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Abstract

The increasing demand for highly responsive, scalable, and real-time web applications has exposed
fundamental performance limitations in traditional full-stack architectures that rely on synchronous,
blocking communication models. Such systems often suffer from elevated latency, limited throughput
scalability, inefficient resource utilization, and degraded frontend responsiveness under high concurrency.
Reactive programming, characterised by asynchronous execution, non-blocking 1/0, and event-driven data
streams, has emerged as a promising alternative; however, its performance benefits have largely been
studied in isolation at either the frontend or backend layer. Comprehensive empirical evaluations of end-
to-end reactive integration across the full stack remain limited.

This study presents a comparative experimental evaluation of a traditional synchronous full-stack
application and a fully reactive full-stack application designed with coordinated reactivity between frontend
and backend components. Both systems were implemented with identical business logic, data models, and
user workflows, differing only in their architectural paradigms. The applications were subjected to
controlled workloads encompassing read-heavy, write-heavy, and mixed request patterns under low,
medium, and high concurrency levels. Performance was assessed using a multidimensional set of metrics,
including average and tail latency (P95, P99), throughput, CPU and memory utilisation, thread
consumption, frontend rendering behaviour, Ul update latency, and system stability indicators such as error
rates and backpressure effectiveness. Experimental results demonstrate that the reactive full-stack
architecture significantly outperforms the traditional system across all major performance dimensions.
Under high concurrency, the reactive system achieved a 55-65% reduction in average response latency and
approximately 70% reduction in tail latency, while sustaining more than 120% higher throughput. Resource
utilisation analysis revealed substantially lower CPU and memory consumption and a dramatic reduction
in active thread count due to non-blocking execution. Frontend performance measurements showed faster
time to first contentful paint, reduced UI update latency, and smoother rendering under real-time data
streams. Furthermore, the reactive system maintained low error rates and stable operation under peak load
through effective backpressure-aware communication, whereas the traditional system exhibited frequent
timeouts and failures. The findings confirm that performance optimisation in modern web applications is
fundamentally a cross-layer concern and that isolated adoption of reactive techniques is insufficient to
realise their full benefits. By empirically demonstrating the advantages of coordinated reactive frontend—
backend integration, this study provides practical architectural insights and design guidelines for building
scalable, resilient, and high-performance full-stack applications suitable for real-time and high-concurrency
environments.
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1. INTRODUCTION

Full-stack web applications constitute the foundational
infrastructure of contemporary digital ecosystems, supporting a
wide spectrum of services including enterprise resource planning
platforms, financial transaction systems, real-time collaboration
environments, e-commerce portals, and data-intensive analytics
dashboards. These applications operate at the intersection of user
interaction, data processing, and service orchestration, making
their performance characteristics critically important for both
user satisfaction and operational reliability. As modern users
increasingly demand instantaneous feedback, seamless
navigation, and uninterrupted real-time updates, application
performance has evolved from a secondary concern into a core
design requirement (Codecademy, 2024; Parviainen et al., 2017).
Performance deficiencies in full-stack systems manifest in
multiple dimensions, including elevated response latency,
reduced throughput under concurrent access, excessive resource
consumption, and degraded frontend responsiveness. High
latency directly affects user-perceived responsiveness, while
poor scalability limits the system’s ability to handle traffic spikes
or sustained growth. Ul unresponsiveness, such as delayed
rendering or frozen interfaces, undermines user trust and reduces
engagement. Collectively, these issues not only impair the end-
user experience but also increase operational costs and system
instability, particularly in large-scale deployments (Bonsignour
& Jones, 2012; Cerpa & Verner, 2009).

Traditional full-stack architectures predominantly rely on
synchronous communication paradigms, in which frontend
clients issue blocking requests to backend services and await
complete responses before proceeding with further interactions.
Backend systems in such architectures typically employ thread-
per-request execution models, where each incoming request is
assigned a dedicated thread that remains occupied until the
request lifecycle is complete. While this design paradigm
simplifies application logic and aligns well with imperative
programming models, it introduces significant scalability
constraints under high concurrency. Blocking I/O operations,
thread contention, and context-switching overhead become
pronounced as the number of concurrent users increases, often
leading to resource exhaustion and performance degradation
(Govardhan, 2010; Bahattab & Abdullah, 2015).

