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Abstract

This study compares Distributed Database Systems (DDBS) and Federated Da-
tabase Systems (FDBS) in data management. Modern DDBS, including NoSQL
and NewSQL platforms, offer scalability, elasticity, and operational flexibility
without assuming specific workload characteristics. Their component archi-
tecture accommodates homogeneous and heterogeneous configurations for di-
verse requirements in large-scale information systems. An FDBS maintains a
global schema, translating global queries into local queries and amalgamating
local results to present a unified global view; it addresses the complexities of
integrating and managing diverse data from multiple autonomous sources.
The choice between these paradigms depends on specific use cases and organ-
izational needs. Distributed databases excel in scenarios that prioritize data dis-
tribution, replication, and concurrency control, offering higher availability and
performance under favorable workload and replication conditions. Federated
systems, by contrast, are valuable in situations that demand seamless data ex-
change and pooled analyses across heterogeneous sources. They accommodate
diverse data models, data definitions, and manipulation facilities, and transac-
tion management while preserving the autonomy of participating databases.
Despite their advantages, federated systems introduce complexities related to
transaction determinism in specific deterministic designs, transaction aborts,
and potential latency. This review elucidates the distinctive attributes of both
paradigms across architecture, scalability, fault tolerance, query optimization,
and security, and identifies directions for future research on interoperable data
management.
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Schema Autonomy, Data Replication, Query Optimization, Fault Tolerance

1. Introduction

Databases are not a new terminology in the business world. They are essential to
managing most jobs, governments, banks, universities, and practical business life,
and their technology is developing rapidly alongside networks, communication
technologies, and intelligent devices.

Databases are essential for managing diverse sectors like business, government,
education, and healthcare. Advancements in networking, communication, and in-
telligent devices have driven the evolution of database technology (Ahmed, 2022).
Two prominent paradigms, Distributed Database Systems (DDBS) and Federated
Database Systems (FDBS), have emerged as robust solutions for handling growing
data volumes and complexity (Ozsu & Valduriez, 2020). A DDBS distributes data
across multiple sites, improving communication and local control, while an FDBS
maintains a global schema, translating global queries into local ones and harmo-
nizing local results (Sheth & Larson, 1990). As the demand for interoperable da-
tabases grows, a comparative exploration of these systems is essential to under-
stand their intricacies, scalability, fault tolerance mechanisms, optimization strat-
egies, and security features. This review aims to elucidate the distinctive attributes
of DDBS and FDBS as interoperable databases, offering insights into their roles

and potential synergies in the ever-evolving data management landscape.

1.1. Database and Database Management System

A computerized database stores a huge collection of information and permits us-
ers to retrieve and update it. It consists of data, hardware, software, and users. All
access to the database is handled by software called a Database Management Sys-
tem (DBMS).

“A DBMS is a powerful tool for creating and managing large amounts of data
efficiently and allowing it to persist over long periods of time safely.” (Garcia-
Molina et al., 2008)

A comprehensive database system consists of data, hardware, software, and us-
ers. The hardware is the computer system that houses and supports the database,
including servers, storage devices, and network infrastructure. The DBMS man-
ages the organization, storage, retrieval, and manipulation of data, while users,
administrators, developers, and end-users interact with the database to perform
tasks like querying, updating, and managing the data.

The DBMS acts as an intermediary between users and the database, providing
essential functions such as data definition, data manipulation, data security, con-
currency control, data integrity, backup and recovery, and query optimization
(Silberschatz et al., 2002). It also offers various user interfaces, such as command-

line interfaces, graphical user interfaces (GUIs), and application programming in-
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terfaces (APIs). Users can interact with the database using a query language, such
as SQL (Structured Query Language), to retrieve specific data or perform opera-
tions. This structured approach to data management is fundamental in modern
businesses and other domains where effective information handling is crucial. A
DBMS strongly supports databases by controlling redundancy, restricting unau-
thorized access, providing backup and recovery, providing multiple user inter-

faces, and enforcing integrity constraints (Elmasri & Navathe, 2004).

1.2. Overview of Distributed Databases

Today, the world has become a small village with the tremendous growth of com-
munication technologies and large-scale use of the World Wide Web. In each or-
ganization, there are several computers, connected locally or geographically sep-
arated, sharing data but not memory or disks. These data are stored in the form
of a database that combines with network technology to create a distributed data-
base (DDB), with no centralization and more decentralized, autonomous pro-
cessing.

“A logically interrelated collection of shared data, and a description of this data,
physically distributed over a computer network.” (Connolly & Begg, 2002)

A DDB is a collection of sites that share a common schema and work together
to make data available efficiently anywhere in the same network, exactly as if it
were stored locally, while allowing each site to serve its own users (Ozsu & Val-
duriez, 2020). Data in distributed databases can be distributed through fragmen-
tation and replication, allowing for distribution independence: the way the data is
distributed can be changed without affecting existing programs (Howe, 2001).

Modern distributed data stores, such as NoSQL and NewSQL systems, store
huge amounts of data and offer advantages such as improved communication,
parallel data processing, and local control over the data (Cattell, 2011; Klisarova-
Belcheva, 2015). Distributed database systems rely on distributed platforms and
eliminate the need for a centralized server, making them more robust and offering
better availability and response times as the user pool grows (Abdelhafiz, 2020).
Production-grade geo-distributed systems such as Google Spanner demonstrate
that globally distributed data can be managed with strong consistency at scale
(Corbett et al., 2013). Distributed architectures also have the potential to strengthen
communities’ ownership over their data, promoting data sovereignty (Malard-
Adam et al., 2022). Overall, distributed databases have gained importance in busi-
ness software development and continue to evolve in terms of architectural solu-

tions and development trends.

1.3. Overview of Federated Database Systems

A federated database system (or multidatabase) is a type of distributed system in
which the servers at each site are independent: each DBMS has its own local users,
transactions, and database administrator, with a very high degree of local auton-

omy, while applications share a global schema (Elmasri & Navathe, 2004). Feder-
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ated systems can be found in engineering design, healthcare, banking, and many
other domains (Sheth & Larson, 1990); an early industrial example is the Efendi
federated database system of Cadlab (Radeke et al., 1995).

