 1 0 ל

 m 0 1 0 0 0 0 0 0 1 0 0 0 0 0 מ

 m 0 1 0 0 0 0 0 0 1 0 0 0 0 0 ם

 n 0 0 0 1 0 0 0 0 1 0 0 0 0 0 נ

 n 0 0 0 1 0 0 0 0 1 0 0 0 0 0 ן
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 s 0 0 0 1 0 0 0 0 0 0 0 1 0 0 ס

 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - ע

 p 0 1 0 0 0 0 0 0 0 1 0 0 0 0 ּפ

 f 0 0 1 0 0 0 0 0 0 0 0 1 0 0 פ

 f 0 0 1 0 0 0 0 0 0 0 0 1 0 0 ף 

 ts 0 0 0 1 0 0 0 0 0 0 1 0 0 0 צ

 ts 0 0 0 1 0 0 0 0 0 0 1 0 0 0 ץ

 k 0 0 0 0 0 1 0 0 0 1 0 0 0 0 ק

 ɣ 1 0 0 0 0 1 0 0 0 0 0 1 0 0 ר

 ʃ 0 0 0 0 0 0 0 1 0 0 0 1 0 0 ׁש

 s 0 0 0 1 0 0 0 0 0 0 0 1 0 0 ׂש

 t 0 0 0 1 0 0 0 0 0 1 0 0 0 0 ּת

 t 0 0 0 1 0 0 0 0 0 1 0 0 0 0 ת

 

Table 4.5.3. 13 Hebrew fonts 

Font Hebrew Example 

Levenim MT  שלום 

Narkisim  שלום 

Miriam שלום 

Times New Roman שלום 

David  שלום 

Lucida Sans Unicode  שלום 

Gisha שלום 

Arial שלום 

Arial Black שלום 

Calibri Light  שלום 

Microsoft Sans Serif שלום 

Courier New שלום 

Tahoma שלום 

Result 

The data from cosine distance and Jaccard distance were excluded because neither of them 

could calculate the empty vector, for example, א or  ע. Not including correction for multiple 

comparisons, these results should be interpreted with caution. Most Hebrew fonts returned very 

significant letter-sound correlations (Table 4.5.4). One possible reason is that some consonants 

systematically distinguish voiced from voiceless phonemes just as Korean consonants do. 

Hebrew also visually distinguishes various places of articulation (c.f., /k/ - /x/ and /v/ - /b/). 
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Table 4.5.4. The letter-sound correlation of Hebrew fonts 

Font (Example) 
Euclidean feature edit 

r p r p 

Arial  01. 0.11 ** 002. 0.14 שלום ** 

Miriam  001. > 0.14 *** 001. > 0.16 שלום *** 

Narkisim 001. > 0.13 *** 001. > 0.15 שלום *** 

Tahoma 01. 0.11 ** 002. 0.14 שלום ** 

Times New Roman 001. > 0.14 *** 001. > 0.16 שלום *** 

Arial Black  01. 0.11 ** 002. 0.14 שלום ** 

Calibri Light  003. 0.13 *** 001. > 0.15 שלום ** 

Courier New 016. 0.10 ** 007. 0.12 שלום * 

David  01. 0.11 ** 003. 0.13 שלום ** 

Gisha  003. 0.13 *** 001. > 0.15 שלום ** 

Levenim MT  01. 0.11 ** 002. 0.14 שלום ** 

Lucida Sans Unicode  01. 0.11 ** 002. 0.14 שלום ** 

Microsoft Sans Serif  003. 0.13 *** 001. > 0.15 שלום ** 

Note: * p < .05, ** p < .01, *** p < .001, N=528, phonological distance M=1.74, SD=0.46 (Euclidean); M=2.89, 
SD=1.08 (feature edit), orthographical distance M=6.47, SD=2.29. Monte Carlo test results are omitted being similar 
to the Pearson’s r values. The correction for multiple comparisons is not included. 

 

4.6. Ancient orthographies 

Semitic orthography was divided into the western flow and the eastern flow. Towards the west, it 

influenced Cannaite and finally became Greek orthography. On the other hand, going east, it 

went through Aramaic and finally affected Arabic and Hebrew. Based on the recovered letter 

shapes, I examined four ancient orthographies: Phoenician, Nabataean, Early Arabic, and 

Aramaic. Considering the letter-sound correlation was found in a few conventional 

orthographies, I hypothesized that the grapheme-phoneme association has developed in a way 

to increase the systematicity. 

Procedure 

I collected the shared phonemes of four ancient orthographies: Phoenician, Nabataean, Early 

Arabic, and Aramaic (Table 4.6.1) and their corresponding recovered letters (Fig 4.6.1). The 

phonological distances were measured by feature edit distance and Euclidean distance. 
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Table 4.6.1. The features of Semitic phonemes 

  Place of Articulation Manner of Articulation 
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b 1 1 0 0 0 0 0 0 0 1 0 0 0 0 

g 1 0 0 0 1 0 0 0 0 1 0 0 0 0 

d 1 0 1 0 0 0 0 0 0 1 0 0 0 0 

h 0 0 0 0 0 0 0 1 0 0 0 0 1 0 

w 1 0 0 0 1 0 0 0 0 0 0 1 0 0 

z 1 0 1 0 0 0 0 0 0 0 0 0 1 0 

ħ 0 0 0 0 0 0 1 0 0 0 0 0 1 0 

ʈ 0 0 0 0 0 0 0 0 1 1 0 0 0 0 

y 1 0 0 1 0 0 0 0 0 0 0 1 0 0 

k 0 0 0 0 1 0 0 0 0 1 0 0 0 0 

l 1 0 1 0 0 0 0 0 0 0 0 0 0 1 

m 1 1 0 0 0 0 0 0 0 0 1 0 0 0 

n 1 0 1 0 0 0 0 0 0 0 1 0 0 0 

s 0 0 1 0 0 0 0 0 0 0 0 0 1 0 

p 0 1 0 0 0 0 0 0 0 1 0 0 0 0 

q 0 0 0 0 1 0 0 0 0 1 0 0 0 0 

r 1 0 1 0 0 0 0 0 0 0 0 1 0 0 

ʃ 0 0 0 0 0 1 0 0 0 0 0 0 1 0 

t 0 0 1 0 0 0 0 0 0 1 0 0 0 0 

 

 

 

 

 

 

 

 

 

 
 
 
 

Fig 4.6.1. Ancient letters (from top, Phoenician, Nabataean, Early Arabic, and Aramaic) 
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Results 

Not including correction for multiple comparisons, these results should be interpreted with 

caution. None of the ancient orthographies returned correlations above significant level and the 

coefficients were very small (Table 4.6.2). This result is attributed to: (i) the authenticity of the 

phonemes and letters recovered by the literature (Havelock, 1976; Robinson, 1995) is not 

perfectly reliable and (ii) the lack of variety in fonts limited the scope. However, we can also 

cautiously assume that certain level of quantifiable grapho-phonemic systematicity may have 

been obtained later. 

Table 4.6.2. Letter-sound correlation of the ancient orthographies 

language  r p-value 

Phoenician 
feature edit -0.08 0.27 

Euclidean 0.06 0.39 

Nabataean 
feature edit 0.03 0.69 

Euclidean -0.07 0.34 

Early Arabic 
feature edit 0.09 0.20 

Euclidean 0.10 0.17 

Aramaic 
feature edit 0.03 0.73 

Euclidean -0.09 0.24 

Note. Monte Carlo test results are omitted being similar to the Pearson’s r 
values. The correction for multiple comparisons is not included. 

 

4.7. Alternative English scripts 

There have been many attempts to enhance English reading and writing. Shorthands aim for 

speed and convenience of writing. They tend to be phonetic relying more on the spoken sounds. 

For example, Pitman’s shorthand was created by Sir Isaac Pitman (1813-1897) in 1837 

(Daniels, 1996). The voiced phonemes are distinguished from the voiceless ones by thickness 

(Table 4.7.1, left). The vowels were substituted for by diacritics.  

Meanwhile, the Shavian alphabet, conceived by George Barnard Shaw (1856-1950), was 

intended to substitute for the conventional English alphabet. Although Table 4.7.1 does not 

clearly show the difference from Pitman’s shorthand because the vowels were not included, the 

Shavian alphabet originally aimed for a one-to-one exclusive relation between the letters and 

sounds of English. Its voiced-voiceless phoneme pairs are distinguished by orientation change. 

Sampson (1985) judged that these two scripts were created based on the same featural 
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principle as hangeul. I examined if these two alternative scripts for English have stronger letter-

sound systematicity.  

Procedure   

24 consonants were collected from Pitman’s shorthand and the Shavian alphabet (Table 4.7.1).  

Table 4.7.1. Pitman's shorthand (left) and the Shavian alphabet (right) 

 

 

Results 

Both returned quite robust results as expected (Table 4.7.2). Pitman’s shorthand returned a 

similar coefficient to that of English lowercases (e.g. r = .13, p = .03, Constantia) with the 

identical methodological combination applied: IPA; feature edit distance; and Hausdorff 

distance. The fact that the Shavian alphabet returned much stronger letter-sound systematicity 

than Pitman’s shorthand suggests that the size of the differences need to be in proportion within 

letters and within sounds. For example, if letter change is too subtle compared with phoneme 

change, as in Pitman’s shorthand, the orthography cannot fully exploit the systematic letter 

shapes.  
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Table 4.7.2. Letter-sound correlation of English orthography substitutes 

 Pitman’s shorthand Shavian alphabet 

 r   p r p  

Feature edit distance 0.14 0.02 * 0.23 < .001 *** 

Euclidean distance 0.12 0.05 * 0.23 < .001 *** 

                                    Note: * p < .05, ** p < .01, *** p < .001                                     

To verify the result, I carried out a Monte-Carlo permutation test, a procedure standardly found 

in studies of word-level phonology-to-meaning systematicity. I randomly paired the phonological 

distances with the orthographical distances and tested the correlation between them. Repeating 

the procedure 10,000 times, I accumulated the correlation coefficients, which are displayed as 

box plots in Fig 4.7.1. Then I compared them with the veridical coefficients represented as red 

squares (Fig 4.7.1). The fact that the veridical coefficient of the Shavian alphabet is located far 

from the range of random correlations confirms the significance of the finding. Pitman’s 

shorthand also shows some degree of disparity from the random data, being located over the 

25% quartile, but it is still below the max value, which means such a correlation can be 

observed from the identical data by chance.  

 

 

 

 
 

 

 

4.8. Fictitious orthographies 

I also examined two artificial orthographies that were not intended for actual use: Aurebesh from 

Star Wars and Klingon from Star Trek. Spoken by alien tribes, they were both intentionally 

designed as much as possible not to look like human scripts. The eccentricity appears to come 

from the orientation: there is no consistent orientation for the letters, which is worse in the case 

of Klingon (Fig 4.8.1, right), thus they are visually unstable.  

Fig 4.7.1. The permutation tests confirm the significance of the grapheme-phoneme correlation of the 
Shavian alphabet. 
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Procedure 

The letters and phonemes were collected from Aurebesh and Klingon (Fig. 4.8.1). For Klingon, 

6 different typefaces were examined.  

 

 

 

 

 

 

 

Results 

The two fictitious orthographies did not show any significant letter-sound systematicity. For 

Aurebesh: r = - .04, p = .29 (feature edit distance); r = - .06, p = .17 (Euclidean distance). A 

Monte-Carlo permutation test confirmed that the correlation is not significant (Fig 4.8.2).  

 

 

 

 

 

 

Not including correction for multiple comparisons, these results should be interpreted with 

caution. None of the six Klingon fonts returned any significant letter-sound systematicity (Table 

4.8.1 & Fig 4.8.3). 

Table 4.8.1. The letter-sound correlation of Klingon fonts 

 feature edit Euclidean 

Font r p-value r p-value 

plqaD vy qurgh 0.07 0.28 0.04 0.52 

Code2000 0.10 0.09 0.02 0.69 

Klingon plqaD HaSta 0.00 0.96 0.02 0.70 

Fig 4.8.1. Aurebesh (left) and Klingon (right) 

Fig 4.8.2. The permutation test shows the letter-sound correlation of Aurebesh is not significant. 
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Klingon plqaD Mandel 0.00 0.96 0.02 0.70 

Klingon plqaD vaHbo' -0.16 0.01 -0.08 0.21 

Nokia Pure HL KLGN -0.08 0.21 0.05 0.42 

Note: * p < .05, ** p < .01, *** p < .001, N=276, phonological distance M=2.09, SD=0.31 (Euclidean); M=3.57, 
SD=1.94 (feature edit); orthographical distance M=3.28, SD=0.39 

 

 

 

4.9. Discussion 

Each language has the orthography it deserves based on the particular phonemic and 

morphemic structure of its spoken language (Katz & Frost, 1992; cf. Smith et al. 2021). As 

mentioned previously (chapter 1.2.3), the history of spoken language is far longer than that of 

written language. The impact of spoken language is manifested by human body parts evolved 

for it. Therefore, phonology seems to occupy an essential position in human cognition. For 

example, people tend to generously overlook some orthographic mistakes when they satisfy 

phonetic constraints, which are more important criteria (Katz & Frost, 2001). In addition, it is 

only after acquiring a certain level of competency in spoken language that we normally begin to 

learn how to write. 

I argued in the previous chapter (1.1) that frequent usage can create a systematic pattern. 

When there is frequent use of a certain form in conjunction with another form from a separate 

category, enhanced patterns create a topographic mapping between the two categories 

involved (Ellison, 2013). Considering frequency and amount of effort exerted in writing or in 

speaking, the relation between letters and phonemes are a good example of this categorical 

structure, which was demonstrated in this chapter in the form of correlation. The findings 

confirm that the relation between graphemes and phonemes is not perfectly arbitrary.  

Fig 4.8.3. The permutation test shows the letter-sound correlation of Klingon fonts are not significant 
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Assuming the connection between letters and sounds are consistent and complete, I found 

significant correlations between orthographical distances and phonological distances across 

languages. Fig 4.9.1 compares the correlation coefficients found in the conventional 

orthographies. I averaged those coefficients only when significant. Hangeul, the Korean 

alphabet is the gold standard of quantified letter-sound systematicity.  

 

Fig 4.9.1. Comparison of correlation coefficients of the conventional orthographies 
 

Greek lower cases returned a negative correlation, implying that similar letters have more 

distinct sounds and vice versa. Considering that Greek upper cases displayed a positive 

correlation, this may have more to do with letter shapes rather than phonemes. Indeed, Greek 

lower cases have unique shapes that are independent from their upper cases, unlike other 

Roman alphabets where the lower cases are by and large smaller upper cases. The lower 

cases are known to have been created some time around the 9th Century based on the earlier 

cursive (Thompson, 1911/2013). 

Courier New tends to consistently emphasize the grapho-phonemic systematicity across 

languages. It is a monospaced font where all the letters take up the same width. However, being 

monospaced does not guarantee robustness. Consolas, for example, is also a monotype font 

and did not displayed any noticeable result. It may be the combination of serifs, line width, and 

even pixel colour (Courier New has greyish pixels around the darkest areas making itself look 

sharper) that contributes to the systematicity. 

The current study opens several avenues of research. It will be necessary to investigate 

whether and how much this low-level systematicity affects human behaviour in learning the 

relation between letters and sounds. On the one hand, investigating grapho-phonemic 

systematicity at word level is useful with respect to adult reading behaviours. Recognizing 

phonographic words indeed includes prelexical letter-sound correspondences (particularly in 
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reading text, where parafoveal preview typically involves parts of words) although the stored 

lexicon is essential (Katz & Frost, 1992). On the other hand, it will be also useful to investigate 

better fonts that may facilitate letter acquisition and processing. Although choosing a font is by 

and large a matter of taste, its functional aspect has never been ignored. Font-related research, 

nevertheless, tends to focus on words, not letters (Arditi & Cho, 2005; Geske, 1996; Tullis et al. 

1995). 

In terms of method, the previous chapters (2 & 3) demonstrated that maximum grapho-

phonemic systematicity can be revealed when the methods are particularly designed for the 

language being studied: for example, stroke share rate in the case of Korean and Harm and 

Seidenberg (1999) in the case of English. I assume that the significant correlations established 

in this chapter can be also enhanced with better methods based on a deep understanding of 

each individual language.   

When it comes to the universality of grapho-phonemic systematicity, it can be also investigated 

how the most frequent letters in each orthography play a role in the entire systematicity. For 

example, the most frequent letters in hangeul in fact detracted from grapho-phonemic 

systematicity as a whole. Such research can shed light on the relation between frequency and 

the systematicity of language in general.  

In conclusion, based on this series of findings, I suggest that the human brain may prefer 

topographically-based systematic letter-sound associations. Such systematicity may pervade 

many different subdomains of language, but it is important that the systematicity was observed 

in relation to other entities: for example, other letter shapes in the system or the corresponding 

phonemes. This indicates our brain is greatly capable of dealing with complex systems. It is 

plausible for the phonographs to have developed and exploited such a systematicity in order to 

facilitate learning and transmission of the orthographies. 
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Chapter 5. Can We Validate the Orthographical Distance Metrics 

Using Letter Confusability Data? 

This chapter was designed to validate the two measures of visual distance between letter 

shapes – Stroke Share Rate and Hausdorff distance – by examining the correlation between 

those data and confusion matrices, where human subjects had judged the confusability between 

letters. Stroke Share Rate and Hausdorff distance were considered to capture low-level letter 

perception whereas a confusion matrix was considered to reflect higher-level letter recognition. I 

investigated how much low-level visual difference can explain high-level confusability among 

letters. Four different confusion matrices for English upper cases were processed and 

compared with the data from the previous chapters.  

I successfully replicated the previous studies that compared the values in the main diagonal of 

the confusion matrices. I compared the off-diagonal values at a more detailed level. Stroke 

Share Rate is a qualitatively different method from Hausdorff distance. Townsend (1971) and 

van der Heijden et al.’s (1984) confusion matrices reflected sub-letter features as in Stroke 

Share Rate. Hausdorff inter-letter distances displayed medium level correlation with confusion 

matrices, implying that low-level visual differences between letters may account for some 25% 

of the variance of the human confusability between letters. 

 
5.1. Background 

In the previous chapters, I explored various ways to measure the distance between visual forms 

of letters. Stroke share rate represented letters as the collection of strokes and defined the 

distance between letters as the proportion of non-shared strokes. Comparing the salient sub-

letter features is not a new idea (Briggs & Hocevar, 1975; Geyer & DeWald, 1973; Watt, 1979). 

The representative features of English uppercase letters (Rumelhart & Siple, 1974), for 

instance, was repeatedly applied to later studies on letter recognition (Finkbeiner & Coltheart, 

2009; Rosa et al., 2016).  

For the previous study, I modified Rumelhart and Siple’s (1974) template for better 

representation of English uppercase letters. I also newly designed the feature template for 

lowercase letters on the same principles. Another methodological difference from the previous 

research is that I redefined letters into binary vectors and exploited various metrics to calculate 

the distance between vectors.  



124 
 

Meanwhile, to my knowledge, this research appears to be the first attempt to apply Hausdorff 

distance (Huttenlocher et al., 1993) to measuring pairwise distance between letter shapes. Not 

only was it the most sophisticated computation among the others, it also expands to different 

styles of writing and fonts. Like stroke share rate, Hausdorff distance also reflects status of 

letters: the visual pattern of a letter as a phenomenon. Both measures are categorised as low-

level perception. 

In contrast, I categorise confusion matrices as high-level perception. Confusion matrices 

demonstrate the extent to which a letter is confused with another letter by human subjects. The 

participants are required to judge which letter they are currently seeing. The letters are usually 

degraded in terms of duration (Geyer, 1977; Gilmore et al., 1979; Townsend, 1971), distance 

(Bouma, 1971; Loomis, 1982), brightness (Geyer, 1977; Townsend, 1971), and noise (Chang et 

al., 2012).  

Although they tend to correlate with each other, feature-based letter differences and full letter 

confusability are qualitatively different (Briggs & Hocevar, 1975; Gervais et al., 1984; Geyer & 

DeWald, 1973). First, the probability of judging that the letter is ‘c’ when seeing ‘o’ is different 

from the probability of judging that the letter is ‘o’ when seeing ‘c’. As a result, unlike feature-

based letter difference, confusion matrices tend to be asymmetric. Second, the probability of 

correctly judging ‘a’ as ‘a’ is lower than 1 due to various types of noise, whereas the feature-

wise distance between the identical letter is 0. As a top-down approach to letter recognition, 

confusion matrices are known to recruit higher cognitive processes such as prediction (Bajcsy et 

al., 2018), prototypical concepts (Datta & Kibler, 1995), and analogy within the members in a set 

(Chalmers et al., 1992).   

Confusion matrices do not always come from human behavioural studies. For example, Briggs 

and Hocevar (1975) provided their own confusion matrix where each cell indicates the feature-

level difference between two letters. The number of shared features was divided by the total 

number of features – which corresponds to Jaccard distance. Therefore, their confusion matrix 

is symmetric. Methodologically speaking, however, their matrix corresponds more to low-level 

letter recognition rather than to a confusion matrix in its true sense. For the same reason, I 

considered Geyer and DeWald’s (1973) matrix as low-level data. In the meantime, Hausdorff 

distance also returns an asymmetric matrix that looks like a confusion matrix: Hausdorff 

distance (X, Y) is different from (Y, X).  
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Relatively scant research has been carried out on the relation between low- and high-level letter 

recognition processes. Research prompted by Rumelhart and McClelland’s (1982) Interactive 

Activation Model was closely concerned with the interaction of levels of representation standing 

for strokes, letters and words, respectively; however, note that activation flowed only upwards 

from the stroke level. In this chapter, I investigate to what extent the perceptual level of visual 

difference between letters engages with actual human-judged confusability. One of the very few 

studies in this direction is Briggs and Hocevar (1975), which demonstrated that the more 

features two letters have in common, the more confusable they are. As an up-to-date version of 

this study, the current chapter aims to cross verify all the letter recognition data currently 

obtained and compare low-level perceptual data with high-level behavioural data. For the 

purposes of this study, the confusion matrices were considered as high-level letter recognition 

data whereas stroke share rate and Hausdorff distance were categorized as low-level data. 

Here, I will (i) replicate the previous studies on how similar those confusion matrices are to each 

other, (ii) compare the two low-level data: stroke share rate and Hausdorff distance, (iii) 

compare the data from stroke share rate with the confusion matrices, and (iv) compare the data 

from Hausdorff distance with the confusion matrices. The study includes English uppercase 

letters only. Very few confusion matrices are available for lower cases (e.g. Geyer, 1977). 

 

5.2. Procedure 

The templates for stroke share rate were expanded: apart from the one used in the previous 

chapter (Fig 3.1.4), which is based on Rumelhart and Siple (1974), two more sub-letter feature 

categorizations were included (Briggs & Hocevar, 1975; Geyer & DeWald, 1973). 26 English 

uppercase letters were defined as binary vectors of different length according to each feature 

categorization: the modified Rumelhart and Siple (1974) had 20 features; Briggs and Hocevar 

(1975) had 13; and Geyer and DeWald (1973), 19. Pairwise distances between letters were 

measured in terms of distances between vectors. The distance between two vectors was 

measured in multiple ways: feature edit distance, Euclidean distance, cosine distance, and 

Jaccard distance.  

Each distance between two letters was also measured by Hausdorff distance after each letter 

was saved as a PNG image file. Scipy.spatial. distance.directed_hausdorff (ver. 1.3.1) was 

implemented in Python 3.6.1. 29 asymmetric matrices were obtained from 29 different fonts 

examined.  
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From many others, I chose four confusion matrices fully supplied by their authors: Gilmore et al. 

(1979); Loomis (1982); Townsend (1971); and van der Heijden et al. (1984). In line with the 

previous studies, the diagonal values of the matrices were separately analysed from off-

diagonal values.  

It should be noted that the two low-level approaches measure the difference, thus a large value 

indicates that two letters are different. In confusion matrices, however, a large value means that 

the letters are similar enough to be confused. Thus, a negative correlation is expected if the low-

level and high-level data are positively correlated.  

 

5.3. Results 

5.3.1. Correlation between the confusion matrices 

I examined Pearson’s r between the published confusion matrices. Table 5.1 shows the medium 

to high correlations among the three confusion matrices other than Loomis (1982), which is 

congruent with previous comparison studies (Briggs & Hocevar, 1975; Chang et al., 2012; 

Geyer & DeWald, 1973). Townsend (1971) has been repeatedly estimated to be the most 

trustworthy confusion matrix (Geyer, 1977; van der Heijden et al., 1984) and the current data 

indicates that van der Heijden et al. (1984) is also less biased, demonstrating a high correlation 

with the other confusion matrices. 

Table 5.1. The correlations between four confusion matrices 

 Townsend (1971) Gilmore (1979) Loomis (1982) 

 r p r p r p 

Gilmore (1979) 0.55 < .001***     

Loomis (1982) 0.14 0.02 ** 0.14 < .001***   

van der Heijden (1984) 0.60 < .001*** 0.89 < .001*** 0.16 < .001*** 

Note: * p < .05, ** p < .01, *** p < .001, M=0.04, SD=0.15 (Townsend, 1971), M=0.04, SD=0.11 (Gilmore, 1979), 
M=0.07, SD=0.78 (Loomis, 1982), M=0.04, SD=0.10 (van der Heijden, 1984) 

 

The diagonal values of confusion matrices indicate the probability that the displayed letters were 

correctly perceived. In contrast, the off-diagonal values indicate the probability that the letter is 

mistakenly perceived as another letter. Although I obtained the same result as Chang et al. 

(2012) with the main diagonal values only, the result from the off-diagonal values were different. 

The fact that they symmetrized3 the off-diagonal values resulted in slightly higher correlations 

 
3 By “symmetrized” I take the authors to mean that a mean value was calculated for ‘x confused with 
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than the main-diagonal values (their Table 2B). When containing all the asymmetric pairwise 

confusability, however, Table 5.2 shows very low correlation among the off-diagonal values. 

This disagreement of inter-letter confusability among the confusion matrices appears to be 

because of different experimental parameters for obtaining confusions behaviourally. 

 
Table 5.2. The correlations between confusion matrices with off-diagonal, asymmetric values 

 Townsend (1971) Gilmore (1979) Loomis (1982) 

 r p r p r p 

Gilmore (1979) 0.13 < .001***     

Loomis (1982) 0.01 0.79 0.04 0.37   

van der Heijden (1984) 0.16 < .001*** 0.58 < .001*** 0.10 0.01** 

Note: * p < .05, ** p < .01, *** p < .001, M=0.03 SD=0.12 (Townsend, 1971), M=0.02, SD=0.04 (Gilmore, 1979), 
M=0.05, SD=0.78 (Loomis, 1982), M=0.02, SD=0.03 (van der Heijden, 1984) 

 

5.3.2. Correlation between low-level data 

How internally consistent were the low-level data? For each font, all the inter-letter Hausdorff 

distances were measured. 29 asymmetric matrices were obtained: three representative fonts 

are shown in Table 5.3 to 5.5 (Arial, Courier New, and Times New Roman, respectively). The 

tables show the asymmetries in confusing X with Y and Y with X. 

Meanwhile, Table 5.6 shows the table of correlations among the 29 fonts. The correlation was 

measured between the corresponding lists of inter-letter Hausdorff distances. The table 

indicates the similarity between the fonts: for example, serif fonts correlate more with other serif 

fonts. 

 
y’and ‘y confused with x’. 
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Table 5.3. The pairwise Hausdorff distances between uppercase letters of Arial 

    Y (as the second parameter) 

    A B C D E F G H I J K L M N O P Q R S T U V W X Y Z 

X
 (

a
s 

th
e

 fi
rs

t p
a

ra
m

e
te

r)
 

A 0.00 7.00 7.00 7.00 7.00 6.71 7.00 7.07 7.00 7.00 7.62 7.00 9.49 7.07 7.00 5.83 7.00 6.32 7.00 7.62 7.07 8.54 14.32 7.62 7.62 7.00 

B 4.24 0.00 2.00 3.16 2.83 2.83 3.00 2.83 4.00 2.83 4.24 2.24 5.39 4.00 5.00 2.24 5.00 4.24 1.00 4.00 2.83 4.47 9.85 4.00 4.00 3.00 

C 6.71 8.00 0.00 4.12 8.00 8.00 7.21 8.00 8.00 6.40 8.00 4.00 5.83 8.00 4.47 8.00 4.47 8.00 8.00 8.00 4.12 5.66 8.60 8.00 8.00 8.00 

D 6.08 7.00 2.00 0.00 7.00 7.00 5.83 7.00 7.00 4.00 7.00 3.16 5.10 7.00 2.00 7.00 5.00 7.00 7.00 7.00 2.83 4.24 9.43 7.00 7.00 7.00 

E 4.00 4.12 4.47 4.47 0.00 1.00 5.00 4.12 4.00 4.00 4.00 2.24 5.66 4.12 5.00 4.00 4.47 4.00 4.12 4.00 4.12 4.00 8.00 4.00 4.00 4.00 

F 11.70 10.00 10.00 9.00 11.18 0.00 10.00 11.18 6.08 9.00 11.70 11.05 11.70 11.18 10.00 4.24 12.65 11.70 10.00 6.08 10.00 7.00 11.40 11.40 6.08 11.18 

G 5.00 5.00 1.00 2.83 5.00 5.00 0.00 5.00 5.00 4.12 5.00 5.00 5.00 5.00 2.83 5.00 3.61 5.00 5.00 5.00 2.83 5.00 8.06 5.00 5.00 5.00 

H 6.08 6.08 6.08 6.08 6.08 6.08 6.08 0.00 6.08 6.08 5.00 6.08 6.08 4.00 6.08 6.08 6.08 6.08 6.08 6.08 6.08 6.08 7.28 4.00 6.08 6.08 

I 10.00 7.07 9.00 8.06 7.00 7.00 10.00 8.06 0.00 6.00 9.00 6.00 10.05 8.06 10.00 8.00 11.00 9.00 8.00 8.00 8.06 10.00 15.00 9.00 9.00 8.00 

J 8.06 11.05 12.00 12.04 11.05 10.05 12.37 12.04 4.12 0.00 11.05 9.06 14.00 12.04 12.37 11.05 12.37 12.04 11.18 12.00 12.04 14.00 19.00 11.00 13.00 11.00 

K 5.00 5.39 5.39 7.07 5.66 5.00 6.40 6.40 5.39 5.39 0.00 5.39 8.49 6.40 8.49 6.40 7.81 5.66 5.39 5.39 6.40 5.39 9.90 3.00 5.39 5.39 

L 9.06 11.05 13.04 13.04 12.04 12.00 13.04 13.04 5.10 9.06 13.00 0.00 15.00 13.04 14.04 13.04 14.04 13.04 12.00 13.04 13.04 14.00 20.00 13.00 13.04 12.04 

M 6.08 6.08 6.08 6.08 6.08 6.08 6.08 3.00 6.08 3.61 4.12 3.61 0.00 3.16 6.08 6.08 6.08 6.08 6.08 6.08 3.16 2.00 6.08 3.61 3.00 6.08 

N 5.39 5.66 5.66 5.66 5.66 5.39 5.66 2.83 5.66 5.66 4.12 5.66 5.66 0.00 5.66 5.39 5.66 5.39 5.66 5.66 5.66 5.66 7.28 4.00 5.66 5.66 

O 6.71 8.00 1.00 2.83 8.00 8.00 7.00 8.00 8.00 5.00 8.00 5.00 6.71 8.00 0.00 8.00 4.47 8.00 8.00 8.00 2.83 5.39 8.60 8.00 8.00 8.00 

P 11.70 9.22 9.22 9.06 11.18 2.24 9.49 11.18 7.07 9.00 11.70 10.77 11.70 11.18 9.22 0.00 12.65 11.70 9.22 7.07 9.22 8.00 11.40 11.40 7.07 11.18 

Q 5.39 7.28 1.41 2.83 7.28 7.28 5.00 7.28 7.28 5.00 7.28 5.00 6.00 7.28 1.00 6.71 0.00 7.28 7.28 7.28 2.83 5.00 8.60 7.28 7.28 7.28 

R 4.00 6.08 6.08 6.08 6.08 2.24 6.08 3.16 6.08 6.08 4.00 6.08 6.08 4.00 6.08 1.41 6.08 0.00 6.08 6.08 6.08 6.08 8.54 4.00 6.08 6.08 

S 4.24 3.00 3.61 3.61 3.00 2.83 4.24 3.16 4.00 2.83 4.24 3.00 5.00 3.16 5.00 3.00 5.00 4.24 0.00 4.00 3.16 4.24 9.49 4.00 4.00 4.00 

T 10.00 7.00 9.00 8.00 7.00 6.00 10.00 8.00 0.00 6.00 9.00 6.00 10.00 8.00 10.00 7.00 11.00 9.00 8.00 0.00 8.00 6.00 11.00 9.00 4.00 8.00 

U 6.08 6.08 6.08 6.08 6.08 6.08 6.08 6.08 6.08 3.16 6.08 3.00 5.00 6.08 6.08 6.08 6.08 6.08 6.08 6.08 0.00 4.12 7.28 6.08 6.08 6.08 

V 8.25 7.07 7.07 7.07 7.07 7.07 7.07 6.71 7.07 4.12 8.25 5.39 8.94 7.07 7.07 7.07 9.22 8.25 7.07 7.07 5.00 0.00 7.28 7.28 3.61 7.07 

W 4.00 6.00 6.00 6.00 6.00 5.10 6.00 5.39 6.00 6.00 5.39 6.00 6.00 5.39 6.00 5.39 6.00 5.39 6.00 6.00 6.00 6.00 0.00 5.39 6.00 6.00 

X 5.00 5.39 7.07 6.32 5.39 5.00 7.81 6.32 5.39 5.39 5.39 5.39 7.62 6.32 7.81 5.39 8.06 6.32 5.39 5.39 6.32 5.39 9.22 0.00 5.39 5.39 

Y 10.00 7.07 8.60 8.06 7.00 6.00 9.06 8.00 5.66 6.00 9.00 6.00 10.05 8.00 9.43 7.00 10.00 9.00 8.00 5.66 8.00 4.00 10.30 9.00 0.00 8.00 

Z 6.00 7.00 7.28 7.62 6.00 5.66 8.25 7.00 3.16 5.66 6.00 5.00 8.49 7.00 8.49 6.00 8.49 6.71 7.00 3.61 7.07 6.00 9.22 5.00 5.00 0.00 
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Table 5.4. The pairwise Hausdorff distances between uppercase letters of Courier New 

    Y (as the second parameter) 

    A B C D E F G H I J K L M N O P Q R S T U V W X Y Z 

X
 
(
a
s
 
t
h
e
 
f
i
r
s
t
 
p
a
r
a
m
e
t
e
r
)
 

A 0.00 3.00 5.00 4.12 4.47 6.32 5.00 5.39 4.47 7.21 6.32 3.00 7.21 6.32 4.12 4.12 4.24 3.00 4.12 5.39 6.32 7.21 7.21 5.39 6.32 3.61 

B 3.00 0.00 2.24 2.24 2.24 3.61 2.24 2.83 4.00 4.47 4.00 2.24 4.47 3.61 3.00 1.41 4.47 2.83 1.41 4.00 3.61 4.47 4.47 3.61 4.00 3.00 

C 6.71 7.00 0.00 4.47 7.07 7.07 7.07 7.00 7.07 5.00 7.07 4.12 7.07 7.07 4.12 7.07 5.00 7.07 7.00 7.07 4.47 5.66 7.07 7.07 7.07 7.00 

D 5.39 6.00 2.24 0.00 6.00 6.00 5.83 6.00 5.00 3.61 6.00 2.83 6.00 5.83 3.16 5.83 5.00 6.00 6.00 5.00 2.83 4.47 6.00 5.83 6.00 5.83 

E 3.16 3.16 2.00 4.47 0.00 2.00 3.61 4.00 3.16 4.00 3.00 2.24 4.12 4.00 4.47 4.00 4.47 3.16 3.16 3.16 4.00 3.61 4.12 3.00 3.00 3.00 

F 7.00 5.83 5.83 6.00 5.83 0.00 6.00 6.00 4.00 3.61 7.00 6.71 7.00 5.00 6.00 4.00 6.00 7.00 5.00 3.61 4.47 3.16 5.00 6.00 3.61 5.00 

G 4.24 3.61 1.00 3.00 3.61 3.16 0.00 3.16 5.00 3.00 5.00 4.00 4.24 4.47 3.00 3.16 4.47 3.61 3.61 5.00 3.61 4.47 5.00 4.47 4.47 4.12 

H 3.00 2.00 2.00 3.00 2.00 3.00 3.00 0.00 4.12 2.00 4.00 3.00 3.00 3.16 3.00 2.00 4.00 2.00 2.00 4.12 2.00 3.16 4.12 3.00 4.00 3.00 

I 5.10 7.00 7.07 8.00 5.10 4.47 8.00 5.10 0.00 6.08 5.10 6.08 7.07 6.08 8.00 7.00 8.00 5.10 6.00 6.08 6.08 5.00 7.00 4.00 4.00 6.00 

