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Abstract 
In the literature, languages have been identified as having 
more or less transparent orthographies, depending on the 
degree of predictability of their spelling-to-sound 
correspondences. Quantitative measures based on large-scaled 
language corpora which are capable to objectively assess such 
cross-linguistic variation are rather scarce. The quantitative 
assessment method presented here builds on the correlation 
between distances of phonemic and graphemic frequency 
distributions of a given sample and similar distances obtained 
from large corpora of the same language. The metric itself 
may be used as a research tool to investigate the potential 
effect of orthographic transparency on the development and 
performance of reading in different populations. 
Index Terms: letter-sound mapping, orthographic trans-
parency, quantitative measure 

1. Background 
In the literature, alphabetic writing systems have been 
classified in terms of the proportion of irregularities in 
grapheme-to-phoneme correspondence. Traditionally, 
languages such as Italian or Serbo-Croatian have been claimed 
to have a highly predictable sound-to-spelling correspondence 
whereas languages such as English or Hebrew have a rather 
vast number of phonemes that are represented in writing by 
more than one letter of the alphabet. The absence of a 
generalized one-to-one mapping of sound and print can be 
mainly attributed to morphological factors, i.e. the 
orthographic design of the language is such that similar 
spellings denote the same morpheme, but have different 
phonological forms (e.g. mean /ˈmiːn/ vs. meant /ˈmɛnt/). 

Grapheme-phoneme relations can be complex. This 
complexity is detrimental in those cases where a phonemic 
transcription of a speech corpus would be too costly to 
develop Automatic Speech Recognition Systems. Therefore 
new approaches based on the graphemic representations 
emerged over the last couple of years for grapheme-based 
ASR development [1,2]. These studies investigate automatic 
speech recognition systems using context-dependent 
phonemes and graphemes as sub-word units. Experimental 
studies show that systems using only context-dependent 
graphemes can yield competitive performance on small to 
medium vocabulary tasks when compared to a context-
dependent phoneme-based automatic speech recognition 
system. This allows the possibility of implicitly incorporating 
phonemic knowledge into the system without having to define 
a phonetically transcribed lexicon. 

In the next section, we will state the problem. 

2. The Problem 
Orthographic transparency is considered to be an important 
linguistic concept for the classification of writing systems.  As 
a rule of thumb, it is generally accepted that whenever large 
differences are found in a language between the number of 
phonemes and graphemes, the sound-letter mapping becomes 
more complex and post-lexical strategies are needed to access 
the sound system [3]. Under such a view, languages with a 
highly unbalanced letter/phoneme ratio (e.g. English, #letters: 
26, #phonemes: 44, ratio: 0.59) are expected to be 
orthographically less transparent than languages that are more 
balanced in this respect (e.g. Spanish, #letters: 28, #phonemes: 
24, ratio: 1.17). Although such a simplex measure is able to 
successfully identify the transparencies of English and 
Spanish, it fails to do so in many other cases: French for 
instance, in spite of its high letter/phoneme ratio (#letters: 33, 
#phonemes: 36, ratio 0.92) has been attested to have a 
relatively complex orthography due to the existence of 
multiple letter-sound mappings, e.g. sot ‘fool’, hôtel, haut 
‘high’; eau ‘water’ - all pronounced as [o]). 

3. Aim 
The French case illustrates that the mapping of units in sound 
to written symbols is a complex matter. In order to adequately 
identify the relative transparency of different writing systems, 
a more complex quantitive measure of orthographic depth is 
needed. Such a measure should take into account that letters 
may combine into phonograms mapping onto a single 
phoneme and therefore result in a highly transparent system in 
spite of low overall letter/phoneme ratios and vice versa.  

The aim of our study is to develop such an 
elaborated quantitative measure of orthographic depth 
capturing cross-linguistic differences by analysing phonemic 
information coding in writing based on large-scaled language 
corpora. To our knowledge, to date comparable efforts of this 
type are relatively scarce (but see [4]).  

Also, capturing sound-spelling correspondences in  
language in terms of a complex metric is an important issue 
from a psycholinguistic point of view. Currently, the leading 
hypotheses with respect to reading development and 
performance draw on the degree of (in)consistency of 
sound/letter mapping: readers of languages with complex 
orthographies learn to read more slowly due to the nature of 
the sound-letter mapping [5,6]. The second aim of our study is 
therefore to explore in which way the quantification of sound-
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spelling transparency opens the way to testing the so-called 
regularity effect on reading in an more objective way. 

4. Method 
Within the framework of the European FP7-SME-262266 
OPTIFOX project, a complex metric was developed to select 
highly representative language samples on a 
phonemic/graphemic level based on large corpora of spoken 
Dutch, German, Spanish and English. In this metric, the 
relative distances of a sample to a language’s frequency 
distributions (“fingerprints”) in terms of sound and writing are 
expressed as continuous variables. Within one and the same 
sample, observed similarities vs. differences between 
phonemic and graphemic distances to the language fingerprint 
can then be considered to be a quantitative expression of the 
degree of predictability of the language’s letter-sound 
mappings. 