Furthermore, synchronous architectures tend to couple frontend
responsiveness tightly to backend response times. Any delay in
backend processing, database access, or downstream service

calls directly propagate to the user interface, resulting in sluggish
interactions and delayed feedback. This tight coupling limits the
system’s ability to degrade gracefully under load and makes it
difficult to support real-time or streaming data use cases
efficiently (Codecademy, 2024; Sharma & Sharma, 2023).
Reactive programming has emerged as a compelling alternative
paradigm aimed at addressing these limitations. Rooted in
principles of asynchronous execution, non-blocking I/O, and
event-driven data flows, reactive systems are designed to
maximise resource utilisation while maintaining responsiveness
under varying workloads. By decoupling execution from
blocking  operations and embracing message-driven
communication, reactive architectures enable systems to process
a large number of concurrent tasks using a relatively small
number of threads. This approach is particularly well-suited for
1/O-bound and high-concurrency applications, where traditional
synchronous models struggle to scale (Parviainen et al., 2017;
Mistrik et al., 2010).

In the context of web applications, reactive programming has
gained traction in both frontend and backend domains. Reactive
frontend frameworks facilitate efficient state management and
incremental rendering, allowing user interfaces to update
dynamically in response to data changes without full page
reloads or unnecessary re-rendering. Such practices align closely
with established principles of user-centred interface design and
usability optimisation (Tymoshchuk, 2021; Paperform, 2023).
On the backend, reactive frameworks enable non-blocking
request handling, asynchronous database access, and streaming
APIs that can push data to clients as it becomes available, thereby
improving throughput and system elasticity (Codecademy,
2024).

Despite these advances, the adoption of reactive programming
has often occurred in a fragmented manner. Many applications
employ reactive techniques in isolation, such as reactive
microservices paired with synchronous frontend clients or
reactive Uls backed by traditional blocking APIs. This partial
adoption overlooks the complex interactions between frontend
and backend layers that collectively determine end-to-end
application performance. Cross-layer inefficiencies, including
mismatched data delivery patterns, inconsistent authentication
and authorisation flows, or improper handling of asynchronous
state and backpressure, can significantly diminish the benefits of
reactivity when applied inconsistently across the full stack (Okta
Inc., 2024; Bello & Tobi, 2024).
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Figure 1. Traditional Synchronous Full-Stack Architecture
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This research addresses this gap by investigating the
performance implications of integrating reactive principles
across the entire full-stack, from the user interface to backend
services and data access layers. Rather than focusing on isolated
optimisations, the study adopts a holistic perspective, evaluating
how coordinated reactivity influences system-wide performance
characteristics. The research emphasises experimental
evaluation over theoretical abstraction, providing empirical
evidence through controlled benchmarking and comparative
analysis. By systematically comparing a fully reactive full-stack
architecture with a traditional synchronous counterpart, the study
aims to inform architectural decision-making for modern,
performance-critical web applications.

2. Architectural background

Research on web application performance optimisation has
traditionally been segmented across frontend, backend, and
infrastructure layers, with each domain investigated largely in
isolation. Backend-oriented studies have extensively explored
scalability challenges associated with synchronous processing
models, particularly in high-concurrency environments. Prior
work on asynchronous servers and event-driven architectures
demonstrated that non-blocking 1/O can significantly improve
throughput and reduce latency by minimising idle waiting time
and thread contention, especially under 1/O-bound workloads
(Govardhan, 2010; Saravanos & Curinga, 2023). Subsequent
research on reactive and event-driven backend systems further
reinforced these findings, indicating that event-loop—based
execution models can outperform traditional thread-per-request
designs when handling large volumes of concurrent requests
(Parviainen et al., 2017; Sharma & Sharma, 2023).

Reactive Full-Stack Architecture

-, User

Reactive Frontend

Efficient
Resource
Utilization

W Low
/V Latency
- A\

/ Backpressure
ﬂ Control

Non-Blocking Ul Updates

————

@ Async Processing

Reactive Backend

Event-Driven & Async

9 Stream Response

—=

Reactive Database

o Event Stream
Q Async Processing
9 Stream Response

The rise of microservices architectures intensified interest in
reactive backend systems, as distributed services frequently rely
on network-bound interactions and external dependencies.
Studies in this area have emphasised the advantages of reactive
communication patterns, including improved resilience,
enhanced fault isolation, and more efficient resource utilisation
across distributed services (Mistrik et al., 2010; Parviainen et al.,
2017). However, much of this research evaluates backend
performance in isolation, often relying on synthetic workloads or
service-to-service benchmarks that do not account for real-world
frontend interaction patterns or user-driven request variability
(Cerpa & Verner, 2009).

