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Data, Databases, and DBMS |

Welcome to the introductory lecture on Database Management Systems.
In this session, we will explore the foundational concepts that form the
basis of all modern information systems. We will define what data is, how

it transforms into meaningful information, and why specialized software
systems are required to manage it efficiently.
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What is Data? |

Data refers to raw, unorganized facts and figures that need to be
processed. Data can be something simple and seemingly random and
useless until it is organized. When data is processed, organized, structured

or presented in a given context so as to make it useful, it is called
information.
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Data vs. Information |

While often used interchangeably, data and information are fundamentally
different concepts in computing. Information is data that has been
processed in such a way as to be meaningful to the person who receives it.
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T raditional File Processing System |

Before the advent of DBMS, organizations stored information in traditional
file systems. A file system is a method of storing and organizing computer
files and the data they contain to make it easy to find and access them.
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Drawbacks of File Systems |

Traditional file systems suffered from several critical limitations that made
them unsuitable for large-scale enterprise applications. These limitations
drove the need for a more robust solution.
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What is a Database? |

A database is a systematic and organized collection of related data that is
stored electronically in a computer system. Databases are designed to
facilitate efficient insertion, retrieval, and deletion of data.
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What is a DBMS? |

A Database Management System (DBMS) is a collection of interrelated
data and a set of programs to access those data. It acts as an interface
between end-users and the database, allowing users to create, read,
update, and delete data in the database.
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Characteristics of a DBMS |

A modern DBMS possesses several key characteristics that distinguish it
from file-based storage systems, making it essential for complex
applications.
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Advantages of Using a DBMS |

Implementing a DBMS offers numerous benefits for organizations,

fundamentally changing how data is handled and leveraged for business
intelligence.
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Disadvantages of a DBMS |

Despite their overwhelming advantages, DBMS solutions do come with
certain costs and potential drawbacks that organizations must consider.
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Real-world Applications of Databases |

Databases are ubiquitous in the modern digital economy. Almost every

application you interact with daily relies heavily on database technology on
the backend.
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Summary & Conclusion |

In this lecture, we laid the groundwork for understanding database
systems. We transitioned from the concept of raw data to meaningful
information, examined the pitfalls of traditional file systems, and
introduced the DBMS as the robust solution to these challenges.
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Introduction to Database Systems |

Welcome to Lecture 2. Today, we will explore the evolution of data
management by comparing traditional File-Oriented Systems with modern
Database Management Systems (DBMS). Furthermore, we will delve into
the critical role of the Database Administrator (DBA), understanding their
responsibilities in managing and safeguarding enterprise data.

o Historical context of data storage

o Comparative analysis of file systems and DBMS

@ The role, functions, and importance of the DBA
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What is a File-Oriented System? |

A file-oriented system is a traditional method of storing data where
information is kept in discrete, separate files. Before the advent of DBMS,
organizations stored information in traditional operating system files. Each
application program defines and manages its own data files, leading to a
decentralized approach to data management.

o Data is stored in independent, flat files (e.g., CSV, TXT, or custom
binary).

@ Application-specific: Each program manages its own data files.

o Typically written in languages like C, COBOL, or Pascal, where the
program logic dictates data structure.

@ Lack of a centralized repository or a unifying data management
interface.

.
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Drawbacks of File-Oriented S

The decentralized nature of file-oriented systems introduces several major
inefficiencies. The primary issues stem from the lack of coordination
among different departments maintaining their own data.

o Data Redundancy: The same information (e.g., student address) is
duplicated across multiple files (e.g., library file, fee file). This wastes
storage space.

@ Data Inconsistency: Because data is duplicated, updating an address
in the fee file but forgetting to update it in the library file leads to
contradictory information.

o Data Isolation: Data is scattered in various files, and files may be in
different formats. Writing new application programs to retrieve the
appropriate data is difficult.
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Drawbacks of File-Oriented S

Beyond redundancy and inconsistency, file systems struggle with flexibility,
data integrity, and concurrency.

o Difficulty in Accessing Data: Traditional file systems do not provide
flexible data retrieval mechanisms. Generating an ad-hoc report
requires writing a new program from scratch.

o Integrity Problems: Data values must satisfy certain consistency
constraints (e.g., account balance > 0). In a file system, these
constraints are buried deep within application code, making them
hard to change or enforce universally.

o Atomicity of Updates: If a system crashes during a complex operation
(like transferring funds), a file system may leave data in an
inconsistent, partial state. Ensuring all-or-nothing (atomic)
operations is notoriously complex.
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Drawbacks of File-Oriented Systems (Part 3) |

Security and concurrent access pose significant challenges for file-based
data storage.

Key Points

@ Concurrent Access Anomalies: To improve performance, multiple
users may access data simultaneously. In a file system, if two
programs try to update the same record at the exact same time, it
can result in incorrect data.

@ Security Problems: Enforcing security constraints in a file system is
difficult because application programs are added to the system in an
ad-hoc manner. It is challenging to provide granular access control

(e.g., allowing a user to see only the 'salary’ column but not the
'SSN’ column).
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The Database System Solution |

A Database Management System (DBMS) is designed to solve the
problems inherent in file-oriented systems. It provides a centralized,
controlled, and abstracted view of data.

Key Points

o Centralized Repository: Data is stored in a single, integrated database
accessible by multiple applications.

@ Data Abstraction: The DBMS hides complex underlying data
structures, offering users an abstract view of the data.

@ Data Independence: Changes to the physical storage structure do not
require rewriting application programs.

o Standardized Querying: Provides robust query languages (like SQL)
for flexible data retrieval.
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Comparison: File System vs. DBMS |

Let's summarize the key differences between the traditional File-Oriented
System and a Database Management System.
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Comparison: File System vs. DBMS I

@ Redundancy: File systems have high redundancy; DBMS minimizes
redundancy through normalization.

o Consistency: File systems are prone to inconsistency; DBMS ensures
high consistency.

@ Data Access: File systems require custom programs for access; DBMS
offers a declarative query language (SQL).

o Integrity & Security: File systems provide weak integrity/security;
DBMS provides robust, centrally managed integrity rules and granular
access control.

@ Concurrency: File systems have poor concurrency management;
DBMS handles concurrency effectively using locks and transaction
management.
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Advantages of Database Management Systems |

The adoption of a DBMS brings significant benefits to an organization,
transforming how data is utilized as a strategic asset.

@ Control of Data Redundancy: Reduces storage costs and eliminates
consistency issues.

@ Data Sharing: Multiple users and applications can interact with the
data simultaneously.

o Enforcement of Standards: A DBA can enforce organizational
standards (naming conventions, display formats) centrally.

@ Improved Backup and Recovery: DBMS provides automated, robust
backup and recovery mechanisms to handle hardware or software
failures.

@ Better Decision Support: Enhanced querying and reporting
capabilities support business intelligence.
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Introduction to the Database Administrator (DBA) |

A database system requires significant orchestration to function optimally.
The Database Administrator (DBA) is the central authority responsible for
the design, management, and performance of the database.

Key Points

@ The DBA is an IT professional or a team of professionals.

@ They possess a deep understanding of the enterprise’'s data and the
DBMS technology.

@ The DBA acts as a bridge between management, database designers,
and end-users.

@ They hold the highest level of privilege within the database ecosystem.)
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DBA Responsibilities (Part 1): Design & Architecture

The initial setup and ongoing structural maintenance of the database are
core duties of the DBA.

@ Schema Definition: The DBA creates the original database schema by
writing a set of data definition language (DDL) commands. This
defines the logical structure (tables, views, relationships).

@ Storage Structure and Access Method Definition: The DBA dictates
how data is physically stored on disk and creates appropriate indexes
to optimize data retrieval speeds.

@ Schema and Physical Organization Modification: As business
requirements evolve, the DBA alters the schema and physical storage
to accommodate new data or improve performance.
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DBA Responsibilities (Part 2): Security &

Maintenance |

Protecting data assets and ensuring system availability are critical,
ongoing operational tasks for the DBA.

@ Granting Authorization for Data Access: The DBA manages user
accounts, roles, and privileges, ensuring users only access the data
necessary for their jobs (Principle of Least Privilege).

@ Routine Maintenance: This includes periodically backing up the
database, monitoring free disk space, and upgrading the DBMS
software.

@ Performance Monitoring: The DBA monitors query execution times,
identifies bottlenecks, and fine-tunes the system (e.g., by adding new
indexes or rewriting queries) to maintain optimal throughput.
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Summary |

In conclusion, transitioning from file-oriented systems to database
management systems is crucial for managing complex, enterprise-level
data. The DBA plays the pivotal role in ensuring this system remains
secure, performant, and reliable.

o File systems suffer from redundancy, inconsistency, and poor security.
o DBMS offers centralized control, data independence, and robust
concurrency handling.

@ The DBA is the architect and guardian of the database, responsible
for schema design, security, performance tuning, and routine
maintenance.

o Next Lecture: Data Models (Relational, Network, Hierarchical) and
Database Architecture (3-schema architecture).
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1.4 Schema, Sub-Schema, and Instances |

Welcome to the module on Database Structure and Architecture. Focus:
The fundamental architecture that separates data definition from data
manifestation. Key concepts covered: Database Schema (overall design),
Sub-schema (user views), and Instances (data at a moment in time).
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Introduction to Database Architecture |

A Database Management System (DBMS) relies on a structured
architectural framework to manage data efficiently and reliably. The
architecture rigorously decouples the description of the data (metadata)
from the data itself. This decoupling provides essential data independence,
allowing changes in underlying structures without affecting high-level
applications. To achieve this abstraction, DBMSs utilize concepts like
schemas to define structural constraints and instances to represent actual
state.
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What is a Database Schema? (Intension) |

Definition: A database schema is the skeleton structure that represents the
logical view of the entire database system. Also academically known as
the 'Intension’ of the database. It defines exactly how the data is
organized, explicitly declaring tables, fields, complex relationships, views,
indexes, integrity constraints, and domain types. The schema is
meticulously designed during the initial database modeling phase and is
expected to change very infrequently over the lifecycle of the system.
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Characteristics of a Database Schema |

Static Nature: Schemas are inherently static; altering them (e.g., adding a
column) requires significant administrative effort and can severely impact
downstream applications. Compiled Form: It is stored persistently in the
database's data dictionary (or system catalog) as metadata. Schema
Diagrams: Often represented visually using Schema Diagrams (like ER
Diagrams), which show entities, attributes, and primary/foreign key
cardinality. Note: A schema diagram strictly displays the structural
definition, not the actual row-level data contained within the database.
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Levels of Database Schema Architecture |

Based on the classical ANSI/SPARC 3-level architecture, schemas are
categorized into three distinct abstraction layers: 1. Physical Schema:
Describes the database design at the physical level (detailing how data is
stored on magnetic disks, data structures like B+ trees, and access paths).
2. Logical Schema: Describes the database design at the logical level
(what data is stored and the semantic relationships among the data).
Developers operate primarily at this level. 3. View Schema (Sub-schema):
Describes customized, restricted views of the database tailored for
different end-users or application modules.
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Deep Dive: Logical vs Physical Schema |

Logical Schema: Defines entities, attributes, and foreign key relationships.
It intentionally hides physical storage details. Example: defining a
'Student’ relational table with 'RolINo’ as a primary key. Physical Schema:
Defines the internal storage mechanics and optimization strategies.
Example: specifying that the 'Student’ table is stored as a clustered
sequential file with an unclustered hash index on the 'Name' column.
Physical Data Independence: A core DBMS goal where modifications to
the physical schema (like rebuilding an index for performance) do not
necessitate any rewrites to the logical schema or application queries.
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What is a Sub-Schema? (External Schema) |

Definition: A sub-schema represents a specific subset of the overall logical
schema, strictly tailored for a specific user, application, or business group.
It is perfectly synonymous with the 'View Level’ or 'External Schema’ in
the ANSI/SPARC architecture. A single robust database can concurrently
support dozens of sub-schemas, each presenting a customized, restricted,
or aggregated projection of the core database. End-users interact
exclusively with their specific sub-schema, remaining entirely oblivious to
the broader, complex logical schema.
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Role and Importance of Sub-Schemas |

Security and Privacy: By forcefully restricting access to only necessary
data fields, sub-schemas prevent unauthorized viewing of sensitive
information (e.g., hiding a 'Salary’ column from an HR scheduling app).
Interface Simplification: Users see a highly simplified, intuitive model of
the data relevant only to their specific tasks, radically reducing cognitive
load. Logical Data Independence: If the underlying logical schema changes
(e.g., a table is normalized and split into two), the sub-schema can be
intelligently redefined using SQL JOINs to keep the user’s interface
perfectly consistent.
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Understanding Database Instances (Extension) |

Definition: The comprehensive collection of actual data comprehensively
stored in the database at a specific, frozen moment in time is called an
instance. Also academically known as the 'Extension’ or the 'Current
State’ of the database. Unlike the rigid schema, instances are highly
dynamic and mutate constantly as data is inserted, updated, or deleted
during routine operations. Every time a committed transaction occurs, the
database transitions deterministically from one valid instance (state) to
another valid instance.
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Schema vs. Instance: Core Dichotomy |

Conceptual Anchor: Schema is the structural design or blueprint; Instance
is the populated, actual data. Temporal Variability: Schema changes
rarely (structural, DDL operations); Instance changes continuously
(transactional, DML operations). Storage Mechanism: Schema is
represented strictly by metadata within the system catalog; Instance is
represented by actual records and tuples in the data files. Programming
Analogy: Schema is equivalent to variable and struct declarations in C4++
(int x; struct Node{...}); Instance is the actual transient values held in
memory during execution (x = 5;).
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Example: Tracing Schema and Instance State

Transitions |

Time TO (Initialization): Schema constructed -> Table 'Employees’ (ID
INT, Name VARCHAR, Salary DECIMAL). Instance is Empty (0 rows).
Time T1 (Data Insertion): DML executed. Instance transitions to -> {(1,
'Alice’, 50000.00), (2, 'Bob’, 60000.00)}. Schema remains completely
untouched. Time T2 (Data Update): Bob gets a promotion. Instance
transitions to -> {(1, 'Alice’, 50000.00), (2, 'Bob’, 65000.00)}. Schema is
still identical. Time T3 (Structural Alteration): Business logic requires
tracking Department. Schema changes via DDL -> Table 'Employees’ (ID,
Name, Salary, DeptID). Instance is immediately updated to reflect NULL
in new column.
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Summary and Key Takeaways |

Schema forms the immutable architectural backbone and blueprint of the
DBMS (Intension), providing a solid foundation for data modeling.
Physical schemas handle raw storage, logical schemas map data
structures, and sub-schemas isolate user views for security. Sub-schemas
provide crucial layers of abstraction, directly enabling Logical Data
Independence. Instances dynamically represent the fluid, ever-changing
actual data at a specific temporal snapshot (Extension). Deeply
understanding this separation of concerns is critical for mastering
enterprise database architecture and performance tuning.
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Data Abstraction and Data Independence |

Module 1: Introduction to Database Management Systems Topic 1.5:
Data Abstraction Topic 1.6: Data Independence Focus: Hiding complexity
and ensuring system adaptability.
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Introduction Data Abstraction |

**Definition:** The process of hiding irrelevant details from users.
Database systems are complex, involving intricate data structures. To
ensure user-friendly interaction, developers hide this complexity.
Abstraction provides multiple views of the database for different users. It
simplifies interaction without compromising the system's power.
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Need for Data Abstraction |

**Complexity Management:** Shields users from low-level storage details.
**Security:** Restricts user access to only necessary data. **Usability:**
Allows non-technical users to interact with data easily. **Maintenance:**
Enables changes in physical storage without affecting user interaction.
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Three Levels of Abstraction Architecture |

Also known as the **ANSI/SPARC Architecture**. Divided into three
distinct tiers: 1. **Physical Level (Internal Level):** Lowest level,
describes *how* data is stored. 2. **Logical Level (Conceptual Level):**
Middle level, describes *what* data is stored. 3. **View Level (External
Level):** Highest level, describes *part* of the database.
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1. Physical Level (Internal Level) |

The lowest level of abstraction. Describes complex low-level data
structures. Managed by Database Administrators (DBAs). Deals with: -
Storage allocation (blocks, cylinders). - Access paths (indexes, B-trees). -
Data compression and encryption.
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2. Logical Level (Conceptual Level) |

The next higher level of abstraction. Describes *what* data is stored and
the *relationships* among those data. Used by Database Administrators
and Application Programmers. Defines entities, attributes, and

relationships. Example: A 'Customer’ record has 'CustomerID’, 'Name’,
and 'Address’.
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vel (External Level) |

The highest level of abstraction. Describes only a portion of the entire
database. Tailored to specific user needs or application requirements.
Provides security by hiding sensitive information. Example: A payroll clerk
sees employee salary data, but not performance reviews.
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Introduction to Data Independence |

**Definition:** The ability to modify a schema definition in one level
without affecting a schema definition in the next higher level. A direct
consequence of the three-level abstraction architecture. Ensures
application stability amidst underlying database changes. Reduces the cost
and effort of software maintenance.
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Logical Data Independence |

The capacity to change the **Logical (Conceptual) schema** without
changing the **External (View) schemas** or application programs.
Changes might include: - Adding new entities, attributes, or relationships.
- Restructuring existing logical schemas. More difficult to achieve than
physical data independence.
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Physical Data Independence |

The capacity to change the **Internal (Physical) schema** without
changing the **Conceptual (Logical) schema**. Application programs
remain entirely unaffected. Changes might include: - Modifying file
organization (e.g., sequential to indexed). - Changing storage devices. -
Modifying indexes or hashing algorithms.
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Data Abstraction vs. Data Independence |

**Data Abstraction:** - The *goal* or *concept* of hiding details. -
Implemented via the three-level architecture (View, Logical, Physical).
**Data Independence:** - The *result* or *benefit* of the three-level
architecture. - The property that allows schema changes without breaking
higher levels. - A mechanism to achieve separation of concerns.
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Summary and Conclusion |

**Data Abstraction** simplifies user interaction by hiding storage
complexities. Three levels: **Physical** (how), **Logical** (what),
**View** (part). **Data Independence** allows schema modifications
without breaking applications. Two types: **Logical** (conceptual
changes) and **Physical** (storage changes). Together, they form the
bedrock of robust, maintainable database systems.
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Introduction to Data Abstraction |

Data abstraction is the process of hiding irrelevant, low-level details of
how data is stored and maintained from the user. It provides a conceptual
view of the data, masking complex underlying storage structures to
prevent overwhelming end-users. Crucial for simplifying user interaction
with databases by allowing them to work with logical constructs (like
tables and objects) instead of byte streams and file blocks. Enables
different user personas (e.g., developers, analysts, executives) to interact
with the same database through customized, simplified views tailored to
their specific operational needs.
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The Three-Schema Architecture |

Database abstraction is formalized through the ANSI-SPARC architecture,
divided into three distinct levels. 1. Physical (Internal) Level: The lowest
level of abstraction, explicitly describing HOW data is actually stored on
the physical media. 2. Logical (Conceptual) Level: The intermediate level,
describing WHAT data is stored in the entire database and the
relationships among those data elements. 3. View (External) Level: The
highest level of abstraction, describing only a specific portion of the entire
database relevant to a particular user or application group.
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Deep Dive: Physical Level (Internal Schema) |

Operates directly above the operating system’s file management system,
dealing with complex low-level data structures. Describes storage
allocation mechanisms such as contiguous, linked, or indexed allocation for
efficient disk utilization. Details critical performance artifacts including
access paths, dense/sparse indices, and file organization methodologies
(e.g., B+ trees, Hash maps, ISAM). Primarily managed by Database
Administrators (DBAs) and systems programmers focusing on systemic
performance and storage optimization.
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Deep Dive: Logical Level (Conceptual Schema) |

Describes the entire informational structure of the enterprise in terms of a
small number of relatively simple, coherent structures. Defines all entities,
attributes, relationships, and precise data types independent of their
physical storage formats. Enforces vital business rules through semantic
integrity constraints, referential integrity, and domain constraints. Serves
as the central blueprint; DBAs utilize this level to definitively understand
what information is kept in the database system globally.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026



Deep Dive: View Level (External Schema) |

Radically simplifies interaction for typical users by providing multiple
customized, abstract views of the same underlying conceptual database.
Acts as a robust security mechanism: a view can explicitly hide sensitive
data (e.g., masking PIl or salary columns from regular departmental
applications). Supports backward compatibility: legacy applications can
continue to function against their original view schemas even if the
conceptual schema evolves. Applications operate exclusively at this level,
insulating them from the complexities of the full enterprise data model.
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Data Independence |

Data independence is defined as the robust capacity to seamlessly change
the schema at one level of a database system without necessitating a
change at the next higher level. It ensures that structural modifications to
underlying data representations do not break or require recompilation of
overlying application programs. Provides crucial modularity, drastically
simplifying long-term maintenance and iterative evolution of large-scale
enterprise systems. Fundamentally categorized into two distinct types:
Logical Data Independence and Physical Data Independence.
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Understanding Physical Data Independence |

The ability to modify the physical (internal) schema without forcing a
rewrite or alteration of the logical (conceptual) schema or any application
programs. Conceptual structures and user views remain entirely unaffected
by underlying changes in storage hardware, operating systems, or file
organization topologies. Practical Examples: Migrating a database
partition from HDD arrays to NVMe SSDs, transparently switching a
primary table structure from sequential heap to clustered B-Tree
organization. Relatively easier to achieve because the conceptual level
naturally abstracts away the physical implementation details in most
relational systems.
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Understanding Logical Data Independence |

The significantly more complex ability to modify the logical (conceptual)
schema without altering the external schemas (views) or existing
application programs. Substantially harder to achieve perfectly because
applications are often heavily dependent on the conceptual structure’s
assumed topology. Practical Examples: Adding new, non-mandatory
attributes to an existing entity, normalizing a large single table into two
smaller related tables while providing a unified view to legacy apps.
Requires highly sophisticated dynamic mapping and transformation layers
between the external view definitions and the conceptual schema.
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The Strategic Importance of Data Independence |

Drastically reduces software maintenance and refactoring costs over the
lifecycle of an application ecosystem. Permits continuous, non-disruptive
database tuning, scaling, and performance optimization without requiring
scheduled application downtime. Supports dynamic organizational agility,
allowing the database to evolve organically alongside shifting business
requirements. Facilitates a clean separation of concerns: DBAs can focus
purely on data integrity and performance, while software engineers focus
on application logic.
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Schema Mapping: The Engine of Independence |

The DBMS engine utilizes intricate mapping metadata to transform
queries, requests, and result sets between the three architectural levels.
Conceptual/Internal Mapping: Directly relates the logical schema to the
physical storage. If the physical structure changes, only this mapping must
be updated to preserve Physical Data Independence. External/Conceptual
Mapping: Relates specific user views to the master logical schema. If the
conceptual schema expands or structurally shifts, this mapping is
dynamically updated to guarantee Logical Data Independence. Trade-off:
These mapping transformations carry an inherent computational
performance overhead during query compilation and execution.
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Real-World Case Study: RDBMS Implementation |

In mature relational systems (like PostgreSQL or Oracle), the External
Level is natively implemented as virtual, dynamically computed views
based on encapsulated SQL queries. The Logical Level corresponds to the
standard relational base tables (DDL), explicitly defining the referential
graph via primary and foreign key constraints. The Physical Level is
governed by specialized storage engines (e.g., InnoDB) handling page sizes,
WAL logs, extent management, and B+ tree node balancing. Because of
this strict separation, a DBA dropping a redundant index (Physical) has
zero impact on the SQL syntax (Logical/View) executed by an ORM.
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Lecture Summary and Next Steps |

Data abstraction purposefully simplifies user interactions and robustly
protects underlying system integrity through layered architectural views.
The ANSI-SPARC three-tier schema architecture (Physical, Logical, View)
forms the foundational bedrock of all modern DBMS design philosophies.
Data independence (both Physical and Logical) provides the essential
insulation that ensures long-term application stability amidst inevitable
database evolution. Next Lecture: We will explore practical Database
Languages (DDL, DML, DCL) and delve deeper into Database System
Component Architecture.
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Introduction to Data Abstraction |

Data abstraction is a critical concept in database management systems
that aims to hide complex data structures and implementation details
from users. It provides a simplified view of the database, ensuring that
users can interact with the system efficiently without needing to
understand its underlying complexities. This separation between the
logical view of data and its physical storage is fundamental to building
scalable, robust, and user-friendly database applications.
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The Three Levels of Data Abstraction |

The architecture of most modern database systems is based on the
ANSI/SPARC three-schema architecture, which divides data abstraction
into three distinct levels: the physical level, the logical (or conceptual)
level, and the view (or external) level. Each level provides a different
perspective on the data and serves a specific purpose in decoupling the
user's view from the physical storage medium.
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Physical Level of Abstraction |

The physical level is the lowest level of data abstraction. It describes how
the data is actually stored in the underlying storage media, such as hard
drives or solid-state drives. At this level, complex low-level data structures
are defined, including file organizations, indexing methods (like B-trees or
hash tables), and the exact byte-level representation of data types.
Database administrators and system developers primarily interact with this
level to optimize performance and storage efficiency.
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Logical (Conceptual) Level of Abstraction |

The logical level, also known as the conceptual level, represents the middle
layer of abstraction. It describes what data is stored in the entire database
and the semantic relationships among those data. This level is defined by
database designers (data administrators) who create a complete logical
structure (schema) without worrying about physical storage details. It
includes definitions of entities, attributes, constraints, and relationships.
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View (External) Level of Abstraction |

The view level is the highest level of abstraction, providing a simplified
interaction layer for end-users. It describes only the specific portion of the
database that is relevant to a particular user or application program,
hiding the rest of the database. Multiple views can exist for the same
database, each tailored to different user roles, ensuring data security and
simplifying complex queries by presenting pre-aggregated or filtered data.
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Transitioning to Data Independence |

