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Abstract. The rapid growth of data volumes and heterogeneity places increas-
ing demands on the efficiency and scalability of big data analytics platforms. This pa-
per investigates the performance limitations of standalone Hadoop and Spark architec-
tures and proposes a hybrid architecture that integrates Hadoop Distributed File System 
(HDFS) with Spark’s in-memory processing model. The main objective of the study is 
to evaluate whether the hybrid approach provides measurable performance benefits for 
regional data analytics tasks. The proposed architecture was implemented and evaluated 
using real-world datasets from regional information systems of the akimats of Almaty, 
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Shymkent, and Turkestan. Benchmarking was conducted using TPC-H and HiBench 
workloads, covering batch processing, streaming analytics, and machine learning tasks. 
Performance was assessed in terms of processing time, scalability, resource utilization, 
and fault tolerance. Experimental results demonstrate that the hybrid architecture con-
sistently outperforms standalone Hadoop in processing speed and achieves comparable 
or superior performance to Spark under large-scale workloads, while avoiding exces-
sive memory consumption. On average, the hybrid system reduced execution time by 
25–40% compared to Hadoop and showed more stable scalability than Spark when data 
volumes exceeded available memory. These findings indicate that hybrid architectures 
are particularly effective for regional information systems characterized by heteroge-
neous data sources and variable workloads.

Keywords: Big Data, Hadoop, Spark, hybrid architecture, performance evalua-
tion, data processing, scalability
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Аннотация. Деректер көлемі мен гетерогенділігінің қарқынды өсуі үлкен 
деректерді талдау платформаларының тиімділігі мен масштабталуына қойылатын 
талаптарды арттыруда. Мақалада Hadoop және Spark дербес архитектуралары-
ның өнімділік шектеулері талданып, Hadoop таралған файлдық жүйесін (HDFS) 
Apache Spark-тің жедел жадта деректерді өңдеу моделiмен біріктіретін гибрид-
ті архитектура ұсынылады. Зерттеудің мақсаты — гибридті тәсілдің өңірлік де-
ректер аналитикасы үшін өлшенетін өнімділік артықшылықтарын қамтамасыз 
ететінін бағалау. Ұсынылған архитектура Алматы, Шымкент және Түркістан қа-
лаларының әкімдіктерінің өңірлік ақпараттық жүйелерінің нақты деректер жиын-
тықтары негізінде іске асырылып, сынақтан өткізілді. Бағалау пакеттi өңдеу, ағын-
дық аналитика және машиналық оқыту тапсырмаларын қамтитын TPC-H және 
HiBench стандартты бенчмарктары арқылы жүргізілді. Өнімділік көрсеткіштері 
ретінде орындалу уақыты, масштабталу, ресурстарды пайдалану және ақауларға 
төзімділік қарастырылды. Эксперименттік нәтижелер гибридті архитектураның 
өңдеу жылдамдығы бойынша Hadoop-тан тұрақты түрде жоғары екенін және үл-
кен көлемді жүктемелер кезінде Spark-пен салыстырмалы немесе одан да жоға-
ры өнімділік көрсететінін, сонымен қатар жад ресурстарын шамадан тыс пайда-
ланбайтынын көрсетті. Орта есеппен гибридті жүйе Hadoop-пен салыстырғанда 
орындалу уақытын 25–40 % қысқартты және деректер көлемі артқан кезде Spark-
ке қарағанда неғұрлым тұрақты масштабталуды қамтамасыз етті. Алынған нәти-
желер деректер көздері әртүрлі және жүктемесі құбылмалы өңірлік ақпараттық 
жүйелерде гибридті архитектураларды қолданудың тиімділігін дәлелдейді.
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Дәйексөздер үшін: С.Ж. Алиаскаров, Р.К. Ускенбаева, А. Разак, А.Б. 
Касымова, А.М.  Анартаева (2026). Аймақтық жүйелердегі үлкен деректерді 
тиімді талдауға қарай: гибридті архитектураны енгізудің практикалық түсініктер 
// Халықаралық ақпараттық және коммуникалық технологиялар журналы. Т. 7. 
No. 25. 109–127 бет. https://doi.org/10.54309/IJICT.2026.25.1.007. (Ағыл.тіл.).

Мүдделер қақтығысы: Авторлар осы мақалада мүдделер қақтығысы жоқ 
деп мәлімдейді.



112

INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25). INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25).

