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VISUAL ORTHOGRAPHIC VARIAION AND LEARNING TO READ ACROSS
WRITING SYSTEMS
Li-Yun Chang, PhD

University of Pittsburgh, 2015

This research examined the extent to which visual characteristics of orthographies affect learning
to read within and across writing systems, with an eye toward the role of mapping principles —
the manner in which graphemes map to linguistic units (e.g., phonemes, syllables, and
morphemes) in this process. Study 1 explained visual orthographic variation by developing a
measurement system to quantify complexity of graphemes in 131 orthographies. The results
show that grapheme complexity varies across writing systems and that this variation is driven by
grapheme inventory, a consequence of mapping principles. Next, we questioned how visual
orthographic variation impacts individuals’ perceptual learning of graphemes — one of the initial
stages of learning to read. Study 2 tested the degree to which mastering first-language (L1)
graphemes with different complexities affects visual perceptual discrimination for individuals
using different mapping principles (Online cross-writing-system experiment; eight participant
groups: Hebrew, English, Russian, Arabic, Hindi, Telugu, Japanese, and Chinese, n = 60,
respectively) and individuals using the same mapping principle (Lab within-writing-system
experiment: simplified vs. traditional Chinese, n = 60, respectively). Consistent results from both
experiments show that discrimination difficulty is a function of grapheme stimulus complexity
itself as well as its relationship to the complexity of participants’ L1, regardless of mapping
principles. These results were confirmed in Study 3, in which we developed a universal
orthographic neural network encoder focus on statistical properties of visual patterns to simulate
human behaviors. We trained each of 131 identical encoders to learn the structure of a different
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orthography; a strong, positive association was found between grapheme complexity and
network learning difficulty. Taken together, our results suggest that visual orthographic
variation, encompassing both grapheme complexity and grapheme inventory required for
orthographic mastery, affects visual discrimination processing of graphemes; these complexity

effects are driven significantly, but not absolutely, by mapping principles across writing systems.



1.0

2.0

11

1.2

1.3

2.1

2.2

2.3

2.4

TABLE OF CONTENTS

INTRODUGCTION ...ttt be e sneeene e 1
BACKGROUND ...ttt saeesnne s 2
111 Writing SYStemM VariatioN .........ccoviieieiieiieiieie et 2
1.1.2  Writing system variation and learning to read...........ccccccoeevenenieneennnnn, 4
113 Visual orthographic variation and learning to read............ccccoecevieniennenn. 6
RESEARCH QUESTIONS ... 9
SPECIFIC AIMS OF THE PRESENT RESEARCH.........ccocoiiiiiiiiee, 10
STUDY 1: GRAPHEME COMPLEXITY QUANTIFICATION........ccociiieen 12
OVERVIEW: A VISUAL ORTHOGRAPHY MEASURE ..........cccoirnnee. 13
IMETHOD ...ttt sne e 15
221 Visual orthography MeasuUre...........ccocveiiie e 15
2.2.2 Language SEIECTION ........ocuiiiiiiicee e s 17
2.2.3 Grapheme quantifiCation ..o 18
RESULTS ettt ettt et b et sen e es 18

231 Relationships among dimensions within and across writing systems.... 18
2.3.2 Optimal dimensions in differentiating writing system pairs ................. 21
2.3.3 Mapping principle, number of graphemes, and grapheme complexity. 22

INTERIM SUMMARY ..o 26

Vi



3.0 STUDY 2: VISUAL DISCRIMINATION PERFORMANCE COMPARISONS

WITHIN AND ACROSS WRITING SYSTEMS ... 29
3.1 OVERVIEW: VISUAL PERCEPTUAL LEARNING IN READING
DEVELOPMENT ACROSS WRITING SYSTEM VARIATIONS. ... 30
3.2 STUDY 2A: GRAPHEME DISCRIMINATION PERFORMANCE
ACROSS WRITING SYSTEMS (MTURK STUDY) ..cuviiiiiiiiieienie e 34

3.2.2 IMIEENOD ... e 35
3.2.2.1 SEMUIT ..o e e 37

3.2.2.2  TASK et e 39

3.2.2.3  PIOCEAUNTE. ...ttt 40

3.2.2.4  PArtiCIPANTS ...ooiviiiiiiieiieee ettt e 41

3.2.3 RESUIES .. 44
3.2.3.1 Data analysis plan: Mixed effect models ..........ccccccooenieniiiiiinnenn 44

3.2.3.2 Response accuracy (MTUrk study) ......c.ccooceviiinienienienece e 46

3.2.3.3 Response time (MTUrk study) .......cccooeieiiiniieieeeeee e 51

3.24 Interim summary of StUAY 2A ... 55

3.3 STUDY 2B: VISUAL DISCRIMINATION PERFORMANCE WITHIN A
WRITING SYSTEM (LAB STUDY) ..ottt st 56
3.3.1 IMIEENOD ... e 57
3.3.1.1 PArtiCIPANTS ..ottt e 57

