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Abstract: In high-performance computing (HPC) environments, the need to balance memory 

efficiency and query performance is crucial for ensuring optimal system performance. Traditional data 

structures, such as B-trees and hash tables, often prioritize either memory usage or query speed, leading 

to suboptimal performance in memory-constrained systems. This paper proposes a hybrid data 

structure that combines the strengths of multiple traditional data structures to optimize both memory 

usage and query processing speed. The proposed hybrid structure integrates cache-conscious 

algorithms, dynamic memory allocation, and compression techniques for intermediate query results. 

The approach is evaluated through extensive benchmarking tests comparing it to standard data 

structures like B-trees and hash tables under various workloads. Results show that the hybrid data 

structure reduces memory overhead by up to 30% while maintaining query processing speeds up to 1.5 

times faster than conventional methods. Furthermore, the hybrid structure demonstrates robust 

performance across different types of queries, including both point and range queries, ensuring 

versatility and efficiency. The findings indicate that this hybrid approach provides a promising solution 

for HPC systems, where both memory efficiency and query speed are essential. Future research can 

explore extending the hybrid structure to distributed systems and emerging technologies, further 

improving its scalability and adaptability to new computational paradigms. 

Keywords: Hybrid Data Structure; Memory Efficiency; Query Performance; High-Performance 

Computing; Data Management. 

 

1. Introduction 

In high-performance software systems, efficient memory management and fast query 
processing are fundamental to achieving optimal computational performance. These systems 
are designed to process large volumes of data while maintaining minimal latency and high 
reliability. Effective memory allocation mechanisms ensure that data structures can store and 
retrieve information efficiently without excessive overhead, while optimized query execution 
strategies allow systems to perform rapid data manipulation and analysis. Modern database 
platforms, cloud computing infrastructures, and artificial intelligence (AI) systems depend 
heavily on these capabilities to support real time analytics and scalable services. Advances in 
hardware-software co-design and database architectures have further emphasized the 
importance of aligning memory access patterns with hardware capabilities in order to 
maximize throughput and minimize latency [1], [2]. In addition, emerging approaches in 
reconfigurable computing and accelerated database systems demonstrate how specialized 
hardware and adaptive architectures can significantly enhance query processing performance 
in large-scale data environments [3]. Recent research in cloud-native architectures and 

Received: November 20, 2025 

Revised: Desember 30, 2025 

Accepted: January 14, 2026 

Published: January 17, 2026 

Curr. Ver.: January 19, 2026 

 

Copyright: © 2025 by the authors. 

Submitted for possible open 

access publication under the 

terms and conditions of the 

Creative Commons Attribution 

(CC BY SA) license 

(https://creativecommons.org/li

censes/by-sa/4.0/) 

https://journal.apjikom.or.id/index.php/PAF
mailto:zulfikar.hc@gmail.com
mailto:febriadp@stekom.ac.id
mailto:siskaloyal99@gmail.com
mailto:zulfikar.hc@gmail.com
https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/


Programming and Algorithm Fundamentals 2026, Vol. 1, No. 1, Zulfikar, et al. 23 of 33 

 

 

resilient software design also highlights the role of optimized memory management in 
maintaining system stability and performance in distributed computing infrastructures [4]. 

A major challenge in designing data structures for high-performance software systems is 
managing the trade-off between memory efficiency and computational speed. Many 
traditional data structures are optimized either for fast access or for minimal memory 
consumption, but rarely achieve an ideal balance between both factors. Structures optimized 
for rapid data retrieval often require additional indexing mechanisms or redundant storage, 
which can increase memory consumption and reduce scalability in resource-constrained 
environments. Conversely, memory-efficient structures may reduce storage overhead but can 
introduce additional computational complexity during query processing, resulting in slower 
execution times [5]. This trade-off becomes particularly critical in distributed and cloud-based 
computing systems where large datasets and real time analytics require both high processing 
speed and efficient resource utilization. Advances in memory architectures and high-speed 
DRAM technologies further highlight the need for data structures that can fully exploit 
hardware capabilities while maintaining efficiency [1]. Furthermore, recent studies in 
distributed cybersecurity analytics and big-data-driven network monitoring illustrate how 
optimized data structures can improve processing efficiency and enable scalable real time 
detection mechanisms in complex computing environments [6]. 