Data independence is closely tied to the concept of data abstraction.
While data abstraction provides the structural framework (the three
levels), data independence is the resulting property or capability. It is
defined as the capacity to change the schema at one level of a database
system without having to change the schema at the next higher level. This
decoupling is crucial for database maintenance and evolution.
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Types of Data Independence |

Data independence is broadly categorized into two main types based on
the levels of abstraction they separate: Logical Data Independence and
Physical Data Independence. Both types are essential for maintaining the
stability of applications when underlying schemas require modification,
whether for performance tuning, structural reorganization, or
accommodating new business requirements.
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Logical Data Independence (

Logical data independence refers to the ability to modify the logical
(conceptual) schema without causing application programs to be
rewritten. Changes at the logical level might include adding or removing
new entities, attributes, or relationships. If a new column is added to a
table, applications that do not use that column should continue to
function normally. Achieving logical data independence is generally harder
than physical data independence because application logic is closely tied to
the logical structure.
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Physical Data Independence (Detailed) |

Physical data independence is the ability to modify the physical schema
without causing application programs or logical schemas to be rewritten.
Modifications at this level are typically driven by the need to optimize
performance or storage. Examples include changing file organization
methods (e.g., from sequential to indexed), altering storage structures, or
modifying access methods. The logical schema remains entirely insulated
from these hardware or low-level software adjustments.
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Mechanisms Enabling Data Independence |

The DBMS maintains data independence through a series of mappings
between the three abstraction levels. When a schema at a lower level is
modified, only the mapping between that level and the higher level needs
to be changed; the higher-level schema itself remains untouched. The
DBMS translates requests from the view level, through the logical level,
down to the physical operations needed to retrieve the data.
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Impact on Database Design and Maintenance |

The combination of data abstraction and data independence profoundly
impacts how databases are designed and maintained over their lifecycle. It
allows database administrators to continuously optimize the system'’s
physical storage and evolve the conceptual schema to meet new business
needs, all while ensuring zero downtime or required modifications for
existing front-end applications.
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Summary and Conclusion |

In summary, data abstraction provides the necessary architectural layers
(physical, logical, view) to manage data complexity, while data
independence provides the functional ability to modify schemas at lower
levels without disrupting higher levels. Together, they form the
cornerstone of modern database management systems, ensuring systems
remain scalable, performant, and maintainable over time.
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Recap: The Need for Data Abstraction |

Database systems are composed of complex data structures. To ensure
user-friendly interaction, the system hides this complexity. Data
abstraction simplifies database usage by exposing only necessary data. It
provides a conceptual overview without burdening users with underlying
implementation details. Abstraction ensures developers and end-users can
operate efficiently without needing to know physical storage nuances.
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The Three-Schema Architecture |

Data abstraction in DBMS is typically implemented via a three-level
architecture. 1. Physical Level (Internal Schema): Describes how data is
actually stored. 2. Logical Level (Conceptual Schema): Describes what
data is stored and relationships among data. 3. View Level (External
Schema): Describes only part of the entire database for specific user
groups. This architecture allows for modularity and isolation of database
components.
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Deep Dive: Physical Level of Abstraction |

The physical level is the lowest level of data abstraction. It details the
exact storage structures, access paths, and file organizations. Examples
include B-trees, hashing techniques, and indexing methods. Managed
exclusively by database administrators (DBAs) and systems programmers.
Changes at this level focus on optimizing performance, such as query
execution speed and storage utilization.
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Deep Dive: Logical Level of Abstraction |

The logical level represents the database in terms of tables, records, and
relationships. It defines constraints, data types, and the complete schema
for the entire database. Database designers construct this level, hiding the
complexity of the physical storage. For instance, defining an 'Employee’
table with fields: 1D (int), Name (varchar), and Department_ID (int). It
acts as the bridge connecting the complex physical layer to the
user-friendly view layer.
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Deep Dive: View Level of Abstraction |

The view level is the highest level of abstraction, closest to the end-users.
It provides multiple customized views of the database for different user
roles. A view abstracts away both physical storage and irrelevant logical
schema components. For example, a payroll clerk sees an employee’s
salary details but not their medical records. Views enhance security and
usability by restricting data access appropriately.
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Introduction to Data Independence |

Data Independence is a direct consequence of the three-schema
architecture. It is defined as the capacity to change the schema at one
level of a database system without having to change the schema at the
next higher level. This ensures application programs are insulated from
modifications in data organization and storage. It fundamentally reduces
the cost and effort required for database maintenance. Data independence
is broadly categorized into two types: Logical and Physical.
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Logical Data Independence: Overview |

Logical Data Independence refers to the ability to modify the logical
schema without altering the external schemas or application programs.
Changes typically include adding new entities, attributes, or modifying
relationships. It is achieved by altering the view definitions to
accommodate changes while presenting the same structure to the
application. This is generally considered difficult to achieve because
applications are often heavily dependent on the logical structure. Example:
Adding a 'Date of Birth' field to the 'Employee’ table does not break the
payroll processing application.
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Physical Data Independence: Overview |

Physical Data Independence refers to the ability to modify the physical
schema without altering the logical schema. Changes include using new
storage devices, modifying file organization, or changing indexing
strategies. Applications remain entirely unaffected by these changes as
they interact only with the logical schema. This is generally easier to
achieve compared to logical data independence. Example: Switching from
a sequential file structure to a B+ tree index to improve search speed.
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Logical vs. Physical Data Independence |

Focus: Logical focuses on the conceptual structure, while Physical focuses
on storage mechanics. Impact: Logical schema changes might affect views
if not handled properly; Physical changes only affect performance.
Difficulty: Logical data independence is more difficult to achieve due to
tight application coupling. Purpose: Logical changes accommodate
evolving business requirements; Physical changes optimize system
efficiency. Both forms of independence are essential for building scalable
and maintainable enterprise database systems.
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Mappings in the DBMS Architecture |

Mappings refer to the processes of transforming requests and results
between the abstraction levels. Conceptual/Internal Mapping: Links the
logical level to the physical level. It dictates how logical records translate
into physical bits. External/Conceptual Mapping: Links a specific view to
the logical schema. It dictates how data is extracted for an external
schema. Mappings are what actually provide data independence. If a
schema is changed, only the mapping needs to be updated, keeping higher
levels insulated.
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Advantages of Data Independence |

Application Resiliency: Applications do not need to be rewritten when
database structures evolve. Improved Security: Views restrict user access,
and structural changes don't compromise these restrictions. Performance
Tuning: DBAs can freely optimize physical storage without coordinating
with application developers. Cost Efficiency: Significantly reduces the
long-term maintenance costs of software ecosystems. Simplification:
Developers can focus solely on business logic rather than data
management nuances.
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Summary and Conclusion |

Data Abstraction hides database complexity through Physical, Logical,
and View levels. Data Independence allows schema changes at lower levels
without impacting higher levels. Physical Data Independence protects
against storage changes. Logical Data Independence protects against
conceptual schema changes. Together, these principles form the
foundation of robust, scalable, and maintainable modern Database
Management Systems.
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Database Management Systems |

Welcome to Lecture 8 Topic: Basic Concepts of the Entity-Relationship
(E-R) Model Understanding how to conceptualize database designs.
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Introduction to the E-R Model |

The Entity-Relationship (E-R) data model is a high-level conceptual data
model. It was developed to facilitate database design by allowing
specification of an enterprise schema. Such a schema represents the
overall logical structure of a database. The E-R model is very useful in
mapping the meanings and interactions of real-world enterprises onto a
conceptual schema. It employs three basic concepts: entity sets,
relationship sets, and attributes.
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Entity and Entity Sets |

An **Entity** is a "thing” or "object” in the real world that is
distinguishable from all other objects. Examples of entities: a specific
person, a specific company, a specific event. An **Entity Set** is a set of
entities of the same type that share the same properties or attributes. For
example, the set of all persons who are customers at a given bank can be
defined as the entity set 'Customer'. Entities are represented by their
attributes in the database system.
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Attributes |

**Attributes** are descriptive properties possessed by each member of an
entity set. The designation of an attribute for an entity set expresses that
the database stores similar information for each entity in the set. For
instance, for a "Customer’ entity set, attributes might include
'customer_id’, 'customer__name’, and 'customer_street’. Each entity has a
specific value for each of its attributes. A **Domain** or **Value Set** is
the set of permitted values for each attribute.
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Types of Attributes: Simple vs Composite |

**Simple Attributes**: Attributes that are not divided into subparts.
Example: 'customer_id' is typically a simple attribute. **Composite
Attributes**: Attributes that can be divided into smaller subparts, which
represent more basic attributes with independent meanings. Example:
"Name' could be divided into 'first_name’, 'middle_initial’, and
'last_name’. Composite attributes help to model situations where a user
sometimes refers to the composite attribute as a unit, and other times to
its components.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026



Types of Attributes: Single-valued, Multi-valued,

Derived |

**Single-valued Attributes**: Have a single value for a particular entity.
Example: 'Date of Birth'. **Multi-valued Attributes**: Can have a set of
values for the same entity. Example: 'Phone Number’ (a person may have
zero, one, or several phone numbers). **Derived Attributes**: The value
for this type of attribute can be derived from the values of other related
attributes or entities. Example: 'Age’ can be derived from 'Date of Birth’
and the current date. Derived attributes are often not physically stored in
the database but calculated as needed.
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Relationships and Relationship Sets |

A **Relationship** is an association among several entities. Example: A
'depositor’ relationship associates a customer entity 'Johnson’ with an
account entity 'A-101". A **Relationship Set** is a mathematical relation
among n >= 2 entity sets. If E1, E2, ..., En are entity sets, then a
relationship set R is a subset of {(el, €2, ..., en) | el in E1, 2 in E2, ...,
en in En}. Relationship sets can also have descriptive attributes (e.g.,
'access_date’ for a 'depositor’ relationship).
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Degree of a Relationship Set |

The **Degree** of a relationship set is the number of entity sets that
participate in a relationship set. **Binary Relationship**: A relationship
set of degree two. These are the most common. Example: The
relationship 'works_ for' between entity sets 'Employee’ and 'Department’.
**Ternary Relationship**: A relationship set of degree three. Example: A
relationship 'works_on' among 'Employee’, 'Project’, and 'Location’.
Relationships of degree higher than two are relatively rare but possible.
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Mapping Cardinalities (Cardinality Ratios) |

**Mapping Cardinalities**, or cardinality ratios, express the number of
entities to which another entity can be associated via a relationship set.
They are most useful in describing binary relationship sets. They constrain
the number of relationships in which an entity can participate. The typical
mapping cardinalities are: One-to-One (1:1), One-to-Many (1:N),
Many-to-One (N:1), and Many-to-Many (N:M). Understanding these is
critical for correctly translating the conceptual model into a relational
schema.
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One-to-One and One-to-Many Relationships |

**One-to-One (1:1)**: An entity in set A is associated with at most one
entity in set B, and an entity in set B is associated with at most one entity
in set A. Example: A '"Manager’ heads exactly one 'Department’, and a
'Department’ is headed by exactly one '"Manager. **One-to-Many
(1:N)**: An entity in set A is associated with any number of entities in
set B. An entity in set B, however, can be associated with at most one
entity in set A. Example: A 'Department’ has many 'Employees’, but an
"Employee’ belongs to exactly one 'Department’.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026



Many-to-One and Many-to-Many Relationships |

**Many-to-One (N:1)**: An entity in set A is associated with at most one
entity in set B. An entity in set B can be associated with any number of
entities in set A. This is conceptually the reverse of One-to-Many,
depending on perspective. **Many-to-Many (N:M)**: An entity in set A
is associated with any number of entities in set B, and an entity in set B is
associated with any number of entities in set A. Example: A 'Student’ can
enroll in many 'Courses’, and a 'Course’ can have many 'Students’
enrolled.
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Summary and Conclusion |

The E-R Model provides a powerful, high-level mechanism for conceptual
database design. Entities represent real-world objects, and entity sets
group similar entities. Attributes describe properties of entities, coming in
various types (simple, composite, single-valued, multi-valued, derived).
Relationships represent associations among entities, characterized by their
degree and mapping cardinalities. These core concepts form the
foundation for creating accurate E-R diagrams, which are essential for
database development.
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Lecture 9: Mapping Cardinality & ER Diagrams |

Exploring the core concepts of relational mapping constraints and the
foundational elements of Entity-Relationship (ER) modeling in Database
Management Systems.
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Mapping Cardinalities: An Overview |

Mapping cardinalities, or cardinality ratios, express the number of entities
to which another entity can be associated via a relationship set. They are
fundamental in defining the constraints on binary relationship sets and
dictate how data is structured in relational tables. Understanding
cardinality is crucial for database normalization and ensuring data integrity.
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One-to-One (1:1) Mapping |

In a One-to-One relationship, an entity in set A is associated with at most
one entity in set B, and an entity in set B is associated with at most one
entity in set A. For example, a relationship between a "Manager' and a
'Department’ where each manager heads only one department, and each
department has only one manager. This constraint limits the maximum
participation in the relationship.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 101 /541



One-to-Many (1:N) Mapping |

A One-to-Many mapping indicates that an entity in set A can be
associated with any number of entities in set B, but an entity in set B is
associated with at most one entity in set A. A classic example is the
relationship between 'Customer’ and 'Order’ or 'Department’ and

"Employee’. It is the most common relationship type found in relational
databases.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026

102 /541



Many-to-One (N:1) Mapping |

Conversely, a Many-to-One relationship means an entity in set A is
associated with at most one entity in set B, while an entity in set B can be
associated with any number of entities in set A. Conceptually, it is the
inverse of the One-to-Many relationship, viewed from the opposite entity
set's perspective, such as many 'Students’ enrolling in one specific 'Course
Section’.
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Many-to-Many (M:N) Mapping |

In a Many-to-Many relationship, an entity in set A is associated with any
number of entities in set B, and an entity in set B is associated with any
number of entities in set A. Examples include 'Student’ and 'Course’ (a
student takes multiple courses, a course has multiple students). In
relational implementation, this requires a junction (or associative) table to
resolve the mapping.
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Participation Constraints |

Participation constraints dictate whether all or only some entities in an
entity set participate in a relationship.

Total Participation: Every entity in the set must participate in at least one
relationship instance (indicated by a double line in ER diagrams). Partial
Participation: Only some entities in the set participate in the relationship
instances (indicated by a single line).
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Introduction to ER Diagrams |

An Entity-Relationship (ER) Diagram is a graphical representation of the
logical structure of a database. It visualizes the entities, the attributes
characterizing those entities, and the relationships connecting them. ER
diagrams serve as a blueprint for the database schema, facilitating
communication between stakeholders and database designers.
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Core Components of ER Diagrams |

ER diagrams consist of three primary components:

1. Entities: Represent objects or concepts (e.g., 'Employee’, 'Project’),
typically depicted as rectangles. 2. Attributes: Properties defining the
entities (e.g., 'Name’, 'Salary’), shown as ovals linked to their respective
entities. 3. Relationships: Associations between entities (e.g.,
"Works_On'), depicted as diamonds.
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Advanced Attribute Types |

Beyond simple attributes, ER modeling supports complex types:
Composite Attributes: Can be divided into subparts (e.g., 'Address’
composed of 'Street’, 'City’, 'Zip'). Multivalued Attributes: Can hold
multiple values for a single entity (e.g., 'Phone Numbers'), depicted by
double ovals. Derived Attributes: Values computed from other attributes
(e.g., 'Age’ from 'Date_of_Birth'), shown with dashed ovals.
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Weak Entity Sets |

A weak entity set lacks a primary key of its own and depends on the
existence of a strong (identifying) entity set. Its primary key is formed by
combining its partial key (discriminator) with the primary key of the
identifying strong entity. Weak entities are depicted with double
rectangles, and their identifying relationships with double diamonds.
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Summary and Conclusion |

Mapping cardinalities (1:1, 1:N, N:1, M:N) and participation constraints
define the rules governing entity associations. ER diagrams provide a
powerful, visual abstraction for conceptual data modeling, utilizing
entities, attributes (including composite, multivalued, and derived), and
relationship sets to accurately blueprint complex relational database
schemas.
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Introduction to Weak Entity Sets & Enhanced ER

Model |

Welcome to Lecture 10. Today we transition from basic
Entity-Relationship modeling to more advanced concepts that allow for
greater precision in database design. We will first explore the concept of
Weak Entity Sets, which are entities that cannot be uniquely identified by
their own attributes alone. Following that, we will introduce the Enhanced
Entity-Relationship (EER) model, an extension of the original ER model
that incorporates object-oriented concepts. The EER model includes
features such as specialization, generalization, and aggregation, enabling
the modeling of complex data relationships found in modern applications.
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Defining Weak Entity Sets |

A strong entity set has a primary key that uniquely identifies each entity
within the set. In contrast, a weak entity set does not have sufficient
attributes to form a primary key. Instead, a weak entity relies on a related
strong entity, known as its identifying or owner entity, for unique
identification. The relationship relating the weak entity to its owner is
called the identifying relationship. A weak entity set must have total
participation in its identifying relationship, meaning every weak entity
must be associated with an owner entity.
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Partial Keys and ER Representation |

Although weak entities lack a full primary key, they typically possess a
"discriminator’ or 'partial key. A partial key is an attribute (or set of
attributes) that distinguishes among all those weak entities that depend
on the same strong entity. In an ER diagram, a weak entity set is
represented by a double rectangle. The identifying relationship is
represented by a double diamond. The partial key is underlined with a
dashed line, distinguishing it from the solid underline used for primary keys
of strong entities.
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Example: Employees and Dependents |

Consider a database for a company that tracks employees and their
dependents for insurance purposes. The ‘EMPLOYEE' entity set is a
strong entity set with ‘EmployeelD" as its primary key. The
‘DEPENDENT" entity set is a weak entity set. A dependent (e.g., child,
spouse) is identified only in the context of the employee they belong to.
The partial key for ‘' DEPENDENT' might be ‘FirstName' (assuming an
employee doesn't have multiple dependents with the exact same first
name). The primary key of the ‘DEPENDENT" entity is effectively the
combination of ‘EmployeelD" and ‘FirstName".
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Introduction to the Enhanced ER (EER) Model |

As database applications grew more complex (e.g., CAD/CAM, GIS,
multimedia databases), the basic ER model was found lacking in its ability
to express certain semantic relationships. The Enhanced
Entity-Relationship (EER) model was developed to address these
limitations by adding semantic modeling concepts. The EER model
incorporates all concepts from the original ER model and adds concepts
such as subclasses, superclasses, specialization, generalization, and
attribute inheritance. These additions make the EER model closely related
to object-oriented design principles, allowing for a more accurate reflection
of real-world hierarchies.
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Superclasses and Subclasses |

In many cases, an entity type may have numerous subgroupings of its
entities that are meaningful and need to be explicitly represented. For
example, an ‘EMPLOYEE' entity type may be further grouped into
‘SECRETARY’, ‘ENGINEER®, and ‘"MANAGER'. The overarching entity
type (‘EMPLOYEE") is called the superclass, while the subgroupings are
called subclasses. The relationship between a superclass and a subclass is
called an IS-A relationship (e.g., a ‘'SECRETARY" IS-A ‘EMPLOYEE").
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Attribute Inheritance in EER |

A crucial concept in superclass/subclass relationships is attribute
inheritance. An entity that is a member of a subclass inherits all the
attributes of the entity as a member of the superclass. For example, if
‘EMPLOYEE" has attributes ‘Name*, ‘SSN', and ‘BirthDate', then the
subclass ‘ENGINEER® automatically inherits these attributes. Furthermore,
an entity in a subclass also inherits all the relationships in which the
superclass participates. Subclasses can have their own specific attributes
(e.g., ‘TypingSpeed' for ‘SECRETARY", ‘EngineeringType' for
‘ENGINEER®) that do not apply to the superclass.
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Specialization: A Top-Down Approach |

Specialization is the process of defining a set of subclasses of an entity
type; it is a top-down design process. We start with a higher-level entity
type (the superclass) and define subclasses based on distinguishing
characteristics. For example, we might start with the entity type
‘ACCOUNT" and specialize it into ‘SAVINGS_ACCOUNT"* and
‘CHECKING_ACCOUNT" based on the account type. Specialization
allows us to define specific attributes for each subclass and specific
relationships that involve only members of a particular subclass.
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Generalization: A Bottom-Up Approach |

Generalization is the reverse of specialization; it is a bottom-up design
process. We start by identifying several entity types with common features
and abstract them into a single higher-level superclass. For example, if we
initially identified ‘CAR' and 'TRUCK" as entity types, we might notice
they share attributes like ‘VehiclelD*, ‘LicensePlate’, and ‘Price’. We can
generalize them into a superclass ‘VEHICLE' that contains the shared
attributes, leaving specific attributes (like ‘MaxPayload* for trucks or
‘NumberOfPassengers' for cars) in the respective subclasses.
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Constraints on Specialization and Generalization |

When defining superclass/subclass relationships, we can specify structural
constraints. Disjointness Constraint: Specifies whether an entity can
belong to more than one subclass. 'Disjoint’ (usually denoted by a 'd’ in a
circle) means an entity can be a member of at most one subclass.
'"Overlapping’ (denoted by an 'o’) means it can belong to multiple
subclasses simultaneously. Completeness Constraint: Specifies whether an
entity in the superclass must be a member of at least one subclass. 'Total’
completeness means every superclass entity must belong to a subclass.
"Partial’ completeness means some superclass entities may not belong to
any subclass.
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Aggregation in EER Models |

Aggregation is a conceptual abstraction used to treat relationships as
higher-level entities. The standard ER model has a limitation: it cannot
express relationships between relationships. For instance, consider a
ternary relationship ‘WORKS_ON* among ‘EMPLOYEE', ‘PROJECT",
and ‘BRANCH'. If we want to record the machinery used by an employee
on a specific project at a specific branch, we need to relate the entity
‘MACHINERY" to the ‘WORKS_ON' relationship. Aggregation allows us
to encapsulate the ‘WORKS_ON' relationship into a single abstract entity,
and then create a new relationship between this abstract entity and
‘MACHINERY".
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Summary and Next Steps |

In this lecture, we explored Weak Entity Sets, which require identifying
strong entities for their existence and identification. We delved into the
Enhanced ER Model (EER), which extends the ER model with
object-oriented concepts. We covered superclasses, subclasses, attribute
inheritance, specialization, and generalization, along with their associated
constraints. We also introduced Aggregation as a method to model
relationships involving other relationships. In the next lecture, we will
discuss how to map these conceptual EER schemas into relational
database schemas (tables, columns, and foreign keys).
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Converting ER Diagrams to Relational Databases |

A comprehensive guide to translating Entity-Relationship models into
relational database tables. Understanding the systematic mapping process.
Ensuring data integrity and preserving constraints during translation.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 123 /541



Introduction: The Mapping Process |

The conceptual design (ER or EER model) must be translated into a
logical design (relational schema). This process involves a set of
well-defined steps to ensure all entities, relationships, and attributes are
correctly represented. The goal is to create a set of relational tables that
accurately reflect the data requirements and constraints of the conceptual
model. Key considerations include handling primary keys, foreign keys, and
various relationship cardinalities.
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Step 1: Mapping of Regular Entity Types |

For each regular (strong) entity type E in the ER schema, create a relation
(table) R that includes all simple attributes of E. Choose one of the key
attributes of E as the primary key for R. If the chosen key of E is
composite, the set of simple attributes that form it will together form the
primary key of R. Example: An employee entity with attributes SSN,
Name, and Address becomes an EMPLOYEE table with SSN as the
primary key. Derived attributes are typically not stored in the relation to
avoid redundancy and anomalies.
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Step 2: Mapping of Weak Entity Types |

For each weak entity type W with owner entity type E, create a relation R
and include all simple attributes of W as attributes of R. Include as foreign
key attributes of R the primary key attribute(s) of the relation(s) that
correspond to the owner entity type(s). The primary key of R is the
combination of the primary key(s) of the owner(s) and the partial key of
the weak entity type W. Example: DEPENDENT of an EMPLOYEE
includes the employee’s SSN as a foreign key, and its primary key is (SSN,
Dependent_Name).
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Step 3: Mapping of Binary 1:1 Relation Types |

For each binary 1:1 relationship type R, identify the relations S and T that
correspond to the entity types participating in R. Three possible
approaches: 1. Foreign Key approach: Choose one relation, say S, and
include a foreign key in S the primary key of T. It is better to choose an
entity type with total participation in R in the role of S. 2. Merged
relation approach: Merge the two entity types into a single relation if both
participations are total. 3. Cross-reference or relationship relation
approach: Set up a third relation R to hold the primary keys of both entity
types as foreign keys.
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Step 4: Mapping of Binary 1:N Relationship Types |

For each regular binary 1:N relationship type R, identify the relation S that
represents the participating entity type at the N-side of the relationship.
Include as foreign key in S the primary key of the relation T that
represents the other entity type participating in R. This is because each
entity instance on the N-side is related to at most one entity instance on
the 1-side. Include any simple attributes of the 1:N relationship type as
attributes of S. Example: A DEPARTMENT has many EMPLOYEEs. Add
Department_ID as a foreign key in the EMPLOYEE table.
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Step 5: Mapping of Binary M:N Relationship Types |

For each binary M:N relationship type R, create a new relation S to
represent R. Include as foreign key attributes in S the primary keys of the
relations that represent the participating entity types. Their combination
will form the primary key of S. Include any simple attributes of the M:N
relationship type as attributes of S. Example: WORKS_ON relationship
between EMPLOYEE and PROJECT. Create a WORKS_ON table with
(SSN, Project_Number) as the primary key.
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Step 6: Mapping of Multivalued Attributes |

For each multivalued attribute A, create a new relation R. This relation R
will include an attribute corresponding to A, plus the primary key attribute
K of the relation that represents the entity type or relationship type that
has A as an attribute. The primary key of R is the combination of A and
K. If the multivalued attribute is composite, we include its simple
components. Example: Employee Locations. Create a table
EMP_LOCATIONS with primary key (SSN, Location).
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Step 7: Mapping of N-ary Relationship Types |

For each n-ary relationship type R, where n > 2, create a new relation S
to represent R. Include as foreign key attributes in S the primary keys of
the relations that represent the participating entity types. Also include any
simple attributes of the n-ary relationship type as attributes of S. The
primary key of S is usually a combination of all the foreign keys that
reference the relations representing the participating entity types.
Exceptions occur if the cardinality constraints on any of the participating
entity types specify that it can participate at most once.
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Step 8: Mapping of Specialization/Generalization |

Convert superclass/subclass relationships using one of multiple options: 1.
Multiple relations - Superclass and subclasses (Create table for superclass
and tables for each subclass with PK of superclass). 2. Multiple relations -
Subclasses only (Create tables for subclasses only, duplicating superclass
attributes). 3. Single relation with one type attribute (Table includes all
attributes and a type attribute to indicate subclass - works for disjoint
subclasses). 4. Single relation with multiple type attributes (Table
includes all attributes and a boolean flag for each subclass - works for
overlapping subclasses).