TR 00 A B 1= T+ ] RSP PR 58

3313 TASK i e 59

3.3. 14 PrOCEAUNE. ...ttt 59

vii



3.3.2 RSUIES s 60

3.3.2.1 Response accuracy (Lab study) .......ccocvieiiiiiiiniineseee e 60

3.3.2.2 Response time (Lab Study) ... 62

3.3.2.3 Pattern discrimination task ............ccooviiiiiiiin 64

3.3.3 Interim summary of StUAY 2B ... 65

4.0 STUDY 3: MODELING VISUAL ORTHOGRAPHIC LEARNING ACROSS
WRITING SYSTEMS ...ttt et sttt et e nnn e 66
4.1 OVERVIEW: A MODEL WITH A DISTRIBUTED CODING SCHEME
SERVES AS A UNIVERSAL ORTHOGRAPHIC LEARNING DEVICE ................. 67

4.2 IMETHOD ...ttt naeesnne s 69
421 Model architeCtUIE.........ooiiieiic e 69

A.2.2  SHMUII oot 71

4.2.3 THAINING «eoiieie e et b et r e sbe et e beesaeeneenreas 72

O S 11 [ Vo TSR OP PR RPRT 73

4.3 RESULTS ettt b e b e e 74
43.1 Grapheme complexity is strongly associated with learning difficulty ... 74

4.3.2 Encoder accuracy is a function of stimulus complexity and L1
OFTNOGIAPNY . e 74

4.4 INTERIM SUMMARY ..o 78

5.0 GENERAL DISCUSSION ..ottt 80
5.1 KEY FINDINGS ...ttt 80

5.2 DISCUSSTON ...ttt ettt ne e b e e e 87
521 Visual orthographic learning across writing Systems...........cccocceevveivennen. 87

viii



5.2.2 Learning to read across orthographies.........ccccccocevveieninnenc e 89

5.2.3 Orthographic variation as implementation of multiple mapping

PIINCIPIES ... ettt be e b e b e e sbeeneenreas 91

5.3 CONCLUSION ..ttt ne e 93
APPEND X A et e e nee s 92
APPENDIX B ..t 98
APPENDIIX € ettt st b e bbb he e b e R bttt ae e e be e snneere e e 107
APPENDIX D ..ot 110
REFERENQCES ...ttt ettt be e b e et e e nb e e sbe e nneenee e 112



LIST OF TABLES

Table 1. Complexity values of five graphemes on four complexity dimensions................ccecu.... 17
Table 2. Correlations of grapheme complexity within and across writing systems ..................... 19
Table 3. Summary of multiple regression for dimensions predicting grapheme inventory (n of
GraPNEMES = 21,821) ...ttt et b et bbbt r e be et e re e be e nreas 20
Table 4. Optimal complexity dimension in differentiating writing system pairs. ..........ccccceeue.ee. 22
Table 5. Characteristics and number of grapheme pairs for each orthography in same different
JUAGMENTS (PEI TIST) .ottt ettt ettt esa e beesaeeneenreas 38
Table 6. Background characteristics for the final set of participants by orthography group........ 43
Table 7. Fixed effect parameter estimates for the final logit model for accuracy data in the same-
different judgment task (n = 60 for each participant group; MTurk data)..........cccceveirnnninnnn, 49
Table 8. Means and standard deviations (in parentheses) of proportion accurate of same-different
judgments (n = 60 for each participant group; MTUrK data) .........cccceeerernienienieiene e 50
Table 9. Fixed effect parameter estimates for the final model for response time (RT) in the same-
different judgment task (n = 60 for each participant group; MTurk data)..........ccccceveinnininnnn, 53
Table 10. Means and standard deviations (in parentheses) of response time (RT) on accurately
responded items in same-different judgments (n = 60 for each participant group; MTurk data). 54

Table 11. Background characteristics for the China and Taiwan participants ............ccccceeeveruenne. 58



