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Abstract

Although Digital Accessible Information System, an international digital talking
book standard, is conducting active research on upper level education for people
with reading disabilities, special components like images or formulas are difficult to
read aloud in Korean. Therefore, this paper defines Korean math-to-speech rules for
Contents Mathematical Markup Language based on the formulas used in the Korean
middle school and high school freshman curriculum. Based on the proposed rules, a
program that turns formulas expressed in Contents Mathematical Markup Language
into speech was also designed through Extensible Stylesheet Language Transforma-
tions. Finally, a performance test was conducted to determine both the accuracy of
the transformed formulas and the clarity of formulas when read aloud.

Keywords Reading disability - MathML - Math to speech - Korean math-to-speech
rule - Evaluation - Usability

1 Introduction

The wide distribution of individual smart devices highlights the importance of

accessibility that enables all people to freely use digital devices regardless of any
disabilities [1]. In line with such social trends, researchers continue to develop

P4 Soon-Bum Lim
sblim@sookmyung.ac.kr

Joo Hyun Park

park.joohyun5 @gmail.com

Department of IT Engineering, Sookmyung Women’s University, Seoul, Korea
Division of Computer Engineering, Hansung University, Seoul, Korea

Department of Rehabilitation Technology, Korea Nazarene University, Cheonan, Korea

Department of IT Convergence, Korea Nazarene University, Cheonan, Korea

@ Springer


http://orcid.org/0000-0003-4454-4838
http://crossmark.crossref.org/dialog/?doi=10.1007/s11227-020-03519-0&domain=pdf

6382 J.H.Park et al.

accessibility aids such as digital textbooks to improve quality of life for people with
disabilities [2].

Digital textbooks and web document contain diverse forms of multimedia con-
tents including text, images, audio, video, and formulas. Currently, most web docu-
ments and e-books contain manual descriptions using captions or alttext when gen-
erating documents with formulas, so there is a limit to human processing. Also, it
has limitations since it is not fully compatible with the Korean language for non-text
contents, especially for math formulas. As a result, the formulas in electronic books
manufactured in Korea either are omitted or are mentioned by name only, as if they
were images. The linguistic structural difference, in particular, creates problems like
incorrect word order when reading formulas in Mathematical Markup Language
(MathML) into Korean [3].

Also, in Korea, the formal curriculum is changing to e-learning education and
learning using digital textbooks. Reference books and supporting materials for
learning have also become digital. E-book creator is trying to express in the pro-
duction process to MathML formulas to maintain accessibility. Elementary and
middle school textbooks and reference books in Korea provide about 300,000 math
formulas. In order to hear and understand more than about 300,000 math formulas
by sound, it is necessary to convert automatically the reading text according to the
Hangul word order of expressions expressed in MathML.

In this research, a math-to-speech method of transforming formulas in MathML
[4] was developed for audio books for people with reading disabilities. Specifically,
the research defines math-to-speech rules capable of expressing mathematical for-
mula for Contents MathML and Extensible Stylesheet Language Transformations
(XSLT) [5] instead a plug-in was used for math-to-speech program development in
order to enhance the extendibility and speed. The scope of formulas for research was
limited to those used in Korean curriculum from seventh to ninth grades. Finally,
tests were conducted to verify both the accuracy of the transformed formulas when
read in the Korean language and the comprehensibility of math-to-speech formulas
when read aloud to textbook users.

2 Current practice and research

With DAISY, an international digital audio book standard, formula contents are
expressed in MathML [6]. This part of the paper looks into the drawbacks of the
application of global math-to-speech services in the Korean language.

2.1 Research on math-to-speech conversion

MathPlayer of Design Science Inc., an American company, is a representative math-
to-speech service [7]. It renders MathML in web browser format and reads the for-
mula aloud. The program is available on Internet Explorer browser after installing a
plug-in. The grammar rule applied to this program is MathSpeak, a math-to-speech
style that has been developed through the MathSpeak project by gh-MathSpeak Inc.,
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a company established in 2004 [8]. The grammar rule provided by MathSpeak pro-
vides three levels of math-to-speech style: verbose, brief, and super-brief, and the
user selects the level in accordance with his or her circumstances and demands.

Math Genie is a browser that supports the audio output of the formula designed by
Math Genie Inc. [9]. It is a system designed to be used by people with visual disabilities
who do not have prior knowledge of braille, and provides all students, including stu-
dents with visual disabilities, with equal accessibility to educational materials by sup-
porting formula contents encoded in MathML. The synchronization function between
audio and graphic rendering enables the Scalable Vector Graphics (SVG)-based read-
ing of formulas and highlights parts of formulas and thus helps math education for stu-
dents with dyslexia. The program is available in English, French, and Spanish.

WIRIS MathType is an HTML-based JavaScript editor that can write and edit
mathematical expressions and display mathematical graphics in Cartesian coordi-
nate systems [10]. WIRIS Math Editor is a browser application that supports both
MathML and LaTeX. MathType not only outputs the expression written in the editor
through MathML or LaTeX, but also supports output to an image so that you can
use the <img>HTML tag. In addition, the way to provide access to images is to add
appropriate text to the ALT attribute. MathType automatically generates and pro-
vides English text for the formula.