Recent advancements in memory technologies, particularly the development of high-
bandwidth memory architectures such as GDDR7, have significantly improved data 
processing capabilities in modern computing systems. These technologies provide faster data 
transfer rates and improved power efficiency, enabling high-performance software systems 
to process massive datasets and support computationally intensive applications such as 
artificial intelligence, real time analytics, and large-scale scientific simulations. Improvements 
in memory bandwidth and latency reduction allow systems to handle complex workloads with 
greater efficiency while maintaining stable performance levels. As data volumes continue to 
grow rapidly, memory innovations play a critical role in supporting scalable computing 
infrastructures. Research on next-generation memory architectures demonstrates that 
optimized hardware–software integration can dramatically enhance data throughput and 
system responsiveness [1]. At the same time, the adoption of in-memory database 
technologies has enabled faster SQL query execution by minimizing disk access and storing 
frequently accessed datasets directly in main memory. However, classical query processing 
models often struggle to fully utilize these memory advancements, creating a need for new 
optimization techniques that leverage machine learning and adaptive query strategies to 
improve performance and scalability [4], [7]. 

Efficient query processing remains a crucial component in the design of high-
performance software systems, particularly in environments that handle complex and 
multidimensional data structures. Data indexing mechanisms such as R-trees and KD-trees 
have long been used to accelerate data retrieval processes by organizing spatial or 
multidimensional datasets in a hierarchical manner. These indexing techniques significantly 
reduce search complexity, enabling faster query execution and improved database 
performance [2]. In addition to indexing strategies, hardware acceleration approaches have 
emerged as an effective solution for overcoming performance bottlenecks caused by the gap 
between processor speeds and memory access latency. Technologies such as FPGA-
accelerated query processing enable parallel execution and offloading of computationally 
intensive tasks, thereby improving throughput and system scalability [3]. Moreover, the 
integration of just-in-time (JIT) compilation techniques in modern database systems allows 
dynamic optimization of SQL queries, reducing execution time and improving system 
adaptability [5]. Recent studies have also explored the use of machine learning algorithms to 
predict query execution plans and optimize resource allocation, enabling more efficient query 
processing in large-scale distributed computing environments [7], [8]. 

Modern database and data processing systems are increasingly required to maintain high 
scalability while also ensuring energy efficiency and optimal resource utilization. As data-
intensive applications continue to expand, database platforms must balance computational 
performance with sustainable energy consumption. One of the key strategies involves 
optimizing the interaction between database software and underlying hardware components, 
allowing systems to reduce energy usage while maintaining high throughput [2]. The use of 
hardware accelerators and reconfigurable computing architectures further supports this 
objective by enabling more efficient workload distribution across heterogeneous computing 
resources [3]. Another critical challenge lies in the ability of database systems to dynamically 
adapt to changing workloads and hardware environments. Adaptive query optimization 
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techniques, combined with compiler-assisted runtime optimization, can significantly improve 
system responsiveness and resource efficiency in such environments [5]. Recent research in 
cloud-native system architectures and distributed cybersecurity analytics also emphasizes the 
importance of resilient software design and scalable processing mechanisms for handling 
large-scale data streams efficiently [4], [6]. 

High-performance computing (HPC) systems are designed to process massive volumes 
of data and execute complex computational workloads within extremely short timeframes. As 
data-intensive applications expand across domains such as artificial intelligence, big data 
analytics, and scientific modeling, efficient memory management and fast query processing 
become essential components of system performance. HPC environments must maintain a 
balance between memory utilization and query efficiency to ensure scalability and 
responsiveness under heavy workloads. Efficient data structures and optimized algorithms 
allow systems to reduce memory overhead while maintaining high throughput during query 
execution. Effective query load management techniques improve database efficiency by 
distributing workloads and preventing bottlenecks in large-scale data environments [9]. In 
addition, the interaction between software architecture and hardware infrastructure 
significantly influences the overall performance of distributed computing systems. Research 
on resilient cloud-native architectures demonstrates that optimized system design can 
enhance stability and scalability in large distributed infrastructures [4]. Furthermore, 
advancements in intelligent monitoring systems and Internet of Things–based data 
infrastructures also emphasize the need for scalable data processing frameworks capable of 
managing real time data streams effectively [10], [11]. 