Table 12. Means and standard deviations (in parentheses) of proportion accurate of same-
different judgments (n = 60 for each Chinese group; Lab data) ..........cccocceriererieneniesienieie e, 61
Table 13. Fixed effect parameter estimates for the final logit model for accuracy data in the
same-different judgment task (n = 60 for each Chinese group; Lab data)...........cccccevvrirrrernnne 62
Table 14. Means and standard deviations (in parentheses) of response time (RT) of same-
different judgments (n = 60 for each Chinese group; Lab data) .........ccccocevvereninnienienienieienens 63
Table 15. Fixed effect parameter estimates for the final model for response time (RT) in the
same-different judgment task (n = 60 for each Chinese group; Lab data)...........cccccevvrirrvernene 64
Table 16. Means and standard deviations (SD) of proportion accurate and response time (RT) of
the pattern discrimination task (n = 60 for each Chinese group; Lab data)...........c.cceevrverrvernenne 65
Table 17. Means and standard deviations (in parentheses) of encoder accuracy in examining
whether L1 orthographic complexity differentially affects perceptual variability across stimulus
COMPIEXITY TBVEIS ...ttt et b et e e e beenbeenee e 76
Table 18. Orthographies (by alphabetic order) in five writing systems with complexity values on
different dimensions: Grapheme inventory (GI), perimetric complexity (PC), number of
disconnected components (DC), number of connected points (CP), number of simple features
(SF), and overall complexity (in standardized COMPOSItE SCOIES) ....ccvvevvvvervreiiveiriieiie e sreeieeans 92
Table 19. Grapheme pairs in Study 2 (Each list contains 180 “same” pairs and 180 “different”

pairs; 360 pairs iN total PEI TISt) ........ooiiiiiiei e 98

Xi



LIST OF FIGURES

Figure 1. lllustration of writing variety across the five world’s major writing systems................. 4
Figure 2. Heat maps of grapheme complexity within and across writing systems............c.c........ 19
Figure 3. Variation of number of graphemes by writing systems — 131 orthographies................ 23
Figure 4. Variation of number of graphemes by writing systems — 129 orthographies................ 24
Figure 5. Variation of overall complexity by writing systems — 131 orthographies .................... 24

Figure 6. Distribution between number of graphemes and complexity values — 129 orthographies

....................................................................................................................................................... 25
Figure 7. Proportion accurate (n = 60 for each participant L1; MTurk data) ...........cccoevevereenenn 48
Figure 8. Response time on accurately responded items (MTurk data) ...........ccoeovvvrveeieniennnnn, 52
Figure 9. Proportion accurate (Lab data; MTurk data for reference) ........cccoceveeviinieeieneennnen, 61

Figure 10. Response time on accurately responded items (Lab data; MTurk data for reference) 63
Figure 11. The architecture of the model used in the simulation............ccccccooiiiiiiicicie 70
Figure 12. Modeling results of same-different judgments grapheme pairs drawn from different

grapheme groups, made by encoders trained with different orthographies. ...........ccccovveiieennne, 75

Xii



PREFACE

To those who have tread softly,

I offer my sincerest appreciation for your guidance, care, and support throughout my

journey in pursuit of self-actualization.

“Had | the heavens’ embroidered cloths,

Enwrought with golden and silver light,

The blue and the dim and the dark cloths

Of night and light and the half-light,

I would spread the cloths under your feet:

But I, being poor, have only my dreams;

I have spread my dreams under your feet;

Tread softly because you tread on my dreams.”

- W.B. Yeats (1865-1939)

"He Wishes for the Cloths of Heaven"
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1.0 INTRODUCTION

Our world’s writing systems span quite a massive range of variety; not surprisingly, their visual
forms vary greatly. Why are some writing systems more visually complex than others? How
does variability in the visual characteristics of graphemes, the smallest writing unit with
implications for meaning, affect the process of learning to read across writing systems? What is
the impact of grapheme mastery in one language on the approach to graphemes in another
language — specifically, do individuals using different writing systems perceive graphemes
differently? These are key questions that this dissertation research addressed.

We aimed to examine whether — and how — visual orthographic variation (i.e., the visual
characteristics of orthography) affects the process of learning to read, among learners both within
and comparatively across writing systems. Three studies were designed to achieve this aim: a
content analysis of graphemes from across five writing systems, a behavioral study comparing
individuals’ perceptual processing of graphemes of varying complexity, and a computational
modeling study serving as a demonstrative explanation of how visual orthographic variation
affects learning. We begin this dissertation work by reviewing cross-writing-systems research,
posing broader research questions, sharpening specific aims, introducing each study with relating
work, method, results, interim summary, and then summarizing key findings in a general

discussion.