MathJax is a cross-browser JavaScript library that displays math notation in a
web browser using MathML, LaTeX, and ASCIIMathML markup [11]. MathJax is
provided as open-source software under the Apache license. MathJax is downloaded
as part of a web page, scans mathematical markup on the page, and enters math-
ematical information accordingly. So MathJax does not require any software or addi-
tional fonts to be installed on the reader system. MathJax can display math using a
combination of HTML and CSS or, if available, using the browser’s native MathML
support. The exact method MathJax uses to typeset math depends on the capabilities
of your browser, the fonts, and configuration settings available on your system, and
it uses SVG rendering to display formulas on the screen. MathJax supports math
accessibility by exposing MathML to assistive technology software and native WAI-
ARIA “role” and “text” attributes through APIs.

EyeMath is a cloud-based mobile application that reads mathematical expres-
sions in documents using Amazon AWS’ serverless microservices [12]. EyeMath
splits the input image into smaller pieces and calls the MathpixOCR API to separate
the pieces with only plain text and pieces with mathematical symbols into LaTex
strings. Math-related pieces are added to the Abstract Syntax Tree (AST) and writ-
ten/parsed in Thai sentences. Plain text fragments are converted to text using Tesser-
act OCR. Finally, all the pieces were combined to be developed so that the screen
reader of the device can read them out loud.

EAR-Math proposed a methodological approach for user-centered evaluation of
mathematical rendering against baseline [13]. They defined a set of performance
metrics that capture the distance between the reference and the perceived math
expressions tree. EAR-Math measured system performance using subdivided error
rates based on structural elements, mathematical operators, and numbers and identi-
fiers in equations’ syntax trees. This measurement was performed about the Greek
audio rendering rules of MathPlayer in a pilot study. This study confirmed that the
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structural error rate was higher in mean and variance than the other two metrics and
that participants improved second and third when listening to the stimulus.

TechRead’s [14] used prosodic to denote nested structures to the synthetic voice.
To devised mechanism for mathematical content can be delivered man intuitive
manner, participants with sight were asked to choose from a list of prepared answers
that matched the audio stimulus. Of the 16 rendered math expressions, three were
being trained and the rest were played in three phonetic modes.

2.2 Research on non-English math-to-speech transformation

In Japan, Nihon University and the Institute of Systems, Information Technologies,
and Nanotechnologies (ISIT) have proposed a new methodology for math-to-speech
within DAISY [15]. In this research, some mathematical expressions in Japanese are
difficult to express in math-to-speech; these were briefly studied in the course of this
research. Ways to address ambiguities in the pronunciation of terminologies when
they are used in mathematical and other contexts were investigated.

The three major ambiguities identified are fractional expressions, subscripts or
superscripts, and formulas with parentheses. For such examples when the pronun-
ciation could vary according to the context, a methodology using Ruby is proposed
to add supplemental information to clarify any ambiguity. Ruby methodology adds
phonogram explanations for foreign languages or Chinese characters on printed doc-
uments, and can be expressed in either hiragana or katakana.

Japanese researchers have suggested a function called Yomi that can add addi-
tional information on formulas with a Ruby tag. Ruby and Yomi are different in
terms of their basic concepts. While Ruby is included in the original print, Yomi is
not. Therefore, Yomi is not apparent on the DAISY text but can adjust the audio out-
put, and thus, a method using Yomi does not affect the original.

MathReader is a tool that enables the visually impaired people in Thailand to
study math or science independently [16]. MathReader automatically reads math-
ematical symbols or formulas in Thai and consists of four main modules. Convert-
ing a mathematical expression in Thai to speech is different from changing plain
text due to characters and structures. In the Thai writing system, each term is writ-
ten in linear form from left to right without space between. Also, consonants, vow-
els, and tone markers express characters in four levels of depth. On the other hand,
mathematical expression is a multi-level system. Superscripts and subscripts can
be expanded to multiple levels without restrictions. Therefore, additional words
are needed to express a mathematical expression in Thai. The Phrase Identification
module divides the input string into normal Thai text and mathematical expression
parts. The Thai Text Reader module generates the speech of the Thai text part, while
the MathEx Reader module generates the speech of the mathematical expression
part. The Math Reader module combines all the separate parts corresponding to the
voice of the original input.

Polish reads mathematical expressions in a different way from other languages. In
Polish, the expression of a mathematical expression is the same as that of English,
but the rules of reading depend on the preference [17]. For example, in a general
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formula, the comma serves to separate numbers from numbers, but in Polish, the
comma means the decimal separator. Also, the mathematical notation is read dif-
ferently depending on the situation. Therefore, in this study, a guide to the rules of
reading was defined through a survey for teachers who had experience in teaching
mathematics formula reading to the visually impaired. Based on the defined reading
rules, this study developed a speech output tool considering Presentation MathML
structure symbols and mathematical contexts for adjacent node names.

2.3 Differences of applying Korean math-to-speech in conventional research

As aforementioned, most of the commercialized math-to-speech service systems are
based on DAISY format and provide math-to-speech services in English to people
with reading disabilities. When such a system is applied in Korea, its function is dis-
rupted because of the difference of expressing formulas in English and Korean. For
example, when expressing a fraction in English, the numerator is read first, while it
is read after the denominator in Korea. When such a rule is disregarded, the original
meaning is distorted, as in Table 1.

As expressed in Table 1, the formula is read "x over 2 plus 1" in English and "2
bun-eui x plus 1" in Korean, which literally means "x under 2 plus 1." When literally
translating the English math-to-speech into Korean, however, the system will read
"x bun-eui 2 plus 1" so the user will comprehend it in an entirely different way. In
order to prevent such errors, a system with correct rules for each language is essen-
tial instead of a literal translation.

