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ABSTRACT

Microservices architecture has completely changed how software systems are architected and are being
constructed and the advantages are enhanced agility, scalability, and resilience. In this paper, we study the critical
role NoSQL databases play in driving microservices into the success they enjoy today, with respect to scalability
and data independence. Unlike relational databases, NoSQL databases have different data models and are
distributed which suit the principles of microservices and each service can pick the most suitable database for the
specific data it needs. The purpose of this polyglot persistence approach, along with the sharding and replication
inherent to NoSQL, allows companies to create highly flexible and high performing apps. We take a look at
various types of NoSQL databases: key value stores, document databases, wide column stores and graph
databases, looking at pros and cons from the microservices point of view. In addition, it discusses how the
NoSQL databases solve problems such as data consistency, distributed transaction, and schema change in a
distributed database system.

The paper illustrates how NoSQL is utilized by organizations to achieve data independence and fault tolerance,
and to optimize performance, through case studies and examples. The paper examines the operational
complexities and the required skill set to manage a polyglot persistence environment and reaches a conclusion
that, though complicated, strategic adoption of NoSQL databases are a key enabler for organizations who seek a
return on implementing microservices architecture. The future promises more synergy and innovation in the form
of more resilient, scalable, and data driven applications of the NoSQL and Microservices.
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CAP Theorem, Eventual Consistency, Sharding, Replication, Data Modeling, Database, Cloud-native,
Architecture, Key-Value Stores, Document Databases, Wide-Column Stores, Graph Databases, Performance,
Fault Tolerance, Data Consistency, Distributed Transactions, Schema Evolution, Cloud Computing

INTRODUCTION
The Rise of Microservices Architecture
There has been a massive shift within the software industry moving away from traditional monolithic architectures
to a more modular approach called microservices. A monolithic application is a single unit having all components
and are tightly coupled; a microservice architecture is a set of tightly coupled services focusing on specific business
capabilities. There are several benefits from this architectural style, for example faster development cycle leads to
higher agility, independent scaling of services towards better scalability, and option to choose whatever
technologies you want. However microservice systems bring some complexities, most notably with regard to data
consistency and distributed transaction management, since each service owns its own data. [1,2,3]
Introduction to NoSQL Databases
For the developers who are struggling between traditional relational database management systems (RDBMS) and
NoSQL, are NoSQL databases a compelling choice? On the contrary to the behavior of RDBMS which includes
schema commitment and adheres to ACID (Atomicity, Consistency, Isolation, Durability) properties, NoSQL
databases present a more relaxed way of dealing with data. There are key-value stores, document databases, wide
column stores and graph databases listed under the typical data model which are built for different use cases. A
property of many NoSQL databases is that they are distributed and how they handle the CAP theorem, which states
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that it is impossible to have a distributed system simultaneously providing Consistency, Availability, and Partition
Tolerance. [4,5]

The Synergy Between NoSQL and Microservices

In this research, we look at how microservices architectures and NoSQL databases can leverage off each other.
Because of its scalability, data independence and fault tolerance, NoSQL databases are particularly well suited to
microservices which are distributed and independent. A polyglot persistence approach frees us from the pain of
choosing a right database for the job, and by allowing each microservice to pick the database that fits with its
specific requirements best, it allows us to optimize both performance and flexibility again. This combination allows
organizations to leverage an application that is highly scalable, resilient and adaptable that can then respond rapidly
to changing business requirements. [6,7,8]