11 BACKGROUND

111 Writing system variation

The manner in which writing systems convey meaning, in terms of mapping to spoken language,
is highly varied. Many reading studies have involved in-depth discussions on how writing
systems vary along several dimensions — phonological grain size (Ziegler & Goswami, 2005;
2006), orthographic depth (Katz & Frost, 1992), semantic transparency (Wydell, 2012), visual
symbols set (Nag, 2014), and how such writing system variation can have an impact on learning
to read, as compared within and across writing systems (e.g., Frost, 2012; Perfetti & Harris, 2013;
Perfetti, Liu, Fiez, Nelson, Bolger, & Tan, 2007; Seidenberg, 2011).

In reading research, writing systems are generally grouped into three categories (Gelb,
1963), each delineated by mapping principles, i.e. the manner of correspondence between
graphemes and linguistic units (e.g., phonemes, syllables, or morphemes). Systems in which
graphemes map to phonemes, lower-level phonological units (i.e., systems with low mapping
level), are known as alphabetic writing systems — there exist three subtypes of alphabetic
systems, differing in their representations of vowels. In true alphabets (e.g., Finnish, English, and
Korean), graphemes each map to independent and equal representations of consonants or vowels.
In abjads (or consonantal writing systems; e.g., Hebrew and Arabic), although graphemes also
map to consonants and vowels, vowels are marked by secondary diacritics — these are visually
less prominent than primary consonant graphemes, and are not independent representations;
however, these diacritics are generally left unmarked in practice. In alphasyllabaries (e.g., Hindi
and Kannada), whole syllables are generally written with consonant-vowel graphemes combined
to form symbol blocks called akshara, using vowel diacritics attached to consonants; however, in
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contrast to abjads, vowels in alphasyllabaries can be present as independent symbols, quasi-
independent symbols, or not at all — for example, in Hindi, the phoneme /a/ is considered
inherent when pronouncing any consonant grapheme, and thus is not explicitly written. Of
systems using higher-level phonological mapping, where graphemes map to full syllables, there
are two types: syllabaries (e.g., Japanese hiragana and katakana), in which graphemes only
represent whole syllables (higher mapping level), and morphosyllabaries (e.g., Japanese Kanji
and Chinese), in which graphemes can represent syllables and whole morphemes (highest
mapping level) (DeFrancis, 1989). A notable aspect of these categories is that their boundaries,
when examined at the level of mapping between graphemes and their corresponding linguistic
units in individual orthographies, distinctly overlap. The above example of written vowel
omission in Hindi provides a case in which some alphasyllabic graphemes could be categorized
as syllabic (e.g. written “k” pronounced /ka/) whereas others could be categorized as alphabetic
(in cases of quasi-independent vowel graphemes), and some syllabic graphemes representing
only independent vowels could also be categorized as alphabetic (e.g. written “a” in Japanese
hiragana). These overlaps illustrate that mapping principle alone may be insufficient for
categorizing orthographies in examining reading differences across writing systems.

The differences among these five writing systems are generally captured by the morpho-
phonological dimensions of the languages that use them (Frost, 2012). Recently, some reading
scholars have proposed that these differences can be equivalently captured by another dimension,
visual symbol set (Nag, 2011; 2014; Nag, Caravolas, & Snowling, 2011). These scholars place
writing systems on a continuum, split between “contained” and “extensive” sides, in terms of the
number of visual symbols that a given system requires. On the contained side are alphabets

requiring fewer symbols (24-36); on the extensive side are morphosyllabaries, which require



greater numbers of symbols (Chinese: over 2500); alphasyllabaries (200-500) fall between these
two extremes.

To capture how five major writing systems vary along these multiple dimensions —
morpho-phonology and visual symbol set - we illustrate their relative positions in Figure 1.
Generally, as mapping level increases, the number of visual symbols also increases. In
interpreting this covariance, we speculate that it is mapping principle that drives number of
visual symbols (as opposed to the reverse) because spoken language is generally thought to have

existed long before written language.
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Figure 1. lllustration of writing variety across the five world’s major writing systems