J 5.83 7.00 6.00 5.66 7.00 5.39 6.00 6.00 5.00 0.00 7.00 6.00 7.00 7.00 6.00 5.39 6.40 7.00 5.66 6.32 7.00 8.00 8.00 6.00 6.00 5.66 

K 2.83 3.61 3.16 5.66 3.16 3.61 4.47 3.61 3.61 3.61 0.00 3.16 5.00 4.24 5.66 5.00 5.66 3.61 3.16 4.24 4.24 3.16 5.00 3.16 3.61 3.16 

L 6.00 7.07 7.21 7.21 6.40 8.06 7.21 6.71 5.00 8.00 7.00 0.00 8.00 7.07 7.07 7.21 7.07 7.07 6.40 7.21 7.07 8.00 8.00 6.00 7.00 5.00 

M 4.12 4.12 4.12 4.12 4.12 4.12 4.12 2.24 4.12 4.12 3.16 4.12 0.00 3.00 4.12 4.12 4.24 4.12 4.12 4.12 3.16 3.61 3.00 3.00 3.61 4.12 

N 3.16 3.00 3.00 3.00 3.00 3.00 3.00 2.24 3.16 3.00 3.00 3.00 3.00 0.00 3.00 3.00 4.47 3.00 3.00 3.16 2.83 3.61 3.00 3.00 3.16 3.00 

O 6.08 6.71 2.24 2.24 6.71 6.71 6.32 6.71 6.71 4.24 6.71 4.12 6.08 6.71 0.00 6.32 5.39 6.71 6.71 6.71 3.61 4.47 6.08 6.71 6.71 6.71 

P 7.00 5.83 5.83 5.39 5.83 3.00 5.39 6.00 4.00 4.12 7.00 6.71 7.00 5.00 5.00 0.00 5.83 7.00 5.00 4.00 4.47 4.00 5.00 6.00 4.00 5.00 

Q 6.08 6.71 2.24 2.24 6.71 6.71 6.32 6.71 6.71 4.24 6.71 4.12 6.08 6.71 1.00 6.32 0.00 6.71 6.71 6.71 4.12 5.00 6.08 6.71 6.71 6.71 

R 3.00 3.61 3.61 4.24 3.61 3.61 4.24 3.61 4.00 4.47 3.61 3.61 4.47 3.61 4.24 3.61 5.66 0.00 3.61 4.00 3.61 4.47 4.47 3.61 3.61 3.61 

S 4.24 4.12 3.16 3.61 4.12 2.83 3.16 3.61 4.00 3.16 4.24 3.16 4.24 4.12 3.61 2.83 5.39 4.24 0.00 4.00 4.12 5.00 5.00 3.61 4.00 3.16 

T 5.39 6.00 6.08 6.00 5.39 4.00 6.08 5.10 2.00 6.00 5.00 6.00 6.08 5.39 6.08 4.00 6.08 5.00 6.00 0.00 6.00 3.61 6.00 4.00 3.00 6.00 

U 5.00 5.00 2.00 2.83 5.00 5.00 5.00 5.00 5.00 2.00 5.00 3.61 5.00 5.00 2.00 5.00 5.66 5.00 5.00 5.00 0.00 3.16 5.00 5.00 5.00 5.00 

V 8.06 7.07 5.00 5.10 7.07 5.10 5.10 6.71 5.00 4.47 7.62 6.08 8.06 7.07 4.12 5.10 7.21 7.62 5.10 4.47 3.16 0.00 4.47 7.07 4.12 5.10 

W 4.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 4.00 3.00 4.00 3.00 3.00 3.00 4.24 4.00 3.00 3.00 3.00 3.00 0.00 3.00 3.00 3.00 

X 3.61 4.24 5.39 6.40 3.61 3.61 5.66 4.12 3.16 4.12 3.61 3.61 5.39 5.00 6.32 4.47 6.40 3.61 3.61 4.12 5.00 3.16 5.00 0.00 2.83 3.00 

Y 5.10 6.40 6.71 7.21 5.10 4.00 6.71 5.10 3.16 6.08 5.10 6.32 6.71 5.83 6.71 4.24 7.21 5.10 6.00 3.61 6.00 3.16 6.08 4.00 0.00 6.00 

Z 3.16 4.00 5.00 5.39 4.00 4.12 5.00 4.00 3.00 4.24 4.00 2.83 5.00 4.12 5.00 5.00 5.39 4.00 3.16 4.24 4.12 4.00 4.24 3.00 3.00 0.00 
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Table 5.5. The pairwise Hausdorff distances between uppercase letters of Times New Roman 

    Y (as the second parameter) 

    A B C D E F G H I J K L M N O P Q R S T U V W X Y Z 

X
 (

as
 th

e 
fi

rs
t p

ar
am

et
er

) 

A 0.00 9.85 6.71 10.77 8.06 8.06 6.71 10.77 4.47 5.00 9.85 8.06 12.53 10.77 6.71 8.06 6.71 9.85 5.00 8.06 9.85 10.44 13.34 9.49 9.85 6.71 

B 4.47 0.00 2.83 4.12 2.00 2.24 4.47 4.47 4.47 4.47 4.47 1.41 7.21 5.39 4.12 2.24 8.06 4.00 2.24 4.47 5.39 6.32 8.94 5.39 5.39 3.16 

C 7.81 8.00 0.00 5.66 8.00 8.00 6.40 8.00 8.00 8.00 6.71 3.61 7.21 8.00 4.47 7.81 8.60 8.00 8.00 8.00 5.00 5.83 7.81 8.00 7.62 7.62 

D 5.66 6.00 2.83 0.00 6.00 6.00 4.00 6.00 6.08 6.08 6.08 2.24 6.40 6.08 2.24 6.00 8.94 6.08 6.08 6.08 5.00 5.66 7.81 6.08 6.08 6.08 

E 5.00 3.00 4.00 5.10 0.00 1.00 6.08 3.16 5.00 5.00 5.00 1.00 6.08 4.12 5.10 3.16 7.21 4.47 3.16 5.00 4.12 5.10 8.06 4.12 5.00 5.00 

F 11.00 7.28 6.71 6.71 7.28 0.00 8.06 10.00 5.00 4.47 11.00 7.28 12.73 8.06 6.71 3.00 11.66 10.00 6.32 5.00 6.71 5.39 8.25 11.00 4.47 8.06 

G 5.66 5.00 2.24 5.66 5.00 5.00 0.00 5.66 5.66 5.39 5.66 4.00 7.07 5.66 2.24 5.10 7.28 5.10 5.39 5.66 5.00 5.66 7.07 5.39 5.66 5.39 

H 5.00 2.00 2.24 3.00 2.24 3.00 4.00 0.00 5.00 5.00 5.00 2.24 5.00 4.00 3.00 3.16 6.00 4.00 3.00 5.00 2.00 5.00 5.00 4.00 5.00 4.00 

I 7.00 7.00 9.00 9.00 5.83 5.00 10.00 8.00 0.00 3.16 7.00 5.83 10.00 8.00 10.00 6.00 10.00 7.00 6.00 6.71 7.00 8.00 11.00 7.00 7.00 6.00 

J 9.22 8.06 10.00 9.00 6.08 6.08 10.82 9.00 3.61 0.00 9.22 6.08 11.18 9.00 11.05 6.08 11.31 8.25 7.00 7.21 8.06 8.00 11.00 9.22 8.00 6.40 

K 4.24 5.00 6.40 8.49 4.24 4.24 8.94 6.40 2.83 3.61 0.00 2.24 8.49 7.07 8.49 5.66 8.49 4.24 3.61 3.16 7.07 5.66 8.49 2.83 3.61 2.24 

L 8.00 9.22 10.00 10.30 8.54 8.06 9.43 10.00 5.00 7.00 9.00 0.00 13.00 11.00 10.05 9.22 10.05 9.22 8.60 10.44 11.00 12.00 15.00 11.00 11.00 8.00 

M 7.21 7.21 7.21 7.21 7.21 7.21 7.21 5.39 7.21 7.21 5.39 7.21 0.00 3.61 7.21 7.21 7.21 7.21 7.21 7.21 4.47 4.47 7.21 6.32 4.47 7.21 

N 4.24 5.00 5.00 5.00 5.00 5.00 5.00 4.12 5.00 5.00 4.24 5.00 5.39 0.00 5.00 5.00 6.71 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 

O 6.08 7.00 2.83 5.00 7.00 7.00 4.00 7.00 7.00 7.00 7.00 4.00 6.40 7.00 0.00 7.00 8.94 7.00 7.00 7.00 5.00 7.00 8.06 7.00 7.00 7.00 

P 11.00 7.62 7.62 7.62 7.62 1.41 8.94 10.00 5.00 5.00 11.00 7.62 13.00 8.25 7.62 0.00 11.66 10.00 6.71 5.00 7.62 6.32 8.94 11.00 5.39 8.54 

Q 6.08 7.00 2.83 5.00 7.00 7.00 4.00 7.00 7.00 7.00 7.00 4.00 6.40 7.00 1.00 7.00 0.00 7.00 7.00 7.00 5.00 7.00 8.06 7.00 7.00 7.00 

R 3.61 4.24 4.12 6.40 3.16 2.24 5.83 5.66 4.00 2.83 5.00 3.16 8.06 6.40 6.40 2.24 6.40 0.00 3.00 5.00 6.40 7.21 9.85 6.40 6.40 4.12 

S 5.83 5.00 5.00 5.83 3.61 3.61 6.32 5.83 3.61 3.16 5.83 3.61 8.00 6.00 5.66 3.61 9.22 5.00 0.00 5.10 6.00 7.00 10.00 6.00 6.00 3.16 

T 7.00 7.00 9.00 9.00 5.83 5.00 9.22 8.00 1.00 3.16 7.00 5.83 10.00 7.00 9.22 5.00 9.22 7.00 6.00 0.00 7.00 5.00 8.00 7.00 4.00 6.00 

U 6.00 6.00 3.00 5.83 6.00 6.00 4.00 6.00 6.00 6.00 6.00 3.61 7.62 6.00 3.16 6.00 8.94 6.00 6.00 6.00 0.00 5.10 6.00 6.00 6.00 6.00 

V 10.44 10.44 6.71 11.40 8.54 8.54 7.28 11.40 5.00 5.10 10.44 8.54 13.34 10.44 7.28 8.54 10.82 10.44 6.32 5.00 5.83 0.00 5.10 10.44 4.24 9.49 

W 5.39 5.39 4.24 6.32 4.24 4.12 4.24 6.32 4.12 4.00 5.39 4.12 8.25 5.39 4.24 4.24 7.81 5.39 4.12 4.12 4.24 4.00 0.00 5.39 4.24 4.47 

X 3.61 5.66 7.21 7.07 4.24 4.12 8.06 5.83 3.61 3.61 5.66 4.24 7.81 5.66 8.06 4.12 8.06 5.66 3.00 3.61 5.66 3.61 7.07 0.00 3.61 3.00 

Y 7.00 7.07 7.21 8.06 6.40 5.00 8.06 8.00 4.12 4.12 7.00 6.40 10.00 7.00 8.06 5.00 8.49 7.00 5.10 4.12 7.00 3.61 7.21 7.00 0.00 6.00 

Z 5.00 5.39 6.32 7.28 5.00 4.24 7.62 5.66 4.00 5.00 5.00 4.24 7.28 6.00 7.28 4.24 7.28 5.00 5.00 4.00 5.83 5.00 7.28 5.00 4.12 0.00 
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Arial 1.00        
Table 5.6. The correlations between the 29 fonts 

      

Consolas 0.82 1.00             

Constantia 0.81 0.75 1.00                           

Corbel 0.92 0.85 0.86 1.00                          

Courier New 0.78 0.72 0.83 0.78 1.00                         

Franklin Gothic Medium 0.94 0.84 0.82 0.91 0.75 1.00                        

15.Gabriola 0.61 0.70 0.76 0.65 0.57 0.69 1.00                       

Georgia 0.84 0.75 0.93 0.85 0.85 0.86 0.70 1.00                      

Impact 0.75 0.67 0.67 0.72 0.58 0.84 0.55 0.71 1.00                     

Lucida Console 0.86 0.95 0.76 0.88 0.77 0.87 0.64 0.78 0.67 1.00                    

Lucida Handwriting 0.76 0.79 0.82 0.79 0.71 0.81 0.76 0.82 0.69 0.80 1.00                   

Arial Black 0.94 0.79 0.77 0.87 0.74 0.94 0.59 0.83 0.82 0.85 0.78 1.00                  

Lucida Sans Unicode 0.88 0.85 0.88 0.93 0.78 0.90 0.74 0.85 0.71 0.88 0.83 0.83 1.00                 

Microsoft Sans Serif 0.99 0.82 0.80 0.92 0.78 0.94 0.60 0.83 0.74 0.87 0.76 0.94 0.88 1.00                

Palatino Linotype 0.82 0.75 0.95 0.87 0.82 0.82 0.69 0.93 0.65 0.78 0.81 0.76 0.89 0.82 1.00               

Segoe Print 0.92 0.80 0.79 0.88 0.74 0.90 0.61 0.83 0.70 0.84 0.79 0.91 0.84 0.92 0.80 1.00              

Segoe Script 0.88 0.73 0.74 0.82 0.72 0.86 0.57 0.81 0.69 0.77 0.75 0.89 0.78 0.87 0.75 0.94 1.00             

Segoe UI Symbol 0.89 0.85 0.89 0.96 0.78 0.90 0.73 0.86 0.73 0.86 0.81 0.83 0.95 0.89 0.90 0.84 0.78 1.00             

Tahoma 0.89 0.92 0.85 0.92 0.80 0.90 0.72 0.85 0.71 0.93 0.84 0.84 0.91 0.89 0.86 0.84 0.79 0.94 1.00            

Times New Roman 0.81 0.75 0.90 0.83 0.81 0.82 0.68 0.94 0.68 0.78 0.81 0.79 0.83 0.81 0.92 0.80 0.77 0.85 0.84 1.00          

Trebuchet MS 0.91 0.87 0.86 0.92 0.77 0.93 0.74 0.87 0.78 0.89 0.83 0.90 0.92 0.91 0.84 0.88 0.84 0.92 0.92 0.84 1.00         

Verdana 0.91 0.91 0.83 0.92 0.80 0.91 0.70 0.84 0.70 0.94 0.82 0.86 0.91 0.91 0.84 0.86 0.81 0.93 0.98 0.82 0.91 1.00        

Book Antiqua 0.83 0.77 0.95 0.88 0.82 0.83 0.70 0.93 0.65 0.79 0.80 0.77 0.89 0.83 0.99 0.80 0.76 0.90 0.87 0.92 0.85 0.85 1.00       

Calibri 0.88 0.84 0.88 0.95 0.77 0.91 0.74 0.87 0.77 0.84 0.82 0.83 0.93 0.87 0.88 0.84 0.79 0.98 0.93 0.85 0.92 0.91 0.88 1.00      

Calibri Light 0.89 0.82 0.88 0.95 0.78 0.90 0.72 0.85 0.73 0.84 0.80 0.81 0.92 0.88 0.88 0.83 0.78 0.98 0.93 0.84 0.91 0.92 0.88 0.98 1.00     

Cambria 0.85 0.80 0.93 0.87 0.80 0.89 0.74 0.94 0.75 0.83 0.86 0.86 0.89 0.84 0.91 0.85 0.82 0.89 0.87 0.90 0.90 0.86 0.91 0.89 0.87 1.00    

Candara 0.89 0.86 0.89 0.93 0.77 0.92 0.79 0.87 0.77 0.87 0.82 0.86 0.94 0.89 0.87 0.86 0.80 0.95 0.92 0.84 0.94 0.91 0.88 0.95 0.94 0.91 1.00   

Century Gothic 0.88 0.81 0.84 0.91 0.76 0.85 0.67 0.84 0.69 0.81 0.76 0.81 0.89 0.89 0.87 0.83 0.79 0.92 0.87 0.84 0.88 0.87 0.88 0.90 0.89 0.82 0.88 1.00  

Comic Sans MS 0.82 0.83 0.79 0.84 0.68 0.86 0.75 0.79 0.68 0.86 0.81 0.80 0.85 0.81 0.77 0.78 0.72 0.86 0.89 0.77 0.86 0.88 0.78 0.85 0.84 0.81 0.86 0.77 1.00 
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How much did the pairwise distances obtained from the stroke share metric correlate with 

the corresponding distances from the Hausdorff metric? Table 5.7 demonstrates that the 

pairwise distances measured by stroke share rate is qualitatively different from those of 

Hausdorff distance. The difference in sub-letter features do not correlate with the pixel-wise 

Hausdorff distance. 

Table 5.7. Correlations between stroke share rate and Hausdorff distance 

 

5.3.3. Correlation between stroke share rate and confusion matrices 

Two confusion matrices (Townsend, 1971; van der Heijden et al., 1984) reflected the role of 

overlapping sub-letter features (Table 5.8), depending on the precise distance metric used. 

The credibility of these two matrices was confirmed above in relation to other confusion 

matrices. The negative correlation coefficients are due to the opposite direction of indication: 

pairwise distances of stroke share rate versus confusability based on similarity. Table 5.8 

confirms Briggs and Hocevar (1975), indicating that letters are more likely to be confused 

when they share more visual features.  

  

 

 

 

 

 

 

 

  Hausdorff distance 

  Arial Courier New Times New Roman 

  r p r p r p 

B
rig

gs
 &

 
H

o
ce

va
r 

(1
97

5)
 

Cosine 0.03 0.46 0.03 0.51 0.00 0.94 

Euclidean 0.02 0.57 0.04 0.25 -0.05 0.17 

Jaccard 0.02 0.68 0.01 0.72 -0.04 0.29 

feature edit 0.04 0.25 0.07 0.07 0.01 0.83 

G
e

ye
r 

&
 

D
e

W
a

ld
, 

(1
97

3)
 

Cosine 0.06 0.10 0.07 0.07 0.00 0.98 

Euclidean 0.06 0.15 0.06 0.12 0.01 0.74 

Jaccard -0.03 0.42 -0.03 0.46 -0.09 0.02** 

feature edit 0.01 0.90 -0.02 0.64 -0.07 0.07 

R
u

m
el

h
ar

t 
&

 
S

ip
le

  
(1

9
7

4
) 

Cosine 0.07 0.06 0.07 0.07 -0.01 0.71 

Euclidean 0.07 0.09 0.07 0.08. -0.03 0.37 

Jaccard 0.07 0.08 0.06 0.09 -0.02 0.52 

feature edit 0.08 0.03* 0.09 0.01** 0.02 0.59 
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Table 5.8. Correlations between stroke share rate and confusion matrices 

 
Table 5.7 and 5.8 respectively show that Hausdorff distances and sub-letter features are 

qualitatively different measures, and imply that human judgements may be somewhat 

influenced by sub-letter features. 

 

5.3.4. Correlation between Hausdorff distances and confusion matrices 

As expected, Hausdorff distance returned negative correlation coefficients with all the 

confusion matrices (Table 5.9), which confirms that visually similar letters (short Hausdorff 

distance) are more confusable (high confusability). Even Loomis (1982) returned the result 

over the significance level. More importantly, the size of the correlation coefficients in most 

cases were not so different from those among confusion matrices. I cautiously suggest that 

the low-level inter-letter difference account for a maximum of 25% of the variance in high-

level confusability, and that Hausdorff distance, a sophisticated low-level measure, is as 

valid as various confusion matrices when it comes to the inter-letter distances of English 

upper-case letters.  

Judging from van der Heijden et al.’s (1984) confusion matrix, two bold fonts, Arial Black 

and Impact returned the lowest correlation coefficients. The thicker letters seem to affect 

Hausdorff inter-letter distance in a way to reduce the correlation with human judgements. 

Most experiments on which confusion matrices are based displayed the letters in sans-serif 

fonts. However, fonts do not particularly engage with the letter recognition: no biased pattern 

in favour of certain fonts appeared.  

  Townsend (1971) Gilmore (1979) Loomis (1982) 
van der Heijden 

(1984) 

  r p r p r p r p 

B
rig

gs
 &

 
H

o
ce

va
r 

(1
97

5)
 

Cosine -0.14 <.001*** -0.08 0.03* 0.02 0.66 -0.13 <.001*** 

Euclidean -0.09 0.02* -0.06 0.14 -0.01 0.82 -0.10 0.01** 

Jaccard -0.13 <.001*** -0.07 0.06 0.01 0.74 -0.11 <.001*** 

feature edit -0.09 0.02* -0.05 0.19 -0.03 0.50 -0.09 0.03* 

G
e

ye
r 

&
 

D
e

W
a

ld
, 

(1
97

3)
 

Cosine -0.09 0.01** -0.08 0.03* -0.01 0.77 -0.14 <.001*** 

Euclidean -0.05 0.16 -0.04 0.36 -0.03 0.40 -0.10 0.01** 

Jaccard -0.07 0.05* -0.02 0.52 -0.01 0.88 -0.03 0.37 

feature edit -0.06 0.13 -0.02 0.56 0.00 0.94 -0.06 0.13 

R
u

m
e

lh
a

rt
 &

 
S

ip
le

  
(1

97
4)

 

Cosine -0.08 0.05* -0.06 0.11 -0.07 0.08 -0.07 0.06 

Euclidean -0.07 0.05* -0.05 0.18 -0.08 0.05* -0.07 0.05* 

Jaccard -0.08 0.04* -0.06 0.14 -0.08 0.04* -0.07 0.07 

feature edit -0.09 0.02* -0.07 0.06 -0.07 0.06 -0.10 0.01** 



134 
 

Table 5.9. The correlations of each font between Hausdorff distance and the confusion matrices 

Note: * p < .05,  **  p  <  .01,  ***  p  <  .001 

 

5.4. Discussion 

The current study was motivated by wishing to test the validity of Hausdorff distance when it 

comes to the inter-letter difference that actually affect letter recognition. Letter recognition 

requires many different cognitive faculties, which are partially expressed by confusion 

matrices. It is indeed questionable how much of the confusability actually originates from the 

visual difference. 

 Townsend (1971) Gilmore (1979) Loomis (1982) 
van der Heijden 

(1984) 

Fonts r p r p r p r p 

Arial -0.34 *** -0.42 *** -0.08 0.04 -0.48 *** 

Arial Black -0.28 *** -0.35 *** -0.08 * -0.35 *** 

Book Antiqua -0.39 *** -0.47 *** -0.08 * -0.54 *** 

Calibri -0.36 *** -0.45 *** -0.09 * -0.51 *** 

Calibri Light -0.37 *** -0.46 *** -0.09 * -0.52 *** 

Cambria -0.36 *** -0.43 *** -0.09 * -0.45 *** 

Candara -0.34 *** -0.43 *** -0.09 * -0.50 *** 

Century Gothic -0.36 *** -0.45 *** -0.09 * -0.52 *** 

Comic Sans MS -0.32 *** -0.42 *** -0.10 ** -0.44 *** 

Consolas -0.35 *** -0.44 *** -0.09 * -0.46 *** 

Constantia -0.38 *** -0.46 *** -0.09 * -0.53 *** 

Corbel -0.37 *** -0.47 *** -0.09 ** -0.53 *** 

Courier New -0.38 *** -0.50 *** -0.08 * -0.54 *** 

Franklin Gothic Medium -0.33 *** -0.41 *** -0.09 * -0.43 *** 

Gabriola -0.27 *** -0.32 *** -0.07 0.06 -0.33 *** 

Georgia -0.36 *** -0.44 *** -0.08 * -0.46 *** 

Impact -0.24 *** -0.29 *** -0.07 0.07 -0.30 *** 

Lucida Console -0.33 *** -0.44 *** -0.08 * -0.52 *** 

Lucida Handwriting -0.34 *** -0.47 *** -0.10 ** -0.51 *** 

Lucida Sans Unicode -0.36 *** -0.45 *** -0.10 ** -0.47 *** 

Microsoft Sans Serif -0.34 *** -0.43 *** -0.09 * -0.44 *** 

Palatino Linotype -0.38 *** -0.47 *** -0.09 * -0.54 *** 

Segoe Print -0.36 *** -0.46 *** -0.09 * -0.51 *** 

Segoe Script -0.35 *** -0.45 *** -0.08 * -0.46 *** 

Segoe UI Symbol -0.36 *** -0.45 *** -0.09 ** -0.52 *** 

Tahoma -0.35 *** -0.46 *** -0.09 ** -0.51 *** 

Times New Roman -0.37 *** -0.45 *** -0.10 ** -0.51 *** 

Trebuchet MS -0.33 *** -0.43 *** -0.09 * -0.44 *** 

Verdana -0.35 *** -0.46 *** -0.10 ** -0.51 *** 
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In this chapter, I investigated these questions by comparing the low-level measured values 

(stroke share rate & Hausdorff distance) and high-level (confusion matrices) measured 

values of inter-letter differences of English upper cases. The result mainly demonstrated that 

the low-level measurement explains the confusability by some 50% when it is as 

mathematically sophisticated as Hausdorff distance. Considering that letter recognition is a 

complex mechanism, the rest of the confusability may be driven by external factors unrelated 

to letters: speech sound (Froyen et al., 2009; Huang et al., 2012; Preston et al., 2016; van 

Atteveldt et al., 2004), semantics (Bialystok, 1991; Coltheart, 2005; Ehri, 2017; Landsmann 

& Levin, 1987; Seidenberg & McClelland, 1989), and kinetics (Heimann et al., 2013; 

Longcamp et al., 2003; Longcamp et al., 2006, Longcamp et al., 2008).  

Although the coefficients were very low, it is still too early to abandon the effect of sub-letter 

features (e.g. stroke share rate) on letter confusability. For example, Gilmore et al. (1979) 

found that letters ‘I’ and ‘J’ were most likely to be chosen as a response, due to their features 

that are shared with other letters. A few other studies imply there might be a priority for those 

features. At the word-level, partial visual information is enough for the recognition: (i) people 

are less influenced by partial deletion if the vertices (Lanthier et al., 2009; Szwed et al., 

2009) or midsection (Rosa et al., 2016) stay intact; (ii) global recognition precedes local 

recognition (Petit & Grainger, 2002); and (iii) Junctions are the least significant compared to 

other parts of the words (Lanthier et al., 2009; Szwed et al., 2009). At the letter-level, Fiset et 

al. (2009) demonstrated representative features of each English uppercase letter that can be 

associated with confusability. The fact that the visual cues to letter identity are not evenly 

distributed partly explains why our stroke share rate did not successfully correspond to the 

confusion matrices. Imposing weights on some of the features might return stronger 

correlations between the two. All in all, it should be said that both Hausdorff distance and 

inter-letter features (e.i. stroke share rate) take up their own portion of the variance in the 

letter recognition. 

Previous studies that systematically compared various confusion matrices (Briggs & 

Hocevar, 1975; Chang et al., 2012; Geyer & DeWald, 1973; Loomis, 1982) end up with a 

medium level of correlation (r = .5 ~ .6) at maximum. The reason for this comparatively low 

correlation probably lies in different experiment parameters. As well as font, size, and width 

(Gervais et al., 1984), the displayed letters have differed in level of clarity, which is observed 

by the main-diagonal values (i.e. the probability of judging ‘a’ as ‘a’). They also differ in 

colour: Gilmore et al. (1979), for example, used green letters. The experiments vary in terms 

of the direction: Loomis (1982, 1990) argued that visual letter confusability correlates with 

tactile. Bouma (1971) compared a foveal condition with a non-foveal condition, where the 

result did not generally correspond to other confusion matrices (Geyer, 1977).  
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Most of the studies have focused on main-diagonal versus off-diagonal values in order to 

build a model that better predicts human letter recognition (Chang et al., 2012; Geyer & 

DeWald, 1973). Scant research has focused on the different perceptual implications of the 

rows and columns of the confusion matrix. Conventionally, the far-left index are the stimuli 

and the top index, the responses. Therefore, the values in the columns demonstrate the 

perceptual bias where the participants, for example, decided that the letter is ‘A’ regardless 

of whether the stimulus was ‘B’, ‘C’, ‘D’, or ‘E’, etc. In contrast, the values in the rows imply 

the range of inventory where other candidate letters in the inventory are involved: the letter 

‘A’, for example, has to compete with other visual neighbours in the inventory. I analysed the 

values from the columns separately from the values in the rows, but they both returned 

identical levels of correlation. Nevertheless, this perceptually distinct observation of 

confusion matrices may deepen our understanding of letter recognition. 
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Chapter 6. Does Reformed Spellings Enhance Meaning-Form 

Correlation? 

 

In this and the next chapter, I extend the scope of the research to semantics. Here, I first 

replicated two experiments on English meaning-form systematicity in phonology (Monaghan 

et al., 2014) and in orthography (Dautriche et al., 2017). I further investigate if spelling reform 

affects systematicity, expecting a reformed grapho-semantic4 systematicity to fall between 

those of the previous findings. I successfully replicate the previous research on phono-

semantic systematicity with a smaller corpus. However, I found much higher grapho-

semantic systematicity than that found by Dautriche et al. (2017). My observed grapho-

semantic systematicity was much stronger than my observed phono-semantic systematicity. 

The spelling-reformed grapho-semantic systematicity fell between the two, indicating that the 

reformed spellings tend to decrease the existing systematicity of written words which carry 

etymological information, making their systematicity closer to that of their pronunciations. 

 
6.1. Background 

The spelling reform movement spread out all over the Anglosphere in the late 19th century 

(Sampson, 1985). Its primary goal was to make English spelling more regular, by reducing 

the number of letter-sound associations, and by writing words as they sound. For example, 

Spell as you Pronounce Universally (SaypU, hereafter) writes ‘high’, ‘we’ and ‘yours’ ‘hai’, 

‘wii’, and ‘iooz’, respectively. However, it is questionable whether orthographic regularity 

enhances any existing meaning-form systematicity; orthography can give the reader 

information about etymology and hence semantic information (compare ‘cyclist’ and 

‘psychologist’.) 

I replicated two previous studies: phono-semantic systematicity (Monaghan et al., 2014) and 

grapho-sematic systematicity (Dautriche et al., 2017). In the former, Monaghan et al. found a 

correlation of r = .035 between a list of pairwise phonological distances and a list of 

corresponding pairwise semantic distances of English monosyllables. Dautriche et al. used 

the written forms as a proxy for the phonological distances in order to study numerous 

languages. The length of words as well, varied from 3 to 7 letters. Very weak grapho-

semantic systematicity (r = .001) was found in English.  

 
4 I define grapho-semantic systematicity here as the systematicity between written words and their 
meaning, as seen in Dautriche et al. (2017). 
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I additionally measured the reformed orthographo-sematic systematicity that includes the 

pairwise orthographical distances between the reformed words in a phonologically shallower 

way. I expect the systematicity of these reformed words to move the grapho-semantic 

systematicity (Dautriche et al., 2017) closer to the phono-semantic systematicity (Monaghan 

et al. 2014).  

 

6.2. Procedure 

6.2.1. Sample 

I used the list of the most frequent 5,000 English words (obtained from 

http://www.naturalenglish.club/esl/ on 4 October 2017). Some were removed: Acronyms 

(CIA, DNA, CD, etc.), simple individual alphabetic letters (q, B., P., W., etc.), names (Dru, 

Mimi, Abbott, Rea, etc.), and corporeal sounds (hmmm, yah, ew, etc.). Including disyllabic 

and polysyllabic words, the remaining 4,528 words were grouped by the length of the word: 

3, 4, 5, 6, and 7 letters (cf. Dautriche et al., 2017). This sample was used for replicating 

phono-semantic and grapho-sematic systematicity. For the former, the words were 

transcribed by IPA symbols based on the Cambridge dictionary. 

6.2.2. Choosing a system of reformed spelling 

There have been many suggestions for English spelling reform: Benjamin Franklin’s 

Phonetic Alphabet in 1779, Cut Spelling, SounSpel, and SaypU. Benjamin Franklin 

introduced new letters to the alphabet like /ʃ/, /η/, /ɵ/, and /ð/ to reduce the word length, but 

did not provide a comprehensive template (Stamp, 2013). Cut Spelling focuses less on 

phonetic representation of the English alphabet and focuses more on removing redundant 

spellings from words such as double consonants (Upward, 1998). SoundSpel was not 

successful in getting rid of the irregularities. It not only stipulates too many exceptions, but 

also fails to distinguish some voiced sounds from voiceless sounds (/s/-/z/ and /ɵ/-/ð/).  

On the other hand, SaypU, suggested by Jaber G. Jabbour (West, 2014; De Castella, 2013), 

represents a complete and consistent template and does not have too many unfamiliar 

symbols. Therefore, SaypU was chosen for this study. One of the interesting features of 

SaypU is that it explicitly defines schwa /ə/, which marks the less stressed phonemes. This 

applies to a large proportion of the pronunciation of English words.  

The sample words were first transcribed to IPA following British pronunciation based on that 

of the Cambridge dictionary. Then they were transcribed to SaypU (Table 6.1). Two 

diphthong markers (/w/ and /y/) were converted into normal vowels (/u/ and /i/, respectively) 

for simplicity. 
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Word length changes as a word is re-written in SaypU: for example, ‘fight’ and ‘eat’ 

respectively become length 4 (fait) and 3 (iit). Therefore, the re-written words were re-

grouped by length from 3 to 7. This sample was used to examine reformed grapho-semantic 

systematicity. 

Table 6.1. The phonemes defined by IPA and SaypU 

Consonants 

IPA b d f g h k l x m n p r 

SaypU b d f g h k l x m n p r 

IPA s t v z ɵ ð ʒ ʤ ʃ ʧ ɧ  

SaypU s t v z th dh j dj sh ch ng  

Vowels 

IPA a ɑ ᴂ ɒ ɑ: ə ᴈ ʌ ə: ᴈ: e ɛ 

SaypU a aa ə əə e 

IPA ʊ u u: I i i: ɔ o ɔ: j e: ɛ: 

SaypU u uu j ii o oo i ee 

 

6.2.3. Measuring orthographic distances  

The pairwise distance between two normal words and the pairwise distance between two 

reformed words were measured by edit distance, where insertion, deletion and substitution 

of a letter is equal to 1 (Dautriche et al., 2017). For instance, the distance between ‘car’ and 

‘cat’ is 1, and between ‘wat (what)’ and ‘bət (but)’ is 2. Because we only compared words of 

the same length, distance values cannot be bigger than the length of the words in a group.  

6.2.4. Measuring phonological distances 

Those sample words were transcribed into IPA symbols according to the pronunciation 

stated in Cambridge Dictionary. The pairwise distance between two transcribed words were 

measured by edit distance. 

6.2.5. Measuring semantic similarity 

Latent Semantic Analysis (LSA, Landauer et al., 1998) uses contextual information to judge 

semantic similarity. It has been used in practice for many purposes: document classification, 

text summarization, completion of sentences, and so on (Landauer et al., 2013). Many 

experiments have demonstrated that LSA models human semantic judgements relatively 

well (Landauder et al., 1998). Higher dimensionality (i.e. a longer context vector), or a larger 

corpus seems to maximize its capability.  

Interestingly, LSA data based on a small corpus resembled children’s understanding of 

lexical meanings (Landauder et al., 1998). This implies that children may judge the meaning 

of words based on a smaller-scale, somewhat limited contextual resource. Maratsos and 
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Chalkley (1980) show that using the local context carries a lot of information about 

grammatical category of words.  

A possible limitation of LSA is that it treats written text as ‘a bag of words’ (p.273, Landauer 

et al., 1998) at the cost of information from grammar, syntax, morphology, and pragmatics. 

For example, LSA considers that ‘nurse’ is closer to ‘doctor’ than to ‘physician’ (Landauer et 

al., 1998), which is attributable to lack of structural information from the text. Another critical 

drawback is that no underlying mechanism of LSA is clearly revealed, due to its 

computational complexity.  

The pairwise semantic similarity between two words was measured by LSA, based on the 

British National Corpus (baby-bnc) with 3.5 million words. The size of this corpus is much 

smaller than the one used by Monaghan et al. (2014), the British National Corpus with 100 

million words. Considering the size of the corpus, a document was defined as one sentence, 

separated by a full stop. Although being less identical in length, this clearly tends to 

compartmentalize the corpus semantically: alternatively, two unrelated sub-parts of different 

sentences can be one document. 

I created from the corpus the sparse term-document matrix that indicates the number of 

appearances of each sample word in a document. Because a word is extracted from various 

contexts, LSA is known to produce the average of those meanings (Landauer & Dumais, 

1997; Landauer, et al., 1998). Each cell was weighted according to the importance of the 

word in the domain. This high dimensional data goes through Singular Value Decomposition 

(SVD). It is through SVD that the surface usage of words gains deeper abstraction. Similarity 

between the vectors was measured by 1 - cosine distance (cf. Monaghan et al., 2014). 

Cosine similarity ranges from -1 to 1 where the former indicates that two vectors are 

opposed and the latter, that the two have the same orientation.  

Table 6.2 illustrates the pairwise similarity between a few words from the corpus. The fact 

that the similarity between ‘father’ and ‘mother’ is 0.99, whereas between ‘dad’ and ‘mother’ 

is only .003, indicates that the former co-occur much more frequently in the identical 

contexts.  