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 132 /541



Step 9: Mapping of Union Types (Categories) |

A category (union type) represents a collection of entities from different
entity types. For mapping a category whose defining superclass have
different keys, it is customary to specify a new key attribute, called a
surrogate key, when creating a relation to correspond to the category. The
keys of the defining classes are kept as foreign keys in the relation for the
category. For a category whose defining superclasses have the same key,
there is no need for a surrogate key. The common key can be used as the
primary key.
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Summary and Key Takeaways |

The ER to relational mapping algorithm provides a deterministic,
step-by-step approach to translating conceptual models into relational
database schemas. Proper mapping ensures that data integrity constraints
from the ER model are preserved using primary and foreign keys. Different
mapping strategies exist for 1:1, 1:N, and M:N relationships, as well as for
handling complex structures like specialization and union types. A robust
relational schema is the foundation for efficient querying, data
manipulation, and overall database performance.
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Introduction to Advanced ER Mapping |

In the previous lecture, we established the foundational rules for mapping
basic Entity-Relationship constructs into a relational schema. We
successfully mapped strong entities, weak entities, and simple 1:1
relationships. However, real-world data models involve intricate structures
such as multivalued attributes, complex many-to-many relationships, and
hierarchical data models (specialization/generalization). This lecture
focuses on the systematic algorithmic steps to convert these advanced
conceptual structures into robust relational tables. Our goal is to preserve
data integrity and semantic meaning during the transition from the
conceptual level to the logical level.
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Step 6: Mapping Multivalued Attributes |

A multivalued attribute in an ER diagram (represented by a double oval)
can hold multiple values for a single entity instance, violating First Normal
Form (1NF) if placed directly in a single column. Mapping Rule: Create a
completely new relation (table) for each multivalued attribute. The
primary key of this new relation is a composite key. It consists of the
attribute itself plus the primary key of the parent entity (which acts as a
foreign key referencing the parent relation). Example: If 'Employee’ has a
multivalued attribute 'Locations’, we create a new table
'Employee_Locations’ with composite primary key (Employee_|ID,
Location).
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Step 7: Mapping N-ary Relationship Types |

An n-ary relationship connects three or more entities simultaneously (e.g.,
a ternary relationship between Supplier, Project, and Part). Mapping Rule:
Create a new relation S to represent the n-ary relationship. Include as
foreign keys the primary keys of all participating entity types. The primary
key of the new relation S is usually a combination of all these foreign keys.
Any simple attributes attached directly to the n-ary relationship in the ER
diagram should also become columns in this new relation S.
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Mapping Specialization and Generalization |

Enhanced ER (EER) diagrams introduce concepts from object-oriented
design, specifically Specialization (top-down) and Generalization
(bottom-up). These structures establish a superclass/subclass hierarchy,
where subclasses inherit attributes and relationships from the superclass.
Mapping these hierarchies into a flat relational model requires specific
strategies, known as Options 8A, 8B, 8C, and 8D. The choice of strategy
depends on constraints: disjointness (disjoint or overlapping) and
completeness (total or partial specialization). Each option presents
trade-offs regarding table proliferation, null values, and query complexity.
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Option 8A: Multiple Relations - Superclass and

Subclasses |

Mapping Rule: Create a relation L for the superclass and separate
relations (L1, L2, ... Ln) for each subclass. The superclass relation L
contains all common attributes, including the primary key. Each subclass
relation Li contains its specific attributes PLUS the primary key of the
superclass. The primary key of the superclass acts as a foreign key in the
subclass relations, establishing the link. This option works well for any
type of specialization (total/partial, disjoint/overlapping) and avoids null
values, but requires multiple table joins for complete entity retrieval.
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Option 8B: Multiple Relations - Subclass Relations

Only |

Mapping Rule: Eliminate the superclass relation entirely. Create separate
relations for each subclass ONLY. Each subclass relation includes its
specific attributes AND all attributes inherited from the superclass
(including the primary key). Applicability: This method is best suited for
Total Specialization where every entity MUST belong to a subclass. If the
specialization is disjoint, each entity exists in exactly one table. If
overlapping, data redundancy occurs as entities might be duplicated across
multiple subclass tables. Benefit: Eliminates the need for joins when
retrieving subclass-specific data.
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Option 8C: Single Relation with One Type Attribute |

Mapping Rule: Create a single relation containing ALL attributes of the
superclass and ALL attributes of every subclass. Introduce a 'Type' or
'Discriminator’ attribute (e.g., Job_Type) to indicate the specific subclass
an entity belongs to. Applicability: This strategy is ONLY applicable to
Disjoint specializations. Trade-offs: It significantly reduces the number of
tables and eliminates joins. However, it introduces many NULL values for
attributes that do not belong to an entity’s specific subclass. This option
is often preferred when subclasses have very few specific attributes.
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Option 8D: Single Relation with Multiple Type

Attributes |

Mapping Rule: Similar to 8C, create a single relation with all attributes
from the superclass and all subclasses. Instead of one type attribute,
introduce multiple boolean flag attributes (e.g., Is_Engineer, Is_Manager),
one for each subclass. Applicability: This method is used specifically for
Overlapping specializations, where an entity can belong to multiple
subclasses simultaneously. An entity’s membership in a subclass is
indicated by setting the corresponding boolean flag to TRUE. Like 8C, it
suffers from the 'sparse table’ problem (many NULLs) but accommodates
complex overlapping logic efficiently within a single table structure.
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Mapping Shared Subclasses (Multiple Inheritance) |

A shared subclass inherits from more than one superclass (multiple
inheritance). Mapping Strategy: Generally mapped using the Multiple
Relations approach (Option 8A). Create a relation for the shared subclass.
Include the primary keys of ALL superclasses as foreign keys in the
subclass relation. These multiple foreign keys may collectively form the
primary key, or a new surrogate key can be introduced depending on the
business logic and constraints. Care must be taken to maintain referential
integrity across multiple parent relations.
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Mapping Union Types (Categories) |

A Union Type or Category represents a collection of entities that belong to
different, unrelated entity types (e.g., 'Owner’ could be a 'Person’, a
'Bank’, or a 'Company’). Mapping Rule: Create a new relation for the
category. Because the superclasses do not share a common primary key,
we must generate a new Surrogate Key for the category relation. Add this
surrogate key as a foreign key to the relations of all participating
superclasses. The category relation will also hold any attributes specifically
assigned to the category itself.
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Normalization Considerations Post-Mapping |

The ER-to-Relational mapping algorithms are designed to produce a
schema that is inherently well-structured, often achieving 3NF or BCNF
directly. However, rigorous normalization should always follow the
algorithmic mapping step. Check for partial dependencies to ensure
compliance with Second Normal Form (2NF). Examine relations for
transitive dependencies to guarantee Third Normal Form (3NF). Address
any multi-valued dependencies that may have been overlooked to reach
Fourth Normal Form (4NF). The mapping rules provide the foundation;
normalization refines it.
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Summary of Advanced Mapping |

We have now completed the comprehensive guide to mapping ER and
EER diagrams to relational schemas. Multivalued attributes always spawn
new, dependent tables. N-ary relationships require junction tables linking
multiple foreign keys. EER Specialization mapping (Options 8A-8D) offers
flexibility based on completeness and disjointness constraints, balancing
joins against null values. Mastering these advanced conversions ensures a
scalable, theoretically sound database architecture ready for physical
implementation.
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Advanced ER to Relational Mapping Overview |

In this continued session, we focus on complex constructs within the
Enhanced Entity-Relationship (EER) model. While basic entities, weak
entities, and binary relationships follow straightforward foreign key or
cross-reference table rules, advanced constructs require specific design
decisions. Key areas of focus include mapping Multi-valued Attributes,
N-ary Relationships, and Specialization/Generalization hierarchies. The
goal of these mapping algorithms is to preserve data integrity, minimize
null values, and ensure the relational schema remains in high normal forms
(BCNF or 3NF). Understanding these advanced rules is crucial for
converting conceptual enterprise data models into robust physical
databases.
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Rule 6: Mapping Multi-valued Attributes |

A multi-valued attribute in an ER diagram (e.g., 'Locations’ for a
'Department’) cannot be directly implemented as a single column in a
relational table because it violates the First Normal Form (1NF). Mapping
Rule: For each multi-valued attribute 'A’, create a new relation 'R". This
new relation 'R’ will include an attribute corresponding to 'A’, plus the
primary key attribute(s) 'K’ of the entity type or relationship type that has
'A’ as an attribute. The primary key of the new relation 'R’ is the
combination of 'A" and 'K’ (a composite primary key). A foreign key
constraint must be established from 'K’ in the new relation 'R’ referencing
the primary key of the original entity table.
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Mapping Multi-valued Attributes: Detailed Example |

Scenario: An 'EMPLOYEE’ entity has a primary key 'SSN' and a
multi-valued attribute 'Skill'. An employee can have multiple skills. Step 1:
The 'EMPLOYEE' table is created with 'SSN" as the primary key. The
'Skill" attribute is omitted from this base table. Step 2: A new table
named 'EMP_SKILL' is created. Step 3: 'EMP_SKILL" contains two
columns: 'Employee_SSN’ (acting as a foreign key to 'EMPLOYEE.SSN')
and 'Skill'. Step 4: The primary key for 'EMP_SKILL' is the composite
key (Employee_SSN, Skill). This ensures that an employee cannot have
the exact same skill recorded twice, enforcing entity integrity. This
structure completely satisfies INF while maintaining the explicit
connection to the parent entity.
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Rule 7: Mapping N-ary Relationship Types |

An n-ary relationship (where n > 2) connects multiple entity types
simultaneously. The most common is a ternary relationship (degree 3).
Mapping Rule: For each n-ary relationship type 'R’, create a new relation
'S’ to represent 'R’. Include as foreign key attributes in 'S’ the primary
keys of the relations that represent the participating entity types. Include
any simple attributes of the n-ary relationship type directly as attributes in
the new relation 'S’. The primary key of 'S’ is usually a combination of all
the foreign keys that reference the participating entity types. However, if
the cardinality constraints dictate that one participating entity has a
maximum participation of 1, the primary key of 'S” may just be the foreign
keys of the other (n-1) participating entities.
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Mapping Ternary Relationships: SUPPLY Example |

Consider a ternary relationship 'SUPPLY" between three entities:
'SUPPLIER’ (SName), 'PART’ (PartNo), and 'PROJECT’ (ProjName),
with an attribute 'Quantity’. Following Rule 7, we create a new table
called 'SUPPLY". Foreign Keys: The 'SUPPLY" table will include 'SName’,
"PartNo’, and 'ProjName’ as foreign keys pointing to their respective base
tables. Relationship Attributes: The '"Quantity’ attribute is added directly
to the 'SUPPLY" table. Primary Key Determination: Assuming a
many-to-many-to-many (M:N:P) cardinality, the primary key for the
'SUPPLY’ table is the composite of (SName, PartNo, ProjName). This
implies that a specific supplier can supply a specific part to a specific
project exactly once in the tracking system (though 'Quantity’ can denote
how many).
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Rule 8: Mapping Specialization/Generalization (EER)

Specialization and Generalization create inheritance hierarchies
(Superclass/Subclass relationships). Relational databases do not natively
support inheritance. There are four standard options (8A, 8B, 8C, 8D) to
map these structural hierarchies into relational tables. The choice of
mapping option depends on two main constraints of the hierarchy:
Disjointness constraint (Disjoint vs. Overlapping) and Completeness
constraint (Total vs. Partial). Option 8A (Multiple relations) and Option
8B (Multiple relations for subclasses only) utilize multiple tables. Option
8C (Single relation with one type attribute) and Option 8D (Single
relation with multiple type attributes) flatten the hierarchy into a single
table. Selecting the right option minimizes NULL values and joins during
query execution.
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Specialization Mapping: Option 8A (Superclass and

Subclasses) |

Method: Create a relation 'L’ for the superclass 'C' and a relation 'Li" for
each subclass 'Si". Attributes: 'L’ contains all attributes of 'C’ and its
primary key 'k’. Each 'Li' contains the specific attributes of 'Si’ and the
primary key 'k’ from 'C". Foreign Key: The primary key 'k’ in each subclass
relation 'Li" is also a foreign key referencing the superclass relation 'L’
Applicability: Works for any specialization (total/partial,
disjoint/overlapping). Trade-offs: Highly normalized and eliminates NULLs
for subclass attributes. However, querying all attributes of a subclass
instance requires a JOIN operation between 'L’ and 'Li’, which can impact
performance on large datasets.
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Specialization Mapping: Option 8B (Subclass

Relations Only) |

Method: Create a relation 'Li’ for each subclass 'Si'. No relation is created
for the superclass 'C". Attributes: Each 'Li" contains the specific attributes
of 'Si’ PLUS all the attributes of the superclass 'C’, including the primary
key. Applicability: Strictly recommended ONLY for Total Specialization
(where every entity in the superclass must belong to at least one subclass)
and Disjoint constraints. If used for Overlapping constraints, the same
entity’s superclass data will be duplicated across multiple subclass tables,
leading to redundancy and update anomalies. Trade-offs: Excellent for
query performance as no JOINs are needed to fetch full entity details.
Fails completely if the specialization is partial (entities belonging only to
the superclass would have nowhere to be stored).
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Specialization Mapping: Option 8C (Single Relation,

One Type Attribute) |

Method: Create a single relation 'L’ that contains all attributes of the
superclass 'C" and all attributes of all subclasses 'Si". Type Attribute: Add
a new discriminating attribute, often called "Type' or 'JobClass’, whose
value indicates the specific subclass to which the tuple belongs.
Applicability: Only works for Disjoint specialization. Because there is only
one type attribute, a tuple can only indicate membership in exactly one
subclass. Trade-offs: Simplifies schema and eliminates JOINs entirely.
However, it generates significant NULL values for attributes of subclasses
that the tuple does not belong to. This can waste storage space (if the
DBMS doesn’t compress NULLs) and requires careful NULL handling in
application logic.
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Specialization Mapping: Option 8D (Single Relation,

Multiple Type Attributes) |

Method: Create a single relation 'L’ that contains all attributes of the
superclass 'C" and all subclasses 'Si". Type Attributes: Instead of a single
type column, introduce a boolean flag (e.g., Is_Manager, Is_Engineer,
Is_Technician) for EACH subclass. Applicability: Specifically designed for
Overlapping specialization where a single entity can belong to multiple
subclasses simultaneously. If an entity belongs to a subclass, its
corresponding boolean flag is set to True/1, and the relevant subclass
attributes are populated. Otherwise, the flag is False/0, and the attributes
remain NULL. Trade-offs: Like Option 8C, it avoids JOINs but introduces
potentially many NULLs. The proliferation of boolean columns can make
the schema wider and queries slightly more complex.
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Rule 9: Mapping Union Types (Categories) |

A Category (or Union Type) represents a single superclass/subclass
relationship with more than one superclass, where the superclasses
represent different entity types. Example: A 'OWNER'’ category might be
a subset of the union of 'PERSON’, 'BANK’, and '"COMPANY". Surrogate
Key Method: Since the superclasses usually have different primary keys
(e.g., SSN, BankID, CompanyName), a new surrogate key (e.g.,
Owner_ID) must be created. Mapping Rule: Create a new relation to hold
the category. Include the surrogate key as the primary key. Add the
surrogate key as a foreign key to each of the participating superclass
relations. This allows the category relation to uniformly reference
instances from entirely different base relations.
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Summary of Advanced ER/Relational Mapping |

Multi-valued Attributes demand separate tables with composite primary
keys (Foreign Key + Attribute Value) to maintain 1INF. N-ary
Relationships require associative tables linking all participating entities via
composite foreign keys. Superclass/Subclass mapping forces a trade-off
between database normalization (Option 8A) and query
performance/flattening (Options 8C/8D). The specific constraints of a
hierarchy (Total vs. Partial, Disjoint vs. Overlapping) dictate which of the
four mapping options is technically viable. Categories necessitate
surrogate keys to bridge heterogenous primary keys across distinct
superclasses. Mastering these conversions ensures that complex business
logic captured in EER diagrams is faithfully and optimally translated into a
physical SQL database schema.
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14: 2.6 Converting ER Diagrams to Database

(Continued) (Continued) (Continued) |

Welcome to the continued discussion on ER-to-Relational Mapping. In the
previous lectures, we covered the mapping of strong entity types, weak
entity types, binary 1:1, 1:N, and M:N relationship types. Today, we delve
into the more complex mapping rules involving multi-valued attributes,
n-ary relationships, and Enhanced ER (EER) model constructs such as
specialization, generalization, and categories. These advanced mappings
are crucial for representing complex real-world data constraints in a
relational schema accurately.
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Step 6: Mapping of Multivalued Attributes |

For each multivalued attribute 'A’, create a new relation 'R". This new
relation 'R’ will include an attribute corresponding to 'A’, plus the primary
key attribute 'K’ of the relation that represents the entity type or
relationship type that has 'A’ as an attribute. The primary key of the new
relation 'R’ is the combination of 'A’ and 'K". If the multivalued attribute
is composite, we include its simple components. For example, if an
employee has multiple locations, a new table 'Employee_Locations’ is
created with composite key (Employee_ID, Location).
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Example: Multivalued Attributes |

Consider the 'DEPARTMENT" entity type with a multivalued attribute
"Locations’. We already mapped the basic entity to a 'DEPARTMENT’
relation with primary key 'Dnumber’. To handle 'Locations’, we create a
new relation 'DEPT_LOCATIONS".

Schema: DEPT_LOCATIONS (Dnumber, Dlocation) Primary Key:
(Dnumber, Dlocation) Foreign Key: Dnumber referencing
DEPARTMENT (Dnumber).

This design ensures that a single department can be associated with
multiple locations without violating First Normal Form (1NF), which
prohibits repeating groups.
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Step 7: Mapping of N-ary Relationship Types |

For each n-ary relationship type 'R’, where n > 2, create a new relation 'S’
to represent 'R’. Include as foreign key attributes in 'S’ the primary keys of
the relations that represent the participating entity types. Also, include
any simple attributes of the n-ary relationship type as attributes of 'S".
The primary key of 'S’ is usually a combination of all the foreign keys that
reference the participating entity types. However, if the cardinality
constraints on any of the participating entity types is 1, the primary key of
'S" should not include the foreign key referencing that entity type.
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Example: Ternary Relationship |

Assume a ternary relationship 'SUPPLY" between 'SUPPLIER’, 'PART’,
and 'PROJECT" with an attribute 'Quantity’.

Mapping: We create a new relation 'SUPPLY". Attributes: Sname (from
SUPPLIER), Part_no (from PART), Proj_name (from PROJECT), and
Quantity. Primary Key: (Sname, Part_no, Proj_name) Foreign Keys: -
Sname references SUPPLIER - Part_no references PART - Proj_name
references PROJECT

This schema allows us to track exactly which supplier provided which part
to which project and in what quantity.
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Step 8: Mapping Specialization /

When mapping EER model constructs like specialization and
generalization, the relational model does not directly support
superclass/subclass relationships. We must choose from four primary
mapping options based on the specific constraints of the specialization
(total vs. partial, disjoint vs. overlapping) and the nature of the
application. These options range from creating multiple relations to
flattening the hierarchy into a single relation. The choice impacts storage
space, query performance, and the ability to enforce constraints at the
database level.
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Option 8A: Multiple Relations (Superclass and

Subclasses) |

Create a relation 'L' for the superclass 'C’ with attributes {k, al, ... an}
and PK(L) = k. Create a relation 'Li" for each subclass 'Si’, with
attributes {k} U {attributes of Si}. PK(Li) = k.

Characteristics: - Works for any specialization (total/partial,
disjoint/overlapping). - PK 'k’ in each subclass relation 'Li" is also a
Foreign Key referencing the superclass relation 'L’ - Requires a JOIN
operation to retrieve all attributes of a subclass entity. This is the most
general and robust mapping approach.
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Option 8B: Multiple Relations (Subclass Relations

Only) |

Create a relation 'Li’ for each subclass 'Si’, with the attributes {k, al, ...
an} U {attributes of Si}. PK(Li) = k. Here, we do not create a relation
for the superclass.

Characteristics: - Only recommended if the specialization is TOTAL (every
entity in the superclass must belong to at least one subclass). - If the
specialization is disjoint, each entity is stored exactly once. - If it's
overlapping, an entity might be stored in multiple relations, leading to
data redundancy. - Avoids JOINs when querying specific subclasses.
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Option 8C: Single Relation with One Type Attribute |

Create a single relation 'L’ with attributes {k, al, ... an} U {attributes of
S1} U ... U {attributes of Sm} U {t}, where 't' is a type (or
discriminating) attribute that indicates the subclass to which each tuple
belongs.

Characteristics: - Ideal for disjoint specializations. - Results in many NULL
values if the subclasses have many specific attributes, as a tuple belonging
to one subclass will have NULLs for attributes of other subclasses. -
Simplifies queries by eliminating the need for JOINs to gather all
information about an entity.
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Option 8D: Single Relation with Multiple Type

Attributes |

Create a single relation schema 'L’ with attributes {k, al, ... an} U
{attributes of S1} U ... U {attributes of Sm} U {t1, t2, ... tm}, where
each 'ti" is a boolean type attribute indicating whether a tuple belongs to
subclass 'Si'.