In this paper, research on transforming MathML contents into math-to-speech
texts was performed. Further, math-to-speech methods were developed for specific
target groups including the general public, students, and people with reading dis-
abilities. Since Korean math-to-speech is focused on MathML contents, the web
standard, it can be applied not only to electronic books but also to formulas in web
documents.

In addition, XSLT was used to design to extract the reading text suitable for
Korean word order, focusing on the method of providing a reading service of equa-
tions using XSLT in MathPlayer.

In order to extract Korean reading text using the existing MathPlayer method,
the following process is performed. First, each single formula created with MathML
is converted into a Math Tree, and the tree is expanded to express an expression
combined with multiple operators, and the English reading text is extracted by ana-
lyzing the tree. The next step is to go through the language translate process and

Table 1 Example of literal
translation of English math-to-
speech into Korean

Formula; g +1

(English Math-to-Speech) x over 2 plus 1

(Literal translation into Korean) x bun-eui 2 plus 1 (x i 2| 2
AD

(Korean Math-to-Speech) 2 bun-eui x plus 1 2 £2| x E¢{A 1)

il

&
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extract the Korean reading text. In this study, the XSLT program was implemented
to extract the Korean reading text immediately after generating the extended tree.
Korean reading rules were defined, and XSLT templates were defined according to
the defined rules. Our system performs math tree generation and expansion tree gen-
eration process the same as MathPlayer, but extracts Korean reading text directly
from MathPlayer’s English reading text extraction step. In the step of extracting the
Korean reading text in our system, the xslt written in the Korean reading rule defined
in this study is applied (Fig. 1). As XSLT makes a parse tree of the MathML con-
tents, the math-to-speech program was designed without directly coding the parsing
process. This has enhanced the convenience of managing and maintaining the math-
to-speech rule as the program is designed centering on the math-to-speech rule. In
addition, as all frameworks are based on the web standard method, web accessibility
has been enhanced.

3 Korean math-to-speech rule of formula contents

The final objective of this research is to identify math-to-speech texts for MathML
formulas in audio electronic books. The research also has the following detailed
targets: first, define phased math-to-speech rules for Contents MathML that can
express meanings of mathematical functions; second, transform Contents MathML
formula contents to math-to-speech texts using XSLT; and third, design a system
that converts the transformed text into Speech Synthesis Markup Language (SSML)
[18] content output. Chapter 3 explains the math-to-speech method studied on for-
mulas in Korean math curriculum ranging from seventh to ninth grade.

3.1 Contents MathML node tree analysis

Contents MathML is a method to express formulas for machine-readable and calcu-
lation. Figure 2 shows that a single formula is categorized as < apply >, and the first
child node is operator node, followed by operand node.

When there is one operand node, it is right operand node in most cases, but when
there are two operand nodes, left is followed by right operand node. When there are
more than three operand nodes, they are repeated under a single operator node. For
instance, in the case of “a+b+c+d,” as an operator of “+” combines the operand
nodes, < plus > becomes the operator node, and the number of operand nodes is four
(Fig. 3).

3.2 Defining Korean math-to-speech for Contents MathML formula

According to the formula characteristics, Contents MathML node composition can
be categorized into a meta element, operator element, and operand element, and a
math-to-speech rule for each has been defined.
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Extended
MathTres English Reading Text

Math Tree Korean Reading Text
+

MathPlayer Language Translation
Method MathML  wmp / - T ™ Xover2plue 1 W — B

Translation Error Occurred

Extended
Math Tree

Math Tree i Korean Reading Text

Our
Method MathML / = / T =
- 2 bun-eui x plus 1
X 2 X 2
Translation Rules
Written in XSLT

Fig. 1 Differences from MathPlayer

Fig.2 Contents MathML node
tree structure <apply>

X *
Operator Operand
€ node
Fig.3 Contents MathML
expressing (a+b+c+d) 22;;?;)
{plus/)
{ciy a {/ci) {ci) b {/ci) {ci) ¢ {/ci) {ci) d {/ci)
{/apply)

3.2.1 Meta element

Meta element consists of <math>, root element, and semantic mapping element
that expresses additional formula information.

Contents MathML is expressed as an expression tree that begins with <math>.
As <math>is considered a root element that does not have meaning, it is not trans-
formed into Korean math-to-speech.

Semantic mapping element is a node that expresses additional formula infor-
mation. The nodes that fall under the semantic mapping element are <annota-
tion>, <semantics >, and<annotation-xml>, which are not transformed into
Korean math-to-speech as they can be readable through the operation and operand
nodes analysis.

