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Abstract. The advancements in Artificial Intelligence (AI) technologies
in the last decade have led many developers, universities, and researchers
to invest in the research and development of digital teaching platforms.
This paper compares existing features implemented in the first proto-
type and provides visually impaired high-school students with a system
to learn and practice mathematical problems. This project describes pos-
sibilities provided by open-source APIs such as Natural Language Toolkit
(NLTK) and shows how to implement them to make education universal
and accessible. We aim to achieve this by introducing an open-source
platform, which will provide a set of modules for personalized speech
recognition and accessible online tutoring. The system is divided into
two modules: First, an intelligent conversational agent to help students
learn new mathematical concepts, which opens up possibilities of pro-
viding students with a personalized response. Second, a mathematical
expression parser and evaluator to help the student practice mathemat-
ical questions. The implementation and development of the system shall
open doors towards self-directed learning for visually impaired students.

Keywords: Vision-impairment * Accessibility - High school
mathematics + Natural Language Processing (NLP) with Python -
Natural Language Toolkit (NLTK)

1 Introduction

Human-Computer Interaction (HCI) is a study of design, implementation, and
evaluation of an interactive computing system for human use and studying the
major phenomena surrounding them [14, 17]. The abundant information available
on the Internet and recent improvements in Human-Computer Interaction (HCI)
technologies have improved the way we acquire, share and test our knowledge.
High-school mathematics is a foundation for students to learn and perse-
vere in social and professional worlds. Recent advancements in technology have
provided students with many virtual tools to improve their knowledge of math-
ematics. Students with visual impairments are at a disadvantage due to a lack
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of accessibility to the educational tools and the inability to process complex
mathematical formulas and visual cues. This disadvantage leads to a signifi-
cant knowledge gap between students with vision-impairment and students with-
out disabilities. According to the U.S. Department of Education, as mentioned
in [15], 15% of all visually impaired students are five or more grade levels behind
their sighted peers. This knowledge gap leads to a staggering unemployment rate
among disabled individuals.

The COVID-19 pandemic has affected everyone, but it has been challeng-
ing for visually impaired students [4]. While e-learning technologies have paved
the way for self-learning during the COVID-19 pandemic, self-learning has not
become a reality for vision-impairment people. According to the Royal National
Institute of Blind People (RNIB) [1], two-thirds of visually impaired individuals
have become less independent.

We reconsider the way high school students learn and practice mathemati-
cal questions. The prototype mentioned in [16] was developed with two goals:
First, provide an easy-to-learn interaction mechanism to the students for clear
communication with the application and integrate a highly interactive text-to-
speech library that gives speech control to the student. The application uses
a text-to-speech and a speech synthesizer JavaScript library that gives speech
control to the user. This approach enables communication with the system but
limits the responses to closed-ended questions. The developer must manually
provide the questions and answers for the system to work as intended. The sys-
tem intended to work for visually impaired students where clear communication
is a key; this was a severe downside. To improve the human-computer interaction,
we introduce an intelligent conversational bot. The paper proposes using NLTK
to perform basic text operations on a given dataset to search for an answer to
students’ questions.

The prototype uses mXparser expression parser [18] to parse and evaluate
mathematical equations. The major drawback of using the proposed library is
that it lacks support for the Python programming language and provides step-
by-step solutions to only limited mathematical concepts. This paper describes
how an expression parser can be implemented and integrated with the system
to help students practice mathematical questions.

The points mentioned above illustrate a need to improve the existing pro-
totype of an interactive application for visually impaired students to learn high
school mathematics concepts. The system is developed with the following goals:

— Improve the interaction by integrating NLTK to implement an intelligent bot
for speech recognition.

— Integrate a JavaScript library to create an expression tree and implement an
evaluator that solves the math problems and provides step-by-step solutions
to students.

The rest of the paper is organized as follows: Sect. 2 introduces background
and related research work to improve the online education experience for students
with vision-impairment, Sect.3 describes the proposed system along with the
architecture. The paper is concluded in Sect. 4 with future research plans.



