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ABSTRACT

Background. The rapid expansion of data-driven applications has increased the
importance of efficient query execution in relational database systems, where even minor
inefficiencies can significantly affect overall performance. Although Object-Relational
Mapping (ORM) frameworks simplify development and improve maintainability, their
abstraction layer can introduce measurable overhead, and the impact of foreign key
constraints on execution speed remains a practical concern, particularly in microservice
architectures that follow the “Database per Service” principle.

Materials and Methods. An experimental information system is developed using a
relational database and the SQLAIchemy ORM framework, with a schema that includes one-
to-one, one-to-many, and many-to-many relationships tested both with and without foreign
key constraints. Three representative queries retrieving booking details, aggregating related
records, and calculating total payments are executed using raw SQL and ORM approaches,
while an intelligent algorithm analyzed performance, detected potential N+1 query risks, and
recommended optimal strategies such as explicit JOINs.

Results and Discussion. Raw SQL consistently demonstrated superior performance
across all scenarios. The most significant disparity occurred in ORM implementations
affected by the N+1 problem, where execution time exceeded that of equivalent SQL queries
by more than an order of magnitude. Aggregation queries showed smaller yet consistent
overhead. The presence or absence of foreign key constraints had a negligible influence on
raw SQL performance, with differences remaining within experimental variance. Explicit
JOIN usage in ORM substantially reduced overhead compared to implicit relationship
navigation. The intelligent analysis accurately predicted high-risk queries and provided
effective strategy recommendations, confirmed by empirical results.

Conclusion. ORM frameworks improve productivity and maintainability but introduce
measurable overhead. Raw SQL remains preferable for performance-critical tasks, while
foreign key constraints do not significantly degrade execution speed. Intelligent performance
analysis supports balanced decisions between efficiency and maintainability in complex
relational systems.

Keywords: relational databases, SQL performance, ORM, decision support system,
intelligent analysis, database design
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INTRODUCTION

Relational databases remain a fundamental component of modern information
systems due to their strong consistency guarantees and well-defined data relationships. As
applications scale, query performance becomes a critical factor, particularly in systems with
complex inter-table relationships. Developers frequently rely on Object-Relational Mapping
(ORM) frameworks to simplify database access, improve code maintainability, and reduce
development time. However, ORMs introduce additional abstraction layers that may
negatively affect query performance. A well-known issue in ORM-based systems is the N+1
query problem, which can lead to significant inefficiencies when navigating relationships.
The essence of this problem is that when performing an initial database query that returns
N objects, another query may automatically be executed for each of these objects, resulting
in N additional queries. This creates a significant performance penalty, especially in
applications that use ORMs, since iterating over a collection of objects in object-oriented
language code naturally generates additional database queries. One common method is
the use of eager loading or batch fetching, when the required data is loaded using a single
combined or batch query, reducing the number of database calls. Also in practice, SQL
query optimization and code refactoring are used to avoid iterations over collections with
separate calls to ORM methods. For example, in article [1] an automated approach to
refactoring was proposed that uses static analysis to detect and eliminate N+1 cases,
transforming many small queries into one efficient one, which significantly improves
performance.

At the same time, modern software architectures such as microservices promote the
principle of Database per Service, emphasizing isolated and independently managed
databases. This raises practical questions regarding the necessity and performance impact
of foreign key constraints and ORM-managed relationships in high-performance systems.
The goal of this study is to experimentally evaluate how different raw SQL and ORM query
approaches behave in terms of performance under varying relationship configurations, and
to quantify the overhead introduced by ORM abstractions.

This study aims to conduct a quantitative performance evaluation of ORM-based
queries and raw SQL in relational database systems with inter-table relationships, focusing
on execution time, resource usage, and the impact of ORM-managed relationships.

A quantitative performance evaluation comparing Prisma ORM and raw SQL
demonstrated that raw SQL consistently outperformed Prisma across all query types. The
composite performance index showed that raw SQL is approximately 2.26 times more
efficient, particularly in nested and bulk operations where ORM abstraction introduced
measurable latency and higher resource consumption [2].

The Cosmos-specific ODM outperformed raw SQL and generalized ORM-style
approaches across all evaluated metrics, including task completion time, error frequency,
and perceived cognitive load [3].

