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Abstract: - The purpose of this study is to develop and implement a hybrid approach that addresses the
limitations of relational databases (such as MySQL) and graph databases (like Neo4j) in analyzing complex
relationships. The study used an experimental methodology that replicated a setting with network data
(recommendations, social ties) stored in a graph and structured data (customers, products) saved in a relational
database. The findings showed that, while preserving data integrity, the suggested approach significantly
reduced the execution time of complicated queries involving multi-level traversal of relationships (on average,
70% faster) when compared to depending only on the relational database. The study also showed that some data
duplication resulted in a 15% increase in storage costs, which is acceptable given the notable improvements in
speed. The study concludes that the hybrid model offers a workable option for applications that need
dependable data traversal operations in addition to sophisticated relationship inquiries. The development of
such resource-efficient data architectures is a critical step towards creating sustainable digital infrastructures,
which are fundamental for managing the complex, interconnected systems that underpin modern economies and
societies and directly supports SDG 9 targets 9.4 (improve infrastructure for sustainability) and 9.c (universal
ICT access) by enabling effective digital infrastructure for developing economies through a 70-83% reduction
in computational resource consumption for relationship queries.
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1 Introduction sophisticated enterprise capabilities like
In the big data era, traditional relational databases SOPhlStlcated. indexing and backup methqu, and
(RDBMSs) are no longer sufficient to meet the they suffer with mass structured data operations [8].
many demands of contemporary applications, As a result, hybrid architectures that include
especially those that call for the study of complex polyglot persistence have become the best option,
and interdependent relationships between entities utilizing the advantages of both systems: Graph

[1], [2]. Although RDBMSs are excellent at databases for relationship traversal and RDBMSs
’ for  structured analytics and transactional

handling structured data and guaranteeing ACID . i ;
consistency [9], [10], [11]. Adhoc integrations

transactions, their JOIN procedures experience

exponential performance loss when the relationship frequently fail because ' of data sy.nchronizatljon
depth goes above two hops [3]. Complex multi-table overhead and query routing cor'nplex1ty,. according
JOIN queries can be 100-1000 times slower than to [12] evaluatlop of 27 hybnd techniques [13].
equivalent graph traversals [4]. Because of their When comparing multl—rpodel Flatabases
built-in node-and-edge architecture, graph databases (ArangoDB) to specialized hybrids, [14] dlscov§red
overcome these constraints and provide constant- that the latter were 2.3 times faster for mixed
time relationship traversal regardless of dataset size workloads [15], [16]. Integration complexity is
[5]. According to [6], Neo4j and Janus Graph significantly decreased by recent developments in
outperform optimized relational systems by 10-50 intelligent ~ middleware  and  containerized
times on social network and recommendation deployment [17], [18]. According to [19], 65% of
queries [7]. However, graph databases lack enterprise applications will use hybrid data
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architectures by 2030 in order to strike a
compromise between cost, scalability, and
performance [20], [21] capturing and processing of
information, protection and privacy of information,
duplication and standardization of information,
organization of information, in-depth examination
of information, data repositories [21].

In order to overcome these integration issues
and provide 70-83% query speedup for complicated
connection analysis, this study suggests and
empirically validates a pragmatic hybrid strategy.
By reducing data duplication (15% storage
overhead), ensuring real-time consistency through

UUID synchronization, and offering specific
middleware assistance, our method makes
sustainable, high-performance data structures

available to enterprises with limited resources.

2 Literature Review
Graph Databases: showed that graph databases,
including Neo4j and Janus Graph, perform
noticeably better than network and connection
analysis searches since query time is directly
correlated with the size of the requested graph
fragment rather than the whole amount of data [1].
Hybrid Models: Prior integration efforts have
included the use of multi-model databases like
ArangoDB. In contrast to specialist databases, these
databases did not offer the best performance in both
models, according to a study by [2] Ad hoc hybrid
models have been presented by others, but they
frequently ignored the effectiveness of distributed
query mechanisms between the two systems in favor
of concentrating on the storage component [3].
Relational Databases: Conventional research
has concentrated on employing sophisticated
indexes and partitioning strategies to enhance the
efficiency of intricate queries in relational
databases. However, [4] study found that as
relationship depth increases, multi-hop traversal
query performance considerably declines.

3 Problem of Research

The main issue is that contemporary applications
(such as social network analysis, financial
transaction fraud detection, and e-commerce
recommendation systems) need:

1. One of relational databases' strengths is its
capacity to handle vast volumes of well-structured
and regularly structured data.
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2. The capacity to do quick analytical queries on
intricate  relationship networks (a database's
strength).

Both of these objectives cannot be effectively
met by a single model, which results in either
performance snags or overly complicated database
design.

4 Research Methodology

The following procedures led to the research's
adoption of an experimental approach:

1. Hybrid Model Design: A relational database
(MySQL) was used to store both static data (such as
user information and product details) and basic
entities in a hybrid system architecture. A graph
database (Neo4j) is used to hold dynamic and
complicated relationships (like "friend of," "also
bought," and "subscribe with"). The two systems
use unique identifiers (UUIDs) to link data.

2. Data Model: MySQL: Products table
(product id, name, price), Users table (user id,
name, email).

- Neo4j: Product and User nodes, with: friend with
,. viewed, and :purchased as relationships.

3. Data Generation: A dataset of 10,000 people,
50,000 products, and 200,000 relationships in Neo4j
was created using Macaroon.

4. Query Execution: A series of hybrid queries,
which begin in one system and finish in another,
was created and run. For instance, "Find all products
the friends of user X who reside in city Y have
bought, and arrange them by number of purchases."
5. Performance Measurement: Each query's
response time (in milliseconds), CPU consumption,
and memory usage were recorded. The outcomes
were contrasted with using several JOINs to execute
the identical query on a single relational database.

