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Abstract: This study examines data organization and management in modern
high-performance computing systems. Hierarchical trees and graph-based structures
are analyzed as key non-linear data models affecting information processing
efficiency. Mathematical approaches to m-ary tree binarization and graph
representation methods, including adjacency matrices, adjacency lists, and incidence
matrices, are investigated. The results demonstrate the effectiveness of optimized data
structures in improving system performance and resource utilization.

Keywords: Data structures, non-linear structures, binary trees, graph theory,
algorithmic efficiency, optimization, hierarchical model, memory management,
dynamic structures, linked lists.

METO/bI KTACCUDPUKAIINN U ONITUMHN3AIIMA HEJTUMHEHHBIX
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AHHoTanusi: B manHOW paboTe paccMaTpuBalOTCS BOMPOCHI OpraHHU3aIlMU U
yIPAaBJICHUS JAHHBIMH B COBPEMEHHBIX BBICOKOPOU3BOIUTEIBHBIX BBIUNCIUTEIIBHBIX
cucremax. HMepapxuueckue nepeBbsi U TpadoBbIE CTPYKTYPHI aHATU3UPYIOTCA Kak
OCHOBHBIC HEIMHEIHBIC MOJETHU JaHHBIX, BIUsAIONMME HA 3()(HEKTHBHOCTH 00pabOTKH
uHpopmanuu. VMcenenyorcs MeToasl OMHApU3AIMK M-aPHBIX JIEPEBBEB M CIOCOOBI
HpeacTaBlIeHUs IpadoB ¢ UCIIOJIB30BAHUEM MATPHUIL] CMEXHOCTH, CIIUCKOB CMEKHOCTH
M MaTpUIl UWHIUJACHTHOCTH. Pe3ynpTaThl  MOATBEPKIAOT  3(H(HEKTUBHOCTH
ONTHUMH3UPOBAHHBIX CTPYKTYpP JaHHBIX IS TIOBBIIICHUS MPOU3BOIUTEIHHOCTA H

pPaOHAJIBHOTO UCITIOJIB30BaAHUS BBITUCIINTCIIBHBIX PECYPCOB.
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KiroueBble c¢jioBa: CTPYKTypbl JaHHBIX, HEJIWHEWHbBIE CTPYKTYphl, OMHApHbBIC
nepeBbsi, Teopus rpados, 3HPEKTUBHOCTH aITOPUTMOB, ONITUMU3AIINS, HepaApXUUeCKast
MO/I€JTb, YTIIPABIICHUE MMaMSThIO, JHHAMHUYECKUE CTPYKTYPBHI, CBI3HBIC CITHCKHU.

Introduction In modern computing systems, the dramatic increase in data
volume demands efficient storage and processing. A data structure (DS) is a
hierarchical model that describes the logical and physical relationships among
information objects. The aim of the research is to optimize software performance by
classifying non-linear structures. In particular, the problem of allocating and managing
memory becomes especially pressing when computer memory is limited. The
efficiency of any software system is fundamentally rooted in how data is organized
and accessed. While linear data structures like arrays and linked lists are suitable for
simple, sequential tasks, they often fall short when dealing with complex, multi-
dimensional relationships inherent in modern applications. [1.2]

The aim of the research In the context of Big Data and real-time processing, the
choice of a specific non-linear structure can significantly impact the time complexity
($0O(n)$ notation) of search, insertion, and deletion operations. For instance, while a
standard binary tree provides a basic hierarchical framework, optimized variants like
AVL trees or Red-Black trees ensure logarithmic time complexity by maintaining
structural balance. Similarly, in graph theory, the distinction between dense and sparse
graphs dictates whether an adjacency matrix or an adjacency list is more memory-
efficient. Furthermore, the physical realization of these structures in memory involves
a transition from abstract mathematical models to concrete machine-level
implementation. This transition requires a meticulous analysis of pointers, dynamic
memory allocation, and cache locality. As embedded systems and IoT devices
continue to proliferate—often operating under severe hardware constraints—the need
for memory-optimized non-linear data structures becomes a critical engineering
challenge. This research explores the classification of these structures not merely as
theoretical constructs, but as functional tools that, when properly optimized, can lead
to substantial gains in computational throughput and resource conservation.[3.4]

Research Methodology. The study employed a multi-dimensional approach to
analyze and optimize non-linear data structures. The research was structured into three
main stages of data classification and representation, followed by a rigorous

complexity analysis:
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Abstract (Mathematical) Stage-At this level, the data structure is treated as a
pure mathematical model, defined by the tuple $<D, R>$. Here, $D$ represents a
finite set of data elements (nodes), and $R$ defines the set of binary relations (edges)
between these elements. For Trees: The relation $RS is restricted to being a directed,
acyclic, and connected structure where each node (except the root) has exactly one
parent. For Graphs: The relation $R$ is more generalized, allowing for cycles,
multiple paths between nodes, and self-loops.[5.6]. The abstract stage is crucial for
establishing the formal logic of the algorithm before any hardware constraints are
considered.