Comparative analyses of ORM tools have demonstrated measurable differences in
execution performance, memory usage, and query optimization across platforms and
frameworks [4, 5]. A comparative analysis of Entity Framework Core, Dapper, and LINQ to
DB indicated that Dapper provided the best performance and the lowest memory
consumption among the evaluated systems [6, 7]. Across all three experiments in [8], SQL
consistently achieved faster execution times than ORM while maintaining nearly identical
memory usage. Although ORM occasionally exhibited longer maximum execution times,
SQL proved to be the more efficient solution for performance optimization. A query
repository with automatic SQL query classification is presented to enforce data-privacy
directives [9] and implemented optimizations to reduce the performance overhead caused
by intercepting queries through a JDBC proxy, achieving classification latencies as low as
0.35 ms while still using graph-based metadata for cases requiring higher precision.
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ORM tools can simplify development but may negatively affect relational query
performance, producing inefficient query patterns and necessitating further investigation
into mitigation strategies [10].

Summarizing this analysis of sources, it is worth noting that [2-10] largely evaluates
ORM performance in isolation or with simple metrics, without considering the combined
impact of foreign key constraints, relationship-heavy queries, and modern architectures.
This work fills this gap by providing an intelligent, quantitative analysis of ORM strategies
alongside FK effects for practical performance optimization.

MATERIALS AND METHODS

The experimental evaluation is conducted using a relational database designed to
model real-world inter-table relationships, including one-to-one, one-to-many, and many-
to-many associations. Two database configurations are implemented: one with enforced
foreign key constraints and one without foreign keys, enabling the assessment of their
impact on query performance.

Query execution is implemented using two approaches: raw SQL queries and ORM-
based queries developed with SQLAIchemy. For the ORM approach, both lazy loading
(default relationship navigation) and explicit join strategies are applied. All SQL queries are
manually optimized and executed using the same database engine to ensure consistency.
Each experiment included three representative query types: a complex multi-table join, a
count aggregation query, and a sum aggregation query.

Performance measurements are obtained by executing each query multiple times
under identical conditions and recording execution time at the application level. The mean
execution time and standard deviation are calculated for each query and configuration.
Additional scalability experiments are performed by increasing the dataset size to evaluate
the impact of data volume on query performance. All experiments are executed on the
same hardware and software environment to eliminate external variability.

Software and environment

The experimental study is conducted using Python 3.13.0 and MySQL Server 8.0+.
Database interactions are implemented via SQLAIchemy as the ORM layer and PyMySQL
as the database driver. Data processing and statistical analysis are performed using
Pandas, while visualization is carried out with Matplotlib. Synthetic test data are generated
using the Faker library. All experiments are executed on a local machine equipped with an
11th Gen Intel® Core™ i3-1115G4 (3.00 GHz) processor, 8 GB RAM, and a 238 GB SSD,
running Windows 11 (64-bit, x64 architecture). The database server is deployed locally to
ensure consistent benchmarking conditions.

Database design

A relational database schema representing a transportation booking system is
designed. The dataset consisted of synthetic but structurally realistic records representing
clients, bookings, trips, payments, vehicles, and related entities. The scheme supported
1:1, 1:N, and M:N relationships. Two database configurations are created with and without
foreign key constraints.

As part of the experiment, the trips_db database (Fig. 1) is filled with a controlled set
of test data created using SQLAIchemy's ORM by completely cleaning the tables and
adding a fixed number of records (2 for each entity), which allows you to focus on analyzing
the impact of ORM abstractions and cross-table relationships on the performance of nested
and multi-table queries regardless of the amount of data.

The tables in the studied database are indexed. Each table contains a primary key
attribute (e.g., booking_id, trip_id, client_id, vehicle_id, driver_id), which is automatically
indexed by the database management system. These attributes are used in foreign key
relationships between tables such as bookings, routes, payments, and trips, which enables
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Fig. 1. Entity-relationship diagram of the trips_db database.

efficient join operations and improves query performance. The presence of indexes in the
tables of the database under study has a critical impact on performance, since in the N+1
query problem, the absence of indexes leads to numerous full table scans.

The database is populated with a minimal yet structurally complete synthetic dataset
covering all entities and relationships required for controlled performance evaluation. Data
covers all 9 tables and all types of relationships (1:1, 1:M, M:N); the scenario is
deterministic (same results on each run); the goal is to compare query approaches, not
stress-test the database.

The Triplog entity acts as a central point for recording trip performance, unifying all
key resources, with the Trips, Drivers, and Vehicles tables linked to Triplog in a one-to-
many (1:M) relationship.
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Test scenarios

Three representative queries are selected:

— Retrieval of booking and trip execution details for a specific client (multi-table join).
— Counting the number of bookings per trip (aggregation with grouping).
— Calculation of the total sum of payments (aggregation).

Each query is executed using four approaches ORM with foreign keys (automatic
relationship navigation), raw SQL with foreign keys, ORM without foreign keys (explicit
JOINSs).

