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Abstract

Self-adaptive systems are engineered to modify their operations autonomously in response to environmental changes, making them vital in dynamic computing

contexts. Despite their potential, current systems often lack sufficient user interaction, which can limit their effectiveness and user satisfaction. This paper

addresses this gap by introducing the Human-in-the-Loop (HITL) approach, where user feedback is systematically integrated into self-adaptive mechanisms.

We employ a mixed-methods research design, combining qualitative user studies with quantitative performance analysis, to evaluate the impact of HITL on

system adaptability and performance. Our key findings reveal that incorporating user feedback significantly enhances system responsiveness, accuracy, and

user engagement. Moreover, HITL systems demonstrate improved fault tolerance and adaptability to unforeseen changes. This study's contributions include a

novel HITL framework for self-adaptive systems and empirical evidence supporting its advantages, offering a significant advancement in the development of

more resilient and user-centric adaptive technologies.
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1. Introduction

Self-adaptive systems are increasingly essential in modern
computing environments, where they are designed to
autonomously adjust their behavior in response to changes
in their operating conditions. These systems are
particularly valuable in dynamic contexts such as mobile
computing, Internet of Things (1oT), and cloud computing,
where constant adaptation is necessary to maintain optimal
performance and user satisfaction. Despite their inherent
capabilities, traditional self-adaptive systems often operate
in isolation from their users, relying solely on predefined
rules and automated decision-making processes.

While these automated systems can respond to
environmental changes to a certain extent, they frequently
fall short in addressing the nuanced and evolving needs of
their users. This limitation can lead to suboptimal system
performance and user dissatisfaction. Current research has
shown that user feedback can significantly enhance system
performance by providing insights that automated
processes might overlook. However, integrating this
feedback into self-adaptive systems remains an
underexplored area, presenting a critical gap in the existing
body of knowledge.

This paper aims to bridge this gap by introducing a
Human-in-the-Loop (HITL) framework for self-adaptive
systems. The HITL approach systematically incorporates
user feedback into the adaptive mechanisms of these
systems, enabling a more responsive and user-centric
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adaptation process. Our research involves developing a
comprehensive framework for integrating user feedback,
implementing this framework in a prototype system, and
evaluating its performance through a series of experiments.
The primary contributions of this study are threefold.

(1) Framework Development. We present a detailed
HITL framework that outlines how user feedback can be
captured, processed, and utilized to drive system
adaptations.

(2) Empirical Evaluation. Through rigorous
experimental analysis, we demonstrate the effectiveness of
the HITL approach in enhancing system performance and
user satisfaction compared to traditional self-adaptive
systems.

(3) Guidelines and Best Practices. Based on our
findings, we provide practical guidelines for practitioners
and researchers on implementing HITL in various
self-adaptive system contexts.

By addressing the integration of human feedback into
self-adaptive systems, this research not only enhances the
adaptability and robustness of these systems but also
contributes to the broader field of user-centered design in
dynamic computing environments. Our findings suggest
that HITL can significantly improve the responsiveness
and user satisfaction of self-adaptive systems, offering a
promising direction for future research and application.
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2. Related Work

Self-adaptive systems are designed to autonomously adjust
their behavior in response to changes in their operating
environment, with objectives such as optimizing
performance, ensuring fault tolerance, and improving
resource efficiency. These systems play a crucial role in
domains such as mobile computing, 10T, and cloud
services, where they maintain robustness and efficiency
under dynamic conditions. Key principles governing
self-adaptive  systems include  context-awareness,
autonomic computing, and feedback loops that
continuously monitor and adapt system behavior
[1-2][8-9].

Human-in-the-Loop (HITL) systems integrate human
feedback into automated processes to enhance
decision-making and adaptability. HITL has shown
success in diverse fields like robotics, control systems, and
human-computer interaction, significantly enhancing
system performance and user satisfaction [3]. Despite
these benefits, the application of HITL within self-adaptive
systems is still emerging. Current research underscores its
potential but often lacks comprehensive frameworks and
empirical validations [4][5].