Characteristics: - Used exclusively for overlapping specializations. - An
entity can belong to multiple subclasses, so multiple boolean flags can be
set to true. - Shares the drawback of Option 8C regarding NULL values
for attributes of subclasses that an entity does not belong to.
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Step 9: Mapping of Union Types (Categories) |

A category (union type) is a subclass that represents a collection of
entities that is a subset of the union of entities from distinct entity types.
Mapping strategy: - If the superclasses have different primary keys, create
a new relation for the category. - Introduce a new surrogate key as the
primary key for the category relation. - Add the surrogate key as a foreign
key in each of the superclass relations. This effectively links the diverse
superclasses to the single category relation.
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Summary of ER-to-Relational Mapping |

The process of converting an ER diagram to a relational schema is
systematic and algorithm-driven. 1. Strong entities map directly to
relations. 2. Weak entities map to relations with a composite key
incorporating the owner's PK. 3. Binary 1:1 and 1:N use foreign keys. 4.
Binary M:N and n-ary relationships require separate cross-reference tables.
5. Multivalued attributes require their own tables. 6.
Specialization/generalization mapping depends on structural constraints
(total/partial, disjoint/overlapping) offering trade-offs between JOIN
overhead and NULL value proliferation.
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Introduction to Advanced ER to Relational Mapping |

In this lecture, we continue our deep dive into the conversion of
Entity-Relationship (ER) models into relational database schemas. We will
focus on complex mapping scenarios including higher-degree relationships,
multivalued attributes, and n-ary relationships. The goal is to ensure that
the semantic meaning captured during the conceptual design phase is
accurately and efficiently translated into a normalized relational model,
preserving data integrity and supporting robust query execution.
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Mapping Multivalued Attributes |

A multivalued attribute in an ER diagram (represented by a double oval)
cannot be directly mapped into a single relational table column because
relational databases require atomic values (First Normal Form). To map a
multivalued attribute, we must create a new relation (table). This new
table includes a column for the multivalued attribute itself and a foreign
key referencing the primary key of the entity it belongs to. The primary
key of this newly created table is a composite key consisting of both these
attributes.
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Example: Multivalued Attribute Mapping |

Consider an "Employee’ entity with a primary key 'EmplID’ and a
multivalued attribute 'Locations’. The mapping process yields two tables:
'Employee(EmpID, Name, ...)" and 'Employee_Locations(EmplD,
Location)". In the 'Employee_Locations’ table, 'EmpID’ acts as a foreign
key referencing the 'Employee’ table. The primary key for
'Employee_Locations’ is the combination of (EmpID, Location). This
structure allows an employee to be associated with multiple locations
without violating the atomicity constraint of the relational model.
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Mapping N-ary Relationships |

N-ary relationships (degree n > 2) connect three or more entity types. To
map an n-ary relationship to a relational database, a separate new relation
must be created. The attributes of this new relation include the primary
keys of all the participating entity types, which act as foreign keys. The
primary key of the new relation is typically the combination of all these
foreign keys. Any descriptive attributes attached directly to the n-ary
relationship in the ER diagram are also included as columns in this new
table.
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Example: Ternary Relationship Mapping |

Imagine a ternary relationship 'Supply’ involving 'Supplier’, 'Part’, and
'Project’. The entity sets have primary keys 'SupplD’, 'PartID’, and
'ProjID’ respectively. The 'Supply’ relationship also has a descriptive
attribute 'Quantity’. The resulting relational schema will include a new
table 'Supply(SupplD, PartID, ProjID, Quantity)’ Here, 'SuppID’,
'PartID’, and 'ProjlD’ are foreign keys referencing their respective tables.
The composite primary key for the 'Supply’ table is (SupplD, PartlD,
ProjID).
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Handling Weak Entities (Review & Advanced

Context) |

A weak entity set lacks a primary key of its own and depends on an
identifying strong entity set. The relationship connecting them is an
identifying relationship. When converting, a weak entity becomes a
separate table. Its attributes become columns. Crucially, the primary key
of the identifying strong entity is added as a foreign key to this new table.
The primary key of the weak entity table is formed by combining this
foreign key with the weak entity's partial key (discriminator).
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Mapping Subclasses and Superclasses

(Generalization) |

Generalization and specialization (ISA hierarchies) present unique mapping
challenges. There are three primary strategies. The first strategy creates
multiple tables: one for the superclass containing common attributes, and
one for each subclass containing specific attributes. The primary key of
the superclass is used as the primary key and foreign key in the subclass
tables, establishing a 1:1 relationship between a superclass record and its
corresponding subclass record.
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Alternative Generalization Mappings |

The second mapping strategy for generalization involves creating tables
only for the subclasses. Each subclass table includes its specific attributes
plus all inherited attributes from the superclass. This works well when
every entity belongs to a subclass (total specialization) and subclasses are
disjoint. The third strategy uses a single table for the entire hierarchy. It
contains all attributes of the superclass and all subclasses, plus a 'type’
attribute to indicate the specific subclass. This can lead to many NULL
values but simplifies queries.
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Mapping Union Types

A union type (category) represents a collection of objects that is a subset
of the union of distinct entity types. For example, a "Vehicle_Owner’
could be either a 'Person’ or a 'Company’ To map this, we create a new
table for the category ('Vehicle_Owner'). We must introduce a surrogate
key as its primary key, because the constituent entities ('Person’,
'Company’) may have different primary key types. We then add this
surrogate key as a foreign key to the tables of the constituent entities.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 179 /541



Enforcing Constraints through Triggers and

Application Logic |

While the basic ER to relational mapping captures structure, some
constraints (like complex cardinality or semantic constraints) cannot be
easily represented using standard SQL primary/foreign keys. For instance,
an exclusive OR constraint between relationships might require database
triggers or application-level logic to enforce. Ensuring that a total
participation constraint is maintained during inserts and deletes often
requires transaction management strategies beyond simple schema
definitions.
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Normalization Review in the Context of Mapping |

The standard ER mapping algorithms generally produce relational schemas
that are at least in Boyce-Codd Normal Form (BCNF), provided the ER
diagram itself is well-designed. However, it is a crucial best practice to
apply normalization principles (INF, 2NF, 3NF, BCNF) to the generated
tables as a verification step. This ensures that no hidden functional
dependencies were missed during conceptual modeling, preventing update
anomalies and data redundancy in the final implementation.
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Summary and Best Practices for Schema Conversion |

Converting an ER diagram to a relational schema is a systematic process
requiring attention to detail. Key takeaways: Multivalued attributes
require new tables. N-ary relationships demand cross-reference tables.
Generalization hierarchies offer multiple mapping choices balancing
performance and nullability. Always verify the resulting schema against
normalization rules. A precise conversion ensures the physical database
faithfully executes the conceptual design, maintaining data integrity and
optimizing query performance.
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Advanced ER to Relational Mapping |

Welcome to the continued discussion on converting Entity-Relationship
(ER) diagrams into relational database schemas. In this session, we will
delve into the more complex mapping scenarios that go beyond basic
entities and binary relationships. We will explore how to handle n-ary
relationship types, multivalued attributes, and weak entity types.
Understanding these advanced mapping rules is crucial for designing
robust, normalized databases that accurately reflect complex real-world
data requirements.
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Mapping of N-ary Relationship Types |

An n-ary relationship type involves more than two participating entity
types (degree n > 2). To map an n-ary relationship type to a relational
schema, we must create a new, distinct relation (table) specifically to
represent it. For each participating entity type, we include its primary key
as a foreign key in this new relation. The primary key of the new relation
is typically formed by a combination of these foreign keys. Additionally,
any simple attributes attached directly to the n-ary relationship in the ER
diagram are included as columns in this new table.
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Example: Ternary Relationship Mapping |

Consider a ternary relationship 'SUPPLY" involving three entity types:
'SUPPLIER’, 'PART', and 'PROJECT". We create a new relation,
'SUPPLY". We then include the primary keys of the participating
entities—SupplierlD, PartNo, and ProjectlD—as foreign keys in the
'SUPPLY’ relation. The combination (SupplierID, PartNo, ProjectID)
usually forms the primary key for 'SUPPLY". If the 'SUPPLY’ relationship
has an attribute 'Quantity’, this is also added as a column to the
'SUPPLY" table. This structure effectively captures the multi-way
association.
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Mapping of Multivalued Attributes |

Multivalued attributes can hold multiple values for a single entity instance
(e.g., a person having multiple phone numbers). In the relational model, a
single cell cannot hold multiple values (First Normal Form requirement).
Therefore, for each multivalued attribute, we must create a new relation.
This new relation includes a column for the multivalued attribute itself and
a foreign key column referencing the primary key of the entity type that
possesses the attribute. The primary key of this new table is the
combination of the foreign key and the attribute value.
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Example: Multivalued Attribute 'Locations’ |

Suppose a 'DEPARTMENT' entity has a primary key 'Dnumber’ and a
multivalued attribute 'Locations’. We create a new relation, let’s call it
'DEPT_LOCATIONS'. We add the foreign key 'Dnumber’ referencing the
'DEPARTMENT’ table, and a column 'Dlocation’ for the location values.
The primary key for 'DEPT_LOCATIONS’ will be the composite key
(Dnumber, Dlocation). This allows a single department to be associated
with multiple distinct locations across multiple rows in the
'DEPT_LOCATIONS' table without violating relational constraints.
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Mapping of Weak Entity Types |

A weak entity type is an entity that cannot be uniquely identified by its
own attributes alone; it depends on an identifying relationship with an
owner (or strong) entity type. To map a weak entity type, we create a
regular relation for it. We include all of its simple attributes as columns.
Crucially, we must also include the primary key of the owner entity type as
a foreign key in this new relation. The primary key of the weak entity
relation is formed by combining this foreign key with the weak entity's
partial key.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 188 /541



Example: Weak Entity 'Dependent’ |

Let 'EMPLOYEE' be a strong entity with primary key 'Ssn’, and
'DEPENDENT’ be a weak entity owned by 'EMPLOYEE' through a
'DEPENDS_ON' relationship. 'DEPENDENT" has a partial key
'Dependent_name’. We create a 'DEPENDENT' relation containing its
attributes (Dependent_name, Sex, Bdate). We add 'Essn’ (referencing
Employee Ssn) as a foreign key. The primary key of the 'DEPENDENT’
relation becomes the composite key (Essn, Dependent_name). This
guarantees uniqueness for each dependent relative to their associated
employee.
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Handling Cascading Deletes for Weak Entities |

When dealing with weak entities, it is vital to configure the database
schema to enforce referential integrity appropriate to the existential
dependency. Because a weak entity cannot exist without its owner entity,
the foreign key constraint referencing the owner should typically be set to
‘ON DELETE CASCADE'. This ensures that if an employee record is
deleted from the database, all corresponding dependent records are
automatically deleted, preventing orphaned records and maintaining
database consistency.
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Summary of ER to Relational Mapping |

Let's summarize the standard mapping procedure: 1) Strong Entities map
directly to relations. 2) Weak Entities map to relations with composite
keys including the owner’s key. 3) 1:1 Relationships map by placing a
foreign key in one relation referencing the other, preferring total
participation side. 4) 1:N Relationships map by placing the '1’ side’s
primary key as a foreign key in the 'N’ side relation. 5) M:N Relationships
require a new junction table containing foreign keys to both participating
entities. 6) Multivalued attributes require a separate relation.
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Introduction to EER Mapping (Subclasses) |

Moving beyond standard ER, the Enhanced Entity-Relationship (EER)
model introduces subclasses and superclasses (specialization and
generalization). Mapping these to a relational database involves decisions
on how to distribute attributes. There is no single 'correct’ way; several
options exist depending on the constraints of the specialization (disjoint
vs. overlapping, total vs. partial) and performance considerations. The
goal is to represent inheritance and polymorphic relationships within the
flat tabular structure of SQL.
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EER Mapping Options |

There are generally four main options for mapping specializations: Option
8A (Multiple relations: superclass and subclasses): Create tables for both
superclass and all subclasses; subclass tables have a foreign key to the
superclass table. Option 8B (Multiple relations: subclass relations only):
Only create tables for subclasses, duplicating superclass attributes in each.
Option 8C (Single relation with one type attribute): One big table for
everything, with a 'type’ column and many nulls. Option 8D (Single
relation with multiple boolean type attributes): One big table with a
boolean flag for each possible subclass.
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Conclusion and Best Practices |

Converting ER models to relational schemas is a mechanical process
governed by specific rules. Adhering to these rules guarantees a normalized
schema that avoids anomalies and redundancy. However, the database
designer must still make informed decisions, particularly when resolving
EER concepts like specializations or optimizing M:N junction tables.
Always document the mapping decisions, use clear naming conventions for
foreign keys, and leverage database constraints (like foreign key cascading)
to enforce the structural integrity defined in the original conceptual model.
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Introduction to SQL (Structured Query Language) |

SQL is the standard language for dealing with Relational Databases. It
allows you to create, read, update, and delete data, as well as manage
database schemas and access controls. Originally developed at IBM in the
1970s, it has become the foundation of modern data management
systems. SQL is declarative, meaning the user specifies *what* data is
required, not ¥*how* to retrieve it, leaving the query optimization to the
Database Management System (DBMS).

o Standardized by ANSI and ISO.

@ Used across major RDBMS like MySQL, PostgreSQL, Oracle, and
SQL Server.

@ Supports complex analytical queries, transaction management, and
concurrency control.
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SQL Architecture and Processing |

When an SQL query is executed, the DBMS goes through several stages
to return the result. The SQL engine consists of a Query Dispatcher,
Optimization Engines, and Classic Query Engine. The processing phases
typically include Parsing (syntax checking and semantic validation),
Optimization (creating an efficient execution plan), and Execution
(retrieving data from the storage engine).

o Parser: Checks syntax and resolves object names.

@ Optimizer: Cost-based optimization (CBO) determines the most
efficient path.

o Storage Engine: Handles physical data storage, retrieval, and
indexing.
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Categories of SQL Commands |

SQL commands are categorized based on their functionality into several
distinct subsets. The primary categories covered in this lecture are DDL
(Data Definition Language), DML (Data Manipulation Language), and
DQL (Data Query Language). Other categories include DCL (Data
Control Language) for permissions and TCL (Transaction Control
Language) for managing transactions.

o DDL: Defines and modifies the database structure.

o DML: Manipulates the actual data within the structures.
o DQL: Retrieves and analyzes data.
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Data Definition Language (DDL) Overview |

DDL commands are used to create, modify, and delete database structures
such as tables, indexes, and views. These commands deal with the schema
description and are not used for data manipulation. Crucially, in most
relational database systems (like Oracle and SQL Server), DDL commands
are auto-committed, meaning they permanently save changes to the
database and cannot be rolled back (though transactional DDL exists in
PostgreSQL).

@ Focuses on metadata and schema objects.

@ Primary commands: CREATE, ALTER, DROP, TRUNCATE,
RENAME.

@ Changes the database catalog.
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DDL Command: CREATE I

The CREATE command is used to construct new database objects. The
most common use case is creating a new table using the ‘CREATE
TABLE' statement. When creating a table, you must specify the table
name, column names, data types, and optional constraints (such as
PRIMARY KEY, FOREIGN KEY, NOT NULL, or UNIQUE) to enforce
data integrity at the schema level.

@ Syntax: ‘CREATE TABLE tablename (columnl datatype constraints,

o Establishes domain constraints and referential integrity.

@ Can also create views, indexes, schemas, and databases.
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DDL Commands: ALTER, DROP, TRUNCATE |

Beyond creation, schemas often require modification or removal. The
‘ALTER' command modifies an existing database object (e.g., adding,
modifying, or dropping columns in a table). The ‘DROP' command
completely removes an object from the database, destroying both the
structure and any contained data. The 'TRUNCATE' command quickly
removes all rows from a table but leaves the table structure intact. Unlike
DELETE (a DML command), TRUNCATE is faster because it does not
log individual row deletions.

@ ALTER: Schema evolution without losing existing data.

@ DROP: Destructive removal of the entire object.
o TRUNCATE: Fast, bulk deallocation of table data pages.
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Data Manipulation Language ( Overview |

DML commands are used to manage data within schema objects. These
commands allow users to insert new records, update existing records, and
delete records. DML operations are the core of day-to-day database
interactions. Unlike DDL, DML commands are not auto-committed by
default in many transactional systems (unless configured otherwise),
meaning they can be rolled back using TCL commands if an error occurs
during a transaction.

@ Focuses on the actual data rows.

@ Primary commands: INSERT, UPDATE, DELETE.
o Often used within explicit transactions for atomicity.
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DML Command: INSERT |

The ‘INSERT* statement adds new rows of data to a table. You can insert
a single row by providing values for all columns, or specify particular
columns if others allow NULL or have default values. Advanced uses
include 'INSERT INTO ... SELECT', which allows bulk insertion of data
derived from another query, effectively copying data between tables or
transforming it on the fly.

@ Syntax: 'INSERT INTO tablename (coll, col2) VALUES (vall, val2);’
@ Must adhere to all schema constraints (e.g., foreign keys).

@ Bulk inserts are critical for ETL processes and data migration.
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DML Commands: UPDATE and DELETE |

The ‘UPDATE' command modifies existing data within a table. It is
almost always used with a “‘WHERE"' clause to target specific rows;
without it, all rows in the table are modified. The ‘DELETE’' command
removes existing rows from a table, also relying on the ‘WHERE' clause
for specificity. Both commands evaluate conditions on a row-by-row basis
and write to the transaction log, making them fully recoverable but
potentially slow for massive datasets.

o UPDATE Syntax: ‘UPDATE table SET col = val WHERE condition;'

o DELETE Syntax: ‘DELETE FROM table WHERE condition;'

@ Always verify the WHERE clause to prevent accidental mass
modifications.
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Data Query Language ( ) Overview |

Data Query Language is specifically dedicated to the retrieval and
extraction of data from databases. While some classifications group DQL
under DML, it is fundamentally distinct because it does not modify data
or schema. The sole DQL command is ‘SELECT". DQL operations are
highly flexible, allowing users to project specific columns, restrict rows,
join multiple tables, aggregate data, and sort the final output.

@ Purely for reading data; no side effects on the database state.

@ The foundational element of reporting and analytics.

@ Relies heavily on the database optimizer for performance.
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DQL Command: SELECT and Filtering |

The 'SELECT" statement forms the basis of all data retrieval. A standard
query includes the ‘SELECT" clause (specifying columns or expressions),
the ‘FROM' clause (specifying the source tables), and the "WHERE'
clause (filtering rows based on predicates). Advanced querying involves
logical operators (AND, OR, NOT), pattern matching (LIKE), set
inclusion (IN), and range filtering (BETWEEN).

@ Basic Syntax: ‘SELECT columns FROM table WHERE conditions;"
@ Use ‘*' cautiously in production to avoid fetching unnecessary data.

o Filtering at the database level reduces network overhead and memory
usage.
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Summary and Best Practices |

Understanding the distinction between DDL, DML, and DQL is crucial for
effective database administration and application development. Best
practices include using explicit transactions for multi-statement DML
operations, thoroughly testing UPDATE and DELETE statements with
SELECT first, and applying the principle of least privilege by restricting
DDL permissions to database administrators while granting DML/DQL
access to application roles.

o DDL modifies schema, DML modifies data, DQL retrieves data.

@ Always backup data before executing broad DDL or DML operations.
@ Optimize DQL queries using appropriate indexing and query profiling.
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Introduction to SQL Views |

A View is a virtual table based on the result-set of an SQL statement. It
contains rows and columns, just like a real table, but does not physically
store the data (unless it is a materialized view). Views provide a layer of
abstraction and security, allowing administrators to restrict access to
specific rows or columns of a table. They simplify complex queries by
encapsulating complicated joins and aggregations into a single, queryable
object. Whenever a standard view is queried, the database engine
dynamically recreates the data by running the underlying SQL query.
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Creating and Managing Views |

Use the CREATE VIEW statement to define a new view. Use CREATE
OR REPLACE VIEW to update an existing view without dropping it. The
WITH CHECK OPTION ensures that all UPDATE and INSERTS satisfy
the condition(s) in the view definition.
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Updatable vs. Read-Only Views |

Not all views can be used to INSERT, UPDATE, or DELETE data.
Updatable Views: Must directly map to a single base table without
aggregations, grouping, or distinct clauses. Read-Only Views: Views
containing joins, GROUP BY, HAVING, set operators (UNION), or
aggregate functions (SUM, AVG). If a view maps to multiple tables (a join
view), updates might be possible on one of the underlying tables,
depending on the DBMS. Materialized Views (available in Oracle,
PostgreSQL): Physically store the query result and require refreshing.
They improve read performance for complex queries.
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SQL Operators Overview |

Operators are reserved words or characters used primarily in an SQL
statement’s WHERE clause to perform operations. Arithmetic Operators:
Used for mathematical calculations (+, -, *, /, %). Comparison
Operators: Used to compare values (=, |=, <>, >, <, >=, <=). Logical
Operators: Used to combine multiple conditions (AND, OR, NOT).
Bitwise Operators: Perform bit-level operations (&, |, 7).
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Advanced Comparison and Logical Operators |

IN: Allows you to specify multiple values in a WHERE clause. BETWEEN:
Selects values within a given range (inclusive). LIKE: Used for pattern
matching with wildcards (% for zero/more chars, __ for a single char). IS
NULL / IS NOT NULL: Used exclusively to test for NULL values.
EXISTS: Tests for the existence of any record in a subquery.
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Introduction to SQL Functions |

SQL Functions are built-in routines that take arguments, perform
operations, and return a result. Scalar Functions: Operate on a single
value and return a single value (e.g., UPPER, LENGTH, ROUND).
Aggregate Functions: Operate on a set of values (a column) and return a
single summarizing value (e.g., SUM, COUNT, AVG). Functions can be
used in SELECT lists, WHERE clauses, and ORDER BY clauses. They are
essential for data formatting, mathematical computation, and data
cleansing within the database.
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String Manipulation Functions |

CONCAT(): Concatenates two or more strings together. SUBSTRING() /
SUBSTR(): Extracts a substring from a string. LENGTH() / LEN():
Returns the length of a string. REPLACE(): Replaces all occurrences of a
specified string. UPPER() and LOWER(): Convert string case for
case-insensitive comparisons or formatting.
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Date and Time Functions |

NOW() / CURRENT_TIMESTAMP: Returns the current date and time.
DATE_ADD() / DATE_SUB(): Adds or subtracts a specified time
interval from a date. DATEDIFF(): Returns the difference in days between
two dates. EXTRACT() / YEAR() / MONTHY(): Extracts specific parts of
a date. Handling timezones carefully is critical when storing and
comparing timestamps.
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Numeric and Mathematical Functions |

ROUND(): Rounds a number to a specified number of decimal places.
TRUNCATE() / TRUNC(): Truncates a number to a specified number of
decimal places without rounding. CEIL() and FLOOR(): Return the
smallest integer not less than, and the largest integer not greater than the
argument. ABS(): Returns the absolute (positive) value. MOD(): Returns
the remainder of a division operation.
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Control Flow Functions |

CASE WHEN: The SQL equivalent of if/else logic. Very versatile for
conditional transformations. IF(): A simpler function (in MySQL) for
single condition checks. COALESCE(): Returns the first non-NULL value
in a list of arguments. IFNULL() / ISNULL(): Returns a specified value if
the expression is NULL. Crucial for handling missing data and avoiding
NULL propagation in calculations.
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Bringing It All Together |

Views, operators, and functions are often combined to create robust, clean
data interfaces. You can embed complex logic (CASE, String/Date
functions) inside a View. This hides the complexity from the end-user or
reporting tool. The resulting View presents a clean, formatted, and
computed virtual table.
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Summary & Key Takeaways |

Views provide abstraction, simplify complex queries, and enhance security
by restricting data access. Not all views are updatable; complex views with
joins and aggregates are typically read-only. SQL Operators (Logical,
Comparison, Arithmetic) form the foundation of conditional data retrieval.
Scalar Functions process row-by-row data for string formatting, date math,
and numeric calculations. Control Flow Functions (CASE, COALESCE)
manage conditional logic and NULL handling directly within SQL.
Combining these tools allows for powerful data transformation at the
database layer.
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Introduction to Set Operators in SQL |

Set operators in SQL are used to combine the result sets of two or more
independent SELECT statements into a single result set. Unlike JOINs
that combine columns from different tables, set operators combine rows
from different queries. They are fundamental tools in relational database
management systems, enabling developers to perform operations akin to
mathematical set theory on database tables. The primary set operators in
standard SQL include UNION, INTERSECT, and EXCEPT (or MINUS in
Oracle). Understanding these operators is crucial for complex data
analysis, reporting, and data consolidation tasks.
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Mathematical Foundation of Set Operations |

SQL set operators are directly derived from mathematical set theory. In
set theory, a set is a collection of distinct objects. The UNION of two sets
A and B contains all elements that are in A, in B, or in both. The
INTERSECTION of sets A and B contains only the elements that are in
both A and B. The DIFFERENCE (EXCEPT) of set A and B contains
elements that are in A but not in B. Relational databases apply these
concepts to tables (which represent sets of tuples). This mathematical
foundation ensures that set operations in SQL are logically sound and
produce predictable, deterministic results.
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Prerequisites: Union Compatibility |

For any set operation to be valid in SQL, the result sets being combined
must be '"Union Compatible’. This requires two strict conditions: First,
both SELECT statements must return the exact same number of columns.
Second, the data types of the corresponding columns in both queries must
be compatible or implicitly convertible. For example, you can combine an
integer column with a decimal column, but attempting to combine a string
column with a date column will result in a syntax error. Column names in
the final result set are typically determined by the column names specified
in the first SELECT statement.
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The UNION Operator |

The UNION operator combines the results of two SELECT queries and
automatically eliminates any duplicate rows from the final result set. By
default, it performs an implicit DISTINCT operation. For example, if
Query A returns [1, 2, 3] and Query B returns [3, 4, 5], the UNION will
return [1, 2, 3, 4, 5]. Because eliminating duplicates requires sorting or
hashing the entire combined result set, the UNION operator can be
computationally expensive on large datasets. It is ideal for consolidating
data from similar tables, such as combining active and archived customer
records into a single view.
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The UNION ALL Operator |

The UNION ALL operator also combines the results of two SELECT
queries, but unlike UNION, it does not remove duplicate rows. If a row
exists in both result sets, it will appear multiple times in the final output.
If Query A returns [1, 2, 3] and Query B returns [3, 4, 5], UNION ALL
returns [1, 2, 3, 3, 4, 5]. Because it bypasses the duplicate elimination
phase (sorting/hashing), UNION ALL is significantly faster and consumes
fewer system resources than UNION. It should be the default choice unless
duplicate removal is strictly required by the business logic.
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Performance Implications: UNION vs UNION ALL |

The choice between UNION and UNION ALL has profound performance
implications in query execution. When the database engine encounters a
UNION, it must read both datasets, combine them, and then execute an
expensive sort or hash aggregate operation to identify and discard
duplicates. In contrast, UNION ALL simply appends the second dataset to
the first. In massive data warehousing scenarios, using UNION when
UNION ALL would suffice can lead to heavy TempDB usage, high CPU
load, and significantly degraded query performance. Always default to
UNION ALL unless unique rows are explicitly demanded.
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The INTERSECT Operator |

The INTERSECT operator returns only the distinct rows that appear in
BOTH of the SELECT statements being compared. It is the SQL
equivalent of the logical AND for result sets. If Query A returns [1, 2, 3]
and Query B returns [2, 3, 4], the INTERSECT will return [2, 3].
INTERSECT automatically removes duplicates from the final result. It is
highly useful for finding commonalities between different datasets, such as
identifying customers who purchased both Product X and Product Y by
intersecting the lists of purchasers for each product.
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The EXCEPT / MINUS Operator |

The EXCEPT operator (known as MINUS in Oracle databases) returns
distinct rows that appear in the first SELECT statement but do NOT
appear in the second SELECT statement. It calculates the set difference.
If Query A returns [1, 2, 3, 4] and Query B returns [3, 4, 5], the EXCEPT
operator will return [1, 2]. Order matters significantly here: A EXCEPT B
is completely different from B EXCEPT A. This operator is invaluable for
finding discrepancies, such as identifying employees who have not yet
completed a mandatory training by subtracting the list of trained
employees from the list of all employees.
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Order of Precedence in Set Operations |

When multiple set operators are chained together in a single query, the
database engine evaluates them based on specific precedence rules.
Generally, INTERSECT has a higher precedence than UNION and
EXCEPT. Operations with the same level of precedence are evaluated
from left to right (or top to bottom). However, relying on default
precedence can make queries difficult to read and maintain. Best practice
dictates using parentheses to explicitly define the intended order of
execution, ensuring logical accuracy and preventing unexpected results
when complex sets are being manipulated.
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Combining Set Operators with JOINs |

While set operators and JOINs serve different primary purposes
(combining rows vs combining columns), they are frequently used together
in complex analytical queries. A common pattern is using a JOIN within
the individual SELECT statements of a set operation to enrich the data
before combining it. Alternatively, the result of a set operation can be
used as a derived table (or Common Table Expression - CTE) which is
then JOINed to other tables. Understanding how to seamlessly integrate
set operators with JOINs is a hallmark of advanced SQL proficiency.
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Real-world Use Cases for Set Operators |

Set operators solve numerous practical business problems.