A Multimodal Platform to Teach Mathematics 111

2 Background and Related Work

Over the years, with the technology advancements, there have been many
improvements in how information is presented to students with vision-
impairment, screen readers being the dominant mechanism. Many screen readers
are also compatible with the websites developed under accessibility standards.
However, that does not make the screen readers useful for visually impaired
people because of several drawbacks. Visually impaired people often have to go
through lots of irrelevant content before getting helpful information.

Although a digital copy of a text is useful for learning for visually impaired
students, creating a digital copy of complex mathematical formulae is relatively
difficult, as mentioned in [7,10]. When a complex mathematical formula, as
shown in Eq.1, is presented in digital format, many screen readers can inter-
pret it in multiple ways. The digital copy of mathematical formulae often fails to
convey the correct information. The authors in [21] introduced a non-ambiguous
language MathSpeak, that can easily translate STEM materials into high-quality
computer-synthesized voice.

1
3+24— 1
++$ (1)

In paper [10], the authors evaluated the performance of the digital text-
book vs. the traditional textbook while accessing algebra. The results demanded
further research in the implementation of digital text in mathematics for visu-
ally impaired students. Regec [20] showed that the use of self-training tools
was beneficial for teaching visually impaired students. The authors in separate
studies [8,12] also showed the advantages of audio-tactile devices and speak-
ing systems. Audio-tactile systems also increased motivation and curiosity for
visually-impaired students.

Another useful approach, Process-Driven Math [13] was introduced to help
blind students to be successful in college mathematics. Process-Driven Math is an
auditory method that frees up students’ working memory while solving equations
by hiding complex numbers and symbols behind mathematical vocabulary layers.
For example, the mathematical formula,“x2 4+ 2x + 1”7 will be presented to the
student as “term 4+ term + constant”, freeing students’ working memory and
preparing the student to listen to the “elements” one by one. In this approach,
the student is highly dependent on the trained reader-scribe for the information,
which can be eliminated by developing an application that acts as a reader-scribe.

Davide and Volker [11] presented novel accessibility features of MathJax
by generating tree representation of mathematical expressions. This extension
mainly focuses on embedding complex mathematical expressions on the web
and offering a similar user experience across all web browsers. This assistive
technology extension also provides speech and tactile outputs of mathematical
formulae.

In summary, the literature introducing new self-learning tools designed to
teach visually impaired students illustrates the effectiveness of combining spoken
systems with smart computing and the need for further research in this area.
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3 System Architecture

The proposed system provides a platform for visually impaired students to learn
and practice mathematical concepts. There are two objectives: First, creating an
intelligent conversational agent that can teach new mathematical concepts and
respond to students’ questions. We use the NLTK library for data pre-processing
and training the model. The decision to use NLTK was made because of its wide
range of API features and precise documentation.

Second, providing step-by-step solutions to students to help them prac-
tice mathematical problems while providing hints whenever needed. This step
is divided further into three steps: We use open-source JavaScript library
math.js [2] to build an expression tree. It provides a flexible expression parser
with support for symbolic computation and a large set of built-in functions and
constants. Once we have an expression tree, we traverse the tree using inorder
traversal and flatten the tree by simplifying math expressions to generate steps.

S o
Nk ] | Mathjs |

Dataset |
User requests
Student Intelligent Agent ; Expression Parser
Agent response I
Evaluator

Fig. 1. System architecture.

Figure 1 shows the system architecture above. The system is divided into two
steps:

3.1 An Intelligent Agent

The study of Natural language Processing (NLP) is studying the interaction
between human language and computers. By utilizing NLP, researchers can orga-
nize and structure datasets to perform various automatic summarization, trans-
lation, and speech recognition tasks [19]. NLTK (Natural Language Toolkit) [9]
is a leading platform for building Python programs to work with human language
data.

For this research, we gathered over 1000 commonly asked questions that visu-
ally impaired students may ask while interacting with the system. The dataset
includes questions and answers related to knowing more about the system, learn-
ing mathematical concepts, and asking for help. Figure 2 shows the structure of
the data.
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{"tag": "start conversation",

"patterns": ["Hi there", "Is anyone there?", "hey", "Hello", "Good day","Hi"],
"responses": ["Hello", "Happy to have you here", "Good to see you."],
"context": [""]

}

Fig. 2. Dataset structure.

The data is structured into tags, patterns, responses, and context.