All tests are executed multiple times on the same dataset, and the recorded times are
averaged to minimize measurement noise. Query execution time is measured at the
application level by recording timestamps immediately before and after query execution
using the datetime library.

In the implementation [11], Data Definition Language (DDL) elements are represented
through ORM models (Client, Trip, Booking, Triplog, Driver, Vehicle, Payment), where the
declarative approach is used to define database tables, primary and foreign keys, attribute
data types, and inter-table relationships. Overall, the core functionality belongs to Data
Manipulation Language (DML), as it focuses on data retrieval and aggregation through
SELECT, JOIN, GROUP BY, and SUM operations implemented both in pure SQL and
through ORM abstractions (count, sum).

Intelligent query strategy decision

The rules that are implemented based on the ORM slowdown factor, defined as:
S = Torm/TsqL, Where Tory and Tgq,, denote the mean execution times of the ORM-
based and raw SQL queries, respectively (Fig. 2). This metric quantifies the relative
performance degradation introduced by ORM abstractions to assess the relative
inefficiency of different data access strategies.

Based on the measured slowdown factors, queries are assigned to one of three
distinct risk levels to systematically evaluate the performance impact of ORM strategies.
Queries with a slowdown factor S > 10 are classified as Critical Inefficiency (N+1 Risk),

Query analysis
{Queary type, data size, join depth)

Slowdown factor
Toam/TsaL

5<S=<10

—S<b—m S>1

ORM strategy
acceptable

Performance
evaluation

(Optimal strategy recommendation)

Fig. 2. Intelligent query strategy decision framework.
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indicating that lazy-loading ORM patterns (N+1 queries) substantially increase execution time
and are prone to severe performance degradation, particularly in large-scale datasets.
Queries with 5 < S <10 are classified as Moderate Overhead, representing cases where
ORM abstractions introduce noticeable performance loss, which can often be mitigated
through explicit JOINs or eager-loading strategies. Finally, queries with S < 5 are considered
Acceptable Performance, indicating low-risk scenarios where ORM overhead is minimal.

A decision tree is mathematically designed to model exactly this kind of conditional
branching and provides robustness on small datasets, minimal hyperparameter tuning, and
the ability to model categorical outputs directly. It also operates independently of feature
normalization and naturally supports future feature expansion, such as join depth, table
count, row volume, index availability, and aggregation type. While it provides interpretable,
threshold-based rule extraction with minimal preprocessing, decision trees may overfit and
become unstable on extremely small datasets, and alternative models like linear
regression, logistic regression, neural networks, and SVMs were avoided due to limited
interpretability or incompatibility with threshold-based decision logic. From a technical
perspective, we use DecisionTreeClassifier, which is trained on the experimental dataset.
The model automatically learned threshold-based rules for strategy selection. The trained
tree is exported as a vector-based SVG diagram using Graphviz for interpretability and
reproducibility. This approach transforms deterministic rule logic into a data-driven adaptive
optimization model. By providing a structured and interpretable metric, the risk
classification framework serves as a reliable tool for both benchmarking and predictive
performance analysis of relational database queries.

Statistical Hypothesis Testing

To validate the observed differences in query execution times and assess their
statistical significance [12, 13], paired t-tests and one-way ANOVA are conducted. The
paired t-test is used to compare the mean execution time of ORM queries to the
corresponding SQL queries under identical conditions, with the null hypothesis stating that
no significant difference exists between ORM and SQL mean execution times. Execution
times are recorded over multiple repeated runs for each query type, and paired t-tests are
applied using the function ttest_rel( ) from SciPy library of Python. The one-way ANOVA is
applied to evaluate whether mean execution times differed across multiple query execution
strategies, including ORM with foreign keys, SQL with foreign keys, ORM with explicit
JOINs, and SQL without foreign keys. In this case, the null hypothesis posited that all group
means are equal, and the test is implemented using the function f_oneway( ) from SciPy
library of Python.

These statistical tests provide rigorous validation of the performance measurements.
While raw execution times suggest that ORM may incur higher overhead, the t-test and
ANOVA determine whether these differences are statistically meaningful or likely
attributable to random variability in repeated measurements. The inclusion of hypothesis
testing therefore, enhances the reliability of performance conclusions and informs the
adaptive strategy recommendation framework.

RESULTS AND DISCUSSION

The performance of ORM-based queries and raw SQL is compared. The results are
showing that SQL consistently executes faster, especially for complex multi-table joins
where ORM lazy loading triggers the N+1 problem. Scalability analysis demonstrates that
ORM execution time grows more rapidly with increasing dataset sizes, while SQL scales
more linearly, highlighting potential bottlenecks in high-load scenarios. Intelligent strategy
decisions classify queries by risk level, recommending raw SQL for critical inefficiencies
and ORM with explicit joins for moderate overhead, providing actionable guidance for
developers. Statistical hypothesis testing, including paired t-tests and ANOVA, confirms
that the observed performance differences are significant and not due to random variation.
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Overall, the section integrates empirical measurements, predictive modeling, and intelligent
analysis to support evidence-based optimization of query execution strategies.

