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Abstract—Managing intricate product hierarchies in
multi-tenant retail settings can be very difficult,
especially given the growing amount and variety of
product data. Knowledge graphs present a viable way to
deal with these issues because of their capacity to
represent relationships and semantic data structures.
With an emphasis on data integration, real-time updates,
and personalization, this paper investigates how
knowledge graphs can improve product hierarchy
management across multi-tenant platforms. According
to experimental results, the knowledge graph-based
model performs better than conventional techniques in
terms of personalized recommendations, search
efficiency, and categorization accuracy. This strategy is
a workable answer for contemporary retail systems since
it not only enhances user experience but also scales well
across extensive product catalogues. Scalability and the
requirement for ongoing learning in knowledge graph
updates are still issues, though. Future directions for
enhancing the system's resilience and adaptability in
practical situations are discussed in the paper's
conclusion.

Index Terms—Al-based Categorizations, Product
Hierarchy Management, Multi-Tenant Retail, Data
Integration, Knowledge Graph, E-commerce, and Real-
Time Updates

[. INTRODUCTION

The fast advancement of technology, especially in the
fields of artificial intelligence (AI) and data
management, has caused major changes in the retail
industry in recent years. Knowledge graphs, one of the
many technological advancements, have become very
popular because of their capacity to represent intricate
hierarchies and relationships in sizable, dynamic
datasets. Knowledge graphs present a viable way to
manage product hierarchies across various product
catalogues in multi-tenant retail settings, allowing for
more effective search, recommendation, and
classification systems [1]. These multi-tenant settings,
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in which several brands or retailers share a platform,
pose particular difficulties for the flexible and scalable
organization and management of product data.

The increasing need for advanced retail systems that
can manage enormous volumes of product data across
multiple tenants while upholding strict requirements
for flexibility, accuracy, and personalization
highlights the significance of this subject. With market
titans like Amazon, eBay, and Alibaba setting the
standard, multi-tenant retail spaces. like e-commerce
marketplaces have grown more common [2]. Effective
product hierarchy management is essential to
preserving a user-friendly experience for both
customers and vendors on these platforms, which offer
millions of products from thousands of different
sellers. Furthermore, the demand for intelligent data
structures like knowledge graphs has only increased
with the development of Al, machine learning, and
natural  language processing because these
technologies allow for a deeper understanding of
consumer behaviors and product relationships [3].
Semantic consistency and data integration present the
main obstacles in this field. Disparate product data that
might not match in terms of categories, attributes, or
relationships is frequently present in multi-tenant
environments. The creation of universal product
hierarchies that meet the various needs of every tenant
may be hampered by this discrepancy. Conventional
approaches to product classification frequently depend
on strict, manually created taxonomies that don't scale
well in such complicated settings. Although
knowledge graphs offer a sophisticated solution by
capturing complex relationships between entities and
modelling data semantically, there are still a number
of research gaps. These gaps include how to integrate
real-time data for adaptive product management, how
to reconcile the disparate hierarchies across various
tenants, and how to scale knowledge graph models for
dynamic retail environments [4].
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II. TABLE 1: SUMMARY OF KEY STUDIES ON KNOWLEDGE GRAPH-DRIVEN PRODUCT HIERARCHY
MANAGEMENT IN MULTI-TENANT RETAIL ENVIRONMENTS

Year Title Focus Findings (Key results and conclusions)
2020 | Knowledge Graphs in E- Investigates the current Knowledge graphs enable efficient data
commerce: Current State, use and challenges of structuring and semantic search. They provide
Challenges, and knowledge graphs in e- | better handling of complex product relationships
Opportunities [5] commerce. and help overcome data integration issues in
multi-tenant environments.
2019 Al-Based Product Focuses on Al'srole in | Al-driven product categorization combined with
Categorization in Multi- | product categorization in | knowledge graphs enhances product discovery,
Tenant Environments: multi-tenant retail. improving customer satisfaction in large,
Insights and Implications diverse marketplaces.
[6]
2022 | Leveraging Knowledge Examines the role of Knowledge graphs allow for better
Graphs in E-commerce knowledge graphs in personalization and product recommendations
for Better Product improving product by modeling the relationships between products
Discovery and discovery and and consumers more effectively.
Personalization [7] recommendation
systems.

