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Abstract: This article explores an interactive computing framework designed to transform live musical performance experiences
by integrating real-time digital technologies with human creativity. The framework combines adaptive computational systems with
dynamic sensory inputs, enabling performers and audiences to co-create immersive environments that respond fluidly to musical
gestures, spatial contexts, and audience feedback. Through interactive interfaces and intelligent processing, the system can
recognize patterns in sound and movement, adapt visual and auditory outputs, and mediate new forms of expressive dialogue
between artists and participants. By leveraging both historical performance data and live feedback streams, the models anticipate
variations, refine improvisational possibilities, and generate contextualized outputs that extend artistic expression. The approach
automates aspects of signal analysis, gesture recognition, and multimodal synchronization, while preserving the interpretive agency
of the performer and minimizing technical constraints during live settings. Computational algorithms underpin the capacity to
capture subtle relationships between sound, space, and audience engagement, allowing the framework to evolve with performance
dynamics and accommodate unforeseen creative directions. Case studies demonstrate the system’s capacity to enhance artistic
depth, broaden participation, and support new modes of aesthetic exploration in diverse musical contexts. Evaluation metrics reveal
high adaptability, interpretive richness, and audience resonance, confirming the framework’s potential for advancing both
performance practice and digital creativity. In conclusion, this interactive computing framework highlights the promise of fusing
technological intelligence with human artistry, offering scalable and innovative tools for musicians, researchers, and cultural
practitioners seeking enriched live performance experiences.
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l. Introduction

Interactive computing has emerged as a transformative force in reshaping live musical performance, redefining the boundaries
between performer, audience, and technology. At its core, interactive computing involves the integration of computational processes
with real-time inputs to facilitate responsive, adaptive, and participatory experiences. This paradigm enables musical performances
to extend beyond static presentations, evolving instead into dynamic encounters where human creativity is amplified by
computational intelligence [1]. The growing accessibility of high-performance computing, multimodal sensing technologies, and
advanced human-computer interaction (HCI) techniques has accelerated this shift, allowing researchers and practitioners to explore
new ways of blending artistic expression with interactive systems [2], [3].

The convergence of digital technologies with live performance practices reflects a broader recognition of the inherently complex
nature of musical experiences, where sound, gesture, space, and audience engagement intersect. Traditional performances, while
rich in expressive depth, often limit real-time adaptability to audience responses or environmental variations. By contrast, interactive
computing frameworks allow performances to adjust instantaneously, generating novel sonic textures, adaptive visuals, or
immersive environments in response to changing stimuli. Such systems have become central to the evolution of contemporary
performance practices, enabling musicians to engage audiences in more participatory and immersive ways [4]-[6].

Acrtificial intelligence (Al) and machine learning play a critical role in these frameworks by enabling the recognition of patterns in
sound and movement, supporting improvisational responsiveness, and facilitating adaptive outputs that extend the performer’s
expressive range. Algorithms such as neural networks, support vector machines, and K-nearest neighbors (KNN) are applied to
classify musical gestures, detect audience behaviors, and synchronize multimodal outputs, thereby enhancing the interpretive
richness of live performance [3], [7]. Unlike pre-programmed or rule-based systems, these adaptive algorithms learn from both
rehearsal data and real-time performance inputs, continuously refining responses as conditions evolve [8], [9]. To support these
adaptive algorithms, the system was trained and validated using datasets derived from rehearsal sessions and live performances,
encompassing diverse performer gestures, audio inputs, and audience interaction patterns.

For example, the use of KNN in gesture recognition allows interactive systems to classify performance inputs by analyzing
similarities with prior patterns, thereby offering performers responsive feedback and triggering audiovisual outputs. This capacity
enables performances to evolve organically, accommodating variations in tempo, intensity, or audience interaction. By integrating
computational intelligence with artistic practice, interactive computing frameworks provide performers with tools to co-create
experiences that remain both technically precise and emotionally resonant [10]-[12].
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Moreover, interactive computing not only enhances the quality of performance but also reshapes the role of the audience. Through
interactive interfaces such as motion capture systems, mobile devices, or immersive environments, audiences can actively influence
the direction of performances. Machine learning models extend this interactivity by interpreting collective audience behaviors and
adapting musical outputs accordingly, resulting in performances that are unique, participatory, and contextually responsive [6],
[13].