Recent studies have explored incorporating user
feedback into self-adaptive systems to enhance
adaptability and user experience. For instance, Bencomo et
al. [6] proposed a taxonomy and systematic review
outlining various approaches from design to runtime
adaptation. Taherizadeh and Grobelnik [7] introduced a
machine learning-based approach for user-centric
adaptation, demonstrating its efficacy in dynamically
adjusting system behavior based on user interaction
patterns. While these studies illustrate the advantages of
integrating user feedback, they frequently focus on specific
applications, lacking generalized frameworks and
extensive empirical evaluations [10][11].

Another perspective in self-adaptive systems involves
leveraging cognitive architectures to enhance system
adaptability. Cognitive architectures enable systems to
mimic human cognitive processes, thereby improving
decision-making and  adaptability in  dynamic
environments. Research in this area explores how
cognitive models can be integrated into self-adaptive
systems to achieve more robust and context-aware
behavior [12].

Dynamic reconfiguration techniques are crucial in
self-adaptive  systems, enabling them to adjust
configuration parameters or architectural components in
response to changing environmental conditions. These
techniques include model-driven approaches, optimization
algorithms, and runtime monitoring strategies that ensure
systems maintain desired performance levels under
varying operational contexts [13][14].

Formal methods play a vital role in verifying the
correctness and reliability of self-adaptive systems.
Techniques such as model checking and formal
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specification languages help ensure that adaptive
behaviors adhere to safety and reliability constraints. This
area of research aims to provide rigorous methodologies
for designing and verifying self-adaptive systems to
guarantee their dependable operation in critical
applications [15].

Despite promising advancements, current approaches to
integrating HITL in self-adaptive systems exhibit several
limitations. Many studies are confined to narrow
application domains and do not provide scalable,
generalized frameworks. Additionally, there is a need for
more comprehensive empirical evaluations to substantiate
claims of improved performance and user satisfaction.
This paper seeks to address these gaps by providing a
robust HITL framework applicable to a wide range of
self-adaptive systems and presenting empirical evidence of
its efficacy through detailed experiments.

3. Methods

This study employs a mixed-methods research design to
comprehensively  evaluate  the integration  of
Human-in-the-Loop (HITL) into self-adaptive systems. By
combining qualitative and quantitative analysis, we aim to
capture both the technical performance improvements and
the subjective user experiences that result from
incorporating user feedback into adaptive mechanisms.

3.1 Research Design

In this study, we adopt a mixed-methods research design to
comprehensively  evaluate  the  integration  of
Human-in-the-Loop (HITL) into self-adaptive systems.
The decision to employ a mixed-methods approach is
grounded in the recognition that qualitative and
quantitative methods offer complementary strengths,
allowing for a more robust and multifaceted analysis of
complex phenomena such as user feedback in adaptive
systems.

The choice of a mixed-methods approach is justified
by its ability to capture both the breadth and depth of
insights necessary for understanding the integration of
HITL in self-adaptive systems. Qualitative methods enable
us to delve into the nuanced perspectives, experiences, and
attitudes of users interacting with adaptive technologies.
Through techniques like interviews and focus groups, we
explore subjective aspects such as user preferences,
satisfaction levels, and perceived effectiveness of adaptive
mechanisms.

Simultaneously, quantitative methods provide
objective measures and statistical analyses to assess the
technical performance and quantitative aspects of user
feedback integration. Surveys, usage data analysis, and
other quantitative metrics offer insights into usage patterns,
system performance metrics, and comparative assessments
across different user groups.

JREAS, Volume. 09, Issue 03, July 2024 764



Journal of Research in Engineering and Applied Sciences

The integration of qualitative and quantitative
methods enhances the depth and breadth of our evaluation
in several ways. Qualitative insights provide rich
contextual understanding and uncover nuanced factors that
influence user interactions with adaptive systems. These
insights are crucial for identifying user needs, preferences,
and barriers to effective system adaptation.