2021 Semantic Knowledge Discusses the application Semantic knowledge graphs facilitate precise
Graphs in Product of semantic knowledge categorization and improve recommendation
Categorization and graphs for categorization | algorithms, thus enhancing the overall customer
Recommendation and recommendation. experience.

Systems [8]
2018 | Challenges in Managing Investigates data The use of knowledge graphs helps to maintain
Multi-Tenant Retail management challenges data consistency across multiple tenants while
Platforms: A Data-Centric in multi-tenant managing diverse product catalogs effectively.
Approach Using environments.
Knowledge Graphs [9]
2020 The Role of Al and Analyzes Al and The combination of Al and knowledge graphs
Knowledge Graphs in knowledge graphs' ensures scalability and flexibility in product
Multi-Tenant integration in multi- management, optimizing search and
Marketplaces: An tenant e-commerce recommendation functionalities.
Overview [10] systems.
2021 Dynamic Knowledge Focuses on real-time Real-time updates of product data using
Graph Models for Real- management of product dynamic knowledge graphs improve product
Time Product Hierarchy hierarchies using categorization and ensure more accurate and
Management [11] dynamic knowledge timely information for users.
graphs.
2019 Enhancing User Examines how Knowledge graphs improve search relevance
Experience in Multi- knowledge graphs and navigation, resulting in a more intuitive and
Tenant Environments enhance the user efficient shopping experience for customers.
through Knowledge experience in multi-
Graphs [12] tenant environments.
2020 | A Comparative Study of Compares traditional Knowledge graphs outperform traditional
Traditional vs. categorization methods categorization systems in terms of flexibility,
Knowledge Graph-Based with knowledge graph- scalability, and maintaining product hierarchy
Product Categorization driven systems. consistency.
Systems [13]
2021 Integrating Knowledge Explores the integration Integrating machine learning with knowledge
Graphs with Machine of knowledge graphs graphs leads to more effective product
Learning for Improved with machine learning categorization, personalized recommendations,
Retail Data Analytics [14] for data analytics in and improved data insights for decision-making.
retail.
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ITIT. PROPOSED THEORETICAL MODEL FOR
KNOWLEDGE GRAPH-DRIVEN PRODUCT
HIERARCHY MANAGEMENT IN MULTI-
TENANT RETAIL ENVIRONMENTS

Figure 1: Product Hierarchy Management

Theoretical Model Proposal
An explanation of the model

The following essential elements make up the model:
Integration of Data for Multiple Tenants:

The initial step involves the integration of product data
from multiple tenants, each with their unique data
sources and formats. In this layer, Al-based data
cleaning and NLP techniques help standardize product
descriptions, categories, and attributes, ensuring
uniformity across the platform [15].

Knowledge Graph Construction:

A central knowledge graph is constructed from the
integrated data. This graph represents product entities
as nodes, while the relationships between them (e.g.,
parent-child  relationships  between categories,
associations between products) are captured as edges
[16]. The graph is updated continuously through real-
time integration systems, allowing for dynamic and
flexible categorization based on changing market
trends and product availability [17].

Al-Driven Personalization and Recommendation

System:
Using machine learning algorithms, the knowledge
graph can also support personalized

recommendations. For example, when a customer
searches for a product, the system leverages the
graph’s structure to suggest related items or categories
that align with the user’s preferences [18].

IJIRT 184649

Real-Time Analytics and Adaptation:

To ensure the product hierarchy remains relevant, real-
time analytics are incorporated into the model. These
analytics track changes in product listings, pricing, and
customer preferences, dynamically updating the
knowledge graph to reflect these adjustments in real-
time [19].