1.1.2 Writing system variation and learning to read

Several key terms distilled from thorough review of prior research into the comparative
processes of learning to read across writing systems are used in the current research. We
introduce these terms here: writing systems, script, and orthographies. The following definitions
are provided so as to avoid any confusion on the part of our readers. Writing systems are defined

as larger families of written language, delineated by the linguistic units represented by their



graphemes (e.g., abjads: consonants; alphabet: phonemes; alpha-syllabaries: consonant-vowel
units; syllabaries: syllables; morpho-syllabaries: syllables and morphemes; Cook & Bassetti,
2005). Scripts are visual forms of writing (Perfetti, Liu, Fiez, Nelson, Bolger, & Tan, 2007). A
written language can be presented in many scripts; for example, cursive or typeface (e.g., “font”
and “font” in written English). Orthographies, different from scripts, are the implementations of
writing systems used by specific languages (Perfetti et al., 2007). Whereas writing systems are
categorized by level of mapping to linguistic units, orthographies are implemented in varying
ways depending on their “parent” writing system. The terms of such implementation are
determined by the following, somewhat detailed paradigm. Within the morpho-phonological
dimension, in abjad, alphabet, and alphasyllabary writing systems, orthographies rely on
grapheme-phoneme correspondence (GPC); in syllabaries or morphosyllabaries, orthographies
rely on grapheme-syllable correspondence (Scheerer, 1986). This correspondence, i.e., the level
at which graphemes map to phonological units, is described in reading literature as a continuum
between “transparent” (or shallow; one-to-one mapping) and “opaque” (or deep; one-to-many,
many-to-one, or many-to-many mappings). Within the visual symbol set dimension,
orthographies are delineated by number of graphemes (or grapheme inventory).

How do writing system variations affect learning to read across writing systems? There is
no simple answer, because writing systems vary along non-orthogonal dimensions, limiting ease
of comparison, and there are many apparent trade-offs among relevant features of each
dimension when relationships between dimensions are closely examined (for reviews, see Frost,
2012; Hirshorn & Fiez, 2014; Perfetti & Harris, 2013; Seidenberg, 2011). Although a growing
body of research has investigated how learning to read is influenced by grapheme-linguistic unit

mapping correspondence (e.g., Ellis, Natsume et al., 2004; Perfetti, Liu, & Tan, 2005; Perfetti,



Zhang, & Berent, 1992), little attention has been given to graphemes per se, or visual
characteristics of orthography, in terms of their role in learning differences across the world’s
wide variety of written language.

However, and importantly, accurate, stable orthographic representations are required for
associations to be reliably learned between visual forms and aspects of spoken language in order
for skilled reading to be achieved (Perfetti & Hart, 2002). Visual complexity of orthographies
itself may constrain efficient development of these orthographic representations, thus
contributing to difficulty in learning to read. Moreover, orthographies with visually complex
graphemes are also likely to contain a larger grapheme set, providing an additional source of
difficulty during learning (e.g., Nag, 2011; Nag, Treiman & Snowling, 2010). Therefore, an
investigation into differences in learning to read across writing systems that fails to consider
visual characteristics of orthography may result in a misleading conclusion that would be

difficult to generalize.

113 Visual orthographic variation and learning to read

We categorize visual orthographic variation among two levels: grapheme and orthography. At
the grapheme level, variation concerns the visual characteristics of individual graphemes; at the
orthography level, variation deals with the number of graphemes contained within a given
orthography. We are particularly interested in how such multi-layered visual orthographic
variation impacts the process of learning to read, as compared across writing systems.

The visual demands of grapheme processing can pose a significant challenge to
beginning learners. Empirical studies covering a wide range of orthographies have demonstrated
that grapheme complexity is negatively correlated with grapheme identification efficiency (Liu,
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Chen, Liu, & Fu, 2012; Pelli, Burns, Farell, & Moore-Page, 2006). These studies suggest that
more complex graphemes impose greater demands on visual perceptual processing as learners
attempt to develop robust orthographic representations.

Learners are further challenged in mastering the complete inventory of graphemes in their
own orthography, the size of which varies across orthographies. In alphabetic orthographies
(average grapheme inventory: 20-30) such as Finnish, children master all graphemes after first
grade (Seymour, Aro, & Erskine, 2003; White, Grave, & Slater, 1990); in alphasyllabic
orthographies (average grapheme inventory: 400) such as Kannada, children require three to four
years of formal instruction to master all graphemes (Nag, 2007); in morphosyllabic
orthographies (average grapheme inventory: > 1800) such as Chinese, Japanese Kanji, and
Korean Hanja, children continue to learn novel characters after six years of formal education
(Shu, Chen, Anderson, Wu, & Xuan, 2003, for Chinese; Tamaoka, Kirsner, Yanase, Miyaoka, &
Kawakami, 2002, for Japanese Kanji; Cho & Chen, 1999, for Korean Hanja).