 

Table 6.2. Examples of the semantic similarity 

mother 1        

father 0.992 1       

table 0.008 0.004 1      

mom 0.75 0.828 -0.02 1     
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computer 0.459 0.449 0.892 0.307 1    

rat -0.163 -0.173 -0.981 -0.175 -0.942 1   

fox 0.456 0.44 0.891 0.274 0.999 -0.936 1  

dad 0.003 0.13 -0.009 0.663 -0.027 -0.111 -0.073 1 
 mother father table mom computer rat fox dad 

 

6.3. Results 

The correlation was calculated on three sets of two lists: (i) between semantic distances and 

phonological distances; (ii) between semantic distances and orthographic distances; (iii) 

between semantic distances and reformed orthographic distances. Spearman’s rho was 

chosen over Pearson’s r, considering the skewed distribution. It was observed that the 

correlation coefficients tend to increase with Pearson’s r. It should be noted that division by 

phoneme length (or letter length) do not distinguish neatly monosyllabic from polysyllabic 

words. 

 

6.3.1. Phono-semantic systematicity 

I was able to substantially replicate Monaghan et al. (2014)’s result even with a much 

smaller size of corpus. Meaning-form systematicity tends to decrease in longer words (Table 

6.3).  

Table 6.3. The phono-semantic correlation of the normal words 

 

 

 

 

 
 
                                                
                      Note: * <.05, ** < .01, *** < .001. N indicates the number of sample words in each group. 

 

A Monte-Carlo permutation test was conducted as well, in line with the systematicity 

literature. Semantic distances were randomly paired with phonological distances and the 

correlation between them was calculated. Repeating 10,000 times, these correlation 

coefficients were accumulated (shown as boxes in Fig 6.1) and compared with the veridical 

correlation coefficients found (dots in Fig 6.1). The veridical correlation was very much more 

significant in the 3-phoneme group.  

 

  

 

 N rho p  

3-phoneme 650 0.03 < .001 *** 

4-phoneme 996 0.01 0.01 ** 

5-phoneme 943 0.00 0.32  

6-phoneme 642 0.01 0.01 ** 

7-phoneme 465 0.00 0.07  
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With Pearson’s r, my data showed r = .038 (p < .001) in 3-phoneme groups, which 

corresponds to Monaghan et al. (2014)’s r = .035 with the identical combination of methods. 

Thus, Monaghan’s et al.’s result is replicated. 

6.3.2. Grapho-sematic systematicity 

The correlation between the pairwise semantic distances and the corresponding wordform 

distances was substantially larger than that found by Dautriche et al. (2017): they found r 

= .001, whereas I found rho = .08 (p < .001), both correlations being over all word lengths. 

My results demonstrate that grapho-semantic systematicity of written words is stronger than 

their pronounced form. Table 6.4 demonstrates that the grapho-semantic systematicity is 

displayed in the 3-letter group and disappears in the longer words. The groups are 

categorized based on the word length. Thus, distinction between monosyllables and 

polysyllables is not tested.  

 
Table 6.4. The grapho-semantic correlation of the normal words 

 

 

 

 
 
Note: * <.05, ** < .01, *** < .001. 3-letter N=35,245, M=2.74, SD=.48 (phonological distance), M=.14, SD= .26 
(semantic distance); 4-letter N=241,165, M=3.62, SD= .60 (phonological), M= .02, SD= .60 (semantic); 5-letter 
N=313,236, M=4.51, SD= .69 (phonological), M= .01, SD= .11 (semantic); 6-letter N=265,356, M=5.36, SD= .80 
(phonological), 7-letter N=206,403, M=6.20, SD= .95 (phonological), M= .01, SD= .09 (semantic) 

There are two methodological reasons for the discrepancy with Dautriche et al. (2017). First, 

the different type of corpus. Having to compare 100 languages within the same context, they 

 rho p  

3-letter 0.04 < 0.001 *** 

4-letter 0.06 0.51  

5-letter 0.00 0.18  

6-letter 0.01 < 0.001 *** 

7-letter 0.01 < 0.001 *** 

Fig 6.1. The permutation test confirmed the meaning-form systematicity in 3-phoneme group 

3 phonemes   4 phonemes   5 phonemes  6 phonemes   7 phonemes 



143 
 

used Wikipedia articles. On the other hand, baby-BNC includes various source of 

transcription and is more likely to represent real language use. The difference in corpus can 

be reflected in the semantic vectors because LSA reflects the context.  

Furthermore, there is a difference in the sample. In Dautriche et al (2017), the sample words 

were extracted from their corpus, whereas in the current study, they were taken from the 

separate frequency list of real language usage. My sample therefore contained a larger 

proportion of frequent words. I return to this issue below. 

 
6.3.3. Reformed grapho-semantic systematicity 

Reformed words generated a reduced grapho-semantic systematicity: rho = .05, p < .001, 

over all word lengths. This moved the value of the systematicity closer to that found for the 

actual pronunciation of the words. The reformed grapho-semantic systematicity fell between 

the phono-semantic (rho = .03, monosyllables only) and grapho-semantic systematicity (rho 

= .08): normal spelling > reformed spelling > pronunciation. 

When analysed according to length, Table 6.5 resembled Table 6.4’s normal words in terms 

of systematicity. The monosyllables, in particular, indicate that there are very few irregular 

spellings in this group; spelling reform did not make a large difference. 

Table 6.5. The meaning-form correlation for reformed words 

 

 

 

 
 
 
 
Note: * < .05, ** < .01, *** < .001. 3-letter N=133,386, M=2.73, SD= .50 (phonological distance), M= .04, SD= .16 
(semantic distance); 4-letter N=419,986, M=3.63, SD= .60 (phonological), M= .01, SD= .10 (semantic); 5-letter 
N=290,703, M=4.50, SD= .70 (phonological), M= .01, SD= .09 (semantic); 6-letter N=209,628, M=5.34, SD= .84 
(phonological), M= .01, SD= .09 (semantic); 7-letter N=126,253, M=6.13, SD= .96 (phonological), M= .02, 
SD= .10 (semantic) 

 

Considering the distribution of data was skewed, the correlation coefficient of each group 

(Pearson’s r) was transformed into a z-score following Fisher’s z-transformation: z = 0.5 * 

(log(1+r) - log(1-r)) (Dautriche et al., 2017). Fig 6.2 illustrates that re-spelled words tended to 

reduce the existing meaning-wordform correlations in monosyllabic words. 

 

 rho p-value  

3-letter 0.03 < .001 *** 

4-letter 0.00 0.90  

5-letter 0.00 0.60  

6-letter 0.01 0.01 ** 

7-letter 0.00 0.50  
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Fig 6.2. Comparison of the z-score between normal and reformed words 

 

6.4. Discussion 

The current study compared English phono-semantic and grapho-semantic systematicity 

across an identical corpus and sample of words. One of the previous studies (Monaghan et 

al., 2014) was successfully replicated even with a much smaller size of corpus, clearly 

confirming the existence of phono-semantic systematicity in English monosyllables. The fact 

that the systematicity is reduced in longer words suggests to Deacon (1997) that language 

maximizes its resource to fit the infants’ brain: words tend to be short and easy to pronounce 

to overcome the limited cognitive capacity of infants. In our view, it is better to think of effort 

(Zipf, 1949/2016) rather than cognitive capacity. Frequent words become shorter and easier 

to pronounce in regular use; their context vectors become more and more full, due to 

frequent use in different contexts. We will argue that increased systematicity for more 

frequent words reflects the details of decreasing effort required in generating phonology and 

in accessing meaning. 

Meanwhile, I found much higher grapho-sematic systematicity than the previous study 

(Dautriche et al., 2017), indicating that English written words tend to contain higher 

systematicity than their pronunciations. I claim that this is due to their etymologically shared 

forms (e.g. ‘form’ in ‘uniform’, ‘formal’, or ‘informal’). 

The study also quantified the impact of spelling reform in terms of systematicity. As 

expected, the reformed spellings moved the grapho-semantic systematicity closer to the 

phono-semantic systematicity, in size. More specifically, the reformed spellings decreased 

the systematicity of the original written words by making them closer to their pronunciations. 

In summary, the current chapter demonstrated various aspects of English meaning-form 

systematicity: phonology, orthography and reformed orthography. The meaning of English 

lexicons have stronger systematicity with orthography than phonology. The deep English 
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orthography may in fact contribute to the systematicity because the words’ semantic roots 

remain intact. Along with social and conventional inertia, the findings partly explain why 

spelling reform movements had only limited success. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



146 
 

Chapter 7. Phono-Semantic Systematicity of Korean 

In this chapter, I explore the phono-semantic systematicity of Korean monosyllables. I 

examined the correlation between the list of pairwise semantic distances and the list of 

corresponding pairwise phonological distances. Much higher systematicity (r = .13) was 

found than in any of the five European languages previously studied. Positive correlations 

indicate that words similar in meaning tend to have similar pronunciations. The systematicity 

was pervasive through different subdomains: (i) Sino-Korean words demonstrated the same 

level of systematicity as pure Korean; (ii) Systematicity was invariant across syntactic 

subgroups: nouns, verbs, and modifiers; (iii) Systematicity was similar in different frequency 

groups except for the least frequent words. A few subgroups displayed distinct patterns: (i) 

The onomatopoeic words returned noticeably robust systematicity in spite of the small 

sample; (ii) No sustained significant systematicity was found in the loan-words; (iii) The least 

frequent group returned lower systematicity; (iv) Developmentally later acquired words 

demonstrated stronger systematicity. In addition, language-specific cues were also 

observed: certain phonemes predict syntactic and etymological categories as well as lexical 

frequency. Final consonants of Korean syllables contribute most to systematicity. I attribute 

such findings to the socio-cultural aspects of the language. 

 

7.1. Background 

The relation between phonology and semantics is fundamentally arbitrary (Saussure, 1916) 

but several studies have shown that there is significant systematicity between them (Blasi et 

al., 2016; Dautriche et al., 2017; Monaghan et al., 2014; Shillcock et al., 2001; Tamariz, 

2008). It was found that certain phonemic constituents can predict words’ meanings (Blasi et 

al., 2016); and that meaning-form systematicity is much more pervasive than we used to 

think (Monaghan et al., 2014; Tamariz, 2008). This non-arbitrary tendency has been 

observed in various languages (Blasi et al., 2016; Dautriche et al., 2017), becomes stronger 

with early acquired words (Monaghan et al., 2014), and exists across the words for 

universal, basic concepts (Blasi et al., 2016). Meaning-sound systematicity exists beyond 

etymological persistence (Blasi et al., 2016; Monaghan et al., 2014). The possibility of 

different cultural influences on individual language has also been suggested (Tamariz, 

2008).  

In this chapter I investigate the level of systematicity—if any—between semantics and 

phonology in Korean, an etymologically and geographically unique language. How similar or 

different is it to English (Monaghan et al., 2014), Spanish (Tamariz, 2008) and other languages 

(Blasi et al., 2016; Dautriche et al., 2017)? Note that comprehensive investigation of semantic-
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phonological systematicity has only been carried out in the European languages of English, 

Spanish, Dutch, German and French to date. This extension to a very different language is 

therefore important. 

7.2. Procedure 

In line with previous research (Monaghan et al., 2014; Tamariz, 2008), I measured all the 

pairwise distances between the phonological representations of all the words, and all the 

pairwise distances between the corresponding semantic representations of all the words. The 

correlation between these two very long lists of distances then indicates the level of form-

meaning correlation, or systematicity.   

7.2.1. Preparation of a corpus of contemporary internet Korean  

To exploit the most recent, authentic use of Korean language, I used an online community 

platform called Nate Pann (https://pann.nate.com/) where people freely discuss various topics 

in both written and spoken style. There are 48 different categories of discussion boards (Table 

7.1). Using web-scraping, I collected every single entry from the website on July 22nd, 2019. 

After removing unrelated symbols and broken syllables, the total number of word tokens was 

28,858,796.  

Table 7.1. 48 categories of discussion board in Nate Pann 

Everyday lives 
Stories of teens 
Stories of 20s 
Stories of 30s 
Stories of 40s 
Stories of 50s 
Stories of singles 
Warm stories 
What on earth! 
This is not fair! 
Questions & answers 
Issues of South Korea 
They are insane! 
Belief and religion 

Husbands vs. Wives 
Husbands only 
Wives only 
Marriage & family-in-law 
Couples who work 
Pregnancy & parenting 
Deep heart of men 
Love & farewell 
Men vs. Women 
Can I confess my love? 
Now in relationship 
Breaking up 
Boyfriends in military 
The military diary 

TV 
Entertainment 
Celebrities and sports 
Humours 
Funny pictures & videos 
Horror 
Webtoons & cartoons 
Baseball 
Fake stories written well 
Office lives 
Getting a job & interview 
Part-time jobs 
The jobless 

Animal lovers 
Cooking & recipes 
Beauty & style 
Health & Diet 
Let’s leave  
Photo stories 
Trivial know-hows 

 

Table 7.2 shows the 20 most frequent words from the corpus. Most of those top-frequency 

words tend to be adverbs and indexicals. Unlike English, there were few functors because 

Korean functors hardly stand alone: they are dependent on the content words (e.g. 

postposition). 

Table 7.2. 20 most frequent words from the corpus 

Word Frequency Meaning Word Frequency Meaning 

그 32,055 ‘that’ as an indexical 내가 13,519 ‘I’ as subjective (informal) 
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수 25,477 ‘able to’ or ‘number’ 년 13,494 ‘year’ or ‘girl (slang)’ 

있는 20,149 inflected form of ‘be’ 한 13,467 Inflected form of ‘do’ 

이 19,014 ‘this’ as an indexical 저는 12,301 ‘I’ as subjective (formal) 

제가 17,985 ‘I’ as subjective (formal) 잘 11,371 well 

하고 16,591 inflected form of ‘do’ 많이 10,778 much 

너무 16,308 too much 그냥 10,565 just 

다 15,083 all 일 10,357 work, thing 

더 14,965 more 제 10,310 my 

하는 13,980 inflected form of ‘do’ 또 9,805 again 

 

7.2.2. Measuring semantic distances 

The meaning of a word can be defined by its context (Firth, 1957): the more contexts two 

words share, the more semantically similar they tend to be. Therefore, counting how often two 

words appear within a similar context can be a measure of their semantic similarity or the 

distance between the meanings of the two words.  

Word embedding techniques quantify the meanings of words such that each word within a 

context is mapped onto a binary vector. Because one word is assigned to one vector, the 

vectors tend to be lengthy and sparse, which has been a problem, for example, for Latent 

Semantic Analysis (Landauer & Dumais, 2008). Applying a neural network approach, the 

recent algorithms seem to work better in this regard. Word2Vec (Mikolov et al., 2013) trains 

the word vectors in a way that each vector updates itself based on the contexts in which it 

occurs. It does not, however, reflect morphological aspects of words and cannot process novel 

words it has not encountered during the training phase. This issue was resolved by FastText 

(Joulin et al., 2016; Mikolov et al., 2017). These two word-embedding techniques were 

compared. I trained Word2Vec and FastText with my corpus and calculated cosine similarity 

between every word pair. All the procedure was conducted on Google Colab considering the 

large size of the data. 

7.2.3. Sample 

The Korean basic alphabet set consists of 14 consonants and 10 vowels, but the number of 

the possible consonants and vowels are 30 and 21, respectively, including the cases where 

those consonants are combined (e.g. ㄴ + ㅎ = ㄶ) or duplicated (e.g. ㄱ + ㄱ = ㄲ), as well as 

diphthongs. In total, 11,172 monosyllabic combinations are mathematically possible, but not 

all of them are usable (Choi, 2000). Because Korean phonology only allows 19 consonants 

for the initial position and 7 consonants for the final position, 3,192 syllables are actually 

possible to use (Byun, 2003). We extracted 966 monosyllables from our own corpus but 

removed 254 for misspellings and unclear meanings, leaving 712 syllables: 142 CV and 570 
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CVC. They consisted of various part of speech. The total number of distances was 253,116 

(712 x 711 / 2). 

7.2.4. Measuring phonological distances 

Korean phonemes were defined by articulatory features (Table 7.3) and transformed into 

vectors of length 20 (cf. Monaghan et al., 2010). 

Table 7.3. The features of Korean phonemes according to place and manner of articulation 
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ㅍ pʰ 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

ㅂ b 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㅃ ṗ 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

ㅌ tʰ 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

ㄷ d 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㄸ ṫ 0 0 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

ㅋ kʰ 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

ㄱ g 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㄲ ḱ 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

ㅅ s 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 

ㅆ ṡ 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 

ㅊ ch 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 

ㅈ ʤ 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㅉ ṫʃ 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 

ㅎ h 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

ㅁ m 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ㄴ n 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ㅇ ɧ 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ㄹ l 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

ㅔ e 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 

ㅐ ɛ 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 

ㅏ a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 

ㅓ ʌ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 

ㅗ o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 

ㅜ u 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 

ㅡ ɯ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 

ㅣ i 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 

ㅟ y 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 

ㅚ ɸ 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 
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The distance between two vectors was measured by: feature edit distance, which counts how 

many different features there are between two vectors (cf. Monaghan et al., 2010; Monaghan 

et al., 2014); Euclidean distance, the shortest geometric distance between the vectors; 

Jaccard similarity, where the number of shared features is divided by the total number of 

features in both words; and cosine similarity, which measures the inner angles between two 

vectors. It should be noted that the first two measure the distance, so the more different two 

vectors are, the larger the values are, whereas the last two measure the similarity, so the more 

similar two vectors are, the larger the values are. 

To calculate the phonological distance between two monosyllables, the distance/similarity 

between the first consonants, the distance/similarity between the vowels, and the 

distance/similarity between the final consonants were combined (cf. Monaghan et al., 2010). 

As a result, phonemes were sometimes compared with an empty phonetic value: for example, 

when CV is compared with CVC. An empty vector consisting of 20 0s was used in these cases. 

I also separately checked the contribution of each onset, vowel and coda to the sound-

meaning systematicity. For all phonological distance measures, textdistance 4.1.4 was used 

(Python 3.7.1). 

 

7.3. Results 

7.3.1. Phono-semantic systematicity 

I calculated the correlation, Pearson’s r, between the lists of distances.  Significant correlations 

were found between sounds and meanings for the 712 Korean monosyllables (Table 7.4). The 

negative value is due to semantic similarity increasing as phonological dissimilarity increases, 

which indicates that similar sounding words tend to have similar meanings, as is the case in 

English and other languages. The r values are typically much higher than those of the previous 

studies (Monaghan et al., 2014; Tamariz, 2008).  

Table 7.4. The phono-semantic correlations (all p-values < .001) 

Semantic distance Phonological distance r 

Word2Vec 

feature edit -0.13 

Euclidean -0.12 

Cosine -0.04 

Jaccard -0.04 

FastText 

feature edit -0.11 

Euclidean -0.11 

Cosine -0.03 

Jaccard -0.03 
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I conducted a Monte Carlo permutation test to confirm the significance of the correlation, in 

line with the practice of other researchers concerned with systematicity in language. I 

randomly paired the semantic distances with the phonological distances and calculated the 

correlation. I repeated this procedure 10,000 times. Fig. 7.1 shows the outcome, confirming 

the significance of the correlation. 

 

 

 

 

 

 

 

 

7.3.2. Lexical frequency 

I divided the sample of 712 monosyllabic words into four groups based on the frequency of 

use. The frequency data from my corpus contain a wider range of vocabulary than the previous 

studies of lexical frequency in Korean (cf. Byun, 2003; Hahm, 1962). The least frequent 

monosyllables demonstrated the weakest systematicity (Table 7.5). The differences between 

this group and the rest of the groups were significant (the first and third quarter z = 7.14, p 

< .001; the second quarter z = 8.94, p < .001).  

Table 7.5. Phono-semantic correlation of each frequency group 

 N    r    p 

Frequent 
. 
. 

Rare 

25% 178 - .11 < .001 

25~50% 178 - .13 < .001 

50~75% 178 - .11 < .001 

75~100% 178 - .03 < .001 

 

In line with the Korean vowel categorization of Kim-Renaud (1976), I further examined to what 

extent the monosyllables contained light vowels (/ɛ/, /ø/, /a/, /o/), dark vowels (/e/, /y/, /ʌ/, /u/) 

or neutral vowels (/i/, /ɯ/). Fig 7.2 illustrates that the larger proportion of light vowels as well 

as the smaller proportion of diphthongs occurs in the two most frequent monosyllable groups. 

Fig 7.1. A Monte-Carlo permutation test confirms that the veridical sound-meaning correlation 
coefficient found in Korean is statistically significant. The box represents 25%—75% of the 
accumulated randomly obtained coefficients, which are very close to zero; the horizontal lines 
represent their range. The dot shows the veridical coefficient, which is statistically significant.   
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Fig 7.2. Proportion of light, dark, neutral vowels and diphthongs in each frequency group 

 
7.3.3. Syntactic analysis 

I extracted subsets of the 712 monosyllables based on their syntactic role: 418 nouns, 142 

verbs mostly inflected, 73 adjectives and adverbs and 56 onomatopoeic words. The words 

that mimic actions were categorized as adverbs whereas those that mimic sounds, as 

onomatopoeic words. The adjectives and adverbs overlap to some extent with onomatopoeic 

words. Every subgroup demonstrated the same pattern as the whole sample of 712 words 

(Table 7.6): the meaning-sound correlations were all significant and the final consonants 

contributed the most to the systematicity.  

Table 7.6. Phono-semantic correlation in each syntactic subgroup (all p-values < .001) 

 Nouns Verb Modifiers Onomatopoeic 

Sample size 418 142 73 56 

Total correlation -0.13 -0.13 -0.10 -0.20 

First consonants -0.05 -0.04 -0.04 -0.09 

Vowels -0.04 -0.06 -0.05 -0.10 

Final consonants -0.12 -0.12 -0.08 -0.15 

 

7.3.4. Etymological analysis 

Systematicity was found in all four etymological subgroups of the whole sample of 712 words 

(Table 7.7): 463 pure Korean (with and without homonyms), 141 Sino Korean (with and without 

homonyms), 81 homonyms, and 75 loan words. Some homonyms involve both pure and Sino-

Korean meanings. The loan-words returned more variable measures of systematicity, in terms 

of size and direction of the correlation. The loan-words from our corpus were mostly from 

English (e.g. ‘game’, ‘goal’, ‘shop’, ‘rap’, etc.).   
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Table 7.7. Phono-semantic correlation of each etymological group (all p-values < .001 except where 
stated) 

 Pure Korean Sino-Korean Homonyms Loan words 

Sample size 463 432 141 119 81 75 

Total correlation -0.13 -0.14 -0.13 -0.11 -0.13 -0.01 (p = .01) 

First consonants -0.04 -0.04 -0.05 -0.03 -0.04 0.02 

Vowels -0.05 -0.06 -0.06 -0.06 -0.03 -0.05 

Final consonants -0.12 -0.12 -0.11 -0.08 -0.13 0.01 (p = .01) 

 

7.3.5. Phonological segmentation 

I analysed how each phonological segment contributes to form-meaning systematicity (Table 

7.8). Unlike Tamariz’s (2008) study of Spanish, in which words sharing vowels tended to have 

different meanings and words sharing consonants tended to have similar meanings, our data 

show that consonants and vowels both positively contribute to the whole systematicity. Table 

7.8 also illustrates that the latter parts of the monosyllables have stronger systematicity than 

the former parts. The final consonants contributed most to the systematicity.  

In Table 7.8, the differences between all the correlations are significant: between onset and 

rhyme (z = 28.66, p < .001), between onset and vowel (z = 3.56, p < .001) and between final 

consonant and rhyme (z = 3.61, p < .001). 

Table 7.8. Phono-semantic correlation of each phonological segment (all p-values < .001) 

 r  r 

Initial consonant - .04 Onset - .04 

Vowel - .05 
Rhyme (vowel + coda) - .12 

Final consonant - .11 

 

I further investigated whether certain phonemes contribute to syntactic or etymological cues 

(Fig 7.3A to Fig 7.4B). Fig 7.3A and 7.3B illustrates that certain phonemes can predict 

syntactic categories. For example, the onomatopoeic words mostly begin with vowels, 

followed by aspirated consonants /tʰ/, /pʰ/, /kʰ/ and /h/ (Fig 7.3A). They also tend to end with 

/k̚/ or /ŋ/ (Fig 7.3B). Considering their distribution over the corpus, this may define the general 

prosody of Korean spoken language. Meanwhile, the syllables ending with /n/ and /l/ are likely 

to be inflected verbs (Fig 7.3B, /n/ for past, /l/ for future, and /m/ for gerund).  

When it comes to etymology, onset /g/ strongly suggests that the word is Sino-Korean (Fig 

7.4A). The tensed onsets (/t͈/, /p͈/, /t͈ɕ/, /k͈/ and /s͈/) are clear indications of being pure Korean, 

whereas the aspirated onsets are likely to be loan words. Sino-Korean monosyllables hardly 

ever end with /t̚/ (Fig 7.4B). 
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Fig 7.3A. Connection between the first consonants and syntactic category. ‘ㅇ’ has a 

phonemic value only when it is the final consonant. The onomatopoeic words tend to omit 
onsets and begin with /tʰ/, /pʰ/, /kʰ/ and /h/. 

 

 

 

Fig 7.3B. Connection between the final consonants and syntactic category. Korean 
phonology allows 7 consonants in the final position. The onomatopoeic words tend to end 
with / k̚ /.   
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Fig 7.4A. Connection between the first consonants and etymological category. The tensed 
consonants (/t͈/, /p͈/, /s͈/, or /t͈ɕ/) in the onset position are strong indicators for pure Korean 
monosyllables. Loanwords tend to begin with aspirated phonemes. 

 

 

 

 

 

 

 

 

 

 

 

Fig 7.4B. Connection between the final consonants and etymological category. Sino-Korean 
monosyllables do not end with / t̚ /. 
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7.3.6. Developmental implications 

Infants acquire some consonants more easily than others. Based on three existing studies, I 

analysed the phono-semantic systematicity of the words that begin with the consonants from 

each developmental stage. Indicating the ease of articulation, the early acquired phonemes 

were expected to demonstrate stronger systematicity as in vowel distribution (Fig 7.2). 

However, Table 7.9 and Fig 7.5 show the opposite: the systematicity increases as the 

acquisition of age increases.  

Table 7.9. The phono-semantic systematicity of the words that begin with the consonants of each 
developmental stage (all p-values < .001) 

Literature 
Acquisition 

Stages 
Consonants the words starting with N r 

Kim & Pae, 2005 

stage1 ㅂ,ㅃ,ㄸ,ㅍ,ㅎ 115041 -0.11 

stage2 ㅁ,ㄴ,ㄷ,ㄱ,ㄲ,ㅌ,ㅈ,ㅉ,ㅊ 178811 -0.13 

stage3 ㅋ,ㅇ 21576 -0.17 

stage4 ㄹ 9165 -0.18 

Kim, 1996 

stage1 ㅁ,ㄴ,ㅇ,ㅂ,ㄷ,ㄱ,ㅃ,ㄸ,ㄲ,ㅍ,ㅌ,ㅋ 206145 -0.12 

stage2 ㅈ,ㅉ,ㅊ,ㅆ 76401 -0.15 

stage3 ㅅ 34986 -0.14 

stage4 ㄹ 9165 -0.18 

Pae, 1994 

stage1 ㅁ,ㄴ,ㅇ,ㅃ,ㄸ,ㄲ 95475 -0.09 

stage2 ㅂ,ㄷ,ㅍ 84626 -0.13 

stage3 ㄱ,ㅌ,ㅋ,ㅎ,ㅅ 133800 -0.13 

stage4 ㅈ,ㅉ,ㅊ,ㅆ 76401 -0.15 

stage5 ㄹ 9165 -0.18 

 

 

Fig 7.5. The phono-semantic correlation of the consonants of each stage of acquisition 
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7.4. Discussion 

The recent studies on systematicity between linguistic sub-systems have demonstrated that 

they work in harmony to maintain a larger system (Freeman & Cameron, 2008): for instance, 

phonological distances tend to be proportionate with semantic changes in English and Spanish. 

I add further evidence of such a systematicity from Korean, a language with a unique 

background.  

I successfully replicate those previous studies, for Korean. The correlation between semantics 

and phonology may be a universal feature of phonographic languages. However, the key r 

values I found were much larger than those in previous studies (Monaghan et al., 2014; 

Dautriche et al., 2017; Tamariz, 2008). Why should this be so? I speculate this is partly 

because Korean has been relatively less contacted by a range of other cultures; Chinese has 

been the one major influence. Unlike more global languages, languages shared by a limited 

population tend to retain more aspects of a proto-language (Wray & Grace, 2007). I consider 

a high phono-semantic systematicity as one of those aspects.  

Meanwhile, there was no difference in systematicity between pure Korean and Sino-Korean 

monosyllables. Considering their long history of lexical co-existence, the result indicates very 

similar distribution of the two in the various contexts. A long time span may increase 

systematicity between semantics and phonology, which is also supported by the fact that the 

loan words returned much smaller correlation. 

I expected homonyms to return very weak correlation, attributable to the fact that the same 

phonological distance is paired with different, multiple semantic distances. However, our result 

showed this is not the case, presumably because our corpus did not reflect the individual 

frequency of each meaning of a homonym. The homonyms tended to be semantically skewed, 

which is supported by Kang (2005), who reported that only one of the meanings is frequently 

used in real, so people hardly consider it as a homonym.  

Nevertheless, to the extent that a homonym has many meanings it should tend to occur in 

many different contexts; it therefore tends to be a high-frequency word, overall. This has two 

implications: it should tend to have an easily pronounced phonology, and it should tend to 

have a fuller context vector. These two implications will increase its contribution to 

systematicity. In the next chapter, I expand this interpretation to draw some overarching 

conclusions about systematicity in language. 

I observed the typical phonological skewness in pure Korean words and onomatopoeic words. 

Certain consonantal phonemes tend to predict syntactic role or etymological roots either in the 
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first position or final position (cf. Kelly, 1992; Kelly et al., 1996; Morgan & Demuth, 1996; Shi 

et al., 1998). 

Furthermore, we found that the final consonants returned the strongest correlation with 

semantics. This is attributable more to phonotactics rather than fixed suffixes: our sample of 

712 monosyllables included only 142 inflected form of verbs and they do not seem to affect 

the systematicity (Table 7.6). Rather, onomatopoeic words may be the lead contributor to 

systematicity: our data shows that onomatopoeic words returned noticeably robust meaning-

form correlation (Table 7.6) and more than half of them have / k / in their final position (Fig 

7.3B).  

I suggest another possibility: stronger systematicity of the final position of lexeme was 

developed for redundancy. Considering that the lexical onsets contain more information 

(DePaolis et al., 2008; Wingfield et al., 1990; 1991), the fact that latter part of the syllables 

returned stronger systematicity may complement the lack of lexical information in the position: 

the beginning of the word tends to select for the unique lexical identity, the end of the word 

tends to enhance the building of the word’s semantics. 

Finally, the particular distribution of vowels also contributes to systematicity in that the range 

of phonetic variation in the frequent words is narrower and contains speech sounds that 

require less effort; the more frequent the word group, the smaller the proportion of diphthongs 

(Fig. 7.2). This implies a developmental benefit in that articulatory ease facilitates vocal 

imitation among infants whose articulators are not fully developed. Therefore, the finding 

shows that the nature of vowels in monosyllables may shed light on the relation with lexical 

frequency and the principle of least effort (Zipf, 1949/2016), which we discuss in the next 

chapter. 
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Chapter 8. General Discussion 

Language is essentially arbitrary. As one of the early steps towards investigating language 

as a complex system, however, this dissertation has shown meaningful systematicity in the 

process of mapping between sub-domains of language. This distributed form of systematicity 

emerged when the focus was on the general tendency of the whole, not on a particular 

group of rule-governed entities. A hypothesis for the sub-structure of the systematicity is 

suggested below in order to coherently explain the different findings of the dissertation. The 

potential of the Korean language is discussed in terms of language evolution. Finally, I 

suggest directions for further research.  

 
8.1. Summary of findings5 

Initially seeking to quantify the existing systematicity of Korean, the dissertation extended its 

scope to many other languages. Special focus was given to English and Korean. The first 

part of the dissertation introduced the concept of grapho-phonemic systematicity. Hangeul 

was expected to demonstrate robust systematicity because of its background. Most focus 

was devoted to methodology: how to define and measure inter-letter distances. It was shown 

in many other phonographic orthographies that the similarity of written letters significantly 

correlates with the similarity of their canonical pronunciations. This feature is not the 

exclusive property of those orthographies that have undergone cumulative cultural selection. 

Two artificially designed English scripts successfully achieved robust systematicity on the 

basis of a sophisticated understanding of phonology.  

One of the achievements of the thesis is the use of Hausdorff distance to investigate 

systematicity in language. As a consistent method, it makes it possible to compare grapho-

phonemic systematicity among different scripts. Hausdorff distances between letters were 

found to explain some 25% of the variance in inter-letter confusability in English upper 

cases. If Hausdorff distance is a very detailed and highly computational approach, then 

perimetric complexity takes a more comprehensive approach and only assesses overall 

visual complexity of a letter. Although limited to English, it returned stronger results in some 

cases than Hausdorff distance.  

It is interesting to observe that the correlation increases when language-specific methods 

are applied. Stroke share rate in Korean and the Harm and Seidenberg (1999) metric in 

English maximised the grapho-phonemic systematicity carried out in this dissertation, which 

 
5 The empirical outcomes of the dissertation are summarized in Chapter 9. 
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implies that the specificities of each language’s orthography and phonology may yield more 

and more systematicity. 

The second part of the dissertation deals with phono-semantic systematicity at the word 

level. Semantic similarity correlates with phonemic similarity in Korean monosyllables. The 

coefficient was much larger than those of European studies (Dautriche et al., 2016; 

Monaghan et al., 2014; Tamariz 2008). Systematicity evenly permeates many different 

subsectors of Korean across etymology, syntax, lexical frequency, and stages of acquisition.  

I also replicated two previous studies on English phono-semantic (Monaghan et al., 2014) 

and grapho-semantic systematicity (Dautriche et al., 2017) with a smaller but identical 

corpus for each. My data showed that written English wordforms have higher semantic 

systematicity than their pronunciations (Ulicheva et al, 2020). This gap can be understood as 

resulting from the etymology of the language, as reflected in its orthographic depth. The 

systematicity between spelling-reformed words and their meanings fell between the results 

found in the phono-semantic and grapho-semantic experiments. This indicates that spelling 

reform may increase the orthographic transparency but at the same time it hinders the 

existing phono-semantic systematicity of English because it erases etymological information 

relevant to meaning.  

 
8.2. The sub-structure of linguistic systematicity 

As a complex system, the use of a language has no central control. The current status of a 

language in use is therefore, the result of balancing between many different pressures. Each 

pressure pursues its own path, being constrained by other pressures at the same time. As a 

result, linguistic entities of different sizes and composition are under various types of 

influence. Just as in any case of biological and cultural evolution, I argue the pressure that is 

more primary, powerful or instantly necessary at the moment is manifested in certain 

linguistic forms. Systematicity in this sense is not a static phenomenon, but a dynamic one. 

In the current section, I suggest several kinds of pressure that may exist behind 

systematicity and may work to change phonemes, letter shapes, wordforms and lexicons. 

 
Homogenization, heterogenization, and the Least Effort Principle 

Previously, four hypothetical forces have been introduced that affect letter shapes (Watt, 

1994). Among them, homogenization indicates the force that makes letter shapes similar to 

each other, and heterogenization, the force that makes them distinct from each other. For 

the sake of this discussion, I will expand the original scope of these terms and re-define 

them as the forces that make any unit of language (e.g. phonemes, morphemes, or 
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meanings) similar and distinct, respectively. Heterogenization and homogenization are two 

sides of the same coin. 

At the letter level, two contrasting directions of systematicity were observed. In most of the 

orthographies examined, similar letters have similar sounds. Borrowing Watt’s (1994) 

framework, grapho-phonemic systematicity in phonographic orthographies in general is 

under the pressure of homogenization. Not all systematicity was positive, however. For 

example, Greek lowercase letters returned a negative correlation, which means that similar 

letters are associated with distinct sounds (heterogenization). Note that Monaghan et al. 

(2014) identify ‘islands’ of anti-systematicity within the overall systematicity. The interaction 

between systematicity and anti-systematicity is a key issue for future research, and is likely 

to be informed by statistical physics concepts. 

Both letters and phonemes are subject to change and they affect the entire grapho-

phonemic systematicity. What I capture and demonstrate in this dissertation is a ‘punctuated 

equilibrium’ (Larsen-Freeman, 2008) that is seemingly stable but is in fact, one moment of a 

continuously moving complex system. This implies that such a systematicity may change 

under certain circumstances if measured at some point far future. Such a punctuated 

equilibrium may refer to the development of a language over a long cultural timescale or to 

the process of individual acquisition of a language. 

Considering the time span that allows any cultural evolution of orthography to take place, the 

uppercases of Roman alphabets are more important because they went through a longer 

time period, originating from Phoenician. In most cases, lowercase letters were invented 

later based on the uppercases that already existed. We observed a negative correlation in 

the Greek lowercase letters. I attribute this to the letter shapes, not the phonemes: Greek 

uppercases displayed positive systematicity with the identical phonemes. Further research is 

required to explain what causes the difference between Greek upper and lower cases, and 

what the implications might be. Greek lowercases are known to be based on the earlier 

cursives. Any language-specific method will shed more light onto this issue. 