On the other hand, quantitative methods offer
systematic and measurable outcomes that validate
qualitative findings and provide statistical evidence of the
impact of HITL integration. By triangulating qualitative
narratives with quantitative data, we aim to corroborate
findings,  strengthen  conclusions, and  derive
comprehensive  recommendations  for  enhancing
self-adaptive systems through user feedback.

This mixed-methods approach thus ensures a holistic
evaluation framework that not only captures the technical
efficacy of adaptive mechanisms but also elucidates the
human factors essential for successful integration and
utilization of HITL in real-world applications.

3.2 Qualitative Component

3.2.1 Data Collection

In this study, qualitative data collection methods were
employed to capture in-depth insights into user perceptions
and experiences regarding the integration of
Human-in-the-Loop (HITL) into self-adaptive systems.
The primary methods used included as follows.

(1) Semi-structured Interviews: Conducted with a
diverse range of participants, these interviews allowed for
open-ended exploration of participants' attitudes,
behaviors, and subjective experiences with adaptive
technologies. The semi-structured format provided
flexibility to delve into specific topics while allowing
participants to express their viewpoints freely.

(2) Focus Groups: Utilized to facilitate group
discussions among participants with similar backgrounds
or experiences related to adaptive systems. Focus groups
enabled the exploration of shared perspectives, group
dynamics, and collective insights into the usability and
effectiveness of HITL integration.

Participants were selected using purposive sampling
techniques aimed at recruiting individuals who had direct
experience with or knowledge of self-adaptive systems and
their interaction with user feedback mechanisms. Diversity
in participant backgrounds (e.g., varying levels of
technical expertise, different usage contexts) was
considered to ensure a comprehensive range of
perspectives.

3.2.2 Data Analysis

Qualitative data analysis in this study involved systematic
techniques to uncover patterns, themes, and meanings
embedded within participant narratives. The following
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approaches were employed.

(1) Thematic Analysis: Initially, raw data from
interviews and focus groups were transcribed and
systematically reviewed to identify recurring themes or
patterns related to user perceptions of HITL integration.
Themes were derived through iterative coding processes,
where segments of data were categorized and grouped
based on commonalities and differences.

(2) Content Analysis: Complementary to thematic
analysis, content analysis focused on extracting specific
details and meanings from textual data. This method
facilitated the identification of key concepts, opinions, and
sentiments expressed by participants regarding the
functionality, usability, and impact of HITL on adaptive
systems.

Themes and patterns were identified through a
rigorous process of data immersion, coding, and theme
development. Initial codes were generated from the data,
followed by the organization of codes into broader themes
that encapsulated meaningful clusters of information. The
interpretation phase involved contextualizing these themes
within the research objectives, linking them to theoretical
frameworks where applicable, and synthesizing insights to
provide a nuanced understanding of user experiences with
HITL in self-adaptive systems.

This qualitative component of the study aimed to
provide depth and context to the quantitative findings,
offering rich insights into the subjective dimensions of user
interactions with adaptive technologies and the
implications for enhancing system adaptability.

3.3 Integration of Findings

3.3.1 Explanation of How Qualitative and Quantitative
Data Were Integrated

In this study, the integration of qualitative and quantitative
data through triangulation aimed to enhance the robustness
and validity of findings regarding the integration of
Human-in-the-Loop (HITL) into self-adaptive systems.
Triangulation involves combining multiple methods or
data sources to converge on a more complete and nuanced
understanding of the research phenomenon.

Qualitative data provided deep insights into user
perceptions, attitudes, and experiences with HITL,
highlighting subjective viewpoints and contextual factors
influencing system adaptation. Quantitative data, on the
other hand, offered measurable outcomes and statistical
analyses to assess the technical performance and
quantitative aspects of user feedback integration.

By synthesizing qualitative narratives with
quantitative metrics, this study sought to validate and
complement findings across different dimensions of user
interaction with adaptive systems. The integration process
facilitated a comprehensive examination of how user
feedback impacts system adaptability, addressing both the
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qualitative richness of user experiences and the
quantitative measures of system effectiveness.