Reading orthographies with large inventories and more complex graphemes may require
stronger visual perceptual skills and may, in turn, strengthen such skills. Tan, Spinks et al. (2005)
found that early progress in reading Chinese was linked more to copying skills than to phonemic
awareness. Moreover, McBridge-Chang, Zhou et al. (2011) reported a link between orthographic
learning and general visuospatial skill in typically developing readers from orthographies of
varying complexity. Children learning to read traditional Chinese, an orthography with highly
complex graphemes (average 10 strokes per character; Huang & Hanley, 1995) outperformed
children learning to read Spanish, an orthography with relatively simple graphemes (average 2.5

strokes per letter; Changizi & Shimojo, 2005), on a standardized visuospatial relationship task.



These findings highlight the implications of orthographic visual complexity for learning
to read; however, such implications have not been specifically addressed in reading research,

leaving our understanding limited.



1.2 RESEARCH QUESTIONS

This research seeks to advance our understanding about how the visual characteristics of
orthographies affect learning to read across the world’s wide range of writing systems. We pose
several key questions on the front of this research:
1. How do writing systems handle variability in visual characteristics of graphemes?
Specifically, what are the relationships among mapping principle, grapheme inventory
(number of graphemes contained within a given orthography), and grapheme complexity?
2. What are the implications of visual orthographic variation on learning to read, from beginning
learners to skilled readers, across writing systems?
(1) Do more complex graphemes impose demands on perceptual processing?
(2) Does increased grapheme inventory size hinder grapheme learning efficiency?
(3) Does mastering more complex graphemes or larger grapheme inventories require higher-
order visual skills, in turn strengthening such skills?
Collectively, to what extent does the visual complexity of orthographies, encompassing both
grapheme complexity and grapheme inventory size, affect visual perceptual processing of
individuals within and across writing systems?
3. Given that orthographies map in different ways to phonemes, syllables, and morphemes, if the
visual complexity of orthographies affects individuals’ visual perceptual processing, to what

extent does an orthography's mapping principle influence this visual processing?



1.3  SPECIFIC AIMS OF THE PRESENT RESEARCH

The overarching goal of this research is to examine the extent to which the visual orthographic
variation impacts individuals’ perceptual processing of graphemes — one of the initial stage of
learning to read. Three specific aims are addressed in one content analysis, one behavioral study,
and one computational modeling study.

Aim 1 is to study the relationships among mapping principle, grapheme inventory, and
grapheme complexity by proposing a comprehensive measurement system to quantify
complexity — both number of graphemes and complexity of individual graphemes, over 131
orthographies. In Study 1 (grapheme complexity quantification), we expected that mapping
principle would govern grapheme inventory, which, in turn, would drive grapheme complexity.

Aim 2 is to examine the extent to which the visual orthographic variation affects visual
perceptual processing in individuals, as compared within and across writing systems, and to do
so by using the measurement system developed in Study 1 to systematically vary the
complexities of grapheme stimuli and of participants’ L1 orthographies. In Study 2 (behavioral
experiment), an identical experimental design is applied to individuals using different mapping
principles (Study 2A) and individuals using the same mapping principle (Study 2B), while
complexities of L1 orthographies mastered by all individuals varied. Overall, we expected to find
a complexity effect — grapheme discrimination efficiency should be subject to an interaction
between the complexity of perceived stimuli and of participant L1 orthography, with an eye
toward how mapping principle plays differing roles in Study 2A and Study 2B.

Aim 3 is to demonstrate a causal relationship between visual orthographic variation and
grapheme perceptual learning across writing systems by developing a universal learning device

that solely focuses on visual processing. In Study 3 (computational modeling), the first
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demonstration is to show that grapheme complexity leads to learning difficulty in mastering all
graphemes in a given orthography; all 131 orthographies in Study 1 will be used. The second
demonstration is to replicate Study 2A with results that can attributed to experience of
orthography complexities only, without any input from mapping principle. We expected that
both demonstrations would provide insights to clarify the relationship between the visual
complexity of orthographies, mapping principle, and learning to read across writing systems.
Taken together, these three studies form a comprehensive narrative of the impact of
visual complexity on the development of reading processes. In Study 1, we characterize the
complexity variation over 131 orthographies, serving as a basis for Study 2 and Study 3. In Study
2, we compare individuals using different mapping principles (Study 2A) and the same mapping
principle (Study 2B). In Study 3, we conduct an experiment parallel with Study 2A and
demonstrate the process of learning to read the 131 orthographies in Study 1. These studies help
us understand how visual characteristics of orthographies affect reading development, while

taking mapping principle into consideration.
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2.0 STUDY 1: GRAPHEME COMPLEXITY QUANTIFICATION

The goal of Study 1 was to develop a tool for studying key visual characteristics of graphemes as
they vary over the wide range of orthographies present in the worlds’ writing systems — namely,
the complexity of these graphemes, the similarities and differences between grapheme
complexity patterns within and across writing systems, and the factors underlying these
complexity patterns.