UNDERSTANDING MICROSERVICES ARCHITECTURE
Principles of Microservices Architecture
Microservices architecture can be constructed with a number of core principles to guide the design and development
of service. These principles offer modularity, independence and resilience.[9]
Single Responsibility Principle: Each microservice should have a single responsibility, enlarging only a single,
well defined business capability. In this case, this is a good follow up from object oriented design, as this principle
ensures that services stay focused and within reason. By following this principle, teams have the option to develop,
deploy, and scale services with low risk to the rest of the application. This also keeps it easier to understand and
maintain each service overtime [9,10].
Decentralized Governance: The Microservices architecture advocates decentralization of technology governance.
That is, the development teams have the freedom to select the most appropriate programming languages,
frameworks, databases, etc., as per requirements of the service they are building. In doing so, teams have the
freedom to optimize for performance, scalability, and developer productivity and innovation and agility. It also
requires a mindful approach in regards to the interoperability and communication inter service. [11]
Independent Deployability: A core aspect of the micro service manifesto and one of the most critical foundational
technologies is independent deployability. It helps in releasing quickly and at the same time decreases the risk in
monolithic large releases. Without a redeployment of the whole application, changes to one service can be rolled
out making it easy for teams to iterate quickly and respond quickly to changing business needs. It also allows for
independent deployability for continuous delivery and continuous integration practices to function. [12]
Fault Isolation: Microservices are fault tolerant. It should not be possible for one service to take down the whole
application if one fails. Techniques like circuit breakers, timeouts and retries help isolate this fault such that
cascading failure is avoided and the system is able to keep functioning when individual servicos are having issues.
Building highly available and reliable applications is critical and this resilience is vital to it.[13,14]
Data Management Challenges in Microservices
While microservices bring in a lot of advantages, their use also complicates things, especially on the data
management fronts. While microservices are distributed, they present inherent challenges of data consistency,
transaction management and schema evolution.
Data Consistency Across Services: In a microservices architecture, maintaining data consistency across multiple,
independent services each with its own database is difficult. Data has to be synchronized on different services but
ensuring that data persists consistently across different services requires careful planning and implementing
appropriate synchronization mechanisms. The lack of a central database makes it really difficult to enforce
traditional ACID properties across the whole application. [15]
Distributed Transactions: Implementing Transactions Distributedly, transactions are complicated and often must
be implemented differently than they appear in the classic two-phase commit protocols. Performance bottlenecks
and the availability of the system as a whole are reduced by distributed transactions. In a microservices environment
we often need to use patterns like Sagas, which we will talk about later, to manage transactions. [16]
Data Duplication and Synchronization: For Example, to achieve data independence and performance
optimization, microservices duplicate data that are relevant to its domain. Yet, there is a difficulty in keeping these
data in sync with various services. Propagation of changes made in one service to other services with their copy of
the data is a complex and error prone process. [17]
Schema Evolution: Data Schema Evolution Schema evolution in a microservices architecture consists of each
service evolving independently and includes its own data schema. While managing schema changes, ensuring that it
does not disrupt other services, requires careful planning and coordination. Versioning schemas, and proactively
implementing backward compatibility mechanisms are very important, for guaranteeing that services can
seamlessly continue to interoperate throughout their evolution. [18]
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NoSQL DATABASES: A DEEP DIVE
Types of NoSQL Databases
NoSQL Databases There are NoSQL databases each for specific use cases. There is important data to be collected
to understand the characteristics of each type in order to select the most suitable database for the specific
microservice. [19,20]
Key-Value Stores: Key-value stores are NoSQL databases of very simple type which store data as pairs of keys
and corresponding values. They are extremely efficient for storing and querying data based upon some unique key.
The most popular examples of key—value stores are Databases such as Redis and Memcached, which are built for
caching, session management and trivial set data structures, where the read/write performance should be of the top
notch. Following image shows the Key Value NoSQL database [21]

Key Value
AAA,BBB,CCC
,BBB
AAA,DDD

AAA,2,01/01/2015
3,777,5623
Figure 1

Document Databases: Document databases like MongoDB, Couchbase, and RavenDB are flexible, self describing,
document oriented databases used to store data in self describing documents such as JSON and BSON. This schema
less is convenient, and enables evolution of data structure over time. Applications with frequently changing data
models, such as content management systems, user profiles, and product catalogs, fit well for document databases.
Following image shows the example of a document database. [22]

first_name: "Mary",
last_name: "Jones",
cell: "516-555-2048",
city: "Long Island",
year_of_birth: 1986,
location: {
type: "Point",
coordinates: [-73.9876, 40.7574]
b
profession: ["Developer", "Engineer"],
apps: [
{ name: "MyApp",
version: 1.0.4 },
{ name: "DocFinder",
version: 2.5.7 }
I,
cars: [
{ make: "Bentley",
year: 1973 },
{ make: "Rolls Royce",
year: 1965 }
1