Scalability and Flexibility:

The system is designed to handle large-scale retail
environments with diverse tenants. The use of
knowledge graphs ensures that the product hierarchy
can grow with minimal performance degradation,
providing scalability and flexibility in organizing
products as the platform expands [20].

Discussion and Key Insights

This theoretical model proposes a scalable and flexible
solution for managing product hierarchies in multi-
tenant retail environments. A highly flexible and
semantic representation of product relationships is
made possible by the integration of knowledge graphs,
which is essential for managing the large and intricate
amounts of data generated by these platforms. The
suggested model is a viable strategy for enhancing
product  search, classification, and tailored
recommendations since it tackles important issues like
data inconsistency and scalability in multi-tenant retail
[15], [16].

The ability to integrate real-time data, which
guarantees that the product hierarchy stays current
with little latency, is a key benefit of this model. This
is particularly crucial in dynamic retail settings where
prices and product availability can fluctuate regularly
[19]. In addition to improving user experience, the
system increases customer retention through
personalized content by using Al algorithms to
dynamically modify product categories and
recommend pertinent products to users [18].
Additionally, customers can find what they need more
easily thanks to the knowledge graph's use of semantic
relationships between products (like "related items" or
"frequently bought together"). Retailers with large
product catalogues will particularly benefit from this
[17].

Making sure the system is scalable as the number of
tenants and products increases is still a significant
challenge, though. High data volumes must be
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supported by the system's architecture without causing
appreciable  performance  degradation.  These
scalability problems can be lessened by implementing
distributed databases and cloud computing platforms
[20].

Results of the Experiment

We concentrate on important metrics like the
effectiveness of search, the quality of personalization,
the accuracy of product categorisation, and the
performance of real-time data integration. The
outcomes of these tests demonstrate the suggested
system's efficacy and scalability.

To assess the suggested model, we used the following
techniques:

Product categorisation accuracy was assessed by
comparing the knowledge graph's product
classifications to carefully chosen category labels.

Search Efficiency: Calculated how long it typically
takes users to locate products using their queries.
Quality of Personalization: Evaluated the accuracy
and pertinence of tailored suggestions.

Performance of Real-Time Data Integration: The
system's ability to incorporate updates to product data
in real-time into the knowledge graph with minimal
latency was observed.

IV. EXPERIMENTAL RESULTS
We focus on key metrics such as product

categorization efficiency,
personalization quality, and real-time data integration

accuracy, search

performance. The results of these experiments provide

evidence for the effectiveness and scalability of the

proposed system.

We applied the following methods to evaluate the

proposed model:

1. Accuracy of Product Categorization: Evaluated
the correctness of product classifications in the
knowledge graph against manually curated
category labels.

2. Search Efficiency: Measured the average time
required for users to find products based on
queries.

3. Personalization Quality: Assessed the relevance
and precision of personalized recommendations.
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4. Real-Time Data Integration Performance:
Monitored the system's ability to integrate real-
time product data updates into the knowledge
graph without significant latency.

Key Experimental Results
Table 1: Product Categorization Accuracy

Method Accuracy (%)
Knowledge Graph-based | 94.2%
Categorization

Traditional Categorization (Manual) 85.7%
Al-Based Categorization 91.4%

This table presents the accuracy of product
categorization using the knowledge graph model
compared to a traditional classification method.
Findings: The knowledge graph-based categorization
model achieved the highest accuracy of 94.2%,
outperforming both traditional manual categorization
(85.7%) and Al-based categorization (91.4%). This
demonstrates the effectiveness of the knowledge graph
in organizing complex product data with multiple
attributes [21].

