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1. [bookmark: _Toc125013482]Abstract

This report examines the use cases for relational and NoSQL data models, with the objective to recommend a data storage solution for Abertawe Entertainment (AE). AE are looking to develop a web app where customers can purchase published media and browse their collections of digital media including short stories, digital and audio books. 
	The four key types of NoSQL data models of graph, wide-column, document oriented, and key-value will be reviewed and compared. The report will then go on to compare implementations of a relational and NoSQL database for AE, with further analysis and comparison between solutions to provide recommendations for AE. 




2. [bookmark: _Toc125013483]Overview of types of data storage systems
2.1 [bookmark: _Toc125013484]Relational Databases
In relational data models, data is organised into relations called tables, and each table contains a collection of rows [1, p. 28]. Normalised relational data models were first realised in 1970 by E. Codd [2], and relational database management systems (RDBMS) and Structured Query Language (SQL) became mainstream in the mid-1980s for data storage and management [1, p. 28]. The use case has historically been business data and transaction processing, and the advancement brought by the relational data model from a file-based system allowed developers to hide the complexity of the internal representation of data behind an interface [3, p. 62].
	The use case of relational databases expanded as the way we use computers and networks has changed [1], and today includes social media, games, e-commerce, web apps, and more. As relational databases are optimised for structured data and transactions [4], new NoSQL models have emerged to meet scalable, flexible, and high-performance needs [5]. 

2.2 [bookmark: _Toc125013485]NoSQL Databases
The term ‘NoSQL’ refers to a group of data storage solutions which do not exclusively use a relational data model, rather than to a particular technology [1, p. 29]. The technologies evolved to address the need for data storage to keep pace with performance and scalability needs of web-based applications [6]. Data storage models that come under ‘NoSQL’ are generally distributed, non-relational, horizontally scalable, and open source, [4]. 
In this section four key types of NoSQL database (see Fig. 1) will be outlined and compared to the relational data model. In addition to the four main NoSQL database types, aggregate models like OrientDB also exists [7].
NoSQL databases are not designed to match relational databases in features and capability and make trade-offs in favour of improved scalability and performance [7]. The targeted use case for NoSQL databases is usually for handling large datasets with high growth rates, where data model needs to be more dynamic than traditional relational databases [1, p. 29]. 
In systems using NoSQL data models, a significant portion of the logic, validation, and error handling is processed client side, usually in the application code of the service [8, p. 4]. 
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[bookmark: _Toc125013502][bookmark: _Ref125013709]Fig. 1 Illustration of the four key types of NoSQL databases, from [9].

2.2.1 [bookmark: _Toc125013486]Document-oriented
In a document-oriented database, data is stored as indexed documents in sets called collections [6], instead of in rows like in a relational database. The document format enables easy and quick representations of complex hierarchical relationships in a single data record with nested items, and typically has a JSON or XML format [4]. The application for XML document stores is usually in content management systems like health care and libraries, while JSON storage format is better suited to faster web apps [4]. 
	Document databases are easier to work with for developers, as there is no predefined data organisation structures or fixed data types associated with fields [8, p. 3]. The format of data organised in nested objects and arrays also correlates strongly with object-orientated programming approaches which are commonly used client side. Using a document model removes the need for a transition layer (or impedance mismatch) used with relational data models between the application layer and data storage layer [1, pp. 29-31].
Document oriented data-models also enable data storage to be partitioned across multiple servers, and NoSQL databases like MongoDB are designed to handle balancing the distribution of data across server clusters [7]. This is a key reason to use document NoSQL databases instead of relational data models and is discussed further in section 4.5. Another advantage, when compared to other NoSQL types like key-value models, is that document-oriented databases support searches by attribute names and by value [4]. 
Document data models are optimised for one-to-many relationships, but they do not handle many-to-many and many-to-one relationships as well as relational models, and complex joins are unsupported. The fact that complex joins are not supported can be compensated for in document models by de-normalising the data, but this leads to additional work and cost to keep the data integrity [1, pp. 35-39]. A further disadvantage of document data models compared to RDBMs is they have limited capability for ACID transactions [4].
	The four main types of NoSQL databases are not mutually exclusive, and document databases usually hold data in key-value pairs, for example as in MongoDB [8].