4.1. Materials 
For the four languages under investigation, we analyzed 
available corpora of contemporary spoken language, building 
a reference lexicon containing both graphemic and phonemic 
information about word types and their frequency of 
occurrence. For Dutch we used the Corpus Gesproken 
Nederlands (CGN, see a.o. [7]) consisting of 800 hours of 
transcribed audio-samples of contemporary Dutch as spoken in 
the Netherlands and in Flanders by adult speakers. Our source 
for English was based on the British National Corpus (BNC), a 
100 million word sample collection of written and spoken 
English. Our German corpus was based on Deutsch Heute 
(Institut für Deutsche Sprache, see a.o. [8]) a corpus of 
contemporary spoken German consisting of both elicited and 
spontaneous speech samples of which 2.8 million word forms 
of interview sessions have been transcribed. Finally, the 
Spanish corpus was based on transcriptions from the Spanish 
part of the EUROPARL corpus [9]. A cleaning procedure was 
used in order to retain only those words for which a phonetic 
transcription could be obtained, either from the corpus itself, 
from other available databases, such CELEX [10] or via 
existing grapheme-to-phoneme converters.  

4.2. Phonemic and graphemic distance 
Based on above described lexicons, so-called “fingerprints” of 
each language were built based on frequency data of 
phonemes and graphemes in different word positions (word-
initial, word-final and phonemes/bigrams without positional 
constraint), with careful counterbalancing for token/type 
differences. Random samples (100,000 lists x 1,000 words) 
were generated from the lexicon to calibrate phoneme and 
grapheme distributions. Based on the mean and standard 
deviation of the phonemes and graphemes in word-initial 
position and of the phonemes/bigrams obtained across word-
positions, a metric was established denoting the distance 
between each list of words and the frequency distributions of 
the target language. This resulted in a a continuous variable 
(“z-distance”) expressing the relative similarity between two 
samples in the phoneme and grapheme space in terms of 
standard-deviations from the mean for the Euclidean distance 
of a sample’s initial character histogram (ΔI) and 
bigram/overall phoneme histogram (ΔB) to that of the relevant 
histograms of the language’s fingerprint: 
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For more details with respect to the parameters included in the 
metric and the statistics and normalization procedures used, 
see [11].  

4.3. Best and worst samples 
The quantification of phonemic and graphemic 
(dis)similarities of a word list to a language’s fingerprint in 
terms of the above described z-distance is open to optimization 
sampling techniques by which lists with highest 
representativity may be generated based on either sound or 
writing. In a similar vein, ‘worst’ samples of a particular 
language can then be objectively identified as those word lists 
which yield the highest z-distance to the target language’s 
fingerprint in either the phonemic or graphemic space. 

A random search procedure was used to build two 
sets of word lists for each language with respectively highest 
and lowest phonemic representation, i.e. bearing the highest 
and lowest z-distances to the fingerprint’s phonemic 
frequencies. By this sampling procedure, 100 lists of thirty 
short words varying between four and six characters were 
generated for each language, drawn from 100,000 random 
samples of available words in the different language corpora. 
For each of the 100 lists obtained, the z-distances to the 
phonemic and graphemic fingerprint of the corresponding 
language were determined, see Table 1a-b: 

Table 1a. Average phonemic and graphemic z-
distances for the 100x30-word phonemically most 

representative samples 

 Phonemic z-distance Graphemic z-distance 

Spanish 18.01 (sd 0.64) 56.90 (sd 3.71) 
German 21.62 (sd 0.60) 64.08 (sd 4.20) 
Dutch 22.34 (sd 0.56) 52.66 (sd 3.17) 
English 23.18 (sd 0.68) 41.53 (sd 2.53) 

 

Table 1b. Average phonemic and graphemic z-
distances for the 100x30-word phonemically least 

representative samples  

 Phonemic z-distance Graphemic z-distance 

Spanish 55.47 (sd 1.59) 78.63 (sd 3.82) 
German 58.41 (sd 1.68) 83.83 (sd 5.31) 
Dutch 60.39 (sd 1.68) 75.19 (sd 3.96) 
English 63.89 (sd 1.56) 55.59 (sd 4.02) 

5. Results 

5.1. Phonemic and graphemic representativity 
Statistical analysis was performed on the lists of words which 
were generated as best vs. least representative exemplars of the 
different languages under investigation. Measuring phonemic 
content in terms of the z-distance to the fingerprint reveals that 
there is a significant overall effect of language for both types 
of samples (F(3,396) = 1338.244, p < .001 for best samples, 
and F(3,396) = 470.351, p < .001 for least representative 
ones). Tukey post-hoc comparisons indicate that for the best 
exemplars, languages can be ranked in terms of the relative 
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distance of their phonemically most representative samples to 
the language fingerprint: Spanish samples have significantly 
smaller phonemic z-distances than German ones. At their turn, 
the latter are closer to their phonemic fingerprint than the 
Dutch ones, and finally, the Dutch lists of best exemplars are 
more representative for the speech sound distrubutions of the 
target language than their English counterparts (all 
comparisons p < .001). Similar findings came out of the 
analysis of the “worst” exemplars. These results are in line 
with the general  idea that Spanish is phonemically less 
complex than English, to the extent that there is an overall 
relationship between the size of a language’s sound inventory 
and  its complexity and that languages with small inventories 
generally contain inherently less complex sound systems [12].  