In Study 1, our assumption was that a writing system’s mapping principle — its manner of
correspondence between graphemes and their linguistic units (e.g., phonemes, syllables, or
morphemes) — determines the number of graphemes (or grapheme inventory) that the writing
system needs. A writing system with lower mapping level (e.g., graphemes map to smaller
phonological units such as phonemes) should need fewer graphemes, whereas a writing system
with higher mapping level (e.g., graphemes map to larger phonological units such as syllables)
should require many graphemes. Taking this assumption, we asked whether or not grapheme
inventory, an implementation of mapping principle, is related to grapheme complexity.

To quantify grapheme complexity, we propose a comprehensive measure of four
dimensions, each of whose strength has been demonstrated in prior reading research. We applied
this measure to quantify grapheme complexity of 131 orthographies, examined the relationships
among complexity patterns within and across writing systems, and associated the overall

complexity of orthographies with number of graphemes. We expected a strong correlation to be
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found, supporting the claim that mapping principles govern number of graphemes, which, in turn,

drives grapheme complexity.

21 OVERVIEW: A VISUAL ORTHOGRAPHY MEASURE

Every grapheme is a basic, two-dimensional visual object whose shape is composed of
distinctive features such as lines, curves, intersections, and terminations. It is a natural tendency
of grapheme complexity to increase along with number of graphemes, as more intricate
combinations of simple features are required to construct larger sets of unique graphemes (cf:
Information theory, Shannon & Weaver, 1949). Varying feature combinations give rise to
different levels of visual complexity of graphemes which may, in turn, place varying loads on
perceptual processing. Indeed, numerous studies of object identification have indicated that
stimulus complexity affects recognition efficiency (e.g., Liu, Chen, Liu, & Fu, 2012).

In attempting to compare grapheme complexity across writing systems, we asked which
measures are necessary and sufficient for capturing various visual characteristics of individual
graphemes. Prior research has proposed several measures of object complexity. For instance,
pattern goodness (Checkosky & Whitlock, 1973) is a subjective property of visual
configuration, indexed by differences in rotation-reflection equivalence set size; information
load (Alvarez & Cavanagh, 2004) is a measure of the visual features of an object that are
encoded and stored in memory, indexed by the effect of search object numerosity on visual
search speed; perimetric complexity (Pelli et al., 2006) is an objective measure of the
complexity of binary images, indexed by the ratio between the square of inside-and-outside

perimeter and “ink” area of a shape (for size invariance). Among these measures, the perimetric
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complexity has been demonstrated to have the most merits. It is objective, size-invariant,
commonly used in shape analysis (Grainger et al., 2008), and well-correlated with pattern
goodness and information load (Jiang, Shim, & Makovski, 2008). Moreover, this measure has
been used in studying letter recognition among different orthographies. Pelli et al., (2006)
applied perimetric complexity measures to six orthographies (Arabic, Armenian, Chinese,
Devanagari, English, and Hebrew) using various type styles, sizes, and contrasts. Participants,
who ranged widely in age and experience, completed a letter identification task and it was
found that, across different orthographies, greater complexity of letter form was associated with
lower identification efficiency.

Perimetric complexity seemed to be a promising measure in quantifying grapheme
complexity; we questioned further whether it is a sufficient measure. Other measures have been
used to study visual characteristics of grapheme stimuli in reading research across writing
systems. In alphabets, disconnected components in graphemes (e.g. < j >; the dot is not
connected to the main body) reportedly increased memory load on young readers (Treiman &
Kessler, 2005), whereas line terminations (e.g., connected points in < R >) were reported as the
features most critical to college students in letter identification (Fiset et al., 2008). In
alphasyllabaries, vowels’ featuring of disjointed components (e.g., < 1=z >) was highly
associated with vowel placement confusion in early literacy (e.g., Hindi: Gupta, 2004; Thai:
Winskel, 2010). In morphosyllabaries, number of simple features (e.g., strokes) was varied to
serve as a visual complexity manipulation of character stimuli (e.g., Japanese: Tamaoka &
Kiyama, 2013; simplified Chinese: Wu, Zhou, & Shu, 1999; traditional Chinese: Chen, Allport,

& Marshall, 1996). Although these studies suggest that visual complexity affects perceptual
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processing of graphemes, their results are not comparable because their measures captured
different characteristics of grapheme complexity.