Contradictory direction in systematicity has likewise been observed within the word level 

(Tamariz, 2008). Although not relevant to my data, Spanish vowels negatively contribute to 

the overall meaning-form systematicity, which means they act as meaning distinguishers in 

the spoken language. When it comes to phono-semantic systematicity, at the very ends of 

the spectrum, there are homonyms and synonyms respectively. Homonyms describe 

completely homogenized phonology mapped onto a heterogenized semantic plane whereas 

synonyms are extremely homogenized meanings mapped onto a heterogenized phonology 

plane. It can be said that there are no perfect synonyms (even ‘rhino’ and ‘rhinocerous’ differ 
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stylistically) but I argue that there will still be approximate synonyms even after excluding 

pragmatic, contextual and formality-related interpretation: for example, ‘little’ for ‘small’ as in 

‘small child’ or ‘little child’, or ‘nearly’ and ‘almost’. 

What causes homogenization? The strongest pressure is efficiency, or ‘least effort’ (Zipf, 

1949/2016). The Least Effort principle facilitates production (chiefly) where less effort is put 

into writing letters, pronouncing phonemes or words. The effort involved in using semantic 

representations is harder to argue for, but a sparse semantic vector may take more effort to 

sustain (cf. the tip-of-the-tongue phenomenon). In perception, similar arguments may apply: 

some intended concepts in conversation may be harder to access, some Chinese characters 

may be harder to read. Least effort makes linguistic forms shorter and simpler. Because the 

length is limited, this inevitably makes the forms similar to each other in most metrics. 

We can see, looking at frequency, how the Least Effort Principle operates the balance 

between the two poles, homogenization and heterogenization. As frequency increases, 

linguistic forms (phonemes, letters, morphemes, phrases, sentences, etc.) are increasingly 

homogenized, reducing the size of the forms and therefore losing their own distinctiveness. 

Fowler and Housum (1987) showed that people reduce the duration of a word when it 

appears repeatedly. Frequent phonemes are not likely to be pronounced clearly in casual 

conversation (Bybee, 2001). For example, high frequency phonemes /t/ and /d/ tend to 

become shorter, simpler, and eventually omitted (Bybee, 2001; Gregory et al., 1999). The 

polysemous ‘that’ also demonstrates various phonemic durations depending on its function: 

demonstrative, complementizer, or relative clause marker (Berkenfield, 2001). 

Frequent words are also more open to phonetic changes, partly due to the fact that they 

have already lost some of their uniqueness. At the word level, English function words are 

phonetically more fluid and easily affected by their surroundings (e.g. probabilistic reduction 

hypothesis, Jurafsky et al., 2001). At the phoneme level, /t/, the third most frequent phoneme 

in English or the most frequent consonantal phoneme that is not nasal (Mines et al., 1978), 

varies in pronunciation in different regions. It becomes flapped, similar to /d/ in American 

English (Demirezen, 2006) and glottalized in Southern England (Roach, 2004). It is also 

easily influenced by coarticulation and assimilation (e.g. ‘centre’, ‘prints’, and ‘certain’).  

Least effort in phonemic reduction is achieved by recycling articulatory gestures (Browman & 

Goldstein 1992). This minimises articulatory effort in order to put more effort into another 

part of the phoneme string. One of the most frequently recycled articulatory gestures must 

be schwa /ə/ (Fidelholtz, 1975; Hooper, 1976) on behalf of many vowels. This is a 

convenient way to indicate that a particular vowel does not carry critical information. 
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Differentiating articulatory clarity not only saves energy for speakers, but also delivers 

messages more efficiently to listeners. 

By losing their distinctiveness, high frequency entities reduce their own information content. 

Instead, they rely more on their linguistic contexts: phonemes, letters, words, phrases, and 

sentence; paralinguistic context: tones, intonations, gestures, and facial expression; and 

pragmatic contexts: situations, custom, common ground, non-linguistic gestures, and laws of 

physics. In other words, these frequent entities are discounted to make their neighbours 

more distinctive.  

Probability induced by frequency may explain why those linguistic entities are necessarily 

shortened as frequency increases. For example, at the word level, Information Content (IC, 

Shannon, 1948) is defined by surprisal divided by the number of phonemes, where surprisal 

is inversely related to probability of a word (Lee, 2018). If the probability increases, surprisal 

decreases and eventually, IC decreases as a whole. If the number of phonemes stays the 

same, IC will eventually converge to zero. The existence of IC is guaranteed by phoneme 

length also reducing. Shorter words convey less information than longer words (Fenk-

Oczlon, 2001) but none of these words contains zero information: the information permeates 

in a relatively even way through the whole discourse (cf. Aylett & Turk, 2004). This also 

theoretically applies to the phoneme level.  

Probabilistic judgement is only possible on the basis of the “Predictive Mind” (e.g. Clark, 

2012): a listener can probabilistically anticipate the upcoming information depending on the 

previous contexts, and a speaker acknowledges this.  

In summary, I discussed the role of frequency that makes linguistic entities shorter, simpler 

and blander in form, eventually making them homogenized. Homogenization is also 

observed in context vectors, when it results in a word occurring in multiple slightly different 

contexts (Bybee, 2001). My data in fact demonstrated this claim. The meaning of a word 

keeps slightly changing depending on its successive context and its semantic vector reflects 

this, becoming fuller. Vectors for frequent words lose their semantic distinctiveness. For 

example, the vector for ‘the’ keeps updating itself whenever it encounters a new context. 

Eventually, the vector is populated in almost all of its components, making itself semantically 

indistinct. On the other hand, ‘wreak’ in ‘wreak havoc’, tends to appear with ‘havoc’ only. Its 

word vector consists of many 0s and only a few 1s. This vector is very sparse and easily 

distinguished from any other vector.  

However, as mentioned above, language is not led by a unidirectional process. In contrast to 

homogenization, heterogenization means more distinctiveness, with more complex and 
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uncommon forms. It is more closely related to perception because the vulnerable medium of 

communication demands distinction between information-carrying entities. In this sense, 

heterogenization is basic to language. Multiple local heterogenizing forces have been 

observed in language. There is suppletion, for example, where unrelated forms are used for 

highly frequent conjugated lexemes: ‘went’ instead of ‘goed’; and ‘am’, ‘is’, ‘are’ for ‘be’. 

The substructure of systematicity is thus configured by the Least Effort Principle: changes 

induced by this principle in phonology and in semantics, for instance, automatically lead to 

phono-semantic systematicity. 

 
Distributed-Ostensive Systematicity Model (DOSM) 

I introduce a new model in terms of linguistic systematicity: the Distributed-Ostensive 

Systematicity Model. DOSM demonstrates that distributed systematicity complements the 

main, ostensive systematicity of language. This framework (i) expands the scope to including 

the existing well-known type of systematicity; (ii) explains why distributed systematicity found 

so far across languages has been so small; (iii) applies widely to different sub-type of 

systematicity (i.e. grapho-phonemic systematicity); and (iv) provides a deeper and wider 

understanding of language use as a complex system.  

Ostensive Systematicity is defined as the apparent regularity manifested in categorical 

linguistic forms. Etymological cues as in English phonaesthemes contribute to meaning-form 

systematicity by enhancing semantic intelligibility (e,g. the consonantal clusters of ‘gl-’ or 

‘sn-’). Morphological and syntactic regularities in lexicons can be also categorised as 

ostensive systematicity. The English suffix ‘-ed’ for the past tense or ‘s’ for the plural 

provides for clear rule-governed systematicity. Compositionality is a clear indicator of such a 

regularity as shown in many words in the disyllabic and polysyllabic vocabulary (e.g. the 

meaning of ‘unstoppable’ is composed by the summation of ‘un’, ‘stop’, and ‘able’). 

Therefore, longer words naturally tend to contain more information involving ostensive 

systematicity.  

Conversely, Distributed Systematicity is not easily captured because it does not have 

categorical general regularities like Ostensive Systematicity. Instead, it requires a particular 

methodology for it to be revealed. Correlations between pairwise distances as used in this 

dissertation revealed the existence and significance of such systematicity. Ironically, 

Distributed Systematicity cannot capture Ostensive Systematicity. In chapter 6, for example, 

English phono-semantic systematicity was demonstrated in the monosyllabic words and 

tends to disappear in longer words (4 to 7 letters). I attribute this to the fact that longer words 

are more likely to manifest Ostensive Systematicity from various suffixes, which cannot be 
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reduced to Distributed Systematicity. Due to the limited length, monosyllables enjoy less 

Ostensive Systematicity, but they still contribute to Distributed Systematicity. 

I apply this framework to the finding from Chapter 7, where the final consonants of Korean 

monosyllables contribute most to the entire meaning-form systematicity. This was initially 

somewhat counterintuitive because the beginning of words is psycholinguistically more 

important (Cutler et al., 1985). Compared with the endings of words, the beginnings are 

guessed faster and more easily when partly shown; they are more helpful in recall; they 

disrupt word recognition more seriously when distorted; they are more detectable when 

pronounced mistakenly. Onsets vary more than the endings and experience less 

assimilation and coarticulation (Nooteboom, 1981). Speakers try to help listeners’ word 

recognition by, for example, pronouncing the onset more clearly when it is a low frequency 

word (Cutler et al., 1985). It is natural to maximise the information from the onset because it 

arrives first for listeners in the real-time processing of speech. 

According to the Cohort Model (Marslen-Wilson & Welsh, 1978), when people hear an 

unfolding phoneme sequence, the words that do not match the sequence are excluded 

continuously in the process until only one word is left. The word-initial cohort activates 

phonetic neighbours with the same onset, substantially limiting the range of prediction. 

Based on the finding in Chapter 7, I additionally claim that the final phonemes, which are 

temporally later and have less impact on the lexicon, have found their own way to contribute 

to the semantics by boosting systematicity. Semantic understanding of the word increases 

more and more throughout the word. 

Another puzzling finding was in Chapter 2.2 where the less frequent Korean letters 

contribute more to the entire grapho-phonemic systematicity of Korean. More frequent letters 

actually detract from the systematicity, which was counterintuitive because highly frequent 

entities construct structure (Bybee, 2001). Note, however, that the systematicity is within 

quite small numbers of entities (the alphabet), making its behaviour less predictable. 

Why do we necessarily need two different types of systematicity in language? It is because 

information is equally distributed through speech (Aylett & Turk, 2004) and this applies to the 

other smaller units of language (i.e. words). After all, language is equipped with both 

ostensive systematicity, which is the apparent regularity that take lead; and distributed 

systematicity, which is less apparent and has less impact but still contributes to the whole. In 

the analogy of a battle, if ostensive systematicity is front-line troops, distributed systematicity 

is non-combat units, such as logistics and intelligence. What we have not found yet is the 

relation between those two systematicities. Distributed Systematicity is the emergence of 
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qualitative novelty. Qualitative novelty such as morphology emerges out of the distributed 

systematicity (which will still operate within the individual morphemes). 

 

8.3. Korean and prototypicality of language 

Wray and Grace (2007) claim that we should not make any hasty assumptions of linguistic 

features being universal, only on the basis of a few global languages. They compare it to 

judging humans’ general jumping techniques after watching the high jump event at the 

Olympic Games. Share (2008) also criticizes current research on reading for focusing too 

much on English, an ‘outlier’ orthography that requires disproportionately large attention for 

reading accuracy. Such a trend may eventually distort theory construction and practical 

applications.  

In this regard, the current thesis widens the Anglocentric perspective, providing important 

evidence that supports the universality of phono-semantic systematicity. Korean displayed 

substantially higher phono-semantic systematicity than previous studies in Dutch, English, 

French, German, and Spanish, which I attribute to socio-cultural aspects.  

Korean can be categorised as a relatively ‘esoteric’ language that is spoken within a group 

that share strong cultural common ground (Lupyan & Dale, 2010; Wray & Grace, 2007). 

Languages are mainly acquired by infants of the culture as their first language. Therefore, 

the language is able to maintain its high complexity such as morphological irregularities, 

suppletion, and opaque idioms (Andersen, 1988; Thurston, 1994) mainly because it exploits 

the great plasticity of the infant brain. Being of their complex origin, these linguistic structures 

are not easily rule-governed.  

In contrast, ‘exoteric’ languages, that undergo frequent contact with many different cultures, 

adjust themselves to be semantically literal and transparent; phonologically simple and easy; 

and structurally compositional and logical (Lupyan & Dale, 2010; Wray & Grace, 2007). The 

changes are motivated by those adult learners who learn the language as a second 

language. In exoteric languages, the meaning of the whole sentence is usually the 

combination of all the words within the sentence, which is described as high compositionality 

(Wray & Grace, 2007). This is to reduce the chance of misunderstanding between people 

with less cultural overlap. According to Wray and Grace (2007), compositionality is an 

‘irresistible propensity of educated, literate adults’ (p. 563).  

The level of compositionality, therefore, can be indicative of the level of esotericism or 

exotericism. I will introduce several examples of Korean below that show how less 

transparent and less composable Korean can be compared with English. First, Korean has a 
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vague division between adjectives and verbs in their forms (O’Grady, 1996). They have the 

same ending forms and determiner forms. They also appear at the same location in 

sentences (e.g. a & b).  

(a) 소녀가 작다. The girl is small. 

     소녀가 걷다. The girl walks. 

(b) 작은 소녀 a small girl 

     걷는 소녀 a walking girl 

Korean also features a vague distinction between subjects and objects. In the following 

sentences, ‘는’ and ‘이’ are both subjective markers although the latter is considered as 

objective in English syntax (e.g. c – e).  

(c) 나는 책이 있다. I have a book. 

(d) 나는 책이 좋다. I like books. 

(e) 토끼는 눈이 빨갛다. Rabbits have red eyes. 

English has an ostensive distinction between nouns and verbs. Therefore, the verbs require 

various grammatical markers, such as gerunds (-ing) or infinitives (to), to be transformed into 

nouns. For Koreans, however, defining whether it is an action or object is not such an 

important issue. Korean nouns easily become verbs with ‘-하다’ at the end (e.g. f – h). Even 

some adjectives act this way (e.g. i & j). 

(f) 세수 - 세수하다 face washing – wash face 

(g) 산책 – 산책하다 stroll – take a stroll 

(h) 노래 – 노래하다 song – sing a song 

(i) 섭섭 - 섭섭하다 bad feeling – feel bad 

(j) 시원 - 시원하다 cool feeling – feel cool 

Moreover, especially in Sino Korean verbs, the sentence structure is not clearly classified 

between ‘subject + verb’ and ‘subject + object + verb’. They are rather compatible. This is 

because the verbs can be divided into noun plus ending, and those nouns can entail ‘을/를’ 

as an object marker. 

(f) 세수하다 or 세수를 하다  

(g) 산책하다 or 산책을 하다 

(h) 노래하다 or 노래를 하다 
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Based on these examples, I argue that Korean has more esoteric features than English: it is 

less analytic and less consistently rule-governed, which are the features of prototypical 

language (Wray & Grace, 2007). I demonstrated in the previous chapter that the phono-

semantic systematicity of Korean permeates through multiple subdomains. I see this as 

another feature of esoteric languages, contrasting to apparent, ostensive structural 

systematicity of exoteric languages. Although it may look messy by appearance, any 

indigenous language can be as systematic as a global language, but in different shape and 

form. 

 
8.4. Directions for future studies 

This dissertation on systematicity has raised questions concerning methodology and theory; 

which are the best distance metrics, what are the implications of systematicity? 

Can we measure the effort In the Principle of Least Effort by exploring the act of writing 

alphabetic letters? 

Can systematicity tell us how and why homonyms and synonyms emerge in a language? 

Why should they exist at all? 

What happens to systematicity when languages change, as in events such as the Great 

Vowel Shift? 

What other unique aspects of Korean’s relatively esoteric status and insightful orthography 

can we explore? 

What can we say to font designers? 

Is systematicity best investigated by respecting the temporal profile of a spoken word? 

What empirical psychological data from the reading of Korean could underpin our 

phonological and orthographic distance metrics? 

What can we say to teachers of phonics? 

What are the behavioural implications of systematicity? 
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Chapter 9. Conclusion 

9.1. List of findings and theoretical conclusions 

My dissertation consists of two parts: the first part investigates grapho-phonemic 

systematicity (chapter 2 to 5) and the second part, phono-semantic systematicity (chapter 6 

and 7). I list below the empirical findings, followed by theoretical conclusions.  

 
Chapter 2. Grapho-phonemic systematicity of Korean 

2.1. How iconic are Korean letters? The role of articulatory features, phoneme frequency, 

and the kiki-bouba effect on guessing the pronunciation of novel letters 

Naïve participants guessed the Korean letter appropriate for the given sound. 

1. Participants were good at guessing letters for frontal phonemes. 

2. They were poor at guessing letters for back phonemes. 

3. High phoneme frequency in Korean did not affect guessability. 

4. High phoneme frequency in English enhanced guessability. 

5. Round and closed letters were chosen for /b/, /m/, and vowels. 

6. Sharper looking letters (ㅅ, ㅆ, ㅈ, ㅉ, ㅊ) were chosen for /k/. 

7. The round letter ㅇ was never chosen for /k/ and /t/. 

8. The more visually different the letters, the more likely participants were to guess 

correctly. 

9. The correct guesses increased, the more similar the phonemes were to each other. 

 
 Visible articulatory cues to sounds generalize cross-modally to looking for visible 

orthographic cues, a Principle of Crossmodal Sensitivity [1-2]. Some pedagogical 

implications may be drawn (e.g. which letters to teach first or which letter takes more 

time to learn).  

 Phoneme frequency of the first language influences the learning of foreign letter-sound 

association [3-4].  

 The general pattern of the kiki-bouba effect was observed spontaneously when 

perceiving a new orthography. The conflicting letter-sound association (e.g. a sharp 

sound for a round letter) may be seen as imposing more cognitive effort (see below) [5-

7].   

 Similar phonemes are easier to compare in terms of articulation effort. A more visually 

complex letter is connected to a more articulatorily complex phoneme—The Principle of 

Least Effort [8-9]. 
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2.2 How phonologically systematic are Korean’s insightfully designed letters? 

The correlation was tested between phonological distances and orthographical distances.   

1. Stroke share rate correlated .6 between Korean letters and canonical pronunciations; 

similar letters tend to have similar canonical pronunciations. 

2. Hausdorff distance returned weaker, but significant, positive correlations. 

3. The frequent phonemes tended to diminish the entire grapho-phonemic systematicity 

whereas the less frequent phonemes increased it. 

 
 Hausdorff distance can apply across different languages, providing a sophisticated way 

of measuring orthographic distance between letters; but it is dependent on 

parameterizing the particular placement and orientation of the letter [1-2]. This field 

depends on developing better metrics to reveal systematicity. 

 Korean Stroke Share Rate, developed in this dissertation, is the gold standard method 

in comparing Korean letters: looking at individual languages can ultimately take the 

research much farther than looking at cross-linguistic generalisations [1-2]. 

 We can look at the contribution of individual letters to systematicity. Such an issue may 

inform phonics teaching. This is an empirical question. 

 Frequent phonemes tending to diminish overall systematicity is initially counterintuitive. I 

explain this result in terms of the balance between two types of systematicity [3]. Higher 

frequency entities (N.B. these were in the consonant category in [3]) tend to construct 

Ostensive Systematicity—the pole of overall systematicity involving higher-order 

categories like consonant and morpheme. Lower frequency entities can boost the 

Distributed Systematicity— the pole of overall systematicity involving the statistical 

distribution in the complex system. (In addition, the relatively low numbers of entities in 

an alphabet may make systematicity calculations behave less predictably than in large 

lexicons.) 

 
2.3. Does Korean grapho-phonemic systematicity enhance spontaneous learning? 

Naïve participants learned Korean letter-sound association, without feedback, for veridical 

and fake grapheme-phoneme associations. 

1. The absence of an overall difference between veridical and fake conditions masked 

important contributions from individual sounds and letters. 

2. Consonants required less repetition than vowels during learning. 

3. Nasals were learned most easily. 

4. Vowels with jaw movements were easier to learn than those without. 
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5. Participants whose first language is Chinese performed poorly in general. 

 
 Iconicity induced by audio-visual cross-modal cues facilitates learning a new orthography 

[2,3,4], the Principle of Crossmodal Sensitivity again. 

 Nasals occupy a special position in human cognition [3]. 

 First language interferes with learning aspects of a second orthography when there is 

phonological and/or visual overlap [5]. 

 

Chapter 3. Methodological exploration of grapho-phonemic systematicity of English letters 

Four phonological specifications, four orthographical distance measures, and four vector 

distance measures were applied to explore systematicity between English letter shapes and 

their canonical pronunciations. 

1. Systematicity, albeit limited, was observed with the Roman alphabet and canonical 

English phonemes; similar letters tend to have similar canonical pronunciations. 

2. No consistent systematicity using Pixel count and English Stroke Share Rate 

orthographic distance measures. 

3. Perimetric complexity and Hausdorff distance revealed systematicity for many fonts.  

4. Perimetric complexity revealed systematicity in more fonts than Hausdorff distance. 

5. The Harm and Seidenberg (1999) phonological specification maximised 

systematicity. 

6. Length of vector on its own did not always guarantee a robust result. 

7. Serif fonts returned weaker systematicity. 

8. Some cursive fonts returned stronger systematicity. 

 
 The existence of grapho-phonemic systematicity with only canonical pronunciations 

suggests the benefits of the phonics approach in teaching English [1]. 

 Robust grapho-phonemic systematicity is returned when the language is specified in 

more detail [2,3,5] and when the method is particularly designed for the language [5,6]. 

 Particular fonts can contribute to learning and processing at the letter level [7-8]. 

 

Chapter 4. Comparison of grapho-phonemic systematicity in various orthographies 

Grapho-phonemic systematicity was examined in conventional Arabic, Cyrillic, Finnish, 

Greek and Hebrew orthography; in ancient Phoenician Nabataean, Early Arabic and 

Aramaic orthography; in the English Shavian alphabet and Pitman’s shorthand; and in 

fictitious Aurebesh and Klingon scripts. 
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1. All contemporary scripts returned significant grapho-phonemic systematicity in some 

fonts. All scripts but one returned positive correlations; similar letters have similar 

sounds. 

2. Greek lowercases returned a negative correlation: similar letters have distinct sounds 

or vice versa. 

3. Courier New consistently returned robust results. 

4. English shorthand scripts showed stronger systematicity than the Roman alphabet; 

they approximate phonology. 

5. Ancient scripts revealed no significant systematicity in this first exploration of the 

issue. 

6. Fictitious scripts revealed no significant systematicity. 

 
 It is possible for an orthography to develop grapho-phonemic systematicity naturally in its 

cultural evolution, on the basis of the Least Effort Principle—difficult letters to write 

correspond to difficult canonical pronunciations [1,6].  

 Systematicity differences between upper and lower cases [2] reflect the different 

timescales of the cultural evolution of the two cases. 

 Some fonts may enhance systematicity cross-linguistically [3]. 

 Developing language-specific metrics will enhance grapho-phonemic systematicity [4] 

and reveal statistics we assume are discoverable by the brain. 

 The study of systematicity is a way to inform aspects of the historical exploration of 

ancient languages [4,6]. They may reveal phonological choices. 

 The study of systematicity in connection with the Principle of Least Effort, is relevant to 

the study of mark-making technology, particularly with respect to ancient scripts. 

 Fictitious scripts and their lack of systematicity shows us the difference between people’s 

aesthetic understanding of what a script should look like and what a culturally evolved 

script looks like [7]. 

 
Chapter 5. Can we validate the orthographical distance metrics using letter confusability 

data? 

The correlation was tested between the data from this dissertation and four confusion 

matrices. English uppercases only. 

1. The main diagonal values correlated across the confusion matrices. 

2. Correlations between off-diagonal values across the confusion matrices were lower 

than in analyses that symmetricalized the confusion data; confusability has a 

directionality. 
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3. Townsend (1971) and van der Heijden (1984) were the least-biased confusion 

matrices, correlating well with other matrices. 

4. Data from Stroke Share Rate and Hausdorff distance did not correlate; they account 

for qualitatively different parts of the variance. 

5. Townsend (1971) and van der Heijden (1984) correlated with stroke share rate: 

reflecting sub-letter differences. 

6. All four confusion matrices correlated with Hausdorff distance; it accounted for some 

25% of the variance of higher-level letter confusability. 

7. Correlations between confusion matrices and Hausdorff distance were similar to 

those among the confusion matrices themselves. 

 
 Analysing confusion matrices can go deeper by considering implications from the off-

diagonal values [2]. 

 Lower-level inter-letter distance metrics were validated by the confusion matrices [3,5-7] 

 Hausdorff distance was validated by being compared with higher-level inter-letter 

confusability [6-7]. 

 Comparing the sub-letter features of letters is a different way from Hausdorff distance to 

measure orthographic distance [4], but both can still explain different aspects of the 

confusability between letters [5]. 

 

Chapter 6. Does spelling reform enhance meaning-form correlation?  

Previous studies of English phono-semantic systematicity and grapho-semantic 

systematicity were successfully replicated, allowing a controlled exploration of grapho-

semantic systematicity of spelling-reformed words. 

1. English phono-semantic systematicity was successfully replicated even with a much 

smaller corpus, demonstrating the robustness of systematicity. 

2. Phono-semantic systematicity was mainly observed in monosyllabic words. 

3. English grapho-semantic systematicity was much larger than previously found: 

written words are more semantically systematic than their pronunciations. 

4. Grapho-semantic systematicity was mainly observed in monosyllabic words. 

5. Across all word-lengths, English spelling-reformed words returned a middling 

systematicity: veridical grapho-semantic > spelling-reformed grapho-semantic > 

phono-semantic  

6. Phono-semantic, grapho-semantic and spelling-reformed grapho-semantic 

systematicity was similar in monosyllables. 
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 English monosyllables have little irregularity and chiefly exploit Distributed Systematicity 

[1,2,4,6]. 

 The selection of corpus and sample words can greatly affect the experiment [1,3]. There 

are inherent limits on comparing the level of systematicity across languages. 

 Spelling reform makes English written words closer to their pronunciation but decreases 

the existing systematicity with their meanings [5]—etymological details are lost. It’s time 

to give up on amateur spelling reform. Equally, it is time to analyse the effects of 

character reform (simplification) in Chinese. 

 

Chapter 7. Phono-semantic systematicity of Korean 

Phono-semantic systematicity was investigated in Korean. 

1. Positive phono-semantic systematicity was found, for the first time, in Korean: similar 

words tend to have similar sounds. 

2. Phono-semantic systematicity in Korean is much higher (r = .13) than in European 

languages. 

3. Systematicity was similar across lexical frequency strata except for the least frequent 

group, where it was very weak. 

4. More frequent words tend to have more light vowels and fewer diphthongs. 

5. Systematicity was invariant across syntactic subgroups: nouns, verbs, and modifiers. 

6. In spite of their small number, onomatopoeic words showed stronger systematicity. 

7. Systematicity was invariant across etymological subgroups: pure Korean, Sino-

Korean, and homonyms. 

8. No convincing systematicity was found in the loan-words. 

9. Final consonants of Korean syllables contribute most to systematicity. 

10. Certain phonemes predict syntactic categories: onomatopoeic words mostly begin 

with vowels or aspirated sounds and end with /k̚/ or /ŋ/; inflected verbs tend to end 

with /n/ or /l/. 

11. Certain phonemes predict etymological categories: Sino-Korean words mostly begin 

with /g/; tensed onsets are clear indicators of pure Korean words; loan words begin 

with aspirated phonemes; Sino-Korean words hardly ever end with /t̚/. 

12. Developmentally later acquired consonants showed stronger phono-semantic 

systematicity. 

 
 Positive phono-semantic systematicity may be a universal feature of languages [1]. 

Korean is linguistically unique. 
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 Korean replicated some linguistic features reported from previous research [6,10,11] 

concerning phonological cues to etymological and syntactic categories, but it also has its 

own language-specific features [2-4,7-9,11-12].  

 Stronger phono-semantic systematicity in Korean may reflect a better ‘fit’ between the 

distance metrics and the language. 

 Korean is psycholingistically important because it is etymologically isolated [2,7,11], 

which implies that it retains more aspects of an esoteric language. 

 We can understand homonyms as examples of extremely homogenized phonology 

combined with heterogenized semantics [7]. 

 Semantic generalizations resulting from both Ostensive and Distributed Systematicity 

tend to occur more at the end of the word [9]. The distribution of phonemes in onset-

position is flatter; the distribution of phonemes in coda-position is more skewed. This 

allows differential contributions to Distributed Systematicity. There is a temporal profile 

to how much the semantic understanding benefits from Distributed Systematicity. From 

the beginning of the spoken word, but more towards its end, the rest of the lexicon 

contributes in a distributed way to the unfolding of meaning. 

 

9.2. Conclusion 

The current dissertation found systematicity between subdomains of language: phonology, 

orthography and semantics. The systematicity was in different forms, sizes and directions. In 

order to provide an overarching explanation for this multi-dimensional property of language, I 

borrowed some concepts from neighbouring fields, I extended the interpretation of existing 

concepts, and I suggested new frameworks.  

Phono-semantic systematicity may be universal although each language also has its own 

features as a result of its own cultural evolution. Quantified grapho-phonemic systematicity 

was revealed for the first time with a sophisticated methodology.   

In the centre of the systematicity of language, there is the Principle of Least Effort (Zipf, 

1949/2016). Least effort concerns production. High frequency makes (i) phonology shorter 

and simpler, and as a result, words become similar to each other; (ii) orthography becomes 

easier and quicker to write, as a result of letters becoming similar to each other; and (iii) 

semantic vectors become fuller, more ‘vanilla’, and more similar to each other, as a result of 

more and more lexical contexts being involved. These homogenizations reflect least effort. 

At the same time, the context of the individual entity becomes more important. 

In contrast, lower frequency perception involves (i) elongated phoneme strings, different 

from every other; (ii) more ornate forms of letters, different from every other, and (iii) much 
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sparser semantic vectors, again different from every other. Working with any of these 

involves more effort.  

Each metric has its own strengths and weaknesses, but when they were designed for a 

particular language, the results were most robust. Cross-linguistic generalization gives some 

indications of the possibilities for languages, but spoken and written language processing is 

profoundly multipurposed and multi-dimensional. Therefore, to investigate a particular 

language, methods that are particularly designed for that language may return better results.  

This dissertation opens up many different avenues of research: theoretical and practical; 

cross-linguistic and language-specific; and concerned with language perception and 

language production.  
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Hypothesis 1

A Monte-Carlo procedure was used to test if the
phenomenon found in the small sample was real. The
boxes represent the range of randomly permutated
meaning-form correlations for each word length. The
veridical correlation should be outside of the boxes.

Hypothesis 1

Written English words are slightly but significantly
correlated with their meanings, which corresponds to the
previous study [5]. The correlation for 3-letter words
reflects [4], where a correlation was found between
monosyllabic sounds and meanings.

English as a Deep Orthography
English is a deep orthography [1]. It contains many inconsistencies and complexities: ‘yacht’ pronounced /jɒt/.  For many years, people have suggested spelling reforms to 
facilitate learning [2].  One of the most recent ones is Spell as you Pronounce Universally (SayPU). Duplicated letters are removed from words and vowels are limited in order 
for a sound and a letter to have one-to-one connection [3].

Meaning-form Relation
Phonology gives small cues to meaning in English monosyllabic words [4].  Orthography approximates phonology and correlates with semantics in multiple languages [5].  A
bigger correlation implies easier learning.

Does reformed spelling enhance a meaning-form relation?

Most frequent 5000 words 
from Wikipedia

Divided into groups 
3 to 7 letters

Orthographic Distances 
calculated as edit distance

Words respelled 
according to SayPU template

Orthographic Distance
calculated as edit distance

Semantic Distance
calculated by LSA

Semantic Distance
calculated by LSA

Correlation
Spearman’s rho

Correlation
Spearman’s rho

Comparison

Consonants Vowels

IPA Saypu IPA Saypu

b b ᴂ a

d d ɒ a

...                       ...

x ks ᴈ ə

ɵ th ʌ ə

ʒ j ə ə

ʃ sh ɔ o

ʧ ch ɑ a

Word 1 Word 2
Orthographic

Distance

Semantic 

Distance

the war 3 0.24

her few 2 -0.06

ask ass 1 -0.17

Word 1 Word 2
Orthographic

Distance

Semantic 

Distance

wat (what) nat (not) 1 -0.06

kos (course) til (till) 3 0.22

nəu (know) blu (blue) 2 -0.03

Normal Spelling

Reformed Spelling

Hana Jee (s1537116@ed.ac.uk) & Richard Shillcock (r.shillcock@ed.ac.uk)

Spelling Reform

Hypothesis 2

There was no effect of spelling reform. The reformed spelling hardly
changes the meaning-form correlation. Against our expectations, it
reduced the previous correlation in the 3-letter group. Considering the
frequency of words is closely related to the age of acquisition, it is difficult
to say that spelling reform would facilitate learning.

[1] Seymour, P. H., Aro, M., Erskine, J. M., & collaboration with COST Action A8 network. (2003). Foundation literacy acquisition in European orthographies. British Journal of psychology, 94(2), 143-174. [2] De Castella, T. (2013). Could a new phonetic alphabet
promote world peace? BBC News. http://www.bbc.co.uk/news/magazine-21505114 [3] West, P. (2014). Using (modified) SaypYu. https://www.scribd.com/document/196958655/Reforming-SaypYu-Next-Steps [4] Monaghan, P., Shillcock, R. C., Christiansen, M.
H., & Kirby, S. (2014). How arbitrary is language?. Phil. Trans. R. Soc. B, 369(1651), 20130299. [5] Dautriche, I., Mahowald, K., Gibson, E., & Piantadosi, S. T. (2017). Wordform similarity increases with semantic similarity: An analysis of 100 languages. Cognitive
science, 41(8), 2149-2169.

Rho p-val

3 letter 0.03 ***

4 letter 0.006 **

5 letter -0.002 0.3

6 letter 0.005 **

7 letter 0.004 .

Normal Orthography-Meaning Correlation

psychology
psychometrics

psycho

psychotherapy
psychotic

sigh
sight

cite

science

Why does reformed spelling not work?

If we assume English words consist of phonetic and semantic aspects, spelling reform may obscure the semantic
aspect by making words more phonetically transparent. Considering that some historically and etymologically related
words tend to have similar spellings, which indicate a semantic connection among them, spelling reform may break
this connection. Consider the semantic cluster of words beginning ‘psy-’. Respelling these words to ‘sai-’ breaks the
cluster, reducing the distinction from other words starting with ‘ci-’ or ‘sigh-’. However, we have introduced a means
to quantify and assess proposed spelling reforms that may allow spelling reform to be advantageous in some
instances..

Hypothesis 1. There will be a correlation between English orthography and meaning (see [5]).
Hypothesis 2. Reformed spelling will increase the orthography-meaning correlation.

***   ∙                     ∙ ***                  ∙ 
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Stroke Share Rate

• Each letter defined as a binary vector.
• Distance between two vectors

• Euclidean distance
• Feature edit distance 

Hausdorff Distance*

• Implemented in Python 3.6
• Compare images pixel by pixel

Distance between letters?

International Phonetic Alphabet

• Feature based phoneme description 
• Each letter defined as a binary vector.
• Distance between two vectors

• Euclidean distance
• Feature edit distance

Distance between phonemes?

Result 1

• Medium to high letter-sound correlation
• Stronger correlation with Euclidean distance

• Partial correlation test
• Larger contribution of vowels to systematicity

• Monte-Carlo permutation test confirms the 
correlation was not by chance

Result 2

• Stronger sound letter correlation in some fonts
• Sans-serif fonts work better than others.
• Hausdorff distance: possible to compare with other 

orthographies.

Finding 1. Medium to high correlation Result 1
Finding 2. Euclidean distance better   Result 1
Finding 3. Stronger in sans-serif fonts Result 2

Korean orthography and phonology:      
What’s the correlation? 

Hana Jee, Monica Tamariz, and Richard Shillcock

*Huttenlocher, D. P., Rucklidge, W. J., & Klanderman, G. A. (1992, June). Comparing images using the Hausdorff distance under translation. In Proceedings 1992 IEEE Computer Society Conference on Computer Vision 

and Pattern Recognition (pp. 654-656). IEEE.  Bybliography [1] Monaghan, P., Shillcock, R. C., Christiansen, M. H., & Kirby, S. (2014). How arbitrary is language?. Philosophical Transactions of the Royal Society B:

Biological Sciences, 369(1651), 20130299. [2] Tamariz, M. (2008). Exploring systematicity between phonological and context-cooccurrence representations of the mental lexicon. The Mental Lexicon, 3(2), 259-278.

Hangeul, Korean orthography is well known for its letter-sound connections.  But how strong are they? 
We quantified this connection and suggested a method allowing comparison with other orthographies.