Because FDBS servers may run different software, a translation mechanism is
needed to handle the different query languages of each server. Heterogeneity in
an FDBS arises from differences in data models, constructs, and query languages.
A multidatabase system (MDBS), by contrast, has complete autonomy and no
global schema; it

“provides an environment in which new database applications can access data
from a variety of preexisting databases located in various heterogeneous hardware
and software environments.” (Silberschatz et al., 2002)

An FDBS maintains a global schema. It translates global queries and updates
into local ones, then combines the local results to produce a final global answer.
In addition, it handles commit and abort processing for global transactions, typi-
cally using synchronization protocols such as Two-Phase Commit.

Federated database systems have been developed to handle the challenges of
integrating and managing complex data from multiple sources. These systems
provide a unified data view and allow for seamless data exchange and pooled anal-
yses. They can handle heterogeneous data models, data definition and manipula-
tion facilities, and transaction management. Federated systems have been used in
contexts such as scientific data analysis (Kim & Moon, 2018) and large-scale bi-
obank-based research projects integrating phenome and genome data from
600,000 twin pairs across Europe (Muilu et al., 2007). More recently, federated
query engines such as Presto provide a single SQL interface over dozens of heter-
ogeneous data sources, from data warehouses to NoSQL and streaming systems
(Sethi et al., 2019), while polystore architectures such as BigDAWG integrate mul-
tiple, disparate storage engines under one federating layer (Duggan et al., 2015).
These systems offer a powerful facility for combining different types of infor-
mation from multiple data sources while providing a standardized interface for

end users and application developers.

1.4. Aims and Objectives

This study aims to understand the fundamental concepts of Distributed and Fed-
erated Database Systems, their architectural variances, scalability, fault tolerance
mechanisms, optimization strategies, and security features. It also considers each
paradigm’s performance characteristics (query response time, throughput, and ef-
fectiveness in handling hardware failures and network disruptions) and its ability
to prevent unauthorized access to sensitive data.
The objectives of the study are:
* Define the fundamental concepts of Distributed Database Systems, including
data partitioning, replication, and transaction management, and of Federated
Database Systems, focusing on data autonomy and distributed query pro-

cessing.
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* Examine the variances in architecture between federated and distributed data-
base systems and how each system handles processing, storing, and distrib-
uting data among several nodes or locations.

* Evaluate the scalability and performance of distributed and federated data-
bases, focusing on their ability to handle growing datasets and user demands.

* Examine fault tolerance mechanisms in distributed and federated databases,
focusing on data replication, transaction logging, and recovery procedures,
and their impact on system reliability.

* Examine query optimization techniques in distributed and federated data-
bases, including parallel processing, indexing, and query rewriting, and com-
pare their efficiency considering response time and resource utilization.

* Explore the security features of distributed and federated databases, focusing
on encryption, access controls, and authentication, and the effectiveness of se-

curity measures in federated systems.

1.5. Scope and Terminology

Before proceeding, it is useful to distinguish several related but non-identical
terms used throughout this review, as these categories are sometimes conflated in
the literature. A Distributed Database System (DDBS) is a single logical database
whose data is fragmented and/or replicated across multiple sites under one ad-
ministrative design; it is managed by a Distributed Database Management Sys-
tem (DDBMS), which provides a single global schema and coordinates distrib-
uted query processing and distributed transaction management across all sites
(Ozsu & Valduriez, 2020). A Federated Database System (FDBS) is a collection
of pre-existing, autonomous component databases integrated through local, com-
ponent, export, and federated schema layers; in the classical sense it provides a
federated schema and typically supports coordination of global transactions via
mechanisms such as Two-Phase Commit, while preserving local autonomy (Sheth
& Larson, 1990). A Multidatabase System (MDBS) differs from an FDBS in that
it provides no persistent global or federated schema and no centralized transac-
tion coordination; applications instead construct ad hoc views over multiple local
databases at query time, and each local system retains complete autonomy (Sil-
berschatz et al., 2002). Data-federation engines, such as Presto, provide a single
query interface over heterogeneous sources without imposing a persistent global
schema or coordinating distributed transactions; they federate at query time only
(Sethi et al., 2019). Polystore architectures, such as BigDAWG, extend this idea
by routing sub-queries to whichever underlying storage engine best fits a given
data model, again without a single persistent global schema governing all engines
(Duggan et al., 2015).

Of these categories, only DDBS/DDBMS and FDBS in the classical Sheth and
Larson (1990) sense provide a genuine global or federated schema. Only DDBS/
DDBMS provides native distributed transaction coordination across all partici-

pating sites; FDBS provides it only for the subset of operations exported by local
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databases. MDBS, data-federation engines, and polystores provide federated
query access without persistent schema integration or centralized transaction co-
ordination. This review uses “DDBS” and “FDBS” in the senses defined above;
where a cited system more precisely fits one of the other categories (MDBS, fed-
eration engine, or polystore), that distinction is noted explicitly at the relevant

point in the text.

2. Methodology
2.1. Literature Survey

This study conducted a structured narrative literature survey to identify key con-
cepts related to Distributed and Federated Database Systems. Academic databases
searched were IEEE Xplore, the ACM Digital Library, SpringerLink, and PubMed,
supplemented by Google Scholar for foundational textbooks and standards.
Inclusion criteria were: 1) peer-reviewed journal articles, peer-reviewed confer-
ence papers, patents, or graduate-level textbooks; 2) written in English; 3) directly
addressing the architecture, scalability, fault tolerance, query processing, or secu-
rity of distributed or federated database systems. Exclusion criteria were: non-
peer-reviewed marketing material without accompanying technical documenta-
tion, sources not available in English, and duplicate reports of the same system or

result.

2.2. Development of the Conceptual Framework

For subsequent analysis, a conceptual framework was developed to distinguish
between Distributed and Federated Database Systems, based on key concepts

identified in the literature review.