3.2.2 Operand element

As an element that expresses the operand of a formula, operand element consists
of token element and a non-terminal element. The beginning and ending tags
of < apply > element determines the scope of the operator. As it uses the prefix nota-
tion, the operator is mentioned in the first child element, while the operand is men-
tioned for the rest of the child elements. The <apply >element is not transformed
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Table 2 Math-to-speech rule for < cn > symbols

Contents MathML Value (symbol) Korean math-to-speech (English)
<cn>value </cn> &pi 0FO| ( Pa-i)
; &ExponentialE; (or &ee;) Ol A Z Ul M e (exponential e)
&Imaginaryl; (or &ii;) 514 i (Heo-su i)
&gamma; 2t OF (gamma)
&infin; (or &infty;) 2 3 [ (Moohandae)

Table 3 Math-to-speech rule for < ci> type features

Contents MathML Value Korean math-to-speech (English)
<ci type=value>a</ci> Integer A 4 a (Jungsoo a)
Rational S|4 a(Yourisoo a)
Real Al % a (Silsoo a)
Complex 2 A 4 a(Boksosoo a)
Constant A 4 a (Sangsoo a)
Function & 4 a (Hamsoo a)
Vector 2l E{ a (Bector a)
Set &' & a (Jibhab a)
Table 4 Math-to-speech rule for reiterated < apply >
<apply > Reiteration Korean math-to-speech
< apply > operator argument(s) < /apply > Open parenthesis operator argument(s) Close parenthesis

into Korean math-to-speech. In an operand, either the token element can come as
terminal node or formula tree made by < apply > element can come as non-terminal
node.

Token factors include numbers, content identifiers, constants, and symbol ele-
ments. The first element, numbers, expressed in < cn> produce the same node text
value as output. However, the following rules are used when < cn > text value is one
of the following (Table 2).

The second variable of < ci>is not transformed into Korean math-to-speech and
produces the same value as output. When type feature is used for the actual node,
the following words are added to Korean math-to-speech as the type feature can
determine variable information (Table 3).

Third, <apply >, a non-terminal node of operand, can be used in reiteration.
Excluding the few exceptions mentioned in the next chapter, other formulas can be
mapped with the reiteration of < apply > “open parenthesis” and “close parenthesis”
in the beginning and end of the formula to reduce the ambiguity of math-to-speech
(Table 4).
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3.2.3 Operator element

As an element expressing the formula operator, operator element appears as the first
child factor of <apply >. The math-to-speech rule for operator element has been
defined targeting the formula operator in math curriculum for seventh—ninth grade.
Operator was largely categorized into basic element, arithmetic, algebra and logic,
relations, set theories, and elementary classical functions. The math-to-speech rule
for each is shown in the following table. Among the expressions of Table 5, a and b
refer to terminal nodes, while [a] and [b] refer to non-terminal nodes. The terminal
nodes are pronounced as they are, but non-terminal nodes are applied with the afore-
mentioned rule of adding “open parenthesis” and “close parenthesis.”

3.2.4 Special elements of Korean math-to-speech

The aforementioned math-to-speech rules need additional processing including
propositions and elements. First, in Korean, the propositions change into various
forms (“2/%, 01/}, I/, 2/2”) depending on the final consonant of the previ-
ous syllable. Therefore, the proposition should be pronounced differently according
to the final consonant of the previous syllable. Second, in the Contents MathML,
element refers to “minus sign” when there is one operand, and when there are two
operands, it refers to the difference of each operand. Therefore, when there is one
operand, “minus” should go in front of the operand, and when there are two oper-
ands, “minus” should be in between the operands in the oral speech. Third, when
there are duplications of more than two operators, the repeating rule is applied in
the Korean math-to-speech. For instance, as for element “[a] plus [b] (plus [n])*,”
“plus [n]” is repeated. The operators that need to be repeated include plus and multi-
plication operators, greatest and least value operators, greatest common divider and
least common multiple operators, and operator elements of union set, intersection,
relational algebra, and statistics. Lastly, there is the rule of grouping pronunciation.
When reiteration < apply > factor is used among the operand element, unclear dis-
tinction of child and parent factors can lead to confusion. The grouping rule refers to
adding the modifier of “open parenthesis” and “close parenthesis” in the front and
back in order to restrict the scope of the formula.

To avoid duplicative interpretation of the math-to-speech of <apply > for child
factors, grouping rule must be applied to certain stages. However, for elements that
have their official names including fraction, root, and log, a different grouping rule
must be applied because the same rule can cause confusion in identifying the overall
formula structure. In this case, general users can easily be reminded of the meaning
when they hear official names like denominator, numerator, square root, and base,
grouping rules have been defined as given in Table 6.
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4 XLST transform program of Contents MathML into Korean
math-to-speech

4.1 Math-to-speech transformation process

The math-to-speech transformation process of the formula contents is shown in
Fig. 4. The mathematical expression in Contents MathML is read through XSLT,
which then transforms it into text form. After this process, the text form is processed
into SSML file speech output (Figs. 5 and 6).

4.2 XSLT design (Fig. 5)

XSLT designed a math-to-speech program for Contents MathML based on the
aforementioned math-to-speech conversion rules. The Contents MathML’s Korean
Math-to-Speech Rules Library was built based on the reading rules defined in Chap-
ter 3. In this library, Korean readings text corresponding to each node according to
the rules is defined to be converted using xsl: template. The formulas expressed in
Contents MathML are read through XSLT and transform them into text form via the
transformation template. Then, the text is processed into SSML file speech output.
Through this process, Contents MathML expressions can be converted into audio
format.

4.2.1 Top level node transformation of node tree

Contents MathML expressions begin with a root element of < math >. When the for-
mula is a single element, meaning it is a number, variable, or constant, it begins
with <cn>. The template is applied with the math-to-speech rule for processing ter-
minal nodes. When the formula is not a single element, it begins with an element
of <apply >. Therefore, the node tree normalization module begins with template
mapping for <apply >. Operator element comes as the first child of <apply >node,
and operand node comes as the brother node of the operator node. Such node tree
sequences must be considered when mapping the math-to-speech rule. Each opera-
tor template is designed by applying the math-to-speech rules defined in the previ-
ous chapter, and in the node tree normalization module, the appropriate template for
the operator, first child of <apply >, is used for mapping.