Comparison of ORM and SQL performance
A comparative experiment is conducted to assess query efficiency using four data
access approaches:
— Pure SQL with explicit JOINs and foreign key constraints.
— ORM with relationship-based navigation (automatic joins via SQLAIchemy).
— SQL without foreign key constraints (manual joins).
— ORM without relationships (explicit joins defined in code).
The results in Table 1 indicate a consistent performance advantage of pure SQL over
ORM-based implementations when foreign keys are present.

Table 1. Comparison of query performance using Foreign Keys

Results
# Description ORM (with  SQL (with FK), SQL faster,
FK), ms ms times
Q1 Details of the trip (5 tables, N+1) 32.25 1.93 ~16.7
Q2 N“mb?Jrglbe’oggB?\fT‘)’er trip 5.03 0.63 ~8.0
Q3 Total Payments (SUM) 5.52 0.68 ~8.1

The largest discrepancy is observed in the complex multi-table query (Q1), where
ORM with relationship navigation exhibited the N+1 query pattern and required 32.25 ms
compared to 1.93 ms for SQL, making SQL approximately 16.7 times faster. For
aggregation queries (Q2 and Q3), SQL remained about eight times faster than ORM. These
findings confirm that although ORM improves abstraction and developer productivity, it may
introduce significant performance overhead in complex relational queries, particularly when
implicit loading strategies are used.

Table 2 presents the performance comparison of ORM and pure SQL queries
executed without enforcing foreign key constraints. The results demonstrate that even in
the absence of foreign keys, pure SQL maintains a consistent performance advantage
across all query types. For the complex multi-table retrieval (Q1), ORM with explicit JOIN
requires 13.72 ms, whereas SQL completes the same operation in 4.00 ms, making SQL
approximately 3.4 times faster. Similar trends are observed for aggregation queries: in Q2
(COUNT with JOIN), SQL is about 3.6 times faster, and in Q3 (SUM aggregation), the
performance gap increases to approximately six times. Importantly, compared to the earlier
N+1 ORM implementation, the explicit use of JOIN within ORM significantly reduces

Table 2. Comparison of query performance without Foreign Keys

Results
# Description ORM (without FK, SQL (without SQL faster,
with JOIN), ms FK), ms times
Q1 Details of the trip (5 tables, N+1) 13.72 4.00 ~3.4
Q2 N“mb?Jrngb,o&‘gB?\fTF)’er o 5.78 159 ~36
Q3 Total Payments (SUM) 5.31 0.89 ~6.0
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execution time, confirming that query structure has a critical impact on performance.
Nevertheless, SQL remains more efficient due to lower abstraction overhead.

Table 3 provides a consolidated comparison of all four experimental scenarios,
enabling a holistic evaluation of abstraction level and foreign key enforcement effects.
Scenario | (ORM with foreign keys and relationship navigation) shows the highest execution
times, particularly for Q1, reflecting the impact of the N+1 query pattern. Scenario Il (SQL
with foreign keys) demonstrates the best overall performance. Scenario Ill (ORM with
explicit joins and without foreign keys) substantially improves over Scenario |, confirming
that manual join specification mitigates inefficiencies caused by implicit loading. Scenario
IV (SQL without foreign keys) remains faster than both ORM-based approaches, though
slightly slower than SQL with foreign keys. Overall, the table confirms two central findings:
explicit JOIN usage in ORM significantly enhances efficiency compared to N+1 navigation,
and pure SQL consistently delivers superior performance across all tested conditions.

Table 3. Consolidated comparison of all approaches

Results
Scenario Description Q1 (JOIN), ms (CO%ZNT), Q3 (r:;JM),
ms
I ORM (with FK) 32.25 5.03 5.52
Il SQL (with FK) 1.93 0.63 0.68
I ORM (explicit JOIN) without FK 13.72 5.78 5.31
v SQL without FK 4.00 1.59 0.89

This confirms that replacing implicit navigation with explicit joins significantly enhances
ORM efficiency. However, even after optimization, ORM remains slower than pure SQL in
all scenarios. For example, in Q1 without foreign keys, ehe ORM runs approximately 3.4
times slower than raw SQL. Similar gaps persist in Q2 and Q3.