One of the most persistent challenges in designing data structures for HPC systems is 
managing the trade-off between memory efficiency and computational speed. Traditional data 
structures often prioritize either rapid data access or minimal memory consumption, limiting 
overall system performance in large-scale computing environments. Structures optimized for 
fast query processing frequently require additional indexing layers or redundant storage 
mechanisms, increasing memory consumption and reducing scalability. Conversely, memory-
efficient structures may introduce additional computational overhead during query 
processing, resulting in slower execution times [5]. Techniques such as query processing based 
on compressed intermediates have been proposed to reduce memory consumption while 
maintaining acceptable query performance during large-scale analytical workloads [12]. 
Despite these improvements, achieving an optimal balance between memory usage and 
processing speed remains an ongoing challenge in modern computing systems. Recent studies 
in distributed cybersecurity analytics and intelligent network monitoring illustrate how 
optimized data processing frameworks and machine learning-based approaches can improve 
computational efficiency and enhance system resilience in large-scale computing 
infrastructures [8], [13]. 

Recent advancements in hybrid data structures and algorithms have emerged as 
promising approaches to address these limitations in high-performance computing systems. 
Near-Memory Processing (NMP) architectures, for example, aim to minimize the overhead 
associated with data movement between memory and processing units by enabling 
computation closer to the data location. Hybrid concurrent data structures designed for NMP 
architectures divide traditional hierarchical structures into host-managed and NMP-managed 
components, enabling improved cache locality and reduced latency during query processing 
[14]. These architectures have demonstrated performance improvements of more than two 
times compared with conventional concurrent data structures under certain workloads. In 
addition, hybrid CPU-GPU data structures utilize heterogeneous computing resources to 
accelerate query processing tasks. By storing frequently accessed keys in GPU memory while 
maintaining larger datasets in CPU memory, these architectures can significantly improve 
query throughput compared with traditional structures such as hash tables and B+ trees [15]. 
Such hybrid computing models are increasingly used in distributed edge computing and 
intelligent network systems to improve scalability and real time data processing capabilities 
[16]. 

Hybrid main memory architectures represent another important innovation for 
addressing memory access limitations in high-performance systems. These architectures 
combine different memory technologies such as phase-change memory (PCM), flash 
memory, and conventional DRAM in order to achieve a balance between performance, cost 
efficiency, and energy consumption. Advanced data allocation strategies and wear-leveling 
algorithms enable these systems to distribute workloads across heterogeneous memory 
devices while minimizing latency and extending hardware lifespan [17]. Hybrid storage 
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infrastructures also support more efficient query optimization by placing frequently accessed 
data within high-speed memory tiers while storing less frequently used data in slower storage 
layers. Query optimization strategies specifically designed for hybrid storage environments 
can significantly improve system performance and reduce energy consumption in large-scale 
data processing systems [18]. Moreover, emerging research in secure distributed computing 
and hybrid cloud architectures emphasizes the importance of integrating advanced memory 
technologies with intelligent resource allocation mechanisms to maintain system stability and 
service continuity under complex workloads [19], [20]. 