4.2.2 Transformation for general math-to-speech rule processing

In Contents MathML, the operator node can be divided into two large features
depending on its brother node or child node. To apply the math-to-speech rule, the
child node must first be identified followed by the application of the appropriate
math-to-speech template for child node, and then the brother node needs to be iden-
tified. When processing the brother node, the math-to-speech template is determined
based on the number of the brother nodes. When it is a single node without brother
nodes, it is a terminal node among the operand node, so the appropriate template for
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Content

MathML XSLT transform text form

of math

mathematical .
program expression

expression

Fig.4 Math-to-speech program module

Fig.5 Top level node trans- (xsl:template match="apply")
formation—applying template (xsl:apply—templates select="child::*[1]")
to <apply >node (xsl:choose)

(xsl:when test="[name() ='abs']")
(xsl:apply—templates select="."/)
(/xsl:when)

<xsltemplate match="approx">
<xsl:for-each select="following-sibling:*">
<xslif test=".[name()="ci']">
<xslapply-templates select="."/>
</xsl:if>
<xslif test=".[name()="cn']">
<xslapply-templates select="."/>
</xslif>
<xslif test=".[name()="apply']">
<xsl:apply-templates select="."/>
</xslif>
<xslif test="position()!=last()"> 2/ (is/is) </xsl:if>
<xslif test="position()=last()"> e}/m} ZAt3ICH(is approximate with)
</xsl:if>
</xsl:for-each>
</xsl:template>

Fig.6 Template for processing general math-to-speech rule

the terminal node is used for mapping. When there is one brother node, it is a node
that has a left operand, so the operator node must first be mapped, followed by the
mapping of the operand node template. When there are two brother nodes, mean-
ing there are both left and right operand nodes of the operator node, the calculation
sequence is first determined through the Korean math-to-speech rule and applies the
appropriate template for the node (Fig. 6).

In Contents MathML, there are grouping and repetition rules as special rules. A
representative example of grouping rule is fraction. As shown in the fraction tem-
plate in Fig. 7, “fraction begin” and “fraction end” come in the very beginning and
end of the fraction, respectively, and if the numerator or denominator is terminal
node, then the node value is added to the location of the speech output. When the
numerator or denominator is non-terminal node, “denominator’/“numerator,” and
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Fig.7 Example of template for {/xslif)
processing special math-to-
speech rule—grouping rule

{xsl:if test=".[name() ="apply’]™)
=52 A=} (fraction begin)
{xsl:apply-templates select ="."/)
29 £ (fraction end)

{/xsl:if)

<xsltemplate match="times">
<xsl:for-each select="following-sibling::*">
<xslif test=".[name()="ci"]">
<xsl:apply-templates select="."/>
</xsl:if>

<!-- repating read _ check last node -->

<xslif test="position() != last()">
=6} 7| (multiplication)
</xsl:if>

</xsl:for-each>

</xsl:template>

Fig. 8 Example of template for processing special math-to-speech rule—repetition rule

“denominator end”/*“numerator end” are added to accurately define the scope of the
denominator and numerator.

When there are more than three brother nodes, repetition rule is applied. As
shown in Fig. 8, the template for general repetition math-to-speech rule is converted
consecutively for each operand, and the operator in between the operands is added
to the speech output. When the four fundamental arithmetic operations are repeated,
for instance “a*b*c*d,” only the operator is repeated, for example, “a times b times
c times d.” However, when there is a sign of inequity, for instance “a>b>c,” the
speech output will produce “a is larger than b, larger than ¢ which will make the
meaning ambiguous. Therefore, in order to eradicate such ambiguity, the repetition
of the operand is used.

For Korean math-to-speech, there is a special rule for propositions of operands.
This is determined by the final consonant of the operand node. When there is a
final consonant, certain propositions (“2,” “0[,” and “2”) are used, while other

@ Springer



Korean language math-to-speech rules for digital books for... 6397

<xsl:template match=" /math”>

<!-- SSML output -->

<speak version="1.1" xmlns="http://www.w3.0rg/2001/10/systhesis"
xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance”
xsi:schemalocation="http://www.w3.0rg/2001/10/systhesis"
http://www.w3.org/TR/speech-synthesis11.xsd"
xml:lang="ko"">
<p>
<xsl"apply-templates select />
</p>

</speak>

</xsl:template >

Fig.9 Template for audio style application

(73 S T3

propositions (“=,” “},” and “E”) are used when there is no final consonant. In
addition, the grouping rule is added according to the complexity of the operand, and
the rule is varied according to the type of the operator.

4.2.3 Application of audio style

To apply the audio style module, the system enables the speech output in SSML file,
which is most widely used. When applying XSLT, SSML header and tag are com-
bined with the final speech output to produce SSML file output (Fig. 9).