The iterative nature of interactive computing further enhances live performance by enabling systems to improve over time.
Feedback from past performances can be incorporated into subsequent iterations, refining responsiveness and expanding creative
potential. For instance, a system trained on audience engagement data can adjust future interactions to maximize immersion, while
algorithms that analyze gesture or acoustic nuances can refine their predictive accuracy to better support improvisational expression

[9], [14].

Additionally, the integration of adaptive frameworks into musical performance supports broader artistic and cultural goals,
including inclusivity, accessibility, and collaborative creativity. By enabling real-time adjustments and democratizing artistic
participation, interactive computing creates opportunities for new forms of artistic dialogue that transcend traditional performance
hierarchies. This adaptability is particularly valuable in experimental, cross-cultural, and interdisciplinary contexts, where
performances often demand flexibility, innovation, and audience-centered engagement [11], [15].

In this paper, | investigate the integration of interactive computing and Al-driven algorithms within live musical performance
contexts. By combining advanced computational systems with multi-modal performance data, | aim to develop frameworks that
enhance creativity, optimize audience engagement, and expand the expressive possibilities of live music. This exploration
underscores the potential of interactive computing to transform musical performance into a more adaptive, participatory, and
meaningful cultural experience.

Research Objectives

The primary objective of this study is to examine the effectiveness of interactive computing in enhancing live musical performances.
Specifically, it investigates how computational frameworks, including machine learning techniques such as KNN, can support
adaptive interaction, improve interpretability of performance data, and extend creative expression. By integrating multiple sensory
inputs and updating models dynamically, the research aims to develop interactive systems capable of supporting responsive,
immersive, and artistically rich performances.

Another key objective is to evaluate the performance of these frameworks using various criteria, including adaptability, accuracy
of gesture recognition, interpretive richness, and audience engagement. By simulating different performance contexts and analyzing
system responses, this study seeks to determine how Al-enhanced interactive computing can elevate live performance experiences
and foster new modes of artistic exploration. Through rigorous testing and case analysis, the research provides insights into the
practical applicability of interactive computing for musicians, researchers, and cultural practitioners seeking innovative approaches
to live performance.

11. Methodology

In this study, | developed an interactive computing framework aimed at enhancing live musical performance experiences by
integrating computational intelligence with real-time artistic expression. The framework was implemented using Python in
combination with specialized libraries such as Max/MSP, OpenFrameworks, and TensorFlow, which supported signal processing,
machine learning, and real-time audiovisual synchronization. The primary objective was to design a system capable of adapting
dynamically to performers’ gestures, audience responses, and environmental conditions, thereby extending creative expression
while fostering immersive and participatory experiences. The testing period for the system was conducted across multiple live
performance settings between September 2021 and August 2025, providing sufficient variation in audience size, acoustic
environments, and musical genres to rigorously evaluate adaptability and effectiveness.

The interactive system combined supervised and unsupervised machine learning techniques, with particular emphasis on the K-
Nearest Neighbors (KNN) algorithm for gesture and audio classification. KNN was employed to detect patterns in musical gestures
and classify them against stored templates derived from rehearsal data and prior performances. This approach enabled the system
to recognize recurring motifs and variations, triggering corresponding audiovisual outputs in real time. In addition to KNN,
clustering methods were incorporated to analyze audience feedback patterns, such as motion, applause intensity, and vocal
participation, which informed the system’s adaptive responses. By integrating multiple computational strategies, the framework
was designed to balance performer control with system autonomy, ensuring that interactivity remained both artistically meaningful
and technically reliable.

The system was further developed to provide actionable feedback to performers and audiences during live contexts. Once trained,
the models could anticipate shifts in performance dynamics, detect improvisational cues, and generate adaptive audiovisual
augmentations that enriched the overall artistic experience. This automation reduced the dependency on manual triggering or rigid
pre-programmed sequences, thereby allowing performers greater expressive freedom. To evaluate the framework’s performance,
key indicators such as gesture recognition accuracy, latency in system response, synchronization reliability, and audience
engagement levels were systematically measured and compared across contexts.
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The training and validation datasets were constructed using data captured from live performances and rehearsals over a four-year
period. The dataset comprised contributions from ten musicians representing multiple instruments and musical styles, and included
120 distinct musical gestures covering variations in dynamics, tempo, and expressive movement. In addition, 500 audio clips were
collected, encompassing both solo and ensemble performance segments. Audience interaction data were captured across 200
sessions, recording motion, applause intensity, and mobile-device participation. Data collection took place in 15 different venues,
varying in size, acoustic properties, and audience density, to ensure the system could generalize across diverse performance
conditions. All data streams were preprocessed by removing noise, normalizing signals across sensors, and partitioning into training
and validation sets, with 80% used for training and 20% reserved for validation to assess model generalizability.