Quantifying sound-graphic systematicity and application on multiple phonographs 

 

Miss. Hana Jee, The University of Edinburgh (hana.jee@ed.ac.uk) 

Dr. Monica Tamariz, Heriot-Watt University (monicatamariz@gmail.com) 

Dr. Richard shillcock, The University of Edinburgh (rcs@inf.ed.ac.uk) 

 

We demonstrated, for the first time, significant systematicity between orthography and 

phonology.  The pairwise distances of letters were measured by Hausdorff distance and the 

pairwise distances of phonemes, by feature edit distance.  The correlation between two 

distances was checked and confirmed by Monte-Carlo permutation test. 

The conventional phonographic orthographies (Arabic, Cyrillic, English, Finnish, Greek, 

Hebrew, and Korean) as well as a few ancient orthographies (Phoenician and Aramaic) 

consistently returned significant letter-sound correlations whereas the fictitious orthographies 

(Aurebesh and Klingon) did not return any correlation.  We presume a quasi-evolution of 

orthography where letter shapes become stable when two forces are in equilibrium: one 

distinguishing a letter from another, and the other maintaining the resemblance of those letters 

(Watt, 1979). 

Most of those orthographies returned the positive correlations, indicating the similar letters 

sound similar.  Hangeul, the Korean orthography had the highest letter-sound correlation, 

which is plausible considering its background.  In English, ‘m’ seems to contribute most to 

the systematicity.  Meanwhile, the fact that Arabic returned the negative letter-sound 

correlation implies the ‘heterogenization’ force acted stronger than ‘homogenization’ (Watt, 

1979).  In their paths, the orthographies may have found different points in equilibrium.  

Meanwhile, the fact that some fonts returned higher correlations suggests an additional way to 

facilitate early reading in the way to enhance letter-sound connection. 
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The ability to read and write is essential not only to support the quality of individual lives, but 

also for nationwide economic growth.  Considering a few effort put into English such as 

spelling reform and phonics, deep orthography can be one of the reasons for dyslexia or 

difficulty in reading, in the sense that it hinders the efficient building of letter-sound 

connection.  Making the best of linguistic systematicity can facilitate learning in this regard.   

Recent studies suggested novel ways to investigate the systematicity between meanings and 

forms.  Applying those methods, the current paper aims to demonstrate the systematicity 

between letters and phonemes.  We measured the distances among sounds and the distances 

among letters in order to check the correlation between them.  English phonemes were 

defined as vectors based on the articulatory features (Harm & Seidenberg, 1999) and the 

distance between two phonemes were calculated by feature edit distance.  The distance 

between two letters were measured by Hausdorff distance (Huttenlocher, Klanderman & 

Rucklidge, 1992).  The significant positive sound-letter correlation was found both in English 

upper and lowercases: similar letters tend to have similar sounds.  The serif fonts generally 

showed stronger correlation than others in the lowercases, whereas two representative fonts, 

Times New Roman and Arial showed the strongest correlations in the upper-cases.  Along 

with the letter-sound correlations from other orthographies, the study implies the choice of 

font may enhance letter-sound connection for early readers and allow more people to 

successfully read and write. (242 words) 
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Abstract 

Do letter-shapes predict in any way the canonical sounds they represent? Does the letter ‘a’ in 

any sense visually predict its English canonical pronunciation /æ/? We extended existing 

quantitative approaches to measuring word-level systematicity between phonology and 

semantics. We quantified all pairwise visual distances between letters, using Hausdorff distance. 

We took the corresponding canonical pronunciations of the letters and quantified all pairwise 

distances between their feature-level representations, using edit distance and Euclidean distance. 

We defined letter-sound systematicity as a correlation between these two corresponding lists of 

distances. We confirmed Korean as the gold standard for letter-sound systematicity; it was 

designed in the 15C to have exactly this characteristic. We found small but significant 

correlations in Arabic, Cyrillic, English, Finnish, Greek and Hebrew orthographies, with 

Courier New giving the most consistent correlations. Pitman’s English shorthand and the 

Shavian shorthand alphabet also showed robust systematicity, and baseline fictitious 

orthographies showed no systematicity, validating our approach. 

Key words: letter-sound systematicity, Hausdorff distance, orthography, phonics 
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Quantifying sound-graphic systematicity; Application to multiple phonographic orthographies  

1.  Background 

It is a natural question whether certain parts of a letter or character are topologically related to its 

meaning or sound. This idea was in fact realized as hieroglyphs or logographs whose written 

characters are visually iconic. For example, the Chinese character 人 ‘man’ changes its size and 

location – as in 从 ‘to follow’ or in 囚 ‘to lock up’ – maintaining its original meaning in the 

different contexts. This iconicity facilitates learning the orthography (Dingemanse, Blasi, 

Lupyan, Christiansen, & Monaghan, 2015). For example, the location of the dot distinguishes the 

meanings between 犬 ‘a dog’ and 太 ‘huge’. It is hard to explain why it is not the other way 

around, until one knows the former character visually represents a dog wagging its tail.  

Phonographs allow far more room for arbitrariness between letters and the corresponding 

sound unit, but even phonograph users have attempted to theorize about letter shapes in a similar 

manner: the Roman letter ‘A’ represents a bull’s horn upside down; ‘O’ represents the mouth 

shape of /o:/; and as ‘S’ looks like a snake, it naturally sounds /s/ (Robinson, 1995). The reason 

why these speculations remained as speculations is related to the problem of this sort of 

rationalization: there is no consistent theory to apply to all the letter shapes. Such explanations 

seem to be based on somewhat haphazard analogy. 

What is the origin of this propensity to think that meaning inheres in unmotivated written 

symbols? Looking at how writing emerged may provide an answer. Visual representation started 

with describing concrete objects (Robinson, 1995), but this must have involved some larger 

semantic value than the object itself—an intention, for example. It is likely that the anonymous 

painter of the Great Black Bull in the Lascaux cave retrieved the impression of a bull when 

wishing for a successful hunt.  
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There are a few scenarios regarding the emergence of writing. One of them suggests that 

the emergence of agriculture required record-keeping. Instead of a hand-to-mouth lifestyle, 

people had to remember, for example, the amount of a harvest and the proportion of seed-corn 

(Schmandt-Basserate, 1989). Many researchers agree that the act of writing began for business 

purposes: as communities grew and cities were formed, larger scale trade appeared (Havelock, 

1976; Robinson, 1995; Rogers, 2005). These proto-writings (Robinson, 1995) occurred in 

various media, like sticks with notches, clay tokens, and numerical tablets, implying the 

necessity of simpler, quicker recording. At the same time, administrative procedures, such as 

those involving tax and the distribution of the population, were required, as in the Sumerian 

capital, Uruk (Sampson, 1985). These all indicate that the first writing involved forms of 

numbers, abstract concepts, but unmotivated logographs (Havelock, 1976; Robinson, 1995; 

Rogers, 2005; Schmandt-Besserat, 1989). The ruins of the Assyrian empire (the first millennium 

B.C.) showed that their writing did not resemble pictography any more (Robinson, 1995). They 

managed to establish an arbitrary connection between written symbols and their connotations. 

However, these symbols did not yet acquire the status of phonographs, not being connected to 

individual sound units.  

The idea of phonographic symbols appeared only after the discovery of the ‘Rebus 

principle’ (Robinson, 1995; Rogers, 2005), where a single pictographic symbol could be 

connected to a sound value. The sound unit at this stage was not necessarily phonemic and more 

likely syllabic (Havelock, 1976; Robinson, 1995). The more specific, phonemic association 

required the ability to segment the continuous flow of vocal sounds and to realize the differences 

between air flows and articulatory obstructions (Havelock, 1976). The presence or absence of 

vibration in the larynx (voiced vs. voiceless) also had to be noticed. 
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Once an alphabet set is established, the constituents of the system need to be in balance 

between efficiency and distinctiveness: they should be easy to write and distinguished from one 

another. For extreme efficiency, all the letters might look the same but at the cost of distinction. 

At the other extreme, the letters might differ in shape size, colour and material as well as 

orientation. In fact, many phonographic orthographies in human history satisfy coherent 

discrimination among the constituents of the system by addition, subtraction, duplication, or 

orientation change. It is plausible to expect these scripts to have developed some sort of 

systematicity, in order to make the best use of the limited resources to facilitate acquisition and 

transmission of the orthography. 

As an exclusively cultural heritage (Sampson,1985), each writing script undergoes its 

own cultural evolution. Removing inefficiencies and not creating a new revolutionary feature, is 

the central role of cultural evolution (Sampson, 1985), a process that can be enhanced by 

repetitions and extensive communication. Multiple factors condition letter shapes. The nature of 

writing materials (Sirat, 1994) decides the angularity of letters: C versus <. The combination of 

writing materials and writing postures also affect the complexity of letters: compare a pen on a 

paper and a chisel on a clay tablet. Watt (2013) pointed out that letters tend to face the same 

direction; the facing direction is defined as the direction of ornaments and headings—for 

example, Arabic numbers mostly face left. Anecdotal evidence says that children often reverse, 

for instance, the letter B until they subconsciously understand that asymmetric English letters 

generally face rightwards. The direction of the script can be also changed for political and 

cultural reasons. People in conquered territories often had to adapt to a new writing custom. For 

example, Egyptians began to write from left to right when they accepted Christianity but later 

returned to write from right to left when Islam prevailed in the region in the 7C. The direction of 
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script affects the direction of letters because moving backwards slows the pace of continuous 

writing, reducing efficiency. Hebrew seems to take longer to write because the overall script 

moves from right to left whereas horizontal strokes are written from left to right (Sirat, 1994). In 

Rome and Greece, the scripts were written successively from right to left, and then left to right, 

termed boustrophedon fashion or ox-turning. Asymmetric letters like B, E, N were frequently 

written in their mirror images to match the direction of the script. Some of the letters of the 

modern Roman alphabet therefore remained as their mirror images when the writing direction 

was stabilized from left to right (Sirat, 1994). 

Watt (1979) introduced four hypothetical forces that affect letter shapes. Homogenization 

means the letters look more alike; heterogenization means they are distinguished from each 

other. For example, the uppercases D, E, F, H are visually homogeneous whereas their 

lowercases d, e, f, h are considerably heterogenized. Facilitation means the tendency for letters 

to be easy to produce. For instance, cursive movement minimizes direction shifts and hand 

movements, for greater writing speed (Sirat, 1994). Finally, inertia, is a conservative force to 

stabilize the system. These forces are more topological than kinetic. When they are in 

equilibrium, the orthography system stays the same, but when any of the first three forces gets 

stronger, letter shapes may change. Any change of letter shapes or introduction of a new letter 

occurs in connection with the other elements in the system, the other letter shapes and sounds 

(Brekle, 1994; Watt, 1979, 1994, 2013).  

In this paper, we suggest a novel approach to investigating the assumed systematicity 

between letters and sounds. It is, however, not a symbolic logic in which “letter ‘g’ has a definite 

feature of its sound /g/”. It is rather a reflection of the system as a whole: “is letter ‘g’ close to 

letter ‘k’ as much as the sound /g/ is close to the sound /k/? How much do the distances among 
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the phonemes correlate with the distances among the visual representations of those phonemes? 

To our knowledge, this is the first such quantitative demonstration of letter-sound systematicity 

across the whole alphabet.  

We transferred this method from recent studies reporting systematicity between 

semantics and phonology (Dautriche, Mahowald, Gibson, & Piantadosi, 2017; Monaghan, 

Shillcock, Christiansen, & Kirby 2014; Shillcock, Kirby, McDonald & Brew, 2001; Tamariz, 

2008). We explored the systematic relation between phonology and orthography in Arabic, 

Cyrillic, English, Finnish, Greek, Hebrew, and Korean. 

2. Procedure 

We measured all the pairwise visual distances between letters and the corresponding pairwise 

phonological distances between the canonical pronunciations of those letters, in the respective 

alphabets. The total pairwise distances in phonology or semantics total N x (N-1)/2. We defined 

letter-sound systematicity as the correlation between the resulting two lists of distances, as in the 

Mantel Test (Mantel, 1967). The significance of the correlation between these two lists of 

pairwise distances was tested with a Monte-Carlo permutation test, as in the published literature 

on word-level systematicity. The whole process was conducted in Python 3.7.1.1 

2.1. Phonological distances 

We encoded the phonemes of each language into feature vectors (cf. Farmer, Christiansen, & 

Monaghan, 2006) based on the International Phonetic Alphabet (IPA). The features consisted of 

place and manner of articulation. We marked 1 if a phoneme had the feature and 0 if it did not, 

and transformed each phoneme into a binary vector. For example, /b/ can be represented as 

 
1 The Python code and data are available from https://github.com/HanaJee/hausdorff-distance-letters.git  
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[0,1,0,0,1,0,0]: palatal, labial, dental, throat, plosive, affricate, and fricative. The length of the 

vectors equalled the total number of phonological features of a language. 

We measured the distances between two vectors as feature edit distance, which counts the 

number of features different between the two vectors, and as Euclidean distance, which measures 

the shortest geometric distance between two vectors. (Multiple distance metrics demonstrate the 

robustness of the results.) The more dissimilar two vectors are, the larger the values that are 

returned. For all phonological distance measures, we used textdistance 4.1.4 (Python 3.7.1)2. 

2.2. Orthographical distances 

We measured the distances between two letter images by Hausdorff distance (Huttenlocher, 

Klanderman, & Rucklidge, 1993). Hausdorff distance measures the difference between two 

images by first comparing each pixel of ‘X’ and ‘Y’ and then calculating Euclidean distance 

between the pixel from ‘X’ and the closest pixel from ‘Y’. Being fundamentally asymmetric— 

the distance from ‘X’ to ‘Y’ is different from ‘Y’ to ‘X’— the larger value is used by definition. 

Because the letters were treated as images, different fonts returned different results. We 

examined various fonts available in Microsoft including serif, sans-serif, and cursive fonts: 29 

fonts for Cyrillic, English, Finnish, and Greek (Table 1); 10 fonts for Arabic (Table 2); 13 fonts 

for Hebrew (Table 3); and 88 fonts for Korean (Appendix 6). The letters were all centrally 

aligned with the default font setting and saved as an identically sized PNG image file. An 

implementation of Hausdorff distance3 in Python 3.7.1 converted these images into black and 

white raster graphics and returned numeric values as results. 

 
2 Textdistance 4.1.4 was imported from https://pypi.org/project/textdistance/ on 29 July 2019. 
3 directed_hausdorff was imported from the scipy.spatial.distance package v 1.2.1. 
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Table 1. Fonts examined for Cyrillic, English, Finnish, and Greek 

Serif fonts 

Book Antiqua, Cambria, Constantia, Courier 

New,Gabriola, Georgia, Lucida Console, 
Palatino Linotype, Times New Roman 

Sans-serif fonts 

Arial, Arial Black, Candara, Calibri, Calibri Light, 
Century Gothic, Comic Sans MS, Consolas, 
Corbel, Franklin Gothic Medium, Impact, Lucida 
Sans Unicode, Microsoft Sans Serif, Segoe UI 
Symbol, Tahoma, Trebuchet MS, Verdana 

Cursive style 
Lucida Handwriting, Segoe Print, 
Segoe Script 

 

2.3. Samples 

Arabic 

A written Arabic alphabet (Arabic abjad) can have a maximum of four different forms: in the 

initial positions, in the middle of a word, in the final positions, and in the isolated forms (Erfani, 

2005). We examined the isolated forms as they are the canonical letters that are first taught to 

children. Note that Arabic long vowels (ا/a:/, و/w/, and ي/j/) are included in the set of the 

alphabet, whereas short vowels (  ُ◌ /u/,   َ◌ /a/, and   ِ◌ /i/) are considered diacritics. We collected 

28 Arabic letters and vectorized their corresponding phonemes based on 18 IPA features 

(Appendix 1).  

Cyrillic 

Cyrillic script is used in many Eastern European countries, including Russia, but there are 

variations. Russian Cyrillic, for example, was reformed in the 18th century. Ukrainian, Bulgarian, 

Serbian, Macedonian, and Iranian script among others also look slightly different. We used the 

common Cyrillic letters and their phonemes (Appendix 2). The letters E, Ю and Я were excluded 

because they are diphthongs (/jɛ/, /ju/ and /ja/, respectively), as was Ь, because it simply makes 
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consonants softer and does not have any phonetic value. Accordingly, we made 25 phoneme 

vectors based on 20 IPA features (Appendix 2). 

English 

As a deep orthography (Seymour, Aro, & Erskine, 2003), English letters are linked to more than 

one phoneme. We first constrained the sound of a letter according to the British phonics 

approach (Lloyd, Wernham, Jolly, & Stephen, 1998). Phonics teaches children the most frequent 

and canonical sound of the letter. We excluded ‘x’ and ‘q’ from the sample because the former is 

a polyphone /ks/ and the latter almost always co-occurs with ‘u’. In total, 24 letters were 

converted into feature-vectors, taken from Harm and Seidenberg (1999). 

Finnish 

Finnish script is the same as English except for three additional letters: ä, ö, and å, and the letters 

‘k’, ‘p’, and ‘t’ have tensed sounds, not aspirated. We included ‘q’ because it is independently 

pronounced /k/. The 28 letters and 17 phonetic features are listed in Appendix 3.  

Greek 

Greek uppercase letters are historically important in that they are closely related to ancient 

orthographies such as Phoenician. Lowercase letters have distinct forms from uppercase letters 

(Appendix 4). The uppercase letter ‘Σ’ (/s/) corresponds to two lowercase letters, which we 

included. We excluded Ξ and Ψ, as well as their corresponding lowercases ξ and ψ, because they 

are diphthongs: /ks/ and /ps/, respectively. We used 19 IPA features for the Greek phonemes. 

Hebrew 

As a consonantal orthography, written Hebrew for advanced readers does not indicate vowel 

values. The vowels are only written out for children and foreign learners until they get used to 

reading. We examined 33 consonants with 14 IPA phonetic features (Appendix 5).  
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Korean 

Hangeul, the Korean orthography, was artificially invented in the 15th century. It is well known 

for its one-to-one connection between letters and sounds, and for the fact that its letters were 

designed based on the shape of articulation. For example, ㄱ /g/ represents the tongue touching 

the soft palate. Korean phonology distinguishes between phonemes that are considered 

allophones by English speakers: /p/ in ‘pie’ and ‘spy’ are perceived as aspirated and tensed, 

respectively. Along with the lenis sound that shares the same articulation point without 

aspiration, these phonemes have visually systematic forms (e.g., ㅂ /b/-ㅍ /p/-ㅃ /p͈/). Based on 

more cultural grounds, Korean written vowels are composed of three elements: ·, ㅡ, and ㅣ, 

which respectively represent the heaven, earth and human. In total, we examined 16 consonants 

and 10 monophthongs (Appendix 6).  

Other orthographies 

We additionally examined four ancient Semitic orthographies (Phoenician, Nabataean, Early 

Aramaic, and Aramaic), two English substitute systems (Pitman’s shorthand and the Shavian 

alphabet) and two fictitious orthographies (Aurebesh from Star Wars and Klingon from Star 

Trek) in terms of sound-letter systematicity. We expect if such a correlation is found in the 

modern conventional orthographies, it evolved over cultural time. We do not expect to observe 

any sound-letter systematicity in the fictitious systems that have not undergone natural selection 

in human culture. Finally, the artificially, consciously constructed letters in the Pitman’s and 

Shavian alphabets may be expected to have a systematicity comparable to Korean orthography.  

3. Results 

General results 



12 
 

For each orthography, we calculated systematicity as Pearson’s r, as above, and confirmed the 

significance level with Monte-Carlo permutation tests. For each of the naturally occurring 

orthographies there were fonts for which significant systematicity obtained: for Korean 85 out of 

88 fonts produced significant systematicity; for Finnish only 2 fonts out of 29 returned a 

significant systematicity. When a font exhibited significant systematicity it was generally of the 

order of r = 0.1—0.15 (see Fig 1; see below, also); similar letters tend to have similar sounds. 

Greek lower cases, in contrast, showed a negative correlation; similar letters tend to have distinct 

sounds. 

 

 

 

 

 

 

 

Arabic 

Table 2 indicates that Arabic letters tend to correlate with their sounds. Simplified Arabic 

consistently showed significant systematicity regardless of phonemic distance measure. 

 

Fig 1. Letter-sound correlations of the conventional orthographies: we averaged the correlation 
coefficients from various fonts only when p-value < .1. 
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Table 2. The letter-sound correlations in 10 Arabic fonts 

  Euclidean distance feature edit distance 
Font Example r p-value r p-value 

Simplified Arabic  لتك مقا  * 0.05 0.1 *** 001. > 0.15 فت 

Arial Black  لتك مقا    0.07 0.09 ** 0.01 0.13 فت 

Times New Roman 0.07 0.09 ** 0.01 0.13 تشرفت بمقابلتك   
Arabic Typesetting  لتك مقا    0.74 0.02 * 0.02 0.12 فت 
Traditional Arabic   لتك فت    0.42 0.04 * 0.03 0.11 مقا
Courier New 0.32 0.05   0.2 0.07 تشرفت بمقابلتك   

Microsoft Sans Serif 0.02 0.12   0.37 0.05 تشرفت بمقابلتك ** 

Segoe UI  فت بمقابلتك  ** 0.02 0.12   0.38 0.04 ت

Andalus 0.29 0.05   0.45 0.04 تشرفت بمقابلتك   

Tahoma  0.03 0.11   0.83 0.01- تشرفت بمقابلتك ** 
Note: * p < .05, ** p < .01, *** p < .001, N=378, phonological distance M=1.46, SD=0.27 
(Euclidean); M=2.46, SD=1.43 (feature edit); orthographical distance M=10.50, SD=2.64 

 

Cyrillic  

Cyrillic upper and lower cases both correlated with the phonemes only in Courier New. The 

upper cases: r = .14, p = .02 when measured by Euclidean distance, r = .18, p < .01 when 

measured by feature edit distance. The lower cases: r = .14, p = .02 when measured by Euclidean 

distance and r = .18, p < .001 when measured by feature edit distance. 

English 

For upper cases, Cambria consistently returned correlation: r = .11, p = .07 when measured by 

Euclidean distance, r = .12, p = .04 when measured by feature edit distance. Gabriola (r = .12, p 

= .04), Georgia (r = .10, p = .08), and Impact (r = .15, p = .01) additionally showed the result 

when measured by feature edit distance only. For lower cases, Franklin Gothic Medium (r = .15, 

p = .01), Arial Black (r = .14, p = .02), Verdana (r = .14, p = .02), Cambria (r = .13, p 
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= .03), and Tahoma (r = .12, p = .04) returned the results only when measured by feature edit 

distance. 

Finnish 

Significant systematicity was found only in upper-case Courier New (r = .12, p = .02). 

For lower cases, Segoe Script (r = .10, p = .05 measured by Euclidean distance) and 

Trebuchet MS (r = .11, p = .04, measured by feature edit distance) returned coefficient above 

significance level.  

Greek 

For upper cases, Courier New consistently showed robust coefficient: r = .15, p = .02 

measured by Euclidean distance, r = .16, p = .02 measured by feature edit distance. Book 

Antiqua (r = .13, p = .04) was also significant when measured by Euclidean distance. Although 

marginal, the lower-case Courier New returned the negative correlation (r = - .11, p = .09) 

when measured by Euclidean distance. 

Hebrew 

All 13 fonts returned highly significant correlation coefficients. Some fonts returned letter-sound 

systematicity even higher than that of Korean orthography. 

 

Table 3. The letter-sound correlation r in 13 Hebrew fonts (all p-value < .001) 

Font Example Euclidean distance Feature edit distance 

Levenim MT  0.31 0.35 שלום 

Narkisim  0.31 0.35 שלום 

Miriam  0.31 0.34 שלום 

Times New Roman  0.31 0.34 שלום 

David  0.3 0.33 שלום 

Lucida Sans Unicode  0.28 0.30 שלום 
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Gisha  0.27 0.27 שלום 

Arial  0.26 0.25 שלום 

Arial Black  0.26 0.25 שלום 

Calibri Light  0.26 0.25 שלום 

Microsoft Sans Serif 0.27 0.24 שלום 

Courier New 0.23 0.21 שלום 

Tahoma 0.24 0.18 שלום 

Note: * p < .05, ** p < .01, *** p < .001, N=1035, phonological distance M=1.91, SD=0.43 
(Euclidean); M=3.14, SD=1.79 (feature edit); orthographical distance M=15.57, SD=9.89 

 

Korean 

Almost all 88 Korean fonts returned significant letter-sound correlation, including a few 

representative fonts: 굴림: r = .24, p < .001; 바탕: r = .18, p < .001; 궁서: r = .30, p < .001; 맑은고딕: 

r = .18, p < .001.  returned the highest coefficient: r = .39, p < .001. We re-calculated the 

correlation excluding each letter to investigate which contributes the most to the whole 

correlation. Each letter seems to contribute approximately equally to the whole letter-sound 

correlation. 

Other orthographies 

None of the four ancient orthographies returned significant systematicity; nor did the two 

fictitious orthographies. We conducted Monte-Carlo permutation tests for verification. 

The two English substitute writing systems returned high positive letter-sound 

correlations: Pitman’s shorthand, in which r = .35, p < .001; and the Shavian alphabet, r = .2, p 

< .001.  

4. Discussion 

We explored the systematicity of letter-sound mapping over a number of orthographies, from a 

new perspective. Seven conventional orthographies, as well as two reformed spelling systems, 

demonstrated that letters to some extent correlate with their pronunciations. Hangeul, the 
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systematically invented orthography with a sophisticated understanding of phonology, 

constitutes the highest benchmark of letter-sound correlation; other artificial orthographies, 

Pitman’s shorthand and the Shavian alphabet returned a similarly high correlation. Letter-sound 

correlation increases when visually similar figures are linked to articulatorily similar phonemes 

(e.g., ㅋ /k/ - ㄱ /g/ or ㅌ /t/ - ㄷ /d/). This fact explains why Hebrew also demonstrated a high 

correlation. The visual difference of letter shapes efficiently categorise the place of articulation 

and distinguish voiceless from voiced sounds (e.g., /k/ - /x/ or /v/ - /b/ in Appendix 5). The 

systematicity of an orthography is enhanced when adding or subtracting a stroke or the 

orientation change of letter shapes occurs systematically with the corresponding phoneme pairs 

(e.g., voiced-voiceless) 

Comparatively low coefficients of the orthographies with Roman alphabets (Cyrillic, 

English, Finnish, and Greek) may be attributable to their complicated history. They originated 

from Phoenician alphabets (1,000 BC), known as the first stable alphabetic script (Havelock, 

1976; Robinson 1995). It diverged to Hebrew and Greek, and the latter was borrowed by the 

Romans. The Roman alphabets spread through Europe and one of the lineages settled down as 

the English alphabets (Havelock, 1976; Robinson, 1995; Rogers, 2005). Some 3000 years of the 

history of this Northwest Semitic Graeco-Roman-Etruscan alphabet (Havelock, 1976) naturally 

allowed cultural intervention, sometimes organized (Havelock, 1976; Robinson, 1995; Rogers, 

2005). For example, when Phoenician 22-consonant alphabets were accepted by Greeks, some 

phonetic values (mostly weak consonants) were changed to vowels. At the same time, three more 

vowels were added, resulting in 25 characters in total. Later, Runes, the Germanic alphabets 

entered Roman culture, influencing some of their letters: r, i, and b. Middle English went through 

the Great English Vowel Shift, as well as the distinction of upper cases from lower cases. 
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We expected the modern European alphabet systems to demonstrate stronger 

systematicity than the ancient orthographies. Four ancient orthographies did not show significant 

systematicity. The authenticity of the phonemes (and characters) recovered (Havelock, 1976; 

Robinson, 1995) may be not perfectly reliable.  

In conclusion, the human brain is adept at taking advantage of any type of systematicity, 

from the level of the neural substrate to cross-modality processing (Bavelier & Neville, 2002; 

Spence, 2011). There are many demonstrations of audio-visual multisensory perception (Baier, 

Kleinschmidt, & Müller, 2006; Calvert et al., 1999; Calvert, Campbell, & Brammer, 2000; 

Calvert, Hansen, Iversen, & Brammer, 2001; Fiebelkorn, Foxe, & Molhom, 2010; Von 

Kriegstein & Giraud, 2006; Zangenehpour & Zatorre, 2010), some of which specifically focus on 

grapheme-phoneme relations (Raij, Uutela, & Hari, 2000; van Atteveldt, Formisano, Goebel, & 

Blomert, 2004; van Weissman, Warner, & Woldorff, 2004). Although the data generally imply 

that no area is exclusively related to reading, the human brain certainly has the wherewithal to 

take advantage of the type of systematicity we have demonstrated in the relation between letters 

and their canonical pronunciation. One potential process underlying the emergence of 

systematicity may be Zipf’s principle of least effort (Zipf, 1949), whereby least effort in 

pronunciation travels with least effort in writing a character, with these processes conditioning 

the pairwise distances within phonological and visual space. 
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Appendix 1. Arabic 

 

 

Arabic letters and their phonemes 

letter phoneme letter phoneme letter phoneme letter phoneme 

 /k/ ك /dˤ/ ض  /d/ د /a/ ا

 /l/ ل /tˤ/ ط /ð/ ذ /b/ ب 

 /m/ م /ðˤ/ ظ /r/ ر /t/ ت 

 /n/ ن  /ʕ/ ع /z/ ز /θ/ ث 

 /h/ ه /ɣ/ غ /s/ س /d͡ʒ/ ج

 /w/ و /f/ ف /ʃ/ ش /ħ/ ح

 /j/ ي /q/ ق /sˤ/ ص  /x/ خ
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The features of Arabic phonemes 
L

et
te

rs
 

P
ho

ne
m

es
 

Place of Articulation Manner of Articulation 

V
ow

el
 q

ua
li

ty
 

L
ab

ia
l 

D
en

ta
l D

en
ti

-
al

ve
ol

ar
 

P
al

at
al

 

V
el

ar
 

U
vu

la
r 

P
ha

ry
ng

ea
l 

G
lo

tt
al

 

N
as

al
 S

to
p 

F
ri
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ti

ve
 

A
ff

ri
ca

te
 

T
ri

ll 

A
pp

ro
xi

m
an

t 

P
la

in
 

E
m

ph
at

ic
 

V
oi

ce
le

ss
 

V
oi

ce
d 

V
oi

ce
le

ss
 

V
oi

ce
d 

V
oi

ce
d 

 a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 ا 

 b 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 ب 

 t 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 ت 

 θ 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 ث 

 d͡ʒ 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 ج

 ħ 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 ح

 x 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 خ

 d 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 د

 ð 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ذ

 r 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 ر

 z 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ز

 s 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 س

 ʃ 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 ش

 sˤ 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 ص

 dˤ 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 ض

 tˤ 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 ط

 ðˤ 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ظ

 ʕ 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 ع

 ɣ 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 غ

 f 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 ف

 q 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 ق

 k 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 ك

 l 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 ل

 m 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 م

 n 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 ن

 h 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 ه

 w 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 و

 j 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 ي 
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Appendix 2. Cyrillic 

 

 

Cyrillic letters and their phonemes 

Upper Lower Phoneme Upper Lower Phoneme 

А а /a/ О  о /o/ 

Б  б /b/ П  п /p/ 

В  в /v/ Р  р /r/ 

Г  г /ɡ/ С  с /s/ 

Д  д /d/ Т  т /t/ 

Ж  ж /ʒ/  У  у /u/ 

З  з /z/ Ф  ф /f/ 

И  и /i/ Х  х /x/  

Й  й /j/ Ц  ц /ts/  

К  к /k/ Ч  ч /tʃ/  

Л  л /l/ Ш  ш /ʃ/  

М  м /m/ Щ  щ /ʃt/ 

Н  н /n/    
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The features of Cyrillic phonemes 

U
pp

er
 le

tt
er

s 

L
ow

er
 le

tt
er

s 

P
ho

ne
m

es
 Place of Articulation Manner of Articulation Vowel Qualities 

V
oi

ce
d 

B
il

ab
ia

l 

L
ab

io
-d

en
ta

l 

A
lv

eo
la

r 
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al

at
al

 

V
el

ar
 

P
os

t-
al

ve
ol

ar
 

N
as

al
 

P
lo

si
ve

 

A
ff

ri
ca

te
 

F
ri

ca
ti

ve
 

T
ri

ll 

A
pp

ro
xi

m
an

t 

C
lo

se
 

M
id

 

O
pe

n 

F
ro

nt
 

C
en

tr
al

 

B
ac

k 

R
ou

nd
ne

ss
 

А а a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 

Б б b 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

В в v 1 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Г г ɡ 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Д д d 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Ж ж ʒ 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 

З з z 1 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

И и i 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 

Й й j 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

К к k 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Л л l 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

М м m 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Н н n 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

О о o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 

П п p 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Р р r 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

С с s 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Т т t 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

У у u 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 

Ф ф f 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Х х x  0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Ц ц ts  0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Ч ч tʃ  0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 

Ш ш ʃ 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 

Щ щ ʃt 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
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Appendix 3. Finnish 

 

Finnish letters and their phonemic features 

L
et

te
r 

P
ho

ne
m

e 

Place of Articulation Manner of Articulation Vowel Quality 

V
oi

ce
d 

L
ab

ia
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A
lv

eo
la

r 

P
al

at
al

 

V
el

ar
 

G
lo

tt
al

 

N
as

al
 

P
lo

si
ve

 

F
ri

ca
ti

ve
 

A
pp

ro
xi

m
an
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T
ri

ll 

C
lo

se
 

M
id

 

O
pe

n 

F
ro

nt
 

B
ac

k 

R
ou

nd
ne

ss
 

a ɑ 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 

b b 1 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

c s 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

d d 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

e e 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 

f f 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

g g 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 

h h 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 

i i 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 

j j 1 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 

k k 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 

l l 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

m m 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

n n 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

o o 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 

p p 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

q k 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 

r r 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

s s 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

t t 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

u u 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 

v ʋ 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

w ʋ 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

y y 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 

z z 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ä æ 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 

ö ø 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 

å o 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 1 
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Appendix 4. Greek 

 

 

Greek letters and their phonemes 

Upper Lower Phoneme Upper Lower Phoneme 

Α α /a/ Ν ν /n/ 

Β β /v/ Ο ο /o/ 

Γ γ /ɣ/ Π π /p/ 

Δ δ /ð/ Ρ ρ /r/ 

Ε ε /e/ Σ σ /s/ 

Ζ ζ /z/ Σ ς /s/ 

Η η /i/ Τ τ /t/ 

Θ θ /θ/ Υ υ /i/ 

Ι ι /i/ Φ φ /f/ 

Κ κ /k/ Χ χ /x/ 

Λ λ /l/ Ω ω /o/ 

Μ μ /m/    
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The features of Greek phonemes 

U
pp

er
 le

tt
er

 

L
ow

er
 le

tt
er

 

P
ho

ne
m

es
 Place of Articulation 

Manner of 
Articulation 

Vowel Qualities 

V
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ce
d 

B
il

ab
ia

l 

L
ab
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en
ta

l 

A
lv

eo
la

r 

V
el

ar
 

D
en

ta
l 

N
as

al
 

P
lo

si
ve

 

F
ri

ca
ti

ve
 

L
at

er
al

 
ap

pr
ox

im
an

t 

T
ri

ll 

C
lo

se
 

C
lo

se
-m

id
 

M
id

-b
ac

k 

O
pe

n 

C
en

tr
al

 

F
ro

nt
 

B
ac

k 

R
ou

nd
ne

ss
 

Α  α a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 

Β  β v 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Γ  γ ɣ 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Δ  δ ð 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 

Ε  ε e 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 

Ζ  ζ z 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Η  η i 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 

Θ  θ θ 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 

Ι  ι i 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 

Κ  κ k 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Λ  λ l 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

Μ  μ m 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Ν  ν n 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

Ο  ο o 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 

Π  π p 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Ρ  ρ r 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

Σ σ s 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Σ ς s 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Τ  τ t 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

Υ  υ i 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 

Φ  φ f 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Χ  χ x 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

Ω  ω o 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 
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Appendix 5. Hebrew 

 

 

Hebrew letters and their phonemes 

Letter Phoneme Letter Phoneme Letter Phoneme 

 /p/ ּפ /k/ ּכ empty א

 /f/ פ /x/ כ /v/ ב

 /f/ ף /k/ ּך /b/ ּב

 /ts/ צ /x/ ך /g/ ג

 /ts/ ץ /l/ ל /d/ ד

 /k/ ק /m/ מ /h/ ה

 /r/ ר /m/ ם /v/ ו

 /sh/ ׁש /n/ נ /z/ ז

 /s/ ׂש /n/ ן /x/ ח

 /t/ ּת /s/ ס /t/ ט

 /t/ ת emp ע /j/ י
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The features of Hebrew phonemes 

L
et

te
r 

P
ho

ne
m

e 

Place of Articulation Manner of Articulation 

V
oi

ce
d 

B
il

ab
ia
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L
ab
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en
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l 

A
lv

eo
la
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P
al

at
al

 

V
el

ar
 

G
lo

tt
al

 

P
os

t-
al

ve
ol

ar
 

N
as

al
 

P
lo

si
ve

 

A
ff

ri
ca

te
 

F
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ca
ti

ve
 

L
at

er
al

 a
pp

ro
xi

m
an

t 

A
pp

ro
xi

m
an

t 

 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - א
 b 1 1 0 0 0 0 0 0 0 1 0 0 0 0 ּב
 v 1 0 1 0 0 0 0 0 0 0 0 1 0 0 ב
 g 1 0 0 0 0 1 0 0 0 1 0 0 0 0 ג
 d 1 0 0 1 0 0 0 0 0 1 0 0 0 0 ד
 h 0 0 0 0 0 0 1 0 0 0 0 1 0 0 ה
 v 1 0 1 0 0 0 0 0 0 0 0 1 0 0 ו
 z 1 0 0 1 0 0 0 0 0 0 0 1 0 0 ז
 x 0 0 0 0 0 1 0 0 0 0 0 1 0 0 ח
 t 0 0 0 1 0 0 0 0 0 1 0 0 0 0 ט
 j 1 0 0 0 1 0 0 0 0 0 0 0 0 1 י
 k 0 0 0 0 0 1 0 0 0 1 0 0 0 0 ּכ
 x 0 0 0 0 0 1 0 0 0 0 0 1 0 0 כ
 k 0 0 0 0 0 1 0 0 0 1 0 0 0 0 ּך
 x 0 0 0 0 0 1 0 0 0 0 0 1 0 0 ך
 l 0 0 0 1 0 0 0 0 0 0 0 0 1 0 ל
 m 0 1 0 0 0 0 0 0 1 0 0 0 0 0 מ
 m 0 1 0 0 0 0 0 0 1 0 0 0 0 0 ם
 n 0 0 0 1 0 0 0 0 1 0 0 0 0 0 נ
 n 0 0 0 1 0 0 0 0 1 0 0 0 0 0 ן
 s 0 0 0 1 0 0 0 0 0 0 0 1 0 0 ס
 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - ע
 p 0 1 0 0 0 0 0 0 0 1 0 0 0 0 ּפ
 f 0 0 1 0 0 0 0 0 0 0 0 1 0 0 פ
 f 0 0 1 0 0 0 0 0 0 0 0 1 0 0 ף
 ts 0 0 0 1 0 0 0 0 0 0 1 0 0 0 צ
 ts 0 0 0 1 0 0 0 0 0 0 1 0 0 0 ץ
 k 0 0 0 0 0 1 0 0 0 1 0 0 0 0 ק
 ɣ 1 0 0 0 0 1 0 0 0 0 0 1 0 0 ר
 ʃ 0 0 0 0 0 0 0 1 0 0 0 1 0 0 ׁש
 s 0 0 0 1 0 0 0 0 0 0 0 1 0 0 ׂש
 t 0 0 0 1 0 0 0 0 0 1 0 0 0 0 ּת
 t 0 0 0 1 0 0 0 0 0 1 0 0 0 0 ת
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Appendix 6. Korean 

Visually systematic Korean consonants 

Voiced Voiceless Tensed 

ㄱ / g / ㅋ / k / ㄲ / k͈ / 

ㄷ / d / ㅌ / t / ㄸ / t͈ / 

ㅂ / b / ㅍ / p / ㅃ / p͈ / 

ㅅ / s /   ㅆ / s͈ / 

ㅈ / dʒ / ㅊ / tʃ / ㅉ / t͈ʃ / 

ㅇ / ŋ / ㅎ / h /   

 

Korean mono-thongs included in the study 

Mono-thongs 

ㅏ / a / 

ㅓ / ʌ / 

ㅗ / o /  

ㅜ / u / 

ㅐ / e / 

ㅔ / ɛ / 

ㅚ / ø / 

ㅟ / y / 

ㅡ / ɰ / 

ㅣ / i / 
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88 Korean fonts examined 

 

 

굴림 FB이철수80목판M

돋움 FB이철수90목판TM

바탕 FB이철수90목판M

궁서 제주한라산체 FB이철수2000목판TM

맑은고딕 제주고딕체 FB이철수2001목판M

나눔고딕 제주명조체 FB이철수2001목판TM

나눔명조

나눔손글씨붓체

나눔손글씨 펜체

나눔바른고딕

나눔바른펜

전라북도체

나눔스퀘어라운드
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Abstract 

Recent studies of meaning-sound systematicity have 
consistently found a small but significant positive correlation 
between semantics and phonology. The current study adds 
further evidence from an etymologically distinct language, 
Korean. Through multiple methods, the study shows that 
similar sounds tend to have similar meanings in Korean 
monosyllables. Several cultural aspects of the language are also 
quantified. Pure Korean words return stronger meaning-sound 
correlation than Sino-Korean words, which is attributable to 
the higher portion of homonyms in Sino-Korean. The most 
frequent words show the strongest systematicity, which 
permeates all of the monosyllables. Certain types of vowels 
seem to contribute to this effect.  

