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Abstract

While blind and visually impaired (BVI) readers can access digital text information using
auditory interface through screen readers, accessing mathematical equations is much more
challenging task, which is known to limit access to STEM subjects for BVI students. This is
primarily due to the complexities of equation layout as well as the linear syntactic rendering.
Consequently, even the relatively simpler equations (containing small number of symbols) can
lead to a very lengthy and unnatural speech string resulting in a high cognitive load for the
reader. This thesis aims to address this issue by proposing innovative solutions to improve
equation comprehension and accessibility for BVI individuals.

One approach to reduce this load can be to abstract parts of an equation/expression via
some abbreviating symbol which is then read out separately. This division/partitioning into
expressions is based on computing the cognitive complexity as “felt” by the reader. The
unnaturalness in the speech string is due to syntactic rendering. Which can be improved by
contextually aware audio rendering of equations- Adapting the speech output based on the
context available in the surrounding text.

The first part of the research focuses on identifying a suitable metric for measuring the
cognitive complexity of equations. A comprehensive user study involving eighteen BVI
participants was conducted to capture their responses, including equation reproduction errors
and time taken for comprehension. This data is used to propose candidate metrics and establish
correlations with existing complexity measures in open-source math accessibility systems.
Ultimately, a reliable complexity metric was identified that aligned well with the user study
results, offering potential integration into screen readers for equation accessibility.

The second part of the thesis addresses the contextually aware audio rendering. We
worked on an algorithm to extract contextual semantics of equations based on local definitions.
The algorithm comprises of multiple modules, and utilizes various machine learning and
pattern matching techniques. This contextual understanding enables adaptive audio rendering
that takes into account the surrounding text, improving the comprehension and usability of
equations.

This research contributes to the advancement of accessibility in STEM education for
visually impaired individuals, particularly in the realm of equation comprehension and audio
rendering. By introducing a cognitive complexity metric and algorithm for contextual semantic
analysis, this thesis offers practical solutions to make mathematical equations more accessible
to BVI readers. These findings have the potential to significantly impact the inclusion and
educational opportunities for visually impaired students, empowering them to pursue STEM
subjects with greater confidence and success.






HIRIRA

Safes 8 3iik gftarfad (. . o1E.) ured ThiF TR & AEIH J ST S
&1 IUINT RS FSfSiee Tt @ ug Tad &, TR FHieRon o e agd orfdie
YANIgUl Rl 8, S 1. &t 31d. Bl & feiv fasr, denfidy, siwifiht sk afor (
wE. & 3. w.) v 9o 6t uga o Hifid axar 21 U8 5E $U ¥ FHieR0 & R
&I FAfcerrai P H-1er WP A I TS b BROT &1 oI, &P
TR e (S o e 7 fie e €) off vo aga adt ofiR sl o
HohdT 21 T Y U BT I o1, AN, TS, KT b folq FHenwur T FHsT iR ugd
§ GUR & Y T F1EI @1 TdIT R S Te BT Halfed oo B

S 13T 1 PH PR+ Bl U TRIDT I8 8] Hebell & b FHIeprT / Afedfch o o JRT bl
et <ifare fore & ATee & ARIR foha ST, SRy a1e = o & vt 9| stireafrat
T g fOIoH UIed RT FEgH $Y TS GEHIHd JAferdT it UM TR AR 8T
IR AT SRIT F SFUTP AT AT T HfedTe o GHRoT Bt 21 f3r gefieneon &
e -deefier eafy IRy (STHURN & UTS H Iucteds T & SER IR HI§UT IqTe
I G HAT) GRT GIRT ST Hebell &1

Se T U] AT TR T HEAHHED ST P A & oY T ST e
&I UEIH PR R Dbfed g1 30RE a1 . o, uReif @ e R §Y w

T YA e Il Ufifrarett o udmen & fo S fsar ma e,
e ey goiem 3feat ofR w9er & falg forar ar w5 anfiet el g9 ST &t
QYN SHIGIR AT BT IRTT HRe SR SN - 70T JIFRFT=IeT yonfera & Hiver
SfeerdT Ul & A1 Teway Tfid o & g fsar mr 81 oidd:, @ faeae i
ST AT & IgaT 61 TS ST SUANTH 3Tz URUTHT o |1 JToe! ave 3 ERfEyd
&, S e 6t uga & foly Eh v § F1fIa vhiaur &Y deremer avaT 81

SN TG BT GA 9T e —Haamefie eafy Ty ol Halfeld el 81 89 I
RIS & MR R TR & T areare] df Fabrer & fat i teriRed wR
BT Tl S TeiReA o a8 Hiegel it €, i faftrer #efi @rfffr oiik det firer
TJepeTipi T ST PR 21 T8 HE T T8 WY St &af TRT b e areh &,
ST STRIITE 2l FFH T &1 H T §U IR b1 St &, Foresy Fefienvur &t arermian
3R IwfT & GUR e 21