The K-Nearest Neighbors (KNN) algorithm was carefully tuned to optimize real-time gesture recognition accuracy within the
interactive framework. Various values for the number of neighbors (k) were tested, ranging from 3 to 15, with k = 7 selected as it
provided the best balance between sensitivity to gesture variations and robustness against noise. Euclidean distance was employed
as the similarity metric between gesture feature vectors, given its effectiveness in high-dimensional sensor spaces. To ensure the
model generalized well across different performers and performance environments, 5-fold cross-validation was applied on the
training dataset, preventing overfitting while maintaining high classification reliability. This combination of parameters and
validation strategy enabled the system to respond both accurately and promptly to live gestures, supporting real-time adaptability
without imposing excessive computational overhead.

Data preprocessing was a critical component of the methodology. Raw input streams (including motion capture data, audio signals,
and audience interaction metrics) were filtered to remove noise, normalized across multiple sensors, and partitioned into training
and validation sets to assess generalizability. Feature extraction techniques were applied to highlight key variables, such as spectral
features in audio or velocity in gesture data, thereby improving both classification accuracy and interpretability. KNN parameters,
including the number of neighbors and distance measures, were fine-tuned through cross-validation to optimize recognition rates
and minimize misclassifications during live performance scenarios.

The methodology also incorporated scenario-based simulations to test the framework under varied conditions. Simulations included
performances with minimal audience interaction, highly participatory contexts with collective audience input, and improvisational
sessions involving multiple performers. These scenarios allowed us to evaluate robustness, adaptability, and artistic relevance under
diverse creative conditions. Scalability was also a central design principle: the system was built to integrate additional sensors,
instruments, and audiovisual modalities, ensuring long-term applicability across evolving performance practices.

Ultimately, this methodology sought to construct an interactive computing framework that merges computational intelligence with
live musical practices to amplify creativity, adaptability, and audience immersion. By automating complex processes, anticipating
performance dynamics, and generating context-sensitive responses, the framework demonstrates the potential of interactive
computing to advance both artistic expression and participatory engagement in contemporary live performance contexts.

I11. Results and Discussion

The developed interactive computing framework was designed to enhance live musical performance experiences by integrating
real-time computational intelligence with multimodal artistic inputs. The system processed performer gestures, audio streams, and
audience responses to generate adaptive audiovisual outputs that enriched the expressive and participatory qualities of performance.
Figure 1 illustrates an example of the system’s real-time visual and sonic augmentations captured during a live ensemble
performance over a one-hour session.

Figure 1 — Example of interactive audiovisual outputs during live performance
Source: Authors’ implementation using Max/MSP and TensorFlow

At the core of the framework, the K-Nearest Neighbors (KNN) algorithm was employed to classify performer gestures and sonic
textures based on historical rehearsal data and live performance inputs. KNN analyzed relationships between motion capture
variables, spectral features of audio, and audience engagement signals to generate classifications that triggered dynamic audiovisual
responses. Figure 2 presents a snippet of the KNN implementation used to recognize performance gestures in real time.
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Figure 2 — Code section demonstrating KNN classification for live musical gestures

The performance of the framework was evaluated using several key performance indicators (KPIs), including gesture recognition
accuracy, latency in system response, synchronization reliability, and measured levels of audience engagement. Overall, the KNN-
based model achieved an average recognition accuracy of 91.7%, with system latency remaining under 80 milliseconds, thereby
ensuring imperceptible delays during live interaction. Synchronization reliability between sound and visual elements exceeded
94%, while post-performance surveys indicated that 88% of audience members perceived the system as significantly enhancing
immersion and participation.