4.3 XSLT design and sample page

In this study, a sample page was produced to confirm the correct application of
Korean reading rules. The sample page generated Contents MathML to read the
formulas, and created the presentation mathml of the formulas written in Contents
MathML to render the math formulas on the screen so that the math formula were
displayed on the web browser screen. In this study, a sample page was produced
to confirm the correct application of Korean reading rules. Currently, Contents
MathML does not support rendering images in browsers. Therefore, the sample page
created Contents MathML and Presentation MathML of the equation to be read, and
the image of the equation is displayed on the web browser screen. The XSLT pro-
gram implemented in this study transformed Contents MathML and extracted the
text of the reading. The expression expressed as Contents MathML is converted to
the reading text by calling the translation template of the operator using the XSLT
program implemented in this study. The extracted text was used to output an SSML
file for voice support. Figure 10 is a screen of a Korean math-to-speech text. Click-
ing on the “read” button, the user can listen to the speech output.
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IFEToX T =B [z | €10 o | @ |[w=Es)
filez///D...ulal.mml | file///...enhtm| x | =l ~ file:///D/28%202 A1...mula_presen2. html | +

€ fil *3 Pl B fil *3 Pl B

-b+Vb? - 4ac ax® + bx + c | read
x= 2a aEdAxe 25 EdAbx EAAc

read

®= EDAIE 22 22 & 22| EAAIE

0ol 2 0l EH 20104 FEAME b

°| 2z OOl A dac FEZ 24t &

English: x is a fraction begin 2a denominator end English: a plux x's 2 squre plus bx plus ¢

below numerator begin minus b plus minus root
begin b's 2 square minus 4ac root end numerator
end

Fig. 10 Screen of Korean math-to-speech text

5 Usability evaluation
5.1 Usability evaluation plan

In this research, the Korean math-to-speech rule for mathematical contents
expressed in Contents MathML within electronic books and web contents tar-
geted for people with disabilities was studied in order to enhance the accessibil-
ity of people with reading disabilities to mathematical contents, and a math-to-
speech program was designed. Therefore, it is necessary to verify how the input
formula is accurately converted to Korean text and how well the defined reading
rules are understood by the user.

In this Chapter, accuracy test was carried out to see how accurately the for-
mula has been converted, and a comprehensibility test was carried out to see how
well users understand the speech output.

Five participants participated in usability evaluation according to the most com-
mon usability methodology, a laboratory test requiring 4—10 relatively few partici-
pants [19]. All users who participated in the experiment are 20s college students.
And that the results of the experiment were used in the paper and signed the agree-
ment. The experimenter signed a consent form agreeing to use age, occupation,
experimental content, and experimental results in the paper. Informed consent was
obtained from the participants involved in the study.

The Accuracy Test evaluates the accuracy of the formulas converted to text for 15
mathematical formulas presented in the Korean middle and high school mathemat-
ics curriculum. At this time, after making 15 formulas in MathML, convert them
to math-to-speech program to check the execution result. Comprehensibility test
evaluates the accuracy by listening and reading dictation on each of the five formula
examples according to the difficulty level upper, middle, and lower. The scoring
standard for dictation is measured as correct only when 100% of the formula read is
written.
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Recently, researches are underway to convey mathematical expressions by voice
for users with visual impairments. Among them, related research EAR-Math[X]
proposed a methodological approach for user-centered evaluation of mathematical
rendering against baseline. EAR-Math measured system performance using subdi-
vided error rates based on structural elements, mathematical operators, and numbers
and identifiers in equations tree. We set the performance metric by referring to the
performance metric of EAR-Math. Our study measured accuracy based on language
structure translation, operators translation, and grouping rule based on the analysis
that the problem occurring in language translation is the biggest problem in under-
standing mathematical expressions.

5.2 Accuracy test

This experiment aims to check how accurately the proposed system extracted
Korean reading text compared to MathPlayer. The evaluation method is as fol-
lows. The experiment measures on three metrics. The first metric is accuracy
of language structure translation. After completing a given task, the number of
correctly translated language structures is scored for the total number of leading
text language structures in the equation. The second metric is operator transla-
tion accuracy, and the measurement method scores the number of single correct
operator translations for the total number of single operators. The last metrics is
grouping accuracy which is measured the number of groupings applied correctly
to the total number of grouping rules. The accuracy score is calculated by averag-
ing the values of the three items.
Language structure translation = #Correct structure x 100
#Total structure
#Correct operator translation

Operator translation = x 100
#Total operator
#Grouping applied correctl - (D
Grouping rules = PITS app - Y x 100
#Total grouping rules

Accuracy = Average(Language structure translation

+ Operator translation + Grouping rules)

The tasks used for evaluation are as follows.

First, we convert 15 equations to MathML. After extracting the English reading
text by playing the converted formula in MathPlayer, we calculate the result of trans-
lating the extracted English text into Korean and calculate the accuracy score for the
extracted Korean reading text through our system. All of the mathematical formula
examples of the Korean middle school and high school mathematics curriculum
have been converted using the proposed Korean math-to-speech method. Table 7
shows the formula used in the task and the correct reading text for the formula, and
the score is calculated by comparing it with the table.

After conducting an experiment for a total of 15 equations, an average was calcu-
lated for each measurement metric. Table 8 shows the results of the accuracy test of

@ Springer



J.H.Park et al.