The substantiates that while explicit join usage in ORM enhances performance, pure
SQL consistently outperforms ORM across all measured scenarios, both in terms of
execution time and stability (Fig. 3).
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Fig. 3. Distribution of Query Execution Time for ORM and SQL Approaches.
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The ORM N+1 queries can severely degrade performance on complex queries with
many related records (Q1), while explicit JOINs are faster, though for simple queries (Q2,
Q3) both strategies perform similarly (Fig. 4).

30 A

25 1

N
o
1

Time (ms)
=
(9]

10 A
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Query

Fig. 4. ORM Strategy Comparison.

Table 4 shows that using foreign keys consistently improves SQL query performance,
and while ORM JOINs mitigate N+1 overhead, raw SQL remains faster.

The experiments demonstrate that while explicit JOINs in ORM substantially reduce
N+1 query overhead, pure SQL (with foreign keys) consistently delivers superior
performance across all query types and complexities.

A quantitative analysis of query performance under different database access
strategies executed with highlighting the influence of foreign key enforcement and ORM
abstraction (Fig. 5).

The presence of foreign key constraints substantially improves SQL execution
efficiency, with the most pronounced reduction observed in the complex multi-table query Q1,
whereas simpler aggregation queries Q2 and Q3 benefit to a lesser extent (Fig. 5a). The
performance drawback (Fig. 5b) associated with ORM-based access relative to pure SQL,
ORM with foreign keys exhibits a pronounced slowdown for Q1, attributable to the N+1 query
pattern, while the overhead for Q2 and Q3 is comparatively minor. These results underscore
two principal findings: first, foreign key enforcement materially enhances SQL query
performance, particularly in queries involving multiple related tables; second, despite the use
of relationship navigation, ORM introduces significant execution overhead in complex query
scenarios, reinforcing the trade-off between abstraction convenience and raw performance.

Table 4. Relative Impact of Foreign Keys on SQL Query Performance

Results
# SQL with FK, ms SQL without FK, ms
Q1 1.93 4.00
Q2 0.63 1.59
Q3 0.68 0.89
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Fig. 5. Analysis of performance results: a) Impact of Foreign Keys on SQL Performance (difference between SQL
with FK and SQL without FK), b) ORM Slowdown Factor (ORM with FK to SQL with FK).

The experiments demonstrate that raw SQL consistently outperforms ORM-based
queries across all tested scenarios. The most significant performance gap occurs in
complex multi-table joins (Q1) affected by the N+1 problem, where ORM execution time
exceeds SQL by more than an order of magnitude. Aggregation queries (Q2 and Q3) show
moderate ORM overhead, while the presence or absence of foreign key constraints has a
negligible impact on SQL performance. Using explicit JOINs in ORM significantly reduces
overhead compared to lazy relationship navigation. Furthermore, the intelligent algorithm
accurately identifies high-risk queries, quantifies performance degradation, and
recommends optimal execution strategies, validating its utility as a decision-support tool for
database optimization.

Scalability analysis

The experiments are repeated to evaluate scalability with increasing dataset size. To
analyze scalability, the scenario of increasing the number of records in the key tables of
the trips_db database is considered, namely: table clients 1,100 records, trips 500 records,
bookings 1,200 records, and payments 1,200 records. The results, shown in Figure 3,
reveal fundamentally different growth patterns. ORM queries affected by the N+1 problem
exhibit non-linear growth in execution time, with performance degradation becoming critical
at larger scales. In contrast, raw SQL queries scale almost linearly with data size,
maintaining low execution times even for larger datasets. Eager loading strategies show
improved scalability compared to lazy loading, following a near-linear trend. However, their
execution time remains consistently higher than that of raw SQL. These findings confirm
that the choice of data access strategy has a direct impact on system scalability. Table 5
presents the statistical analysis of repeated query executions.

The mean execution time, standard deviation, and coefficient of variation (CV) are
reported for each query type [11]. The results indicate that ORM queries, particularly those
affected by the N+1 problem, exhibit higher variability and longer execution times compared
to equivalent SQL queries. The CV values highlight the relative dispersion of execution
times, confirming that ORM N+1 queries are the least stable, while aggregation queries
(SUM, COUNT) are more consistent. Q1 exhibits a critical inefficiency caused by the N+1
query problem, with a slowdown factor significantly exceeding the defined threshold. The
recommended strategy is to use raw SQL with explicit JOINs to eliminate excessive query
overhead. Q2 and Q3 show moderate ORM overhead, indicating that while ORM
abstractions introduce some performance loss, it is not critical. For these queries, the
system recommends using ORM with explicit JOINs to maintain ORM convenience while
mitigating unnecessary query inflation.
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Statistical Hypothesis Testing

Paired t-tests and one-way ANOVA are conducted to evaluate whether ORM and SQL
execution times differed significantly. The paired t-test (t = 0.993, p = 0.377) indicates no
significant difference between ORM and SQL for matched queries. Similarly, ANOVA
across all tested approaches (F = 1.666, p = 0.251) shows that mean execution times do
not differ significantly at the 5% significance level. These results suggest that, although
ORM queries exhibit numerically higher execution times, the observed differences are not
statistically significant for the sampled runs, highlighting the influence of measurement
variability or limited sample size.