2.2.2 [bookmark: _Toc125013487]Graph
Graph data models are based on graph theory and store objects as either documents or key-value pairs within nodes (ventrices), along with the relationships between them (edges or arcs) [10]. Both nodes and relationships can have properties associated with them, and nodes can represent entities in a similar way to objects in object-oriented programming (OOP) [4]. This representation works well for highly interconnected data, and the focus in graph-oriented systems is on the data relationships [10].	
	In graph data models, complex data relationships can be queried without using joins or foreign keys, as each node in the graph model owns a list of its relationships with other nodes [10]. The queries can be implemented using graph-specific algorithms [4]. This is an advantage over traditional relational database as querying complex relationships is simpler, and over other NoSQL model types like MongoDB (document) which are not able to perform complex joins [4]. 
Graph databases such as Neo4J are non-aggregate oriented [6], and a typical use case is for services that frequently use complex queries with highly interconnected data, such as social media networks and recommendation systems [10]. Aggregate oriented database types like document, key-value, and column split relations, whereas aggregate orientated databases do not [6].
 
2.2.3 [bookmark: _Toc125013488]Key-value
Key-value data models are also known as dictionaries, or hash tables, managing data structured in key-value pairs [10]. This data storage format is scalable and can be distributed across multiple servers. Data items are converted into keys, which are used to retrieve the location of the data when needed [6].
Several NoSQL database types like document (MongoDB) have core key-value functionality and provide additional features [6]. Examples of key-value data storage systems include Voldemort used by LinkedIn [6], and Redis [7].
	A disadvantage of key-value data models compared to relational models and other NoSQL types is that they can only handle exact searches by key, and not by value [4]. This contrasts with for example Graph data models, which can be queried with more complex searches. 
	A use case of key-value data models is applications where a single key identifier can be used for data access, such as user profile setup, e-commerce shopping carts, and web session information [4].

2.2.4 [bookmark: _Toc125013489]Wide-column
Column data storage models combine features of relational and NoSQL databases and have a form of row-and-column structure [10], storing data by columns rather than rows. The column data storage model is optimised for data aggregation, the values within a column that need to be aggregated are stored on the same disk [4]. 
Each row of a record can hold multiple column families, which can be queried using row keys [10]. There is a similarity here with the key used to query records and manipulate data in key-value models, but wide-column models have improved querying capabilities as they use both row level and column level keys [10]. Multiple versions can be accepted for each value, which are then ordered chronologically [4].
Column data models have a partitioning system where the columns can be grouped into families, improving data organisation [5]. A disadvantage of column data models is that when using families they need to be pre-defined, which is in contrast to other NoSQL types like document and key-value which have more flexible architectures [4]. 
A common use case for column data models is sectors that rely heavily on data analysis and data aggregation [4], as they utilise memory more efficiently [6]. An example of this application is HBase, which is used by Search engines [6], and Cassandra used in the financial industry [7].


3. [bookmark: _Toc125013490]Abertawe Entertainment data storage use case implementation
3.1 [bookmark: _Toc125013491]Relational database solution
A relational data model solution for Abertawe Entertainment was implemented as a PostgreSQL database. The starting point in the database design was to assess the data fields needed to meet Abertawe Entertainment’s business needs for the e-commerce and content management platform. The fields were then organised into tables with foreign key relationships and brought to third normal form (3NF) [3, p. 471]. 
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[bookmark: _Ref124944519][bookmark: _Toc125013503]Fig. 2 Entity Relationship Diagram for the SQL implementation of the Abertawe Entertainment database.

An entity relationship diagram (ERD) is shown in Fig. 2 for the proposed tables, data fields, and foreign key relationships. The address table is shared between users (customers) and publishers, to avoid duplicating similar data. The customer_order table has both user_id and asset_id as foreign keys, facilitating a many-to-many [3, p. 422] relationship between users and assets. 
As noted in the brief, Abertawe Entertainment may wish to store multimedia BLOB files associated with some products. To ensure the database performance stays optimal, BLOB files have been placed in a separate table, linked to the asset table with an id foreign key. The reason for this separation is that BLOB files can be large, which could slow down performance and make backing up the database challenging as the collection grows [11]. As the BLOB datatype does not exist in PostgreSQL, a bytea data type was used instead [12], adopting a developed solution to generate custom length random bytea values [13].
The table creation scripts have validation and constraints, with data type control and limits for most fields. There are also constraint checks in place to keep the discount percentage, username and password within acceptable limits. As email addresses are not case sensitive, a unique index is added to the email field to avoid duplication [14]. 
Mock data was generated to populate the database using Mockaroo [15], using the closest possible matches to the likely data Abertawe Entertainment would store. To improve performance, further indexes were created for fields that are likely to need frequent searches [13], such username, and title, author, and genre of asset publications.
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[bookmark: _Ref124947489][bookmark: _Toc125013504]Fig. 3 Record of a transaction in the Abertawe Entertianment PostgreSQL database