Frontend performance optimisation has followed a parallel but
largely independent research trajectory. Existing studies have
concentrated on minimising rendering overhead, reducing
JavaScript execution time, optimising network requests, and
improving perceived responsiveness. The adoption of reactive
frontend frameworks has been shown to enhance Ul performance
through declarative state management and incremental rendering
strategies. By propagating state changes reactively, these
frameworks reduce unnecessary reflows and repaints, resulting
in smoother user interactions and faster visual feedback
(Tymoshchuk, 2021; Paperform, 2023).

While frontend and backend studies independently demonstrate
the benefits of reactive techniques, relatively few investigations
address holistic full-stack performance optimisation. Many
existing works assume simplified interaction models, such as a
reactive backend serving static or batched responses to a
synchronous frontend, or a reactive user interface consuming
data from conventional RESTful APIs. Such assumptions fail to
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capture the complex dynamics of modern applications, where
real-time data streaming, bidirectional communication, and
continuous state synchronisation are increasingly prevalent
(Codecademy, 2024).

Some recent studies have explored streaming APIs and real-time
data delivery mechanisms, highlighting their potential to
improve responsiveness and reduce latency in specific
application contexts. However, these investigations are typically
limited to narrow use cases, such as notification systems or live
data feeds, rather than evaluating general-purpose full-stack
architectures. Furthermore, limited attention has been given to
backpressure management and its role in maintaining system
stability when reactive components are exposed to sustained high

load, an issue closely tied to software reliability and fault
propagation in distributed systems (Bello & Tobi, 2024;
Bonsignour & Jones, 2012).

The lack of comprehensive, empirical comparisons between
traditional synchronous and fully reactive full-stack
architectures, therefore, represents a significant gap in the
literature. In the absence of controlled experiments that isolate
architectural paradigms while keeping business logic, data
models, and workloads constant, it remains challenging to
quantify the true performance implications of end-to-end
reactive integration in real-world web applications (Cerpa &
Verner, 2009; Parviainen et al., 2017).

Figure 2: Full-stack web application challenges
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This study contributes to existing research by addressing this gap
through a systematic experimental evaluation. By designing two
functionally identical applications—one based on a traditional
synchronous architecture and the other employing coordinated
reactivity across frontend and backend layers—the study isolates
the effect of reactive integration on performance. The use of
identical workloads, metrics, and deployment conditions enables
a fair and reproducible comparison, providing empirical insights
into the benefits and trade-offs of fully reactive full-stack
systems.

3. METHODOLOGY
This study adopts a comparative experimental research
methodology to evaluate the performance impact of integrating.

Performance Challenges

A High Response Latency
A\ Blocking Operations
A Resource Inefficiency

Reactive Programming

Resilient

Can reactive techniques.
) across the entire stack »
improve performance? n

Reactive Techniques

3 Reactive Reactive
Backend Frontend
APIs Frammuvorks

Reactive Backend APls
Reactive Dlorkings

reactive programming principles across the entire full-stack of a
web application. The methodology is designed to ensure fairness,
reproducibility, and isolation of architectural variables, enabling
a precise assessment of how reactive frontend—backend
integration influences system performance under varying
workloads.

3.1 Research Design

The research follows an experimental, quantitative design in
which two full-stack web applications were developed and
evaluated under controlled conditions. Both applications
implement identical business logic, data models, and user
interaction workflows. The sole distinguishing factor between
the two systems lies in their architectural paradigms:
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1. A traditional synchronous full-stack
representing conventional industry practice.
2. A fully reactive full-stack architecture, implementing end-
to-end non-blocking, event-driven communication.
By controlling all non-architectural variables, the study isolates
the effect of reactive integration on performance outcomes. This
design enables a direct comparison of system behaviour across
multiple performance dimensions, including latency, throughput,
resource utilisation, and frontend responsiveness.

architecture,

3.2 System Implementation

3.2.1 Traditional Full-Stack System

The traditional system was implemented using a synchronous
interaction model. The frontend communicates with the backend
through blocking HTTP requests, waiting for complete responses
before updating the user interface. Backend services follow a
thread-per-request execution model, where each incoming
request is handled by a dedicated thread for the duration of its
processing lifecycle.

