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Abstract

This paper introduces a new methodology designed to enhance the
accessibility of source code for computer programmers who are blind
or visually impaired (BVI). Conventional screen readers, such as JAWS,
typically interpret and vocalize code in a linear, word-by-word fashion, of-
ten failing to convey the contextual relationships and structural hierarchy
fundamental to program comprehension. To overcome these limitations,
we propose a system that leverages the OpenAl large language model
(LLM), guided by carefully engineered prompts, to transform source code
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into structured, context-aware natural language descriptions. For exam-
ple, rather than sequentially narrating deeply nested conditional state-
ments line by line, our system first summarizes the structural context
beforehand (e.g., identifying a nested conditional statement five levels
deep) and subsequently details each condition clearly within this con-
text. Our system, implemented as a Visual Studio Code extension, uses
Eleven Labs Text-to-Speech (TTS) to read code aloud with two distinct
voices. We designate a female voice, Rachel, to read each line of source
code verbatim and a male voice, Andy, to provide contextual explana-
tions. Although this approach is designed to significantly enhance BV’
comprehension of code structure and logic, providing a more intuitive
and efficient auditory coding experience, it has not yet been formally
evaluated with BVI individuals.

1 Introduction

Programming and software development are increasingly essential skills in nu-
merous fields. However, BVI developers often encounter significant barriers due
to the inherent limitations of traditional screen reader software, which typically
vocalizes code in a linear, line-by-line fashion |9, [2]. This approach, although
functional for basic textual navigation, struggles to convey the structural and
logical context critical for comprehending complex programming constructs,
such as deeply nested conditional statements and iterative loops.

To address these challenges, we propose a solution that takes advantage of
recent advances in artificial intelligence (AI), with a particular emphasis on
LLMs such as those developed by OpenAl, to improve the auditory render-
ing of source code. By employing meticulously designed prompt engineering
techniques, our approach enables LLMs to generate structured, context-aware
summaries of code that substantially enhance its comprehensibility when deliv-
ered through TTS systems. For example, when processing complex constructs,
such as nested loops or conditional statements, the system initially conveys
a high-level overview of the control structure, followed by a detailed narra-
tion of individual components. This method preserves contextual coherence
and significantly improves the user’s ability to cognitively parse and navigate
programming logic in an auditory format. To accommodate diverse user pref-
erences and usage scenarios, the proposed solution also offers an alternative
mode in which BVT users can access the source code in a verbatim, line-by-line
format without contextual augmentation. This functionality ensures greater
flexibility, allowing BVTI users to select between enriched contextual summaries
and a direct, unmodified auditory representation of the code based on their
individual needs or task requirements. Implemented as an extension within
Visual Studio Code (VSCode), a widely adopted Integrated Development En-



vironment (IDE), this tool integrates seamlessly into the existing workflows of
developers, promoting both accessibility and ease of adoption. By bridging the
gap between traditional screen readers and meaningful code comprehension,
our approach empowers BVI programmers to engage more fully and efficiently
in software development activities.

2 Literature Review

BVI individuals remain severely underrepresented in software development. In
a large developer survey, only 2% of respondents reported having a disability
of some kind, including visual impairments [9]. Researchers have identified
significant accessibility barriers in current programming tools as a contributing
factor to this underrepresentation [9].

Contemporary code editors and IDEs rely heavily on visual cues such as
syntax highlighting, indentation, and graphical debuggers, which screen readers
struggle to capture or interpret effectively. Potluri et al. [11] categorize the
accessibility challenges of IDEs into four areas: discoverability, glanceability,
navigability, and alertability. Glanceability refers to the ability to quickly skim
and grasp code structure at a glance—something sighted developers achieve
through visual scanning, while screen reader users must process information
linearly. For example, sighted developers can quickly navigate through code
using scroll, point, and click, while screen reader users have limited navigation
options [11]. Subsequent research has confirmed that these challenges persist
in modern development environments [6].

