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Abstract

Modern customer relationship management (CRM) systems are characterized by continuously increasing
volumes and complexity of data, necessitating efficient integration approaches. Traditional relational
models or even standard graph structures are not always capable of adequately representing the
multidimensional nature of relations between CRM entities. This article proposes employing hypergraph
structures for the parallel integration of databases in CRM, enabling the modeling and processing of
complex interconnections among numerous objects simultaneously. Unlike conventional graphs,
hypergraphs permit the creation of hyperedges that encompass any number of nodes, thereby providing
significantly greater potential for optimization and analysis. The proposed model includes the formalization
of hypergraph relationships, as well as algorithms for parallel merging of data from various sources. The
findings indicate reduced integration time, decreased redundancy, and improved scalability in comparison
with traditional methods.
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1. Introduction

Effective data integration is crucial for CRM systems because they consolidate multiple
heterogeneous sources, such as client information, purchase history, transactions, marketing
campaigns, and support requests. In conventional relational databases, each table reflects a certain
aspect of information (e.g., “Customers” or “Sales”), yet complex, multidimensional relationships are
not always fully or accurately captured. In such cases, foreign keys are typically employed; however,
their number and variety can excessively complicate database schemas and reduce processing
efficiency.

Graph databases offer new possibilities for modeling and analysis by representing objects as
nodes and the links between them as edges. Nevertheless, this approach remains essentially binary,
since each edge connects exactly two vertices; multidimensional interactions are often described by
multiple edges, making it harder to identify common patterns or transactional links.

Hypergraph structures enable going beyond a two-element connection. In a hypergraph, a single
hyperedge can encompass any number of vertices, which corresponds well to many real-world CRM
scenarios in which entities are logically grouped into one set (for instance, a customer, a sale, and
records of that customer’s support requests).
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2. Literature review

Data integration in CRM has been covered in various publications, although most focus on either
relational or partially graph-based models [1, 2, 3]. Stonebraker and Cetintemel [1] describe the
challenges caused by an explosion of data structures that must be aligned during scaling. Chen and
Zhang [2] propose an approach that relies on preliminary data aggregation in warehouse systems
but does not address the specifics of parallel merging in real-time mode. Robinson et al. discuss the
use of graph databases for CRM, noting their benefits yet highlighting constraints in situations that
require modeling relationships among many entities [3].

Researchers exploring hypergraphs, as a more versatile structure, emphasize their usefulness for
partitioning problems, where each hyperedge may encompass multiple customers or processes [4].
Furthermore, Gallo et al. demonstrate that hypergraphs can effectively facilitate the search for and
analysis of interconnections in complex systems [5]. Kim and Lee examine parallel hypergraph
partitioning for solving routing challenges, and Bulu¢ and Gilbert show the promise of such
partitioning in large-scale search tasks [6, 7].

Nonetheless, few works have systematically studied the parallel integration of databases in CRM
based on hypergraph models. Questions remain concerning how best to formally describe
hypergraphs for CRM, the most effective parallelization algorithms, and methods for resolving
conflicts in multi-process environments.

3. Purpose and objectives of the research

The purpose of this article is to develop a scientifically grounded hypergraph model for the parallel
integration of CRM databases and to demonstrate its practical effectiveness through experiments.
The key objectives are:

e Tocreate a formal definition of a hypergraph for representing multidimensional relationships
in CRM.

e To propose algorithms for parallel data merging and processing that minimize conflicts under
concurrent database access.

e To experimentally evaluate the potential gains of applying hypergraphs compared to
traditional approaches.

4. Materials and methods of the research. Object and
hypothesis of the research

The object of the study is a CRM system comprising multiple distributed and heterogeneous
databases. We assume that each data source (tables, transaction logs, communication history)
describes a certain set of entities that may overlap or be logically combined [8]. The hypothesis is
that hypergraphs can naturally capture the multidimensional nature of these relationships, and a
parallel processing model will provide a speedup compared to sequential or purely graph-based
methods.



Figure 1: Differences between a graph and a hypergraph

5. Construction of a hypergraph model for CRM
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Figure 2: Key entities of CRM and their relationships

Consider the hypergraph H = (V, E), where V = {vy,v4,...,v,} is the set of vertices, and E =
{eq, ey, ..., ey} is the set of hyperedges. Each hyperedge eiei may encompass any number of vertices
from V. In a CRM context, these vertices represent entities (tables, records, attributes), and a single
hyperedge may unite the data for, say, a particular customer, transaction, or support ticket [9, 10].
Formally, one can write:

e={Viy, Vi, Vi } (1)
with 1 < k; < |V|. A weight function u(e;) can be introduced to reflect the importance or relevance
of a hyperedge.

wE - R* ()
Moreover, because CRM often covers multiple business processes (e.g., finance, support,
analytics), the function

ALE->C (3)
assigns each hyperedge to a particular category from the set C.
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Figure 3: Comparison of database types and their functional characteristics

5.1. Relational representation of the hypergraph

In a traditional database (for instance, PostgreSQL), one may create a “HyperEdges” table, where
each record corresponds to a single hyperedge [11, 12, 21]. This table stores the hyperedge 1D,
category, weight, and the list of vertices. Formally, we represent this as:

m(e;) = (ID(e;), A(ey), u(e;), list_of _vertices(e;)) (4)
For example, if a particular customer is ID = 123, a transaction is ID = 456, and a support
request is ID = 789, then one might form e; = {123,456,789} as a hyperedge categorized under
“SalesIntegration,” with a weight indicating its overall importance.
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Figure 4: Comparison of database types and their functional characteristics

5.2. Parallel integration algorithms

The proposed approach divides the set of hyperedges E into subsets Ey, Ey, ... Ej,, where p is the
number of parallel processes or threads. Each process handles the insertion or updating of its
assigned hyperedges within the CRM database, coordinating through a global transaction manager
or through row- or table-level locks [13, 14].