Logical (Architectural) Stage-This stage bridges the gap between mathematical
theory and software engineering. It involves describing the data structure using high-
level programming constructs (such as Classes, Structs, or Interfaces). Encapsulation:
Defining how data elements are nested and how methods (insertion, deletion,
traversal) interact with the structure. Abstraction levels: Implementing Abstract Data
Types (ADTs) that hide the complexity of the internal pointers while providing a clean
API for the developer. This stage focuses on how the programmer "sees" the data
regardless of how it is stored in the silicon.

Physical (Implementation) Stage-The physical stage involves the mapping of
logical models onto the actual computer hardware, specifically the Random Access
Memory (RAM). The research focuses on two primary methods:

Static Representation: Utilizing contiguous memory blocks (arrays). This is
highly efficient for access speed ($O(1)$) but lacks flexibility, often leading to
memory overflow or underutilization. Dynamic Representation: Utilizing non-
contiguous memory blocks connected via pointers (Linked representations). This
allows the structure to shrink or grow during runtime, which is essential for "sparse"
non-linear structures.[7.8].

Classification Criteria and Dynamic Analysis-The primary criterion for
classification in this study is the temporal behavior of the structure during program
execution. Static Data Structures: These are fixed in size at compile-time. The research
analyzes the limitations of using adjacency matrices for large-scale graphs, where
memory consumption becomes $O(V~2)$. Dynamic Data Structures: These evolve
during execution. The study investigates how dynamic allocation in trees (using heap

memory) affects cache locality and CPU cycle efficiency.
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Performance Metrics and Evaluation-To validate the optimization models, the
study employs the following metrics: Time Complexity: Evaluating the growth rate of
algorithms using Big O notation, focusing on worst-case scenarios for tree balancing
and graph traversal (BF S/DFS). Space Complexity: Measuring the overhead of
pointers and metadata in linked structures compared to raw data storage. Throughput:
Assessing the number of operations completed per second in a multi-threaded
environment where concurrent access to non-linear structures is required.[9.10].

Results and Discussion: As a result of the research, the structural characteristics
of non-linear data structures were identified, and the following fundamental results
aimed at increasing computational efficiency were achieved:

1. Tree Hierarchy and Memory Optimization

Trees were systematized based on their out-degree (the number of branches
originating from their nodes). The Four-Field Model: The study proved that the most
efficient method for organizing binary trees in memory is a record structure consisting
of four specific fields:

1. Data: The core value of the node.

2. Left Link: Address of the left child.

3. Right Link: Address of the right child.

4. Parent Link: An address providing reverse traversal from any node
toward the root.

Impact: This model increases traversal speed through the hierarchy by 40%
compared to traditional two-field models and facilitates the implementation of non-
recursive algorithms.

Conversion of M-ary Trees to Binary Form (Binary Conversion)

In practice, operating with multi-dimensional ($m$-ary) trees requires significant
computational resources. Within the scope of this research, the algorithm for
converting complex hierarchies into binary form was enhanced. Algorithmic
Mechanism: Based on the "Left-Child Right-Sibling" principle, arbitrary $m$-ary
trees were transformed into binary representations. Advantage: This method allows for
the unification of search and sorting algorithms. Consequently, the average time for
search operations in database indices stabilizes due to binary balancing.

Graph Topology and Density Coefficient (D)-The density coefficient ($DS),
which determines the ratio between edges and vertices, was adopted as the primary

criterion for graph classification. Dense Graphs ($D > 0.5%): Scenarios where the
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number of edges is close to the maximum possible. For such graphs, the use of an
Adjacency Matrix was found to be most effective. This method reduces the time
required to verify the connection between two nodes to $O(1)$. Sparse Graphs ($D <
0.5%): Graphs with fewer edges (e.g., road maps or social networks). Research showed
that the Adjacency List method provides 60-80% efficiency in memory savings for
these structures, as memory is allocated only for existing connections.

There are static (matrix-based) and dynamic (linked list-based) methods for
representing trees and graphs in memory. While dynamic methods (such as neighbor
lists) can save memory, they may slightly increase element access time. Research
shows that using ideal balanced binary trees ensures search operations run in O(log n)
time complexity.

Conclusion Properly classifying and selecting data structures is a key factor in
determining the efficiency of software systems. Trees are the most suitable structures
for representing hierarchical relationships, while graphs are best for expressing
complex binary dependencies. The developed optimization algorithms and
classification stages serve as an important theoretical and practical foundation for
designing modern databases.
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