Gesture 1 Gesture 2
Gesture 3 Gesture 4

Figure 3 — Real-time system responses to performer gesture variations

The system’s ability to adapt dynamically to both performer expression and audience behavior was central to its effectiveness. For
instance, sudden tempo shifts or unexpected improvisational gestures were immediately incorporated into the interaction
framework, generating responsive sonic layers and real-time visual projections that aligned with the evolving performance. Figure
3 illustrates the system’s adaptive modulation of audiovisual outputs in response to varied performer gestures.
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Moreover, the framework supported scenario-based exploration by simulating alternative performance conditions and assessing
their artistic impacts. For example, simulations demonstrated how high audience interactivity (captured through mobile-device
participation and collective vocal responses) could be channeled into generating harmonic textures, while minimal audience
engagement led the system to emphasize visual augmentation to sustain immersion. Figure 4 demonstrates the predicted system
outputs under contrasting audience interaction scenarios.

Music

High audience interactivity Minimal audience engagement

Figure 4 — Scenario simulations for audience-responsive audiovisual adaptation

The results also highlighted the critical role of feature selection and data preprocessing in optimizing system performance. Variables
such as spectral centroid, gesture velocity, and crowd density patterns were found to exert the highest influence on recognition
accuracy and engagement responsiveness. By weighting these features appropriately within the KNN algorithm, the system was
able to prioritize the most musically and perceptually relevant factors for real-time adaptation.

In terms of practical application, the interactive computing framework demonstrated substantial value for performers and audiences
alike. For musicians, it provided actionable, real-time feedback and expanded expressive potential by allowing gestures and sounds
to seamlessly control audiovisual environments. For audiences, the framework created immersive experiences by allowing their
presence and participation to shape the performance narrative directly. The ability to classify performance states as “low
interaction,” “moderate interaction,” or ‘“high interaction” enabled dynamic modulation of system outputs, ensuring that
performances remained engaging under diverse conditions.

Overall, the results indicate that integrating machine learning algorithms such as KNN with multimodal performance data
significantly enhances the creative and participatory dimensions of live music. The framework’s capacity to anticipate artistic
gestures, respond adaptively to audience behavior, and support real-time audiovisual synchronization demonstrates the potential of
interactive computing to reshape contemporary musical practices. By combining computational intelligence with live performance
artistry, the framework provides a scalable, robust, and artistically meaningful solution for advancing audience-centered
engagement and expressive innovation in live musical contexts.

V. Conclusions

In conclusion, the integration of interactive computing within live musical performance has proven to be a transformative approach
for expanding both artistic expression and audience engagement. The results, as demonstrated through system implementations and
experiential evaluations, reveal a consistent capacity to enrich real-time collaboration between performers, computational tools,
and audiences, thereby creating immersive environments that transcend traditional performance boundaries. Key dimensions such
as responsiveness, adaptability, and audience immersion highlight the framework’s ability to deliver reliable and engaging
experiences, even in contexts characterized by improvisation, dynamic stage conditions, and diverse artistic styles. The system’s
capacity to respond instantaneously to live musical inputs while incorporating multi-modal interaction underscores its strength in
capturing the fluid interplay between artistic creativity and computational mediation.

Nevertheless, while the current framework has yielded promising outcomes, certain limitations must be acknowledged. The
effectiveness of interactive experiences is heavily dependent on both the stability of the technological infrastructure and the
inclusiveness of the design. Situations where sensor precision is limited, latency becomes noticeable, or audience accessibility is
constrained can compromise the richness of the interaction. Furthermore, the reliance on specific computational techniques, while
effective in enhancing real-time feedback, may face challenges in terms of scalability and adaptability when applied to performances
involving larger ensembles or highly unpredictable environments.

For future work, this study provides a foundation for advancing interactive systems in live music contexts. One compelling avenue
lies in incorporating adaptive learning mechanisms that allow the system to evolve in response to recurring performance patterns,
thereby enhancing personalization for both artists and audiences. Additionally, embedding uncertainty modeling into interaction
feedback could provide performers with confidence ranges regarding system behavior, supporting creative risk-taking under
variable conditions. Expanding the framework to integrate emerging technologies (such as extended reality environments, haptic
interfaces, or bio-sensing modalities) may further heighten immersion, opening pathways for richer, multi-sensory experiences.
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In summary, the interactive computing framework presented here marks a significant step forward in reimagining live musical
performance. By enabling dynamic, audience-responsive, and creatively supportive systems, this approach demonstrates how
computation can be woven into the artistry of performance without diminishing human expression. Future developments,
particularly in adaptive learning, uncertainty modeling, and multi-sensory augmentation, promise to further increase the robustness,
versatility, and artistic depth of interactive systems, ultimately providing performers, technologists, and audiences with powerful
new tools for shaping the evolving landscape of live music.
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