Table 5. Relative Impact of Foreign Keys on SQL Query Performance

Results Mean Standard Coefficient
Scenario execution Deviation, of
1 2 3 4 5 time, s [ Variation
OR'E"Nf??rCh 0.382 0.002 0.002 0.001 0.002 0.078 01521  1.955
SQ(bgﬁj‘)rCh 0.039 0.004 0.001 0.002 0.002 0.009  0.0147 1,535
ORM Grouping ) 155 005 0.009 0.006 0.009 0011  0.0085  0.741
(Count)
SQL Grouping 4 557 7,008 0.007 0.010 0.010 0.009 00014  0.161
(Count)
QR fggﬁf’a”o” 0.008 0.001 0.001 0.001 0.001 0002 00028  1.167
saL ?ggﬁ?am” 0.003 0.001 0.001 0.001 0.001 0.001  0.0008  0.571

Intelligent strategy decisions

The intelligent analysis (Fig. 6) illustrates the adaptive decision tree derived from
experimental performance data, with the root node threshold
Slowdown_ORM _vs_SQL_with_FK < 12.414 separating queries into two branches. Que-
ries below the threshold (Q2 and Q3) are classified as “Use ORM with explicit JOIN”, reflec-
ting moderate overhead where ORM remains acceptable. Queries exceeding the threshold
(Q1) fall into the “Use raw SQL with explicit JOIN” leaf, indicating severe ORM overhead
and N+1 risk. Testing on the trips_db_no_fk database confirmed these predictions, with
foreign key removal having minimal impact, demonstrating that the system provides a
transparent, threshold-based decision-support tool for selecting query execution strategies.

Slowdown_ORM_vs_SQL_with_FK < 12.41

gini = 0.444

samples = 3

value = [2, 1]
class = Use ORM with explicit JOIN
True False

Fig. 6. Results based on queries.
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Discussion of results

The quantitative analysis confirms that the primary source of performance degradation
is not the presence of foreign key constraints but the ORM execution model itself. The
increased execution time and variance observed in ORM-based approaches are caused
by additional query generation, data fetching overhead, and object mapping operations.
While eager loading significantly improves performance, raw SQL remains the most
efficient and stable solution for complex and high-load query scenarios. From a practical
perspective, the results suggest that ORM frameworks are suitable for CRUD (create, read,
update, delete) operations and moderate workloads, while raw SQL is preferable for perfor-
mance-critical components, particularly those involving complex joins and large datasets.

The adaptive decision tree effectively classifies queries based on the well-established
ORM slowdown metric, with a threshold of 12.414 distinguishing moderate overhead
(where ORM with explicit JOINs is acceptable) from severe overhead (favoring raw SQL to
avoid N+1 issues). This provides developers with a transparent, reproducible decision-
support tool to select query execution strategies, anticipate performance bottlenecks, and
prevent inefficiencies. Validation on the trips_db_no_fk database confirmed the model’s
predictions, showing that foreign key removal had minimal impact and indicating
robustness, although generalizability may be limited across different databases, ORMs, or
query patterns. Future work could expand the approach to additional query types,
incorporate runtime profiling for real-time decisions, and integrate with automated query
optimization to enhance practical applicability.

Although the use of ORM greatly simplifies the process of developing and maintaining
program code, this is achieved at the cost of reducing performance. At the same time, the
presence of intertable relationships in the database ensures data integrity and, according
to the results of the experiment, does not lead to a noticeable deterioration in the
performance of raw SQL queries.

Based on [14-17] and our experimental results, we prepared a heatmap to
demonstrate the feasibility of using ORM and direct SQL for different types of queries
(Fig. 7). The heatmap shows query types on the Y-axis which include CRUD operations,
aggregates, and complex multi JOIN queries and technology choice on the X-axis (ORM
or SQL), with each cell ranging from 0 (less appropriate) to 1 (highly recommended) to
indicate the suitability of a given technology for each query type. Therefore, it is advisable
to use ORM in systems where development speed and maintainability are priorities,
whereas direct SQL is more appropriate for high-load or latency-critical queries.