Figure 2

Wide-Column Databases: Wide column databases such as Cassandra and HBase store data in tables with rows and
columns, but the columns can differ from row to row, that is, they are not strictly defined ahead of time, unlike
relational databases. The flexible schema is highly efficient to store and retrieve huge volumes of data with different
attributes. Typically these are used for cases where write throughput and scalability are important, like time series
data, the Internet of Things (loT) sensor data, and logging. Following image[Fig-3] shows the example of wide
column database.[23,24,25,55]
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Column 1 |Column 2 |Column 3
Row A
Value Value Value
Column 2 | Column 3| Column 4
Row B
Value Value Value
Figure 3

Graph Databases: Graph databases, such as Neo4j and Amazon Neptune, are good at storing and querying data
that is highly interconnected. As a result, they are perfect for graph-like applications in which data is represented as
nodes (entities) and edges (relations between entities), that include social networks, recommendation engine or
fraud detection. When it comes to data sharing and finding patterns in related data, there is nothing they can’t do.
Following image [Fig-4] shows the example of wide column database.[26,27,56]

name: “Dan”
born: May 29, 1970
twitter: “@dan”

name: “Ann”
born: Dec5, 1975

LOVES
LOVES
LIVES WITH
DN /(S
: NG (@)
since: S /
Jan 10, 2011
brand: “Volvo”
Car model: “V70”
Figure 4

CAP Theorem and its Implications

In fact The CAP Theorem is a fundamental concept in Distributed Systems with implications on NoSQL Database
design and selection. If you’re considering using a microservices architecture, I’ll show you how understanding the
trade offs between Consistency, Availability, and Partition Tolerance can help you make an informed decision
about which database to use.[28]

Consistency, Availability, Partition Tolerance: The CAP theorem states that a distributed system can only
guarantee two out of the following three properties: Consistency (all nodes see the same data, at the same time),
Availability (every request gets a response) and Partition Tolerance (the system continues to operate even if some
network partitions are lost). Consistency and availability are both desirable properties in a distributed system, and
unfortunately, network partitions are unavoidable in practice.[29,30 ]

Choosing the Right Trade-off: Different NoSQL databases align with different aspects of the CAP theorem.
Databases like Cassandra sacrifice consistency for availability and partition tolerance, and conversely, HBase offers
this at the cost of partition tolerance. This is all application dependent. For example, a financial application may
need to have very strong consistency, and a social media site might rank availability the highest.[31]

Eventual Consistency and its Suitability for Microservices

Thousands of NoSQL databases follow the principle of eventually consistent data, which essentially means that the
data will be eventually consistent across all nodes but there may be some time where different nodes have different
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views about the data. This is a model often applicable to microservices architectures where services are able to
tolerate short lived inconsistencies. The benefits of eventual consistency are higher availability and performance,
because services do not need to wait for every node to be updated before completing a response to a request. We
will discuss what the eventual consistency model requires in terms of being able to handle possible data conflicts as
well as making sure the system converges to a consistent state. [9, 32]