Tags: Categories that shows students’ intention

Patterns: Possible questions that students may ask

— Responses: Possible responses to the questions mentioned in patterns
Context: Contextual words relating to a tag for better classification

Trying to build an intelligent agent is a complex task as the only knowledge
the agent has access to is the information it has learned itself [6]. The dataset is
stored in a JSON file. Since machine learning algorithms require data to be in a
numerical feature vector rather than text, the dataset must be filtered carefully
using statistical and numerical means. NLTK provides various text processing
methods to clean the data:

— Conversion into lowercase or uppercase: In this step, the words are uniformly
converted to lowercase or uppercase, so the algorithm does not treat the same
words differently.

— Removing noise: This includes removing punctuation and special characters.
This step also includes removing stopwords. Stopwords are the most common
words in the text and removing those does not change the sentence’s meaning.
For example, “about”, “me”, “something”, etc.

— Tokenization: In tokenization, sentences are broken into a list of words, i.e.,
tokens.

— Stemming or Lemmatizing: Stemming or Lemmatizing is the process of reduc-
ing tokens to their root. The slight difference between stemming and lemma-
tizing is that the stemming can often create non-existent words.

To train a model, we build a neural network with three layers. The first
layer contains 128 neurons, the second layer 64 neurons, and the third output
layer contains the number of neurons equal to the number of intents to predict
the response. We trained the model with 200 epochs and a batch size of five.
Figures 3 and 4 show the graphs of training accuracy vs. validation accuracy and
loss, respectively.

After the initial processing phase, we need to transform the text into mean-
ingful feature vectors. This process is called feature extraction. Bag-of-words is
a simple and popular feature extraction method. In this method, the structure
of words in a document is discarded and the model is only concerned with words
in the document.

Once the model is trained and saved, the intelligent agent responds to stu-
dents’ questions with 99% accuracy. The example conversation with an intelligent
agent is shown in Table 1.
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Fig. 4. Training loss vs. Validation loss

3.2 Math Expression Parser and Evaluator

We implemented an expression parser and evaluator that gives students options
to practice mathematical concepts and ask for help along the way. The system
shows the steps to solve a mathematical question as a tutor would. This idea is
based on an open-source project, Socratic by Google [3,5].

There are three main parts in building expression parser and evaluator:

3+2xx (2)
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Table 1. Example conversation with an intelligent agent

Entity Communication

Student Hi there

Agent Hello there. Happy to have you

Student Who are you?

Agent I am Accessible Math. I can help you learn mathematical
concepts

Student What do you know about mathematics?

Agen Ask me a question about linear equation and I will answer
to the best of my knowledge

Fig. 5. Expression tree for Eq. 1 Fig. 6. Inorder tree traversal for Eq. 1

— Creating an expression Tree: Math.js is a powerful and open-source library
that parses the mathematical equation string, generates an expression tree,
and returns the tree’s root node. An expression tree can be used to analyze,
manipulate, and evaluate expressions. The example of a generated expression
tree for the Eq. (1) is shown in Fig. 5.

— Flattening the tree: Once the expression tree is parsed, we use inorder traver-
sal to traverse and simplify the expression to generate steps. The tree traversal
is shown in Fig. 6.

— Simplifying expressions: Once we traverse through the tree, we find the best
nodes to apply simplification rules and record it as a “step”. This step pro-
vides necessary information such as operands, the operator, and the applied
simplification rule. We store this information and wait for the student to prac-
tice the step. We only provide the information in speech format if students
ask for hints.
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4 Future Work and Conclusion

An accessible self-directed learning tool for visually impaired students is essen-
tial in the modern era with the increasing popularity of e-learning systems. It
is necessary to integrate assistive technologies with e-learning platforms and
designing educational content following accessibility guidelines. With our proto-
type’s development and by introducing further improvements, our emphasis is
to promote self-directed learning tools, especially for mathematics for visually
impaired high school students.

The improvements presented in this paper are currently in beta testing but
will be available as an open-source web application. The following improvements
could be added in the future release of the work:

— We aim to assess the interaction with an intelligent agent for visually impaired
students.

— Upon release, the application will be open-source and free to use to learn and
understand the mathematical concepts.

— The current version only supports English as a primary language. In the future
release, the application will be improved to support multiple languages.
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