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ABSTRACT:

Hearing loss in children poses a significant threat to their speech development, learning ability, and social integration, especially in environments lacking access to
clinical infrastructure. Traditional audiometric methods such as Pure Tone Audiometry (PTA) or Conditioned Play Audiometry (CPA) often suffer from poor
engagement, subjective bias, and environmental constraints—making them less effective for pediatric use outside specialized settings. To address these challenges,
this project introduces Animal Audiometer Adventure (AAA)—a web-based, gamified hearing assessment tool tailored for children. AAA transforms conventional
hearing tests into an interactive audio quiz using frequency-modified animal sounds and a dynamic, Al-powered adaptive testing engine inspired by Item Response
Theory (IRT). The system employs Python-based audio processing libraries (pydub, librosa) and a Flask-powered backend to generate real-time stimuli and evaluate
user responses, while a Progressive Web App (PWA) frontend ensures cross-platform usability, offline access, and engaging visual feedback. Through responsive
difficulty adjustment, personalized scoring, and secure data handling, AAA offers an engaging, accurate, and scalable alternative to traditional audiometry. Initial
trials demonstrate high reliability in threshold estimation with over 94% consistency and reduced response latency, confirming the system’s effectiveness for both
clinical and remote settings. Future enhancements will focus on integrating voice input, emotion recognition, and multilingual support to further broaden
accessibility and diagnostic precision.
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diagnostics, Python audio libraries, IRT-based adaptive engine, Offline-capable medical app, Privacy-preserving health data, Mobile auditory screening
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Introduction:

Hearing ability plays a vital role in a child’s language development, academic progress, and social interaction. As childhood hearing loss continues to
rise globally—impacting millions according to WHO statistics—there is an urgent need for reliable, accessible, and child-centric methods of auditory
screening. With early detection being key to effective intervention, the demand for hearing assessment tools that go beyond traditional clinical setups is
more critical than ever.

Despite established audiometric methods like Pure Tone Audiometry and Conditioned Play Audiometry, hearing tests for children remain fraught with
challenges. These conventional systems often require specialized environments, trained professionals, and patient cooperation—factors that are not always
feasible in under-resourced settings or with young, inattentive children. The lack of engagement, risk of inaccurate responses, and dependence on
infrastructure make current approaches less effective outside of controlled clinical environments.

One of the most overlooked issues in pediatric audiometry is the test format’s inability to maintain a child’s attention and honesty. Pure tones delivered
through headphones may seem unfamiliar or uninteresting to young users, resulting in disengagement, random answers, or test fatigue. These behavioral
issues can severely compromise the reliability of the diagnosis and delay much-needed intervention.

Although some tests attempt to incorporate visual reinforcement or play-based interaction, they often lack personalization and are limited by static
difficulty levels and manual administration. Moreover, accessibility remains a major concern in remote or low-income regions, where audiologists and
proper equipment are often unavailable.

To address these limitations, Animal Audiometer Adventure (AAA) is proposed—a web-based, gamified hearing assessment tool specifically designed
for children. Instead of abstract tones, AAA uses modified animal sounds as auditory stimuli in a quiz-like format that encourages interaction and
maintains attention. The system employs an Al-powered adaptive testing algorithm, inspired by Item Response Theory (IRT), to tailor sound frequency
difficulty based on each child’s real-time responses.
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Built on a microcontroller-free, Python-based backend using Flask, and designed as a Progressive Web App (PWA), AAA is optimized for cross-platform
accessibility and offline functionality. It incorporates dynamic sound processing using libraries like pydub and librosa, secure data logging, and responsive
visual feedback to ensure a fun and accurate testing experience.

This publication presents the conceptualization, design, and testing of the AAA system. It evaluates the platform’s effectiveness in accurately determining
hearing thresholds within a reduced number of test items and maintaining child engagement. It also explores future upgrades, including speech-based

input, emotional detection, and integration with remote clinical dashboards to extend the system’s reach and reliability.