A recent systematic review of the literature by |9] confirms these persistent
barriers, from code navigation and understanding of the state of the program
to the lack of accessible debugging tools, that continue to hinder BVI students
and developers. Without additional support, BVI programmers must expend
excessive time and cognitive effort to comprehend others’ code or keep track of
program context, which in turn deters many from pursuing coding as a career
or academic interest.

Efforts to address these challenges have focused on adapting or augmenting
the development environment for non-visual interaction. |11 introduced CodeTalk,
a Visual Studio plugin that provides auditory cues and structured code naviga-
tion for BVI developers. CodeTalk addresses glanceability challenges, specifi-
cally the difficulty of quickly obtaining overview information when navigating
code linearly with a screen reader, by providing keyboard shortcuts that gen-
erate accessible tree views of code structure (e.g., namespaces, classes, and
functions) and accessible lists of specific code elements. The plugin also an-
nounces IDE events (such as real-time compiler errors or debugging informa-
tion) through audio cues that would otherwise go unnoticed by a screen reader



user.

Another approach has been to redesign the editing paradigm itself: Grid
Editor [6] is a recent system that represents source code in a two-dimensional
spreadsheet-like grid, with each row and column denoting code lines and nesting
levels, respectively. This structured layout, coupled with custom keyboard
navigation and audio cues, enables BVI programmers to navigate and edit
code more efficiently and accurately than in a plain text editor.

Likewise, researchers have explored making block-based visual program-
ming languages usable through non-visual means. [16] replaced the complex
spatial navigation required by block-based environments such as Blockly with
a simple line-by-line navigation interface and reported that this significantly
reduced task completion times and improved usability ratings in an evaluation
with blindfolded blind participants. Despite these advances, many solutions
require specialized hardware or custom environments (e.g., tactile displays,
bespoke editors), and thus have seen limited adoption in mainstream program-
ming practice |9]. The need remains for integrated accessibility features that
can be easily deployed in popular coding tools to bridge the gap between sighted
and visually impaired programmers.

The emergence of Al and LLMs offers new possibilities to improve pro-
gramming accessibility. LLM-based assistants can generate natural-language
descriptions of code behavior, summarize complex code sections, and answer
clarifying questions about code, effectively acting as on-demand narrators. Re-
cent, research has begun to apply these capabilities to assist BVI developers.
For example, [12| present BLVRUN, a command-line tool that intercepts run-
time error traces and uses an LLM to generate concise, informative summaries
of Python traceback errors. This helps BVI programmers debug faster by cut-
ting through verbose error logs and highlighting the relevant causes of an error
in plain language. In the context of education, [16] integrated a conversational
AT (based on a code-capable LLM) into their accessible block-language en-
vironment to produce high-level summaries of the program’s purpose. Their
user study with blindfolded sighted participants found that those who received
these Al-generated code summaries reported high levels of comprehension and
reduced anxiety in subjective evaluations, although testing with actual blind
users remains future work.

These Al-driven approaches represent a significant advancement over ear-
lier accessibility solutions, such as CodeTalk’s TalkPoints, which relied on
predefined speech and non-speech audio cues for debugging [11]. Although
CodeTalk’s audio cues required manual configuration, contemporary LLM sys-
tems can dynamically generate contextual explanations without explicit setup.
More broadly, LLM assistants such as GitHub Copilot and ChatGPT have
been touted as equalizers in programming education. By offering immediate



access to explanations, contextual hints, and documentation retrieval, these
tools offer particular promise to learners who encounter barriers to traditional
programming resources, including individuals with disabilities [7]. In this con-
text, |7] observed that BVI developers are optimistic about the potential of
AT coding assistants to improve their workflow by automating repetitive tasks
and providing timely guidance, thus improving their productivity and coding
efficiency. However, these benefits are highly dependent on accessible design.
If implemented incorrectly, Al-based tools might introduce new frustrations for
BVI users. For example, the study highlights that GitHub Copilot occasionally
inundates users with excessive suggestions and creates difficulties in managing
focus between the code editor and the assistant’s output. Participants in that
study emphasized the need for “Al timeouts” or controls to prevent Al from
flooding the screen reader with information.