Database interactions in this system use synchronous drivers,
causing backend threads to remain blocked during I/O

operations. This architecture reflects widely used production
systems and serves as a realistic baseline for comparison.

3.2.2 Reactive Full-Stack System

The reactive system was designed using asynchronous, non-
blocking principles across all layers. The frontend consumes data
as asynchronous streams, allowing Ul components to update
incrementally as data becomes available rather than waiting for
complete responses.

The backend employs an event-driven execution model,
processing requests using non-blocking I/O and reactive streams.
Data access operations are performed asynchronously, enabling
the backend to handle a large number of concurrent requests with
a limited number of threads. Communication between frontend
and backend is stream-oriented and incorporates backpressure
mechanisms to regulate data flow and prevent system overload.
This end-to-end reactive integration ensures that neither layer
introduces blocking behaviour that could negate the benefits of
the reactive paradigm.

Figure 3. Experimental Methodology
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3.3 Experimental Environment

All experiments were conducted in a controlled environment to

eliminate external variability. Both systems were deployed on

identical hardware and software configurations, ensuring that

performance differences could be attributed solely to

architectural design choices.

The deployment environment included:

e Identical server configurations for both systems

e  Consistent network conditions

e Isolated execution environments to prevent interference
from external workloads

System clocks were synchronised to ensure accurate timing

measurements, and all background services unrelated to the

experiments were disabled.

3.4 Workload Design

To reflect realistic application usage patterns, the workload was
designed to simulate diverse user interactions and data access
behaviours. Three primary workload categories were defined:
Read-heavy workloads, representing scenarios such as
dashboards and analytics views, where users primarily retrieve
data. Write-heavy workloads, simulating form submissions,
transactional updates, and data ingestion pipelines.
Mixed workloads, combining read and write operations to reflect
typical user behaviour in interactive applications.

Concurrency levels were gradually increased across
experiments, ranging from low to high user loads. Additionally,
real-time update scenarios were introduced to evaluate the
system’s ability to handle continuous data streams and frequent
Ul updates. Each workload scenario was executed multiple times
to account for variability and to ensure statistical reliability of the
results.

3.5 Performance Metrics

System performance was evaluated using a multidimensional set
of metrics to capture both backend efficiency and frontend
responsiveness.

Latency metrics included average response time and tail latency
measurements (95th and 99th percentiles), providing insight into
worst-case user experiences.

Throughput metrics measured the number of requests or events
processed per second under varying concurrency levels.
Resource utilisation metrics tracked CPU usage, memory
consumption, and active thread counts to assess system
efficiency. Frontend performance metrics evaluated UI update
latency, rendering frequency, and responsiveness under real-time
data updates.

Stability metrics captured error rates, request failures, and
backpressure effectiveness under sustained load.

This comprehensive metric set ensures that performance is
assessed holistically rather than from a single perspective.

3.6 Data Collection

Performance data was collected using standardised monitoring
and profiling tools integrated into both frontend and backend
systems. Metrics were sampled at regular intervals during each
experimental run to capture transient behaviour as well as steady-
state performance.

Server-side logs, resource usage statistics, and frontend
performance traces were aggregated into a centralised dataset for
analysis. To minimise measurement bias, warm-up periods were
included before data collection, allowing systems to reach stable
operating states before metrics were recorded.

3.7 Data Analysis

The collected data was analysed using quantitative statistical
techniques. Mean values, percentile distributions, and variance
were computed for all key metrics. Comparative analysis was
performed between the traditional and reactive systems across
identical workload conditions.

Performance trends were examined as concurrency increased,
with particular emphasis on identifying saturation points and
degradation patterns. Visualisation techniques, including latency
distribution plots and throughput curves, were used to interpret
results and identify performance bottlenecks.

3.8 Validity and Reliability Measures

To ensure internal validity, both systems were subjected to
identical workloads, deployment environments, and test
durations. Code reviews were conducted to verify that business
logic and data processing workflows were equivalent across
implementations.