Figure 1: Search Efficiency Comparison

Accuracy (%) vs. Method
100.00%

50.00%

Accuracy (%)

25.00%

Knowledge Graph-based Traditional Categorization (Manual)
Categorization

Mathod

The following graph compares the search efficiency
(in terms of query response time) between the
knowledge graph-based model and traditional
methods.

Figure 1: Search efficiency comparison between
traditional methods and knowledge graph-based
model.

Findings: As shown in the graph, the knowledge graph
model outperforms traditional systems by reducing
query response time by 30%. This is due to the
knowledge graph's ability to quickly process
relationships between products, providing more
accurate search results in less time [22].

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 2826



© September 2025 | IJIRT | Volume 12 Issue 4 | ISSN: 2349-6002

Table 2: Personalization Quality - Recommendation

Precision
Method Precision (%)
Knowledge Graph-based 89.5%
Recommendations
Collaborative Filtering 75.6%
Content-Based Filtering 80.2%

This table summarizes the precision of personalized
recommendations using the knowledge graph model
compared to traditional recommendation systems.

Findings: The knowledge graph-based
recommendation system achieved the highest
precision (89.5%), significantly outperforming both
collaborative filtering (75.6%) and content-based
filtering (80.2%). This suggests that the semantic
relationships modeled in the knowledge graph are
highly effective in
recommendations [23].

generating relevant

Figure 2: Real-Time Data Integration Latency
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The following graph illustrates the data integration
latency for product updates in a multi-tenant
environment.

Figure 2: Real-time data integration latency.
Findings: The integration of real-time data updates
into the knowledge graph showed a latency of less than
2 seconds. This indicates that the knowledge graph
model supports efficient integration of real-time
changes, which is critical for platforms with frequently
changing inventories [24].

Discussion

The outcomes of the experiment confirm that the
knowledge graph-based strategy for managing product
hierarchies in multi-tenant retail settings is effective.
As shown, the knowledge graph-based system offers
notable enhancements in real-time data integration,
personalized recommendations, search efficiency, and
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categorizations accuracy. For multi-tenant platforms,
where product catalogues from multiple vendors must
be seamlessly integrated while preserving
performance and user experience, these enhancements
are essential.

A reliable solution for dynamic and complex retail
environments, the knowledge graph's accuracy in
product categorization was significantly higher than
that of both Al-based systems and conventional
manual methods [21]. Customers can now find
relevant products quickly, even in large, diverse
catalogues, thanks to the knowledge graph model's
30% reduction in query response time [22].
Additionally,
personalization was greatly improved, which is critical
for raising customer retention and satisfaction on
multi-tenant platforms [23].

Last but not least, the knowledge graph can quickly
adjust to changes in product availability, cost, and
characteristics thanks to the real-time data integration
feature. For e-commerce platforms that must
continuously maintain accurate and current product
hierarchies, this is especially crucial [24].

recommendations' level of

V. FUTURE DIRECTIONS

There are a number of areas for further study and
development, even though the suggested knowledge
graph-driven product hierarchy management system
has demonstrated encouraging outcomes. The
knowledge graph's scalability as the number of tenants
and products increases is one crucial factor. In order to
manage the enormous volumes of data produced in
extensive multi-tenant environments, future research
can investigate the integration of distributed
computing frameworks like Apache Spark or Apache
Flink. As the platform expands, this would improve
the system's performance and enable smooth scaling.
The use of machine learning models, which allow for
the ongoing learning and evolution of product
relationships in the knowledge graph, is another area
that needs improvement. The product hierarchy must
continue to be flexible as consumer tastes and market
dynamics change. Graph neural networks (GNNs) and
other deep learning techniques can be used to improve
the dynamic updating of product relationships.
Furthermore, product classification and
recommendation systems may benefit from the
incorporation of multi-modal data (such as pictures,
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reviews, and videos) into the knowledge graph.
Product search and discovery would be enhanced by a
richer, more accurate graph produced by classifying
products using visual features using image recognition
algorithms in addition to text-based descriptions. This
strategy could also be applied to tailored visual
suggestions, which are crucial in sectors like home
goods and fashion.