2.3. Architectural Variances

The study analyzed architectural differences between Distributed and Federated
Database Systems, focusing on their management of data distribution, storage
mechanisms, and processing models. A comparative analysis framework was de-
veloped to evaluate the impact of architectural choices on scalability, fault toler-

ance, and performance.

2.4. Assessment of Scalability and Performance

The study assessed the scalability and performance of both paradigms through a
qualitative, narrative synthesis of the architectural characteristics and design
claims reported in the included literature, focusing on how each paradigm’s de-
sign addresses growing datasets and increased user loads. Because the included
studies vary widely in benchmark workload, hardware, and measurement meth-
odology, and because few report results collected under a common protocol, this
study does not extract or statistically aggregate query response time or throughput
values across studies into a single quantitative comparison. Instead, Section 7

summarizes what the literature reports about each paradigm’s scalability and per-
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formance characteristics in qualitative terms, and separately notes, without cross-
study statistical comparison, where individual systems report their own quantita-

tive results.

2.5. Analysis of Fault Tolerance Mechanisms

The study analyzed fault tolerance mechanisms in Distributed and Federated Da-
tabase Systems, focusing on replication, logging, and recovery procedures. It
aimed to compare and contrast the effectiveness of these mechanisms in ensuring

data integrity and availability in challenging scenarios.

2.6. Optimization of Query Processing

The study analyzed query optimization techniques in Distributed and Federated
Database Systems, including parallel processing, indexing, and query rewriting,
and assessed their impact on system performance considering query response

time and resource utilization.

2.7. Review of Security Features

Finally, the study reviewed security mechanisms in both paradigms, covering en-
cryption, authentication, access control, and the specific security and privacy is-
sues that arise when autonomous systems federate and share data across admin-

istrative domains.

3. Distributed Databases
3.1. Fundamental Principles of DDB

The fundamental principles of distributed databases include distribution, hetero-
geneity, and autonomy of data sources (Ozsu & Valduriez, 2020). These principles
are based on the idea that data is divided and stored across multiple computers
connected via a communication network. Distributed databases aim to provide
scalability, elasticity, and operational flexibility without making assumptions
about the workload (Loesing et al., 2015), and they can strengthen communities’
ownership over their data (Malard-Adam et al., 2022). A fundamental constraint
on their design is captured by the CAP theorem, which shows that a distributed
system cannot simultaneously guarantee consistency, availability, and partition
tolerance (Gilbert & Lynch, 2002).

It is important to distinguish the availability guaranteed by the CAP theorem
from operational high availability, as the two are frequently conflated in compar-
ative claims about distributed and federated systems. CAP availability describes
whether every non-failing node returns a response to every request while a net-
work partition is occurring; it says nothing about how quickly that response ar-
rives, how stale it may be, or how the system performs once the partition heals.
Operational high availability, by contrast, refers to a system’s uptime under nor-
mal operating conditions and specific failure scenarios, and is typically expressed

as a percentage of time the system is reachable and serving requests correctly. A
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system can be CAP-available during a partition while still exhibiting poor opera-
tional availability if its chosen consistency model, replica-recovery procedure, or
reconciliation process after the partition heals is costly (Gilbert & Lynch, 2002).
Comparative claims in this review that refer to “availability” specify which of these
two senses is meant.

The emergence of new distributed data management techniques and systems,
such as MapReduce and Hadoop, has raised questions about the need for new
foundations and a generic architectural model to explain these principles (Val-
duriez, 2011). While these newer solutions may be effective for specific applica-
tions, they may also pose challenges regarding data interoperability.

The classical objectives of a distributed database are summarized in Date’s
twelve rules (Date, 2004):

1) Local autonomy. Autonomy means “the distribution of control, not of data”
(Ozsu & Valduriez, 2020).

2) No reliance on a central site.

3) Continuous operation.

4) Location independence.

5) Fragmentation independence.

6) Replication independence.

7) Distributed query processing.

8) Distributed transaction management.

9) Hardware independence.

10) Operating system independence.

11) Network independence.

12) DBMS independence.

Each database is controlled and maintained by software that manages the DDB,
called a Distributed Database Management System (DDBMS). It handles func-

tions such as data distribution, database recovery, and security.

3.2. Component Architecture for a DDBMS

A DDBMS is typically decomposed into four principal components: 1) the local
DBMS at each site, 2) a data communication component, 3) a global system cata-
log, and 4) the distributed DBMS layer that coordinates the sites. Research on
componentized architectures has extended this model in several directions. Com-
ponent-based DBMS architectures have been proposed for nomadic and mobile
computing, providing lightweight, customizable systems that can adapt to a
changing environment (McCann & Crane, 1998). In multilevel secure distributed
database management systems (MLS/DDBMS), secure transaction management
protocols and concurrency control mechanisms have been proposed to prevent
covert channels and starvation of high-security-level transactions (Kaur et al,,
2007). A four-layer enterprise architecture model has been proposed for service
management, with a component model addressing functional requirements for

integrated service management functions (Chen et al., 2011). Microsoft’s OLE DB
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approach aims to provide uniform access to data stored in diverse DBMS and non-
DBMS information containers through a collection of interfaces that encapsulate
DBMS functionality (Blakeley, 1996). More recently, the disaggregation trend sep-
arates compute from storage so that each can scale independently and efficiently
based on workload characteristics (Ghandeharizadeh et al., 2023).

3.3. Advantages and Disadvantages of DDBMS
3.3.1. Advantages

Distributed Database Management Systems offer several advantages. Under rep-
lication schemes with sufficient redundancy and a consistency model suited to the
workload, they can provide higher operational availability than centralized sys-
tems, remaining operational even in the presence of certain site failures (Fior et
al., 2013). They can also offer higher performance and throughput than central-
ized database systems, under workloads that permit effective parallelism across
sites (Ozsu & Valduriez, 2020). Modern cloud-native and NewSQL systems
demonstrate these benefits at scale under their respective workloads: Amazon Au-
rora reports high throughput for cloud-native relational workloads by redesigning
the storage layer for distribution (Verbitski et al., 2017), while geo-distributed SQL
systems such as CockroachDB report resilient, serializable transactions across re-
gions (Taft et al., 2020). It is important to note, however, that there may be a trade-
off between security level and system throughput in a DDBMS (Lamba & Sharma,
2011). Overall, the adoption of a DDBMS can enhance a company’s profitability,
but it may also require changes in organizational structure and culture (Gordon
& Gordon, 1992).