UNION/UNION ALL are used for data consolidation across horizontally
partitioned tables (e.g., combining sales_2023 and sales_2024 tables).
INTERSECT is employed in cohort analysis and finding overlapping target
audiences in marketing campaigns. EXCEPT is heavily used in ETL
(Extract, Transform, Load) processes for change data capture, comparing
a source system against a data warehouse target to identify new, modified,
or deleted records that need synchronization.
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Summary and Best Practices |

In summary, set operators (UNION, UNION ALL, INTERSECT, EXCEPT)
are powerful declarative tools for row-wise data combination and
comparison. Always ensure union compatibility (same column count and
compatible types). Prioritize UNION ALL over UNION for performance
whenever duplicate removal is unnecessary. Use parentheses to enforce
execution order in complex queries involving multiple operators. Finally,
remember that ORDER BY clauses can only be applied at the very end of
the entire set operation, acting on the final combined result set, not on
the individual SELECT queries.
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Introduction Joins |

A join is a fundamental relational algebra operation that combines records
from two or more tables in a relational database based on a related
column between them. Joins are essential because database normalization
typically spreads data across multiple tables to eliminate redundancy. To
retrieve meaningful, combined views of this data, we must join tables. The
join operation evaluates a condition (often equality) between attributes of
different tables and concatenates the matching rows.
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The Anatomy of a Join |

A typical SQL join consists of the ‘JOIN' keyword specifying the tables
and an ‘ON' clause specifying the predicate (condition). For example:
‘SELECT * FROM TableA JOIN TableB ON TableA.id =
TableB.foreign_id;" Joins can be conceptualized as a Cartesian product
followed by a selection (filtering) operation. The SQL engine optimizes
this process using various join algorithms (e.g., hash joins, merge joins) to
avoid computing the full Cartesian product, which is computationally
expensive.
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Inner Join |

An INNER JOIN returns only the rows that have matching values in both
tables. If a row in Table A has no corresponding match in Table B based
on the join condition, it is excluded from the result set. This is the most
common type of join and is the default when the ‘JOIN' keyword is used
without a prefix. It effectively represents the intersection of the two tables
with respect to the join condition.
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Inner Join: Practical Example |

Consider a database with 'Students’ and 'Enrollments’ tables. ‘SELECT
Students.Name, Enrollments.CourselD FROM Students INNER JOIN
Enrollments ON Students.StudentlD = Enrollments.StudentID;* This
query retrieves only the names of students who are actively enrolled in at
least one course, alongside their respective course IDs. Students with no
enrollments, and enrollments referencing non-existent students, are
completely omitted.
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Left Quter Join |

A LEFT OUTER JOIN (or LEFT JOIN) returns all records from the left
table, and the matched records from the right table. If there is no match
in the right table for a given row in the left table, the result will contain
NULL values for all columns of the right table. This is particularly useful
for finding 'missing’ data, such as identifying records in one table that lack
associated records in another.
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Left OQuter Join: Use Case |

Using the previous schema: 'SELECT Students.Name,
Enrollments.CourselD FROM Students LEFT JOIN Enrollments ON
Students.StudentID = Enrollments.StudentID;" This query lists every
student in the database. If a student is enrolled, their CourselD is shown.
If a student has no enrollments, they still appear in the result set, but the
CourselD column will display NULL, allowing administrators to easily
identify unenrolled students.
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Right Outer Join |

A RIGHT OUTER JOIN (or RIGHT JOIN) is the inverse of the LEFT
JOIN. It returns all records from the right table, and the matched records
from the left table. Unmatched rows from the right table will have NULL
values for the left table’'s columns. In practice, RIGHT JOINs are less
frequently used than LEFT JOINs, as any RIGHT JOIN can be rewritten
as a LEFT JOIN by simply swapping the order of the tables in the query.
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Full Outer Join |

A FULL OUTER JOIN combines the results of both LEFT and RIGHT
outer joins. It returns all records when there is a match in either the left or
right table. Where no match exists, the missing side will contain NULL
values. This operation produces a comprehensive dataset containing every
row from both tables, matched where possible, and padded with NULLs
otherwise. It is extremely useful for data reconciliation between two
disparate datasets.
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Cross Join (Cartesian Product) |

A CROSS JOIN produces the Cartesian product of the two tables, pairing
every row of the first table with every row of the second table. It does not
use an ‘ON’ clause. If Table A has M rows and Table B has N rows, the
CROSS JOIN yields M * N rows. While rarely used for standard querying
due to the massive result sets it can generate, it is occasionally useful for
generating combinations (e.g., generating a schedule matrix of all teachers
and all classrooms).
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Self Join |

A Self Join is a regular join in which a table is joined with itself. This is
accomplished by using table aliases to treat the single table as if it were
two separate tables. Self joins are crucial when dealing with hierarchical or
tree-structured data stored within a single table. A classic example is an
"Employees’ table where each row contains a 'ManagerID’ that references
the 'EmployeelD’ of another row in the exact same table.
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Natural Join |

A NATURAL JOIN automatically joins tables based on columns with the
same name and compatible data types in both tables. It implicitly creates
an equality condition for these shared columns and removes duplicate
columns from the result set. While syntax-friendly, NATURAL JOINs are
generally discouraged in production environments because adding or
renaming columns later can silently alter the join condition and break the
query logic unexpectedly.
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Join Execution Algorithms |

Behind the scenes, database engines use specific algorithms to execute
joins efficiently. 1. **Nested Loop Join**: Iterates through each row of
the outer table and searches for matches in the inner table. Good for small
datasets. 2. **Hash Join**: Creates an in-memory hash table of the
smaller table and probes it with the larger table. Excellent for equijoins on
large, unsorted datasets. 3. **Merge Join**: Requires both tables to be
sorted on the join key. It walks through both sorted datasets

simultaneously, offering optimal performance for massive, pre-indexed
tables.
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Introduction to SQL Constraints |

SQL constraints are rules enforced on data columns on a table. These are
used to limit the type of data that can go into a table. This ensures the
accuracy and reliability of the data in the database.

* Constraints can be column level or table level. * Column level
constraints apply to a column, and table level constraints apply to the
whole table. * Key constraints: ‘NOT NULL', ‘UNIQUE*, ‘PRIMARY
KEY*, ‘FOREIGN KEY*, ‘CHECK', ‘DEFAULT".
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The NOT NULL Constraint |

By default, a column can hold NULL values. The ‘NOT NULL" constraint
enforces a column to NOT accept NULL values.

* This enforces a field to always contain a value, which means that you
cannot insert a new record, or update a record without adding a value to
this field. * **Example Syntax:** *'sql CREATE TABLE Persons ( ID int
NOT NULL, LastName varchar(255) NOT NULL, FirstName varchar(255)

)
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The UNIQUE Constraint |

The ‘'UNIQUE' constraint ensures that all values in a column are different.
Both the ‘UNIQUE' and ‘PRIMARY KEY" constraints provide a guarantee
for uniqueness for a column or set of columns.

* A 'PRIMARY KEY' constraint automatically has a ‘UNIQUE' constraint.
* However, you can have many ‘UNIQUE" constraints per table, but only
one 'PRIMARY KEY' constraint per table. * **Example Syntax:** “‘sql
CREATE TABLE Persons ( ID int NOT NULL UNIQUE, LastName
varchar(255) NOT NULL ); *
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Deep Dive: Table-Level UNIQUE Constraints |

To name a ‘UNIQUE" constraint, and to define a ‘UNIQUE' constraint on
multiple columns, use the following SQL syntax:

“'sql CREATE TABLE Persons ( ID int NOT NULL, LastName
varchar(255) NOT NULL, FirstName varchar(255), Age int,
CONSTRAINT UC_Person UNIQUE (ID,LastName) ); “* * This creates a
composite unique key. ¥ The combination of ‘ID' and ‘LastName' must be
unique across all rows.
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The PRIMARY KEY Constraint |

The ‘PRIMARY KEY* constraint uniquely identifies each record in a table.
* Primary keys must contain UNIQUE values, and cannot contain NULL
values. * A table can have only ONE primary key; and in the table, this
primary key can consist of single or multiple columns (fields).

**Single Column Example:** “'sql CREATE TABLE Persons ( ID int
NOT NULL PRIMARY KEY, LastName varchar(255) NOT NULL ); *
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Composite PRIMARY KEYs |

When a table has a primary key composed of multiple columns, it is
declared at the table level.

“'sql CREATE TABLE Persons ( ID int NOT NULL, LastName
varchar(255) NOT NULL, FirstName varchar(255), CONSTRAINT
PK_Person PRIMARY KEY (ID,LastName) ); “* * **Note:** There is
still only ONE Primary Key (‘PK_Person'). However, the value of the
primary key is made up of two columns (‘ID* and ‘LastName").
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The FOREIGN KEY Constraint |

A 'FOREIGN KEY' is a key used to link two tables together. It is a field
(or collection of fields) in one table that refers to the ‘PRIMARY KEY" in
another table.

* The table with the foreign key is called the **child table**, and the
table with the primary key is called the **referenced** or **parent
table**. * The ‘FOREIGN KEY' constraint prevents actions that would
destroy links between tables.
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FOREIGN KEY Implementation |

Creating a ‘FOREIGN KEY" on the "PersonID" column when the "Orders”
table is created:

“'sql CREATE TABLE Orders ( OrderID int NOT NULL PRIMARY KEY,
OrderNumber int NOT NULL, PersonID int, FOREIGN KEY (PersonID)
REFERENCES Persons(ID) ); “* * The ‘FOREIGN KEY" constraint also
prevents invalid data from being inserted into the foreign key column,
because it has to be one of the values contained in the parent table.
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The CHECK Constraint |

The '‘CHECK" constraint is used to limit the value range that can be
placed in a column.

* If you define a ‘CHECK" constraint on a column it will allow only certain
values for this column. * If you define a 'CHECK" constraint on a table it
can limit the values in certain columns based on values in other columns in
the row.

“'sql CREATE TABLE Persons ( ID int NOT NULL, Age int CHECK
(Age>=18) ); “*
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Advanced CHECK Constraints |

To name a ‘CHECK" constraint, and to define a ‘CHECK" constraint on
multiple columns:

“'sql CREATE TABLE Persons ( ID int NOT NULL, LastName
varchar(255) NOT NULL, FirstName varchar(255), Age int, City
varchar(255), CONSTRAINT CHK_Person CHECK (Age>=18 AND
City="Sandnes’) ); “* * This evaluates a boolean expression for every row
inserted or updated. If it evaluates to FALSE, the operation is aborted.
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The DEFAULT Constraint |

The ‘DEFAULT" constraint is used to set a default value for a column.
* The default value will be added to all new records, if no other value is
specified. * Can be used to insert system values, by using functions like
‘GETDATE()-

“‘sql CREATE TABLE Persons ( ID int NOT NULL, LastName
varchar(255) NOT NULL, City varchar(255) DEFAULT 'Sandnes’ ); **
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Adding and Dropping Constraints Post-Creation |

Constraints can be added or removed after a table has been created using
‘ALTER TABLE:

**Adding a constraint:** “'sql ALTER TABLE Persons ADD
CONSTRAINT UC_Person UNIQUE (ID,LastName); “* **Dropping a
constraint:** “‘sql ALTER TABLE Persons DROP CONSTRAINT
UC_Person; — SQL Server / Oracle / MS Access — OR ALTER TABLE
Persons DROP INDEX UC_Person; — MySQL “* * Maintaining
constraints is essential for database evolution.
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Advanced SQL Constraints Overview |

Building upon our fundamental understanding of SQL constraints, this
lecture delves into complex constraint definitions, referential integrity
actions, and domain-specific rules. We will explore composite primary
keys, advanced foreign key behaviors (CASCADE, SET NULL), and
complex CHECK constraints. Understanding these mechanisms is crucial
for designing robust, self-validating database schemas that maintain
absolute data integrity under concurrent transactions.

Review of referential integrity concepts
Introduction to ON DELETE and ON UPDATE actions

Composite Key definitions
Advanced CHECK constraint conditions
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Composite Primary Keys |

A composite primary key consists of two or more columns that together
uniquely identify a row in a table. While each individual column might
contain duplicate values, the combination of values across the composite
key columns must be absolutely unique. This is particularly useful in
junction tables (many-to-many relationships) or when modeling natural
keys that inherently require multiple attributes for uniqueness.

Defined at the table level using PRIMARY KEY (coll, col2)
Crucial for resolving many-to-many relationships

Maximum of 16 columns in a composite key (in most RDBMS)

Foreign keys referencing this table must also be composite
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Foreign Keys and Referential Integrity |

Foreign keys are the cornerstone of relational databases, ensuring
referential integrity by enforcing a link between the data in two tables. A
foreign key in the child table must exactly match a primary key (or unique
key) value in the parent table, or be NULL. This prevents orphan records
and ensures that relationships remain consistent even as data is modified
or deleted.

Enforces the 'exists’ rule across tables

Child table (referencing) and Parent table (referenced)

Can reference columns within the same table (self-referencing)

Prevents insertion of invalid related data
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Referential Actions: ON DELETE CASCADE |

When a record in a parent table is deleted, the ON DELETE CASCADE
constraint automatically deletes all matching records in the child table.
This cascading effect is vital for maintaining referential integrity without
writing complex application logic or triggers. It is commonly used in
strong entity-weak entity relationships where the child cannot logically
exist without the parent.

Key Points

o Automatically propagates deletions from parent to child

@ Prevents orphan records automatically

@ Use with caution: can lead to massive unintended data loss
o

Ideal for parent-child composite structures (e.g., Invoice ->
InvoiceLines)
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Referential Actions: ON DELETE SET NULL |

Unlike CASCADE, the ON DELETE SET NULL action preserves the child
records when the parent record is deleted. Instead of deleting the child, it
updates the foreign key column in the child table to NULL. This is
appropriate when the relationship is optional and the child entity has an
independent existence apart from the parent entity.

Preserves child records while breaking the relationship

Requires the foreign key column to allow NULL values
Useful for optional relationships (e.g., Employee -> Department)

Maintains historical data integrity
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Referential Actions: ON UPDATE C

The ON UPDATE CASCADE constraint ensures that if the referenced
primary key value in the parent table is modified, the change is
automatically propagated to the foreign key column in all related child
records. This is critical for natural keys that might change (like string
codes or identifiers), though it is less commonly needed when using
immutable surrogate primary keys.

Propagates primary key changes to foreign keys

Essential for mutating natural primary keys
Maintains logical links during parent key updates
Can be combined with ON DELETE actions
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Referential Actions: NO ACTION / RESTRICT |

NO ACTION and RESTRICT are the default referential behaviors in most
SQL dialects. If an attempt is made to delete or update a parent record
that has existing references in a child table, the database engine will reject
the operation and raise a constraint violation error. This enforces strict
referential integrity by requiring manual intervention or specific deletion
order.

@ Default behavior if no action is specified

o Prevents deletion/update if child records exist

@ Requires deleting child records before the parent record
o

RESTRICT checks immediately; NO ACTION may check at
transaction commit (dialect dependent)

.
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Advanced CHECK Constraints |

CHECK constraints allow you to define complex boolean expressions that
every row in the table must satisfy. While commonly used for simple
ranges (e.g., Age > 18), they can evaluate multiple columns
simultaneously. This enables cross-column validation, ensuring that
interdependent data within a single row remains logically consistent.

Enforces domain integrity via boolean logic

Can reference multiple columns in the same table
Cannot reference columns in other tables (use Triggers for that)
Evaluated on both INSERT and UPDATE operations
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Pattern Matching in CHECK Constraints |

CHECK constraints can utilize SQL pattern matching functions (like LIKE
or SIMILAR TO) to enforce specific string formats. This is extremely
useful for validating structured data such as email addresses, phone
numbers, or custom formatted codes directly at the database level,
preventing malformed data from ever being persisted.

Key Points
Uses standard SQL string operators (LIKE)

Ensures data conforms to expected string formats

Reduces reliance on application-layer validation

Dialect specific Regex support (e.g., ~ in PostgreSQL) provides more
power

.
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Naming Constraints for Maintainability |

By default, if you do not specify a name for a constraint, the database
engine generates a random, often cryptic name (e.g., SYS_C00123).
Explicitly naming constraints using the CONSTRAINT keyword is a
critical best practice. It dramatically simplifies debugging constraint
violations and makes schema modifications (like dropping a specific
constraint via ALTER TABLE) straightforward.

Use the CONSTRAINT keyword followed by a descriptive name

Standard naming conventions (pk_*, fk_*, chk_*, ug_*)

Error messages will reference the explicit name
Simplifies ALTER TABLE DROP CONSTRAINT statements
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Modifying Constraints Post-Creation |

Database schemas evolve, and constraints often need to be added or
removed after a table is created. The ALTER TABLE statement allows
administrators to modify the constraint structure of existing tables. When
adding a new constraint, the database typically validates all existing data;
if any existing row violates the new constraint, the addition fails.

o Use ALTER TABLE to ADD or DROP constraints
o Existing data is validated when a new constraint is added

@ Some systems allow adding constraints WITH NOCHECK (SQL
Server) to skip initial validation

@ Cannot usually 'modify’ a constraint; must drop and recreate
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Performance Implications of Constraints |

While constraints are essential for data integrity, they come with a
performance cost. Every INSERT, UPDATE, or DELETE operation
requires the database engine to validate the relevant constraints. Foreign
keys require index lookups in referenced tables, and complex CHECK
constraints consume CPU cycles. Proper indexing of foreign key columns
is critical to maintain acceptable performance in high-transaction
environments.

@ Constraints add overhead to DML operations

@ Foreign keys should almost always be indexed
o Trade-off between absolute data integrity and write throughput

@ Constraint checking is generally faster than trigger-based validation
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Recap and Introduction to Advanced Constraints |

In previous sessions, we explored primary, unique, and basic foreign key
constraints. This session dives deeper into complex referential integrity
actions, domain constraints, row-level constraints using CHECK, and
complex business rule enforcement using assertions and triggers. We will
also examine how constraints impact query execution plans and database
performance.
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Deep Dive: Foreign Key Referential Actions |

A FOREIGN KEY constraint does not just restrict inserts and updates; it
defines how the database responds to changes in the referenced parent
table. SQL specifies several referential actions: CASCADE, SET NULL,
SET DEFAULT, and RESTRICT/NO ACTION. Understanding these is
critical for maintaining referential integrity without writing procedural
code.
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Implementing Cascading Deletes: Best Practices and

Pitfalls |

While ON DELETE CASCADE simplifies application logic, it can be
dangerous. A single delete on a core table (e.g., 'Users’) can trigger
massive, silent data deletion across dozens of dependent tables, leading to
performance degradation and unintended data loss.
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Advanced CHECK Constraints: Row-Level Validation

The CHECK constraint allows you to specify a Boolean expression that
every row in the table must satisfy. Unlike data types which enforce
structural domain constraints, CHECK constraints enforce semantic

domain rules (e.g., age must be greater than 18, end_date must be after
start_date).
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Complex CHECK Constraints with Regular

Expressions |

Modern RDBMS platforms (like PostgreSQL and Oracle) allow pattern
matching within CHECK constraints using regular expressions or
specialized string functions. This is highly useful for validating formats like
email addresses, phone numbers, or standard identifiers.
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Limitations of CHECK: Cross-Row and Cross-Table

Logic |

A fundamental limitation of standard CHECK constraints in most
relational databases is their inability to query other rows or tables. For
instance, you cannot use a CHECK constraint to ensure that a user has no

more than 5 active subscriptions, because that requires counting other
rows.
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SQL ASSERTIONS: The Missing Standard |

The SQL standard defines the CREATE ASSERTION statement, which is
essentially a schema-wide CHECK constraint that can contain complex
subqueries and aggregate functions. It ensures that a specific condition is
true across the entire database state.
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Implementing Cross-Table Constraints with Triggers |

Since ASSERTIONS are unavailable, Database Administrators use Triggers
to enforce complex, cross-table business rules. A Trigger is a stored
program that executes automatically in response to an INSERT, UPDATE,
or DELETE event.
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Using Indexed Views for Constraint Enforcement |

A highly efficient alternative to triggers for certain cross-row constraints is
the use of Indexed Views (SQL Server) or Materialized Views
(PostgreSQL) combined with UNIQUE constraints.
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Constraint States: NOVALIDATE and Deferred

Constraints |

When bulk loading data or performing complex schema migrations,
checking constraints row-by-row is inefficient. SQL provides mechanisms
to defer constraint checking until the end of a transaction, or to add
constraints without validating existing data.
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Performance Impact of Constraints |

Constraints are not just logical rules; they physically impact database
performance. The query optimizer utilizes constraints to generate better
execution plans, but DML operations bear the cost of constraint validation.
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Summary and Best Practices for Schema Design |

Effective database design balances data integrity with performance. Push
data integrity rules as deep into the database as possible using declarative
constraints, but rely on the application layer for highly complex,
domain-specific validations that require external context.
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Advanced SQL Constraints: Deep Dive |

Welcome to the final continuation on SQL Constraints. In this lecture, we
will transition from basic table-level constraints to advanced topics
including multi-column constraints, deferred constraints, referential
actions, and constraint management during bulk operations.
Understanding these concepts is critical for maintaining data integrity in
complex enterprise database environments without sacrificing performance.
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Recap: The Role of Constraints in Data Integrity |

Before exploring advanced constraint mechanisms, let us briefly summarize
the foundational constraints:

* ¥*NOT NULL**: Ensures a column cannot have a NULL value. *
**UNIQUE**: Ensures all values in a column or a set of columns are
distinct. * **PRIMARY KEY**: A combination of a NOT NULL and
UNIQUE constraint. Uniquely identifies each row. * **FOREIGN KEY**:
Prevents actions that would destroy links between tables, enforcing
referential integrity. * **CHECK**: Ensures that the values in a column
satisfy a specific condition. * **DEFAULT**: Sets a default value for a
column if no value is specified during an INSERT.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 280 /541



Advanced CHECK Constraints: Complex Conditions |

CHECK constraints can do much more than simple greater-than or
less-than comparisons. They can enforce complex business logic across
multiple columns in the same row.

* *¥*Multi-column conditions:** You can enforce that an end date must
strictly be after a start date within the same record: ‘CONSTRAINT
chk_dates CHECK (end_date > start_date)" * **Boolean logic:**
Combining multiple conditions using AND/OR: ‘CONSTRAINT
chk_status CHECK ((status = 'Active’ AND termination_date IS NULL)
OR (status = 'Terminated’ AND termination_date IS NOT NULL))" *
**Limitation:** CHECK constraints generally cannot reference other rows
in the same table or rows in other tables (subqueries are typically not
allowed in CHECK constraints in most standard SQL dialects).
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Advanced CHECK Constraints: Pattern Matching |

In many robust RDBMS (like PostgreSQL and Oracle), CHECK
constraints can leverage regular expressions or pattern matching to
validate string formats.

* **Validating Email Addresses:** Ensuring a text field loosely resembles
an email address format before insertion. * ‘CONSTRAINT chk_email
CHECK (email_address LIKE "%_@__ %.__%')" (using standard LIKE) *
‘CONSTRAINT chk_email_regex CHECK (email_address ~ ""[a-zA-Z0-
9.1#$%& " *+/=7"_"{|}~-]+@[a-zA-Z0-9](?:[a-zA-Z0-9-]{0,61} [a-zA-Z0-
9)?(?:\{}.[a-zA-Z0-9](?:[a-zA-Z0-9-]{0,61}[a-zA-Z0-9])?)*$")"
(PostgreSQL Regex) * This pushes data validation to the lowest level (the
database), ensuring no application bug can insert malformed data.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026



Composite Constraints: Multi-Column UNIQUE and

PK I

Sometimes uniqueness or primary identification cannot be determined by a
single column, but requires a combination of columns.

* **Composite Primary Key:** Identifying a record through multiple
attributes (e.g., an associative entity in a many-to-many relationship). *
‘PRIMARY KEY (student_id, course_id)' * **Composite UNIQUE
Constraint:** Ensuring that a specific combination of values only appears
once, even if individual column values repeat. ¥ ‘CONSTRAINT
unique_seat UNIQUE (flight_id, seat_number)' - A flight can have many
seats, and a seat number exists on many flights, but a specific seat on a
specific flight is unique.
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Deep Dive: Referential Actions (ON DELETE) |

Foreign Key constraints allow you to define what happens to child rows
when a parent row is deleted. This is known as a referential action.

* ¥**ON DELETE RESTRICT / NO ACTION:** The default behavior.
Rejects the deletion of the parent row if child rows exist. * **ON
DELETE CASCADE:** Automatically deletes all corresponding child rows
when the parent row is deleted. Use with extreme caution as it can lead to
massive data loss. * **ON DELETE SET NULL:** Sets the foreign key
column in the child rows to NULL when the parent row is deleted (requires
the FK column to be nullable). * **ON DELETE SET DEFAULT:** Sets
the foreign key column in the child rows to its default value when the
parent row is deleted.
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Deep Dive: Referential Actions (ON UPDATE) |

Similar to deletions, you can define what happens to child rows when the
primary key of a parent row is updated.

* **ON UPDATE RESTRICT / NO ACTION:** Rejects the update of
the parent’s primary key if child rows exist referencing it. * **ON
UPDATE CASCADE:** Automatically updates the foreign key value in all
referencing child rows to match the new primary key value of the parent.
This is highly useful when using natural keys that might change. * **ON
UPDATE SET NULL:** Sets the referencing child columns to NULL. *
**ON UPDATE SET DEFAULT:** Sets the referencing child columns to
their default values.
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Constraint Timing: Deferred vs. Immediate |

By default, constraints are checked immediately at the end of every DML
statement (INSERT, UPDATE, DELETE). However, complex transactions
sometimes require violating a constraint temporarily.