A recent study by |1] examined how BVI people use general-purpose Al
chatbots such as ChatGPT in everyday tasks. Through qualitative interviews,
the authors found that while BVI users frequently rely on these tools to gain
information or solve problems (including coding questions), they often have
to devise workarounds to navigate chatbot interfaces with a screen reader and
must carefully verify Al outputs for accuracy. These findings highlight that
the mere inclusion of Al assistance does not inherently guaranty accessibility.
Instead, any Al-driven accessibility tool should strive to deliver support in a
controlled, contextual manner that aligns with the user’s normal coding habits,
rather than disrupting them.

Our approach draws upon established insights from accessibility research
while introducing a fundamental shift in how code narration is generated and
delivered. CodeTalk [11] showed that BVI developers benefit from proactive
information extraction, as screen reader users “must actively seek out infor-
mation from various components of the IDE.” CodeTalk provided accessible
tree views and audio debugging cues (TalkPoints), but these required manual
configuration by developers. Grid Editor [6] demonstrated the value of alter-
native code representations through coordinated text and grid views, though
this required a dedicated environment separate from standard editors. Simi-
larly, Stefik et al. |15] validated that auditory cues representing lexical scoping
can improve program comprehension, using symbolic sounds to convey code
structure.

Building on these foundations, our VS Code extension introduces two key
innovations. First, rather than requiring manual configuration like CodeTalk’s
TalkPoints or using symbolic sounds like Stefik’s scoping cues, we leverage Ope-
nATl’'s LLM to automatically generate natural-language explanations of code
structure and purpose in real-time. Second, we employ a dual-voice design for
perceptual separation: a female voice reads the code verbatim, while a male



voice provides a contextual explanation. This separation reduces cognitive load
when processing complex code, addressing the glanceability challenges identi-
fied in prior work. Importantly, our extension operates seamlessly within the
standard VS Code interface and activates on-demand during navigation, avoid-
ing both the workflow disruption of dedicated environments and the “constant
deluge of suggestions” observed by [7].

The need for such capabilities is underscored by CodeTalk’s user study,
where one participant noted: “I never knew how much information I was not
getting because I was using a screen reader” [11]. This remark highlights how
accessibility barriers can become normalized, emphasizing the importance of
systems that actively reveal the structural and semantic aspects of code that
sighted developers can access visually.

3 Implementation Overview

Our accessibility solution is implemented as a VS Code extension. This choice
is driven by the editor’s widespread adoption among developers, its ease of
integration, and its flexible architecture. According to the Stack Overflow
2024 Developer Survey [14], VS Code is used by 74% of developers, making it
the most popular IDE by a significant margin—more than double the usage
of its nearest alternative, Visual Studio (29%). While other indices such as
the PYPL Top IDE Index [4] rank Visual Studio higher in terms of tutorial
search popularity (28.48% versus VS Code’s 15.27%), they also highlight the
rapid growth trend of VS Code over the past five years. This widespread usage
ensures that an extension developed for VS Code has the potential to reach a
large and diverse audience of developers.

Beyond popularity, VS Code offers architectural advantages that make it
suitable for this project [17]. It provides a well-documented extension API that
enables integration of custom features. This extensibility allows the extension
to automatically process code upon file opening and trigger audio playback
when users interact with specific lines. VS Code also supports a wide range
of programming languages, including C+-, which remains relevant in many
domains. Targeting VS Code allows us to embed the extension in a familiar and
widely used environment for C++ developers. Its cross-platform availability
on Windows, macOS, and Linux further enhances accessibility, while its large
and active community contributes valuable support and resources |18§].