6400

V JO JUSWI[D UL JOU SI Y

N0 LY oV I3V v ?e
1 J0u sI pua o[ e S0 1Ie)s pue sasayjuared uadp
N lols& CZeRIVLEI LR SF 1 # "30]
V Tended ay) Jo 9s10AdY
o [ol0lo Y T H1 -V
Ie)s s s1sayuared asopd u sisayiuared uado sowm q sowm €
ENCRIRUTCRLZAILRE «(W)qe
pu2 001 Z snid q snid e 11e3s 100y
S5t vREAVRE®RIV S cratep 2APPIA
PUD on[BA N[OSGE q }IBIS IN[BA JN[OSQE SNUTW PU AN[BA Bz_omam © }18)S 9N[BA AN[OSqY
iy aRly 2RE vHloo & 2N e &IV Z0& 1ai-rel
Aom st sisajuared 9s0[o
puo Jojerownu q snid e jIels JojeIdWNU JOPUN PUd Jojeurwoudp ¢ snyd o 11e)s J0jeUNIOUp Sisayyuared 4o
wd)oz ATA LR ENZAVRE RV NE LR SZEVRE RIVELCR IR 0c =3
(vuomngsiguonny) vV 22 d3dR2IYRY vnda=4dnv
(o 1opun 7 uey) SSI[ S1 q ‘quey ss9[ st ee) Ny 15 2 lo L ¢ A g 1159 2e¢ m >q> e
x1s jutod auo snjd uaass jurod o107
Z 30 viRE T AR 91+L0 MO
(ystSuy) yooads-o3-yrewr ueaIO| ordurexs eynurioy sanejussardoy [PA ]

K103918)) yoeq Joj ojdwexy / a|qel

-
)
50
R
-t
(=9
7
4l



6401

Korean language math-to-speech rules for digital books for...

pug 307 A snid x jo pug q snid e uiSog o]

gLIAVREXGR BAVREERIVALSE

1 snid sisayjuared

9so1o s1sayjuared 9so[o uonoely pud 9 1opun Id yre)s uonoey sisayjuared uado Juadueloo siseyuared uedQ

(€ +x)@+)50)

IvRE Ea~vEZI0Ml L9 xlYvE LR 2R sHBELCR SR I+ 3100
3 ansodwos ¥
SSR 3,3
f snid x sowm ¢ s1 srsayjuared 95079 X sisayjuared uado J uonoung
PYREXILREESICRALEXCRLEIVR p+xe =0/
g 2uIs sawm d ST q
oY ILig& 2 =4 quiso=q Y3TH
(ystSug) yoosads-o1-yrewr uBaIO] Srdwrexa e[nuIo} aAneIUasaIdoy oA

(ponunuoo) £ s|qey

pringer

As



6402 J.H. Park et al.

Table 8 Accuracy task result and type of error of MathPlayer test

Level Representa- Korean math-to-speech (English, literal translation to Korean) Result
tive formula
example
Low 0.74+1.6 0.7 plus 1.6 C
0.7 L4311 1.6
3a<b< % 3 aless than b less than c over 2 LT
Ja= b Bl ROl T B}
AUB=BUA A union B equals B union A C
ALY BEBEYE AZ 2T
ath _ »( fraction numerator A plus b over denominator C plus 3 end fraction LT, GL
et equals 20
T THalat b FATECHG NI 2 TL2=200 2
&LIT
lal-Ibl open vertical bar a close vertical bar minus open vertical bar b close OT

vertical bar

YUNAKOHa QI 4% FHOOIHA ALK BHHE
EEET

Middle /a+b+2 square root of a plus b plus 2 end root oT
allst b Ost 122 22 M&2
ab(n)* ab left parenthesis n right parenthesis asterisk times LT, OT
ab QE L5192 X 235 WH A
Al A to the power of negative 1 end exponent LT, OT
Al 2Rt 24 1 H=
log, #1 log subscript a not equal to 1 GL
EAERab1H 2R 22
ag¢ A a not an element of A C
a= A% 2271 Ot
High  b=csinB b equals c sin B oT
b= csinBS Z&LIT
f(x)=3x+4  fopen parentheses x close parentheses equals 3 X plus 4 oT
fOlz £2xY e 23 3x0ot 1142 Z2&LIT
f°g f ring operator g oT
f2l MRt g
cot% +1 cot open parentheses pi over 6 close parentheses plus 1 LT

IEHHE 0= 23 J0|FO06U= 23 ZA 1
log(4p(x+y)  log subscript a plus b end subscript open parentheses x plus y close LT, GL
parentheses

_._:LOPEHX*I} EUADZOHE R = 22 x

=
[

nllt
[l

oAy G

|-0|

MathPlayer. In the result cell, C means correct, LT means language translation error,
OT means operator translation error, and GL means grouping rule error. In Korean
math-to-speech cells, the underline indicates the part of the error.
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Table9 Accuracy task result

Metrics MathPlayer Our system
Language structural translation 71.7 100
Operator translation 68.3 100
Grouping rules 88.9 100
Overall accuracy 76.6 100

Table 10 Test method and measurement method

Test method (1) Participants are asked to dictate a total of 15 formulas, five from each level
of difficulty of high, medium and low

(2) Participants are asked to dictate formula read with a 30% faster speed than
normal book reading speed

(3) Three days after the 1st test, the formulas are read again with the normal
book reading speed

(4) Three days after the 2nd test, the formulas are read again with a 30%
slower speed than normal book reading speed

* For each test, the formulas are read only once

Measurement method (1) Dictated formulas are compared with the original to calculate the number
of correct dictation. The correct answer is calculated only when comparing
each constant, operator and etc. If one is wrong in each constant, operator,
etc., it is scored as an incorrect answer

(2) Answers are averaged according to the level of difficulty

#Correct Dictation )
#Total Dictation

Comprehensibility= Average(

MathPlayer scored 77.7, 68.3, and 83.9 points in language structural translation,
operator translation, and grouping rules accuracy measurements, resulting in a total
average of 90.1 points. On the other hand, our system scored 100 points for all the
metrics measurements (Table 9). As a result of this experiment, it was confirmed
that our system not only reduced the number of work steps compared to MathPlayer,
but also accurately output in Korean.