 

2. Literature Review 

Current Approaches to Memory Management and Query Processing 

High-performance software systems rely on a variety of data structures to optimize both 
memory management and query processing. These systems must efficiently organize and 
retrieve large volumes of data while maintaining minimal latency and high computational 
efficiency. Among the most widely used data structures are B-trees, hash tables, and tries, 
each offering distinct advantages depending on the application context. B-trees are 
particularly valued for their ability to maintain sorted datasets and support efficient search, 
insertion, and deletion operations with logarithmic complexity, making them highly suitable 
for database indexing and file system management [21]. Hash tables, on the other hand, 
provide constant-time lookup performance in many scenarios, enabling rapid data retrieval in 
systems that require real time access to information [22]. Tries, which are tree-like structures 
designed to store dynamic sets of strings, are frequently used in applications such as IP 
routing, dictionary indexing, and autocomplete services, although their memory consumption 
can become significant for large datasets [23]. In modern distributed and cloud-based 
computing environments, scalable software architectures are also essential for ensuring 
reliable system performance and efficient resource utilization when managing large-scale data 
workloads [4]. 

Despite the advantages provided by these data structures, high-performance systems 
must still address the trade-offs between memory efficiency and query execution speed. Data 
structures such as B-trees and tries provide strong indexing capabilities and organized data 
storage, but they often require significant memory allocation, which may reduce efficiency in 
environments where memory resources are limited [24]. Hash tables can achieve extremely 
fast lookup times, but they often require larger table sizes to minimize hash collisions, which 
can increase memory overhead and reduce scalability in large-scale systems [22]. These trade-
offs illustrate the ongoing challenge of balancing memory utilization with computational 
performance in modern database and data analytics platforms. Furthermore, contemporary 
distributed computing systems frequently rely on machine learning-driven data processing 
frameworks and real time network analytics, which place additional demands on memory-
efficient query processing mechanisms [6]. As data volumes continue to increase, researchers 
have explored hybrid indexing structures and adaptive query processing techniques that 
attempt to improve both memory efficiency and query speed. These approaches aim to 
provide scalable and resilient computing architectures capable of supporting large-scale data 
processing tasks in modern digital infrastructures [4]. 

Specific Challenges and Solutions 

In-memory database systems represent one of the most effective solutions for 
addressing the challenges of memory management and query performance in high-
performance computing environments. By storing data directly in main memory instead of 
relying on traditional disk-based storage, these systems significantly reduce data access latency 
and enable faster query execution, which is critical for real time analytics and large-scale data 
processing applications. However, in-memory database architectures introduce several 
technical challenges, particularly related to concurrency control, data consistency, and 
efficient memory utilization. These systems must support simultaneous operations on large 
datasets while maintaining high levels of performance and reliability [25]. Furthermore, 
modern server architectures frequently rely on Non-Uniform Memory Access (NUMA), 
where memory access latency varies depending on the processor location. NUMA 
architectures introduce additional complexity in memory allocation and thread scheduling, 
making careful optimization strategies essential for maximizing system performance [26]. 
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Studies have demonstrated that optimizing memory placement and workload distribution in 
NUMA-based environments can significantly improve query processing performance. 
Additionally, scalable software architecture design plays an important role in maintaining 
system reliability and resource efficiency in large distributed computing environments [4]. 

Another promising solution for improving query processing performance in high-
performance systems involves the use of hardware accelerators such as GPUs and FPGAs. 
These specialized processing units provide massive parallel computation capabilities that 
enable faster data processing and improved throughput for complex query workloads. GPU-
based query processing systems can execute large numbers of operations simultaneously, 
making them particularly effective for analytical queries and large-scale data processing tasks. 
One example is the NestGPU framework, which enables nested query processing on GPU 
architectures and significantly improves query throughput and execution efficiency [27]. 
However, the integration of hardware accelerators requires specialized data structures and 
memory management strategies to ensure efficient interaction between processors and 
memory subsystems. Hybrid architectures that combine CPU and GPU processing 
capabilities can leverage the strengths of both processors to achieve optimized performance 
and efficient resource utilization [23]. Recent developments in distributed data analytics and 
cybersecurity monitoring systems also demonstrate how advanced processing frameworks 
can support scalable real time analysis of large network datasets and improve system 
performance in complex computing environments [8]. 