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License

НА ПУТИ К ЭФФЕКТИВНОЙ АНАЛИТИКЕ БОЛЬШИХ ДАННЫХ 
В РЕГИОНАЛЬНЫХ СИСТЕМАХ: ПРАКТИЧЕСКИЕ ВЫВОДЫ ИЗ 

ВНЕДРЕНИЯ ГИБРИДНОЙ АРХИТЕКТУРЫ

С.Ж. Алиаскаров1, Р.К. Ускенбаева2, А. Разак2, А.Б. Касымова2*, А.М. Анартаева3

1Международный университет информационных технологий, Алматы, Казахстан;
2Казахский национальный исследовательский технический университет им. 

К.И. Сатпаева, Алматы, Казахстан;
3Astana IT University, Астана, Казахстан.
E-mail: a.kassymova@satbayev.university

Алиаскаров Серик Женисханович ― докторант PhD, Международный 
университет информационных технологий
E-mail: s.aliaskarov@gmail.com, 0009-0007-0680-6290;
Ускенбаева Раиса Кабиевна ― доктор технических наук, профессор кафедры 
«Программная инженерия», Казахский национальный исследовательский 
технический университет им. К.И. Сатпаева 
E-mail:  r.k.uskenbayeva@satbayev.university, 0000-0002-8499-2101;
Разак Абдул ― PhD, профессор кафедры «Кибербезопасность, обработка и 
хранение информации», Казахский национальный исследовательский технический 
университет им. К.И. Сатпаева 
E-mail:  r.abdul@satbayev.university, 0000-0003-0409-3526;
Касымова Айжан Бахытжановна ― PhD, ассоциированный профессор кафедры 
«Программная инженерия», Казахский национальный исследовательский 
технический университет им. К.И. Сатпаева 
E-mail: a.kassymova@satbayev.university, 0000-0003-2999-5745;
Анартаева Айжан Маратқызы ― докторант PhD, Astana IT University 
E-mail:  255777@astanait.edu.kz, 0009-0001-1281-0284.

© С.Ж. Алиаскаров, Р.К. Ускенбаева, А. Разак, А.Б. Касымова, А.М. Анартаева

Аннотация. Быстрый рост объемов и гетерогенности данных 
предъявляют повышенные требования к эффективности и масштабируемости 
платформ аналитики больших данных. В статье исследуются ограничения 
производительности автономных архитектур Hadoop и Spark и предлагается 
гибридная архитектура, интегрирующая распределенную файловую систему 
Hadoop (HDFS) с моделью обработки данных в оперативной памяти Spark. Ос-
новная цель исследования — оценить, обеспечивает ли гибридный подход изме-
римые преимущества в производительности для задач анализа региональных дан-
ных. Предложенная архитектура была реализована и протестирована на реальных 
наборах данных региональных информационных систем акиматов Алматы, 
Шымкента и Туркестана. Оценка проводилась с использованием стандартных 
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бенчмарков TPC-H и HiBench, охватывающих пакетную обработку данных, по-
токовую аналитику и задачи машинного обучения. Производительность оценива-
лась с точки зрения времени обработки, масштабируемости, использования ресур-
сов и отказоустойчивости. Результаты экспериментов показывают, что гибридная 
архитектура стабильно превосходит автономный Hadoop по скорости обработки 
и достигает сопоставимой или превосходной производительности со Spark при 
больших объемах данных, избегая при этом чрезмерного потребления памяти. В 
среднем гибридная система сократила время выполнения на 25–40 % по сравнению 
с Hadoop и продемонстрировала более стабильную масштабируемость, чем Spark, 
когда объемы данных превышали доступную память. Эти результаты указывают 
на то, что гибридные архитектуры особенно эффективны для региональных 
информационных систем, характеризующихся гетерогенными источниками 
данных и переменными нагрузками.

Ключевые слова: большие данные, Hadoop, Spark, гибридная архитекту-
ра, оценка производительности, обработка данных, масштабируемость
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Introduction.
The proliferation of data from many sources in the digital age has drastically 

changed how decisions are made and how innovation is implemented across industries. 
Big data systems are essential because they make it possible to handle, analyze, and 
extract value from the enormous amounts of data that are produced every day. With its 
intrinsic volume, pace, and variety, the rapidly expanding digital data poses possibili-
ties as well as obstacles (Govett et al., 2024; Deepak et al., 2019). This diverse terrain 
is posing an increasing challenge to conventional data processing systems, which were 
largely built for organized data within fixed throughput limitations. Therefore, the focus 
has turned towards more flexible, adaptable, and efficient systems that can adjust to 
these new demands because of the introduction of big data technology. 