When performing the same analysis on the 
graphemic content of these samples a significant effect of 
language was again found (F(3,396) = 744.40, p < .001 for 
best samples and F(3,396) = 815.802, p < .001 for least 
representative samples). Yet, contrary to the analysis of 
distances in the phonemic space, with respect to grapheme 
frequency distributions the overall difference between 
languages is due to the smaller z-distance of English samples 
as compared to their Dutch, Spanish or German counterparts 
(z-distance for graphemes English < Dutch < Spanish < 
German, all comparisons p < .001).  

The observed cross-linguistic differences in the 
phonemic and graphemic space are illustrated in Figure 1a-b. 
Table 1 gives an overview of the means and standard 
deviations.  
 

Figure 1a. z-distance of the 100x30-word 
phonemically best samples measured in the phonemic 

space 

  

 

 

 

 
Figure 1b. z-distance of the 10x30-word phonemically 

best samples measured in the graphemic space  
 

5.2. Grapheme-Phoneme correlations 
The observed cross-linguistic differences with respect to the 
degree of phonemic and graphemic representativity of the 
language samples can be readily observed from the different 
correlation coefficients between the graphemic and phonemic 
z-distances, where higher coefficients are to be associated with 
more transparent writing systems. As letter-sound consistency 
is known to be sensitive to word length [13], correlations were 
drawn on samples of long words (i.e. with a length of >P50 for 
the respective language). As can be observed from Table 2, 
Spanish and Dutch may be taken to have higher transparency 
than English and German. These results are completely in line 
with the generally accepted shallow vs. deep status of the 
orthographies of these languages. 
           

Table 2. z-distance correlations 

 Long words 

Spanish 0.6445 
German 0.5114 
Dutch 0.6566 
English 0.5339 

 

6. Discussion 
Several scholars have claimed that orthographic transparency 
is the main factor determining reading performance and 
reading development. Cross-language investigations of 
reading performance in school-aged children of different 
European countries has shown that after one year of reading 
instruction English children are able to read only 30-40% of 
the words correctly, while in their Greek and Finnish peers this 
proportion reaches almost 100%. By the age of twelve, the 
observed cross-language differences have levelled out [6], 
indicating that orthographic inconsistency is apparently 
responsible for slowing down the development of reading 
skills in children.  

In atypically developing populations, a similar effect 
of orthographic transparency on reading has been attested: in 
dyslectic children for instance, the inconsistency of the 
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English writing system with respect to sound-letter mapping 
has been shown to have an adverse effect on reading skills as 
compared to languages with a more transparent writing system 
such as German [14]. In a similar vein, the comparison of 
English- vs. Croatian speaking children with Specific 
Language Impairment has shown that early reading 
development is strongly influenced by the nature of the 
orthographic system to be learned [15]. 

Any theory of reading testing particular hypotheses 
invoking differences in orthographic transparency in a cross-
linguistic setting should be able to rely on objective and 
quantifiable measures of grapheme-to-phoneme mapping. In 
addition, the use of such a measure to build orthographically 
high vs. low transparent word lists paves the way for future 
research regarding the potential effect of the nature of reading 
stimuli used in early literacy programs for children learning 
complex orthographies (e.g. the UK National Literacy 
Strategy) or in psycholinguistic oriented research targeting the 
above mentioned atypically developing child populations. 

  

7. Conclusion 
Phonemic and graphemic similarity of a sample to a 
language’s overall sound and writing system can be expressed 
quantitatively in terms of z-distances in both spaces. These z-
distances are computed based on parameters taking into 
account the frequency of occurrence of each phoneme or 
grapheme in word-initial position and across word positions.  

By performing optimization sampling strategies it is 
possible to generate lists of words with higher vs. lower 
phonemic/graphemic similarity to the target language, i.e. to 
select those words which yield small resp. large z-distances to 
the target language’s phoneme or grapheme inventories.  

Under such an approach, it is possible to quantify 
orthographic transparency as the correlation between 
phonemic and graphemic similarity of a sample to the target 
language. The closer this correlation is to 1.00, the more 
transparent a language’s orthography is. The proposed 
quantification of the cross-linguistic variation in alphabetic 
writing systems can be expressed as a continuum of  
orthographic transparency. The analysis of  the four languages 
under investigation confirms the transparent vs. complex 
status of respectively the Spanish and English ortography.  

Finally, the availability of a reliable quantitative 
assessment method of ortographic transparency makes it 
possible to test particular hypotheses regarding the 
development and performance of reading in typical and 
atypical populations.   
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