IE Y eETied fhdl & folg, ey wu § FHiewur 91y 3R el ugfa & &
4, v, 3. . . fen & uga b kT Aver a1 21 Ui erearef faeror & fag
T HeTHIHD STCadT H1Ue 3R TeAINH U H7eh, T8 A1 Heel T FHIul
. A oS, UIsH! & oY ifdes T s & Y raeie FH1em UeH o 2l
o fosasf 7 gftenfad sl & forg Fmme 3R i sraer] @ Fecaqul wU & mifad
F B &l B, FoRr I 1feias arcfaeary ok Ttherar & a1 oo, &, 8. o, fawt
H 3R s & foY TRk & Fad £l




TABLE OF CONTENTS

Certificate
Acknowledgement
Abstract

List of Figures
List of Tables

1 Introduction
1.1  Why Equations’ Accessibility a Challenge? . . ... ... ... ... .....
1.2 KeyObjectives . . . . . . . . . i i e e e
1.3 Contributions . . . . . . . . . . . e

2 Mathematical Equations and Accessibility
2.1 Interfaces for Equation’s Rendering . . . . . . ... ... ... ........
21.1 Braille. . . . . . ..
2.12 DotsPlusBraille . .. .. ... ... ... ... ... ... ...
213 Audio . ..o e
214 AudioTactile . . . . . ... ...
2.2 Effectiveness of Audio RenderingCues . . . . . . ... ... .........
2.2.1 Comparison of various proposedcues . . . . . .. .. ... ......
2.3 Tools Developed for Reading Mathematical Equations . . . . . ... .. ...

3 Cognitive Complexity Analysis
3.1 Complexity Metrics . . . . . . . . . .. o
32 UserStudy . . . . . . .
3.3 Assessmentof User Responses . . . . . ... ... ... ... .. .......
34 Conclusion . . . . ... L

4 Contextual Semantic Analysis
4.1 Sourcesof Definitions. . . . . . . . . . . . .. e
4.2 Literature Review . . . . . . . . . . . e
4.3 Architecture . . . . . . . .. e

vii

iii

ix

11
11
11
12
13
14
15
17
18

23
24
28
31
42



viii TABLE OF CONTENTS
43.1 Concordance Extractor . . . . . .. . . ... ... ... .. ..... 49

432 Classifier . . . . . . . . . e 51

433 Semantic Extractor . . . . . . . . .. .. .. e 51

434 ScopeFinder . . . . ... ... ... ... 51

43.5 SpeechRuleEngine ... ............... .. ....... 52

5 Extracting Definitions from a Document 53
5.1 Concordance Extractor . . . . . . . . . . . . . ... ... 53

5.2 Classifier . . . . . . . . . . e e e e e 54
5.2.1 AnnotationTool . . .. . . .. .. . . ... ... 55

522 DataCollection . . . . . . . . . . . . e 56

5.2.3 ClassificationModels . . . . . . . . . . . . . ... .. 58

6 Semantic Extractor 61
6.1 Mathematical Definition . . . . . . . . .. . . .. ... .. ... 61

6.2 Annotation Tool and Ground-truth . . . . . . .. ... ... ... ....... 67
6.2.1 AnnotationTool . . .. . . .. . . . . . ... 67

6.2.2 Ground Truth . . . . . . . . . .. . . . 68

6.3 Analysis of the Patterns in the Semantic . . . . . ... ... .......... 68
6.4 Algorithm for Semantic Extraction . . . . . . . . ... ... .. ........ 70

6.5 Resultsand Analysis . . . . . . . ... L L 73

7 Conclusion 75
7.1 Applications . . . . . ... 76

7.2 Open Questions and Future Work . . . . . . . ... ... ... ......... 77

I Rules of Semantic Extractor 79
II Concordances Containing Valid Mathematical Definition 93
Bibliography 123



List of Figures

1.1

1.2

1.3

2.1
2.2
2.3

3.1
3.2
3.3
3.4
3.5
3.6
3.7

4.1

4.2

5.1
5.2

5.3

54
6.1

DotBook - A Refreshable Braille Display (RBD) from AssisTech Lab, IIT
Delhi (Courtesy: Web) . . . . . . . . . ..
Graphiti - A Refreshable Graphics Display (RGD) from Orbit Research
(Courtesy: Orbitresearch) . . . . .. ... .. ... ... ... ........
Hexis Device - by Vembi technologies in Bangalore (Courtesy: Vembi)

Nemeth Braille representation of the quadratic formula mentioned in Eq. 2.1 . .
DotsPlus Braille representation of the quadratic formula mentioned in Eq. 2.1 .
Audio tactile interface proposed by Howell, Joshua et al. [32] for reading

EQUALIONS. . . v . v v v e e e e e e e e e e e e e e e e

Tree representation of Aster’s quasi-prefix form. . . . . . ... ... ... ...
SRE’s semantic tree representation. . . . . . . . . ... ... ... ..
MathJax’s visual tree representation. . . . . . . . . .. ... ...
MathJax’s semantically enriched tree. . . . . . ... .. ... ... ......
Variation in normalized complexity values of complexity metrics. . . . . . . .
Variation in average ranks of complexity metrics. . . . . . ... ... ... ..
Variation in cluster IDs of equations for complexity metrics. . . . . ... . ..