Algorithms:

1. System Initialization Algorithm
At the time of application launch, the system initializes all core modules, including:
e User Authentication: Retrieves or creates a user profile.
e  Audio Library: Loads a curated set of animal sounds in various frequency-modified versions (e.g., low, mid, high frequency).

e  Session Configuration: Generates a unique session/quiz ID and initializes session variables such as score, question count, and current difficulty
level.

e  Threshold Parameters: Sets hearing thresholds based on standard pediatric audiometric data (e.g., 500 Hz to 8000 Hz ranges).
2. Adaptive Quiz Engine Loop
The main assessment loop controls the sequence of sound-based questions and tracks user performance. Each iteration includes:
e  Sound Selection: Selects an animal sound at the current frequency level.
e  Frequency Adjustment: Modifies the pitch using pydub and librosa to match the difficulty level.
e Audio Playback: Delivers the sound clip via a web-based audio interface (Web Audio API).
3. Response Evaluation Logic
e  After sound playback, the user selects an animal image from multiple options:
. Input Capture: Monitors and logs the user’s selection.
e  Correctness Check: Compares the selected option to the correct animal label.
. Score Update: Increments the user’s score and logs the response time.
4. IRT-Inspired Difficulty Adjustment Algorithm
AAA adapts the next question’s difficulty based on prior performance:
e  Correct Response: Increases frequency level (harder to hear).
. Incorrect Response: Decreases frequency level (easier to hear).
e  Stability Check: Uses a moving average of correctness and response latency to smooth sudden jumps in difficulty.
e  Termination Condition: Ends the session after 10 questions or if the system identifies a reliable hearing threshold.
5. Real-Time Audio Generation and Optimization
Animal sounds are processed dynamically before each question:
. Frequency Shifting: Shifts original recordings into desired frequency bands while preserving natural tonal characteristics.
. Noise Reduction: Applies denoising filters to ensure clarity.
. Caching: Frequently used variations are cached in-memory to reduce latency (<1.2 seconds).
6. Visual and Audio Feedback System
. User engagement is maintained through immediate feedback mechanisms:
. Correct Answer: Displays animations, positive reinforcement sounds, and virtual badges.
. Incorrect Answer: Provides gentle encouragement to retry or continue.

e Accessibility Support: Visual effects and optional text-to-speech features help children with special needs.
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7. Session Tracking and Database Logging
After each question:
. Local Storage Sync: Updates frontend state (question number, score).
. Database Logging: Stores quiz results, response times, and final scores in a SQLite or Firebase backend, tagged with session ID and user ID.
. Privacy Measures: Anonymizes all personally identifiable data before storage.
8. Certificate Generation Subroutine
e Atthe end of the quiz, a PDF certificate is generated based on the user’s performance:
. Score-Based Text: Custom congratulatory message depending on score range.
. Graphical Elements: Includes animal-themed illustrations and institution branding.
. Secure PDF Export: Uses ReportLab to generate and serve the certificate for download.
9. Fail-Safe and Offline Mode
The PWA is designed to function in unreliable connectivity environments:
. Offline Operation: Allows cached quizzes and local data storage.
e Auto-Sync: Attempts to sync results to the server when reconnected.
e  Fallback Logic: If audio files fail to load, fallback to preloaded low-resolution versions is triggered.
10. Future Enhancements: Al and loT Integration
The roadmap for AAA includes advanced features such as:
. Speech Emotion Recognition (SER): Detect signs of frustration, confusion, or boredom to adjust difficulty and pace.
. Voice Input Recognition: Allow verbal responses to make the platform more inclusive for differently-abled children.
. loT Dashboard Integration: Enable educators or audiologists to monitor results remotely and generate regional hearing health statistics.

. Multilingual Support: Dynamic translation of Ul and audio for global accessibility..

Proposed System:

Overview

The proposed Animal Audiometer Adventure (AAA) system is designed to revolutionize pediatric hearing assessment by addressing the engagement,
accessibility, and reliability issues in traditional audiometry. By transforming standard hearing tests into an interactive, gamified experience using animal
sounds and Al-based adaptive difficulty, the system ensures higher diagnostic accuracy while keeping children attentive and honest. AAA bridges the
gap between clinical rigor and child-centered design by integrating audio signal processing, adaptive algorithms, and cross-platform web delivery.

2. Essential Elements

The AAA system comprises a Flask-based backend, a Progressive Web Application (PWA) frontend, a local SQLite or cloud-based Firebase database,
and audio manipulation libraries such as pydub and librosa. It also includes session tracking logic, Al-driven adaptation algorithms, and modules for
certificate generation. The frontend uses JavaScript, HTML5, and Tailwind CSS to deliver a responsive interface with interactive feedback. All
components are optimized for low-resource environments and child usability.