3.3.2. Disadvantages

Distributed database management systems also have disadvantages. One major
challenge is the complex management and implementation of security in hetero-
geneous environments, including distributed authentication services, encryption
of network data, and secure remote database administration (Harris & Sidwell,
1994). Another disadvantage is the difficulty of designing an optimally distributed
database given a large number of geographically distributed sites and database re-
lations. Fragmentation, data allocation, and replication are the main design tech-
niques, but they are often treated separately and rarely processed together, leading
to limitations in achieving an optimal design (Yoshida et al., 1985). Scaling the
software architecture itself is a further challenge that has motivated redesigned,

more scalable system structures (Zhuang et al., 2015).

3.4. Homogeneous and Heterogeneous DDBMSs

Distributed systems may be homogeneous:
“where all sites have common shared data and database system code, or heter-
ogeneous, where schema and system code may differ.” (Silberschatz et al., 2002)
All server nodes and clients use an identical DBMS in a homogeneous system;

otherwise, the system is classified as heterogeneous. In addition, the degree of lo-
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cal autonomy is related to the degree of homogeneity:

“If there is no provision for the local site to function as a stand-alone DBMS,
then the system has no local autonomy. On the other hand, if direct access by local
transactions to a server is permitted, the system has some degree of local auton-
omy.” (Elmasri & Navathe, 2004)

Both homogeneous and heterogeneous distributed database management sys-
tems are used in modern large-scale information systems. Homogeneous systems
are those in which all databases share the same data model and query language,
whereas heterogeneous systems involve databases with different data models and
query languages. The uniform integration of data from different databases is a
central problem in data integration, and various methods have been proposed to
address structural, syntactic, and semantic heterogeneity between relational and
NoSQL databases and among different NoSQL databases (Stojanovic et al., 2022).
Additionally, the disaggregation trend in cloud database management systems al-
lows processing to be separated from storage, enabling each to scale independently
based on workload characteristics (Ghandeharizadeh et al., 2023).

Different hardware and different DBMS products between sites constitute het-
erogeneity, which requires a translation mechanism between the sites. This mech-
anism uses a canonical system language to translate queries into each server’s lan-

guage for implementing DDBMS queries and processing.

4. Federated Database System (FDBS)
4.1. FDBS Architecture

The reference architecture for federated database systems distinguishes local,
component, export, and federated schemas, with the federation layer mediating
between autonomous component databases (Sheth & Larson, 1990). A universal
relation approach has also been proposed to simplify federated database manage-
ment by shielding users from schema diversity (Zhao et al., 1995). A federated
data warehouse (FDW) provides a unified perspective on a set of independent
data warehouses: it creates a virtual global schema from partial schemas of partic-
ipating warehouses, allowing the end user to view them as a single “super” data
warehouse (Kern et al., 2020). Hybrid SQL/NoSQL databases have emerged as a
solution for organizations that use different database types in parallel, integrating
SQL and NoSQL components to provide the advantages of both (Bjeladinovi¢ et
al., 2020). Data federation systems aim to easily access and semantically connect
heterogeneous data stored in various sources; they create a virtual database to in-
tegrate data from multiple sources and use techniques such as natural language
processing and association rule analysis for data retrieval and analytics (Vu et al.,
2019). Federated identity management enables the management of identity pro-
cesses and policies among collaborating entities without centralized control; anal-
yses of federated identity approaches include the European eID solution, which
aims to serve millions of people while maintaining strict security constraints (Car-
retero et al., 2018). At the systems level, HRDBMS is a distributed shared-nothing
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relational database designed to improve the scalability of OLAP queries; it com-
bines techniques from relational and big data systems and achieves scalability
comparable to Hive and Spark SQL while competing with MPP databases on per-
node performance (Arnold et al., 2019). Industrial federated engines such as
Presto (Sethi et al., 2019) and polystores such as BigDAWG (Duggan et al., 2015)
show that federation over heterogeneous engines is now a mainstream architec-

tural pattern.

4.2. Advantages and Disadvantages of FDBS
4.2.1. Advantages

Federated Database Systems offer several advantages. They provide a unified per-
spective on independent data warehouses, allowing end users to access and query
data from multiple sources as if it were a single database (Kern et al., 2020). An
FDBS can increase the timely throughput of real-time data services by federating
a set of databases and efficiently sharing the workload among them (Zhou & Kang,
2012). In the genomics domain, integrating non-relational stores into federated
workflows offers sublinear query time and comprehensive management of differ-
ent data formats, enabling efficient storage and retrieval of genomic and pheno-
typic information (Souza et al., 2021). Federated systems also facilitate the inte-
gration of complex data from different sources, providing secure and standardized
data exchange for large-scale research projects (Muilu et al., 2007). It is worth
noting that determinism, a characteristic of some federated and replicated designs,
has both advantages and disadvantages in terms of replication, performance, and

transaction processing (Ren et al., 2014).

4.2.2. Disadvantages

Federated Database Systems also have disadvantages, though several of the most
frequently cited disadvantages in the literature are properties of deterministic rep-
licated database designs specifically, rather than of FDBS as a general category. In
their evaluation of deterministic database systems, Ren et al. (2014) identify two
such costs: additional overhead from processing transactions for which it is not
known in advance what data will be accessed, and an inability to abort transac-
tions arbitrarily, for example, in the case of database or partition overload. These
properties arise from the requirement, specific to deterministic designs, that every
replica receives and processes the same input in the same order; they are not gen-
eral properties of FDBS, which in the classical Sheth and Larson (1990) sense need
not be deterministic or replicated at all. Deterministic designs additionally require
a preprocessing layer that ensures the same input is sent to every replica, which
increases latency (Pereira et al., 2016). For general federated-transaction coordi-
nation, in which autonomous participants need not be deterministic or replicated,
the relevant costs instead relate to the coordination protocol itself: Two-Phase
Commit and comparable global-transaction protocols introduce coordination la-
tency, and because participants retain local autonomy, the federation layer cannot

guarantee in advance that every local database will honor a prepare-to-commit
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request, a general challenge in coordinating autonomous participants rather than
a property specific to deterministic designs (Sheth & Larson, 1990; Elmasri &
Navathe, 2004). Furthermore, sharing data across domains in federated identity
management blurs security boundaries and potentially creates privacy risks, alt-
hough these threats can be addressed by combining technical and legal/policy
tools (Landau et al., 2009; Carretero et al., 2018).