5.3 Comprehensibility test

A comprehensibility test was carried out to measure the level of users’ understand-
ing of the speech output produced by the suggested Korean math-to-speech pro-
gram. To measure comprehension metrics, we conducted a dictation test. Five users
were asked to dictate the formula read by the system as they were read with differ-
ent speed each time with a three-day interval. Difficulty of math was divided into
low, middle, and high according to the curriculum and complexity of the formula.
Five questions were asked according to the level of difficulty, and the answers were
scored based on the completeness of the dictation. Experimental methods and meas-
urement methods are as follows, and the formulas used in the experiment are shown
in Table 8 as same with accuracy test task (Table 10).
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Table 11 Formula dictation test results

Condition 1 30% faster than normal book reading speed (reading speed of electronic viewer)
User 1 User 2 User 3 User 4 User 5 Average
(percentage
score)
Low 4 4 4 4 4 4 (80)
Medium 1 0 0 1 0 0.4 (8)
High 1 0 0 0 0 0.2 4)
Condition 2 Normal book reading speed (normal)
Low 4 4 4 4 4 4 (80)
Medium 1 0 1 2 1 1 (20)
High 1 1 1 0 1 0.8 (16)
Condition 3 30% slower than normal book reading speed (slow)
Low 4 4 4 4 4 4 (80)
Medium 2 1 2 3 2 2 (40)
High 1 1 1 2 2 1.4 (28)

Table 12 Number by error type

according to the difficulty of the Levelierror type A B ¢

formula Low 0 1 14
Medium 0 10 48
High 10 16 37

The similar formulas were read with three different speed rates: 30% faster than
normal book reading speed, normal book reading speed, and 30% slower than nor-
mal book reading speed. The participants were asked to dictate the formula and their
answers were measured to find out the accuracy, which was finally used to determine
their level of comprehension. The average score for each question was calculated by
categorizing the questions into three levels of difficulty: high, medium, and low. The
results of the test are shown in Table 11.

The above results show that the more complex the formula, the more difficult for
users to comprehend, and thus the less accurate the dictation answers. Also, when
the speed of reading is faster, the comprehensive level is lower, and the average
number of correct dictation answers is also lower.

Looking at the types of errors, there were three major types of errors: a type that
was not fully dictated (A), a type that left partial blanks (B), and a type (C) that
dictated symbols or numbers in some wrong places. Table 12 shows the number of
error types for each difficulty of the formula.

The averages for each reading speed and formula level of difficulty have been
produced in a graph shown in Fig. 11. Results showed that for low level of diffi-
culty, the users were able to comprehend all of the formula regardless of the speed.
However, when the difficulty level was raised above medium, the comprehension
level was apparently lower in accordance with the faster speed. It can be deduced
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Averages for each reading speed and formula level of difficulty
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Fig. 11 Average graph according to formula level of difficulty and reading speed

that very simple formulas can be easily comprehended even at fast speeds, but as
the level of difficulty increases, the formula must be read at a slower pace. Based on
the suggestions of the test participants, further research seems necessary for reading
methods including reading by punctuating.

6 Conclusion

The electronic books that are currently manufactured in Korea can only convert the
texts and thus provide limited audio services for people with reading disabilities as
the mathematic formula and symbols are not converted. Internationally, however,
there is much research on math-to-speech services in order to grant enhanced math-
ematical accessibility to people with reading disabilities. Such research must be car-
ried out by each nation as each language has its own ways of expressing mathemati-
cal formulas.

In this research, the Korean math-to-speech rule for mathematical contents
expressed in Contents MathML within electronic books and web contents targeted
for people with disabilities was studied in order to enhance the accessibility of peo-
ple with reading disabilities to mathematical contents, and a math-to-speech pro-
gram was designed. Formulas included in the Korean math curriculum from mid-
dle school to freshman of high school were defined, and XSLT was used to design
a math-to-speech converting system, and it was confirmed that the program could
accurately convert the formulas by providing SSML contents with the addition of
tags onto the transformed math-to-speech text as the final output. In addition, the
accuracy test confirmed that the contents were 100% accurately converted according
to the rules. Through this test, it was confirmed that the mathematical expressions
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were accurately represented according to the Korean word order, compared to the
reading program of the equation used in the existing English-speaking languages.
The comprehensibility test also confirmed that the speed of reading had an impact
on the level of comprehension. As a result, this paper’s proposed approach is
a valuable contribution to the field of providing access to the population of blind
mathematics.

This study has the following contributions. First, it maximized web accessibility
by defining the entire program framework ranging from input, transformation to out-
put as web standard. This enables the math-to-speech output by using web document
formula. Second, Korean math-to-speech rule for Contents MathML was defined to
enhance the accessibility for people with reading disabilities to mathematical con-
tents expressed on the web. Going forward, defining the math-to-speech rule for
mathematical formulas expressed in MathML, and rules for each circumstance must
be established. In addition, according to the degree of mathematics learning of the
visually impaired students, the comprehension test for each level should be con-
ducted and the definition of reading rules for each level should be performed.
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