A sample concordance highlighted in black colour except the central
mathematicalentity . . . . . . . . . . . . ...
Architecture to extract contextual semantic from the document. . . . . . . . . .

A Screenshot showing a sample concordance highlighted by the annotator tool .
A Screenshot showing a sample concordance highlighted by the annotator
tool after pressing right arrow (key for marking as having valid mathematical
definition.) . . . . . . . .. L e
A Screenshot showing a sample concordance highlighted by the annotator tool
after pressing left arrow (key for marking as not having a valid mathematical
definition.) . . . . . . . .
A Screenshot showing a concordance for an erroneously identified element. . .

User interface of the annotation tool developed for annotating semantic in a
definitions . . . . . . . .. L

X

14

55

56
56



LIST OF FIGURES




List of Tables

2.1

3.1

3.2

3.3
3.4
3.5
3.6
3.7

3.8

3.9

3.10

3.11
3.12

4.1

4.2

Comparison of different cues proposed for audio rendering of equations . . . .

The demographics of the participants. Abbreviations; M: Male, F: Female,
B: Blind, LV: Low Vision, NA: Note applicable as the participant still
have significant residual eyesight, PD: Duration of Print-disability, BB: By
Birth, UG: Under Graduate, PG: Post Graduate, CS: Computer Science, IT:
Information Technology, HCI: Human Computer Interaction, MBA: Masters in
Business Administration, DM: Digital Marketing, SR: Frequently used Screen
Reader, N: NVDA, J: JAWS, Duration in Reading Equations are in years.

Examples of correct/incorrect structure. Here, s means a term, which may be a
variable, a variable with coefficient, or an implicit multiplication of any number
of variables and constant. . . . . . . . . . . . . ...

Different types of users mistakes with examples. . . . . . . .. ... ... ...
ClearSpeak conventions for different types of fraction. . . . .. ... ... ..
Most common structure comprehension errors. . . . . ... ... ...
Example for ranking criteria. . . . . . . . ... ... oL

Average Ranking of equations based on criterion C1, sorted in ascending order
of average value. . . . . . . . . ... ...

Average Ranking of equations based on criterion C2, sorted in ascending order
of average value. . . . . . . . . ... ...

Absolute and normalized complexity values of equations based on the various
metrics. The data is sorted in the ascending order of Avg complexity. . . . . . .

Average rank and K-mean cluster IDs of equations based on the various metrics.
Data is sorted in the ascending order of Avg complexity. . . . . ... ... ..

Correlation among normalized complexity values of complexity metrics. . . . .
Frequency spectrum of cluster ID differences for various complexity metrics.

Examples of semantic ambiguity across various mathematical expressions and
corresponding syntactic rendering speech string. . . . . . . . . ... ... ...

Some sample concordances containing and not containing valid mathematical
definitions. The mathematical entity is marked with red color in below
concordances. . . . . ... L e e e e

xi

18

29



LIST OF TABLES 1

5.1

5.2
5.3

54

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8

I.1

Rules for final label based on the labels from different annotators. Here,
0 represents “doesn’t contain a valid mathematical definition”, 1 represents

“contains a valid mathematical definition”, and —1 represents ”an error”. . . . . 57
The total number of concordances having final labelasOand 1. . . . . . . . .. 57
Tokenized form of sample concordances after replacing mathematical

symbols/expressions with the keyword "MATH”. . . . . . ... ... ... .. 59
Accuracy and fl-score of various classifiers. . . . . . ... ... ... .. ... 60
Examples of concordances containing incomplete definition. . . . . . . .. .. 64
Examples of concordances containing complete definition. . . . . . ... . .. 65
Examples of concordances containing multiple definitions. . . . . . . .. . .. 66
Examples of concordances containing negative definition. . . . . . . . . .. .. 66
Examples of POS tags corresponding to the semantic defined in the concordance. 68
Frequency spectrum of the semantic. . . . . . . . ... ... ... ... .... 69
The list of hard-coded POS tags for certain tokens. . . . . . ... ... .. .. 70
Concordances for which extracted definition is not correct. . . . . . . . . . .. 73

Examples of string replacements in preprocessing 2. . . . . . . . . ... . ... 80