5. Conceptual Framework

Based on the literature survey, this study organizes the comparison of Distributed
and Federated Database Systems around five analytical dimensions: 1) architec-
ture, covering data distribution, storage mechanisms, processing models, schema
autonomy, and query distribution; 2) scalability and performance; 3) fault toler-
ance; 4) query processing optimization; and 5) security. The framework treats a
DDBS as a single logical database whose fragments and replicas are placed across
sites under one administrative design (Ozsu & Valduriez, 2020), and an FDBS as
a federation of pre-existing, autonomous databases coordinated through export
and federated schemas (Sheth & Larson, 1990). The two paradigms therefore dif-
fer most fundamentally in where design authority resides: top-down in a DDBS,
and bottom-up, negotiated among autonomous participants, in an FDBS. Each of
the following sections applies one dimension of this framework to both para-

digms.

6. Architecture Variances
6.1. Data Distribution

Distributed and federated database systems differ architecturally in how they
manage data distribution. In distributed database systems, the focus is on replica-
tion, concurrency, storage, and sharding, with design choices driven by perfor-
mance goals (Ruan et al., 2021). Federated database systems, on the other hand,
emphasize autonomy and cooperation between autonomous and heterogeneous
databases (Bonifati et al., 2008). They allow local databases to maintain a high
degree of autonomy while enabling global transactions to access and manipulate
data from multiple local databases (Deacon et al., 1994). Federated systems often
restrict global transactions to executing only high-level operations exported by
local databases (Sheth & Larson, 1990). These architectural differences reflect the
different goals and requirements of distributed and federated database systems in
managing data distribution.

6.2. Storage Mechanism

Distributed database systems focus on performance and scalability (examples in-
clude CockroachDB and TiDB) and employ replication, concurrency control, and
sharding techniques to ensure efficient data storage and retrieval (Taft et al., 2020;
Huang et al., 2020; Samaraweera & Chang, 2021). Federated database systems,
such as the multilevel federated architecture proposed by Deacon et al. (1994),
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aim instead to maintain the autonomy of local databases in a heterogeneous envi-
ronment. They allow local and global transactions to coexist, with global transac-
tions accessing and manipulating data from multiple local databases through a
multilevel nested transaction model and a practical scheduling mechanism that
ensures correct concurrent execution. In short, distributed systems prioritize per-
formance and scalability, while federated systems focus on maintaining autonomy
and enabling cooperation among heterogeneous databases (Sheth & Larson, 1990;
Ruan et al., 2021).

6.3. Processing Models

Distributed database systems are designed to handle large volumes of data and
complex analysis tasks. They use client-server architectures to enable interactive
analysis and visualization, focusing on responsiveness and prompt construction
of visualizations to uncover data patterns (Stari¢ et al., 2015). Federated database
systems allow existing local databases to maintain a high degree of autonomy in a
heterogeneous environment; they model transaction executions using a multilevel
nested transaction model, which increases concurrency by ignoring pseudo-con-
flicts and offers greater performance and flexibility (Deacon et al., 1994). The shift
towards distributed data management has also inspired micro-distributed data-
base management systems, which address the limitations of centralized architec-
tures and aim for CPU-efficient distributed algorithms (Pirk, 2015). Overall, dis-
tributed systems emphasize interactive analysis at scale, while federated systems

prioritize autonomy and concurrency in transaction execution.

6.4. Schema Autonomy

Schema autonomy is a particularly clear point of architectural difference. In a clas-
sical distributed database system, the sites are coordinated under a single logical
schema: the system defines a reference architecture from system and schema view-
points, and the global design is developed top-down (Ozsu & Valduriez, 2020).
Federated database systems, by contrast, enable existing local databases in a het-
erogeneous environment to maintain a high degree of autonomy. These systems
support integrating existing data into virtual databases, allowing databases to re-
main under the control of their respective owners while still supporting data inte-
gration and site autonomy requirements (Sheth & Larson, 1990; Deacon et al.,
1994). The coexistence of local and global transactions is a key problem in feder-
ated systems, and schema integration across heterogeneous sources remains a

central research issue (Parent & Spaccapietra, 1998).

6.5. Query Distribution

In distributed database systems, data is partitioned across multiple instances, and
query processing and transaction management can be decoupled from data stor-
age. This allows scalability, elasticity, and operational flexibility without assuming

a partition-friendly workload (Loesing et al., 2015), and partitioning can be tuned
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to the query workload itself (Rabl & Jacobsen, 2017). Federated systems instead
integrate heterogeneous data sources behind a single query interface: federation
layers such as FedX enable efficient query processing over distributed Linked
Open Data sources, optimizing query computation when a query can be answered
by multiple sources (Schwarte et al., 2011), and grid middleware such as OGSA-
DAI DQP integrates distributed data sources through distributed query proces-
sors and views (Dobrzelecki et al., 2010). Scalable distributed indexing further
supports query processing over linked, heterogeneous data (Karnstedt et al.,
2012). Distributed systems thus focus on scalability and flexibility, while federated

systems prioritize integration and optimization for distributed query processing.