  Big data analytics make it possible to gain previously unattainable insights into 
operations, customer behavior, and economic trends in industries including healthcare, 
finance, and retail. These solutions stimulate the development of new services and goods 
in addition to improving operational efficiency. But as data volumes increase, there is 
an increasing need for increasingly sophisticated data processing methods (Razaque et 
al., 2022; Majida et al., 2021). This paper presents a new Hybrid architecture that at-
tempts to leverage the combined strengths of Hadoop and Spark, two popular big data 
processing frameworks, for improved performance and scalability. It also examines the 
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development and capabilities of these two frameworks.
Large-scale structured data quantities could be handled effectively by databases, 

which marked the beginning of the big data technology journey. But with the advent of 
the digital age came an influx of unstructured data that conventional relational databases 
were ill-equipped to handle. This resulted in the creation of Hadoop, which processed 
data across computer clusters using MapReduce and a distributed file system. Although 
Hadoop’s fault tolerance and scalability revolutionized data processing, its speed was 
frequently an issue, particularly for real-time analytics (Deshai et al., 2020; Weng et al., 
2024). Apache Spark was created to overcome Hadoop’s shortcomings by providing a 
memory-centric method for handling massive datasets quickly. 

Spark offered real-time data analytics, which was essential for applications re-
quiring instant insights, and significantly shortened the time needed for iterative pro-
cesses by performing difficult calculations in memory (Domenteanu et al., 2024; Win-
kler et al., 2023). Even with their respective advantages, Hadoop and Spark are unable 
to completely meet the wide-ranging needs of contemporary big data applications. To 
close this gap and provide a flexible and potent response to modern data difficulties, hy-
brid systems—which blend Spark’s speedy processing with Hadoop’s strong data man-
agement capabilities—are being investigated (Khalid et al., 2021; Ehsan et al., 2022; 
Sugimiyanto et al., 2020). This study explores these technologies in detail, assesses 
their relative and combined efficiency, and emphasizes how the hybrid design can help 
advance big data analytics (Rashid et al., 2022; Al-Jumaili et al., 2023; Ramachandran, 
2024; Ehsan et al., 2022).

Despite extensive studies on Hadoop- and Spark-based analytics, most exist-
ing works focus either on theoretical performance comparisons or controlled laboratory 
benchmarks. Practical evaluations of hybrid architectures in real regional information 
systems remain limited, particularly with respect to scalability under heterogeneous 
workloads and constrained infrastructure.

This study addresses this gap by testing the hypothesis that a Hadoop–Spark 
hybrid architecture provides superior performance stability and scalability for regional 
big data analytics compared to standalone platforms. The scientific contribution of this 
work lies in the empirical validation of this hypothesis using real-world datasets and 
standardized benchmarks, as well as in identifying operational scenarios where hybrid 
deployment is most effective.

Literature Review
The exponential expansion in the amount of data, variety, and velocity has 

prompted a significant transformation of the digital world through the advent of big data 
technology. The complexity of today’s data streams has rendered traditional data pro-
cessing systems which were designed for structured data within steady throughput lim-
its—increasingly insufficient. This has led to a change in big data technologies toward 
ones that are more efficient, scalable, dynamic, and better fit for the needs of the present 
(Statt et al., 2024; Kuru, 2024). Big data analytics has produced hitherto unheard-of 
insights into operations and customer behavior in industries including healthcare, bank-
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ing, and retail, boosting productivity and spurring innovation (Lakshmi et al., 2024; 
Kumar et al., 2023). 

The study delves into the evolution and capabilities of Hadoop and Spark, two 
predominant frameworks, and introduces a novel Hybrid architecture designed to lever-
age their strengths for superior performance and scalability (Deshai et al., 2020).

Hadoop was developed to address the shortcomings of traditional databases by 
using a distributed file system (HDFS) and MapReduce programming model to process 
data across computer clusters. This architecture provided the scalability and fault toler-
ance necessary for handling large volumes of data, but it often struggled with processing 
speed, especially for real-time analytics (Weng et al., 2024; Khalid et al., 2021). Apache 
Spark was introduced as a response, focusing on in-memory data processing to signifi-
cantly enhance speed, particularly for iterative algorithms and analytics that require 
quick turnaround times (Ehsan et al., 2022). Spark’s capabilities for handling complex 
calculations rapidly made it a preferred choice for applications needing immediate data 
insights. However, neither Hadoop nor Spark could completely meet the diverse and 
evolving requirements of big data applications on their own. This observation led to 
the development of Hybrid systems that integrate Hadoop’s robust data management 
with Spark’s rapid processing capabilities, aiming to offer a comprehensive solution that 
mitigates the limitations of each system separately (Arif et al., 2024; Sugimiyanto et al., 
2020). These Hybrid systems are structured to utilize Hadoop’s HDFS for extensive data 
storage and durability, while employing Spark’s advanced processing power for high-
speed analytics and machine learning tasks (Singh et al., 2019; Rang et al., 2024). This 
combination enables efficient handling of large-scale data workloads, effectively bal-
ancing the need for durable storage with the demands for swift data processing (Samed 
et al., 2021).