The core functionality of the extension involves processing C+-+ source
code and generating audio representations. When a user opens a C++ file, the
extension parses it line-by-line. For each line, two audio outputs are generated:
a verbatim narration of the code spoken in a female voice (which we refer to
as Rachel) and a contextual explanation of the purpose of the line delivered in



a male voice (which we refer to as Andy). The contextual explanation is created
by sending each line, along with a carefully crafted prompt, to the OpenAI API.
This uses the capabilities of LLMs, which are trained in an extensive corpus of
text and code. The prompt is explicitly designed to guide the model to produce
explanations that are context-aware, aiming to describe not just what the line
does but also why it exists in the broader logic of the program.

Once both verbatim narration and contextual explanation are generated,
the system uses Eleven Labs TTS API to convert them into audio. For each line
of code 7, two separate audio files are created: rachel_i.mp3 for verbal narra-
tion and andy_i.mp3 for contextual explanation. Eleven Labs was selected for
its high-quality, lifelike voice synthesis, its support for voice customization, and
its flexibility in terms of language and integration options. The platform allows
developers to choose from a variety of voices or even clone specific ones, which
enables the clear separation of narration types via distinct male and female
voices. In addition, Eleven Labs actively promotes its use for accessibility-
focused applications, which aligns well with the goals of this paper. The API
also supports customization of speech parameters, such as speed and stability,
which offers room for further tuning of the user experience, which we plan to
explore in future work of this extension.

A significant technical challenge in this project was achieving reliable se-
quential playback of the two audio narrations for each line of code. Ensuring
that Andy’ contextual explanation consistently follows Rachel’ verbal narra-
tion—without gaps or overlap—proved difficult due to the lack of reliable play-
back completion triggers in the development environment. To address this, we
used the ffmpeg multimedia framework to concatenate the two separate audio
files into a single synchronized file output_i.mp3 for each line i. By combining
both narration types into a single file, the extension simplifies playback logic:
when a user selects a line of code, only one audio file needs to be played. By
default, this file contains Rachel’verbatim narration followed by Andy’ con-
textual explanation. However, BVI users can choose to hear only Rachel or
Andy, depending on their preference. This guaranties smooth and immediate
sequential playback, resulting in a better and more consistent user experience.

4 Rationale and Hypothesized Benefits

We hypothesize that employing two distinct voices: 1) one designated for read-
ing verbatim code syntax and 2) for providing contextual explanations can
significantly enhance code comprehension for BVI users compared to the con-
ventional approach of using a single TTS voice for all output.

The underlying rationale for this hypothesis is based on principles of au-
ditory scene analysis, which involves parsing and grouping sounds to form



representations of distinct auditory objects [13]. By assigning different voices
to the code and the explanation, the aim is to leverage this natural perceptual
mechanism to help listeners more easily differentiate these two critical streams
of information, potentially reducing ambiguity and cognitive effort. Our hy-
pothesis is that the use of distinct female (verbatim code) and male (contextual
explanation) voices improves auditory code comprehension for BVI users. This
approach takes advantage of auditory scene analysis principles, where voice dif-
ferences in pitch and timbre facilitate perceptual stream segregation |3l 8]. By
perceptually separating the code syntax from its semantic explanation using
distinct voices (male and female), our aim is to reduce the cognitive load as-
sociated with simultaneously processing syntax and semantics, similar to tech-
niques used to separate real-world and virtual sounds in mixed-reality environ-
ments [5] Therefore, while the hypothesis is plausible and grounded in sound
perceptual principles, its practical efficacy to improve code comprehension re-
mains unproven. The potential cognitive benefits of easier stream segregation
must be weighed against the potential costs of attention management, and this
balance can only be determined through direct empirical testing on realistic
coding tasks. In future studies, we hope to perform a randomized control trial
experiment and validate the efficacy of our extension in VSCode.