7. Scalability and Performance
7.1. Scalability Metrics

Distributed and federated databases have been compared with respect to scalabil-
ity metrics such as data volume and load. A comparison of three common rela-
tional multi-database approaches (federated, gateway, and middleware) suggests
that the middleware approach provides better or comparable performance to the
other two, making it the most cost-effective solution from a global query perspec-
tive (Chen et al., 1998). Designing massively scalable big data systems requires
selecting distributed database platforms that can satisfy application quality and
cost requirements; a detailed feature taxonomy has been created to enable rigor-
ous comparison and evaluation of distributed database platforms in support of
architects building big data systems (Gorton et al., 2015). P2P database systems
have been compared with established decentralized models (distributed, feder-
ated, and multidatabases) to provide insight into their features and research di-
rections (Bonifati et al., 2008). A reference architecture for federated database sys-
tems and a methodology for developing such systems have been defined, high-
lighting critical issues in their development and operation (Sheth & Larson, 1990).
SQL and NoSQL data stores designed for scaling simple OLTP-style application
loads have been examined and compared with respect to data model, consistency
mechanisms, storage mechanisms, durability guarantees, availability, and query
support (Cattell, 2011). More recent NewSQL systems demonstrate that horizon-
tal scalability and strong transactional guarantees can be combined: Spanner
scales globally with external consistency (Corbett et al., 2013), TiDB unifies trans-
actional and analytical processing over a Raft-replicated store (Huang et al., 2020),
CockroachDB provides resilient geo-distributed SQL (Taft et al., 2020), and Au-
rora shows how separating compute from a distributed, log-structured storage

service improves cloud throughput (Verbitski et al., 2017).

7.2. Performance Metrics

The broader literature on computer performance evaluation cautions that naive
comparisons of point performance estimates can be misleading, given the varia-

bility inherent in computer performance measurement. Alternative methods for
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performance evaluation include resampling methods such as randomization tests
and bootstrapping confidence estimation (Irving et al., 2020) and non-parametric
Hierarchical Performance Testing frameworks for computer architecture research
(Chen et al., 2012). Related methodological work covers interlaboratory compar-
isons and statistical analysis for calibration and testing competence (Acko et al.,
2014) and the selection of appropriate classification performance metrics (Israel,
2006). Within the database community specifically, benchmarking frameworks
such as DIAMetrics aim to enable query engines to be compared at scale and sup-

port reproducible experimental research (Boncz, 2021).

8. Fault Tolerance Mechanisms

The comparison in this section draws on a small number of individually published
designs rather than a single formal specification, and the mechanisms described
below are not uniform requirements of every DDBS or FDBS. Unless otherwise
noted, the distributed-side discussion assumes a crash-only failure model (sites
fail by stopping rather than behaving arbitrarily), replicas owned and adminis-
tered under a single distributed design, and continuous availability of all non-
failed replicated sites during recovery. The federated-side discussion draws pri-
marily on two specific published designs a fault-tolerant federated distributed da-
tabase using local and global agreement algorithms over a temporal data model
(Newman, 2019), and a RAID-based recovery scheme for distributed database
management systems (Pareek et al., 2019), each evaluated under its own stated
failure models, replica-ownership assumptions, and transaction protocols. These
mechanisms should be read as properties of those particular designs rather than
as mechanisms inherent to all federated database systems. General FDBS fault tol-
erance instead depends on the availability and autonomy guarantees each compo-
nent database chooses to offer, and on whether the federation layer coordinates
global transactions via a protocol such as Two-Phase Commit (Sheth & Larson,
1990); it does not presuppose local/global agreement algorithms or RAID-style

recovery.

8.1. Replication

Replication is central to fault tolerance in both paradigms. In a distributed data-
base system, multiple copies of data are stored on multiple servers, providing fault
tolerance and data availability, and formal methods have been used to develop
replication-based fault tolerance rigorously (Katta et al., 2021). Modern commer-
cial database systems are evolving into hybrid distributed systems, where a pri-
mary database host system utilizes a secondary distributed system for specific
tasks; these systems aim to recover from node failures with minimal disruption to
the workload, achieving quick recovery, reduced downtime, and improved execu-
tion transparency (Pasupuleti et al., 2022). In a fault-tolerant federated distributed
database, data is stored in computing nodes according to a temporal data model,

and updates are performed simultaneously using local agreement algorithms; the
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updated blocks are then combined and agreed upon using a global distributed
agreement algorithm (Newman, 2019). Such mechanisms (replication, high re-
dundancy, and high availability) prevent cascading failures and ensure the availa-
bility of distributed services (Sari & Akkaya, 2015).

8.2. Logging

Logging-based mechanisms periodically record the system state, allowing recov-
ery to a consistent state in the event of a failure. A logging layer can even be placed
over deterministic systems and can recover the underlying system to a consistent
state after a server crash, including actions interrupted mid-way (Pereira et al.,
2016). Different methods of storing logging information can be employed, and a
fault-tolerant master-slave cluster can be deployed for replicating that infor-
mation (Katta et al., 2021). In a federated distributed database, a global distributed
agreement algorithm can additionally be used to agree upon key edits based on a

predefined time range and key set (Newman, 2019).

8.3. Recovery Procedures

Recovery procedures aim to minimize disruption to the workload and improve
system availability. One approach uses a hybrid distributed model in which a pri-
mary database host enlists a secondary system acting as an accelerator, with query
fault tolerance ensuring transparent re-execution after failures (Pasupuleti et al.,
2022). Data replication across servers likewise enhances availability and fault tol-
erance (Katta et al., 2021). Fault-tolerant federated designs use local agreement
groups and computing nodes to store and update data, ensuring fault tolerance
through local and global agreement algorithms (Newman, 2019). RAID-based re-
dundancy can further enhance fault tolerance in distributed database manage-
ment systems, providing high recoverability in cases of single and double site fail-
ures (Pareek et al., 2019).

8.4. State Maintenance

Beyond replication and logging, fault tolerance also depends on maintaining con-
sistent system state. In federated distributed designs, local agreement algorithms
update the state of keys simultaneously within each globally distributed local
agreement group, and the updated blocks are combined into an agreed block of
key edits (Newman, 2019). In distributed systems generally, fault tolerance can be
achieved by persisting the state related to requested operations in a data store and
restarting components from the stored state after a failure (Sari & Akkaya, 2015).
Formal development methods provide additional assurance that replicated state
remains consistent under failure (Katta et al., 2021).