In Study 1, we aimed to establish a visual orthography measurement system to assess
the complexity of any grapheme in the world and to allow fair comparisons of grapheme
complexity within and across writing systems. This system comprises four dimensions:
perimetric complexity, number of disconnected components, number of connected points, and
number of simple features; each of these dimensions has been established in prior reading
research. The primary goals were to apply this visual orthography measure to a larger number
of orthographies across writing systems and to examine the relationships of grapheme
complexity within and across writing systems. The secondary goal was to determine which
constituent dimension is better able to properly distinguish writing systems. The ultimate goal
was to investigate the degree to which mapping principle, by writing system, plays a role in

grapheme complexity by governing grapheme inventory.

2.2 METHOD

2.2.1 Visual orthography measure

Before introducing each dimension of our visual orthography measure, we defined the following
three key terms: A simple feature is a discrete element of an image that can be discriminated
independently from other features (Pelli et al., 2006). For example, < T > has two simple
features. A connected point (or a junction) is an adjoining of at least two features. For example, <

F > has two connected points. A disconnected component is a simple feature or a feature that is
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not linked to other features in a set. For example, < i > and < = > have two disconnected

components respectively.

Perimetric complexity (PC): PC is defined as the square of the sum of the inside and
outside perimeters of a grapheme divided by the product of 4z and the foreground area (Pelli et
al., 2006; Watson, 2011). For example, in a 500-pixel x 500-pixel bitmap, 1’s represent “ink”
and 0’s represent “paper”; if upper-case W has a 4,656-pixel perimeter and 136,602-pixel
squared area, its perimetric complexity is 12.6287 (= 4656 x 4656/ 136602 /4=). This dimension
IS sensitive to the changes in luminance across space (i.e., spatial frequency) of a grapheme and
its value is invariant to the size of the grapheme (Grainger et al., 2008).

Number of disconnected components (DC): DC is defined as a simple feature or a
feature that is not linked to other features in a set. This dimension is sensitive to discontinuity
information (Gibson, 1969).

Number of connected points (CP): CP is a point of contact between features. This
dimension is sensitive to information regarding continuity (Lanthier, Risko, Stolz, & Besner,
2009) and provide clues in the relationships between simple features (Biedeman, 1987), counter
to the DC dimension.

Number of simple features (SF): SF is a discrete element that can be discriminated from
others; a typical example is a stroke within a Chinese character (Wu, Zhou, & Shu, 1999). This
dimension is sensitive to the degree of combination of simple grapheme building blocks.

Collectively, these four dimensions provide objective, quantitative, and size invariant
estimations about complexity of graphemes. Table 1 shows how these four dimensions capturing

different characteristics of five example graphemes.
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Table 1. Complexity values of five graphemes on four complexity dimensions

Writing System Abjad Alphabet Syllabary  Alphasyllabary Morphosyllabary

Orthography Hebrew Russian Crree Telugu Chinese
Example o
. °© -

Grapheme 3. 3 A . @o Uaj
PC 6.02 7.83 12.04 18.06 20.85
DC 2 1 3 3 1
CP 1 1 3 2 14
SF 3 2 6 5 9

Note. PC = Perimetric complexity, DC = number of disconnected components, CP = number of

connected points, SF = number of simple features.

2.2.2 Language selection

We selected 131 orthographies from five writing systems (Alphabet: 60; Abjad: 16;
Alphasyllabary: 41; Syllabary: 11; Morphosyllabary: 3). These orthographies were selected
because they have been specifically examined in previous cross-writing-system (Changizi &
Shimojo, 2005), cross-alphabet (Seymour, Aro, Erskine, 2003) and cross-Chinese-orthography
(Chen, Chang, Chiou, Sung, Chang, 2011) studies. To retrieve the number of graphemes and
writing system categories for these orthographies, we used the same source as Changizi et al.’s
(2005) study: Ager’s Omniglot: a guide to writing systems (Ager, 1998). For the three
orthographies for which Omniglot offers no information, we consulted other sources: Chen et al.
(2011) for two Chinese orthographies (i.e., traditional and simplified) and Wikipedia for the

Japanese Kanji orthography (http://en.wikipedia.org/wiki/Ky%C5%8Diku_kanji).
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2.2.3 Grapheme quantification

We generated images of 21,821 graphemes before quantifying their complexity. The Processing
software (Fry & Reans, 2004) was used to construct a simple image of each grapheme.
Graphemes were presented in white Arial font against a 500x500-pixel black background. Of the
selected orthograp