In practice, Hybrid systems store data in HDFS, benefiting from its fault toler-
ance and scalability, while Spark directly accesses this data to perform analytics and 
processing tasks in-memory. This operational synergy significantly reduces the time 
required for data-intensive operations, making Hybrid systems highly flexible and ca-
pable of supporting a wide range of data processing tasks including batch processing, 
real-time analytics, machine learning, and graph processing within a unified platform 
(Guerrero-Prado et al., 2020; Ali et al., 2024). Moreover, the hybrid approach enhances 
resource utilization, reducing reliance on disk I/O and thereby alleviating one of the pri-
mary bottlenecks associated with Hadoop’s disk-based processing model (Peres et al., 
2016). Despite their considerable advantages, Hybrid systems introduce complexities 
in terms of resource management and system configuration. The integration of Hadoop 
and Spark requires meticulous management to optimize performance and ensure seam-
less operation across both platforms (Anjos et al., 2020). As the volume, velocity, and 
variety of data continue to expand, the adaptability and performance of Hybrid archi-
tectures become increasingly crucial, offering a strategic advantage for organizations 
aiming to maximize their data assets (Barik et al., 2019; Dahiya et al., 2022). Table 1 
presents a comparative analysis of the big data systems.
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Table 1 – Comparative overview of big data systems.
Technology Features Benefits Limitations
Hadoop Distributed file system 

(HDFS), MapReduce
Scalability, Fault tolerance Slower processing speed for real-time 

analytics
Spark In-memory data 

processing, RDDs
High-speed analytics, Suitable for 
iterative algorithms

High memory demand, Complex 
cluster management

Hybrid Combines Hadoop’s 
storage with Spark’s 
processing speed

Enhanced performance and 
scalability, Efficient handling of 
varied data workloads

Complexity in configuration and 
management

Additional Various big data 
applications and hybrid 
systems

Operational flexibility, Advanced 
analytics capabilities

Resource-intensive, Requires advanced 
management

Our Study Integrates Hadoop 
and Spark in Hybrid 
Architecture

High performance, Scalability, 
Versatility

Complexity in implementation and 
management

Note: compiled by the authors based on literature analysis  (Statt M.J., et al., 2024; Kaya K., 2024; Lakshmi D., et al., 
2024; Kumar G., et al., 2024; Deshai N., et al., 2020; Yijie W., 2024, Kaya K., 2024; Lakshmi D., et al., 2024; Kumar 
G., et al., 2024; Deshai N., et al., 2020; Yijie W., 2024; Madiha K., Yousaf M., 2021; Ehsan A., et al., 2022; Zeravan A., 
et al., 2024, Lakshmi D., et al., 2024; Kumar G., et al., 2024; Deshai N., et al., 2020; Yijie W., 2024; Madiha K., Yousaf 
M., 2021; Ehsan A., et al., 2022; Zeravan A., et al., 2024; Sugimiyanto S., et al., 2020; Archana S., et al., 2019; Wei R., 
et al., 2024; Al Samed, Dener M., 2021; Guerrero-Prado, et al., 2020; Mohsin A., et al., 2024; Peres Silva R., et al., 
2017; Kumar R., et al., 2019; Dahiya R., et al., 2022).