5 Results

Table [I] presents a line-by-line comparison of how the selection sort algorithm,
shown in Figure [T is transcribed and narrated by three different systems:
JAWS (based on our limited testing with the trial version), the verbatim
Rachel voice, and the contextual Andy voice, both generated using Eleven-
Labs’ TTS API. The actual audio recordings corresponding to Table[I] includ-
ing playback of the voices of JAWS and Rachel and Andy , are available in an
audio-only format [10]. We found that character-by-character playback from
the JAWS trial version posed significant challenges for understanding code
structure and logic, although we acknowledge that other configurations may
be available in the full version.



Figure 1: Selection Sort algorithm displayed in VSCode. The top-right corner
shows the Narrate C++ Code button, which triggers audio narration using
Rachel and Andy voices. Once narration is complete for all code lines, a pop-up
appears in the bottom-right corner with a green checkbox labeled Narration
Complete.

While the Rachel voice provides a clear, line-by-line reading of the code syn-
tax (e.g., “Line 3: void selectionSort open parenthesis...”), which is already an
improvement over the character-by-character output observed from the JAWS
trial version (e.g., “voidspaceselection S ort..”), the Andy voice
demonstrates a deeper level of understanding.

The key advantage lies in the OpenAl-powered contextual narration pro-
vided by Andy, which synthesizes a high-level explanation of each code line
rather than simply reading it aloud. This approach leverages the LLM capa-
bilities of OpenAl to deliver concise summaries that preserve the programmer’s
intent As highlighted in Line 7, Andy does not read the line of code verbatim
but mentions that Line 7 is an inner loop inside an outer loop and that the
inner loop will iterate over the unsorted part of the array starting from 7 + 1.
This semantic interpretation, derived from processing the code with an Ope-
nAl model prompted for context-aware explanations, is something traditional
screen readers typically cannot provide.

Further examples of this contextual understanding are evident throughout
the table: Line 4: Andy explains the purpose of the outer loop within the
selection sort algorithm (“placing the correct element at position i”) and the
reasoning behind the n—1 condition. Line 7: Andy clarifies the role of the inner
loop (“examining every element in the unsorted portion”) and its starting point
relative to the outer loop (¢ + 1). Lines 8 & 9: Andy explains the conditional
logic being performed (checking for a smaller element) and the action taken if
the condition is met (updating minIndex). Lines 15, 16, & 17: Each of these
lines is in a closed curly bracket. Andy explains clearly that the first curly
bracket closes the the if block. The second curly bracket closes the outer loop



and the last curly bracket closes the selection sort function.

This demonstrates that the Andy voice, powered by OpenAl, captures and
conveys the semantic meaning and structural context of the code, offering
a significantly richer and more comprehensible auditory experience for users
compared to the literal, non-interpretive playback characteristic of standard
screen readers like the JAWS version tested.

Line # Code Line JAWS Transcription Rachel Voice Transcription Andy Voice Transcription
Line 1 #include <iostream> Winclude<iostreans> Line 1: #include less than iostream | Line 1: This line includes the
greater than inputoutput stream library for
Cplusplus.
Line 2 using namespace std; using namespace std; | Line2 usingnamespace std Line 2: Here, the code is indicating the
semicolon usage of the standard namespace in
Cplusplus.

Line 3 void selectionSort(int arr(], |void selectionSort (1 > 3: void selectionSort open Line 3: This line defines a function

int n nt arr[], int n){ parenthesis int arr open square named selectionSort that takes an
bracket close square bracket int n integer array and its size as parameters.
close parenthesis open curly bracket

Line 4 for (int i=0;1i<n-1; for(inmt i = 0; i < n - Line 4: for open parenthesis int i — | Line 4: Inside the selectionSort
++1) 13 ++i) (€ 0 semicolon i less than n minus 1 function, there is a for loop that iterates

semicolon plusplusi close parenthesis | over the array. This loop will run n
open curly bracket minus 1 times

Line 5 int minlndex = i; int minlndex = i; Line 5: int minlndex — i semicolon | Line 5: Within the loop, an integer

variable minIndex is declared and
initialized with the value of i.