Reliability was ensured by repeating each experiment multiple
times and averaging results to reduce the impact of transient
fluctuations. Any anomalous runs were identified and excluded
based on predefined criteria.

External validity was addressed by designing workloads and
architectures representative of real-world full-stack applications,
enhancing the generalizability of the findings.

3.9 Ethical and Reproducibility Considerations

The study did not involve human subjects or real user data. All
workloads were synthetically generated, ensuring compliance
with ethical research standards. Configuration details,
architectural designs, and experimental procedures were
thoroughly documented to support reproducibility and
independent verification.

This methodology establishes a rigorous experimental
foundation for evaluating full-stack performance optimisation
through reactive integration, enabling meaningful interpretation
of the results presented in subsequent sections.

4. Results and Performance Evaluation

This section presents the empirical findings obtained from the
comparative experimental evaluation of traditional synchronous
and reactive full-stack architectures. The results are organised
into thematic subsections corresponding to key performance
dimensions, enabling a systematic interpretation of architectural
impact under varying workload conditions.

4.1 Response Latency Characteristics

Response latency is a primary indicator of user-perceived
performance in full-stack applications. The experiments revealed
that both systems performed comparably under low user
concurrency; however, significant divergence was observed as
load intensity increased.
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Under medium and high concurrency, the traditional full-stack
application exhibited a rapid escalation in response time due to
thread saturation and blocking I/O operations. In contrast, the
reactive full-stack system maintained substantially lower average
latency, attributed to its non-blocking request handling and
asynchronous execution model. Tail latency analysis further
highlighted the superiority of the reactive approach, with P95 and
P99 latency remaining bounded even under peak load scenarios.

Table 4.1 Average Response Time under Varying Concurrency (ms)

Concurrent Users Traditional Full-Stack Reactive Full-Stack
50 118 108
200 285 190
500 670 310
1000 1245 475

Table 4.2 Tail Latency Comparison (ms)

Metric Traditional Reactive
P95 2120 730
P99 3410 980

Figure 4.1 Response Latency vs Concurrent Users
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These results demonstrate that reactive frontend—backend
integration  effectively mitigates latency amplification,
particularly in high-concurrency environments.

4.2 Throughput Scalability Analysis

Throughput measurements provide insight into a system’s ability
to process increasing workloads efficiently. The traditional
architecture reached throughput saturation at moderate
concurrency levels, beyond which additional load resulted in
performance degradation rather than increased processing
capacity. The reactive full-stack system, however, exhibited
near-linear throughput scaling across all tested concurrency
levels. Event-driven processing and asynchronous data pipelines
enabled the system to handle a significantly higher volume of
requests and streaming events per second without resource
exhaustion.

Table 4.3 Throughput under Mixed Workloads

Concurrent Users Traditional (req/s) Reactive (req/s)
50 480 510
200 760 1250
500 840 1800
1000 910 2150
Figure 4.2 Throughput Scaling with Load
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This behaviour confirms that reactive architectures are inherently
more scalable and better suited for applications with fluctuating
or unpredictable traffic patterns.

4.3 Resource Utilisation Efficiency

Resource utilisation analysis revealed stark differences between the
two architectures. The traditional system demonstrated high CPU
consumption and excessive memory usage under heavy load,
primarily due to the thread-per-request model and prolonged thread
blocking during I/O operations. Conversely, the reactive backend
achieved higher workload throughput using substantially fewer
threads, resulting in lower CPU utilisation and reduced memory
footprint. The event—loop—based execution model minimised
context switching overhead and improved overall system efficiency.

Table 4.4 Resource Utilisation at Peak Load

Metric Traditional Reactive
CPU Utilisation (%) 92 67
Memory Usage (GB) 6.3 4.0
Active Threads 980 145

Figure 4.3 CPU Utilization Trend
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These findings indicate that reactive full-stack architectures not
only improve performance but also optimise infrastructure
utilisation, offering cost and energy efficiency benefits.

4.4 Frontend Rendering and Responsiveness

Frontend performance evaluation focused on rendering
behaviour and Ul responsiveness under dynamic data conditions.
The traditional frontend experienced delayed updates and
irregular rendering intervals, particularly during real-time data
streaming, as it relied on blocking API calls and batched
responses.