Materials and methods.
Practical Implementation of the Hybrid System.
The practical implementation of the hybrid system was orchestrated across three 

strategically selected regions: the akimats of Almaty, Shymkent, and the Turkestan re-
gion. This geographical diversity ensured a robust test of the system’s adaptability to 
various data environments and operational demands. Each location was equipped with a 
tailored setup of the hybrid system, integrating Hadoop’s robust data storage capabilities 
with Spark’s dynamic processing power. Hadoop clusters were optimized for high data 
redundancy and reliability in HDFS, while Spark was configured to leverage these data 
stores directly, reducing data motion overheads and enhancing processing speed. This 
setup was crucial in assessing the hybrid system’s operational efficiency in a real-world, 
distributed environment. For deployment, the system utilized Apache Flume and Apache 
Kafka for real-time data ingestion, handling streams from social media, IoT devices, and 
transaction systems. This approach not only facilitated the continuous flow of data into 
the system but also enabled immediate processing using Spark’s stream processing ca-
pabilities. Additionally, batch data were ingested from traditional databases into HDFS 
using Sqoop, ensuring that both structured and unstructured data types were available 
for comprehensive analysis. This dual approach in data ingestion demonstrated the hy-
brid system’s versatility in managing diverse data types and sources. To rigorously eval-
uate the performance of Hadoop, Spark, and the hybrid system, a detailed comparative 
analysis framework was implemented. Standardized benchmark tests, including TPC-H 
for structured data queries and HiBench for a range of operations such as streaming, 
machine learning, and graph processing, were conducted. Performance metrics such 



117

INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25). INTERNATIONAL JOURNAL OF INFORMATION AND COMMUNICATION TECHNOLOGIES 2026. Vol. 7. Іs. 1 (25).

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License

as processing time, resource utilization, and throughput were meticulously monitored 
using tools like Ganglia and Apache Ambari. The data collected provided a quantitative 
foundation for analyzing each system’s efficiency, scalability, and overall performance. 
This empirical approach ensured a comprehensive assessment, highlighting the hybrid 
system’s capabilities and identifying any potential areas for optimization. The equations 
and models used in this implementation are as follows:

                                                            

 (1)
Whereas  is the data ingestion rate and   is the data ingested by source 

𝑖 and Tⱼ is the time interval.

(2)
Where  is the processing speed,  represents the operations completed by 

task 𝑗 and   is the total processing time.
                                                                 

 (3)
Where is the scalability metric,  and are the new and 

baseline processing speeds, respectively, and  and  are the new and baseline data vol-
umes, respectively.

                                                           

(4)

Where is the resource utilization, and re the CPU, 
memory, and I/O utilization for process k and p is the total number of processes.

                            

(5)
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Where is the efficiency of the Hybrid system,  are the operations complet-
ed by task 𝑖,  is the total time taken and  is the data size of node , is the num-
ber of nodes, are the CPU, memory, and I/O utilization for process 
𝑘,    is the overhead for system process is the transfer time for data segment 
𝑚, and  are the number of operations and complexity coefficient for 
computation 𝑛.

In equations (1) – (5), denotes the data volume ingested from source i during 
time interval t; represents the number of operations completed by task j; T is the 
total execution time. Scalability is measured as the ratio of processing speed growth 
to data volume growth. Resource utilization aggregates CPU, memory, and I/O usage 
across active processes. The hybrid efficiency metric additionally accounts for system 
overhead and inter-node data transfer costs, allowing comprehensive evaluation of dis-
tributed execution efficiency.

Furthermore, as the Hadoop’s architecture is designed around a distributed file 
system (HDFS) and a processing framework (MapReduce). HDFS serves as the stor-
age layer, distributing data across multiple nodes in a cluster to ensure fault tolerance 
through replication. The MapReduce framework facilitates parallel processing of distrib-
uted data. The architecture also includes YARN, which manages resources in the cluster 
and schedules tasks. For the evaluation, Hadoop was configured with default replication 
settings, and YARN managed job scheduling and resource allocation (Figure 1(a)) and 
the spark’s architecture centers on the concept of Resilient Distributed Datasets (RDDs), 
which are immutable collections of data items distributed across the cluster. Spark op-
erates primarily in memory, allowing for faster data processing compared to disk-based 
systems. The architecture includes Spark Core for basic functionality, alongside librar-
ies like Spark SQL for structured data processing, MLlib for machine learning, Spark 
Streaming for real-time data processing, and GraphX for graph processing. Spark was 
configured to maximize in-memory processing and minimize disk I/O for the evaluation 
(Figure 1(b)), and the hybrid system architecture combines the storage capabilities of 
HDFS with the processing power of Spark. In this configuration, data is stored in HDFS, 
leveraging its scalability and fault tolerance. Spark accesses the data stored in HDFS for 
processing, utilizing its in-memory processing capabilities for faster analytics. The Hy-
brid system was designed to seamlessly integrate Spark’s advanced analytics capabili-
ties with Hadoop’s robust storage, ensuring efficient processing of large datasets while 
maintaining data persistence and reliability (Figure 1(c)).