NoSQL AS THE ENABLER OF MICROSERVICES SCALABILITY AND DATA INDEPENDENCE
Scalability Through Sharding and Replication
NoSQL databases are built with scalability in mind, which means they scale horizontally by breaking the data down
to be distributed across hardware where the database can collect and process it. Complicated tasks such as sharding
and replication make this possible.[33]
Horizontal Scaling with NoSQL: NoSQL databases for horizontal scaling means no database scales beyond the
capacities of one server; therefore, NoSQL databases support horizontal scaling by distributing the data between
multiple servers, commonly called sharding. A shard has a subset of the data and the database takes care of this data
distribution & routing. It allows easy scaling by just adding more servers on the cluster as the cluster will be able to
handle increasing amounts of data and traffic. [34,35]
Data Replication for High Availability: Replication entails creating multiple copies of the data and saving them
onto multiple servers for high availability purposes. This allows that if some of the servers fail, the system remains
available. Different replication strategies used in NoSQL databases, like master slave, master master, peer to peer
have varying trade-offs in terms of consistency, performance and complexity. It is the availability and consistency
requirement of the application which will dictate the replication strategy that can be chosen.[36]
Data Independence and Polyglot Persistence
Another huge benefit NoSQL databases provide in a microservices architecture is data independence and polyglot
persistence. This means each microservice can choose the most suitable database type and schema for its specific
needs, whether that's a document store for flexible JSON data, a graph database for complex relationships, or a key-
value store for simple caching. Additionally, this independence allows teams to evolve their data models and make
schema changes without impacting other services, enabling faster development cycles and more robust system
architecture.[37]
Choosing the Right Database for Each Service: With microservices architecture, along with NoSQL databases,
you can select the database suitable for that service. For instance, if you are building a user session service, for fast
access you can pick up a key value store like redis, if it’s a product data service you might use a document database
like mongodb for flexibility in schema. And this freedom to choose the right tool for the job optimizes performance
and simplifies development. [31,38]
Schema Flexibility and Evolution: NoSQL databases, in particular document and wide-column stores, have
flexible schemas which are easy to evolve over time. In a microservices environment services are developed and
updated independently so this is very important. Unlike traditional databases, new attributes can be added to
documents or columns, and no schema migration is required — new services can be built to scale to hew business
requirements without affecting other parts of the system.[39]
Fault Tolerance and Resilience
NoSQL databases are by design fault tolerant and resilient which is critical in a distributed microservices world.[40]
Handling Data Store Failures: 'Easily failing' is a design principle of NoSQL databases. They can continue to
operate by means of replication and automatic failover mechanisms even if some of the servers in the cluster
become unavailable. This puts microservices that are individual, and the system as a whole, so that they remain
resilient to failure. These databases are inherently more robust because they are distributed.[41]
Data Replication and Disaster Recovery: In addition to offering availability, data replication is of great
importance to disaster recovery. Organizations maintain multiple copies of the data at different locations to allow
quick recovery from data center outage, or some other catastrophic events. The replication and backing options are
varied in NoSQL databases that can support robust disaster recovery strategies to ensure that business operations
will continue with some unforeseen circumstances. [41, 42]
Performance Optimization in NoSQL
NoSQL performance optimization is important because without it microservices will not be able to endure high
traffic loads and provide a smooth user experience.[43]
Data Modeling for Performance: As such, keys are used to achieve optimal performance in NoSQL databases;
however, effective data modeling is critical for that performance to be realized. Unlike relational databases that
normally tend to normalize data, NoSQL databases need denormalization in order to minimize need for joins, which
are expensive in a distributed environment. If you want to choose the right data model, you have to understand the
access patterns of a given application and then design or craft your own data structures around it.[44]
Indexing Strategies: Proper indexing is important for fast query performance in any database and NoSQL
databases can’t take a pass on this either. Each NoSQL database supports different indexing options, and we can
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decide the right index based on the application’s query patterns. Proper indexing can save on query latency and
improve the whole system as a whole. Indexing can be done on the full message field or on a combination of the
receive time field and message content field, but this must be balanced between index size, write performance and
query performance.[45]

CASE STUDIES AND EXAMPLES

E-commerce Platform Using Microservices and NoSQL

Hypothetical e commerce platform built using microservices architecture. For product catalog service, the platform
can use the document database such as MongoDB where the schema for product catalog can evolve flexibly as new
product attributes are added. The shopping cart service could be a Redis, as a key value store with fast access to
session data. A wide column store like Cassandra is used by the order management service due to its ability to have
high write throughput and store lots of order data. This example shows how the different NoSQL databases can be
picked depending on what each microservice really needs.[46]

E-commerce Microservices Architecture

Clients (Web, Mobile) ]

API Gateway
{Auth, Routing. Load Balancing)

[

I : - 1 N - 1

Product Catalog Service ‘ User Profile Service Inventory Service
Shopping Cart Service ‘ Payment Service Review Service
Order Management ‘ Recommendation Service Search Service
[ Message Broker ]
Kalkas MO
NoSQL Databases
[ MongoDB ] [ Redis ] [ Cassandra ] | Neodj ] [ Elasticsearch ]
Figure 5

This [Figure 5] is a SOA based e-commerce architecture with a highly distributed NoSQL database system with
features of microservices architecture. Fundamentally speaking, it has an APl Gateway as the central point for the
client requests where basic functions like security, route, and Service-Load balancer are performed. These are the
core services (Product Catalog, Shopping Cart, Order Management, User Profile) and the basic services (Payment,
Recommendation, Inventory, Review & Rating) that are all working in isolation levels with its own NoSQL
database. MongoDB as a master data storage works with products, users’ accounts, and inventory; specialized
databases are used as followers and operate as follows: Redis for shopping carts as an in-memory highly-accessible
database, Cassandra for orders as a highly-scalable writing type of database, Neo4j for recommendation as a graph
database, and Elasticsearch for search functionality.