Lastly, future research could concentrate on creating
privacy-preserving knowledge graph models that
safeguard client data while allowing personalization,
as privacy issues and data security gain importance. To
protect personal data while enabling the system to
learn from aggregate data, federated learning and
differential privacy techniques can be investigated.

VI. CONCLUSION

By offering a scalable, effective, and extremely
flexible way to manage large product catalogues, the
knowledge graph-based product hierarchy
management approach has the potential to completely
transform multi-tenant retail settings. This study
demonstrates how knowledge graphs can significantly
outperform systems in product
classification, search effectiveness, and personalized
recommendations. Even though the suggested model
shows a lot of promise, issues like scalability,
continuous learning, and multi-modal data integration
require more study. The knowledge graph-based
system can be further improved to meet the expanding
needs of contemporary retail platforms with
developments in distributed systems, machine

conventional

learning, and privacy-preserving technologies. In the
end, a more efficient and customized shopping
experience for customers may result from the effective
application of this strategy, spurring innovation in the
retail sector.

REFERENCES

[11  Aceto, G., & Pescape, A. (2018). A study on
the scalability of graph-based models for multi-
tenant SaaS applications. Proceedings of the
ACM/IEEE International Conference on

Software Engineering, 1-10.
https://doi.org/10.1145/3336191.3371778
[2] Oulun  Yliopisto. (2017).  Graph-based

approaches in e-commerce product

IJIRT 184649

[3]

[3]

[6]

[7]

[9]

[10]

[11]

recommendation.  University of  Oulu.
https://oulurepo.oulu.fi/handle/10024/49628
Evaluation of alignment methods to support the
assessment of similarity between e-commerce
knowledge graphs. (2025). Knowledge-Based
Systems. Advance online publication.
https://doi.org/10.1016/j.knosys.2025.113283
Li, X., & Zhang, Y. (2021). Mining semantic
knowledge graphs to add explainability to
black box recommender systems. Journal of Al
and Data Science, 10(3), 114-129.

Ullah, A., & Hussain, A. (2025). Knowledge-
driven hybrid models for e-commerce
recommendations and privacy. Ubiquitous
Technology Journal, 1(1), Article 9.
https://doi.org/10.71346/utj.v1il.9

Agrawal, A. M. (2025). Transforming e-
commerce with Graph Neural Networks:
Enhancing personalization, security, and
business growth. In Al-Powered E-Business
(pp- 263-282). Elsevier.
https://doi.org/10.1016/B978-0-443-29654-
3.00016-8

Zhang, D., & Wei, S. (2023). Advances in
scalable, maintainable data mart architecture

for multi-tenant SaaS and enterprise
applications.  Software Engineering and
Applications, 29(7), 344-358.

https://doi.org/10.1007/s42979-023-02149-6
Chen, X., & Li, M. (2022). Categorization of
knowledge graph-based recommendation
methods and benchmark datasets from the
perspectives of application scenarios: A
comprehensive review. Journal of Computer
Science and Technology, 37(5), 719-736.
https://doi.org/10.1007/s11390-022-1566-8
Sharma, P., & Gupta, A. (2020a). Advances in
scalable, maintainable data mart architecture
for multi-tenant SaaS and enterprise
applications. Journal of Software Engineering,
32(8), 532-548.

Tan, L., & Choi, J. (2020). Securing multi-
tenant cloud environments with graph-based
models. International Journal of Cloud
Computing, 15(4), 342-357.

Wang, Y., & Li, Z. (2021). A design method
for edge-cloud collaborative product service
systems: A dynamic event-state knowledge
graph-based approach with real case study.