In practice, the Hybrid system stores data in HDFS, benefiting from its fault 
tolerance and scalability, while Spark directly accesses this data to perform analytics 
and processing tasks in-memory. This operational synergy significantly reduces the time 
required for data-intensive operations, making Hybrid systems highly flexible and ca-
pable of supporting a wide range of data processing tasks including batch processing, 
real-time analytics, machine learning, and graph processing within a unified platform. 
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Fig. 1.  (a):Hadoop architecture (b): Spark architecture (c): Hybrid architecture

Moreover, the hybrid approach enhances resource utilization, reducing reliance 
on disk I/O and thereby alleviating one of the primary bottlenecks associated with Ha-
doop’s disk-based processing model. Despite their considerable advantages, Hybrid 
systems introduce complexities in terms of resource management and system configu-
ration. The integration of Hadoop and Spark requires meticulous management to opti-
mize performance and ensure seamless operation across both platforms. As the volume, 
velocity, and variety of data continue to expand, the adaptability and performance of 
Hybrid architectures become increasingly crucial, offering a strategic advantage for or-
ganizations aiming to maximize their data assets.

Experimental Setup and System Configurations.
This study utilizes a set of established benchmarks and diverse datasets to ensure 

a comprehensive evaluation of Hadoop, Spark, and the Hybrid systems. The bench-
marks chosen include the TPC-H for structured data queries and HiBench for a variety 
of operations such as streaming, machine learning, and graph processing. These bench-
marks are widely recognized in the industry and provide a standardized way to measure 
and compare the performance of big data systems. TPC-H is chosen for its relevance to 
business data processing scenarios, reflecting typical analytical operations in enterprise 
environments. HiBench, on the other hand, covers a broad spectrum of big data applica-
tions, from real-time processing to large-scale analytics, thus offering insights into each 
system’s versatility and efficiency under different workloads. The datasets selected for 
evaluation range from structured records from enterprise transactions to semi-structured 
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logs and unstructured social media data. This variety ensures that the systems’ perfor-
mance is tested against data scenarios commonly encountered in real-world applica-
tions, such as e-commerce, social analytics, and IoT sensor data streams. The inclusion 
of large-scale public datasets, such as those available from the New York City Open 
Data, allows us to simulate realistic, high-volume data challenges, providing a robust 
basis for our comparative analysis.

The configurations of Hadoop, Spark, and the Hybrid system are meticulously 
detailed to facilitate reproducibility and to ensure that the evaluation reflects real-world 
usage scenarios. All systems are deployed on a cluster of servers with the following 
specifications listed in Table 2.

Table 2 – Summary of experimental setup and system configurations
Component Details

Cluster Setup
Nodes Multiple nodes (servers) connected in a cluster
Hardware 
Specifications

Each node with Intel Xeon CPUs E5-2630 v4 @ 2.20GHz, 64GB RAM, and 
10Gbps Ethernet network

Software Stack
Hadoop Setup HDFS (Distributed File System), YARN (Resource Manager), MapReduce 

(Processing Framework)
Spark Setup Spark Core, Spark SQL, Spark Streaming, MLlib, GraphX
Hybrid Setup Integration of Hadoop (HDFS) and Spark (In-memory processing)
Data Ingestion
Data Sources Structured, semi-structured, and unstructured data
Tools Apache Flume and Apache Kafka for real-time data ingestion
Data Storage HDFS for storage
Monitoring Tools
Ganglia System monitoring tool
Apache Ambari Cluster management and monitoring tool
Benchmarking 
Tools
TPC-H Benchmarking tool for structured data queries
HiBench Benchmarking tool for a variety of operations such as streaming, machine 

learning, and graph processing

The experiments were conducted on clusters consisting of 6–10 nodes, each 
equipped with Intel Xeon E5–2630 v4 CPUs, 64 GB RAM, and 10 Gbps networking. 
Dataset sizes ranged from 500 GB to 3 TB, depending on workload type. Hadoop ver-
sion 3.2 and Spark version 3.1 were used, with default HDFS replication factor set to 
three. These parameters reflect a typical mid-scale regional data center configuration.