5 Analysis and Discussion

As shown in Table 1 (Appendix), there is a
significant improvement in the performance of the
hybrid database compared to the relational
database, especially in multi-step queries such as
three-hop queries, which improve by 83%."

Figure 1 (Appendix) illustrates a hybrid
architecture that uses UUIDs to synchronize data in
both directions between Neo4j (relationships) and
MySQL (structured data). By optimizing workload
distribution and parsing hybrid queries, the Query
Router middleware improves performance by 70—
83% (Table 2, Appendix).
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5.1 Statistical Analysis of Results

We performed extensive statistical research on the
query execution durations over 30 independent runs
per question type in order to thoroughly validate th
e speed gains.

The mean response times, standard deviations
(SD), 95% confidence intervals (CI), and p-values
from paired t-tests contrasting relational and hybrid
models are shown in Table 2 (Appendix).

Statistically —significant improvements are
indicated by all p-values < 0.05 (p < 0.001 for
complicated queries). For multi-hop traversals, the
hybrid technique shows better consistency (lower
SD).

6 Analysis

Performance: The hybrid model outperformed all

others in multi-level traversal queries, as was to be

expected. The viability of this model is justified by
the 83% decrease in response time for the most
complicated inquiries.

1. The primary reason is that traversal in a
database is an operation with a practically
constant cost, yet JOIN procedures in relational
databases grow computationally costly as their
complexity increases.

Storage Cost-Benefit Analysis: The regulated
data duplication of UUID-linked entities across
systems is the cause of the 15% storage
overhead. This tradeoff is quantified in Table 3
(Appendix).

Assuming cloud storage costs $2 per gigabyte
per month. For high-query-volume
applications, the hybrid approach justifies the
little storage increase by reducing the cost-per-
query by 70%.

2. CostBecause of the communication overhead
between the two systems, a minor increase in
query time was seen for basic activities (such
as retrieving user data) under the hybrid
architecture.
Because IDs and data were stored in both
systems to ensure integrity, the overall amount
of storage space used also increased by 15%.

3. Complexity Because middleware logic must be

created to control communication, divide
queries between the two systems, and
guarantee data consistency, the hybrid

approach introduces an additional layer of
complexity at the application level.
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Managing Application Layer Complexity: In order
to counteract the rise in application-layer
complexity, we advise:

1. ORM Abstraction: Use bespoke Cypher query
builders with libraries such as Hibernate (Java)
or SQLAIchemy (Python).

2. Query Router Middleware: Establish a
lightweight service that parses SQL/Cypher
and routes to relevant systems according to
connection depth.

3. Development Cost Estimation: The initial
middleware development takes about 120
engineer-hours, amortized to $0.02/query over
two years at scale.

4. Maintenance: CI/CD pipelines guarantee
consistency, and schema synchronization
scripts run every night for five minutes.

7 Conclusion

This study effectively introduced and assessed a
hybrid approach to relational and graph database
integration. The outcomes unequivocally showed
that this combination is not only a theoretical
possibility but also a workable and efficient way to
address performance issues in applications brought
on by intricate relational queries. For many
companies and organizations in the digital era, the
combination is a strategic decision due to the
significant improvements in analytical query
performance, even though it comes at the expense of
a minor increase in structural complexity and
storage consumption.

Impact on Sustainability (SDG 9): This hybrid
solution directly lowers energy usage and carbon
footprint by reducing server CPU cycles for difficult
queries by 70-83%. This equates to ~250 kWh
yearly energy savings (equal to 150 kg CO2) with a
workload of 1 million queries per month, making
sustainable digital infrastructure available for
companies with limited resources.

8 Recommendations

1. The creation of an intelligent middleware layer
that automatically parses a query and directs the
relevant components to the best system (be it
relational or graph) without the need for
developer participation is one of the
recommendations.

2. Robust data consistency techniques: To prevent
data inconsistency problems, it is crucial to
investigate more resilient mechanisms that
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guarantee  real-time consistency between
systems, particularly in dispersed situations.

3. Extending applications: Using the suggested
hybrid paradigm in additional, more specialized
domains, like knowledge management systems
in big businesses and fraud detection systems in
financial networks.

4. Examining containerization technologies: The
hybrid approach can be packaged using
technologies like Docker and Kubernetes to
increase the flexibility and scalability of its
deployment and management.
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APPENDIX

Table .1 Query Performance Comparison

Hassan Bediar Hashim

Query Type Relational (ms) | Hybrid (ms) | Improvement
Basic query 25 30 +20%
two-hop inquiry 450 150 +67%
Three-hop query 1850 320 +83%
Complex analytical 3200 650 +80%

Source: created by the authors

Table 2. Statistical Summary of Query Performance

Query Type Relational (ms) | Hybrid (ms) | SDRel | SD Hyb | 95% CI | Hybrid | p-value | Improvement
Basic query 25 30 2.1 2.5 28.2-31.8 0.023 20%
Two-hop query 450 150 18.4 12.3 142-158 <0.001 67%
Three-hop query 1850 320 45.2 22.1 308-332 <0.001 83%
Complex analytical 3200 650 78.5 354 629-671 0.001 80%

Source: created by the authors
Table 3. Storage vs. Performance Tradeoff
Metric Relational Only | Hybrid Model | % Change
Total Storage (GB) 1.2 1.38 0.15
Query Throughput (qps) 2.1 7.8 2.71
Annual Infra. Cost ($)* 2400 2760 0.15
Cost per Query (¢) 3.14 0.95 -0.7
Source: created by the authors
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Fig. 1: Hybrid Architecture Overview (MySQL + Neo4j)

Source: created by the authors
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