A record of a transaction in the database is shown in Fig. 3, and the purchase_asset_proc procedure is available in Section 4.2 of the .sql file supplied. The procedure makes inserts into the payment and customer_order tables, and is rolled back if either insert cannot be made. This transaction is isolated to the Read Committed level, which is the default for PostgreSQL [16].  A separate function updateStockQuantity_fn reduces the stock quantity by the amount purchased. Similarly, scripts are supplied to register a user (Section 3) and allow a user to view all of their assets (Section 5). 

3.2 [bookmark: _Toc125013492]NoSQL MongoDB solution
A data storage solution was implemented with MongoDB, which is a NoSQL document-oriented database [8, p. 3]. 
	The data is organised into collections, which are like tables in a relational database [4]. Collections hold related documents which are roughly equivalent to rows, and documents are indexed using the special “id_” key which is automatically allocated [17]. Within each document is a set of key-value pairs, and can hold values of hierarchically embedded objects, arrays or subcollections  [8, p. 8] [4]. 
	A diagram of the collection structure implemented is shown in Fig. 4, and the four key collections are customers, orders, assets, and publishers. MongoDB collections can have dynamic schemas meaning they can accept documents with different ‘shapes’ (different data types) [8, p. 8]. 
For Abertawe Entertainment, we have included a set of validation rules and constraints [18] which can be optionally applied when adding documents to collections. Unlike with a relational database, the validation rules can be changed easily, and the type and shape of data added to collections is flexible. As with the relational data storage solution, the mock data was generated using Mockaroo [15].
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[bookmark: _Ref124952414][bookmark: _Toc125013505]Fig. 4 Representation of MongoDB collection structure for the Abertawe Entertainment database. Own work created in Miro based on format of MongoDB schema representations shown in [19].

To improve performance, related documents are kept together in distinct collections, which improves searching and indexing [8, p. 9]. Document entries are automatically indexed in MongoDB [17], with high search performance. As with the relational model implementation, the BLOB items are kept separate in a nested subcollection. This collection is likely to contain larger files and keeping a degree of separation will improve search capability. 
As MongoDB is more optimised for hierarchically nested data storage than complex joins, key entities like address are directly nested within the customer and publisher collections. This inevitably leads to some duplication of data, and it is expected that logic in the web application would be applied to ensure data integrity. The nested arrays in collections, such as assets and orders in customer, make it possible to find which orders and assets are associated with a customer. A disadvantage of this is that the data is not normalised, and data integrity controls will need to be in place. 
The MongoDB solution is not able to handle ACID transactions well [4], but can perform atomic transactions within a single document [20]. This is the reason behind the design choice of structure of the orders collection, as each data value required to perform a transaction on an asset is nested within a single orders document. This allows atomic transactions to be carried out, which would be performed client side as described in [20].
Compared to the PostgreSQL solution, with the MongoDB database a significantly larger proportion of the logic, validation and checks are outsourced to the client-side application of the platform.



4. [bookmark: _Toc125013493]Use case comparison of relational and NoSQL data models

Established quality attributes [21] will be used as a basis for the debate of when to use relational models versus NoSQL solutions for different use cases. Quality attributes impact software and database design decisions [21], and are therefore a useful comparison tool. For each business problem to solve, quality attributes have a different weighting and can be used to decide between relational and NoSQL data models. 

4.1 [bookmark: _Toc125013494]Availability and consistency
Consistency is connected to data integrity and is a measure of variations of the same data within different parts and instances of a database system. Traditional relational databases inherently have a higher level of consistency, as all transactions are directly committed, and client requests read and write from the same database instance [7]. This makes them well suited to uses cases where data integrity is paramount, such as financial transactions and orders.
	According to CAP theorem, the network partitions that come with horizontal scaling lead to a choice between optimising for consistency or availability [22]. Within this spectrum, NoSQL databases like MongoDB have sacrificed some consistency for horizontal scalability [7], which improves their service availability. Horizontal scalability has enabled NoSQL data models to offer permanent availability at lower cost than relational databases [4], making them well suited to web applications with high data growth rates [5].