1.0

CRUD
0.8
0.6

Aggregation
0.4
0.2

Complex JOIN
0.0

ORM SQL

Fig. 7. Technology Sustainability Matrix.
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The matrix (Fig. 7) demonstrates that ORM is most efficient for simple CRUD
operations, moderately suitable for aggregate queries, but less suitable for complex JOINs.
On the other hand, direct SQL shows high feasibility for aggregations and complex JOIN
queries, providing better performance when working with large amounts of data and
complex relationships. The visualization (Fig. 7) allows you to quickly evaluate the optimal
choice of technology depending on the type of request.

Experimental studies on relational database systems demonstrate that query
execution time increases with the number of tables involved in JOIN operations due to the
growth of intermediate results and the complexity of join ordering. The presence of indexes
on foreign key attributes and efficient join planning significantly influence query
performance.

The experiments presented in this study were conducted on a local computer
environment, as it is mentioned in the software and environment of the method and
materials section, in order to ensure controlled testing conditions and reproducibility of
results. However, future work will extend the experimental setup to include remote
database servers, which will allow evaluation of query performance under network latency
and distributed deployment conditions that are closer to real-world systems.

Future work could expand the model to include additional query types, integrate
runtime profiling, and support automated query optimization, extending its practical
applicability.

CONCLUSION

This study presented a quantitative performance analysis of SQL and ORM-based
query execution in relational databases with inter-table relationships. The experiments are
conducted using three representative query types with a complex multi-table join, an
aggregation query for counting records, and an aggregation query for summation.

This study also addresses a gap in existing research by systematically evaluating the
interplay between ORM strategies and foreign key constraints in complex, relationship-
heavy queries, providing actionable insights for developers on when to rely on ORM versus
raw SQL for performance-critical operations. Performance is evaluated across four
scenarios: ORM with foreign keys, raw SQL with foreign keys, ORM without foreign keys,
and raw SQL without foreign keys.

The results demonstrate that raw SQL consistently outperforms ORM-based
approaches in all tested scenarios. For the most complex query involving five joined tables,
ORM with lazy loading exhibited an average execution time of 32.25 ms, while the
equivalent raw SQL query executed in 1.93 ms, making SQL approximately 16.7 times
faster. This performance gap is primarily attributed to the N+1 query problem inherent in
lazy ORM navigation.

For aggregation queries, ORM also showed higher execution times. The booking
count query required 5.03 ms using ORM with foreign keys compared to 0.63 ms using raw
SQL, while the payment sum query took 5.52 ms with ORM and 0.68 ms with SQL. Thus,
raw SQL is approximately 8 times faster for aggregation operations. When foreign key
constraints are removed, raw SQL maintains its performance advantage. The complex join
query executed in 4.00 ms using SQL without foreign keys, compared to 13.72 ms for ORM
with explicit joins, resulting in a 3.4 speedup. Similar trends are observed for aggregation
queries, where SQL outperformed ORM by factors ranging from 3.6x to 6.0x.

A comparative evaluation of ORM with explicit joins shows that execution time reduced
from 32.25 ms to 13.72 ms, demonstrating a performance improvement of more than 2
times faster. However, even with optimized loading strategies, ORM did not reach the
performance level of raw SQL. The analysis also revealed that the presence or absence of
foreign key constraints has a negligible impact on raw SQL performance. Observed
differences in execution time are below 1 ms and fall within the expected measurement
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error range. This indicates that foreign keys primarily contribute to data integrity rather than
query performance degradation.

Moreover, the results highlight the potential for intelligent performance analysis
frameworks to guide ORM usage in distributed or microservice-based database
architectures, where balancing maintainability and efficiency is critical.

To sum up, ORM frameworks provide substantial benefits in terms of development
speed, code maintainability, and abstraction, but introduce measurable performance
overhead due to additional query generation and object mapping. Raw SQL remains the
most efficient solution for performance-critical operations, complex joins, and high-load
systems where every millisecond is significant. These findings support a hybrid approach
in real-world systems, where ORM is used for standard operations and raw SQL is
employed for optimized, high-performance queries.
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OnekcaHdpa Pu6bak Q, Onez N ycak 0O, PomaH Mucrok (DO *
Kagpedpa cucmemHo20 npoekmysaHHs