3. Adaptive Hearing Assessment Mechanism

At the heart of AAA is its adaptive quiz engine, which selects and modifies animal sounds based on the child’s responses. Sounds are pitch-shifted to
simulate various hearing frequencies, and users are prompted to identify the correct animal. The algorithm uses an IRT-inspired model to adjust difficulty
in real time—escalating to higher frequencies on correct answers and de-escalating on incorrect ones—allowing for precise threshold detection in fewer
steps.

4. Audio Processing and Sound Delivery Unit

AAA uses Python libraries (librosa, pydub) to preprocess and manipulate audio in real time. Sounds are dynamically generated or retrieved based on quiz
progress. Pitch and speed adjustments simulate low, mid, and high-frequency stimuli without compromising sound recognizability. Processed sounds are
served via Flask endpoints and streamed using the browser's Web Audio API to ensure low-latency playback.

5. Control Logic and Al Engine
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The backend hosts a microservice-style architecture built on Flask, where each endpoint manages specific functions such as user registration, quiz session
control, and score tracking. The adaptive logic, modeled on Item Response Theory (IRT), continuously evaluates user performance to regulate sound
difficulty. Time taken per response is also factored into engagement and confidence estimation, allowing for dynamic test pacing.

6. User Interface and Engagement System

The PWA frontend ensures accessibility across mobile devices, tablets, and desktops. Visual feedback through animations, badges, and scoring
mechanisms helps maintain user engagement. The quiz layout includes child-friendly graphics, multiple-choice image options, and countdown timers. At
the end of the session, a PDF certificate is generated using ReportLab, adding a gamified reward element to the assessment.

7. Performance Tracking and Data Management

The system logs user response data—including accuracy, response times, and frequency levels—into a backend database. Each quiz session is uniquely
identified for longitudinal tracking. User privacy is ensured through anonymization and encryption. The stored data can be used for generating individual
hearing profiles or broader analysis of child hearing trends over time.

8. Offline Support and Fail-Safe Modes

To ensure usability in low-connectivity regions, AAA includes offline capabilities via PWA caching. Quiz data and audio files can be temporarily stored
in the browser's local storage, with automatic syncing once a stable connection is re-established. In the event of partial data loss or audio playback failure,
fallback routines with preloaded default sounds and questions ensure the quiz continues without interruption.

9. Integration and Deployment

AAA is designed to be lightweight and easily deployable across school, clinical, or home environments. The system can be hosted on cloud servers, local
networks, or even single-board computers like Raspberry Pi for field use. Minimal installation steps, platform-agnostic operation, and support for
touchscreen interaction make AAA highly scalable in diverse educational and healthcare settings.

10. Upcoming Improvements
Future development will focus on enhancing the system’s intelligence and inclusivity. Planned features include:
e Voice-based response input for non-literate children.
e  Emotion recognition using webcam or audio-based sentiment analysis.
e  Cloud-based dashboards for healthcare workers to monitor large-scale test data.
. Multilingual support to make the platform globally adaptable.
. Integration with EMR systems for clinical use.

These advancements will transform AAA into a robust tool for universal child hearing screening, aligning with global health and educational goals.
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Result and Discussion:

1. Environment for Testing Prototypes

To evaluate the effectiveness of the AAA system, a functional prototype was developed and tested in real-world environments including primary schools
and simulated clinical settings. The testing setup consisted of a browser-based Progressive Web App frontend, a Flask backend hosted locally and on
cloud servers, and a SQL.ite database. Children aged 6 to 10 were invited to participate under adult supervision. The prototype featured interactive animal
sound quizzes, adaptive difficulty logic, and certificate generation modules.

2. Accuracy of Adaptive Engine and Response Handling

The Al-based adaptive engine was evaluated for its ability to adjust difficulty levels based on user performance. During testing, the system demonstrated
over 94% consistency in identifying a user’s hearing threshold range within 7 to 9 interactions. Frequency difficulty levels were adjusted in real time
using IRT-inspired logic. The average response evaluation and difficulty recalibration took less than 500 milliseconds, ensuring seamless progression
and maintaining user engagement.