The configurations outlined in the table 2 ensure a robust and standardized en-
vironment for evaluating the performance of Hadoop, Spark, and the Hybrid system. 
By employing a consistent hardware setup and leveraging industry-standard software 
stacks, the study aims to provide a fair and comprehensive comparison of these big data 
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processing frameworks. The use of Apache Flume and Apache Kafka for real-time data 
ingestion, combined with HDFS for data storage, creates a versatile and scalable data 
pipeline that mirrors real-world big data scenarios. The monitoring tools, Ganglia and 
Apache Ambari, provide detailed insights into resource utilization and system perfor-
mance, enabling precise measurement and analysis. The benchmarking tools, TPC-H 
and HiBench, are selected to reflect a wide range of data processing tasks, from struc-
tured queries to complex machine learning operations, ensuring that the evaluation cap-
tures the diverse capabilities and limitations of each system.

In this section we present the key findings of the comparative analysis of Ha-
doop, Spark, and the Hybrid system, focusing on processing speed, scalability, efficien-
cy, resource utilization, fault tolerance, and practical implementation outcomes.

Processing speed comparison
Hadoop delivered stable batch processing but struggled with latency in real-time 

tasks due to its disk-based model. Spark excelled in real-time analytics and iterative 
machine learning due to in-memory caching. The Hybrid system outperformed both, 
combining Hadoop’s storage with Spark’s speed—especially in multi-step workflows—
delivering the fastest and most balanced performance across all tasks (Figure 2).

Table 3 – Summary of performance results for processing speed (TPC-H and 
HiBench workloads)

System Avg. execution time (s) Std. deviation (s) Relative speedup (vs Hadoop)
Hadoop 1200 ±45 1×(baseline)
Spark 740 ±38 1.62×
Hybrid 690 ±32 1.74×

Table 3 presents averaged execution times obtained across multiple benchmark 
runs. The results indicate that Spark reduces execution time by approximately 38 % 
compared to Hadoop, while the hybrid architecture achieves an additional performance 
gain of about 6–7% over Spark. The lower standard deviation observed for the hybrid 
system suggests more stable performance under heterogeneous workloads.

Fig. 2.  Processing speed comparison
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Scalability
Hadoop scaled reliably thanks to its distributed architecture. Spark scaled well 

when sufficient memory was available, though performance declined with large datasets. 
The Hybrid system showed the best scalability, leveraging Hadoop for data distribution 
and Spark for fast processing, without excessive memory requirements (Figure 3).

Fig. 3. Scalability performance comparison

Efficiency
Hadoop was efficient for large, evenly distributed datasets but less suitable for 

real-time demands. Spark was highly efficient for rapid analytics but limited by memo-
ry. The Hybrid system achieved the highest overall efficiency by combining persistent 
storage with fast computation, adapting well to diverse and complex data workloads 
(Figure 4).

Fig. 4. Efficiency comparison of hadoop, spark, and hybrid system

Resource Utilization
Hadoop maintained stable CPU usage but suffered from high I/O overhead. 
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Spark used more CPU and memory for in-memory tasks, offering fast results at the cost 
of resource intensity. The Hybrid system balanced usage effectively, leveraging Spark 
only when needed, minimizing CPU and memory load while maintaining high perfor-
mance (Figure 5).

          Fig. 5. Resource utilization (CPU and memory) during benchmarking tasks

Fault Tolerance
Hadoop ensured resilience through HDFS replication, though recovery was slow 

with large datasets. Spark recovered faster using RDD lineage but was affected by trans-
formation complexity. The Hybrid system combined both approaches, delivering supe-
rior fault tolerance with minimal performance impact and faster recovery (Figure 6).
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Deployed in Almaty (traffic management), Shymkent (public health), and Turke-
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stan (agriculture), the Hybrid system proved adaptable to regional needs. It enabled 
real-time decisions using large-scale and heterogeneous data. Results included faster 
emergency response, disease tracking, and precision farming. The system demonstrated 
robust performance, operational efficiency, and strong potential for public sector trans-
formation.

Results and discussion.
The study’s findings provide a detailed comparison of Hadoop, Spark, and the 

Hybrid system, each demonstrating unique strengths and weaknesses across various 
big data processing scenarios. Hadoop is distinguished by its robustness and reliability 
in data storage and batch processing tasks. Its architecture excels in managing massive 
datasets distributed across a scalable cluster environment. The HDFS ensures data re-
dundancy and fault tolerance, making it highly reliable for long-term data storage and 
large-scale batch processing. However, Hadoop’s disk-based processing mechanism in-
troduces significant latency in data retrieval and processing. This makes Hadoop less 
suitable for real-time analysis and latency-sensitive iterative processing tasks. The re-
liance on the MapReduce programming model further limits its efficiency in handling 
complex analytical tasks that require rapid data access and processing.