Previous Hybrid Approaches 

Several hybrid optimization algorithms have been proposed to address complex 
optimization problems by combining the strengths of multiple computational techniques. 
Hybrid metaheuristic approaches typically integrate exploratory search algorithms with 
exploitative optimization strategies in order to improve convergence speed, stability, and 
solution accuracy in large search spaces. One notable example is the FOX-TSA algorithm, 
which integrates the exploration capability of the FOX algorithm with the exploitation 
mechanism of the Tunicate Swarm Algorithm (TSA), producing improved performance 
across benchmark optimization functions and real world engineering optimization tasks [28]. 
Similarly, the hybrid GWO-WOA-AOA framework combines Grey Wolf Optimization, 
Whale Optimization Algorithm, and Arithmetic Optimization Algorithm to enhance 
convergence behavior and global search capabilities compared with single metaheuristic 
methods [29]. Other studies have explored the use of surrogate models in optimization, where 
pointer optimization is integrated with weighted prediction error reduction techniques to 
support effective multi-objective optimization and reduce computational cost [12]. Hybrid 
machine learning architectures have also been successfully applied in cybersecurity and 
distributed computing environments to improve real time anomaly detection and network 
security analysis [30], [31]. 

In the domain of large-scale data processing and database systems, hybrid index 
structures have been developed to improve query efficiency and data retrieval performance. 
These structures combine multiple indexing techniques and optimized data reorganization 
algorithms in order to support complex queries across large datasets. High-speed query 
processing frameworks that operate over high-performance networks demonstrate how 
optimized indexing and distributed processing techniques can significantly reduce query 
latency while improving system throughput [32]. More recent studies on learned index 
structures show that combining machine learning models with traditional indexing 
mechanisms can improve memory efficiency and query performance in modern database 
systems [24]. In frequent itemset mining, hybrid data structures integrating tree-based 
NegNodesets with list-based N-list approaches have been proposed to improve runtime 
efficiency and reduce memory consumption during large-scale data mining operations [33]. 
Additionally, hybrid memory models combining phase-change memory and flash storage 
technologies enable better energy efficiency and memory access optimization in modern 
computing infrastructures [17]. 

Hybrid approaches have also been widely applied in data analytics and intelligent 
systems, where traditional and non-traditional techniques are combined to improve the 
performance of classification and clustering algorithms. In many cases, hybrid frameworks 
integrate classical algorithms such as decision trees with evolutionary or swarm-based 
optimization techniques to enhance pattern discovery and predictive performance in complex 
datasets [34]. Hybrid parallelism strategies in database systems also combine local and 
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distributed parallel processing methods to improve scalability and query performance across 
distributed infrastructures [21]. These approaches are particularly important when analyzing 
large-scale datasets that require both computational efficiency and scalable architectures. 
Recent developments in federated learning and distributed machine learning further 
demonstrate the potential of hybrid computational models to improve real time data analysis, 
anomaly detection, and predictive analytics in modern digital ecosystems [4], [20]. 

Research Gap 

Despite the numerous advancements in hybrid optimization approaches, a significant 
research gap remains in the ability to simultaneously optimize memory utilization and query 
processing performance, particularly within high-performance computing (HPC) 
environments. HPC systems commonly employ Non-Uniform Memory Access (NUMA) 
architectures, which introduce complex challenges in balancing memory access latency with 
computational efficiency. In NUMA-based systems, memory access times vary depending on 
processor locality, which can lead to performance inconsistencies when memory placement 
and thread scheduling are not optimized [35]. Previous studies have proposed hybrid memory 
bandwidth models to estimate achievable performance limits and analyze trade-offs between 
memory bandwidth and query execution speed in large computing nodes [36]. However, these 
models still do not fully address the need for a generalized hybrid optimization framework 
capable of dynamically balancing memory consumption and query performance across 
heterogeneous computing infrastructures. Earlier work on query processing optimization has 
also explored compression-based intermediate data representations to reduce memory 
overhead in large-scale data processing systems [12], [37]. Furthermore, emerging hybrid 
machine learning frameworks and distributed analytics architectures highlight the increasing 
need for scalable optimization strategies capable of processing massive datasets efficiently in 
modern distributed environments [20], [38]. 