The total processing time can be approximated by:



Leert(e)

T(E) = +aC (5)

where t(e;) is the time to process a single hyperedge, a is a coefficient representing overhead for
coordination, and C is the overall complexity of synchronization. Under ideal distribution, the time
decreases almost proportionally to p, but if many hyperedges overlap in vertices, conflict resolution

can offset these gains.
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Figure 5: Comparison of database types and their functional characteristics

5.3. Hyperedge distribution optimization

The task of finding an optimal partition Ej, Ej,...E, focuses on minimizing conflicts among
processes [15, 16]. A conflict arises when different hyperedges share vertices and are processed
concurrently, leading to transaction locks [17]. Hence, an effective strategy for distributing
hyperedges must consider their intersections:

Conf(EjE)=|{veV|veEe, AvEeye, €Ejep, € E (6)
Heuristic methods, such as greedy algorithms or simulated annealing, can be employed to
distribute hyperedges and reduce conflict. An objective function might add up the cost of all pairwise
overlaps, weighted by the importance p(e;) of each hyperedge.
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Figure 6: Comparison of database types and their functional characteristics

5.4. Parallel integration code

Below is a code excerpt (in Python) demonstrating how the hyperedge subsets can be processed in
parallel, inserting and updating records in the CRM database:



connection_params = {
'‘dbname’: 'crm_db/,
‘user’: 'user’,
'password’: ‘pass’,
'host": 'localhost’,
'port': 5432

/

def process_hyperedges(hyperedges_subset):
conn = psycopg2.connect(”**connection_params)
cur = conn.cursor()
for he in hyperedges_subset:
try:
cur.execute(\"BEGIN\")
# Insert or update operations relevant to this hyperedge
cur.execute(\"INSERT INTO HyperEdges (id, category, weight) VALUES (%s, %s, %s)\",
(he[0], he[1], he[2]))
# Additional table operations...
cur.execute(\"COMMIT\")
except:
cur.execute(\"ROLLBACK\")
cur.close()
conn.close()

def parallel_integration(all_hyperedges, num_processes=4):

chunk_size = len(all_hyperedges) // num_processes

processes =[]

for i in range(num_processes):
subset = all_hyperedges[i*chunk_size:(i+1)*chunk_size]
p = multiprocessing.Process(target=process_hyperedges, args=(subset,))
processes.append(p)
p.start()

for p in processes:

pjoin()

In experiments on a test dataset simulating CRM scenarios, this parallel approach achieved
integration times 45-50% faster compared to sequential processing. The actual level of speedup
depends on the extent of overlapping vertices [18, 19]. If hyperedges are assigned to processes with
minimal overlap, lock contention is greatly reduced.
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Figure 7: Comparison of database types and their functional characteristics

6. Experimental Studies

For further validation, a series of experiments was conducted on synthetic CRM data. Four tables —
“Clients,” “Sales,” “SupportTickets,” and “MarketingCampaigns” — were populated with up to half a
million records each. Numerous multi-dimensional relationships were introduced to mimic real CRM
scenarios, enabling the generation of a large set of hyperedges, each with specified weight u(e;) and
category A(e;).

The experiments tested parallel integration under varying numbers of processes (p = 2,4,8,16).
Results consistently showed a substantial decrease in overall processing time compared to a serial
approach, particularly between 2 and 8 processes, although performance began to plateau or even
dip beyond 8 processes due to rising synchronization overhead.
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Figure 8: Comparison of database types and their functional characteristics

7. Discussion of the Results

Hypergraph structures proved especially beneficial when dealing with highly multidimensional
relationships. In traditional relational models, one must often deal with numerous intermediary
tables and complex JOIN operations [20]. By contrast, hypergraph-based modeling allows multiple
entities to be grouped into a single hyperedge, simplifying analysis and synchronization.
Furthermore, parallel processing reduces the overall integration time, particularly if hyperedges are
distributed among processes with minimal overlap [22].

However, excessive increases in the number of processes plead to higher blocking and
synchronization overhead. Consequently, the overall speedup may be lower with p = 16 than with



p = 8. This aligns with established theories of parallel computing, such as Amdahl’s Law, where
there is a limit to how much performance can scale if synchronization costs grow. It is likewise
essential to refine hyperedge partitioning strategies to avoid “hot spots,” where multiple processes
compete for the same records.

From a practical standpoint, CRM systems leveraging hypergraph structures can more flexibly
configure accounting and transactional processes, integrating data from a variety of sources: web
forms, mobile apps, call centers, and marketing platforms, among others. In many cases, this data
has overlapping references (e.g., a single client appearing in multiple tables), and grouping it within
a single hyperedge is both natural and logical.

8. Conclusions

This study presents a scientifically grounded approach that combines hypergraph modeling with
parallel algorithms to enhance the integration of distributed CRM databases. In contrast to traditional
relational or graph-based methods, a hypergraph-based methodology consolidates multiple
interrelated entities into a single hyperedge, which simplifies analysis and optimizes the merging
process. Experimental results demonstrate that processing hyperedges in parallel on multiple threads
or processors significantly reduces total integration time, although the effectiveness of the parallel
approach depends on carefully assigning hyperedges to reduce conflicts. Overly large numbers of
processes may result in increased contention, indicating an optimal point where the system achieves
its best performance.

Looking ahead, it would be worthwhile to extend the hypergraph model to include additional
metadata about the vertices themselves, beyond just categorization of hyperedges. Furthermore,
exploring machine learning approaches that dynamically determine the best strategies for parallel
partitioning shows promise. Analyzing large-scale real-world CRM scenarios would confirm the
approach’s scalability and generate recommendations for its implementation.
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