The architecture establishes a message broker (Kafka/RabbitMQ) where services can communicate asynchronously
with an event driven mechanism which leads to high service independence and scalability. This design targets high
availability, fault tolerance and horizontal scalability with possible eventual

CHALLENGES AND CONSIDERATIONS
Data Consistency and Transaction Management
For the microservices, although NoSQL databases provide us with a lot of advantages they come with the challenge
of data consistency and transaction management.[48]
Implementing Sagas for Distributed Transactions: The Saga pattern enables us to manage Distributed
Transactions where each service in a distributed architecture has an atomic task running. A Saga is a sequence of
local transactions, each that’s attempting to update its own database. In case of a failure on any transaction,
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compensating transactions take place to undo the previous operations. This gives us sagas that can help maintain
data consistency across services without the overhead of distributed two phase commit and complexity.[49]
Handling Data Inconsistencies: In an eventually consistent system, traversing such a system might mean that, at
some point in time, data is not available everywhere. These potential inconsistencies have to be handled by the
developers when we are designing the applications. It may involve conflict resolution strategies, read repair
mechanisms, or even giving up on some data for a short while being stale. Important consideration must be given to
the application consistency requirements. [41,48,50]

Operational Complexity

Managing a microservices architecture with different NoSQL databases can certainly be complex.

Monitoring and Management of Multiple Databases: Robust monitoring and management tools are required in a
polyglot persistence environment that operates (multiple) databases. The particular requirements for monitoring and
procedures under each database type vary. In order to know the health and performance of all their databases, and
thus be able to solve problems and plan capacity efficiently, organizations need to invest in tools and processes that
provide a single pane of glass.[51]

Skill Set Requirements: Skillset pros and cons Developers or administrators tasked with managing multiple
NoSQL databases are likely to have a bunch of skills to wrangle. To support teams in highly effective and high
throughput usage of the database types in the theme cloud, teams need to know the specific features, operational
procedures, and performance tuning techniques for each database type. The organization may then involve
specialized training and hiring to make sure that the organization has the required expertise to handle its polyglot
persistence environment.[52]

Security in a NoSQL Environment

In fact, securing NoSQL databases is as important as securing traditional relational databases. As a result, standard
security features and best practices for each database are included in NoSQL. To protect sensitive data
organizations should implement such authentication, authorization, and encryption mechanisms. Regular security
audits and system wide vulnerability checks should be done to secure the NoSQL environment. We shall therefore
have to define access control policies with care with regard to the least privilege principle, so as to limit access to
sensitive information on a need to know basis.[53]

CONCLUSION
Summary of Key Findings
The paper has shown that NoSQL databases prove crucial to making microservices architecture scalable and data-
independent. We have looked into features of the NoSQL databases including distributed nature, flexible schema
and supporting horizontal scaling and how these fit with the microservices design principles. Organizations can
achieve agility, performance, and resilience not practical with monolithic architecture and relational databases by
allowing each service to pick the most suitable database for its own particular needs. This paper discussed the
advantages of polyglot persistence, pointing out as well data consistency, distributed transactions, and operational
complexity issues.
Future Trends in NoSQL and Microservices
NoSQL databases and Microservices will continue to be a fast moving field. Further advancements will be seen in
automated scaling, self healing database and better tools to manage polyglot persistence environments. The growing
use of serverless computing and the Edge Computing phenomenon will certainly have an impact on the
development and deployment of microservices and NoSQL databases. Because the data volumes will continue to
increase and the application requirements will only become more demanding, the integration between NoSQL and
microservices is just getting started.[54]
Final Thoughts: Embracing the Right Tools for the Job
The right combination of NoSQL databases and microservices architecture is the right tool for the job when you
want to build modern, scalable, and resilient applications. A polyglot persistence approach, coupled with choosing
the right database allows us to embrace the diversity of our data, while at the same time implementing it according
to proven best practices.
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