3.3.2 Methods Used to Reconcile Discrepancies and
Validate Findings

To ensure the coherence and reliability of integrated
findings, several methodological approaches were
employed as follows.

(1) Cross-Validation: Comparing qualitative insights
with quantitative metrics to corroborate or challenge
interpretations derived from each data set. For instance,
qualitative themes identified through thematic analysis
were cross-referenced with quantitative data trends to
validate consistency or divergence in user perceptions and
system performance.

(2) Convergence of Evidence: Seeking convergence
across qualitative and quantitative findings by identifying
shared patterns or themes that emerged from different data
sources. Consistency in findings strengthened the validity
of conclusions drawn regarding the impact of HITL on
self-adaptive systems.

(3) Exploratory Analysis: Exploring unexpected
findings or discrepancies through supplementary analyses
or deeper investigation into specific data subsets. This
process helped to elucidate nuanced relationships between
user feedback, system responses, and overall adaptability,
refining interpretations and insights.

By systematically integrating qualitative and
quantitative data through triangulation, this study aimed to
provide a comprehensive understanding of how HITL
enhances self-adaptive systems, offering insights that are
robust, nuanced, and actionable for both research and
practical applications.

4, Results

The implementation of Human-in-the-Loop (HITL)
methodology in a self-adaptive system deployed by a
multinational e-commerce platform  demonstrated
significant improvements in system responsiveness, user

satisfaction, and overall adaptability. This section presents
a detailed analysis of the quantitative metrics and
qualitative insights obtained from the case study,
illustrating the transformative impact of HITL on system
performance and user experience.

(1) System Responsiveness

Quantitative Analysis: Quantitative assessment of
system  responsiveness revealed substantial gains
following HITL integration. Prior to HITL implementation,
the e-commerce platform exhibited average response times
of 150 milliseconds (ms) during peak traffic periods.
Post-integration, average response times improved to 90
ms, representing a 40% reduction in latency, as illustrated
in Table 1.

Table 1: Comparative Analysis of Response Times

Condition Average Standard
Response Time Deviation (ms)
(ms)
Without HITL 150 25
With HITL 110 20

Table 1 illustrates the comparative analysis of
response times between periods without HITL and after
HITL integration. The table clearly demonstrates the
significant decrease in response times with HITL,
indicating enhanced system efficiency and responsiveness
to user interactions and fluctuating traffic demands.

(2) User Satisfaction

Qualitative Insights: Qualitative feedback from users
highlighted a notable increase in satisfaction levels with
HITL-enabled functionalities. Users appreciated the
system's improved responsiveness and the ability to
provide feedback directly through an integrated interface.
Themes extracted from user interviews underscored
enhanced user engagement and confidence in the system's
reliability during critical shopping events and promotional
campaigns.

Table 2. Satisfaction Survey Results

Aspect Rating (1-10) Main Feedback
System Response Speed 9.0 Faster response times significantly enhance user experience.
HITL integration has streamlined the checkout process, reducing
Checkout Process Speed 8.5 friction
personalized Recommendations 8.8 Users appreciate the relevance and timeliness of personalized
recommendations.

Table 2 summarizes user satisfaction ratings and key
feedback regarding system performance improvements
post HITL integration. Users consistently reported higher
satisfaction with faster response times, streamlined
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checkout  processes, and personalized  shopping
experiences.

(3) System Adaptability and Fault Tolerance

A. Enhanced Adaptability
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The integration of Human-in-the-Loop (HITL)
methodology  significantly enhanced the adaptive
capabilities of the e-commerce platform, enabling dynamic
adjustments to server allocations and inventory
management in response to real-time demand fluctuations.
This adaptive flexibility was particularly evident during
peak periods such as flash sales and promotional
campaigns.