* F*INITIALLY IMMEDIATE:** The default. Constraint is checked at the
end of each statement. * **INITIALLY DEFERRED:** The constraint is
not checked until the transaction is committed. This allows statements
within a transaction to temporarily violate the constraint as long as the
data is valid by the time of the COMMIT. * **DEFERRABLE:** A
constraint must be explicitly declared as DEFERRABLE when created to
allow its checking time to be altered.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026



Use Case: Deferred Constraints and Cyclic

Dependencies |

Deferred constraints are essential when dealing with cyclic foreign key
dependencies (e.g., Table A references Table B, and Table B references
Table A).

* Scenario: You need to insert a row into Table A, but it requires a row in
Table B. You try to insert into Table B, but it requires a row in Table A. *
Solution: Make one or both foreign key constraints DEFERRABLE
INITIALLY DEFERRED. * Execution: Begin transaction -> Insert into A
(constraint violation is ignored) -> Insert into B (constraint violation is
ignored) -> Commit transaction (constraints are now checked, and since
both rows exist, the check passes).
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Managing Constraints for Bulk Operations |

Constraints add significant overhead during massive data insertions (bulk
loads or ETL processes) because the database must validate every single
row.

* **Djsabling Constraints:** For performance, database administrators
often temporarily disable constraints (like Foreign Keys and CHECK
constraints) before a bulk load. * ‘ALTER TABLE table_name DISABLE
CONSTRAINT constraint_name;' (Oracle/SQL Server syntax varies) *
**Enabling Constraints:** After the data is loaded, constraints are
re-enabled. The database typically must scan the entire table to validate
the newly loaded data against the constraint before fully enabling it.
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Constraints vs. Indexes: The Performance

Connection |

It is crucial to understand that defining certain constraints automatically
impacts the physical storage structure of the database.

* ¥*PRIMARY KEY and UNIQUE:** In almost all relational database
systems, defining a PRIMARY KEY or a UNIQUE constraint automatically
creates a unique index on those columns behind the scenes. * This index
is how the database efficiently enforces the uniqueness rule without
performing a full table scan on every insert. * **FOREIGN KEYS:**
Defining a Foreign Key does *not* automatically create an index on the
child table in most systems (like Oracle or SQL Server, though MySQL
does). It is highly recommended to manually create an index on Foreign
Key columns to prevent table locks and slow performance during parent
row deletions/updates.
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Best Practices for Database Constraints |

To build robust and performant databases, adhere to these best practices
regarding constraints:

1. **Enforce at the database level:** Do not rely solely on the application
layer to enforce data integrity. Applications change, but data persists. 2.
**Name your constraints explicitly:** Use ‘CONSTRAINT
chk_positive_price CHECK (price > 0)" instead of just ‘CHECK (price >
0)" Explicit names make debugging constraint violation errors significantly
easier. 3. **Index Foreign Keys:** Always index the columns involved in a
Foreign Key to improve JOIN performance and avoid deadlocks. 4. **Use
CASCADE cautiously:** Prefer RESTRICT for ON DELETE to prevent
accidental cascading data loss, unless cascading deletion is a strict,
well-understood business requirement.
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3.7 SQL Constraints: Advanced Topics |

Welcome to the continued discussion on SQL Constraints. In this session,
we will dive deeper into advanced constraint management. Topics include
constraint naming, table-level vs. column-level definitions, and complex

CHECK conditions. We will also explore referential integrity actions such
as ON DELETE CASCADE and ON DELETE SET NULL. Understanding

these advanced topics is crucial for robust database design and data
integrity.
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Column-Level vs. Table-Level Constraints |

Constraints can be defined at two levels: Column-level and Table-level.
Column-Level Constraints: Defined immediately after the column data
type. They apply specifically to that single column. Table-Level
Constraints: Defined at the end of the table creation statement. They can
apply to multiple columns simultaneously. While PRIMARY KEY can be
defined at both levels, composite primary keys (spanning multiple
columns) MUST be defined at the table level. Table-level definitions often
provide better readability for complex constraints.
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Naming Constraints Explicitly |

By default, if you do not name a constraint, the Database Management
System (DBMS) assigns a system-generated name. System-generated
names are often cryptic (e.g., SYS_C001234), making it difficult to
identify and drop them later. Best Practice: Always use the
CONSTRAINT keyword followed by a meaningful name. Naming
conventions usually include the table name and the constraint type (e.g.,
PK_Employees, FK_Orders_Customers, CHK_Salary). Explicitly named
constraints greatly simplify database maintenance and schema updates.
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Deep Dive into the CHECK Constraint |

The CHECK constraint ensures that all values in a column satisfy specific
conditions. It acts as a gatekeeper, rejecting any INSERT or UPDATE
operation that evaluates to FALSE for the defined condition. CHECK
constraints can range from simple comparisons to complex logical
expressions involving multiple columns. Conditions can use standard SQL
operators: >, <, >=, <=, =, <>, IN, LIKE, and BETWEEN. Note:
CHECK constraints cannot reference columns in other tables; they are
strictly limited to the current row being evaluated.
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Complex CHECK Constraints |

When defined at the table level, CHECK constraints can evaluate
relationships between multiple columns in the same row. For example,
ensuring that an employee’s 'EndDate’ is chronologically after their
'StartDate’. Complex constraints can use logical operators like AND and
OR to combine multiple conditions. Using complex CHECK constraints
enforces business rules directly at the database tier, ensuring consistency
regardless of the application accessing it. Care must be taken to ensure the
conditions are logically sound to avoid locking out legitimate data entries.
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Advanced Referential Integrity: ON DELETE Actions

Foreign Key constraints maintain referential integrity between tables.
When a record in the parent table is deleted, the DBMS must know how
to handle the orphaned records in the child table. By default, the DBMS
restricts the deletion (ON DELETE RESTRICT or NO ACTION), throwing
an error if child records exist. However, SQL provides dynamic actions
that can be triggered automatically upon deletion. The two most common
actions are ON DELETE CASCADE and ON DELETE SET NULL.
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FOREIGN KEY: ON DELETE CASCADE |

ON DELETE CASCADE specifies that when a referenced row in the
parent table is deleted, all dependent rows in the child table are
automatically deleted. This is highly useful for strong entity relationships,
such as an Order and its Orderltems. If the Order is deleted, the items
should not exist independently. Cascading deletes prevent orphan records
and maintain database hygiene without requiring manual cleanup queries.
Warning: Use with caution! A single delete operation on a parent table
can wipe out thousands of related rows across multiple tables. Always
review the cascade paths in your schema to avoid unintended data loss.
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FOREIGN KEY: ON DELETE SET NULL |

ON DELETE SET NULL specifies that when a referenced row in the
parent table is deleted, the foreign key columns in the child table are set
to NULL. This approach is useful when the child record should continue to
exist even if its association with the parent is removed. For example, if a
Manager leaves a company, their associated Employees are not deleted;
instead, their ManagerID is set to NULL. Requirement: The foreign key
column in the child table must be nullable (i.e., not defined as NOT
NULL) for this action to work. It provides a safer alternative to cascading
deletes when data retention is a priority.
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Modifying Existing Constraints: ADD |

Database schemas evolve over time, and constraints often need to be
added to existing tables. The ALTER TABLE statement is used to add
new constraints without dropping and recreating the table. When adding a
CHECK or FOREIGN KEY constraint, the DBMS will validate all existing
data against the new constraint by default. If any existing rows violate the
new rule, the ALTER TABLE command will fail. To bypass checking
existing data (in some DBMS like SQL Server), you can use the WITH
NOCHECK option, though this leaves the data in an unverified state.
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Modifying Existing Constraints: DROP |

Sometimes a business rule changes, and an existing constraint is no longer
valid and must be removed. The ALTER TABLE ... DROP
CONSTRAINT statement is used for this purpose. Dropping a constraint
requires you to know its exact name, which highlights the importance of
explicitly naming constraints during creation. If a constraint was
system-named, you must first query the system catalog (like
information_schema) to find its generated name. Dropping a constraint is
a lightweight operation and does not physically alter the table data.
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Enabling and Disabling Constraints |

In certain scenarios, such as bulk data loading or complex migrations,
constraints can severely impact performance or cause temporary violations.
Some database systems (like Oracle and SQL Server) allow you to
temporarily DISABLE constraints. When disabled, the DBMS does not
check new or modified data against the rule. Once the bulk operation is
complete, the constraint should be ENABLED. Re-enabling a constraint
usually triggers a full validation of all data to ensure no invalid entries
were introduced during the disabled period.
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Summary and Best Practices |

SQL Constraints are the foundation of data integrity and reliability in
relational databases. Always explicitly name your constraints using a clear
and consistent naming convention. Use Table-Level constraints when
conditions span multiple columns. Carefully choose between ON DELETE
CASCADE and ON DELETE SET NULL based on business data retention
rules. Leverage ALTER TABLE to adapt constraints as your application
requirements evolve. By mastering these advanced constraint features, you
ensure your database remains robust, accurate, and self-documenting.
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Recap of SQL Constraints |

Before diving deeper, let's review the fundamental SQL constraints.
Constraints enforce rules on data, ensuring accuracy and reliability. The
primary constraints are NOT NULL (prevents null values), UNIQUE
(ensures all values in a column are different), and PRIMARY KEY (a
combination of NOT NULL and UNIQUE, uniquely identifying each row).
Understanding these is prerequisite to exploring referential and domain
integrity constraints.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 303 /541



Deep Dive: FOREIGN KEY Constraints |

A FOREIGN KEY constraint is critical for enforcing referential integrity. It
is a key used to link two tables together. The FOREIGN KEY in one table
points to a PRIMARY KEY in another table. This relationship prevents
actions that would destroy links between tables, ensuring that relationships
defined in the database schema remain consistent.
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Referential Actions: CASCADE and SET NULL |

When a record in the parent table is deleted or updated, what happens to
the child records? We define this using referential actions. ON DELETE
CASCADE automatically deletes corresponding rows in the child table.
ON DELETE SET NULL sets the foreign key columns in the child table to
NULL when the parent record is deleted.
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Referential Actions: RESTRICT and N

RESTRICT rejects the delete or update operation for the parent table if
there is a related row in the child table. NO ACTION is similar to
RESTRICT, but in some database systems, the check is deferred until the
end of the transaction. Both ensure that orphan records are not created by
strictly preventing the modification of referenced primary keys.
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Deep Dive: CH Constraints |

The CHECK constraint is used to limit the value range that can be placed
in a column. If you define a CHECK constraint on a column it will allow
only certain values for this column. If you define a CHECK constraint on a
table it can limit the values in certain columns based on values in other
columns in the row.
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Table-Level vs Column-Level Constraints |

Constraints can be defined at the column level (immediately following the
column definition) or at the table level (after all columns are defined).
Table-level constraints are necessary when the constraint applies to
multiple columns, such as a composite PRIMARY KEY or a CHECK
constraint comparing two columns.
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Deep Dive: DEFAULT Constraints |

The DEFAULT constraint provides a default value for a column when none
is specified during an INSERT operation. This is incredibly useful for
standardizing data entry (e.g., setting a default status of 'Pending’ or a
default registration date to the current date).
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Managing Constraints: Naming Co

It is a best practice to explicitly name your constraints (using the
CONSTRAINT keyword) rather than letting the database engine
auto-generate names. Explicit naming makes it much easier to identify,
modify, or drop the constraint later. A common convention is
constraintType_tableName_columnName (e.g., fk_orders_customers).
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Managing Constraints: Adding and Dropping |

Business rules change, and so must constraints. We can add constraints to
existing tables using the ALTER TABLE ... ADD CONSTRAINT
statement. Similarly, we can remove them using ALTER TABLE ... DROP
CONSTRAINT. This highlights the flexibility of SQL DDL (Data
Definition Language) in maintaining database integrity over time.
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Deferred Constraints |

By default, constraints are checked immediately after each SQL
statement. However, constraints can be defined as DEFERRABLE. A
deferred constraint (INITIALLY DEFERRED) is only checked at the end of
a transaction (upon COMMIT). This is particularly useful for resolving
cyclical dependencies or when performing complex batch updates.
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Performance Implications of Constraints |

While constraints guarantee data integrity, they come with a performance
cost. Every INSERT, UPDATE, or DELETE operation requires the
database engine to validate the constraints. Over-constraining a database,
especially with complex CHECK constraints or extensive cascading foreign
keys, can degrade write performance.
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Best Practices for SQL Constraints |

To summarize best practices: always explicitly name constraints for easier
maintenance; use constraints instead of application logic for data integrity
to avoid race conditions; be mindful of the performance impact on heavily
written tables; and leverage referential actions carefully to avoid
unintended massive cascading deletions.
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Advanced SQL Constraints: An Overview |

While basic constraints (PRIMARY KEY, UNIQUE, NOT NULL) handle
common integrity checks, real-world database models require more
sophisticated business rule enforcement. This advanced lecture explores
complex SQL constraints, including deep CHECK constraint
implementations, referential actions, deferrable constraints, and
database-level assertions. A robust constraint strategy moves business
logic from application code directly into the database schema,
guaranteeing data integrity regardless of the client application. We will
examine both standard SQL specifications and practical implementations
across major RDBMS platforms like PostgreSQL, Oracle, and MySQL.
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Deep Dive: Complex CHECK Constraints |

A CHECK constraint specifies a boolean expression that must evaluate to
TRUE or UNKNOWN for every row in a table. Complex CHECK
constraints can evaluate multiple columns simultaneously (e.g., CHECK
(start_date < end_date)). They can utilize built-in scalar functions and
pattern matching (e.g., CHECK (email LIKE '%@%.%")). However, most
SQL dialects prohibit subqueries within a CHECK constraint to prevent
unpredictable side effects and unbounded execution times during inserts.
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Limitations of CHECK Constraints & Workarounds |

The primary limitation of standard CHECK constraints is their inability to
reference data in other tables or even other rows within the same table.
For example, enforcing a business rule like 'A department cannot have
more than 100 employees’ cannot be done using a standard CHECK
constraint. Workaround 1: Using User-Defined Functions (UDFs) within
the CHECK clause (supported by some RDBMS, but often discouraged
due to performance overhead and locking issues). Workaround 2: Utilizing
Materialized Views with constraints or implementing complex integrity
rules using AFTER/BEFORE Triggers.
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Referential Actions: ON DELETE and ON UPDATE I

Foreign Key constraints can dictate the automatic behavior of the database
when a referenced parent row is updated or deleted. These referential
actions are critical for maintaining the logical consistency of relational
data without requiring manual, multi-step transaction handling. Standard
actions include RESTRICT, NO ACTION, CASCADE, SET NULL, and
SET DEFAULT. RESTRICT prevents the modification of the parent row if
child rows exist, raising an immediate error, whereas NO ACTION
typically delays the check until the end of the statement or transaction.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 318 /541



Cascading Actions in Depth |

ON DELETE CASCADE: Automatically deletes all referencing child rows
when the parent row is deleted. Use with extreme caution as it can trigger
massive, unintended data deletion trees. ON DELETE SET NULL:
Updates the foreign key columns in the child rows to NULL when the
parent row is deleted. Requires the child column to be nullable. ON
DELETE SET DEFAULT: Reverts the child rows’ foreign key value to its
defined default when the parent row is removed. Choosing between
CASCADE and SET NULL depends heavily on whether the child entity
can logically exist independently of its parent (e.g., Order ltems vs.
Employee Departments).
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Deferrable Constraints: Concept and Need |

By default, constraints are checked immediately after every SQL
statement (IMMEDIATE). Deferrable constraints allow the integrity check
to be postponed until the end of a transaction (COMMIT phase). This is
essential for scenarios involving circular foreign keys (e.g., Table A
references Table B, and Table B references Table A), where it is
impossible to insert the first record without violating a constraint. Syntax
involves defining the constraint with the DEFERRABLE keyword.
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INITIALLY DEFERRED vs INITIALLY IMMEDIATE |

DEFERRABLE INITIALLY IMMEDIATE: The constraint is capable of
being deferred, but by default acts like a normal immediate constraint. A
transaction can issue 'SET CONSTRAINTS ALL DEFERRED' to delay
checking. DEFERRABLE INITIALLY DEFERRED: The constraint check is
automatically pushed to the transaction COMMIT time without requiring
explicit SET commands. Using INITIALLY DEFERRED simplifies
application code for cyclic dependencies but can make debugging harder,
as the error is raised at COMMIT rather than at the exact
INSERT/UPDATE statement. Not all constraints can be deferred;
typically, this applies to FOREIGN KEY and UNIQUE constraints.
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Database Assertions in Standard SQL |

An ASSERTION (CREATE ASSERTION) is a constraint defined at the
schema level, independent of any specific table. Assertions can check
conditions spanning multiple tables, providing a powerful mechanism for
enforcing enterprise-wide business rules. Syntax: CREATE ASSERTION
assertion_name CHECK (not exists (select ...)); Example: Ensuring the
total budget of all departments combined does not exceed a certain global
corporate threshold.
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Practical Alternatives to Assertions |

Despite being part of the SQL-92 standard, almost no major commercial
RDBMS (PostgreSQL, MySQL, SQL Server, Oracle) natively supports
CREATE ASSERTION due to the massive performance overhead of
evaluating it on every transaction. Alternative 1: Database Triggers.
Triggers can programmatically evaluate complex, cross-table rules upon
INSERT /UPDATE/DELETE. Alternative 2: Stored Procedures. Forcing
all application data modifications through strict stored procedures that
encapsulate the cross-table validation logic. Alternative 3: Scheduled
batch validations for rules that do not require strict real-time enforcement.
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Domain Constraints and User-Defined Types |

A DOMAIN allows you to create a user-defined data type with optional
default values and built-in CHECK constraints. Syntax: CREATE
DOMAIN valid_email AS VARCHAR(255) CHECK (VALUE LIKE
"%@©%.%"); Domains promote DRY (Don't Repeat Yourself) principles.
Instead of writing the same CHECK constraint on twenty different 'email’
columns across tables, they can all use the 'valid_email" domain.
Modifying the domain constraint automatically enforces the new rule on
all columns utilizing that domain.
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Performance Implications of Complex Constraints |

While constraints guarantee data integrity, heavily constrained schemas
incur insert and update penalties. Foreign Key constraints require the
RDBMS to perform a hidden SELECT on the parent table for every child
row inserted. Complex CHECK constraints involving heavy string
manipulations (e.g., complex Regex) will consume CPU cycles during
high-throughput ingestion. Deferrable constraints require the RDBMS to
maintain a list of pending checks in memory or on disk until the
transaction commits, consuming memory resources.
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Summary & Best Practices |

1. Push data integrity rules as close to the data as possible (into the
RDBMS) to ensure consistency across multiple application clients. 2. Use
standard constraints (PRIMARY, UNIQUE, FK, basic CHECK) liberally;
they are highly optimized by database engines. 3. Employ DOMAINS to
encapsulate repetitive constraint logic. 4. Use Deferrable constraints
sparingly, only when cyclic dependencies demand them. 5. Resort to
Triggers for cross-table logic, but thoroughly document them, as they
represent 'hidden’ side effects.
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Introduction to Advanced SQL Constraints |

Constraints are rules enforced on data columns in a table. These ensure
the accuracy and reliability of the data. While basic constraints like
PRIMARY KEY and FOREIGN KEY define relational structures, advanced
constraints like CHECK, UNIQUE, and DEFAULT allow for precise data
validation at the database level, preventing invalid data from ever being
committed.
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Deep Dive: The UNIQUE Constraint |

The UNIQUE constraint ensures that all values in a column or a set of
columns are distinct from one another. Unlike the PRIMARY KEY
constraint, a table can have multiple UNIQUE constraints. Additionally,
most SQL implementations allow a UNIQUE column to contain one or
multiple NULL values, depending on the specific database engine's ANSI
SQL compliance.
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UNIQUE Constraint: Syntax and Implementation |

To define a UNIQUE constraint during table creation, you can specify it at
the column level or the table level. Example: ‘CREATE TABLE Employees
(EmployeelD INT PRIMARY KEY, Email VARCHAR(255) UNIQUE);" At
the table level, it can span multiple columns: ‘CONSTRAINT uc_Person
UNIQUE (LastName, FirstName)" This composite UNIQUE constraint
ensures the combination of LastName and FirstName is always unique.
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Understanding the CH Constraint |

The CHECK constraint limits the value range that can be placed in a
column. If you define a CHECK constraint on a single column, it allows
only certain values for this column. If you define a CHECK constraint on a
table, it can limit the values in certain columns based on values in other
columns in the row, enforcing complex domain integrity.
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CHECK Constraint: Practical Examples |

Consider a scenario where an employee's age must be 18 or older. The
constraint would be defined as: ‘Age INT CHECK (Age >= 18)" For
table-level multi-column validation, imagine a start and end date scenario:
‘CONSTRAINT chk_Dates CHECK (EndDate >= StartDate)". This
prevents logical inconsistencies at the point of insertion or update.
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The DEFAULT Constraint |

The DEFAULT constraint is used to provide a default value for a column.
The default value will be added to all new records if no other value is
specified during an INSERT operation. This is highly useful for
timestamps (e.g., ‘DEFAULT CURRENT_TIMESTAMP'), status flags
(e.g., ‘DEFAULT 'Active), or preventing NULL values in optional fields
without demanding explicit input.
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Adding and Dropping Constraints Post-Creation |

Constraints can be added to an existing table using the ‘ALTER TABLE'
statement. For example: ‘ALTER TABLE Persons ADD CONSTRAINT
chk_PersonAge CHECK (Age >= 18);". To remove a constraint, you drop
it by its name: ‘ALTER TABLE Persons DROP CONSTRAINT
chk_PersonAge;" This is why explicitly naming constraints (rather than
letting the system auto-generate names) is a best practice.
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Constraints and Performance Implications |

While constraints are critical for data integrity, they come with a
performance cost. Every INSERT, UPDATE, or DELETE operation
requires the database engine to validate the relevant constraints. Complex
CHECK constraints or numerous FOREIGN KEY constraints can slow
down high-throughput transactional systems. Therefore, careful indexing
and constraint design are essential.
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Foreign Key Constraints: Cascading Actions |

FOREIGN KEY constraints support cascading actions upon updates or
deletions in the parent table. The ‘ON DELETE CASCADE' option
automatically deletes dependent rows in the child table when a parent row
is deleted. Similarly, ‘ON UPDATE CASCADE' updates the foreign key
values. Alternative actions include ‘SET NULL*, ‘'SET DEFAULT", and
‘RESTRICT" (or ‘NO ACTION").
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Deferred Constraints: Transactional Control |

Some database systems (like PostgreSQL and Oracle) support deferred
constraints. Normally, constraints are checked immediately after each
statement. A deferred constraint ('DEFERRABLE INITIALLY
DEFERRED") is only checked at the end of the transaction (‘COMMIT").
This is crucial for resolving circular foreign key dependencies where rows in
two tables must reference each other.
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System Catalogs and Constraint Metadata |

Information about defined constraints is stored in the database's system
catalogs or information schema. Querying views like
‘INFORMATION_SCHEMA.TABLE_CONSTRAINTS' or
‘INFORMATION_SCHEMA.CHECK_CONSTRAINTS' allows database
administrators and developers to programmatically inspect the rules
applied to their schema, facilitating automated migrations and
documentation.
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Summary of SQL Constraints |

Constraints form the backbone of relational database integrity. By
meticulously applying NOT NULL, UNIQUE, PRIMARY KEY, FOREIGN
KEY, CHECK, and DEFAULT constraints, developers transform a basic
data store into a robust, self-validating system. Proper constraint
management minimizes the need for complex application-level validation
and ensures long-term data reliability.
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SQL Constraints |
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Introduction to Advanced Constraints |

Constraints enforce data integrity and business rules at the database level.
They prevent invalid data from being entered into the database. Types of
constraints: PRIMARY KEY, FOREIGN KEY, UNIQUE, NOT NULL,
CHECK. While basic constraints are straightforward, real-world
applications require careful planning for complex data relationships.
Constraints act as the first line of defense against data anomalies and
ensure ACID properties are maintained.
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Deep Dive: PRIMARY KEY Constraint |

A PRIMARY KEY must contain unique values and cannot contain NULL
values. A table can have only one primary key, but it can consist of single
or multiple columns (composite key). Behind the scenes, a primary key
constraint automatically creates a unique clustered index on the column or
columns. Choosing a surrogate key (like an auto-incrementing integer or
UUID) versus a natural key (like a Social Security Number) involves
trade-offs in performance and flexibility. Surrogate keys decouple database
structure from business logic changes.
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Deep Dive: FOREIGN KEY Constraint |

A FOREIGN KEY is used to link two tables together, ensuring referential
integrity. It refers to the PRIMARY KEY or a UNIQUE constraint in
another table. Referential actions (ON DELETE, ON UPDATE) dictate
what happens when the referenced row is modified or deleted. Options
include: CASCADE (propagate changes), SET NULL (nullify referencing
column), SET DEFAULT (set to default value), and RESTRICT/NO
ACTION (prevent the change). Proper use of foreign keys prevents
'orphan records’ and maintains a consistent relational model.
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Referential Actions: CASCADE in Detail |

ON DELETE CASCADE automatically deletes referencing rows when the
referenced row is deleted. This is powerful but dangerous. A single delete
operation can cascade through multiple tables, potentially wiping out a
large portion of the database. It is often used in parent-child relationships
where the child’s existence depends entirely on the parent (e.g., Order to
OrderDetails). Performance impact: Cascading deletes can lock many
rows and tables, leading to concurrency issues in high-transaction
environments. Alternative: Soft deletes (marking a record as inactive) are
often preferred over cascading hard deletes in production systems.
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Deep Dive: UNIQUE Constraint |

The UNIQUE constraint ensures that all values in a column or a group of
columns are distinct from one another. Unlike PRIMARY KEY, a table
can have multiple UNIQUE constraints. Most database systems allow one
NULL value in a column with a UNIQUE constraint, though some allow
multiple NULLs (treating each NULL as distinct). It automatically
generates a unique non-clustered index, which speeds up query
performance for lookups on those columns. Common use cases: Email
addresses, Usernames, Product SKUs.
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Deep Dive: CHECK Constraint |