Keywords: systematicity, meaning-sound mapping, Korean, 
homonymy  

Introduction 
The phonology of words seems to correlate with their 
meaning (Blasi, Wichmann, Hammarstrom, Stadler, & 
Christiansen, 2016; Dautriche, Mahowald, Gibson, & 
Piantadosi, 2017; Monaghan, Shillcock, Christiansen, & 
Kirby, 2014; Tamariz, 2008). The tendency has been 
observed in various languages (Blasi et al., 2016; Dautriche 
et al., 2017) and becomes stronger in the case of early 
acquired words (Monaghan et al., 2014), or universal, basic 
words (Blasi et al., 2016). The possibility of different cultural 
influences on individual languages has also been suggested 
(Tamariz, 2008). 

Korean has not been investigated in this regard, though. 
Korean is a unique language for many reasons. It used to be 
categorized as one of the Ural-Altaic languages along with 
Mongolian and Turkish (Ramstedt & Kim, 1979), but is 
increasingly considered to be a ‘language isolate’ with no 
language relatives (Georg, Michalove, Ramer, & Sidwell, 
1999; Lee, 1972).  

As an agglutinative language, Korean features polysyllabic 
roots with a complex system of suffixes that express different 
nuances (Sampson, 1985). The verbs have four different 
formalisms according to the relationship with the audience, 
which respectively conjugate in the past tense, suggesting 

mode, imperative, and willing/decision mode. Furthermore, 
they conjugate depending not only on the semantic function 
(for linking, for contrast, for assuming, and for purposes), but 
also on the part of speech (noun forms and adjective forms). 
For example, the verb ‘go’ has 19 different conjugated forms. 
The number of the cases becomes double if the forms to 
honour the elders are taken into account.  

Korean also features vowel harmony where vowels in the 
same class co-occur. Not as strictly applied as in Middle 
Korean (15~16c, Kwon, 2018), vowel harmony is still 
observed in Modern Korean as phonotactics, in 
onomatopoeia, in predicate suffixes (Sohn, 2001) and in 
postpositions (Larsen & Heinz, 2012). Korean vowels are 
divided into three classes: the light vowels like /a/ or /o/ 
connote light, bright, and small; the dark vowels like /ʌ/ and 
/u/ connote heavy, dark, and large; the vowels that 
correspond to none of these two, like /i/ and /ɯ/, referred to 
as the neutral vowels (Kim-Renaud, 1976; Larson & Heinz, 
2012).  

Another historically interesting aspect of Korean is the 
substantial presence of Sino-Korean words, i.e. words that 
have Korean pronunciation but originate from Chinese. 
According to the National Institute of the Korean Language 
(2016), 57% of Korean lexical items in the dictionary are 
Sino-Korean, although pure Korean words take up a greater 
proportion in real usage (pure Korean 54% vs. Sino-Korean 
35%; the remaining 11% are loan words). The Korean 
peninsula has been under Chinese influence for centuries. 
Although spoken Korean and Chinese are very different 
languages (each belongs to a different language family), 
written Chinese had always been the main means of 
communication among Korean intellectuals until Hangeul, 
the Korean orthography that was invented and promulgated 
in 1446. When Chinese words were introduced, their 
pronunciations had to be modified to suit Korean phonology, 
where neither the tone system nor the final sound /r/ exist. 
This eventually resulted in various Korean words with 
different meanings having the same pronunciation.  

Park, Zhang, and Kim (2000) estimated that 90% of 
Korean words have some sort of ambiguity due to 



homonymy. Take ‘개 /gae/’ for instance. According to the 
standard Korean dictionary, there are 10 different meanings, 
which is not rare for Korean vocabulary. Each has a different 
root, but coincidentally sounds the same. The Sino-Korean 
meanings below are marked with Chinese characters. 

 
개 1: Noun. The area where sea water flows in and out 
개 2: Noun. The hive made to save honey and pollen where 

bees raise their larvae 
개 3: Noun. The mammal of the family Canidae, a clever, 

friendly domestic animal 
개 4: Noun. In ‘a game of yut’, when two flat sides are up 
개 5: 介 Noun. A Korean surname 
개 6: 疥 Noun. Itch 
개 7: 個/箇/介 Bound noun. A unit for counting individual 

things 
개 8: 蓋 Noun. The lid of a food container 
개 9: Prefix. Wild low quality, quasi- but different  
개 10: Suffix. The tool for doing such an activity 
 
This issue becomes severe when it comes to two-syllable 

words (Kang, 2005). For example, ‘사고’ /sa-go/, a Sino-
Korean word, has 21 different meanings, which can all be 
distinguished in Chinese: 司庫, 史庫, 四苦, 四顧, 死苦, 私
考, 事故, 社告, 思考, 思顧, etc. Another example, ‘연패’ 
/jʌn-pæ/, has two exactly opposite meanings: successive 
winning (連霸) and successive losing (連敗).  

The current study investigates whether meaning-sound 
systematicity exists in this etymologically, geographically, 
and historically unique language. If so, how similar or 
different is it to English (Monaghan et al., 2014), Spanish 
(Tamariz, 2008) and other languages (Blasi et al., 2016; 
Dautriche et al., 2017)? Addressing this question may 
provide not only more solid ground for exploring linguistic 
systematicity, but also an opportunity to observe any cultural 
influence on this systematicity. 
 

Procedure 
In line with previous research (Dautriche et al., 2017; 
Monaghan et al., 2014; Tamariz, 2008), we measured all the 
pairwise distances between phonological representations of 
words, and all the pairwise distances between word 
meanings. The correlation between two lists of distances 
indicated the level of form-meaning correlation.  

Preparation  
Using web scraping, the corpus was created based on the 
Korean internet content reflecting authentic, contemporary 
language use, and including various styles: spoken and 
written, short comments and long narration. We collected the 
data on 22 July 2019 (Jee, Tamariz & Shillcock, in prep.). 
The total number of word tokens was 28,858,796. (Further 
details are available from the first author)  

   As mentioned earlier, Korean predicates feature dozens of 
different suffixes and postpositions with an identical 
meaning. For language processing, these extremely varied 
phonological forms need to be categorized into the one 
relevant semantic form, and distinguished from homonyms. 
This is why morpheme tagging is particularly important but 
also very challenging in research on Korean natural language 
processing. What makes the problem worse is that online 
writers frequently omit spaces and punctuation, which 
confuses morpheme taggers. We compared multiple 
morpheme taggers from Konlpy (Park & Cho, 2014; ver. 
0.5.2), the Python package for Korean NLP, in terms of 
performance and decided to use Open Korean Text Processor 
(Okt) which demonstrated moderately satisfying morphemic 
analysis.  

Semantic distance between words 
The meaning of a word can be defined by its context (Firth, 
1957): the more contexts two words share, the more similar 
they tend to be. Word-embedding techniques can quantify the 
meanings of words: each word within its contexts is mapped 
onto a binary vector. Because one word is assigned to one 
vector, the vectors tend to be very lengthy and sparse, which 
has caused problems in Latent Semantic Analysis, for 
example (Landauer & Dumais, 2008). Applying a neural 
network approach, recent algorithms seem to work better in 
this regard. Word2Vec (Mikolov et al., 2013) trains the word 
vectors in such a way that each one updates itself based on 
the contexts in which it co-occurs. It does not, however, 
reflect morphology and cannot process novel words that it has 
not encountered during the training phase. This issue was 
resolved by FastText (Joulin, Grave, Bojanowski, & 
Mikolov, 2016; Mikolov, Grave, Bojanowski, Puhrsch, & 
Joulin, 2017). We compared these two word-embedding 
techniques.  

We divided the corpus into identically-sized chunks—five 
words before and after each word, which makes the window 
size 11. A particular word’s semantics is defined by the other 
words that appear in its window, for each token of that word. 
We trained Word2Vec and FastText with our corpus and 
calculated cosine similarity between every word pair. The 
procedure was conducted on Google Colab due to the large 
size of the data. 

Phonological distance between words 
The Korean basic alphabet set consists of 14 consonants and 
10 vowels. However, the total numbers of the possible 
consonants and vowels are 30 and 21, respectively, when 
including the cases where those consonants are combined 
(e.g. ㄴ + ㅎ = ㄶ) or duplicated (e.g. ㄱ + ㄱ = ㄲ), as well 
as diphthongs. In total, 11,172 monosyllabic combinations 
are mathematically possible, but not all of them are usable 
(Choi, 2000). Because Korean phonology only allows 19 
consonants for the initial position and 7 consonants for the 
final position, 3,192 syllables are actually possible to use 
(Byun, 2003). Among these, 66 (5%) syllables never 
appeared in Byun’s (2003) contemporary spoken language 



corpus, where he collected 537,245 syllables from 
contemporary spoken corpora. It was found that very small 
number of syllables are highly frequent in use. Only 138 
syllables (35%) accounted for 95% of daily conversation and 
26 syllables (6.5%) took up 50%. Considering this frequency 
in use, 315 monosyllabic words were constituted as our 
sample; 79 of them were CV and 236 were CVC.  
   We defined Korean phonemes by the location (hard palatal, 
soft palatal, labial, dental, and throat) and manner of 
articulation (plosive, affricate, fricative, fortis, lenis, 
aspirated, nasal, and flow). For vowels, the location of the 
tongue and roundness were considered. By marking 1 if a 
phoneme has the feature and 0 if it does not, each phoneme 
was transformed into a binary vector. For example, /b/ can be 
represented as [0,0,1,0,0,1,0,0,0,1,0,0,0], where the 1s 
represent the presence of the feature labial, plosive, lenis, 
respectively. 
   The difference between two vectors was measured by: 
feature edit distance, which counts how many different 
features there are between two vectors; Euclidean distance, 
which measures the shortest geometric distance between two 
vectors; Jaccard similarity, in which the number of shared 
features is divided by the total number of both features; and 
cosine similarity, which measures the inner angle between 
two vectors. It should be noted that the first two measure the 
distance, so the more different two vectors are, the larger the 
values are, whereas the last two measure the similarity, so the 
more similar two vectors are, the larger the values are. 
   To calculate the phonological distance between two 
monosyllables, the distance between the first consonants, the 
distance between the vowels, and the distance between the 
final consonants were combined (Monaghan, Christiansen, 
Farmer, & Fitneva, 2010). For all phonological distance 
measures, textdistance 4.1.4 was used (Python 3.7.1). 
 

Results and Discussion 

General findings 
Pearson’s r was calculated between the lists of distances, and 
a Monte Carlo permutation test was conducted to estimate the 
significance values. Small but robust correlations were found 
between Korean monosyllabic sounds and their meanings 
(Table 1). In general, the meaning similarity increases as the 
phonological similarity increases, which indicates that 
similar sounds tend to have similar meanings, as is the case 
in English and other languages (Blasi et al., 2016; Dautriche 
et al., 2017; Monaghan et al., 2014). Our r values are similar 
to those in previous studies (Dautriche et al., 2017; 
Monaghan et al., 2014; Tamariz, 2008).     
   Table 1 also shows that the sound-meaning correlation is 
consistently stronger for the 119 pure Korean monosyllables 
(7,140 pairs in total) compared with the Sino-Korean 
monosyllables. We suggest that this difference reflects the 
greater number of homonyms in Sino-Korean. When Chinese 
words were modified to suit Korean phonology, they became 
phonetically biased because the available phonemes for those 

Sino-Korean words were limited (Kim, 2001; Park, 2015), 
and tone was not available, drastically increasing the number 
of homonyms. These homonyms necessarily reduce 
systematicity in that identical phonological distances are 
paired with different multiple semantic distances. The 
number of homonyms for the pure Korean words were 4.62 
on average whereas it was 11.12 for the Sino-Korean words. 

 
Table 1: Meaning-sound correlation (all p-values < .00). 

 
 Total Pure Sino 

Meaning Phoneme r r r 

Word2Vec 

Cosine    .05    .10    .07 

Jaccard    .05    .10    .07 

feature edit - .10 - .16 - .14 

Euclidean - .11 - .18 - .15 

FastText 

Cosine    .04    .08    .05 

Jaccard    .04    .09    .05 

feature edit - .07 - .14 - .15 

Euclidean - .10 - .16 - .16 
Note: The negative correlations are due to the opposite directions of 
the semantic and phonological distance measurements (similarity 
vs. distance). 
 

It should be pointed out that Korean homonyms can be 
either pure-Korean or Sino-Korean (as shown above, e.g. 
‘개’). This issue was not considered for the current study 
largely because our semantic measurements did not use 
WordNet-type definitions. Rather, calculating context 
vectors involves only the distribution of the set of ‘context 
words’ within the 11-word window of text surrounding each 
of the tokens of the word being studied. This is why the 
existence of many homonyms potentially disturbs semantic 
distances. For deeper analysis, the meanings of a pure Korean 
word need to be distinguished from the meanings of the 
identical Sino-Korean word, which is a formidable task. 
Unlike English (Stevenson, 2003), Korean homonyms cannot 
be successfully distinguished by part of speech tagging 
(Kang, 2005). This is because Korean homonyms tend to 
belong to the same part of speech. Frequency can help in 
distinguishing homonyms (Gahl, 2008, Kang, 2005). 
Through corpus analysis, Kang (2005) revealed that only one 
of the meanings is frequently used in reality, so people hardly 
consider it a homonym. However, there may be individual 
differences in the canonical or representative meanings 
(Kreuz, 1987). It should also be noted that the results from 
corpus linguistics are susceptible to the type of corpus used. 

How do Koreans distinguish those homonyms without 
additional cues like tones? Future research may investigate 
whether they treat homonyms differently from non-
homonyms (cf. Caramazza, Costa, Miozzo, & Bi, 2001). If 
dependency on the context matters (Li & Yip, 1998), it is 
useful to observe how much context they need and what are 
the essential features of the satisfying context. It is likely that 



the homonyms hardly share their contexts. It would be 
informative to explore how Korean children acquire the 
homonyms.  

 

Distinct role of consonants from vowels 
Consonants and vowels contributed very differently to the 
meaning-sound systematicity. Unlike the consonants, the 
vowels negatively contributed to the correlations as a whole 
(Table 2). This is congruent with Tamariz (2008), who found 
that words sharing vowels tended to have different meanings 
in Spanish, while words sharing consonants tended to have 
similar meanings. Table 2 also shows that word-final 
consonants in Korean contributed the most to a positive 
meaning-sound correlation. 

 
Table 2: Partial correlation of initial consonants,  
vowels, and final consonants (all p-value < .00). 

 
 

Lexical Frequency 

The sample was re-grouped by lexical frequency based on 
Byun’s (2003) list. The monosyllables in his list constituted 
a subset (199 syllables) of our sample (315 syllables). Table 
3 indicates that the most frequent Korean monosyllables 
returned the strongest meaning-sound correlation. The 
accumulated data consistently showed robust results whereas 
only the top 25% most frequent words did when analyzed by 
independent section. It is interesting to note that the 
systematicity of such a small group of syllables (top 25%) 
penetrates and influences the whole of the rest of the lexicon 
even though the systematicity is reduced compared with the 
most frequent subset. High frequency words act as a nucleus 
around which meaning-form systematicity coalesces. 
 

Table 3: The meaning-sound correlation of  
separate and accumulated frequency groups  

 
By section N r p 

Frequent 
. 
. 
. 

Rare 

25% 378 - .26 .00 

25~50% 231   .03 .68 

50~75% 703 - .01 .73 

75~95% 703 - .06 .13 
95~100% 136   .01 .92 

Accumulated N r p 

Frequent 
. 
. 
. 

Rare 

25% 378 - .26 .00 

50% 1,225 - .10 .00 

75% 3,828 - .06 .00 

95% 7,875 - .05 .00 

100% 10,153 - .05 .00 
Note: Semantic distance was measured by Word2Vec. Phonological 
distance was measured by feature edit distance. The negative 
coefficients are, again, attributed to the opposite directions of the 
methods.  

 
To investigate whether the above tendency is due to the high 
portion of pure Korean vocabularies in the most frequent 
words, each frequency group was divided into pure and Sino-
Korean. Counter to expectation, the pure Korean and Sino-
Korean monosyllables were evenly distributed, at least in this 
sample (Figure 1), which implies that being pure-Korean is 
hardly related to frequency of use. This observation contrasts 
with Choi (2012), who collected all the vocabularies from the 
elementary school textbooks and reported that the proportion 
of Sino-Korean words is higher when they are simply counted 
but that of pure Korean words is higher when it comes to the 
accumulated frequency and actual use.   
 

 
Figure 1: Proportion of accumulated 

 pure and Sino-Korean syllables 
   

Types of Vowels 
In line with the vowel categorization of Kim-Renaud (1976), 
we examined whether the monosyllables have light vowels 
(/ɛ/, /ø/, /a/, /o/), dark vowels (/e/, /y/, /ʌ/, /u/) or neutral 
vowels (/i/, /ɯ/). Figure 2 suggests that the systematicity may 
be related to the nature of the vowels. The most frequent 
monosyllables consist of light and neutral vowels only, which 
may contribute to the meaning-form correlation in that the 
range of phonetic variation becomes narrow and dense. In 
addition, the fact that there are no diphthongs in this group 
demonstrates that high frequency words tend to be simple and 
easy to pronounce.  

Naturally, most research on vowel harmony in Korean 
have dealt with two and three-syllable onomatopoeic words 
(Kwon, 2018; Larsen & Heinz, 2012), strategically excluding 
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monosyllables. As shown, however, the nature of vowels 
may additionally shed light on the relation with lexical 
frequency and the principle of least effort (Zipf, 1949). 

 

 
Figure 2. Proportion of light, dark, neutral vowels  

and diphthongs in each frequency group 
 

Conclusion 
Previous studies have found systematic relations between 
linguistic sub-systems: between syntax and phonology 
(Fitneva, Christiansen, & Monaghan, 2009; Kelly, 1992; 
Kelly, Morgan, & Demuth, 1996; Monaghan & Christiansen, 
2008; Morgan & Demuth, 1996; Reali, Christiansen, & 
Monaghan, 2003; Shi, Morgan and Allopenna, 1998; 
Vendler, 1968); and between semantics and phonology (Blasi 
et al., 2016; Dautriche et al., 2017; Monaghan et al., 2011; 
Monaghan et al., 2014; Tamariz, 2008). These studies have 
demonstrated that each sub-system has its own rules, but, at 
the same time, there is some sort of order acting across them. 
The current study adds further evidence from Korean, a 
language with a unique background in connection with 
meaning-sound systematicity. Many of the results 
successfully confirmed those of previous studies, which 
implies that the positive correlation between semantics and 
phonology may be a universal feature of phonographic 
languages. The current study also showed that some cultural 
influences on languages can be quantified. The pure Korean 
vocabularies increased the meaning-form systematicity in 
Korean monosyllables, whereas Sino-Korean words make 
the language more arbitrary, presumably by producing a 
substantial number of homonyms. In addition, the positive 
meaning-sound correlation was strengthened by the 
distribution of the final consonants. Along with the previous 
finding in Spanish (Tamariz, 2008), the fact that Korean 
vowels negatively influence the total sound-meaning 
correlation suggests a general role of vowels as the meaning 
distinguisher. The most frequent monosyllabic words seem to 
act as a magnetic force that organizes the systematicity.  
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Do letter-shapes predict in any way the canonical sounds they represent? Does the letter ‘a’ in 
any sense visually predict its canonical pronunciation /æ/? We extended existing quantitative 
approaches to measuring systematicity between phonology and semantics. 
We quantified all pairwise visual distances between letters, using Hausdorff distance. We 
took the corresponding canonical pronunciations of the letters and quantified all pairwise 
distances between their feature-level representations, using edit distance and Euclidean 
distance. We defined letter-sound systematicity as a correlation between these two lists of 
distances. 
We confirmed Korean as the gold standard for letter-sound systematicity; it was designed in 
the 15C to have exactly this characteristic. We found small but significant correlations in 
Arabic, Cyrillic, English, Finnish, Greek and Hebrew orthographies, with Courier New 
giving the most consistent correlations. Pitman’s English shorthand and the Shavian 
shorthand alphabet also showed robust systematicity, and baseline fictitious orthographies 
showed no systematicity, validating our approach. 
 



Introduction Systematicity in language 

Jee, H., Tamariz, M. & Shillcock, R. 

University of Edinburgh 

Systematicity is pervasive in the human brain, at all levels of structure and function. In language 

there are systematic relations between phonological forms of spoken words and their meanings: 

words that sound similar tend to have significantly similar meanings. 

Methods 

We extend this research to Korean, using the Mantel Test to assess isomorphism between word- 

level phonological space and semantic space, for a representative sample of the lexicon. We 

measure phonological distance in feature edits, and semantic distance by cosine distance between 

context vectors from a large text corpus. We measure the correlation between all corresponding 

pairwise distances in the two spaces; a correlation indicates systematicity. 

We also use this methodology to quantify systematicity between individual letters and their 

canonical pronunciations, using Hausdorff Distance for visual differences and feature-edits for 

phonological distances. 

Results 

We replicate the finding of word-level systematicity between phonological form and meaning in 

Korean. 

We further divide our sample of the lexicon in terms of word frequency, syntax, syllabic 

constituents (onset, vowel, coda, rhyme), etymology (pure and Sino-Korean), vowel type, 

homonyms, loan words and onomatopoeia. However we partition the sample, significant 

systematicity emerges in each subset. 

We find significant systematicity between the visual form of individual Korean letters and their 

canonical pronunciation. Letters that look similar tend to be pronounced similarly. This result 

extends to other alphabets. 

Discussion 

Systematicity is potentially adaptive in learning a first language, in adult language processing, in 

learning to read, and in skilled reading. Such systematicity may be a language universal. 



We propose here that such systematicity, although real, is a necessary result of language use. It is 

strongest in more frequently occurring words. Frequently spoken words converge phonologically, 

due to Zipf’s Principle of Least Effort: they are shorter and contain simpler vowels. Frequent words 

also converge in their context vectors; by occurring frequently they have more opportunity to 

acquire different contexts—in the limit, their context vectors approach the average one for the text 

corpus. 

Frequently written letters and frequently spoken canonical pronunciations likewise follow the 

same Principle of Least Effort (Zipf, 1949/2016). 
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Abstract 

We report a method of quantifying the systematicity between the visual form of letters 

and their canonical pronunciations. We measure the visual distance between letters as 

Hausdorff distance and the phonological distance between their canonical pronunciations as 

feature-edit distance and Euclidean distance, operating over phonological features. We then 

take the set of visual distances between each letter and every other letter, and the set of 

corresponding phonological distances between the canonical pronunciations and we measure 

the correlation between the two sets. The correlation reflects the extent to which letters that 

look the same tend to have similar canonical pronunciations. We validate the measure for 

Korean hangeul, Pitman’s shorthand, and the Shavian alphabet—all orthographies that were 

constructed to transparently represent pronunciation. The measure shows significant 

systematicity for all three. We also apply the measure to English and demonstrate significant 

systematicity for some fonts. We discuss the implications of the results for future research. 

 

Keywords: systematicity, phonics, sound-letter mapping, font 

 

 

 

 

 

 

 

 

 

 



QUANTIFYING PHONOGRAPHIC SYSTEMATICITY  3 
 

How systematically can phonology be intentionally represented in orthography? 

Quantifying phonographic systematicity in Korean hangeul, Pitman’s shorthand, the Shavian 

alphabet, and English 

 Spoken language is characterized by systematic subdomains such as phonology, 

morphology, syntax, semantics and pragmatics. Their systematicity is driven by 

informational requirements, but also reflects the robust redundancy necessary in the 

vulnerable medium of speech.  Perception and cognition are increasingly seen by 

psycholinguists and other cognitive scientists in terms of ‘predictive processing’ (e.g. Clark, 

2013); thus, active prediction drives language processing, compared with the traditional view 

of the listener/reader passively accumulating data prior to parsing and interpretation.  

Maximizing any and all systematicity in speech maximizes predictability, facilitating fast, 

incremental processing. 

 Researchers have increasingly identified systematic relations between the principal 

linguistic domains. For instance, there is a significant correlation between the phonological 

form of words and their meaning: words that sound the same tend to have similar meanings 

(Blasi, Wichmann, Hammarstrom, Stadler, & Christiansen, 2016; Monaghan, Shillcock, 

Christiansen, & Kirby, 2014; Shillcock, Kirby, McDonald, & Brew, 2001; Tamariz, 2008).  

This small but significant effect is separate from any similar effects of morphological and/or 

etymological relatedness and is more general than the effects of isolated pockets of phonetic 

symbolism (see below). Monaghan, et al. (2014) found that this correlation was largest in 

early-acquired words, suggesting systematicity is adaptive in early language learning and/or 

for words of central cultural utility. Tamariz (2008) found the same systematicity in Spanish 

words and reported that consonants tend to contribute positively to this correlation, vowels 

negatively (Monaghan et al. also found pockets of negative correlations coexisting with the 

overall positive correlation). 
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 Phonological form has long been understood to relate to meaning, as in phonetic 

symbolism (Hinton, Nichols, & Ohala, 2006; Newman, 1933; Sapir, 1929). For instance, 

word-initial /sn/ is associated with nasal meanings in English: snore, sneeze, snout, snot, sniff, 

snuff, etc. This systematicity may partly reflect such words having taken different historical 

routes into contemporary English, together with mutual priming keeping rarer words in 

usage, in the way that gleam, glow and glint help the interpretation of gloaming. It may also 

reflect genuine iconicity operating through perceptuo-motor analogy (Dingemanse, Blasi, 

Lupyan, Christiansen, & Monahgan, 2015). 

 Phonological form systematically relates to syntactic category (Fitneva, Christiansen, 

& Monaghan, 2009; Kelly, 1992; Kelly, Morgan, & Demuth, 1996; Monaghan & 

Christiansen, 2008; Morgan & Demuth, 1996; Reali, Christiansen, & Monaghan, 2003). For 

instance, English nouns are more likely to contain a nasal segment, English verbs a front 

vowel (Fitneva, et al., 2009). Shi, Morgan and Allopenna (1998) show that schwa reliably 

indicates functor status across languages as different as English, Mandarin and Turkish.   

 Further generalizations across language structure have been observed.  For instance, 

English adjectival ordering follows a ‘nouniness’ cline (Vendler, 1968) and there is a 

crosslinguistic preference for suffixing over prefixing (Cutler, Hawkins, & Gilligan, 1985). 

 These systematicities have emerged over the cultural evolution of the spoken 

language. Systematicities involving the written language have had a much shorter timescale 

in which to emerge and the population of readers/writers has been a small fraction of the 

population of speakers/listeners, before mass literacy. 

Beyond any piecemeal historical tweaking of alphabets to fit a spoken language, 

orthographic-phonological systematicity has occasionally been subject to organized 

intervention. Well known examples are the creation of Korean orthography (Kim-Renaud, 

1997), the simplification of traditional Chinese orthography (Chen, 1999), the emergence of 
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unpointed Hebrew (Frost, 1995), and the development of pinyin orthography for Standard 

Chinese (Chen, 1999). 

Researchers’ interest in reading has been overwhelmingly directed to alphabetic 

languages, notably English (cf. Share, 2008; Velan & Frost, 2011), and to the problem of 

relating its ‘deep’ orthography to the corresponding phonology (e.g. Harm & Seidenberg, 

1999; Seidenberg & McClelland, 1989). In contrast, Chinese shows that a logographic 

orthography can have a direct relation with semantics: for instance, the graphical 

representation of ‘water’ is visible as the left-hand radical in the Chinese character meaning 

‘to take a bath’. It has been less obvious to researchers that English itself contains such direct 

relations between orthography and meaning. Consider the phonological sequence /sai/, which 

can be spelled ‘psy-’, ‘si-’, ‘sai-’ or ‘cy-’. These different spellings refer to different 

etymologies and to different meanings.  This information would be unavailable if the 

spellings were regularized—a point consistently lost on generations of English would-be 

spelling-reformers. Similarly, /ʃʌn/ written as ‘tion’ as opposed to ‘shun’ indicates a 

morphological derivation. 

 In their large-scale study, Dautriche, Mahowald, Gibson, and Piantadosi (2017) 

demonstrated the crosslinguistic generality of the word-level correlation between orthography 

and meaning; words that are spelled similarly tend to have similar meanings. Dautriche et al. 

intended this study to replicate the demonstration of word-level phonology-meaning 

systematicity in English (see above) and show its crosslinguistic generality, using 

orthographic form as an economical proxy for phonological form. However, it will surely 

have also captured some aspect of the direct relation between orthography and meaning 

discussed above. 

Overall, language in all its forms is replete with adaptive systematicity. However, one 

quasi-systematic domain has attracted less attention—the relation between written letters and 
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their sounds; for instance, the relation between the visual form of the letter ‘a’ and its 

canonical English pronunciation /æ/, or between ‘c’ and /k/. As far as we are aware, there are 

no quantitative explorations of this domain comparable to those reviewed above for other 

subdomains of language. In the phonics approach (cf. Castles, Rastle & Nation, 2018), 

speakers of languages using the Roman alphabet are taught  to write by initially associating 

the letters of the alphabet with their canonical pronunciations and then combining them into 

words: ‘c’, ‘a’ and ‘t’ are combined to form ‘cat’. Most skilled readers/writers think of the 

letters of the Roman alphabet as arbitrary signs, such that ‘m’ or ‘b’ have no intrinsic visual 

properties that pertain to their canonical pronunciations /m/ and /b/. 

It is of course true that we can trace the development of the visual form of the letters 

of the modern Roman alphabet back to antiquity (see, e.g., Simons, 2011) and we can 

motivate additions, deletions and changes in form. This symbolic analysis of the Roman 

alphabet perhaps finds its greatest complexity in the application of Optimality Theory 

(Smolensky & Prince, 1993) to the relation between letters and their German pronunciation 

(Primus, 2004; Song & Wiese, 2010; Wiese, 2004), showing that lowercase Roman letters 

have an internal structural systematicity by which letter features can provide information 

about pronunciation. 

In Korean hangeul, however, the history of the relation between orthography and 

pronunciation is radically clearer. Hangeul was created in the 15th century by royal scholars 

and king Sejong the Great himself. It is a shallow orthography (cf. Seymour, Aro, & Erskine, 

2003) in which a letter and its canonical phoneme has an exclusive one-to-one 

correspondence. It is also well known for its internal design, which reflects phonetic features 

(Sampson, 1985). For example, ㄱ (/g/) represents the tongue touching the soft palate, and ㅅ 

(/s/) represents the airflow through the teeth. Vowels were based on a more cultural 
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underpinning: the basic three vowels ㅡ , ㅣ, and ㆍ respectively symbolize the earth, a 

person and the sky. Their combination represents the harmony between people and nature.   

Korean phonology distinguishes between phonemes that are considered allophones by 

English speakers: thus /p/ in ‘spy’, /t/ in ‘star’, and /k/ in ‘sky’ are each distinguished as 

tensed phonemes, leading to triads of consonants: lenis-aspirated-tensed. Because the letters 

represent features rather than just phonemes, Sampson (1984) has called hangeul a ‘featural 

alphabet’ in contrast to alphabetic orthographies. Critically, the consonant triads have 

consistent letter shapes. For the lenis ㄱ (/g/), for example, adding a stroke makes it aspirated 

ㅋ (/k/), and duplicating makes it tensed ㄲ (/kk/). This visual consistency prevails across 

Korean consonants: ㄷ-ㅌ-ㄸ, ㅂ-ㅍ-ㅃ, and ㅈ-ㅊ-ㅉ. Compared with the Roman alphabet, 

where the letter shapes for those phoneme pairs are dissimilar, the orthographical regularity 

of hangeul increases the systematic relations with the phonemes and was intended to facilitate 

learning by suggesting clear phonemic categories (see Jee, in prep.). 

Pitman shorthand (Pitman, 1845) and the Shavian alphabet (Robinson, 1995) are more 

recent attempts to create systematic, unambiguous, orthographically shallow alphabets (see 

Tables 1 and 2). In both, their authors paired English phonemes with simple geometric 

shapes: Pitman’s shorthand, for instance, distinguishes voiced and voiceless consonant letters 

in terms of the thickness of line, and the Shavian alphabet inverts some of the symbols for 

related sounds. 

These three cases of conscious, systematic, alphabet-wide intervention—Hangeul, 

Pitman and Shavian—represent the best benchmark tests for a quantitative model of 

systematicity between orthography and phonology. We know that in these cases the visual 

form of letters is predictive of their canonical pronunciations; note that we ignore here the 

existence of diphthongs and other deeper parts of the orthography-phonology relationship, 

which learners come to understand later than the canonical pronunciations of the letters. The 
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simple hypothesis we test here is that systematicity between orthography and phonology can 

be plausibly quantified in a finegrain ‘subsymbolic’ way. 