TLine 6 7/ Find the index of the // Find the index of t | Line6: comment Find the index of | Line 6: This is a comment describing
ninimm element in the he minimum element in | the minimum clement in the the purpose of finding the index of the
unsorted part the unsorted part unsorted part minimum element in the unsorted part.

Tine 7 for (imt j =1+ 1; ) <m for(inmt j = i + 13 j < Line 7: for open parenthesis int j Line 7: Inside the outer loop, there is
++3) 4 n; o443 o i plus 1 semicolon j less than n another nested loop that iterates over

semicolon plusplusj close parenthesis | the unsorted part of the array starting
open curly bracket from iplusl.

Line 8 if (arr(j] < arr(minindex]) { | if (arr[j] < arr (minl | Line8 if open parenthesis arr open | Line 8: This line checks if the element

ndex]){ square bracket j close square bracket | at index j is less than the clement at the
less than arr open square bracket current minimum index to update the
minIndex close square bracket close | minimum index if needed
parenthesis open curly bracket
Line 9 ninlndex = minlndex = j; Line 9: minIndex — j semicolon Line 9: If the condition in line 8 is true,
minlndex is updated to the current
index j
Line 10 } ] Line 10: close curly bracket Line 10: This is the end of the inner
loop where the comparison is made to
find the minimum element

Line 11 } b Line 11: close curly bracket Line 11: End of the inner loop block.

Line 12 7/ Swap the found minimum 7/ Swap the found min | Line 12: comment Swap the found Line 12: This comment indicates the
element with the first element imum element with the minimum element with the first th

first element element
index after the inner loop completes all
iterations

Tinc 13 if (minlndex '= D) { if(minlndex ! = i){ Line 13: if open parenthesis Line 13: Here, an if condition checks if

minIndex negation = i close the minIndex is not equal to i, meaning
parenthesis open curly bracket a smaller element was found, then it
proceeds to swap the elements.

Line 14 swap(arr(i], arr(minIndex]); swap(arr(i], arr[min | Line 14 swap open parenthesis arr | Line 14: Within the if condition, the

Index]); open square bracket i close square swap function is called to interchange
bracket, arr open square bracket the elements at index i and minIndex.
minIndex close square bracket close
parenthesis semicolon

Line 15 ¥ ] Line 15: close curly bracket Line 15: End of the condition block

checking for the swap condition.

Line 16 ¥ T Line 16: close curly bracket Line 16: End of the outer loop block

that iterates through the array n minus
1 times to sort the elements

Line 17 } i Line 17: close curly bracket Line 17: End of the selectionSort,

function block

Table 1: Comparison of Code Transcriptions by JAWS,
Male Voice (Lines 1-17) on the selection sort algorithm.

6 Conclusion

Female Voice, and

This paper presented an accessibility extension designed to enhance the com-
prehension of C++ code for BVI developers within the widely used VSCode
environment. The system employs two distinct synthetic voices generated via
ElevenLabs: a female voice (Rachel) provides a precise, verbatim reading of
each code line, ensuring syntactic accuracy, while a male voice (Andy) delivers
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a context-aware explanation. Contextual narration is generated using the Ope-
nAI API, which analyzes each line of code to infer semantic meaning and de-
scribe its role within the broader program structure. This dual-voice approach
aims to offer a deeper level of understanding than traditional screen readers,
which typically provide only literal readings. The use of distinct voices also
supports auditory stream segregation, potentially reducing the cognitive load
on the listener. The extension integrates inside VSCode, allowing BVI users to
navigate code using the up and down arrow keys and trigger the synchronized
playback of both the verbatim and contextual narrations for the selected line on
demand. Together, these features form a cohesive framework for auditory code
comprehension that bridges the gap between syntactic precision and semantic
understanding. Future work will involve conducting user studies to evaluate
the effectiveness of the tool in improving comprehension and efficiency, as well
as exploring extensions to additional programming languages.
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