The reactive frontend demonstrated superior responsiveness,
with faster time to first contentful paint and significantly reduced
Ul wupdate latency. Incremental data streaming enabled
continuous UI updates, resulting in smoother user interactions
and improved perceived performance.

Table 4.5 Frontend Performance Metrics

Metric Traditional Reactive
Frontend Frontend
FCP (ms) 1850 1200
UI Update Latency (ms) 690 215
Rendering Frequency N .
(updates/s) 46 12-15

Figure 4.4 Ul Update Latency under Real-Time Streams
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This confirms that backend reactivity alone is insufficient;
meaningful frontend performance gains are realised only when
reactive principles are consistently applied across the entire
stack.

4.5 System Stability and Error Behaviour

System stability was evaluated by analysing error rates, request
timeouts, and failure patterns under sustained high load. The
traditional system showed a sharp increase in error rates beyond
medium concurrency, driven by thread pool exhaustion and
uncontrolled load propagation.

In contrast, the reactive system maintained low error rates across
all workload scenarios. Built-in backpressure mechanisms
regulated data flow between components, preventing overload
and ensuring graceful degradation under stress conditions.

Table 4.6 Stability and Failure Metrics

Metric Traditional Reactive
Error Rate (%) 3.9 0.8
Request Timeouts Frequent Rare
Load Handling Uncontrolled Backpressure-driven

Figure 4.5 Error Rate vs Load Intensity
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These results highlight the role of backpressure-aware
communication in maintaining system reliability and preventing
cascading failures in high-load environments.

4.6 Bottleneck Identification and Performance Limits
Profiling and monitoring data identified database I/O and thread
contention as the primary bottlenecks in the traditional
architecture. Once these limits were reached, performance
degradation was rapid and difficult to recover from.

The reactive architecture exhibited a delayed bottleneck onset,
with performance constraints largely determined by external
dependencies rather than internal processing inefficiencies. This
suggests that reactive systems provide greater headroom for
optimisation and scaling.

Table 4.7 Primary Bottlenecks Observed

Architecture Bottleneck Source Impact
Traditional Blocking DB calls Thread starvation
Traditional Thread pool saturation High latency

Reactive External service latency Managed via backpressure

The comparative results collectively demonstrate that reactive
frontend—backend integration delivers measurable and consistent
performance improvements across latency, throughput, resource
utilisation, frontend responsiveness, and system stability. The
benefits become increasingly pronounced as workload
complexity and concurrency increase, reinforcing the suitability
of reactive full-stack architectures for modern, real-time, and
large-scale web applications.

Table 4.8 Overall Performance Gains

Metric Improvement with Reactive Stack
Average Latency | 55-65%
P99 Latency 1 ~70%
Throughput 1 120-140%
CPU Usage 1 ~25%
Memory Usage | ~35%
Error Rate | ~80%
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5. DISCUSSION

The experimental results presented in this study provide strong
empirical evidence that end-to-end reactive integration across
frontend and backend layers significantly enhances full-stack
application performance. While both traditional synchronous and
reactive architectures delivered comparable performance under
low concurrency, performance divergence became increasingly
pronounced as workload complexity and user concurrency
increased. This observation underscores the importance of
evaluating application architectures under realistic, high-load
conditions rather than relying on low-stress benchmarks.

One of the most notable findings is the substantial reduction in
both average and tail latency observed in the reactive full-stack
system. Traditional architectures exhibited rapid latency
escalation under high concurrency due to thread-per-request
execution models and blocking I/O operations. As threads
became saturated, requests experienced prolonged waiting times,
resulting in extreme tail latency, as reflected in P95 and P99
measurements. In contrast, the reactive system maintained
bounded latency through asynchronous execution and event-
driven scheduling, preventing resource starvation and reducing
queuing delays. This behaviour is particularly critical for user-
facing applications, where tail latency often determines
perceived responsiveness.

Throughput analysis further highlights the scalability advantages
of reactive architectures. The traditional system reached
throughput saturation at moderate concurrency levels, after
which additional load resulted primarily in performance
degradation rather than increased processing capacity. This
phenomenon reflects inherent limitations of blocking
architectures, where resource contention restricts scalability. The
reactive system, however, demonstrated near-linear throughput
scaling across all tested workloads. By decoupling request
handling from thread availability, the reactive architecture
efficiently utilised available resources to sustain higher
processing rates, making it better suited for environments with
fluctuating or unpredictable traffic patterns.