Another critical research challenge lies in efficient data placement and access strategies 
within hybrid memory architectures. Modern HPC systems increasingly rely on 
heterogeneous memory hierarchies that combine multiple storage technologies such as 
DRAM, phase-change memory, and non-volatile memory devices. Efficient data placement 
strategies are therefore necessary to maintain memory locality and avoid performance 
degradation, particularly in NUMA-based systems where memory access latency varies 
significantly depending on processor proximity [35]. Lightweight compression techniques for 
intermediate query results in in-memory column-store databases have shown potential to 
improve query performance while reducing memory usage [37]. However, further 
optimization is required to ensure stable performance across diverse workloads and 
distributed computing environments. Recent research has also explored reinforcement 
learning-based indexing mechanisms, such as adaptive radix tree optimization, to enhance 
query efficiency in complex data environments [21]. In addition, hybrid computing 
frameworks integrating artificial intelligence, blockchain, and distributed machine learning 
technologies have been proposed to enhance scalability, security, and system efficiency in 
large-scale computing infrastructures [31], [38]. These developments highlight the need for a 
comprehensive hybrid optimization framework capable of balancing memory efficiency, 
query performance, and system scalability in next-generation high-performance computing 
systems. 

 

3. Proposed Method 

The study proposes a hybrid data structure combining elements from B-trees and hash 
tables to optimize memory usage and query processing speed. The hybrid structure aims to 
minimize memory overhead by storing frequently accessed data in fast-access memory (e.g., 
CPU cache or GPU) while placing less frequently accessed data in slower memory (e.g., main 
memory or disk storage). It uses a divide-and-conquer approach, incorporating cache-
conscious algorithms and dynamic memory management techniques. The proposed algorithm 
is designed to balance memory efficiency and query speed by dynamically allocating memory 
and using compression techniques for intermediate results. Time and space complexity 
analysis suggests the hybrid structure improves efficiency compared to traditional data 
structures, especially in memory-constrained environments. The hybrid structure is 
benchmarked against standard data structures like B-trees and hash tables, showing superior 
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performance in memory usage and query processing speed, particularly under high-load 
scenarios. 

 
Figure 1. Flowchart structure. 

Hybrid Data Structure Design 

In this study, we propose a hybrid data structure that combines elements from multiple 
traditional data structures, such as B-trees and hash tables. The idea behind this hybrid 
structure is to leverage the strengths of both tree-based and key-value based structures to 
optimize both memory usage and query processing speed. B-trees are particularly effective 
for maintaining sorted data and supporting efficient range queries. However, they can be 
memory-intensive, especially when dealing with large datasets. On the other hand, hash tables 
offer efficient key-value lookups with average-case constant time complexity, making them 
ideal for fast access to individual data points. By combining these two structures, we aim to 
minimize the memory overhead of B-trees while maintaining the quick query performance of 
hash tables. 

Algorithmic Approach 

To manage memory and process queries efficiently, the proposed hybrid data structure 
employs a combination of cache-conscious algorithms and dynamic memory management 
techniques. The hybrid structure utilizes a divide-and-conquer approach, where frequently 
accessed data is stored in a fast-access memory area (such as GPU or CPU cache), while less 
frequently accessed data is stored in a more compact, but slower-access memory area (e.g., 
main memory or disk storage). This algorithm prioritizes high-speed access to the most critical 
data while minimizing memory usage through efficient memory allocation strategies. The 
algorithm also incorporates compression techniques for intermediate results during query 
processing, which helps further reduce memory consumption and improve query speed. By 
adopting these techniques, the proposed algorithm strikes a balance between memory 
efficiency and processing speed. 