9. Query Processing Optimization
9.1. Parallel Processing

Parallel processing has long been recognized as the foundation of high-perfor-
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mance database systems (DeWitt & Gray, 1992). Scalable query processing and
query engines over cloud databases have emerged as important topics in academic
and industrial research (Cuzzocrea, 2021). Techniques based on sharing data and
computation among queries have been formalized in query batching optimiza-
tion, which significantly improves retrieval time (Eslami et al., 2020). Query-cen-
tric partitioning and allocation strategies for partially replicated systems have also
been shown to reduce network overhead during parallel query execution (Rabl &
Jacobsen, 2017). Recent algorithmic developments cover data processing in large
distributed clusters, including multiway join queries, sorting, and matrix multi-

plication (Koutris et al., 2018).

9.2. Indexing

Indexing-focused optimization has been the subject of extensive research. Scalable
distributed indexing approaches for Linked Data show how index structures can
be built and queried efficiently across distributed nodes to support fast, distrib-
uted access (Karnstedt et al., 2012). Cloud-oriented strategies for distributed
query optimization similarly reduce unnecessary operations and improve re-
sponse times (Kaseb et al., 2021). Query batching using mixed binary quadratic
programming (MBQP) can also exploit indexes to significantly improve retrieval
time (Eslami et al., 2020). These studies highlight the importance of indexing in

improving the efficiency of distributed and federated database systems.

9.3. Query Rewriting

Query rewriting techniques restructure queries before execution. Heuristic rewrit-
ing algorithms for multi-database systems built on distributed databases optimize
the evaluation of queries while considering evaluation and data shipment costs
(Ding, 2022). In federated RDF systems, multi-query optimization rewrites and
groups SPARQL queries to minimize total evaluation cost (Peng et al., 2021). Ma-
chine-learning-based query optimization for federated databases generates pre-
dictive data movement instructions based on predefined efficiency and capacity
criteria and produces execution plans by estimating costs across potential target
data sources (Creedon & Roche, 2021). Query batching formulations complement
rewriting by merging compatible queries into shared execution units (Eslami et
al., 2020).

9.4. Federated Query Optimization

In federated databases, where data is spread across multiple autonomous sources,
query optimization becomes more challenging: the optimizer must identify rele-
vant data sources and find efficient execution plans across them. Source selection
and join ordering strategies of federation layers such as FedX demonstrate how
such plans can be computed for distributed Linked Data (Schwarte et al., 2011).
Advanced metadata including functional, uniqueness, order, and inclusion de-

pendencies can be leveraged for query optimization in distributed settings

DOI: 10.4236/ajibm.2026.169054

1087 American Journal of Industrial and Business Management


https://doi.org/10.4236/ajibm.2026.169054

W. Ahmad

(Kossmann et al., 2021). Cost-based multi-query evaluation further reduces over-
all processing effort in federated RDF systems (Peng et al., 2021). Industrial en-
gines such as Presto embody these principles at scale, applying predicate push-
down, connector-aware planning, and adaptive scheduling across dozens of het-
erogeneous sources (Sethi et al., 2019), while polystores such as BigDAWG route
sub-queries to the storage engine best suited to each data model (Duggan et al.,
2015).

10. Security Features

Security cuts across both paradigms but takes different forms in each. In distrib-
uted databases, the principal concerns are distributed authentication, encryption
of data in transit between sites, and secure remote administration in heterogene-
ous environments (Harris & Sidwell, 1994). Secure concurrency control protocols
must additionally balance the security level against system throughput (Lamba &
Sharma, 2011), and multilevel secure DDBMS designs employ dedicated transac-
tion management protocols to prevent covert channels (Kaur et al., 2007). Surveys
of the big data era show that distribution and outsourcing of storage substantially
widen the attack surface, making encryption at rest and fine-grained access con-
trol essential (Samaraweera & Chang, 2021). In federated systems, security must
also be negotiated across administrative domains: federated identity management
enables collaborating entities to share authentication and authorization without
centralized control, but blurring domain boundaries creates privacy risks that
must be addressed through both technical and policy measures (Landau et al.,
2009; Carretero et al., 2018).

11. Results and Discussion

This study explored the concepts and architectural nuances of Distributed Data-
base Systems and Federated Database Systems in the context of data management.
A DDBS optimizes data distribution across multiple instances, focusing on repli-
cation, concurrency control, storage efficiency, and sharding; this approach en-
hances system performance and efficiency by decoupling query processing and
transaction management from data storage.

An FDBS, on the other hand, prioritizes maintaining the autonomy of local da-
tabases within a heterogeneous environment, allowing local and global transac-
tions to coexist. Its architecture incorporates a multilevel nested transaction ap-
proach, promoting concurrency in transaction execution. This design choice pre-
serves the independence of local databases while fostering cooperation among di-
verse data sources.

The architectural variances extend beyond data distribution to storage mecha-
nisms, processing models, schema autonomy, and query distribution. Under-
standing these distinctions is crucial for comprehending the dynamics of distrib-
uted and federated database systems in the evolving data management landscape.

Table 1 summarizes the comparison; consistent with the qualitative scope de-
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scribed in Sections 2.4 and 7.2, this is an architectural summary rather than a

quantitative comparison.

Table 1. Comparative overview of distributed DBS and federated DBS.

Aspect Distributed DBS Federated DBS

L . Focus on replication, concurrency, storage, Emphasizes autonomy and cooperation between
Data Distribution )
and sharding heterogeneous DBs

. . - Focuses on maintaining autonomy among
Storage Mechanism Emphasizes performance and scalability
heterogeneous databases

. Prioritizes interactive analysis and Prioritizes autonomy and concurrency in transaction
Processing Models o .
visualizations executions

Single global design; sites autonomous but . .
Schema Autonomy Enables autonomy in a heterogeneous environment

not heterogeneous

o N . Integrates heterogeneous sources behind a single
Query Distribution Data partitioning and decoupled processing .
query interface

The study used several methodological lenses to evaluate scalability, perfor-
mance, and fault tolerance. Volume and load metrics provide insight into a sys-
tem’s ability to handle increasing data and computational demand, while query
response time and throughput, interpreted with due regard for performance var-
iability, allow system design characteristics to be discussed qualitatively across
systems. Robust strategies such as replication, logging, and state maintenance for-
tify system reliability, ensuring data availability, resilience, minimal disruption,
and enhanced availability.