Procedure 

We measured all the pairwise distances between the letters in an alphabet and all the 

pairwise distances between phonological representations of their corresponding canonical 

pronunciations. For a set of 24 letters, there are [(24x24)/2]-24, or 276, different orthographic 

distances and 276 corresponding phonological distances. We then measured the correlation 

between those two sets of distances. We examined 29 Korean letters (19 consonants and 10 

monophthong vowels), and 24 English lowercase letters excluding ‘x’ and ‘q’ because the 

former is the polyphone /ks/ and the latter almost always co-occurs with ‘u’. We also 

examined 23 letters from each of the two shorthand orthographies, Pitman’s and Shavian, (‘c’ 

was excluded, not being defined in either). 

It is difficult to have reliable intuitions about comprehensive patterns of distances and 

about the meaning of significant correlations between such patterns. Thus, as a baseline, in 

which we expect to find no systematicity, we examined two fictitious orthographies: 

Aurebesh from Star Wars (24 letters) and Klingon from Star Trek (24 letters). 

Phonemes were defined according to place and manner of articulation based on the 

International Phonetic Alphabet (the features of Korean phonemes are shown in Appendix 1).  

For English, we also used the features from Harm and Seidenberg (1999)1. The phonemes 

were transformed into feature vectors and the distance between two vectors was measured as 

 
1 Harm and Seidenberg’s set of phonological features—like any other—are only an 
approximation to real speech. Their feature set has been widely used in computational studies 
of English orthography and their feature vectors correlate significantly with those of the 
International Phonetic Alphabet (IPA) (Appendix 1) r = .478 (p < .000, using feature edit 
distance). Jee (in prep.) gives details of alternative definitions of sets of phonological features 
that were assessed in the current context before choosing the Harm and Seidenberg set, and 
lists some of the deficiencies of the Harm and Seidenberg set. 
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Euclidean distance and as feature edit distance (cf. Farmer, Christiansen, & Monaghan, 2006: 

Monaghan, et al., 2014).    

As a deep orthography (Frost, 2005; Seymour, Aro, & Erskine, 2003), English 

frequently connects more than one phoneme to a letter (e.g. ‘c’ in ‘cite’ and ‘cat’) and more 

than one letter to a phoneme (e.g. /k/ in ‘cat’ or ‘kite’). We restricted the sound of a letter to 

the canonical one used in the British phonics approach (Lloyd, Wernham, Jolly & Stephen, 

1998), which teaches the most frequent and common sound-letter relations; for example, ‘a’ 

pronounced as /æ/, as in ‘cat’.   

We measured the distance between any two letter images as their Hausdorff distance 

(Huttenlocher, Klanderman, & Rucklidge, 1993)2. Implemented in Python 3.7, the centre-

aligned letters with the default font setting were saved as identically-sized high-resolution 

image files in PNG format and converted into raster graphics with black and white pixels. To 

calculate the orthographic distance between two letters, every pixel in the raster for one letter 

was compared with the other letter, recording the Euclidean distance between the coordinates 

of the former and the nearest black pixels in the latter. We examined 88 Korean fonts and 29 

English fonts. 

We assessed the psychological validity of Hausdorff distance. Geyer (1977) presents a 

very sparse confusion matrix from judgements made on degraded isolated letters; our 

Hausdorff distances correlated significantly with both halves of the confusion matrix, in the 

expected direction (r = -.294, p < .000; r = -.143, p = .018).  

Results 

We found a significant correlation between the pairwise distances of Korean letters 

and the corresponding pairwise distances of Korean canonical pronunciations. Overall, 

 
2 directed_hausdorff was imported as 
https://docs.scipy.org/doc/scipy/reference/generated/scipy.spatial.distance.directed_hausdorf 
f.html May, 2019 
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feature-edit distances returned slightly higher but similarly significant correlations than did 

Euclidean distances (which we do not report below). For hangeul, the correlation was 

significant for all but five (신비는일곱살, 한겨레결체, 조선일보명조체, 

FB이철수 2001목판M and FB이철수 2001목판 TM) of the 88 fonts, ranging from .39 

to .10. Similar Korean letters tend to have similar sounds. Hangeul vowels contributed most 

to the overall correlation: when tested separately, the letter-sound correlation for the 10 

vowels was r = .31, p = .04, for the 19 consonants, r = .16, p = .04. We excluded each letter 

in turn and re-calculated the correlation to see if any particular letter dominated the positive 

letter-sound correlation; apart from the consonant/vowel distinction, Korean letters 

contributed approximately equally to the overall correlation. 

The two shorthand systems also returned positive letter-sound correlations. For 

Pitman’s shorthand, r = .20, p < .01, for the Shavian alphabet, r = .39, p < .01. For the 

English lowercase letters, 5 of the 29 fonts returned significant correlations (Table 3). 

For the two fictitious orthographies, Aurebesh and five of the six Klingon fonts 

returned non-significant correlations. One Klingon font, vahbo, returned a correlation of r = 

-.16, p < .01. 

To verify the implications of the correlation coefficients in a transparent manner, we 

conducted Monte-Carlo permutation tests. We randomly paired orthographical distances and 

phonological distances 10,000 times and accumulated all of the correlation coefficients to see 

where the veridical correlation coefficient fell in the distribution (see Fig 1). This procedure 

follows that used in the explorations of word-level form-meaning systematicity reviewed 

above. 

Discussion and Conclusions 

The results for our benchmark orthographies—Korean hangeul, Pitman and 

Shavian—validate our quantitative approach: our measure showed that the orthographies 
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were predictive of the relevant canonical pronunciations, as the authors of those 

orthographies consciously intended. Our baseline fictitious orthographies showed no 

significant systematicity. We have added to the growing exploration of systematicity in 

language use, at the letter level. 

We have adopted a quantitative, ‘subsymbolic’ approach. Letter-sound systematicity 

can be explored at a symbolic level by considering entities such as ascender and descender 

and correlating them with phonological features: for instance, ascenders and descenders in 

the Roman alphabet—as in b,d,g,k,p,t—tend to be associated with stops. But a measure of 

visual distance such as Hausdorff distance goes beyond that level, specifying exact quantities 

and involving all relations between all characters. Similarly, feature-edit distances between 

dissimilar categories of phonemes can quantify phonological distance beyond the simple 

presence of a particular feature, such as stop or nasal. When visual and phonological 

distances are calculated between every letter pair and between every pronunciation pair, we 

move beyond the simple intuitions that are possible with a symbolic approach. 

For hangeul, the measure indicates that the systematicity involves both vowels and 

consonants, but that the former make the stronger contribution to the letter-sound correlation. 

This finding is surprising given that the design principle of the vowels is typically not the 

focus in discussions of Korean phonographic systematicity. A quantitative, subsymbolic 

approach can indicate unsuspected aspects of systematicity, perhaps revealing more about the 

depth of phonological analysis of its designers as well as longer-term effects of cultural 

evolution. 

A further subtlety of the quantitative approach is that there may be aspects of an 

overall systematicity that are actually anti-correlated, such that visually similar characters 

tend to be phonologically different. Monaghan et al. (2014) illustrate this phenomenon with 

regard to word-level phonological form and meaning (see their Fig. 3) and Tamariz (2008) 
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with regard to vowels, which contribute negatively to word-meaning systematicity in 

Spanish. Such anti-correlations indicate that the mutual accommodation/assimilation between 

language and the brain goes beyond a simple, positively correlated systematicity. 

Consider the results for English. The Roman alphabet was not constructed in a single 

attempt to represent the phonology of English in a systematic way like the two shorthand 

orthographies; rather, there is a history of the piecemeal refinement of the alphabet. The font 

that yielded the strongest correlation accounted for only 2.25% of the variance, compared 

with over 15% for the strongest hangeul correlation. One response might be to dismiss the 

results in Table 3 as the outcome of conducting multiple comparisons—24 of the 29 fonts did 

not yield a significant correlation. A second response might be to see the systematicity as 

surprisingly small, given the observation above concerning ascenders and descenders. A third 

response might be to compare English with the results for the Klingon fonts, in which a 

similar proportion returned a significant correlation. We suggest that the results for English 

should be seen in the light of the results of the three benchmark orthographies. The five fonts 

in Table 3, together with the benchmark results, show that it is possible to encode 

phonographic systematicity in an orthography. Further research with the modern Roman 

alphabet is both feasible and desirable, as we discuss below3.  

We emphasise that our results are an initial proof of concept. They validate the 

quantitative approach, but not necessarily the measures we have developed. The results open 

the way for further exploration and exploitation of systematicity between letters and their 

canonical pronunciations for particular languages, particular orthographies and particular 

fonts. The measures themselves require further systematic exploration. 

 
3 The presumably chance significant correlation in the vahbo Klingon font may suggest 
further consideration of how such correlations can emerge, but note that the correlation is 
negative—visually similar letters tended to have dissimilar pronunciations. 
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What is the psychological nature of visual and phonological similarity/dissimilarity 

and how can we construct psychologically more relevant versions of each distance metric? 

Hausdorff distance has its origins in mathematics. The measure of phonological distance we 

employed, based on manner and place of articulation, has its origins in the mainstream 

phonological theory of speech production. Researchers may wish to explore measures of 

visual and phonological distance that draw more directly on the psychology of visual and 

phonological processing in contexts that more closely resemble reading/writing and 

listening/speaking. More psychologically realistic distance measures may increase the 

opportunities for greater phonographic systematicity. The human brain is exquisitely 

sensitive to statistical systematicity and may be relied on to exploit any perceptible 

phonographic systematicity. Any apparent systematicity between developed measures of 

visual and phonological distance requires to be tested on human participants (see Jee, in 

prep., for an experimental exploration of how the systematicity of hangeul facilitates the 

learning of letter-sound pairs in naive learners).  

 Just as systematic orthographies can be created de novo, as with our benchmark 

orthographies, we can also change fonts to increase their systematicity. Researchers have 

explored how features of fonts, such as serifs, affect legibility, reading speed and information 

recall (Arditi & Cho, 2005; Gasser, Boeke, Haffernan & Tan, 2005) particularly in the early 

stages of learning to read (Sheedy, Subbaram, Zimmerman, & Hayes, 2005) and in dyslexia 

(French, et al., 2013; Rello & Baeza-Yates, 2013). The systematicity measure we report 

shows that we can compare fonts in a principled way when looking for effects on: (a) 

beginning reading—perhaps there is an optimal order in which children should learn 

particular letters when they are learning the letter-sound principle in a phonics approach, 

perhaps there is an optimal font; (b) dyslexic reading—perhaps facilitating the generation of 

the canonical pronunciation of letters in words will benefit dyslexics; (c) skilled adult 
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reading—perhaps the same facilitation of phonological form can assist skilled, fluent reading; 

(d) ‘official’ changes to orthographies (e.g. simplifications) prompted by reading/writing 

technology or education initiatives. In all of these cases, we now have a principled, 

quantitative approach to font design that can be used to maximize the correlation with 

phonological form while staying acceptably close to recognized fonts. 

The fullest understanding of graphophonemic systematicity will involve the 

quantitative subsymbolic approach being able to inform the symbolic approach, and vice 

versa. We need to be able to understand, for instance, exactly how ascenders and descenders 

contribute quantitatively to the systematicity. Both writing and spoken language have been 

‘created’ by humans, but their relationship is asymmetrical: writing was created over the 

recent historical past, spoken language over hundreds of generations. We can manipulate 

writing to optimize its relation to speech. The measure we present is a small, early step in this 

direction. 
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Table 1. Pitman’s shorthand           

                            

 

Table 2. The Shavian Alphabet 
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Table 3. The significant sound-form correlations for English lowercase letters. 

Font r p-value 

Franklin Gothic Medium 0.15 0.01 

Arial Black 0.14 0.02 

Verdana 0.14 0.02 

Cambria 0.13 0.03 

Tahoma 0.12 0.04 
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                        Pitman’s shorthand                                              Shavian alphabet 
 

 
                                    Korean                                                     English lowercase 
 

 
                                    Aurebesh                                                          Klingon 
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Fig 1. Correlation between sound and letter form (red dot), against distribution of 10,000 

randomized sound-form mappings, for Pitman, Shavian, Korean, English, Aurebesh and 

Klingon orthographies and fonts. Distribution shows mean (horizontal line), first and 

third quartile (box) and range (bars) of randomized mappings. Positive values for 

correlation indicate similar sounds tend to have similar visual forms.  
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Appendix 1 

The features of Korean phonemes in the International Phonetic Alphabet. 

 

    Location of Articulation Manner of Articulation Vowel Related 
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ㅍ pʰ 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0  

ㅂ b 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0  

ㅃ ṗ 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0  

ㅌ tʰ 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0  

ㄷ d 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0  

ㄸ ṫ 0 0 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0  

ㅋ kʰ 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0  

ㄱ g 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0  

ㄲ ḱ 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0  

ㅅ s 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0  

ㅆ ṡ 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0  

ㅊ tʃ 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0  

ㅈ ʤ 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0  

ㅉ ṫʃ 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0  

ㅎ h 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0  

ㅁ m 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0  

ㄴ n 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0  

ㅇ ŋ 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0  

ㄹ l 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0  

ㅔ e 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0  

ㅐ ɛ 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0  

ㅏ a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0  

ㅓ ʌ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0  

ㅗ o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1  

ㅜ u 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1  

ㅡ ɯ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0  

ㅣ i 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0  

ㅟ y 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1  

ㅚ ø 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1  
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Abstract 

 Studies of word-level meaning-sound systematicity in English and four other European 

languages have shown that the relation between semantics and phonology is not completely 

arbitrary: words that sound similar tend to have similar meanings. We add further evidence from 

an etymologically distinct language, Korean: similar sounding words tend to have similar 

meanings in Korean monosyllables. This systematicity is pervasive and is found when the 

representative sample of the Korean lexicon is partitioned according to word frequency, 

etymology, syllabic constituents (onset, vowel, coda, rhyme), syntactic categories, homonyms, 

onomatopoeia, and loan words. We account for this systematicity in terms of multiple 

intercorrelated dimensions within the structure of the lexicon, all of which have implications for 

the effort expended by the speaker/listener. 

 

Keywords: systematicity, meaning-sound mapping, Korean, least effort 
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Exploring meaning-sound systematicity in Korean 

1. Background 

Language and Systematicity 

Language is a complex system which consists of interlocking subsystems such as phonology, 

morphology, syntax, and semantics (cf. Freeman & Cameron, 2008). Spoken language takes 

place in a vulnerable medium. It benefits from robust redundancy within and between the 

different subsystems: for instance, if noise interferes with the listener hearing the final segments 

of a word, they may be inferred or even perceptually restored on the basis of the lexicon and the 

linguistic context within and outside the word. This systematicity has traditionally been studied 

in terms of explicit rules that capture the relations between symbols—phonological features, 

phonemes, morphemes, syllabic structures, syntactic categories, and the categories of formal 

semantics and pragmatics. These rules are mainly within a subsystem (e.g. phonology, syntax) 

and to a lesser degree between subsystems (e.g. morphosyntax). 

Researchers have reported a second type of systematicity, which may be just as universal 

a phenomenon as the traditional, symbolic systematicity. In contrast, it is typically graded, 

partial and weaker, and it obtains between domains that were traditionally assumed to be only 

arbitrarily related, such as semantics and phonology (Saussure, 1916). These relations are 

typically discovered as statistical generalizations over the contents of a large lexicon of a 

particular language.  

 Thus, researchers have found significant systematic relations between phonology and 

syntax (Fitneva, Christiansen, & Monaghan, 2009; Kelly, 1992; Kelly, Morgan, & Demuth, 

1996; Monaghan & Christiansen, 2008; Morgan & Demuth, 1996; Reali, Christiansen, & 

Monaghan, 2003; Shi, Morgan and Allopenna, 1998; Vendler, 1968). For example: a 
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monosyllabic word containing the vowel schwa is likely to be a function word, in English, 

Turkish and Mandarin; verbs in English are more likely to contain front vowels. 

An onomatopoeic word phonetically reflects an essential feature of a real-world entity or 

event. For instance, ‘tick-tock’ in English and ‘kaching-kaching’ in Japanese represent the noise 

of a clock. 

In sound symbolism, certain segments or phonological features tend to correlate with 

meanings. For example, bilabial stops (/p/ and /b/) are related to ‘fullness’, and nasal /n/ to ‘nose’ 

in many languages (Blasi, et al., 2016). Such systematicity has observable behavioural 

consequences; people correctly guess above chance level the contrasting meanings of unknown 

foreign words (Brown, Black, & Horowitz, 1955; Klank, Huang, & Johnson, 1971; Kunihira, 

1971). 

Synaesthesia is a further type of systematicity. It involves cross-modal perceptual effects 

and is mainly triggered by linguistic stimuli like letters, numbers or punctuation; thus, the letter 

‘A’ may be associated with the colour red, B with blue, and so on. It is only observed in a small 

percentage of the population, but non-synaesthetes may also agree on particular letter-colour 

associations (Simner, Ward, Lanz, Jansari, Noonan, Glover & Oakley, 2005). 

This paper is concerned with the most recent type of systematicity to be researched, the 

systematic relations between phonology and semantics (Blasi, Wichmann, Hammarstrom, 

Stadler, & Christiansen, 2016; Dautriche, Mahowald, Bibson, & Piantadosi, 2017; Monaghan, 

Christiansen, Farmer, & Fitneva, 2010; Monaghan, Shillcock, Christiansen, & Kirby, 2014; 

Shillcock, Kirby, McDonald, & Brew, 2001; Tamariz, 2008). It is a distributed systematicity 

demonstrated over representative (chiefly monosyllabic, monomorphemic) samples of the 

lexicon: words that sound similar within a language tend to have similar meanings. It is 
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demonstrated in terms of an overall correlation—typically very small but significant—between 

all the pairwise phonological distances between words and all the corresponding pairwise 

semantic distances between words. 

Systematicity is thus widespread in one form or another within the representation and 

processing of language. In general, topographic or structure-preserving mapping is pervasive 

within the human brain (cf. Thivierge & Marcus, 2007) and may be directly implicated in 

language processing (cf. Ellison 2013). In the current study we further explore the general nature 

of meaning-sound systematicity, with specific reference to Korean, a language with a unique 

background.  

Extending the scope 

Wray and Grace (2007) warn against assuming that linguistic features are universal on the basis 

of a few global languages (e.g. English). They argue that esoteric languages, which are spoken 

among people with strong cultural common ground, are more likely to be prototypical of human 

language, compared with exoteric languages that have undergone various contacts with other 

languages and thus encouraged more adult L2 learning compared with infant L1 learning. 

  We can expect differences between languages. For instance, not all English 

phonoaesthemes are found in other languages and the vowel contrast /a/-/ɪ/ corresponding to size 

(/a/ for larger objects and /ɪ/ for smaller objects) differs from language to language depending on 

whether the distinction relies more on F0 or F2 (Shinohara & Kawahara, 2010); it is reversed in 

Vietnamese (Diffloth, 1994). 

Most research on systematicity in language has focused on the major international 

languages. Of the three large-scale studies (Blasi, et al., 2016; Dautriche, et al., 2017; Lupyan & 

Dale, 2010), none has included Korean. Korean used to be categorized as one of the Ural-Altaic 
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languages along with Mongolian and Turkish (Ramstedt & Kim, 1979). It is increasingly—but 

still controversially—considered to be a language isolate with no language relatives (Georg, 

Michalove, Ramer, & Sidwell, 1999). As an agglutinative language, Korean features polysyllabic 

roots with a complex system of suffixes that express different nuances (Sampson, 1985). The 

verbs have four different formalisms according to the relationship with the audience, and they 

respectively conjugate in the past tense, suggesting mode, imperative, and willing/decision 

mode. Furthermore, they conjugate depending not only on the semantic function (for linking, for 

contrast, for assuming, and for purposes), but also on syntactic category (noun forms and 

adjective forms). For example, the verb ‘go’ has 19 different inflected forms; this number 

doubles if the forms to honour the elders are taken into account.  

Korean also features vowel harmony where vowels in the same class co-occur. Not as 

strictly applied as in Middle Korean (15th~16thC, Kwon, 2018), vowel harmony is still observed 

in Modern Korean phonotactics, onomatopoeia, predicate suffixes (Sohn, 2001) and 

postpositions (Larsen & Heinz, 2012). Korean vowels are divided into three classes: light vowels 

like /a/ or /o/ connote ‘light’, ‘bright’, and ‘small’; dark vowels like /ʌ/ and /u/ connote ‘heavy’, 

‘dark’, and ‘large’; vowels corresponding to neither of these two, like /i/ and /ɯ/, referred to as 

neutral vowels (Kim-Renaud, 1976; Larson & Heinz, 2012). Enhanced by phonetic patterns of 

ideophones (Sung, 2018), the light-dark vowel contrast may demonstrate a language-specific 

aspect of sound symbolism: /a/ for ‘small’ and /ʌ/ for ‘large’. Korean also shows the cross-

linguistic trend as well: /ɪ/ for ‘small’ and /a/ for ‘large’ (Shinohara & Kawahara, 2010). 

A final interesting aspect of Korean, with which we will be concerned below, is the 

substantial presence of Sino-Korean words—words with Korean pronunciation but originating 

from the use of Chinese characters. The Korean peninsula has been under Chinese influence for 
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centuries. Although spoken Korean and Chinese are very different, belonging to different 

language families, written Chinese has always been the main means of communication among 

Korean intellectuals until Hangeul, the Korean orthography, was invented and promulgated after 

1446. When Chinese words were introduced, their pronunciations had to be modified to suit 

Korean phonology, where neither tones nor the final sound /r/ exist. This process produced a 

number of homonyms (e.g. 21 different words — 司庫, 史庫, 四苦, 四顧, 死苦, 私考, 事故, 社告, 思考

, 思顧, etc. —all pronounced the same: ‘사고’ /sa-go/). 

In the current study we investigate the level of systematicity—if any—between semantics 

and phonology in Korean, an etymologically and geographically unique language. How similar is 

Korean, in this respect, to the five European languages—English, Spanish, Dutch, German and 

French—which are, to our knowledge, the only ones to have been so far studied using a direct 

comparison between phonological1 and semantic distances (Dautriche et al., 2017; Monaghan et 

al., 2014; Shillcock et al., 2001; Tamariz, 2008). We hypothesize that there will be a small but 

significant correlation between corresponding inter-word distances in meaning and form across a 

representative part of the Korean lexicon. We then extend this study of meaning-form 

systematicity to the unique etymology of Korean and to the structure of contemporary Korean. 

From this vantage point, we then advance an interpretation of the nature of phonological-

semantic systematicity in general. 

2. Procedure 

When English is analysed for semantic-phonological systematicity, the procedure is typically to 

construct a sample from as many monosyllabic words as possible, starting with the most 

frequent. (Polysyllabic words frequently elicit substantial systematicity as a result of shared 

 
1 Dautriche et al. employ orthographic representations as a proxy for phonology, in their large crosslinguistic study. 
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morphemes and/or extensive etymological relations with other words, and are not such a 

transparent test of ‘pure’ systematicity.) The monosyllabic word sample is then vetted for 

polymorphemic words (e.g. plurals, past tenses) and perhaps for words derived from the same 

lexeme (e.g. ‘saw’ and ‘seen’, ‘strong’ and ‘strength’) and etymologically related words (e.g. 

‘glass’ and ‘glaze’). The resulting unrelated monomorphemic words (‘and’, ‘of’, ‘dog’, ‘cat’, 

‘swamp’, ‘strain’…) are then entered into the Mantell Test (Mantel, 1967) in which all the 

pairwise phonological distances between words are tested for a correlation with all the 

corresponding pairwise semantic distances. A significant correlation indicates systematicity. 

This procedure has different implications in the case of Korean. The unit of analysis is 

the monosyllabic, word-like ‘eo-jeol’. In a text corpus, we might find 살 수 있어 (‘I can buy it’), 

consisting of two monosyllabic eo-jeols followed by one disyllabic eo-jeol. When encountered 

sequentially, syllable by syllable in the spoken language, the stand-alone progression will be 

interpreted as 살 (‘flesh’, or ‘arrow’), 살 수 (‘can live’), 살 수 있 (‘can live’), 살 수 있어 (‘I can 

buy it’)2. A corresponding incremental development of interpretation can be seen in English, for 

instance, in terms of the Cohort Theory (Marslen-Wilson, 1987), word recognition after acoustic 

offset (Bard, Shillcock & Altmann, 1988) and the use of prosodic cues in word recognition 

(Grosjean, 1983). Thus, Korean has substantial homonymy coupled with morphological 

ambiguity. Languages vary in terms of how much complexity they employ in the different 

linguistic subdomains of phonology, lexis, morphology and syntax; simplicity in one may trade-

off against complexity in another. In Korean, we see substantial ambiguity at the level of the 

syllabic constituents, compromising the extraction of individual eo-jeols, as in the first eo-jeol in 

our example. However, this ambiguity does not make our task impossible. Monomorphemic 

 
2 The reader may confirm this on Google translate. 
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nouns can be extracted unambiguously (there is no plural morpheme), for instance, as can 

adjectives and adverbs. Only the verbs are compromised. This difference in fact gives us an 

interesting comparison between nouns and verbs, as we will see. 

Following previous research (Monaghan et al., 2014; Tamariz, 2008), we measured all 

the pairwise distances between the phonological representations of all the words in a 

representative subset of the lexicon, and all the pairwise distances between the corresponding 

semantic representations of those words. (These distances are respectively feature-edit distances 

and cosine distances between vectors; see below.) If form perfectly reflected meaning, these two 

webs of pairwise distances would be isomorphic; we have hypothesized that we will find a weak 

isomorphism, indicating non-arbitrariness. The correlation between these two very long lists of 

distances indicates the level of form-meaning correlation, or systematicity; an arbitrary relation 

between word meaning and phonology would yield a non-significant correlation.   

2.1. Corpus preparation 

Using web scraping, we created a corpus based on Korean internet content reflecting authentic, 

contemporary language use, and including various styles: spoken and written, short comments 

and long narration. We collected the data on 22 July 2019 (Jee, et al., in prep.). The total number 

of word tokens was 28,858,796.  

2.2. Sample 

Our corpus contained 966 phonologically unique monosyllables. We removed 254 items that 

were misspelled or had unclear meanings, leaving 712 monosyllables: 142 CV and 570 CVC. 

They consisted of various syntactic categories. The total number of distances was 253,116 (712 x 

711 / 2). 

2.3. Semantic distance between words 
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Words with similar meanings tend to occur in the same contexts (Firth, 1957). We used this 

phenomenon to provide an operational definition of meaning in terms of a context vector for 

each of our 712 monsyllables. Since Landauer and Dumais’ (1997) development of Latent 

Semantic Analysis, new algorithms have been developed, such as Word2Vec (Mikolov, 

Sutskever, Chen, Corrado, & Dean, 2013) and FastText (Joulin, et al., 2016; Mikolov, Grave, 

Bojanowski, Puhrsch, & Joulin, 2017), based on neural networks. We trained Word2Vec with our 

corpus and calculated cosine similarity between every word pair to generate semantic distances 

between words. The procedure was conducted on Google Colab due to the large size of the data3. 

2.4. Phonological distance between words 

We defined Korean phonemes by location (hard palatal, soft palatal, labial, alveolar, dental, and 

throat) and manner of articulation (plosive, affricate, fricative, fortis, lenis, aspirated, nasal, and 

flow). For vowels, we considered the location of the tongue and roundness. By assigning 1 if a 

phoneme had the feature and 0 if it did not, each phoneme was transformed into a binary vector. 

For example, /b/ was represented as [0,0,1,0,0,0,1,0,0,0,1,0,0,0], where the 1s represent the 

features labial, plosive, and lenis, respectively (Jee, Tamariz, & Shillcock, 2020). 

The difference between two vectors was measured by feature edit distance, counting how 

many different features there were between two vectors. To calculate phonological distance 

between two monosyllables, the distance between the first consonants, the distance between the 

vowels, and the distance between the final consonants were added (cf. Monaghan, et al., 2010). 

For instance, the distance between /dak/ and /non/ is the sum of the distances between /d/ and /n/, 

/a/ and /o/, and /k/ and /n/: 5 + 3 + 2 = 10. When we compared a CVC and a CV, we created an 

 
3 The data and Python codes are available from https://github.com/HanaJee/korean_sound-
meaning_systematicity_.git. For further discussion of different metrics, see Jee (in prep.). 
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empty vector of 14 0s for the final consonant location of the CV. For all phonological distance 

measures, textdistance 4.1.4 was used (Python 3.7.1)4. 

3. Results  

3.1. Meaning-Form Systematicity 

We calculated the correlation, Pearson’s r, between the corresponding form and meaning lists of 

distances. For the 712 Korean monosyllables: r = - .13 (p < .001). (The negative value is due to 

semantic similarity increasing as phonological dissimilarity increases: similar sounding words 

tend to have similar meanings. 

We conducted a Monte Carlo permutation test to confirm the significance of the 

correlation, in line with the practice of other systematicity-in-language researchers. We randomly 

paired the semantic distances with the phonological distances and calculated the correlation. We 

repeated this procedure 10,000 times. Fig. 1 shows the outcome: the veridical correlation is 

located far outside the distribution of chance correlations, confirming the significance of the 

correlation. 

Note. A Monte-Carlo permutation test confirms the significance of the sound-meaning correlation in 
Korean. The box represents 25%—75% of the accumulated chance-level coefficients, which are very 
close to zero; the horizontal lines represent their range. The dot shows the veridical coefficient. 

 
4 Textdistance 4.1.4 was imported from https://pypi.org/project/textdistance/ on 29 July 2019. 

Fig 1 
Monte-Carlo permutation test 
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3.2. Lexical frequency 

We divided the 712 monosyllabic words into four groups based on the frequency of use (see Jee, 

Tamariz & Shillcock, in prep. for the corpus-derived frequency data; these frequency data are 

from a wider range of vocabulary than previous studies of lexical frequency in Korean, cf. Byun, 

2003; Hahm, 1962). The least frequent monosyllables produced significantly weaker (but still 

significant) systematicity than the other frequency groups (first and third quartiles, z = 7.14, p < 

.001; second quartile, z = 8.94, p < .001) (Table 1). 

Table 1 
The meaning-sound correlation of each frequency quartile 

Total corpus = 712 words N    r    p 

Frequent 
. 
. 

Rare 

25% 178 - .11 < .001 

25~50% 178 - .13 < .001 

50~75% 178 - .11 < .001 

75~100% 178 - .03 < .001 

We further explored the vowels of the different frequency quartiles, in terms of light vowels (/ɛ/, 

/ø/, /a/, /o/), dark vowels (/e/, /y/, /ʌ/, /u/) or neutral vowels (/i/, /ɯ/) (Kim-Renaud, 1976) and 

diphthongs (Fig 2). The least frequent quartile has the least skewed distribution of vowels. 

Fig 2 
Proportion of light, dark, neutral vowels and diphthongs in each frequency quartile 

 

3.3. Syntactic analysis 
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We extracted subsets of the 712 monosyllables based on syntactic role: 418 nouns, 142 verbs 

mostly inflected, 73 adjectives and adverbs, and 56 onomatopoeic words. The words that mimic 

actions (e.g. 콱, 푹, 홱) were categorized as adverbs whereas those that mimic sounds 

(e.g. 꽝, 삐, 슝), as onomatopoeic words. The adjectives and adverbs overlap to some extent with 

onomatopoeic words. 

Every syntactic group and phonological subgroup demonstrated the same pattern as the 

whole sample of 712 words (Table 2): form-meaning correlations were all significant and final 

consonants contributed most to the systematicity (although see below for further analysis of 

syllabic constituents). Onomatopoeic words returned the highest systematicity despite being 

fewest. The differences between the onomatopoeic words and the other subgroups were 

significant: nouns (z = 2.8, p = .003), verbs (z = 2.63, p = .004), modifiers (z = 3.19, p = .001). 

Table 2 
Sound-meaning systematicity in each syntactic subgroup 

 Nouns Verb Modifiers Onomatopoeia 

Sample size 418 142 73 56 

Total correlation -0.13 -0.13 -0.10 -0.20 

First consonants -0.05 -0.04 -0.04 -0.09 

Vowels -0.04 -0.06 -0.05 -0.10 

Final consonants -0.12 -0.12 -0.08 -0.15 

Note. All p values < .001. 

3.4. Etymological analysis 

The systematicity of the whole sample of 712 words was found in all four etymological 

subgroups: 463 pure Korean (with and without homonyms), 141 Sino Korean (with and without 

homonyms), 81 homonyms, and 75 loan words (Table 3). Some homonyms involve both pure 

and Sino-Korean meanings. Loan word systematicity was more variable in size and direction of 

the correlation. The loanwords in our corpus were mostly English (e.g. ‘game’, ‘goal’, ‘shop’, 

‘rap’).   
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Table 3 
Form-meaning systematicity of etymological and lexical categories 

 Pure Korean  Sino-Korean  Homonyms  Loan words  

Sample size  463 432 141 119 81 75  

Total correlation  -0.13 -0.14 -0.13 -0.11 -0.13 -0.01 (p = .01)  

First consonants  -0.04 -0.04 -0.05 -0.03 -0.04 0.02  

Vowels  -0.05 -0.06 -0.06 -0.06 -0.03 -0.05  

Final consonants  -0.12 -0.12 -0.11 -0.08 -0.13 0.01 (p = .01)  
Note. All p-values < .001 except where stated. The two etymological categories are with and without 
homonyms, respectively. 
 
3.5. Phonological segmentation 

We analysed how each syllabic constituent contributed to the systematicity; in Tables 2 and 3 we 

have already seen how consonants and vowels contribute to systematicity. Consonants and 

vowels both contributed positively to the whole systematicity (Table 4). Final consonants 

contributed most, but when vowel and coda were combined to form the rhyme the correlation 

increased. All the differences between correlations were significant: between onset and rhyme (z 

= 28.66, p < .001), between onset and vowel (z = 3.56, p < .001) and between final consonant 

and rhyme (z = 3.61, p < .001). 

Table 4 
Meaning-sound correlation of each syllabic constituent  

 r  r 

Initial consonant - .04 Onset - .04 

Vowel - .05 
Rhyme (vowel + coda) - .12 

Final consonant - .11 
Note. All p-values < .001. 

We further investigated whether particular segments contribute to syntactic and etymological 

identity (Figures 3 and 4, respectively). Paralinguistic words are sounds like ‘ah’, ‘uh’ and ‘oh’, 

and tend to begin with vowels. Onomatopoeic words mimic actions or sounds and tend to begin 
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with /tʰ/, /pʰ/, /kʰ/ and /h/ and end with /k̚/. The syllables ending with /n/ and /l/ are likely to be 

inflected verbs (/n/ for past and /l/ for future).  

Etymologically, the onset /g/ strongly suggests that the word is Sino-Korean (Figure 4). 

The tensed onsets (/t͈/, /p͈/, /t͈ɕ/, /k͈/ and /s͈/) are clear indications of being pure Korean, whereas the 

aspirated onsets are likely to be loan words. Sino-Korean monosyllables hardly ever end with /t̚/. 
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Fig 3b 
Connection between the final consonants and syntactic category. 

Note. Korean phonology allows 7 consonants in the final position. The onomatopoeic words tend to 
end with /k̚/. 

Note. ‘ㅇ’ has phonemic value only when it is the final consonant. The onomatopoeic words tend to 
omit onsets and to begin with /tʰ/, /pʰ/, /kʰ/ and /h/. 

Fig 3a. 
Connection between the first consonants and syntactic category. 
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  Fig 4a 
Connection between the first consonants and etymological category. 

Note. Loanwords tend to begin with aspirated phonemes. 

Note. Sino-Korean monosyllables do not end with /t̚/. 
 

Fig 4b 
Connection between the final consonants and syntactic category.  
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4. Discussion 

We have successfully extended the exploration of word-level semantic-phonological 

systematicity to Korean. Many previous studies have shown partial, segment-specific relations 

between phonology and meaning in many languages, and we have demonstrated similar such 

relations in Figures 3 and 4 for syntactic and etymological categories. However, the special 

significance of the studies by Monaghan et al. (2014) in English, by Tamariz (2008) in Spanish, 

and by Dautriche  et al. (2017) in English, Dutch, German and French, is that they demonstrate a 

systematicity that is distributed across a substantial part of the lexicon at whole-word level and 

not confined to particular word-internal symbolic relationships (as in phonaesthemes) between 

phonology and semantics (cf. Blasi et al., 2016). 

We have found the same systematicity in Korean, a language that is typologically very 

different from the previously studied European languages. Our study reinforces Dautriche et al.’s 

(2017) claim that this systematicity is universal5. Note that Dautriche et al.’s claim was made on 

the basis of using orthography as a proxy for phonology, which may have introduced 

etymological information preserved in the orthography and thereby inflated the observed 

systematicity, in some languages. 

Our key r values—reaching as high as .13—were substantially larger than those in 

previous studies, which have typically been of the order of .05. Why should this be so, given that 

our methodology was closely comparable to previous studies? The investigation of semantic-

phonological systematicity is still in its early stages. We await a clearer picture of the 

implications of the necessary differences between the subsets of the lexicon chosen from specific 

languages in crosslinguistic studies of systematicity. For instance, the 712-word sample in the 

 
5 Dautriche et al. did not report data for Korean. 
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current study is smaller than the 2572 monomorphemic word sample studied by Monaghan et al. 