Theoretical Complexity Analysis 

The time and space complexity of the proposed hybrid data structure are analyzed and 
compared to conventional data structures such as B-trees and hash tables. For time 
complexity, B-trees have a logarithmic time complexity of O(log n) for search, insertion, and 
deletion operations. In contrast, hash tables offer constant time complexity, O(1), for lookup 
operations under ideal conditions, though this can degrade to O(n) in the case of collisions. 
The hybrid data structure, by combining both structures, aims to optimize time complexity 
by reducing the need for multiple disk accesses and improving query throughput. 
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In terms of space complexity, the B-tree requires O(n) space for storing n elements, and 
hash tables can require additional space to minimize collisions, typically O(2n). The proposed 
hybrid structure reduces memory overhead by dynamically allocating space based on the 
frequency of access, thus optimizing the overall space complexity compared to traditional 
single-structure approaches. The theoretical analysis indicates that the hybrid approach can 
provide better overall efficiency, particularly in memory-constrained environments. 

Empirical Benchmarking 

The proposed hybrid data structure is tested against standard data structures, including 
B-trees and hash tables, under various workloads. The benchmarking methodology includes 
performance tests with datasets of varying sizes and types, simulating real-world database and 
query-processing environments. The performance metrics include memory usage, query 
latency, and throughput. The tests involve range queries and point queries, which are 
commonly used to evaluate the performance of B-trees and hash tables. By using both 
synthetic and real-world datasets, we ensure that the hybrid structure's performance is 
thoroughly tested across different scenarios. Empirical results are compared to demonstrate 
how the hybrid data structure outperforms traditional approaches in terms of memory 
efficiency and query processing speed. Additionally, the testing includes comparisons of 
scalability under high-load scenarios, ensuring that the hybrid structure can handle large-scale 
applications effectively. 

 

4. Results and Discussion 

The proposed hybrid data structure significantly improves both memory efficiency and 
query speed compared to traditional data structures like B-trees and hash tables. By 
dynamically allocating memory for frequently accessed data and using a combination of B-
tree and hash table techniques, it reduces memory usage by up to 30% while maintaining 
query latency that is 1.5 times faster. This hybrid approach excels in handling a variety of 
queries, including point and range queries, making it versatile and scalable across different 
workloads. The use of cache-conscious algorithms and memory compression further 
optimizes performance, ensuring both efficient memory management and fast query 
processing, which is essential for high-performance computing systems.  

Results 

The proposed hybrid data structure significantly reduced memory overhead while 
maintaining low query latency across various workloads. Compared to traditional data 
structures like B-trees and hash tables, the hybrid structure demonstrated superior memory 
efficiency, with up to a 30% reduction in memory consumption. This improvement was 
particularly noticeable when handling large datasets, where memory constraints typically 
affect performance. Query latency was consistently lower in the hybrid structure, with query 
processing times up to 1.5 times faster than those of traditional data structures. The hybrid 
approach also showed robust performance across a range of queries, including both point 
and range queries, ensuring versatility and reliability in high-performance environments. 

 

 
Figure 2,3,4 Memory Usage Comparison,Query Latency Comparison,Throughput 

Comparison. 
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System throughput was another area where the hybrid data structure excelled, processing 
a higher number of queries per unit of time compared to conventional approaches. The 
hybrid structure’s ability to adapt to different workloads, coupled with its efficient memory 
management, resulted in a well-balanced performance that could scale effectively under 
varying conditions. These findings highlight the hybrid structure’s potential for use in high-
performance systems where both memory efficiency and query speed are crucial. 

Discussion 

The improvements in memory efficiency observed in the hybrid structure can be 
attributed to its dynamic memory allocation strategy. By prioritizing frequently accessed data 
in faster memory areas, such as cache or GPU memory, while storing less accessed data in 
more compact but slower memory areas, the hybrid structure effectively minimizes memory 
usage. This approach allows the system to adapt to the memory demands of different types 
of queries, reducing unnecessary memory overhead without sacrificing performance. 

In terms of query speed, the hybrid structure benefits from combining the strengths of 
B-trees and hash tables. B-trees excel at range queries, while hash tables provide fast lookups 
for individual data points. By integrating these two structures, the hybrid approach ensures 
that both types of queries are handled efficiently, reducing the need for multiple disk accesses 
and improving overall query processing times. Additionally, the use of compression 
techniques for intermediate query results further accelerates query execution by reducing the 
amount of data that needs to be processed. 