Consistent with the qualitative scope described in Sections 2.4 and 7.2, this
comparison is narrative and architectural rather than a quantitative meta-analysis:
no effect estimates, confidence intervals, or statistical significance tests are re-
ported. Table 2 summarizes representative fault-tolerance mechanisms drawn
from the specific published designs discussed in Section 8; per the assumptions
stated there, the Federated DBS column reflects particular published designs
(Newman, 2019; Pareek et al., 2019) evaluated under their own stated failure mod-

els, rather than mechanisms inherent to all federated database systems.

Table 2. Fault tolerance mechanisms.

Federated DBS

Mechani Distributed DB
echanism istribute s (representative published designs)

Replication Enhances data availability and fault tolerance Utilizes local and global agreement algorithms
P through replicas for fault tolerance (Newman, 2019)

Periodically logs system state for recovery ~ Uses logging-based mechanisms for recovery

Loggi
088Ing after failure and consistency

Local and global t N ,
Hybrid model with primary and secondary ocat and grobal agreemen grouPs ( ewr.nan
Recovery Procedures 2019); RAID-style redundancy in a specific

lerat t
(accelerator) systems published design (Pareek et al., 2019)

DOI: 10.4236/ajibm.2026.169054 1089 American Journal of Industrial and Business Management


https://doi.org/10.4236/ajibm.2026.169054

W. Ahmad

Query optimization enhances system efficiency through complementary tech-
niques. Parallel processing accelerates query execution, improving analytical tasks
and responsiveness. Indexing optimizes data access with strategically crafted in-
dexes, reducing computational overhead. Query rewriting uses heuristic and
learning-based methods to streamline the evaluation of multiple queries and re-
duce costs. Federated query optimization identifies relevant data sources and cre-
ates efficient execution plans, navigating the complexity of large-scale distributed

environments. Table 3 summarizes these techniques.

Table 3. Query optimization techniques.

Technique Description
Parallel Processing Scalable query processing and engines over cloud databases
Indexing Generation and merging of indexes for efficient database access
Query Rewriting Heuristic and machine-learning-based approaches to optimizing query evaluation

Federated Query Optimization Source selection, cost-based planning, and scalability handling in federated DBS

The architectural differences between distributed and federated databases sig-
nificantly shape their operational dynamics and their response to workload de-
mands. The tables above provide a concise overview of these variances, offering a

nuanced understanding of the diverse approaches adopted by the two paradigms.

12. Recommendations for Future Research

Future research should explore the evolving landscape of database systems, focus-

ing on advanced technologies and emerging paradigms. This includes:

* Integrating blockchain technology into distributed and federated systems to
improve data security and decentralization, building on the emerging dichot-
omy and fusion between blockchains and distributed databases (Ruan et al,,
2021).

* Exploring edge computing to address challenges and opportunities in localized
data processing.

* Developing adaptive query optimization strategies that dynamically adjust to
changing workloads.

* Ensuring ethical data practices within distributed and federated environments,
and investigating quantum computing for unprecedented computational effi-
ciency.

* Addressing standardization and interoperability challenges to facilitate seam-
less communication and data exchange.

* Considering the environmental impact of database systems, with a focus on
optimizing energy consumption and resource utilization.

* Investigating human-computer interaction aspects to ensure user-friendly
technologies that meet diverse stakeholder needs.

During the preparation of this work, the author used Al-based language tools
solely to improve the clarity, grammar, and readability of the text. The author re-
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viewed and edited the output as needed.

13. Conclusion

The number of organizations using database systems continues to grow, along
with their expectation of operational integration, shareability, and controlled data
access. Their desire to gain the effective functions of both DDBS and FDBS has
become a necessity.

This study compared Distributed Database Systems and Federated Database
Systems as interoperable databases, examining their fundamental concepts, archi-
tectural variances, and performance characteristics. Both paradigms offer unique
advantages in data management, each with specific challenges. Distributed data-
bases including NoSQL and NewSQL systems are robust in distributing data
across multiple sites, enhancing communication, processing capability, and local
control. They provide scalability, elasticity, and operational flexibility without
making assumptions about the workload.

Federated Database Systems maintain a global schema, translating global que-
ries into local queries and combining local results into a unified global view. FDBS
has been instrumental in handling the challenges of integrating and managing
complex data from multiple sources, offering a unified perspective on independ-
ent data warehouses and demonstrating, particularly in hybrid SQL/NoSQL set-
tings, the advantages of using different database types in parallel.

The choice between the paradigms hinges on specific use cases and organiza-
tional requirements. Distributed databases excel where data distribution, replica-
tion, and concurrency control are paramount; under workloads and replication
schemes that support effective parallelism, they can offer higher availability and
performance than centralized systems, but they bring challenges including com-
plex security management in heterogeneous environments and the difficulty of
optimal distributed design. Federated databases prove valuable where seamless
data exchange and pooled analyses from heterogeneous sources are demanded;
they handle heterogeneous data models, data definition and manipulation facili-
ties, and transaction management, but introduce complexities related to transac-
tion determinism in specific deterministic designs, transaction aborts, and poten-
tial latency.

The architectural variances between the two paradigms emphasize their distinc-
tive goals: distributed databases prioritize replication, concurrency, storage, and
sharding for performance-driven design, whereas federated databases emphasize
autonomy and cooperation among autonomous, heterogeneous participants.
Their processing models reflect the same philosophies: large-volume interactive
analysis on the distributed side, and multilevel nested transactions preserving au-
tonomy on the federated side. Schema autonomy emerges as the pivotal differ-
ence: distributed systems partition data under a single top-down design, decou-
pling query processing and transaction management from storage, while feder-

ated systems integrate heterogeneous sources into a virtual repository, optimizing
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query computation across autonomous domains. As hybrid, polystore, and cloud-
native architectures mature, the boundary between the two paradigms is likely to
blur further, making a firm grasp of their respective principles all the more valu-
able.
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