(2014). Such differences between studies can reflect inherent differences between the languages 

involved. 

There may, of course, exist language-specific differences in the size of semantic-

phonological systematicity, beyond any differences between the details of studies; languages are 

not necessarily equivalent in aspects of their learnability and ease of use (cf. Tylén et al., 2019). 

One clear but partial influence on systematicity in Korean is the correlation between phonology 

and etymological and syntactic categories (Figs. 3 and 4), to which we return below. The size of 

such correlations may be language specific. A further possibility in the present case is that 

Korean has been less multifariously influenced by other languages, compared with English, 

Spanish, German, Dutch or French, which have all had extensive interactions with other 

languages, involving large numbers of L2 speakers from diverse L1 backgrounds over prolonged 

periods of time. It may be that semantic-phonological systematicity best develops in relative 

isolation (cf. Lupyan & Dale, 2010).  

We can expect to see statistically larger estimates of systematicity as more 

psychologically realistic measures of phonological and semantic distance are developed, and 

systematicity emerges as a more credible adaptation to infant language acquisition compared 

with the very small—but statistically significant—amount of variance captured by previously 

reported meaning-form correlations. Note that ‘psychologically realistic’ may well mean 

abandoning a symbolic paradigm in favour of physical measurements of units (see Torre, Luque, 

Lacasa, Kello, & Hernández-Fernández, 2019). Again, such improved metrics may well be 

language specific. 
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In summary, our study of Korean replicates and extends the existing research on 

semantic-phonological systematicity. However, Korean allowed us to divide our sample of the 

lexicon in multiple ways: by frequency, syntactic category, etymological origin, homonyms, 

syllabic constituents, and loan words. 

Systematicity was least in the less frequent words (Table 1). Systematicity may help low 

frequency words stay in usage, providing a clue to meaning. The higher systematicity for the 

words that are more frequent, and hence more culturally central, may also orient infants to the 

meaning-form relationship in the early stages of language acquisition, as suggested by 

Monaghan et al. (2014). 

When the sample was divided by syntactic category—nouns, verbs, modifiers, 

onomatopoeia—there was significant systematicity in each category, but it was highest in the 

onomatopoeia. What is special about onomatopoeia? They possess particular phonological 

similarities—more than half of them have /k̚/ in their final position. But they are also not so 

syntactically constrained as the other three categories, meaning that their lexical contexts tend 

more to resemble the general (‘vanilla’) profile of the possible contexts in the corpus. Thus, 

onomatopoeia share phonological and semantic specifications, and inherit high systematicity. 

Certain consonants tend to predict syntactic role or etymological roots, either in first or 

final position in the syllable. Our 712 monosyllables included 142 inflected verbs, which is one 

clear source of systematicity, although their systematicity was closely similar to that of nouns 

(Table 3). 

Tables 2, 3 and 4 show the importance of the final consonant and the rhyme; indeed, the 

greater role for the rhyme indicates the psychological reality of the rhyme as a category. Figs. 3a 

and 3b reveal a wider, flatter profile of first consonants than last consonants, making the former 
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more informative and facilitating incremental processing, but seemingly militating against 

systematicity somewhat, compared with the coda in our sample. 

We studied Korean’s single greatest contact with another language—Chinese. We found 

no significant difference in systematicity between pure Korean and Sino-Korean monosyllables. 

They both contribute to the overall systematicity in our sample. Considering the long history of 

co-existence of the two vocabularies, this result might indicate a close accommodation between 

them. This analysis is the first report of semantic-phonological systematicity in Chinese. 

Korean’s foreign loan words constitute an extreme case of contact with another language; 

they are mostly English words and with a much shorter history of use in Korean, compared with 

Chinese words. These loan words returned smaller, less consistent systematicity, as we might 

expect. 

Korean allows us to consider the role of homonyms in systematicity. Why are they such a 

pervasive feature of natural languages—who would design a language to use the same word to 

mean different things? Homonyms are the extreme end of a continuum of meaning 

differentiation; less extreme are differences of sense, as in ‘newspaper’ meaning physical pieces 

of paper compared with an institution such as ‘The Times of London’. This continuum is only 

approximated by lexicographical criteria. 

Table 3 shows a high level of systematicity within the homonym subset. There is a 

methodological background to this result. It is prohibitively time-consuming to check every 

occurrence of a homonym in a very large text corpus and to annotate it for its intended meaning. 

In reality, intended meanings are heavily skewed towards the most frequent meanings (Kang, 

2005), but it remains the case that the semantic vector for a homonym in our study was an 

average of all of its different meanings (mediated by frequency in the corpus), thus tending 



24 
 

towards the vanilla vector, and that its frequency in the corpus is the sum of the frequencies of all 

of its dictionary entries. 

When we divided the 712-word sample in terms of the segments occupying different 

syllabic positions (Tables 2,3,4) we find pervasive, significant systematicity, even at the level of 

partitioning both by syntactic category and by syllabic position. Fig. 2 shows that the level of 

systematicity in the different frequency quartiles tracks the degree of skewedness of the 

distribution of vowels, with the light/dark/neutral vowels and the diphthongs being in more equal 

proportions in the lowest frequency quartile, which has the lowest value for systematicity. 

We find the same direction of systematicity for all syllable positions: words that were 

similar at any position tended to be similar in meaning. This result contrasts with Tamariz’s 

(2008) study of Spanish, in which words sharing vowels tended to have different meanings and 

words sharing consonants tended to have similar meanings. This difference may reflect wider 

differences concerning vowels in the two languages (e.g. vowel harmony in Korean); it is a 

subject for further investigation. Note that a correlation is still informative, whether negative or 

positive. 

In summary, beyond the simple replication of systematicity in Korean, we have 

demonstrated its pervasiveness; whichever way we partitioned our representative sample of the 

lexicon, we found significant systematicity, suggesting a general underlying explanation not 

exclusively concerned with whole-word phonology. 

We now consider the nature of such an explanation, but we first make a point about 

proxies in causation. McDonald and Shillcock (2001a, b) observe that psycholinguists 

conventionally see the frequency with which a word occurs in the language as mediating 

behavioural responses to that word, analogous to Hebbian learning (Hebb, 1949). However, if a 
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word occurs more frequently it has more opportunity to acquire different contexts; in terms of an 

LSA-style context vector, the frequent word ‘time’ can accrue more context-word hits within the 

window around each of its tokens in the corpus. Thus, word frequency may be seen as a proxy 

for a novel measure, Contextual Distinctiveness (CD), which represents how much information a 

word conveys about its contexts of use (see, also, Baayen, 2010). To illustrate: a contextually 

very constrained word like ‘amok’ has a very high CD score and attracts longer behavioural 

response latencies than low-CD words—words like ‘amok’ and ‘wreak’ may not initially even 

look like real words in isolation from their typical contexts ‘run —’ and ‘— havoc’. At the other 

extreme, the words with very low CD scores are function words. The very lowest (in a spoken 

language corpus) is the filled pause ‘er’—it can appear in virtually any context in transcribed 

speech (the same is true of expletives). In summary, word frequency is a proxy for a semantic 

distinction—when the frequency of a word is very high its context of occurrence approximates 

the general, vanilla distribution of possible contexts for the corpus. 

Any dimension can be a proxy for any other correlated dimension, in trying to understand 

processing. What dimension has the most explanatory value? One answer is that it should be 

something that most effectively speaks in a material way to all of the other entities in the domain 

(spoken language, in this case) (cf. Shillcock, 2014). We argue here for the dimension of human 

effort in the domain of communication (see, e.g., i Cancho and Solé, 2003). Zipf’s (1949) Law—

that ordering the words of a corpus by decreasing frequency closely approximates a power 

function—was originally seen by Zipf in terms of least effort. 

In a phonological version of the lexicon, there is a general effort-related gradient; this 

observation is potentially a crosslinguistic universal. If we take the most popularly used—and 

easiest to calculate—proxy of word frequency and proceed from lower frequency words 
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(“onyx”) to higher frequency words (the filled pause, “er”) the words we encounter tend to 

become shorter (Zipf, 1935); their phonological distinctiveness becomes less (Meylan & 

Griffiths, 2017); they contain segments that are easier to pronounce (see, e.g., Shi et al., 1998); 

they are more subject to phonological reduction when realized in fast speech (Gahl, Yao, & 

Johnson, 2012); their phonological neighbourhoods are denser, at least partly a result of words 

becoming shorter. Effort by the speaker means articulating long, phonologically complex words. 

Effort by the listener can mean struggling to distinguish similar words; alternatively, it could 

mean struggling to activate relatively atypical phonological forms that do not have the interactive 

support of phonological neighbours. Distinguishing between these two versions of listener effort 

is an empirical question, but either can contribute to systematicity. 

In the semantics implied by lexical entries, we again see a general effort-related gradient. 

Proceeding again from lower to higher frequency words, we see increasing homonymy and 

polysemy (Morton, 1979; Jastrzembski, 1981), and the emergence of the qualitatively new 

category of function words. In context vector terms, very sparsely populated vectors progress to 

vectors that approximate more closely the vanilla vector that reflects the statistics of usage of the 

language. Speaker effort may mean struggling to make a rare, sparsely specified semantics 

activate the relevant phonology; alternatively, it may mean struggling to activate the one correct 

phonological form from a densely populated semantics. Similarly, for the listener, effort may 

mean activating a sparsely specified meaning, or it may mean distinguishing between densely 

populated semantic neighbours. These alternatives are again an empirical question, but either can 

contribute to systematicity. 

In conclusion, phonological-semantic systematicity is pervasive in Korean, as in other 

languages. The specific qualities of Korean allow us to demonstrate systematicity after 
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partitioning the lexicon in many different ways. The best way to understand this systematicity is 

in terms of correlated reduction of effort in speakers and listeners in the phonological and 

semantic aspects of the lexicon. 
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Abstract 

We quantify, for the first time, the grapho-phonemic systematicity of hangeul, the Korean 

orthography. We defined Korean phonemes as binary vectors according to articulatory features and 

measured the pairwise distance between every pair of phonemes by multiple methods. We 

measured visual distance between letter shapes by (a) stroke share rate, which reflects sub-letter 

features and the original principles of the creation of hangeul, and (b) Hausdorff distance 

(Huttenlocher et al., 1993). We calculated the correlation between the phonological distances and 

the corresponding orthographical distances. Positive correlations indicated that similar letters tend 

to have similar pronunciations. Hausdorff distance, an initial step in the detailed quantifying of 

visual distance, allows similar calculations to be carried out with any hangeul font and with any 

other orthography. Consciously designed to be phonologically transparent, hanguel is the gold 

standard of grapho-phonemic systematicity. We discuss the implications of this systematicity. 
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Grapho-phonemic systematicity in Korean hangeul  

1. Introduction 

Hangeul, the Korean orthography, is renowned for the availability of information about its origins. 

It is the only orthography that a king himself designed for the illiterate among his people. Named 

Hunmin Jeongeum, the Standard Sounds for the Instruction of the People, 28 letters were created in 

1444 and promulgated in 1446. Hangeul has been highly appreciated by linguists and others 

worldwide. It has been dubbed ‘the most scientific system of writing’ (Reischauer & Fairbank, cited 

in Hyun, 1981) and ‘unquestionably one of the great intellectual achievements of humankind 

(Sampson, 1985). The reasons for these commendations are: (i) it is orthographically shallow; (ii) it 

expresses fine phonemic distinctions; (iii) its letter shapes visualize articulation; and (iv) the 

consistency of its letter shapes and the corresponding phonemes. 

Orthographic depth is defined by the extent to which the letter-sound association is transparent 

and predictable one-to-one (Seymour et al., 2003). Shallow orthography facilitates reading (Martin 

et al., 2016; Paulesu et al., 2001; Spencer 2001). It is less effortful (Paulesu et al., 2000). Dyslexics 

experience fewer difficulties reading shallow orthography than reading deep orthography (Paulesu 

et al., 2001). Hangeul is a shallow orthography, along with Finnish, Italian, and Turkish. 

The smallest unit of sound specified by an orthography differs across languages. Thus, Chinese is 

based on syllables (consonant + vowel + selective final consonant): for example, 看 /kàn/; and 是 

/shì/. Japanese consists of morae (consonant + vowel): ご /go/; and ち /tɕ͡i/. English has an 

alphabet system, in which a letter is linked to a phoneme (either consonant or vowel). Korean 

orthography specifies phonological features (Sampson, 1985). For example, tensed phonemes are 

distinguished from tenseless phonemes: /p/ - / p͈ /; /t/ - / t͈ /; and /k/ - / k͈/. With this fine 

phonological distinction, hangeul was designed to represent the sound of cranes, chickens, and 

even the wind (Hideki, 2011). 

Along with the tensed phonemes, Korean consonantal sounds consist of sets of three: lenis, 

aspirated and tensed.  In hangeul, these phoneme sets are visually consistent letters. In general, 

adding a stroke makes the lenis letter aspirated (e.g., ㄱ /g/ - ㅋ /k/) and duplicating the letter 

makes it tensed (e.g., ㄱ /g/ -ㄲ / k͈/). Overall, a set of the phonemes that share an articulation point 

have visually similar letter-shapes. Likewise, diphthongs are distinguished from monophthongs by 

an additional stroke (e.g., ㅏ/a/ - ㅑ /ja/).  



5 
 

Finally, Korean consonants attempt iconically to visualize the shape of articulation. The letter ㄱ 

/g/ represents the tongue touching the hard palate (seen from the left); ㅅ /s/ represents the 

airflow through the teeth; and ㅇ /ŋ/ represents the throat and does not have phonemic value at 

the onset. Not all consonants are pictographic. ㅁ /m/, presumably came from Chinese 口 /kŏu/, 

meaning ‘mouth’ (Sampson, 1985). The obstruents (ㄷ /d/, ㅈ /tɕ/, and ㅂ /b/) are distinguished 

from the continuants (ㄴ /n/, ㅅ /s/, and ㅁ /m/) by additional strokes. Meanwhile, Korean vowels 

have a cultural basis. They are composed by the combination of the earth (ㅡ), the heaven (ㆍ), and 

human being (ㅣ), symbolizing harmony among all three.  

Given the unique compositionality of hangeul, there has been little or no attempt to quantify the 

relation between letters and phonemes.  Can this be done? Is letter-sound systematicity in hangeul 

indeed greater than in other orthographies? 

2. Procedure  

Our grapho-phonemic analysis follows the principles of phono-semantic research (Dautriche et al., 

2017; Monaghan et al., 2014; Tamariz, 2008). We measured all possible pairwise visual distances 

between letter shapes and all the corresponding pairwise phonological distances between 

phonemes. Then we measured the correlation between these two long lists of corresponding 

distances. Finally, to verify its statistical significance, we conducted a Monte-Carlo permutation test, 

as in the literature on sound-meaning systematicity. 

We expected hangeul to return a robust, positive correlation between orthographical distances and 

phonological distances, considering the principles of its creation. A positive correlation indicates 

that similar letters tend to have similar sounds. We also expected that the level of systematicity in 

hangeul would be higher than in other less insightfully created orthographies.  

2.1. Measuring phonological distances 

We studied 19 consonants (ㄱ, ㄴ, ㄷ, ㄹ, ㅁ, ㅂ, ㅅ, ㅇ, ㅈ, ㅊ, ㅋ, ㅌ, ㅍ, ㅎ, ㄲ, ㄸ, ㅃ, ㅆ, ㅉ) 

and 10 monophthongs (ㅏ, ㅓ, ㅗ, ㅜ, ㅐ, ㅔ, ㅚ, ㅟ, ㅡ, ㅣ). Each phoneme was defined as a 

binary vector according to its articulatory features (Table 1). 
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Table 1. Articulatory features of Korean phonemes 
L

e
tt

e
r 

P
h

o
n

e
m

e 
Place of Articulation Manner of Articulation Vowel Quality 

H
a

rd
 p

a
la

ta
l 

S
o

ft
 p

al
a

ta
l 

L
a

b
ia

l 

D
e

n
ta

l 

T
h

ro
a

t 

P
lo

si
ve

 

A
ffr

ic
a

te
 

F
ri

ca
tiv

e 

F
o

rt
is

 

L
e

n
is

 

A
sp

ir
at

e
d 

N
a

sa
l 

F
lo

w
 

F
ro

n
t 

B
a

ck
 

H
ig

h 

M
id

d
le

 

L
o

w
 

R
o

u
n

d 

N
o

n
-r

o
u

nd
 

ㅋ kʰ 0 1 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

ㄱ g 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㄲ k* 0 1 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

ㄴ n 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ㅌ tʰ 0 0 0 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

ㄷ d 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㄸ t* 0 0 0 1 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

ㄹ l 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

ㅁ m 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ㅍ pʰ 0 0 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

ㅂ b 0 0 1 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㅃ p͈* 0 0 1 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

ㅅ s 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 

ㅆ s* 0 0 0 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 

ㅇ ŋ 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ㅊ tɕʰ 1 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 

ㅈ tɕ 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㅉ t͈ɕ* 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 

ㅎ h 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 

ㅏ a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 

ㅐ ɛ 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 

ㅓ ʌ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 

ㅔ e 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 1 

ㅗ o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 

ㅚ ɸ 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 1 0 

ㅜ u 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 

ㅟ y 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 

ㅡ ɯ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 1 

ㅣ i 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 

 

The phonological distance between two phonemes was defined as the distance between their 

vectors (Monaghan et al., 2010). We used different distance measures to ensure robustness: 

Feature edit distance, the number of different features between two vectors; Euclidean distance, the 

shortest geometric distance between two vectors; Cosine distance, the angle made by the two 
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vectors; and Jaccard distance, the number of shared features divided by the total number of 

features. The first two were used by Monaghan et al. (2014). 

2.2. Measuring orthographical distances 

2.2.1. Stroke share rate 

Comparing salient sub-letter features to measure the visual difference between letters is not a new 

idea (Briggs & Hocevar, 1975; Geyer & DeWald, 1973; Watt, 1979). However, there is little or no 

research on hangeul letters from this perspective. We designed a novel method specifically for 

hangeul.  First, we decomposed the letters into strokes and defined them topologically (Fig. 1). We 

then re-defined each letter as a binary vector (Table 2). Thus, the distance between two letters now 

equals the distance between two 19-place vectors (12 places for the consonants, 7 for the vowels).  

 

Fig 1. Decomposition of hangeul consonants (left) and vowels (right) into strokes. 

Table 2. Orthographic features of Korean letters for stroke-share rate 

 
 Consonants Vowels 

Le
tt

e
r 

IP
A

 

a
-b

 

c-
d 

e
-f

 

b
-d

 

d
-f

 

a
-c

 

c-
e j i 

g
-h

 

g
-e

 &
 g

-f
 

d
u

p
lic

a
te

d 

st
e

m
1 

u
p 

d
o

w
n 

st
e

m
2 

ri
g

h
t 

le
ft 

ve
rt

ic
a

l 

ㅋ kʰ 1 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

ㄱ g 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

ㄲ k* 1 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

ㄴ n 0 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

ㅌ tʰ 1 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

ㄷ d 1 0 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

ㄸ t* 1 0 1 0 0 1 1 0 0 0 0 1 0 0 0 0 0 0 0 

ㄹ l 1 1 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
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ㅁ m 1 0 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

ㅍ pʰ 1 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 

ㅂ b 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 

ㅃ p͈* 0 1 1 1 1 1 1 0 0 0 0 1 0 0 0 0 0 0 0 

ㅅ s 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ㅆ s* 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 

ㅇ ŋ 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

ㅊ tɕʰ 1 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 

ㅈ tɕ 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

ㅉ t͈ɕ* 1 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 

ㅎ h 1 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 

ㅏ a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 

ㅐ ɛ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 

ㅓ ʌ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 

ㅔ e 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 

ㅗ o 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 

ㅚ ɸ 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 0 0 0 

ㅜ u 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 

ㅟ y 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 

ㅡ ɯ 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

ㅣ i 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

 

As with phonological distances, the orthographic distances were measured by four different 

metrics: feature edit distance, Euclidean distance, Cosine distance, and Jaccard distance. 

2.2.2. Hausdorff distance 

We present stroke share rate, above, as a point of comparison with the detailed quantitative 

measure of Hausdorff distance (Huttenlocher et al., 1993). Unlike the hangeul-specific stroke share 

rate, Hausdorff distance can be applied to any script system. It treats the letters as images. It 

converts the image into a black and white raster graphic. Given two sets of black pixels, X = {x1, … 

xn} and Y = {y1, … yn}, the directed Hausdorff distance is calculated as follows: 

𝑑 (𝑋, 𝑌) = 𝑚𝑎𝑥(𝑚𝑎𝑥
∈

, 𝑚𝑖𝑛
∈

 |𝑥 − 𝑦|) 

where Euclidean distance measures the distance between two individual points, | x – y |. Being 

fundamentally asymmetric (d (X, Y) ≠ d (Y, X)), the larger value between the two (max) is 

returned. Because Hausdorff distances recognizes letters as images, different fonts return different 
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values. We examined 88 available Korean fonts. Scipy.spatial. distance.directed_hausdorff (ver. 

1.3.1) was implemented on Python 3.6.1.1 

3. Results 

We calculated the correlation between the two lists of corresponding visual and phonological 

distances using Pearson’s r, to quantify grapho-phonemic systematicity (Table 3). Up to 36% of the 

variation in phonological and visual form is captured by systematicity.   

Table 3. Hangeul’s grapho-phonemic systematicity values  

Distance measure r p 

Euclidean 0.51 < .001 

Cosine 0.60 < .001 

Jaccard 0.60 < .001 

Feature edit 0.51 < .001 

 

When the distances between letters were measured by Hausdorff distance, the majority of the fonts 

displayed very significant correlations between letters and sounds (Table 4) although the 

correlation coefficients are not as high as those with stroke share rate. Table 4 also shows that 

these results are robust across the phonological distance measures. 

Table 4. The grapho-phonemic correlation of each Korean font from each phonological distance 

measurement 

 Euclidean Cosine Jaccard feature edit 

Font r p  r p  r p  r p  

굴림 0.16 0.00 *** 0.11 0.02 * 0.11 0.03 * 0.24 0.00 *** 

돋움 0.05 0.28  0.03 0.52  0.03 0.52  0.12 0.02 * 

바탕 0.09 0.07 . 0.07 0.14  0.06 0.20  0.18 0.00 *** 

궁서 0.22 0.00 *** 0.18 0.00 *** 0.16 0.00 *** 0.30 0.00 *** 

맑은고딕 0.10 0.05 * 0.08 0.12  0.07 0.15  0.18 0.00 *** 

나눔고딕 0.11 0.03 * 0.08 0.12  0.07 0.14  0.18 0.00 *** 

나눔명조 0.12 0.02 * 0.07 0.14  0.07 0.15  0.20 0.00 *** 

나눔손글씨붓체 0.24 0.00 *** 0.22 0.00 *** 0.21 0.00 *** 0.23 0.00 *** 

나눔손글씨 펜체 0.18 0.00 *** 0.16 0.00 *** 0.16 0.00 *** 0.15 0.00 ** 

나눔바른고딕 0.11 0.03 * 0.08 0.12  0.08 0.11  0.18 0.00 *** 

나눔바른펜 0.16 0.00 ** 0.12 0.02 * 0.10 0.04 * 0.27 0.00 *** 

 
1 The Python code and data are available from https://github.com/HanaJee/hausdorff-distance-letters.git 
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0.09 0.06 . 0.06 0.21  0.06 0.20  0.16 0.00 *** 

나눔스퀘어라운드 0.10 0.05 . 0.06 0.20  0.07 0.18  0.16 0.00 *** 

Noto Sans CJK KR 0.10 0.04 * 0.08 0.12  0.08 0.10  0.16 0.00 *** 

NotoSerif CJK KR 0.10 0.05 . 0.06 0.21  0.06 0.24  0.18 0.00 *** 

0.13 0.01 ** 0.10 0.05 * 0.09 0.06 . 0.23 0.00 *** 

주아체 0.12 0.02 * 0.09 0.08 . 0.08 0.09 . 0.20 0.00 *** 

0.19 0.00 *** 0.16 0.00 *** 0.15 0.00 ** 0.29 0.00 *** 

간이벽온방 0.25 0.00 *** 0.22 0.00 *** 0.21 0.00 *** 0.34 0.00 *** 

대한민국독도체 0.16 0.00 *** 0.14 0.01 ** 0.12 0.01 * 0.21 0.00 *** 

법정체 0.13 0.01 ** 0.09 0.08 . 0.08 0.12  0.21 0.00 *** 

0.16 0.00 *** 0.11 0.02 * 0.11 0.03 * 0.24 0.00 *** 

월인석보체 0.14 0.01 ** 0.12 0.02 * 0.11 0.02 * 0.22 0.00 *** 

0.17 0.00 *** 0.14 0.01 ** 0.14 0.01 ** 0.23 0.00 *** 

아리따돋움 0.18 0.00 *** 0.16 0.00 *** 0.15 0.00 ** 0.28 0.00 *** 

HS 봄바람체 2.0 0.24 0.00 *** 0.19 0.00 *** 0.19 0.00 *** 0.31 0.00 *** 

HS 가을생각체 0.26 0.00 *** 0.21 0.00 *** 0.20 0.00 *** 0.37 0.00 *** 

HS 겨울눈꽃체 0.18 0.00 *** 0.13 0.01 ** 0.13 0.01 * 0.23 0.00 *** 

HS 두꺼비체 0.24 0.00 *** 0.18 0.00 *** 0.18 0.00 *** 0.35 0.00 *** 

0.13 0.01 ** 0.10 0.05 . 0.09 0.07 . 0.21 0.00 *** 

가비아납작블럭체 0.13 0.01 * 0.09 0.08 . 0.08 0.09 . 0.20 0.00 *** 

0.15 0.00 ** 0.12 0.01 * 0.12 0.02 * 0.18 0.00 *** 

신비는일곱살 0.05 0.33  0.02 0.62  0.03 0.52  0.06 0.26  

0.25 0.00 *** 0.20 0.00 *** 0.20 0.00 *** 0.25 0.00 *** 

0.15 0.00 ** 0.10 0.05 * 0.09 0.06 . 0.17 0.00 *** 

0.21 0.00 *** 0.16 0.00 ** 0.15 0.00 ** 0.23 0.00 *** 

제주한라산체 0.19 0.00 *** 0.17 0.00 *** 0.16 0.00 *** 0.15 0.00 ** 

제주고딕체 0.08 0.11  0.05 0.33  0.05 0.29  0.14 0.00 ** 

제주명조체 0.19 0.00 *** 0.14 0.00 ** 0.14 0.01 ** 0.28 0.00 *** 

0.09 0.07 . 0.07 0.14  0.06 0.20  0.18 0.00 *** 

0.13 0.01 ** 0.09 0.07 . 0.09 0.07 . 0.17 0.00 *** 

고양일산체 0.13 0.01 * 0.10 0.05 * 0.10 0.05 . 0.19 0.00 *** 

0.10 0.05 . 0.06 0.22  0.06 0.22  0.16 0.00 *** 

0.16 0.00 *** 0.13 0.01 ** 0.13 0.01 ** 0.18 0.00 *** 

전라북도체 0.11 0.02 * 0.10 0.05 . 0.09 0.06 . 0.17 0.00 *** 

0.09 0.07 . 0.05 0.29  0.05 0.29  0.16 0.00 *** 

0.05 0.28  0.03 0.58  0.03 0.54  0.12 0.02 * 

0.12 0.02 * 0.08 0.11  0.08 0.12  0.21 0.00 *** 

다온청년고딕 0.07 0.14  0.04 0.38  0.05 0.35  0.15 0.00 ** 

0.07 0.15  0.06 0.22  0.06 0.26  0.14 0.00 ** 

0.09 0.07 . 0.09 0.07 . 0.10 0.05 * 0.12 0.01 * 

0.13 0.01 ** 0.12 0.02 * 0.12 0.02 * 0.20 0.00 *** 
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0.24 0.00 *** 0.19 0.00 *** 0.18 0.00 *** 0.37 0.00 *** 

0.23 0.00 *** 0.17 0.00 *** 0.16 0.00 *** 0.35 0.00 *** 

도서관체 0.21 0.00 *** 0.15 0.00 ** 0.14 0.00 ** 0.33 0.00 *** 

0.17 0.00 *** 0.16 0.00 *** 0.16 0.00 *** 0.27 0.00 *** 

이롭게바탕체 0.16 0.00 *** 0.12 0.01 * 0.12 0.02 * 0.25 0.00 *** 

0.17 0.00 *** 0.14 0.01 ** 0.13 0.01 ** 0.22 0.00 *** 

티몬몬소리체 0.14 0.00 ** 0.12 0.02 * 0.12 0.02 * 0.23 0.00 *** 

빙그레체 0.19 0.00 *** 0.15 0.00 ** 0.15 0.00 ** 0.28 0.00 *** 

0.17 0.00 *** 0.13 0.01 ** 0.12 0.02 * 0.28 0.00 *** 

한겨레결체 0.02 0.72  0.01 0.88  0.00 0.99  0.08 0.13  

조선일보명조체 0.03 0.57  0.01 0.78  0.01 0.86  0.08 0.09 . 

0.15 0.00 ** 0.12 0.02 * 0.11 0.02 * 0.22 0.00 *** 

FB 이철수 80 목판 TM 0.20 0.00 *** 0.13 0.01 * 0.12 0.02 * 0.19 0.00 *** 

FB 이철수 80 목판 M 0.20 0.00 *** 0.13 0.01 * 0.12 0.02 * 0.19 0.00 *** 

FB 이철수 90 목판 TM 0.18 0.00 *** 0.15 0.00 ** 0.14 0.00 ** 0.15 0.00 ** 

FB 이철수 90 목판 M 0.18 0.00 *** 0.15 0.00 ** 0.14 0.00 ** 0.15 0.00 ** 

FB 이철수 2000 목판 TM 0.23 0.00 *** 0.19 0.00 *** 0.19 0.00 *** 0.24 0.00 *** 

FB 이철수 2001 목판M 0.12 0.02 * 0.13 0.01 ** 0.13 0.01 ** 0.08 0.11  

FB 이철수 2001 목판TM 0.12 0.02 * 0.13 0.01 ** 0.13 0.01 ** 0.08 0.11  

Yoon 다정 0.05 0.29  0.03 0.60  0.03 0.52  0.10 0.05 * 

Yoon 민준 0.06 0.23  0.03 0.51  0.04 0.45  0.11 0.03 * 

Yoon 세희 0.06 0.26  0.03 0.55  0.03 0.49  0.10 0.04 * 

0.09 0.06 . 0.06 0.26  0.06 0.26  0.16 0.00 *** 

Yoon 지영 0.06 0.20  0.03 0.48  0.04 0.43  0.11 0.03 * 

Yoon 지희 0.06 0.20  0.03 0.48  0.04 0.43  0.11 0.03 * 

Yoon 형오 0.06 0.23  0.03 0.52  0.04 0.44  0.10 0.04 * 

Yoon 흥수 0.05 0.29  0.03 0.60  0.03 0.52  0.10 0.05 * 

김남윤 0.06 0.23  0.03 0.49  0.04 0.43  0.11 0.03 * 

이현지 0.06 0.25  0.03 0.54  0.04 0.48  0.11 0.03 * 

윤태민 0.07 0.19  0.04 0.46  0.04 0.42  0.13 0.01 * 

0.13 0.01 ** 0.11 0.03 * 0.11 0.03 * 0.21 0.00 *** 

0.08 0.09 . 0.06 0.26  0.06 0.21  0.13 0.01 ** 

0.28 0.00 *** 0.24 0.00 *** 0.22 0.00 *** 0.39 0.00 *** 

0.18 0.00 *** 0.15 0.00 ** 0.14 0.01 ** 0.18 0.00 *** 

0.08 0.09 . 0.04 0.38  0.04 0.37  0.15 0.00 ** 

0.18 0.00 *** 0.12 0.02 * 0.12 0.02 * 0.22 0.00 *** 

 

We investigated the level of contribution of each letter to the whole systematicity by excluding each 

letter in turn and re-conducting the correlation test. Table 5 shows that when the overall 

correlation was .3, removing individual letters increased or decreased the correlation accordingly. 
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The consonants individually tend to contribute positively to the whole grapho-phonemic 

systematicity, whereas the vowels tend to hinder it. Without ㄸ and ㅃ, the correlation decreased to 

r = .27 (p < .001). In contrast, excluding ㅡ increased the coefficient to r = .4 (p < .001).  

Table 5. The contribution of each letter in 궁서 (r = .3). 

excluded item r 

ㅃ 0.27 

ㄸ 0.27 

ㅍ 0.28 

ㅌ 0.28 

ㅎ 0.28 

ㅂ 0.28 

ㅉ 0.28 

ㅈ 0.28 

ㄷ 0.28 

ㅁ 0.28 

ㅋ 0.28 

ㅊ 0.29 

ㄲ 0.29 

ㅆ 0.29 

ㄹ 0.29 

ㅇ 0.30 

ㅅ   0.30 

ㅐ 0.30 

ㅔ 0.31 

ㅓ 0.31 

ㄴ 0.32 

ㄱ 0.32 

ㅚ 0.33 

ㅣ 0.33 

ㅏ 0.33 

ㅟ 0.34 

ㅜ 0.34 

ㅗ 0.36 

ㅡ 0.40 

Note: Adding or subtracting indivdual letters changed the overall correlation of .3 as shown. 

4. Discussion 
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We have quantified the visual distances between Korean letter shapes and shown a significant 

correlation between these distances and the corresponding phonological distances between 

canonical pronunciations; letters that tend to look the same tend to be pronounced the same. 

Previously we have demonstrated grapho-phonemic systematicity in Arabic, Cyrillic, English, 

Finnish, Greek, and Hebrew (Jee, Tamariz, & Shillcock, 2020a, submitted; Jee, Tamariz, & Shillcock, 

2020b, submitted), but none showed higher systematicity than hangeul. Artificially designed with 

an explicit pedagogical aim, hangeul has a widely known intrinsic systematicity between letter 

shapes and their pronunciations. Predictably, Stroke Share Rate returned the highest correlation 

values; strokes reflect higher-level, consciously appreciated structure. However, Hausdorff distance 

is more crosslinguistically applicable; although it returned slightly reduced correlation values, it 

was still robust and has the advantage of being able to reveal unappreciated contributions to 

systematicity. Hangeul, the result of deliberate cultural invention, is the gold standard of grapho-

phoneme systematicity among scripts. 

The consistent variation of the letter forms seen in hangeul is also found in Hebrew, which also, 

shows comparatively robust grapho-phonemic systematicity across fonts (Jee et al., 2020b). As in 

hanguel, Hebrew varies the letter shapes according to the voiced-voiceless contrast (e.g.,   ב/v/ - 

 ך k/ - voiceless velar fricative/ּך  b/) and the manner of articulation (e.g., voiceless velar plosive/ּב

/x/).  

There are two ways to vary letter shape consistently at the level of the whole alphabetic system: (i) 

add or subtract letter elements; or (ii) change orientation of the identical letter. In conventional 

orthographies (hangeul, Hebrew, Burmese, Runic, and even cuneiform) the former is preferred. In 

artificial scripts (e.g., the Shavian alphabet) the latter also occurs. There seem to be several reasons 

for this, all concerned with kinetic efficiency and least effort (Zipf, 1949/2016).  

First, adding a stroke or dot may be kinetically easier than changing orientation. Efficiency is 

particularly important for high frequency letters. Just as frequent phonemes have reduced 

distinctiveness (Gahl et al., 2012; Meylan & Griffiths, 2017; Shi et al., 1998), we assume that high 

frequency letters have simpler letter shapes. This selective pressure was realized as diacritics, for 

example, in Arabic and Hebrew vowels and even omission of vowels in the unpointed script. 

Second, changing orientation affects the general direction of letter faces of an alphabet set (Watt, 

1994). Facing direction is defined as the direction of ornaments and headings: for example, Arabic 

numbers mostly face left. Watt (1994) claims that we are sensitive to the particular asymmetry of 

the set of letters; children often reverse “b” until they understand that asymmetric Roman letters 
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generally face rightwards. Finally, letter shapes have implications for writing position and writing 

time. With pens and pencils, there exist opposite pressures between the three writing fingers and 

the two supporting fingers. Depending on writing direction, these two pressures alternate the 

active and passive roles (Watt, 1994). Therefore, it is plausible that cursive scripts optimize the 

balance between these kinetic forces for the sake of writing speed. Orientational change of letters 

may hinder writing speed by varying the starting points of letters. 

Some fonts returned higher correlation coefficients than others, which indicates that they may 

emphasize the phonemic regularity. This implies there are pedagogical implications for beginning 

readers. We are currently investigating the behavioral consequences of grapho-phonemic 

systematicity at the letter level. 

5. Conclusion 

We have developed what we take to be the first method for quantifying in a detailed way the 

systematicity between letter shapes and their corresponding sounds. The method is general enough 

to be applied to any phonographic orthography. It compares well with a hangeul-specific method 

based on shared strokes. The method allows us to begin studying the behavioural consequences of 

grapho-phonemic systematicity, with hangeul emerging as the writing system in which this 

systematicity is clearest—the gold standard of systematicity. 
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