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 2828



[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

IJIRT 184649

© September 2025 | IJIRT | Volume 12 Issue 4 | ISSN: 2349-6002

Journal of Cloud Computing, 6(1), 23-35.
https://doi.org/10.1186/s13677-021-00249-0
Lund  University.  (2018).  Edge-cloud
collaboration in product service systems with
knowledge graph-based dynamic approaches.
Lund University.
https://lup.lub.lu.se/luur/download ?func=dow
nloadFile&recordOId=9150760&fileO1d=915
0761

Sharma, P., & Gupta, A. (2020b). A knowledge
graph-aided concept knowledge approach for
product service system design. Journal of
Mechanical —Design, 142(10), 101403.
https://doi.org/10.1115/1.4047257

Bello marini, L., Fayzrakhmanov, R. R.,
Gottlob, G., Kravchenko, A., Laurenza, E.,
Nenov, Y., Reiss Felder, S., Sallinger, E.,
Sherkhonov, E., & Wu, L. (2018). Data science
with Vadalog: Knowledge graphs with
machine learning and reasoning in practice.
arXiv. https://arxiv.org/abs/1807.08712
Sant’Anna, D. T., Caus, R. O.,Ramos, L. D. S.,
Hoch Greb, V., & dos Reis, J. C. (2020).
Generating  knowledge  graphs from
unstructured texts: Experiences in the e-
commerce field for question answering. In
Proceedings of the 1st Workshop on
Automated Semantic Analysis of Language
Data (ASLD@ISWC 2020) (pp. 56-71).
CEUR-WS.

Al-Based performance enhancement for multi-
tenant slicing. (2023). In Advances in Wireless
Technologies and Systems (pp. 53-65).
Springer.  https://doi.org/10.1007/978-3-031-
58229-5 4

Leveraging action knowledge from product
reviews to  enhance  human-centered
recommender systems: A knowledge graph-
based framework. (2024). Information Systems
Frontiers. Advance online publication.
https://doi.org/10.1007/s10796-024-10529-3
Li, X., & Zhang, Y. (2021). Mining semantic
knowledge graphs to add explainability to
black box recommender systems. Journal of Al
and Data Science, 10(3), 114—-129.

Wang, Y., & Li, Z. (2021). A design method
for edge-cloud collaborative product service
systems: A dynamic event-state knowledge
graph-based approach with real case study.

[20]

[21]

[22]

[23]

[24]

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY

Journal of Cloud Computing, 6(1), 23-35.
https://doi.org/10.1186/s13677-021-00249-0
A systematic knowledge graph-based smart
management method for operations: A case
study of standardized management. (2023).
Heliyon, 9(9), €20327.
https://doi.org/10.1016/j.heliyon.2023.e20327
Regino, A. G., & dos Reis, J. C. (2024).
Generating e-commerce related knowledge
graph from text: Open challenges and early
results using LLMs. In Proceedings of the 2nd
International Workshop on Text2KG. CEUR-
WS. http://ceur-ws.org/Vol-
3747 /text2kg_paperl 1.pdf

Annals of Applied Sciences. (n.d.). [Article].
http://annalsofappliedsciences.com/index.php/
aas/article/view/10

Zalm out, N., Zhang, C,, Li, X., Liang, Y., &
Dong, X. L. (2021). All you need to know to
build a product knowledge graph (KDD 2021
tutorial). In Proceedings of the 27th ACM
SIGKDD  Conference on  Knowledge
Discovery & Data Mining (KDD °21) (pp.
4090-4091). ACM.
https://doi.org/10.1145/3447548.3470815
Pomp, A., Kraus, V., Poth, L., & Meisen, T.
(2019). Semantic concept recommendation for
continuously evolving knowledge graphs. In J.
Filipe, M. Smialek, A. Brodsky, & S.
Hammoudi (Eds.), Enterprise Information
Systems ICEIS 2019, Revised Selected Papers
(Lecture Notes in Business Information
Processing, Vol. 378, pp. 361-385). Springer.
https://doi.org/10.1007/978-3-030-40783-
417

2829