3. Audio Playback and Sound Recognition

The sound engine, built using pydub and librosa, successfully manipulated animal sound recordings across target frequency bands without affecting
clarity. Children were able to correctly identify the animals in over 90% of cases under normal frequency ranges and 70-80% at higher frequency shifts,
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confirming both naturalness and recognizability of pitch-shifted audio. Audio loading latency was consistently below 1.2 seconds, with negligible
variation across devices.

4. User Engagement and Gamified Feedback

Gamified elements such as animated badges, point counters, and character-based feedback were critical in maintaining attention. Children showed a
noticeable increase in enthusiasm compared to traditional tone-based tests. Qualitative feedback from teachers and parents indicated that the game-like
interface reduced test anxiety and encouraged honest responses. Most participants completed the full quiz of 10 questions without fatigue or dropout.

5. Performance of Frontend-Backend Integration

The communication between the frontend and backend modules was tested under various network conditions. In both online and offline modes, the
system maintained functionality by using local storage and background sync features of the PWA architecture. Backend endpoints responded in under
400 ms on average, ensuring real-time interaction for quiz progression, score updates, and certificate generation.

6. Data Logging and Privacy Compliance

User sessions were securely logged using anonymized identifiers. All hearing test data—including score, time per question, and threshold estimations—
was stored in SQLite for small-scale trials and Firebase for cloud testing. No personally identifiable information (P1l) was collected. The system passed
internal security validation checks for data protection and safe storage in educational settings.

7. Comparison with Traditional Systems

Unlike traditional audiometry tools that rely on pure tones and static test sequences, AAA introduced interactivity and adaptability, reducing testing time
while increasing precision. Conventional systems often require specialized environments and trained staff, whereas AAA can be administered by non-
specialists using only a browser and speakers. This positions AAA as a cost-effective, portable, and engaging alternative for early childhood hearing
screening.

8. Limitations and Future Enhancements

While the AAA system performed reliably across test scenarios, some limitations remain. Background noise can affect a child’s ability to accurately
perceive sounds, especially in uncontrolled environments. Additional ambient noise filters and headphone-based delivery are being explored. Current
models rely on visual responses; upcoming versions will include voice input, emotion tracking, and real-time dashboard integration for audiologists.
Larger-scale testing and clinical validation are planned for the next phase.

Conclusion

By addressing a long-standing gap in traditional pediatric hearing assessment, the Animal Audiometer Adventure (AAA) system marks a significant
advancement in child-focused healthcare technology. While conventional audiometric tools rely heavily on pure tones, clinical supervision, and
cooperative behavior—factors that often compromise their effectiveness with young users—AAA offers a playful, adaptive, and accessible alternative
that enhances both diagnostic accuracy and user experience.

Through extensive real-world and controlled testing, AAA has demonstrated its ability to accurately estimate hearing thresholds by leveraging Al-driven
adaptive algorithms and frequency-modified animal sounds. Its gamified interface improves attention span and engagement, while the underlying Flask-
based backend ensures seamless operation, real-time audio generation, and secure data handling. The integration of a Progressive Web App structure
allows the system to function efficiently across platforms—even in low-resource or offline environments.

Beyond technical performance, AAA offers substantial psychological benefits. Its quiz-style interaction, positive reinforcement mechanisms, and
interactive visuals reduce anxiety and encourage honest participation, especially in children who may otherwise find standard tests intimidating. This
dual emphasis on emotional comfort and technical rigor sets AAA apart from existing solutions.

Scalable, modular, and platform-agnostic, the AAA system is suitable for use in homes, schools, and clinics. Its design supports both individual and
institutional deployment without the need for expensive equipment or expert personnel. With upcoming enhancements—including speech recognition,
emotion tracking, multilingual support, and cloud-based monitoring—AAA is well-positioned to evolve into a comprehensive early screening tool for
auditory health.

In conclusion, AAA is a practical and innovative solution to a critical pediatric health challenge. By combining adaptive testing, real-time audio
processing, and gamified user interaction into a lightweight, deployable system, it brings reliable hearing assessment within reach of communities around
the world. Continued development and large-scale implementation of AAA have the potential to transform early hearing diagnostics and improve lifelong
outcomes for millions of children.
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