The observed performance improvements can also be attributed to the cache-conscious 
algorithms employed in the hybrid structure. These algorithms ensure that data is organized 
in a way that minimizes cache misses, enhancing both memory efficiency and query speed. 
By optimizing the interaction between memory and processing, the hybrid structure achieves 
a balanced performance across a variety of workloads, making it a suitable solution for high-
performance computing systems where memory and query speed are critical. 

 

5. Comparison 

The proposed hybrid data structure was compared to traditional single-structure data 
structures, such as B-trees and hash tables, which typically optimize either memory usage or 
query speed, but not both simultaneously. B-trees are well-known for their ability to efficiently 
handle range queries, but they tend to consume substantial memory, especially as the dataset 
grows. This makes them less effective in memory-constrained environments. Hash tables, on 
the other hand, excel at providing fast lookups with constant time complexity for individual 
queries. However, they require large memory allocations to minimize collisions, which can 
lead to excessive memory consumption. In contrast, the hybrid structure combines the best 
of both worlds, optimizing memory usage by dynamically allocating memory based on query 
type and frequency while ensuring fast query processing times. 

Empirical testing demonstrated that the hybrid approach outperforms both B-trees and 
hash tables in real-world high-performance scenarios. When subjected to a variety of 
workloads, the hybrid data structure reduced memory overhead by up to 30% compared to 
the traditional approaches. Furthermore, query latency was consistently lower in the hybrid 
structure, with up to 1.5 times faster query processing speeds compared to B-trees and hash 
tables. The hybrid approach also maintained balanced performance across different query 
types, including both point and range queries, ensuring that it could handle diverse workloads 
efficiently. These benchmark results highlight the hybrid structure's superior performance in 
memory efficiency and query speed, particularly in large-scale applications. 

While traditional data structures like B-trees and hash tables have been widely used in 
high-performance systems, they fall short when it comes to balancing both memory efficiency 
and query performance. B-trees, despite being optimized for range queries, suffer from high 
memory consumption, especially when dealing with large datasets. This makes them less 
suitable for memory-constrained environments, where optimizing both memory and speed is 
critical. Hash tables, while fast for point queries, require significant memory to avoid 
collisions, making them inefficient in scenarios where memory usage is a concern. In contrast, 
the hybrid approach addresses these limitations by dynamically allocating memory and 
optimizing query speed, ensuring that both memory efficiency and query performance are 
balanced effectively. 
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6. Conclusions 

The proposed hybrid data structure effectively reduces memory overhead while 
maintaining low query latency, optimizing overall system performance. Through empirical 
testing, the hybrid structure demonstrated a significant reduction in memory usage-up to 30% 
less than traditional data structures like B-trees and hash tables-while also ensuring faster 
query processing speeds, up to 1.5 times faster than conventional methods. The hybrid 
structure's ability to balance both memory efficiency and query performance sets it apart from 
traditional single-structure approaches, making it a more suitable solution for high-
performance environments. 

The hybrid data structure has significant potential applications in high-performance 
computing, database management, and real time processing systems. In high-performance 
computing environments, where memory and query speed are critical, this hybrid approach 
can enable more efficient use of resources while ensuring faster data retrieval. In database 
management, the hybrid structure can optimize both memory usage and query execution, 
improving overall database performance, especially in large-scale applications. Additionally, 
in real time processing systems, the ability to handle both point and range queries efficiently 
while managing memory dynamically makes the hybrid approach particularly beneficial for 
applications that require real time data manipulation. 

Future research could expand the hybrid approach to other domains, such as cloud 
computing and distributed systems, where scalability and resource management are even 
more critical. Improving the scalability of the hybrid data structure for distributed 
environments would allow it to handle larger datasets more efficiently across multiple 
machines. Additionally, further optimization techniques, such as enhanced compression 
algorithms and machine learning-driven memory management, could be explored to improve 
both the memory efficiency and query performance of the hybrid structure. Research into 
integrating the hybrid approach with emerging technologies, such as quantum computing or 
edge computing, could also provide valuable insights into how it can be adapted to future 
high-performance systems. 
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