The CHECK constraint is used to limit the value range that can be placed
in a column. It evaluates a Boolean expression. If the expression evaluates
to TRUE or UNKNOWN (due to a NULL value), the data is accepted.
Can be applied at the column level (referencing only that column) or the
table level (referencing multiple columns in the same row). Examples:
CHECK (Age >= 18), CHECK (EndDate >= StartDate), CHECK
(Status IN ('Pending’, 'Active’, 'Closed’)). While useful, complex business
logic is often better handled in the application tier for easier maintenance
and testing.
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Deep Dive: NOT NULL Constraint |

The NOT NULL constraint enforces a column to not accept NULL values.
This means that you cannot insert a new record, or update a record
without adding a value to this field. NULL represents missing or unknown
data, which can complicate queries and logic (e.g., NULL = NULL
evaluates to UNKNOWN, not TRUE). Using NOT NULL extensively is a
best practice to avoid the complexities of three-valued logic in SQL. When
retrofitting NOT NULL to an existing column with NULLs, you must first
update the existing NULL values.
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Performance Implications of Constraints |

While constraints ensure data integrity, they introduce a performance
overhead during DML operations (INSERT, UPDATE, DELETE). Every
time data is modified, the database engine must check all relevant
constraints. Foreign key checks require reading from the referenced table,
which can cause locking and contention. Check constraints require CPU
cycles to evaluate the expression. However, constraints can *improve*
read performance. Query optimizers use constraint information (like
CHECK and FOREIGN KEY) to generate more efficient execution plans.
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Managing Constraints: Disabling and Enabling |

During large data loads (ETL processes) or migrations, constraints can
severely impact performance. Many RDBMS platforms (like Oracle, SQL
Server) allow you to temporarily disable constraints. Syntax typically
involves ALTER TABLE ... DISABLE CONSTRAINT ... After the data
load, constraints must be re-enabled. The database must then validate the
existing data against the constraint. If invalid data was loaded, the
re-enabling process will fail. Use the 'NOVALIDATE' option (if supported)
to enable the constraint for future data only, though this compromises
overall data trust.
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Constraint Naming Conventions |

If you do not explicitly name a constraint, the database engine will
generate a random, cryptic name (e.g., SYS_C001234). This makes
troubleshooting errors extremely difficult. When an insert fails, the error
message will cite the constraint name. Best practice is to always explicitly
name constraints using a consistent convention. Common convention:
[ConstraintType|_[TableName]_[ColumnName]. Examples:
PK_Employees_ EmployeelD, FK_Orders_ Customers_CustomerID,
CHK_Products_Price__Positive, UQ_Users_Email.
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Conclusion and Best Practices |

Constraints are fundamental to database design and data integrity. Always
define Primary Keys and enforce relationships with Foreign Keys. Use
NOT NULL by default unless a column explicitly requires optional data.
Employ UNIQUE and CHECK constraints to enforce business rules directly
in the schema. Name all constraints explicitly for maintainability. Balance
the need for strict integrity with performance considerations in
high-throughput environments.
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SQL Constraints: Advanced Concepts Overview |

In this continued session on SQL constraints, we transition from basic data
integrity rules to advanced constraint management and behaviors. While
foundational constraints like NOT NULL, UNIQUE, and PRIMARY KEY
ensure basic structural integrity, modern enterprise applications require
complex rule enforcement at the database level. We will explore referential
actions, deferred constraint checking, domain constraints, schema-level
assertions, and the performance implications of constraint enforcement.
Understanding these mechanisms is crucial for database administrators
and application developers to maintain data consistency without
sacrificing system performance.
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Advanced Referential Actions (Foreign Keys) |

Foreign keys maintain referential integrity between tables, but what
happens when a referenced parent record is updated or deleted? SQL
standard provides referential actions. ON DELETE CASCADE:
Automatically deletes child records when the referenced parent record is
deleted. This is powerful for composite entities but dangerous if
unintended. ON DELETE SET NULL: Sets the foreign key column in child
records to NULL when the parent is deleted. Useful for optional
relationships where the child can exist independently. ON DELETE SET
DEFAULT / NO ACTION / RESTRICT: RESTRICT prevents deletion of
the parent if children exist. NO ACTION is similar but checked at the end
of the transaction. SET DEFAULT reverts to the column’s default value.
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Deferred Constraint Enforcement |

By default, constraints are checked immediately after each DML
statement (INITIALLY IMMEDIATE). This can cause problems during
complex updates involving circular foreign key references. SQL allows
constraints to be defined as DEFERRABLE. A deferrable constraint can
postpone its validation until the end of the transaction (COMMIT).
INITIALLY DEFERRED: The constraint check is delayed until COMMIT
by default for all transactions unless overridden. This mechanism is
essential for bulk loading data or modifying records that temporarily
violate integrity rules but resolve them before the transaction concludes.
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Constraint Naming and Administration |

It is a best practice to explicitly name constraints rather than relying on
system-generated names (e.g., SYS_C00123). Explicit naming (e.g.,
CONSTRAINT fk_employee_department FOREIGN KEY (dept_id)
REFERENCES department(id)) simplifies database administration. When
a constraint is violated, the database engine returns the constraint name
in the error message, making debugging significantly easier. Explicitly
named constraints can be easily modified, disabled, or dropped using
ALTER TABLE statements without querying system catalogs to find the
generated name.
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Managing Constraints via ALTER TABLE |

Constraints are not static; schema evolution often requires altering them.
The ALTER TABLE statement allows dynamic modification of constraints.
Adding a constraint: ALTER TABLE employees ADD CONSTRAINT
chk_salary CHECK (salary > 0); Dropping a constraint: ALTER TABLE
employees DROP CONSTRAINT chk_salary; Disabling constraints: Many
RDBMS (like Oracle and SQL Server) allow disabling a constraint
(DISABLE) to perform bulk data loads faster, and then re-enabling it
(ENABLE) afterwards. Enabling often triggers a full table scan to validate
existing data.
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Advanced CHE straints |

CHECK constraints validate that values in a column satisfy a specific
boolean expression. They go beyond simple data type validation.
Expressions can include mathematical operations, string functions, and
logical operators. Example: CHECK (end_date >= start_date) to
validate temporal data. Limitations: Most SQL dialects do not allow
CHECK constraints to reference columns in other tables or use subqueries.
They are strictly row-level evaluations. Complex business rules requiring
cross-table validation typically cannot be enforced via standard CHECK
constraints and require alternative mechanisms like Triggers or Assertions.
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Schema-Level Assertions |

Assertions (CREATE ASSERTION) are schema-level constraints defined
independently of any single table. They are part of the SQL standard for
enforcing complex business rules. Unlike CHECK constraints, Assertions
can evaluate conditions across multiple tables using subqueries and
aggregate functions. Example conceptual usage: Ensure the total salary of
all employees in a department does not exceed the department’s budget.
Reality Check: Due to the severe performance impact of evaluating
complex conditions on every database modification, very few major
RDBMS (like PostgreSQL, MySQL, SQL Server, Oracle) natively support
CREATE ASSERTION. Triggers are used instead.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026



Constraints vs. Triggers for Data Integrity |

When standard declarative constraints (Primary Key, Foreign Key, Check)
are insufficient, developers turn to procedural logic via Triggers.
Declarative Constraints: Preferred method. They are optimized by the
query engine, self-documenting, easier to maintain, and less prone to
infinite loops. Triggers: Necessary for complex rules (e.g., cross-table
validation, auditing, conditional integrity). However, they execute
row-by-row or statement-by-statement and can significantly degrade
transaction performance. Rule of Thumb: Always use a declarative
constraint if the RDBMS supports it. Fall back to Triggers only when the
business logic cannot be expressed declaratively.
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Performance Implications of Constraints |

While constraints are vital for data integrity, they introduce overhead
during Data Manipulation Language (DML) operations (INSERT,
UPDATE, DELETE). Foreign Keys require read locks on the parent table
to verify existence, which can lead to concurrency bottlenecks in
high-throughput environments. UNIQUE and PRIMARY KEY constraints
require implicit indexes to enforce uniqueness efficiently. These indexes
consume storage and must be updated on DML operations. CHECK
constraints require CPU cycles to evaluate the boolean expression for every
affected row. Poorly optimized CHECK logic can slow down batch inserts.
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Constraint Validation States (ENABLE

NOVALIDATE) |

In large databases, re-enabling a constraint on a massive table can take
hours because the database must scan all existing rows to ensure they
comply. Some RDBMS offer intermediate constraint states. For example,
Oracle’s ENABLE NOVALIDATE. ENABLE NOVALIDATE means: The
constraint is active for all future DML operations (new data must
comply), but existing data is NOT checked during the re-enabling process.
This is highly useful in data warehousing when you trust the existing
historical data but want to enforce the rule strictly moving forward
without a massive validation penalty.
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Views and WITH CHECK OPTION |

Updatable views can be a backdoor to violating intended data domains if
not managed correctly. If you insert a row through a view, does it still
belong to the view? The WITH CHECK OPTION clause can be appended
to a view definition to enforce a constraint on updates and inserts
performed through that view. It ensures that any DML operation executed
against the view will only succeed if the resulting row satisfies the view's
WHERE clause. This acts as a dynamic constraint, preventing users from
inserting rows that immediately disappear from their view of the data.
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Best Practices for Constraint Architecture |

1. Always Name Constraints: Use a consistent naming convention (e.g.,
tbl_col_pk, tbl_col_fk) to facilitate maintenance. 2. Index Foreign Keys:
If you frequently delete from the parent table or join on the relationship,
index the child’s foreign key column to prevent full table scans and lock
escalation. 3. Favor Declarative over Procedural: exhaust all options for
CHECK/FK constraints before resorting to Triggers. 4. Understand
Deferrable Use Cases: Use deferred constraints carefully to avoid
unexpected ROLLBACKs at COMMIT time, complicating application error
handling.
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Title: 4.1 Anomalies Created by Poor Database

Design |

Welcome to Lecture 4.1: Anomalies Created by Poor Database Design. In
this session, we will explore the negative consequences of improperly
structured relational databases. We will formally define and examine data
anomalies, understand how redundancy causes them, and analyze the
profound impact they have on data integrity and application reliability.
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The Core Issue: Data Redundancy |

**Definition:** Data redundancy occurs when the same piece of data is
held in two separate places within a database. While sometimes
intentionally introduced for performance (denormalization), unintentional
redundancy in OLTP systems is the root cause of anomalies. **Symptoms
of Redundancy:** - Wasted storage space (though less critical with
modern storage costs). - Increased |/O operations for updates. -
Inconsistent states if partial updates occur.
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Impact of Redundancy on Data Integrity |

**Data Integrity Compromise:** Redundancy breaks the 'Single Source of
Truth' (SSOT) principle. When data is duplicated, the database
management system (DBMS) cannot guarantee that all copies remain
synchronized without complex application-level logic. **Consequences:** -
Stale Data: Users reading from un-updated duplicates. - Logical
Contradictions: e.g., An employee belonging to 'Sales’ in one record and
'Marketing’ in another. - Loss of Trust: Users lose faith in the system's
reporting capabilities.
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Introduction to Data Anomalies |

**What is an Anomaly?** In the context of relational databases, an
anomaly is an undesirable irregularity or error that occurs when interacting
with a poorly constructed table. These anomalies manifest during
standard Data Manipulation Language (DML) operations. **The Three
Primary Anomalies:** 1. **|nsertion Anomaly:** Inability to add data to
the database due to absence of other data. 2. **Deletion Anomaly:**
Unintended loss of data due to deletion of other data. 3. **Modification
(Update) Anomaly:** Data inconsistency resulting from partial updates of
redundant data.
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Insertion Anomaly: Definition and Mechanics |

**Definition:** An insertion anomaly occurs when certain attributes
cannot be inserted into the database without the presence of other
attributes. **Mechanics:** This typically happens when a single relation
(table) attempts to model two distinct entities. Because of entity integrity
rules (primary keys cannot be null), we cannot insert a record for one
entity if we do not yet have data for the other entity that shares the
primary key. This forces developers to use 'dummy’ data or NULL values
inappropriately, corrupting the domain constraints.
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Insertion Anomaly: A Practical Example |

**Scenario:** A single table ‘Course_Instructor(CourselD, CourseName,
InstructorID, InstructorName)' Primary Key: ‘CourselD* **The
Problem:** Suppose the university hires a new instructor, Dr. Smith
(InstructorID: 99). However, Dr. Smith has not yet been assigned to teach
any specific course. **The Anomaly:** We cannot insert Dr. Smith into
the ‘Course_Instructor' table because ‘CourselD' (the primary key) cannot
be NULL. We are blocked from storing valid instructor data.
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Deletion Anomaly: Definition and Mechanics |

**Definition:** A deletion anomaly occurs when the deletion of a record
to remove specific information unintentionally results in the loss of other,
unrelated information. **Mechanics:** Similar to insertion anomalies, this
stems from conflating multiple entities into a single table. When the last
instance of one entity is deleted from the table, any attributes belonging to
the second entity that were piggybacking on that record are permanently
lost. This is a destructive anomaly that leads to silent data loss.
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Deletion Anomaly: A Practical Example |

**Scenario:** Table ‘Student_Course(StudentID, StudentName,
CourselD, CourseName)' Suppose only one student (Alice, ID: 101) is
enrolled in an advanced, highly specialized course 'Quantum Computing’
(CourselD: QC404). **The Problem:** Alice decides to drop the course.
The application executes a DELETE statement to remove her enrollment
record. ¥**The Anomaly:** By deleting the row (101, 'Alice’, 'QC404',
'Quantum Computing'), we lose not only Alice’s enrollment but also the
fact that a course named 'Quantum Computing’ with ID '"QC404" even
exists in the university catalog.
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Modification (Update) Anomaly: Definition and

Mechanics |

**Definition:** A modification anomaly occurs when a change to a single
logical piece of data requires multiple rows to be updated, risking
inconsistency if all rows are not updated successfully. **Mechanics:** This
is the direct consequence of data redundancy. If a non-key attribute is
stored multiple times, changing its value means the database engine must
find and update every single copy. If the system crashes during the
update, or if the update query is poorly written, some rows will have the
old value and some the new value, destroying data integrity.
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Modification Anomaly: A Practical Example |

**Scenario:** Table ‘Employee_Department(EmpID, EmpName, DeptID,
DeptName, DeptManager)' Suppose the 'Engineering’ department
(DeptID: D1) has 500 employees. The department manager changes from
'Dr. Turing’ to 'Dr. Lovelace’. **The Problem:** The string 'Dr. Turing’
is duplicated across 500 rows. **The Anomaly:** An update must scan
and modify all 500 rows. If an error occurs halfway, 250 employees report
to Turing and 250 to Lovelace. The database is now internally
inconsistent regarding who manages the Engineering department.
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Recognizing Poor Design in the Wild |

**Heuristics for ldentifying Anomalous Designs:** - **Wide Tables:**
Tables with many columns often hide mixed entities. - **Repeated
Values:** Frequent repetition of text data (names, descriptions) across
rows. - ¥**Complex Update Logic:** Applications requiring transactions
just to keep simple master data in sync. - **Null Inflation:** A high
percentage of NULL values to bypass insertion constraints. **The Litmus
Test:** Ask yourself: 'Can | add entity A without entity B?' 'If | delete the
last entity A, do | lose entity B?’

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 373 /541



Prelude to Normalization: Resolving Anomalies |

**The Solution:** The structural flaws that cause insertion, deletion, and
modification anomalies cannot be fixed by application code. They must be
fixed at the schema level. **Normalization:** The formal process of
decomposing poorly designed tables into smaller, well-structured tables
that eliminate redundancy and anomalies. By enforcing dependencies
(Functional, Transitive, Multi-valued), we ensure that each table serves a
single, distinct purpose. **Next Lecture:** We will dive into the First,
Second, and Third Normal Forms (INF, 2NF, 3NF).
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4.2 Normalization: Definition and Goals, 4.3

Functional Dependencies |

Course: Database Management Lecture 32
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Agenda |

The Problem: Database Anomalies Definition of Normalization Core Goals
of Normalization Trade-offs and Performance Impacts Introduction to
Functional Dependencies (FDs) Types of Functional Dependencies
Armstrong’s Axioms
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The Problem: Database Anomalies |

A poorly designed database with high redundancy suffers from anomalies
during data manipulation. **Insertion Anomaly**: Inability to add data to
the database due to absence of other data. (e.g., cannot add a new course
without assigning a student). **Deletion Anomaly**: Unintended loss of
data due to deletion of other data. (e.g., deleting the last student in a
course deletes the course details). **Update Anomaly**: Data
inconsistency resulting from partial updates of redundant data.
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Update Anomaly: A Practical Example |

Consider table: ‘Emp_Dept (EmpID, EmpName, DeptName, DeptHead)'
If 'Alice’ and 'Bob’ both work in 'HR’, the ‘DeptHead’ ('Carol’) is stored
twice. If the HR Department gets a new head ('Dave’), we must update
multiple rows. **The Failure**: If one row is updated and another is
missed, the database is in an inconsistent state. Who is the actual HR
head?
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What is Normalization? |

**Definition**: A systematic approach of decomposing tables to eliminate
data redundancy and undesirable characteristics like Insertion, Update,
and Deletion anomalies. It is a multi-step process that puts data into
tabular form by removing duplicated data from the relation tables.
Invented by Edgar F. Codd as part of the relational model. Involves
dividing larger tables into smaller tables and linking them using
relationships (Foreign Keys).

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 379 /541



Primary Goals of Normalization |

**Minimize Data Redundancy**: Store each fact in the database exactly
once to save storage space and prevent inconsistencies. **Eliminate
Anomalies**: Ensure that insertions, deletions, and updates can be
performed safely without unintended side-effects. **Simplify Data
Management**: Create a schema where data dependencies make logical
sense (each table represents a single entity or relationship). **Improve
Data Integrity**: Enforce rules through constraints rather than relying on
application logic.
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Trade-offs: The Cost of Normalization |

Normalization is not a silver bullet; it comes with performance trade-offs.
**Increased Query Complexity**: Data spread across multiple tables
requires complex ‘JOIN' operations to retrieve. ¥**Read Performance
Impact**: Heavy joins can slow down read-intensive applications (e.g.,
data warehouses). **Denormalization**: Sometimes intentionally
introduced in physical design to improve read performance at the cost of
redundancy.
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Introduction to Functional Dependencies (FD) |

**Definition**: A relationship between two attributes in a relation,
typically between the primary key and non-key attributes. **Notation**:
$X \{}rightarrow Y$ (Read as 'X functionally determines Y’, or 'Y is
functionally dependent on X'). **Determinant**: The left side of the
arrow ($X$). **Dependent**: The right side of the arrow ($Y$). If two
tuples agree on the attributes $X$, they must also agree on the attributes

$YS$.
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Types of Functional Dependencies |

**Trivial Functional Dependency**: $X \{}rightarrow Y$ is trivial if $Y$
is a subset of $X$. (e.g., "{EmpID, EmpName} \{}rightarrow {EmpID}").
**Non-Trivial Functional Dependency**: $X \{}rightarrow Y$ is
non-trivial if $Y$ is not a subset of $X$. (e.g., ‘{EmpID} \{}rightarrow
{EmpName}'). **Fully Functional Dependency**: $Y$ is fully
functionally dependent on a composite key $X$ if it is dependent on $X$,
but not on any proper subset of $X$.
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Inference Rules: Armstrong’'s Axioms |

A set of inference rules used to infer all the functional dependencies on a
relational database. **1. Reflexivity**: If $Y$ is a subset of $X$, then $X
\{}rightarrow Y$. **2. Augmentation**: If $X \{}rightarrow Y$, then
$XZ \{}rightarrow YZ$. **3. Transitivity**: If $X \{}rightarrow Y$ and
$Y \{}rightarrow Z$, then $X \{}rightarrow Z$.
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Data redundancy leads to debilitating Insert, Update, and Delete
anomalies. Normalization is the structured process of table decomposition
to eliminate redundancy and protect data integrity. While normalization
optimizes writes, it can slow down reads due to ‘JOIN' requirements.
Functional Dependencies ($X \{}rightarrow Y$) form the mathematical
backbone of the normalization process, guided by Armstrong's Axioms.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 385 /541



Next Lecture: The Normal Forms |

First Normal Form (1NF): Eliminating repeating groups. Second Normal
Form (2NF): Eliminating partial dependencies. Third Normal Form (3NF):
Eliminating transitive dependencies. Please review Armstrong's Axioms
before the next class.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 386 /541



4.3 Functional Dependencies |

Welcome to Lecture 4.3: Functional Dependencies. A crucial concept for
understanding relational database design, normalization, and avoiding data
anomalies. We will explore the formal definition, inference rules
(Armstrong's Axioms), attribute closures, and minimal covers.
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What is a Functional Dependency? |

A functional dependency (FD) is a constraint between two sets of
attributes in a relation from a database. **Formal Definition:** Given a
relation R, a set of attributes X functionally determines a set of attributes
Y (written as X -> Y) if, and only if, for any two tuples t1 and t2 in R
that agree on the attributes X, they must also agree on the attributes Y.
Mathematically: If t1[X] = t2[X], then t1[Y] = t2[Y]. **Intuition:** The
value of X uniquely identifies the value of Y. If we know X, we can
unambiguously determine Y.
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Determinant and Dependent Attributes |

In the functional dependency X -> Y: **Determinant:** The attribute set
on the left-hand side (LHS), X, is called the determinant. **Dependent:**
The attribute set on the right-hand side (RHS), Y, is called the
dependent. **Example:** In Employee(EmpID, Name, Department,
Salary), the FD EmpID -> {Name, Department, Salary} holds. - EmpID is
the determinant. - {Name, Department, Salary} is the dependent set.
**Composite Determinants:** Determinants can consist of multiple
attributes, e.g., {CourselD, Semester} -> Instructor.
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Trivial vs. Non-Trivial Functional Dependencies |

**Trivial Functional Dependency:** - An FD X -> Y is trivial if Y is a
subset of X (Y C X). - It is impossible for it not to be satisfied. -
Example: {EmplID, Name} -> EmplD. (If you know the ID and Name, you
inherently know the ID). **Non-Trivial Functional Dependency:** - An
FD X -> Y is non-trivial if Y is not a subset of X. - Example: EmpID ->
Name. **Completely Non-Trivial:** - If X N'Y = () (the intersection of X
and Y is empty).
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Inference Rules: Armstrong’s Axioms (Primary) |

Armstrong’s Axioms form a sound and complete set of inference rules used
to deduce all functional dependencies implied by a given set of FDs. **1.
Axiom of Reflexivity:** - If Y is a subset of X, then X -> Y. - (This
generates trivial FDs). **2. Axiom of Augmentation:** - If X -> Y holds,
and Z is any set of attributes, then XZ -> YZ holds. - (Adding the same
attributes to both sides preserves the dependency). **3. Axiom of
Transitivity:** - If X -> Y holds, and Y -> Z holds, then X -> Z holds.
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Inference Rules: Additional Axioms (Secondary) |

These rules can be derived from the primary Armstrong’s Axioms to
simplify proofs. **4. Rule of Union (or Additivity):** - If X -> Y and X
-> Z, then X -> YZ. - Proof involves Augmentation (X -> XY) and
Transitivity (XY -> YZ). **¥5. Rule of Decomposition (or Projectivity):**
-If X->YZ, then X -> Y and X -> Z. - Combines well with Union to
split or merge the RHS. **6. Rule of Pseudotransitivity:** - If X -> Y and
WY -> Z, then WX -> Z.
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Closure of a Set of Functional Dependencies (F+) |

Given a set of FDs, F, the **Closure of F (denoted F+)** is the complete
set of all functional dependencies that can be logically implied by F. It
includes all FDs in F, plus all FDs derived using Armstrong’'s Axioms.
**Why is F+ important?** - It helps us determine if two sets of FDs are
equivalent (if their closures are identical). - It allows us to check if a
specific FD is implied by the given set. **Problem:** Computing F+ is
computationally expensive (exponential size). **Solution:** Instead of
computing F+, we usually compute the Attribute Closure.
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Attribute Closure (X+) |

Instead of asking "What are all possible FDs?’, we ask 'Given a set of
attributes X, what are all the attributes uniquely determined by X?' The
**Closure of an Attribute Set X (denoted X+)** under a set of FDs F is
the set of all attributes A such that X -> A can be inferred from F.
**Utility of Attribute Closure:¥* 1. **Testing Superkeys:** If X+ contains
all attributes of the relation, then X is a superkey. 2. **Testing
implication:** To check if X -> Y holds, just compute X+ and check if Y
C X+. 3. **Deriving Keys:** Systematically checking closures helps find
candidate keys.
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Algorithm for Computing Attribute Closure |

**Algorithm Outline for computing X+:** 1. Initialize X+ = X (the
closure always includes the original attributes). 2. Repeat the following
until X+ does not change: - For each FD (U -> V) in F: - If U C X+ (if
the determinant is already in our closure): - X4+ = X+ U V (add the
dependent attributes to the closure). 3. The final X+ is the attribute
closure. **Example:** R(A,B,C,D,E), F={A-> B, B->C, CD -> E}.
Compute (A,D)+ : Step 0: X+ = {A,D}. Step 1: Use A -> B, X+ =
{A,B,D}. Step 2: Use B-> C, X+ = {A,B,C,D}. Step 3: Use CD -> E,
X+ = {AB,C,D,E}.
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Equivalence of Sets of Functional Dependencies |