Resource utilisation metrics provide additional insight into the
efficiency of reactive systems. The traditional backend exhibited
high CPU utilisation and excessive memory consumption under
heavy load, driven by large numbers of active threads and
frequent context switching. These factors not only degrade
performance but also increase infrastructure costs and limit
scalability. In contrast, the reactive backend processed
substantially higher workloads using significantly fewer threads,
resulting in lower CPU and memory usage. This efficiency
highlights an often-overlooked advantage of reactive
architectures: improved cost-effectiveness and sustainability in
large-scale deployments.

Frontend performance results reveal that backend optimisations
alone are insufficient to deliver an optimal user experience. The
traditional frontend, reliant on blocking API calls and batched
responses, suffered from delayed Ul updates and irregular
rendering behaviour under real-time data streams. The reactive
frontend, by contrast, benefited from incremental data delivery
and asynchronous state propagation, resulting in faster time to
first contentful paint, reduced UI update latency, and smoother
rendering. These findings emphasise that meaningful
improvements in  user-perceived performance require

coordinated reactivity across the entire stack, not merely backend
modernisation.

System stability and error behaviour further distinguish the two
architectures. Under sustained high load, the traditional system
experienced increasing error rates, timeouts, and uncontrolled
load amplification. These failures stem from the absence of
effective flow control mechanisms, allowing upstream
components to overwhelm downstream services. The reactive
system-maintained stability across all tested scenarios through
backpressure-aware communication, dynamically regulating
data flow and preventing cascading failures. This capability is
particularly important for real-time and mission-critical
applications, where system reliability is as important as raw
performance.

Despite its advantages, the reactive approach introduces
additional complexity in application design, debugging, and
developer onboarding. Asynchronous execution models require
careful handling to avoid issues such as unbounded streams or
memory leaks. However, the performance and stability gains
observed in this study suggest that these challenges are
outweighed by the benefits for applications operating at scale.
Proper tooling, architectural discipline, and developer training
can mitigate many of the associated complexities.

Overall, the findings demonstrate that reactive full-stack
architectures represent a paradigm shift rather than a simple
optimisation. By fundamentally rethinking how data flows
through frontend and backend components, reactive systems
enable a level of scalability, responsiveness, and resilience that
is difficult to achieve using traditional synchronous models.

6. Conclusion and Future Work

This study presented a comprehensive empirical evaluation of
performance optimisation in full-stack web applications through
coordinated reactive frontend—backend integration. By
implementing two functionally identical systems—one based on
a traditional synchronous architecture and the other on a fully
reactive architecture—and subjecting them to identical
workloads under controlled conditions, the study isolated the
impact of architectural design on system performance.

The experimental results demonstrate that reactive full-stack
integration delivers substantial and consistent performance
improvements across multiple dimensions. The reactive system
achieved significant reductions in average and tail latency,
sustained higher throughput under increasing concurrency,
utilised system resources more efficiently, and provided superior
frontend responsiveness. Moreover, the incorporation of
backpressure-aware communication mechanisms ensured stable
operation and low error rates even under peak load conditions.
These findings confirm that performance optimisation in modern
web applications is inherently a cross-layer concern. Isolated
adoption of reactive techniques at either the frontend or backend
layer yields limited benefits, whereas coordinated end-to-end
reactivity enables substantial gains in scalability, resilience, and
user experience. The study provides empirical support for
adopting reactive full-stack architectures in applications that
require real-time data processing, high concurrency handling,
and consistent responsiveness.

Future work may extend this research by evaluating reactive full-
stack architectures in distributed microservice ecosystems,
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incorporating heterogeneous backend services and real-world
production traffic patterns. Additional investigations into
developer productivity, maintainability, and long-term
operational costs would further inform architectural decision-
making. Exploring hybrid architectures that combine reactive
and synchronous components may also offer practical pathways
for gradual migration from legacy systems.

In conclusion, reactive frontend—backend integration represents
a robust and scalable architectural strategy for meeting the
performance demands of modern web applications. The insights
and guidelines derived from this study can assist system
architects and developers in designing high-performance,
resilient, and future-ready full-stack systems.
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