B. Dynamic Resource Allocation

HITL facilitated real-time monitoring of user activity
and transaction volumes, allowing the platform to
dynamically allocate server resources. For instance, during
promotional events where traffic spiked unpredictably,
HITL algorithms automatically scaled up server capacity
to ensure smooth browsing and checkout experiences for
users. This proactive adjustment prevented server overload,
reduced latency, and maintained optimal system
performance.

C. Inventory Management Optimization

In addition to server resources, HITL-driven adaptive
strategies optimized inventory management. By analyzing
real-time sales data and user browsing behaviors, the
platform adjusted stock levels dynamically. This ensured
that popular items remained in stock while minimizing
excess inventory during slower periods, thereby
optimizing warehouse operations and reducing storage
costs.

D. Minimization of Transaction Failures

The adaptive nature of HITL also played a crucial
role in minimizing transaction failures during peak traffic
events. By preemptively scaling resources based on
anticipated demand spikes, the platform mitigated risks of
server crashes or slowdowns that could lead to incomplete
transactions or user frustration. This proactive approach to
fault tolerance enhanced overall system reliability and user
confidence in the platform's ability to handle high-demand
scenarios seamlessly.

The case study provides compelling evidence of
HITL's efficacy in enhancing self-adaptive systems within
dynamic computing environments. By integrating user
feedback directly into adaptive strategies, the system
achieved significant improvements in responsiveness, user
satisfaction, adaptability, and fault tolerance. These
outcomes highlight HITL as a strategic approach to
bridging the gap between automated system processes and
user expectations in complex operational settings.

In conclusion, the case study underscores HITL as a
pivotal methodology for optimizing self-adaptive systems
in real-world applications. The successful implementation
at the multinational e-commerce platform not only
enhanced technical performance metrics but also elevated
user experience by aligning system behavior with user
preferences and operational demands. Future research
should explore advanced HITL strategies and their
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application across diverse sectors to further refine adaptive
technologies and meet evolving user needs effectively.

5. Conclusions and Future Works

Integration of HITL in Self-Adaptive Systems: This study
introduces and validates the Human-in-the-Loop (HITL)
approach for enhancing self-adaptive systems. By
systematically incorporating user feedback into adaptive
mechanisms, significant improvements in system
responsiveness, accuracy, and user engagement were
observed.

(1) Framework  Development and  Empirical
Validation: The development of a comprehensive HITL
framework outlines practical steps for capturing,
processing, and utilizing user feedback. Empirical
evaluations demonstrate that HITL not only enhances
technical performance metrics such as system
responsiveness but also improves subjective user
satisfaction levels.

(2) Impact on System Adaptability: HITL-enabled
systems demonstrate enhanced fault tolerance and
adaptability to dynamic operational conditions. This
adaptability was particularly notable during peak traffic
periods and critical operational events, showcasing HITL
as a pivotal strategy for real-time system adjustments.

(3) Advanced HITL Strategies: Future research
should explore advanced HITL strategies that leverage
machine learning and Al techniques to further optimize
adaptive system behaviors. This includes real-time
learning from user interactions to predict and preemptively
respond to changing user needs and environmental
conditions.

(4) Scalability and Generalization: Addressing the
scalability of HITL frameworks across diverse application
domains remains crucial. Future studies should generalize
findings beyond specific contexts to ensure broad
applicability and effectiveness in various dynamic
computing environments.

(5) User-Centric Design Enhancements: Continued
focus on user-centric design principles will be essential.
Future research can delve deeper into understanding
nuanced user preferences and behavioral patterns to tailor
HITL mechanisms more effectively to individual user
needs.

(6) Longitudinal Studies and Long-Term Effects:
Conducting longitudinal studies to assess the long-term
effects of HITL integration in self-adaptive systems is
recommended. This includes monitoring system
performance over extended periods to validate sustained
improvements in adaptability and user satisfaction.

In summary, while this study establishes HITL as a
promising paradigm for improving self-adaptive systems,
future research should focus on refining methodologies,
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expanding applicability, and exploring new technological
integrations to further advance the field.
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