Spark overcomes many of Hadoop’s limitations, particularly in terms of pro-
cessing speed. Its in-memory data processing capabilities make it ideal for tasks re-
quiring fast iterative processing and real-time analytics. Spark’s ability to cache data in 
memory significantly reduces the time taken for repeated data access and computations, 
making it highly effective for machine learning and streaming data applications. How-
ever, Spark’s dependency on memory resources can be a limiting factor, especially in 
environments with constrained memory capacity. While Spark significantly improves 
processing speed, it does not inherently address data persistence and extensive data 
management as effectively as Hadoop. The requirement for high memory capacity can 
also lead to increased costs in resource-intensive environments.

The Hybrid system leverages the strengths of both Hadoop and Spark to offer a 
comprehensive solution. By utilizing Hadoop for reliable data storage and large-scale 
data management and Spark for high-speed processing and analytics, the Hybrid system 
provides a balanced approach. It successfully addresses the need for both persistent 
data management and efficient real-time processing, showcasing versatility across 
a broad spectrum of big data applications. The integration of Hadoop’s HDFS with 
Spark’s in-memory processing capabilities ensures that large datasets can be stored du-
rably while being processed quickly when needed. The Hybrid architecture significantly 
enhances scalability by efficiently managing resources between Hadoop and Spark. It 
can scale out to accommodate growing data volumes without compromising processing 
speeds or data integrity, thus supporting dynamic big data environments. The Hybrid 
system’s ability to handle diverse big data workloads from batch processing to real-time 
analytics and machine learning makes it highly versatile and adaptable to various indus-
try needs. This flexibility is crucial for organizations facing a range of big data challeng-
es and requiring a single, unified architecture. By optimizing resource utilization using 
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Spark for high-speed processing when necessary and relying on Hadoop for large-scale 
data storage the Hybrid system offers cost-effective solutions. This efficient resource 
use can lead to reduced operational costs, especially in terms of processing power and 
storage requirements. Moreover, the Hybrid system’s architecture is well-suited to ad-
dress the three V’s of big data: volume, velocity, and variety. Its seamless integration 
with existing technologies and infrastructures further enhances its applicability across 
various sectors, including healthcare, finance, and public administration.

The real-world application of the Hybrid system across the selected regions Al-
maty, Shymkent, and the Turkestan region provided tangible insights into its operational 
efficiency and impact on data processing tasks. These regions were selected to represent 
a diverse set of data challenges, including variations in data volume, velocity, and va-
riety inherent in administrative and infrastructural activities. The outcomes highlighted 
how effectively the Hybrid system could adapt and respond to the specific needs of 
each area. In Almaty, the Hybrid system was deployed to enhance urban management 
systems, particularly focusing on traffic flow and public safety monitoring. By integrat-
ing real-time traffic data and historical patterns stored in HDFS, the system facilitated 
dynamic traffic management and incident prediction. The use of Spark for real-time 
data analysis allowed city planners to make immediate adjustments to traffic signals and 
dispatch emergency services more efficiently, significantly reducing response times and 
improving road safety.

Limitations and Practical Implications.
Despite its advantages, the hybrid architecture introduces additional complexity 

related to deployment, configuration, and system maintenance. Effective operation re-
quires qualified personnel and careful tuning of resource allocation policies. Moreover, 
for small-scale workloads or environments with limited data volumes, the hybrid ap-
proach may be excessive compared to standalone Spark deployments.

The results indicate that hybrid architectures are most effective in regional infor-
mation systems characterized by heterogeneous data sources, mixed batch and stream-
ing workloads, and long-term data retention requirements.

Conclusion.
There are clear advantages and disadvantages with Hadoop, Spark, and the Hy-

brid system when it comes to processing substantial amounts of data. Although Ha-
doop’s disk-based processing causes slowness in real-time analytics, it excels in data 
management and scalability, making it dependable for long-term storage and batch pro-
cessing. Due to memory limitations, Spark’s in-memory processing makes it faster for 
iterative and real-time jobs but less effective for long-term data storage. The hybrid 
system creates a well-balanced, high-performance solution by combining Spark’s pro-
cessing capability with Hadoop’s storage capabilities. Its speed of processing, scalabil-
ity, and efficiency surpass those of both Hadoop and Spark alone, giving it a flexible 
foundation for a wide range of big data applications. The hybrid system’s adaptability 
and robustness in a variety of settings have been showcased through real-world im-
plementations in places like Almaty, Shymkent, and Turkestan. These implementations 
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have also shown how the hybrid system may improve agricultural optimization, public 
health monitoring, and urban management. 
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