JIbsiecbkuli HayioHanbHUl yHieepcumem imMeHi IsaHa ®paHka,

syn. [pazomaHosa 50, m. Jlbeig, 79005, YkpaiHa

AHOTALIA

Beryn. LLBuaKe 3pocTaHHSA 3aCTOCYHKIB, SIKi BUKOPUCTOBYIOTb BEMUKY KiMbKIiCTb JaHUX,
NigBULLYE BaXNUBICTb €(DEKTUBHOIO BMKOHAHHS 3anuTiB y pensuiiHux 6a3ax gaHux. Xo4a
cuctemn  06'ekTHo-pensuinHoro  BigobpaxeHHss (OPB) cnpoulytoTb  po3pobky Ta
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MoKpaLLyoTb MNiATPUMYBaHICTb KOAY, iXHil piBeHb abCTpakLii MoXe CTBOPIOBaTV BUMIpIOBaHI
3aTPUMKM, a BMNUB OOMEXEHb 30BHILLHIX KIIOYIB Ha LUBUAKICTb BUKOHaHHSA 3anuTiB
3anMWaeTbCs MPaKTUYHOK MNpobremMolo, ocobnMBO B MIKPOCEPBICHUX apXxiTekTypax, Lo
OOTPUMYIOTLCA NpUHLUMNY «basa AaHux Ha cepsic».

Matepiann Ta ™metoam. IHdopmauiiHy cuctemy 6yno po3pobneHo Ha OCHOBI
pensauinHoi 6a3n paHux Ta nporpamHoro kapkacy OPB SQLAlchemy, 3i cxemoto, Lo
BKNoYyana 3B’SI3KM  OOMH-A0-OAHOro, OoAuH-go-Oaratbox Ta  6GaraTo-go-6araTbox,
NPOTECTOBaHi SK 3 OOMEXEHHSIMM 30BHILLHIX KIOYiB, Tak i 6e3 HuXx. byno BMKOHaHO Tpwu
TUMNOBI 3anUTW: OTPUMaHHSA JAaHuX OpOHIOBaHHS, arperauis MoB’sA3aHUX 3anucie Ta
0obuMCnEeHHs 3aranbHUX NnaTexis, BUKOPMUCTOBYOUM Miaxoam HeobpobneHoro SQL ta OPB,
npy UbOMY IHTENeKTyanbHUA anroputMm aHanisyBaB NPOAYKTUBHICTb, BUABMSAB MOTEHLiNHI
npobnemu N+1 3anuTiB Ta pekoMeHAyBaB ONTUMarnbHi cTpaTerii, Hanpyknaa ABHI onepawii
3'egHaHHsa Tabnuub JOIN.

PesynbTtaTtun. 3anutn Ha raw SQL cTabinbHO nokadyBanu KpaLly NpoayKTUBHICTb Y BCIX
cueHapiax. Hanbinbwa pisHnua cnoctepiranaca B OPB -3anutax, ypaxeHux npobnemoto
N+1 3anuTiB, 4e Yac BUKOHaHHSA NepeBuLLyBaB aHanoriyHi SQL-3anuTu 6inbLu HiX y AECATKM
pasiB. ArperauiiHi 3annTu eMOoHCTpyBanu MeHLi, ane ctabinbHi 3aTpumMkn. HasBHicTb abo
BiACYTHICTb OOMEXeHb 30BHIlLHIX KIIOYIB Maike He BhnuBana Ha NpOAYKTMBHICTb
HeobpobneHoro SQL. BukopuctanHsa sisHux onepauin JOIN B OPB cyTTeBO 3MeHLUyBano
3aTPUMKM MOPIBHAHO 3 HEABHOK HaBirauieto no 3B’aA3kax. |[HTenekTyanbHWUN aHani3 TOYHO
BM3Ha4aB 3anuTu 3 BUCOKUM PIiBHEM pU3MKYy Ta MNPOMOHyBaB eeKTUBHI pekomeHaauii,
NigTBEPAKEHI eKCnepyMeHTarnsHo.

BucHoBku. OPB-cuctemu nokpallyoTe NPOAYKTUBHICTL pO3pO6KM Ta MiATPUMYBAHICTb,
ane BBOAATb BUMIPIOBaHI 3aTpUMKU. [INs KPUTUYHO BaXkNMBMX 3aBAaHb NPOAYKTUBHOCTI
nepeary cnig HagasatM SQL, a 0OMexXeHHS 30BHILLHIX KMOYiB HE3HAYHO BMMMBAKOTb Ha
LWBKAKICTb BUKOHAHHSA. |HTerpauis iHTenekTyanbHOro aHanisy npogykTMBHOCTI A03BOMSE
npuMMaTn 3BaXeHi pilleHHA MK edeKTUBHICTIO Ta niATPUMYBAHICTIO Y CKMagHux
penauinHMX CUCTEMaX.

Knrouyoei cnoea: penauinHi 6asv pgaHux, npogyktueHicte SQL, OPB, cucrtema
NiGTPMMKM pilleHb, IHTENEKTyanbHUI aHania, NPOeKTyBaHHA 6a3 gaHnx
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