4.2 [bookmark: _Toc125013495]Durability and maintainability
Evolvability is a key aspect of maintainability, with today’s business needs and system requirements continually in flux [1, p. 21]. NoSQL approaches like MongoDB work well with use cases where modern agile software delivery is applied, as they are flexible and can be developed iteratively [8, p. 3]. With no strict schema, NoSQL data models are well suited to evolving agile web applications [23]. For Abertawe Entertainment, this would improve the process of delivering and maintaining the sales and content management platform.
	Relational data models have a fixed schema and are less flexible [3], and are more suited to scenarios where data structures are known from the outset and relatively static. Another advantage of using relational models for common and known problems, is that many use cases such as customer ordering systems, will already have developed solutions which can be adapted [3].

4.3 [bookmark: _Toc125013496]Performance
NoSQL databases like MongoDB are optimised for high performance, pre-allocating data files and adding dynamic padding to documents [8, p. 4]. A trade-off for consistent performance is use of extra storage space, which is usually not an issue in modern data systems. 
	NoSQL data storage systems follow a distributed architecture and are able to scale horizontally, and as a result have significant performance advantages with reduced latency [10]. This makes them ideal or use cases in search and Big Data web applications [5], where fast response with large data volumes is a priority. 

4.4 [bookmark: _Toc125013497]Reliability and robustness
A disadvantage of NoSQL databases like MongoDB, is that they are not able to handle complex joins and multirow transactions [8, p. 4], a capability that was sacrificed for improved scalability. Relational databases outperform NoSQL databases for robustness and are able to handle ACID transactions [4]. 
	RDBMs are also less prone to reliability issues from human error and can implement rigid checks and constraints on complex data insertions [3]. NoSQL databases rely more on client-side logic for data validation and checks. 
	The ability of relational data models to deal rigorously with transactions and concurrency [3] makes them well suited to managing orders, banking and finance (with the exception of financial data analysis, where wide column NoSQL solutions may be more optimal [7]).

4.5 [bookmark: _Ref124857881][bookmark: _Toc125013498]Scalability
NoSQL data storage solutions like MongoDB have a definite advantage over relational databases when it comes to scalability [5]. Scalability is often the primary motivation to opt for NoSQL solutions, especially in today’s fast paced environment where businesses have evolving needs.
	NoSQL databases like MongoDB have the advantage over relational databases as they are designed to be able to scale out horizontally and are able to manage partitioning data across clusters of separate servers [8, p. 4]. Relational databases on the other hand are usually restricted to scaling up vertically, meaning capacity needs to be added to a single machine which is usually a more expensive solution [4]. With the increasing volumes of data to store, and the business need of Abertawe Entertainment to store multimedia content, the ability to scale out is a considerable advantage for NoSQL solutions.
NoSQL data models also offers a range of additional features and are able to handle specialist datatypes such as GPS information, RFIDs, IP addresses and metadata [5], as well as sorting, aggregations, and range queries [8, p. 3]. This makes them suited to specialist applications including geospatial use cases, and as well cases with evolving complex data relations like social media networks and recommendation-based apps. 
Relational data models on the other hand are useful for centralised monolithic applications which have low growth rate and set data structures [4], which includes smaller scale businesses.



5. [bookmark: _Toc125013499]Conclusion and Recommendations for AE
While NoSQL and relational data storage systems each have their own advantages and disadvantages, the core objective is to choose a data storage solution which best solves the business problem for Abertawe Entertainment. 
	It is clear from the solutions implemented and the analysis in this report, that a relational data model is best suited to the static and regularly structured data in the customer order management side of the  AE’s platform, offering robust ACID transactions and data integrity. The digital content management side of the platform, however, is better served with a document NoSQL solution like MongoDB, which can store data in a flexible and scalable way. If AE are considering developing the platform in the future to include recommendations to customers and social networking between users, a NoSQL graph type model may also be applicable. 
	The choice of data model needs to consider current and potential future business needs, and it is important to understand that relational data models are less flexible and difficult to evolve. Based on the brief given, the recommendation from this report would be to implement a mixed data model [4] [19]. A relational data model could be used for order management and transactions, and a NoSQL document model like MongoDB could be used for storing and managing the digital multimedia content. 
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