Two sets of functional dependencies, E and F, are **equivalent** (E = F)
if they imply the exact same set of dependencies. Formally: E = F if and
only if E+ = F+. **How to test for equivalence without computing
closures?** - E covers F: For every FD X -> Y in F, compute X+ under E.
If Y is in X+, then E implies the FD. If E implies all FDs in F, then E
covers F. - F covers E: Symmetrically test if F implies all FDs in E. - If E
covers F AND F covers E, then E and F are equivalent.
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Minimal Cover (Canonical Cover) |

A **Minimal Cover** (or Canonical Cover) Fc of a set of dependencies F
is a simplified, equivalent set of dependencies. **Properties of a Minimal
Cover:** 1. Standard Form: Every FD in Fc has a single attribute on its
RHS (X -> A). 2. No Redundant FDs: No FD can be removed from Fc
without changing the closure. (i.e., Fc - {X -> A} is not equivalent to
Fc). 3. No Extraneous Attributes: No attribute can be removed from the
LHS of any FD in Fc without changing the closure. Computing a minimal
cover eliminates redundancy, making database normalization algorithms
more efficient.
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Summary and Next Steps |

**Summary:** - Functional Dependencies (X -> Y) define constraints
based on data semantics. - Armstrong’s Axioms allow us to infer implied
dependencies. - Attribute Closure (X+) is a practical tool for finding keys
and testing dependencies. - Minimal Cover provides an optimized,
equivalent set of dependencies. **Looking Ahead:** - These theoretical
foundations are the prerequisite for Database Normalization. - We will use
FDs and Keys to decompose schemas into Normal Forms (INF, 2NF,
3NF, BCNF) to eliminate redundancy and update anomalies.
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Introduction to Database Normalization |

Database Normalization is a systematic approach of organizing the data in
a relational database. It involves decomposing tables into smaller,
well-structured relations to minimize redundancy and dependency. The
primary goal is to isolate data so that additions, deletions, and
modifications of a field can be made in just one table and then propagated
through the rest of the database via defined relationships. E.F. Codd
originally proposed this concept in 1970 as part of the relational model.
Normalization evaluates relational schemas against specific design rules
called normal forms to determine their degree of vulnerability to logical
inconsistencies and anomalies.
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Purpose and Benefits of Normalization |

The main objective of normalization is to eliminate redundant data and
ensure data dependencies make sense. Redundant data wastes disk space
and creates maintenance problems. If data that exists in more than one
place must be changed, the data must be changed in exactly the same
way in all locations. Benefits include: 1) Reduced Data Redundancy:
Eliminating unnecessary duplication of data. 2) Data Integrity: Ensuring
data is logically consistent across the database. 3) Optimized Storage:
Saving disk space by not repeating information. 4) Improved Query
Performance: Smaller tables can often be joined more efficiently than
scanning massive, redundant single tables. 5) Mitigation of Anomalies:
Preventing insert, update, and delete anomalies that can corrupt the
database state.
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Anomalies in Unnormalized Databases |

When a database is not normalized, it suffers from three distinct types of
anomalies: 1) Insertion Anomalies: Occurs when certain attributes cannot
be inserted into the database without the presence of other attributes. For
example, if adding a new course requires a student to be enrolled in it, we
cannot add a new course until a student enrolls. 2) Update Anomalies:
Arises when a single data element is stored in multiple rows, and updating
it requires modifying every instance. If a professor’s office changes, failing
to update every record for that professor results in inconsistent data. 3)
Deletion Anomalies: Happens when deleting a record inadvertently
removes other necessary information. Deleting the last student in a
particular course might accidentally remove all information about the
course itself.
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Understanding Functional Dependencies |

Functional Dependency (FD) is a core concept that forms the foundation
of normalization. It describes a relationship between attributes in a
relation. If A and B are attributes (or sets of attributes) of a relation R, B
is functionally dependent on A (denoted as A — B) if each value of A is
associated with exactly one value of B. Here, A is called the determinant.
For example, in a table containing EmployeelD and EmployeeName,
EmployeelD — EmployeeName because a specific EmployeelD uniquely
determines the name of the employee. Understanding FDs is crucial for
identifying the primary key and ensuring the schema conforms to the rules
of 2NF, 3NF, and BCNF.
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First Normal Form (1NF) - Definition and Rules |

First Normal Form (1NF) is the fundamental requirement for any
relational database. A relation is in 1NF if and only if every attribute of
the relation contains atomic (indivisible) values, and there are no
repeating groups or arrays. Rules for INF: 1) Each column must contain
only a single value. 2) Each record needs to be unique. 3) Column names
must be unique within a table. 4) The order of rows and columns does not
matter. The atomicity constraint means that a composite attribute like
'Address’ (street, city, zip) or a multi-valued attribute like
'Phone_Numbers' (home, mobile) violates INF and must be resolved into
separate attributes or a separate relation.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 403 /541



INF Transformation Example |

Consider a table: Student(StudentID, Name, Subjects). If the Subjects
column contains comma-separated values like 'Math, Physics’, it violates
INF. To bring this into 1INF, we must eliminate the repeating groups.
Transformation method 1 (Flattening): Create a separate row for each
subject. Row 1: (1, 'Alice’, 'Math'), Row 2: (1, 'Alice’, 'Physics’). While
this satisfies 1NF, it introduces redundancy in StudentlD and Name.
Transformation method 2 (Decomposition): Create a new table for the
multi-valued attribute. Table 1: Student(StudentID, Name), Table 2:
StudentSubjects(StudentID, Subject). This is the preferred method as it
inherently prepares the schema for higher normal forms.
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Second Normal Form (2NF) - Definition |

A relation is in Second Normal Form (2NF) if it is already in INF and
every non-prime attribute (an attribute that is not part of any candidate
key) is fully functionally dependent on the entire primary key. 2NF
specifically addresses relations that have composite primary keys (a
primary key consisting of more than one attribute). Partial dependency
occurs when a non-prime attribute is dependent on only a part of the
composite primary key. If a table has a single-attribute primary key and is
in INF, it is automatically in 2NF. To convert to 2NF, identify the partial
dependencies and move the partially dependent attributes to a new table
along with the part of the primary key they depend on.
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2NF Transformation Example |

Consider an Enrollment table: Enrollment(StudentID, CourselD,
StudentName, Grade). The primary key is the composite of {StudentID,
CourselD}. The attribute 'Grade’ depends on the entire key (both Student
and Course). However, 'StudentName' depends only on 'StudentID’,
which is just a part of the primary key. This is a partial dependency. To
achieve 2NF, we decompose the table. We create one table for the entity
represented by the partial key and another for the relationship. Table 1:
Students(StudentID, StudentName). Table 2: Enrollment(StudentID,
CourselD, Grade). Now, all non-prime attributes are fully functionally
dependent on the primary keys of their respective tables, eliminating
update anomalies regarding student names.
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Third Normal Form (3NF) - Definition |

A relation is in Third Normal Form (3NF) if it is in 2NF and it contains no
transitive dependencies. A transitive dependency occurs when a non-prime
attribute functionally determines another non-prime attribute. Formally, if
A — B and B — C, where A is the primary key and B and C are
non-prime attributes, then C is transitively dependent on A through B.
3NF states that every non-prime attribute must depend 'the key, the
whole key, and nothing but the key’. Removing transitive dependencies
further reduces data duplication and protects against data integrity issues
when related non-key attributes are updated independently.
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3NF Transformation Example |

Consider an Employee table: Employee(EmpID, EmpName, DeptID,
DeptLocation). The primary key is EmpID. Since it's a single attribute
key, it's automatically in 2NF. However, DeptLocation depends on
DeptID, and DeptID depends on EmplD. This means DeptLocation is
transitively dependent on EmpID (EmpID — DeptlD — DeptLocation). If
a department moves, we'd have to update multiple employee records. To
normalize to 3NF, we separate the transitively dependent attributes into a
new relation. Table 1: Employee(EmplD, EmpName, DeptID). Table 2:
Department(DeptID, DeptLocation). Now, each non-key attribute is
dependent solely on the primary key of its relation, completely removing
the update anomaly.
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Boyce-Codd Normal Form (BCNF) |

Boyce-Codd Normal Form (BCNF) is a stronger version of 3NF,
sometimes referred to as 3.5NF. A relation is in BCNF if and only if for
every non-trivial functional dependency X — Y, X is a superkey. The key
difference between 3NF and BCNF lies in the handling of prime attributes.
3NF allows a prime attribute to be functionally dependent on a non-prime
attribute (a rare condition that occurs when a table has multiple
overlapping candidate keys). BCNF explicitly prohibits this. If a schema is
in BCNF, it is strictly immune to all redundancies that can be detected
using functional dependencies.
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BCNF Example and Final Summary |

Consider a schedule: Booking(Court, Time, Member). A court can only
be booked by one member at a time (Court, Time — Member), and a
member can only book one court at a time (Member, Time — Court).
Both {Court, Time} and {Member, Time} are candidate keys. Suppose
we add 'RateType’ that depends on the 'Member'. If we represent it as
(Court, Time, Member, RateType), the dependency Member — RateType
violates BCNF because Member is not a superkey. Decomposition yields:
MemberRates(Member, RateType) and Booking(Court, Time, Member).
In summary: 1NF ensures atomicity. 2NF removes partial dependencies on
composite keys. 3NF removes transitive dependencies among non-key
attributes. BCNF ensures that every determinant is a candidate key.
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Introduction & Review of Normalization |

Normalization is a systematic approach to decomposing tables to eliminate
data redundancy (repetition) and undesirable characteristics like Insertion,
Update, and Deletion anomalies. It is a multi-step process that puts data
into tabular form by removing duplicated data from the relation tables.
The process involves identifying functional dependencies between
attributes and applying normalization rules (Normal Forms) sequentially.
We will review INF, 2NF, 3NF, and explore BCNF in detail, focusing on
their rigorous mathematical definitions and practical implications for
database schema design.
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First Normal Form (1NF): Atomic Values |

A relation is in First Normal Form (INF) if and only if every attribute in
every tuple contains only atomic (indivisible) values. This means no
repeating groups, arrays, or nested relations are permitted as attribute
values. The domain of each attribute must contain only atomic values,
and the value of any attribute in a tuple must be a single value from the
domain of that attribute. Transforming unnormalized data to 1NF involves
either expanding the repeating group into multiple rows (introducing
redundancy) or extracting the repeating group into a new relation linked
by a foreign key.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026



Second Normal Form (2NF): Full Functional

Dependency |

A relation is in Second Normal Form (2NF) if it is in INF and every
non-prime attribute is fully functionally dependent on the primary key. A
non-prime attribute is an attribute that is not part of any candidate key.
Full functional dependency implies that removing any attribute from the
primary key results in the dependency no longer holding. 2NF is primarily
relevant when a relation has a composite primary key. If a primary key is a

single attribute, the relation is automatically in 2NF (assuming it is in
INF).
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2NF Decomposition Strategy |

To decompose a relation into 2NF, we identify partial
dependencies—where a non-prime attribute depends on only a part of a
composite key. The decomposition strategy involves creating a new
relation for each partial key along with the attributes that depend on it.
The original relation retains the full composite key and any attributes that
are fully dependent on it. This lossless-join decomposition removes
redundancy associated with the partial dependency, thereby mitigating
insert and update anomalies related to the partial key attributes.
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Third Normal Form (3NF): Transitive Dependencies |

A relation is in Third Normal Form (3NF) if it is in 2NF and no non-prime
attribute is transitively dependent on the primary key. A transitive
dependency occurs when a non-prime attribute determines another
non-prime attribute (X — Y, and Y — Z, thus X — Z where X is the
primary key and Y, Z are non-prime). Alternatively, a relation schema R is
in 3NF if for every non-trivial functional dependency X — A, either X is a
superkey of R, or A is a prime attribute of R. 3NF ensures that non-key
attributes are dependent strictly on the key, the whole key, and nothing
but the key.
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3NF Synthesis Algorithm |

The synthesis algorithm for achieving 3NF guarantees both dependency
preservation and a lossless join. Steps: 1. Find a minimal cover (canonical
basis) G for the given set of functional dependencies F. 2. For each
dependency X — A in G, create a relation schema R_i = X U {A}. 3. If
none of the schemas contains a candidate key of the original relation R,
create another schema R_j containing a candidate key of R. 4. Eliminate
any redundant schemas (where one schema is a subset of another). This
systematic approach yields a 3NF schema that preserves all original
functional constraints.
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Properties of 3NF Decomposition |

3NF decomposition is highly desirable because it can always achieve both
the Lossless-Join property and Dependency Preservation. Lossless-join
ensures that when decomposed relations are naturally joined, the exact
original relation is recovered without spurious tuples. Dependency
preservation means that all functional dependencies can be checked
efficiently by examining single relations in the decomposed schema,
without requiring expensive joins across multiple tables. This makes 3NF
the most common target for physical database design.
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Boyce-Codd Normal Form (BCNF) |

Boyce-Codd Normal Form (BCNF) is a stricter version of 3NF. A relation
is in BCNF if and only if for every non-trivial functional dependency X —
Y, X is a superkey. Unlike 3NF, BCNF does not allow the exception where
Y is a prime attribute. BCNF addresses anomalies that can still exist in
3NF when a relation has overlapping candidate keys. If a relation is in
BCNF, it is also in 3NF, but the reverse is not necessarily true. Most 3NF
relations are also in BCNF in practice.
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NF Violations & Anomalies |

A BCNF violation occurs when a prime attribute is functionally dependent
on a non-prime attribute (or part of a candidate key). Consider a schema
R(Student, Course, Instructor) where a student can take multiple courses,
each course has multiple instructors, but each instructor teaches exactly
one course. FDs: {Student, Course} — Instructor, and Instructor —
Course. The candidate keys are {Student, Course} and {Student,
Instructor}. The FD Instructor — Course violates BCNF because
Instructor is not a superkey, even though Course is a prime attribute
(hence it is in 3NF). This leads to redundancy if an instructor teaches
many students.
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BCNF Decomposition Algorithm |

The BCNF decomposition algorithm involves recursively identifying
dependencies that violate BCNF and splitting the relation. Given a
schema R and a violating FD X — Y, decompose R into two schemas:
R_1=XUY,and R_2 =R - (Y - X). Repeat this process on R_1 and
R_2 until all resulting schemas are in BCNF. This decomposition is
guaranteed to be lossless-join, ensuring no data is lost or spurious tuples
generated upon recombination.
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The BCNF vs 3NF Trade-off |

While BCNF eliminates more redundancy than 3NF, it comes with a
significant theoretical limitation: BCNF decomposition is not guaranteed
to be dependency-preserving. In the earlier {Student, Course, Instructor}
example, decomposing to BCNF yields R1(Instructor, Course) and
R2(Student, Instructor). The functional dependency {Student, Course} —
Instructor cannot be checked without joining R1 and R2. Therefore,
database designers must often make a trade-off: achieve BCNF to
eliminate all redundancy but potentially lose dependency preservation, or
settle for 3NF to preserve dependencies while accepting some minor
redundancy.
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Summary & Practical Considerations |

Normalization (INF — 2NF — 3NF — BCNF) systematically refines
database schemas to prevent anomalies and minimize redundancy.
However, strict adherence to high normal forms (like BCNF or even 3NF)
can lead to highly fragmented schemas, requiring numerous joins for
queries, which degrades read performance. In data warehousing and
high-performance read-heavy OLTP systems, controlled Denormalization is
deliberately applied. This involves intentionally violating normal forms to
pre-compute joins and improve query response times, balancing data
integrity with performance requirements.
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4.4 Normal Forms (INF, 2NF, 3NF, BCNF)

(Continued) (Continued) |

Course: Database Management Unit 4: Normalization Lecture 36
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Agenda |

Recap: The Foundation of 1INF Second Normal Form (2NF) & Partial
Dependencies Third Normal Form (3NF) & Transitive Dependencies

Boyce-Codd Normal Form (BCNF) & Anomalies Comparative Analysis:
3NF vs. BCNF
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Foundation: First Normal Form (1NF) |

**Objective:** Eliminate repeating groups and ensure atomicity.
**Rule:** A relation is in INF if and only if the domain of each attribute
contains only atomic (indivisible) values. Any multivalued attributes (e.g.,
a comma-separated list of phone numbers) must be resolved into separate
rows or a new linking table. 1NF guarantees that every intersection of a
row and a column contains exactly one value, satisfying the core premise
of the relational model.
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Second Normal Form (2NF): Eliminating Partial

Dependencies |

**Pre-requisite:** The relation must be in INF. **Rule:** Every
non-prime attribute (an attribute not part of any candidate key) must be
fully functionally dependent on every candidate key. **Partial
Dependency:** Occurs when a non-prime attribute is dependent on only a
proper subset of a composite candidate key. If the candidate key is a single
attribute, the relation is automatically in 2NF (provided it is in INF).
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2NF Transformation Example |

**Consider Relation:** ‘Enrollment(StudentID, CourselD, StudentName,
CourseName)* **Dependencies:** - ‘{StudentID, CourselD} —
{StudentName, CourseName}' - ‘StudentlD — StudentName' (Partial
Dependency) - ‘CourselD — CourseName' (Partial Dependency)
**Decomposition to 2NF:** - ‘Students(StudentID, StudentName)' -
‘Courses(CourselD, CourseName)' - ‘Enrollment(StudentID, CourselD)*
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Third Normal Form (3NF): Eliminating Transitive

Dependencies |

**Pre-requisite:** The relation must be in 2NF. **Rule:** A relation is in
3NF if for every non-trivial functional dependency $X \{}rightarrow Y$,
either: 1. $X$ is a superkey, OR 2. $Y$ is a prime attribute (part of some
candidate key). **Transitive Dependency:** Occurs when a non-prime
attribute depends on another non-prime attribute (i.e., $A \{}rightarrow
B$ and $B \{}rightarrow C$, leading to $A \{}rightarrow C$).
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3NF Transformation Example |

**Consider Relation:** ‘Employee(EmplD, EmpName, DeptID,
DeptName)* **Dependencies:** - ‘EmplD — {EmpName, DeptID,
DeptName} - ‘DeptlD — DeptName' (Transitive Dependency, as DeptID
is not a candidate key) **Decomposition to 3NF:** -
‘Department(DeptID, DeptName)’ - ‘Employee(EmplD, EmpName,
DeptID)' Now, modifying a department’s name happens in one place,
eliminating update anomalies.
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Boyce-Codd Normal Form (BCNF): The Stricter 3NF

**Pre-requisite:** The relation must be in 3NF. **Rule:** For every
non-trivial functional dependency $X \{}rightarrow Y$, $X$ MUST be a
superkey. ¥**Why BCNF?** 3NF allows $Y$ to be a prime attribute even if
$X$ is not a superkey. BCNF removes this exception. BCNF is necessary
when a relation has multiple overlapping composite candidate keys.
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Understanding the Gap: 3NF vs. BCNF |

In 3NF, the functional dependency $X \{}rightarrow Y$ is permitted if
$Y$ is a prime attribute, bypassing the requirement for $X$ to be a
superkey. In BCNF, there are **no exceptions**. $X$ must always be a
superkey. Therefore, every relation in BCNF is in 3NF, but not every
relation in 3NF is in BCNF. Relations not in BCNF but in 3NF typically
exhibit: - Multiple candidate keys. - Candidate keys are composite. -
Candidate keys share at least one attribute (overlapping).
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BCNF Transformation Example |

**Consider Relation:** ‘Booking(Court, Time, Member)* **Constraints:**
A court can be booked by one member at a time. A member can book
multiple courts at different times. **Candidate Keys:** ‘{Court, Time}
and ‘{Member, Time}' **Dependency:** ‘Member — Court' (Assuming a
specific tournament rule where a member is assigned one specific court).
**Violation:** ‘Member* is not a superkey, but ‘Court’ is prime. (In 3NF,
but not BCNF). **Decomposition:** - ‘MemberCourt(Member, Court)* -
‘BookingTime(Member, Time)'
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Summary of Normalization Hierarchy |

**¥INF:** Atomic values only. No repeating groups. **2NF:** INF + No
partial dependencies (all non-prime attributes depend on the full candidate
key). **3NF:** 2NF + No transitive dependencies (non-prime attributes
depend *only* on candidate keys). **BCNF:** 3NF + Every determinant
is a superkey (no exceptions for prime attributes). Higher normal forms
reduce redundancy but may require more complex JOIN operations.
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Next Steps & Q&A |

**Up Next:** - Fourth Normal Form (4NF) and Multivalued
Dependencies. - Fifth Normal Form (5NF) and Join Dependencies. -
Denormalization strategies for Data Warehousing. **Reading

Assignment:** Read Chapter 14 on advanced schema refinement.
**Questions?**
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Transaction Management |

Welcome to Lecture 37. In this session, we transition from database
design and querying to the dynamic operational core of Database
Management Systems: Transaction Management. We will explore the
theoretical and practical underpinnings that ensure data integrity,
reliability, and consistency even in the face of system crashes or massive
concurrent access. We will define what a transaction is, dissect the
fundamental ACID properties, and understand the lifecycle of a
transaction through its various states.
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What is a Transaction? |

A transaction is a logical unit of work that contains one or more SQL
statements. It is an atomic execution unit; either all of its operations are
executed successfully, or none of them are applied to the database.
**Example:** Consider a banking system transferring $50 from Account A
to Account B. This involves two distinct operations: 1. ‘UPDATE
accounts SET balance = balance - 50 WHERE account_id = 'A’;" 2.
‘UPDATE accounts SET balance = balance + 50 WHERE account_id =
B

If the system crashes after step 1 but before step 2, money is lost. A
transaction ensures these two steps are bound together indivisibly.
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ACID Properties |

To maintain database integrity in a multi-user, fault-prone environment, a
DBMS relies on four foundational guarantees for every transaction,
collectively known by the acronym **ACID**:

* kXA - Atomicity:** The "all or nothing” rule. * **C - Consistency:**
Ensuring the database transitions from one valid state to another. * **| -
Isolation:** Shielding concurrent transactions from interfering with each
other. * **D - Durability:** Guaranteeing that committed changes survive
permanent system failures.

These properties are the bedrock of transactional processing systems
(OLTP).
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Atomicity (The "All or Nothing’ Rule) |

Atomicity requires that each transaction be treated as a single, indivisible
unit. If a transaction consists of multiple updates, the DBMS guarantees
that either all updates take effect upon a ‘COMMIT", or absolutely none
do upon a ‘ROLLBACK" or system failure.

**Mechanism:** The Recovery Management Component of the DBMS
enforces atomicity. It typically uses undo logs or shadow paging. If a
transaction fails to complete (e.g., constraint violation, deadlock, or
crash), the DBMS reads the undo log to reverse any partial writes,
restoring the database to its pristine state prior to the transaction’s
initiation.
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Consistency (Preserving Invariants) |

Consistency ensures that a transaction takes the database from one valid
consistent state to another. A 'valid' state is one that satisfies all defined
integrity constraints (e.g., primary keys, foreign keys, check constraints
like 'balance >= 0, triggers).

Unlike Atomicity, Isolation, and Durability—which are primarily the
responsibility of the DBMS engine—Consistency is a shared responsibility.
The application developer must write correct transaction logic (e.g.,
deducting and adding the exact same amount), while the DBMS enforces
the declared schema constraints during the transaction's execution.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 439 /541



Isolation (Managing Concurrency) |

In a real-world system, multiple transactions execute concurrently.
Isolation dictates how and when the changes made by one operation
become visible to other concurrent operations. The goal is to make it
appear as if transactions are running sequentially, even when they are
interleaved for performance.

**Anomalies Prevented by Isolation:** * **Dirty Reads:** Reading
uncommitted data. * **Non-repeatable Reads:** A row changes value
during a transaction because another transaction updated it. *
**Phantom Reads:** New rows matching a query criteria are inserted by
another transaction during the current transaction.

DBMSs use locks (shared/exclusive) and Multi-Version Concurrency
Control (MVCC) to enforce isolation levels.
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Durability (Surviving Failures) |

Durability guarantees that once a transaction has been successfully
committed, its effects are permanently recorded in the database and will
not be lost, even in the event of an immediate system crash, power loss, or
catastrophic failure.

**Mechanism:** This is typically achieved using Write-Ahead Logging
(WAL). Before the DBMS confirms a ‘COMMIT" to the user, it strictly
writes the transaction's log records (containing redo information) to
non-volatile storage (disk). The actual data pages may be lazily written to
disk later. If a crash occurs, the recovery manager replays the WAL to
reconstruct committed changes.
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Transaction States Overview |

A transaction progresses through a specific lifecycle, represented by
distinct states. Understanding these states is crucial for grasping how the
system handles normal termination versus failure recovery. The five
primary states are:

1. **Active:** The initial state; the transaction stays in this state while it
is executing. 2. **Partially Committed:** After the final statement has
been executed, but before the commit is confirmed. 3. **Failed:**
Discovered that normal execution can no longer proceed (e.g.,
hardware/software error, deadlock). 4. **Aborted:** The transaction has
been rolled back and the database restored to its prior state. 5.
**Committed:** Successful completion; changes are now durable.
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Transaction State Transition Diagram |

The lifecycle forms a directed graph:

* **Active $\{ }rightarrow$ Partially Committed:** All read/write
operations finish. * **Partially Committed $\{}rightarrow$ Committed:**
Log records for the commit hit the stable disk. The transaction is fully
successful. * **Active $\{}rightarrow$ Failed:** An error occurs
mid-execution. * **Partially Committed $\{}rightarrow$ Failed:** A
failure occurs during the actual commit phase (e.g., disk full while writing
the WAL commit record). * **Failed $\{}rightarrow$ Aborted:** The
system fully rolls back all effects.

From the **Aborted** state, the system may either restart the transaction
automatically (if the failure was transient, like a deadlock) or kill it (if it
was a semantic error, like a syntax issue).
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The Need for Concurrent Executions |

Why not just run transactions one strictly after the other (serially)? While
serial execution guarantees perfect isolation, it is disastrous for
performance.

**Benefits of Interleaved/Concurrent Execution:** 1. **Improved
Throughput and Resource Utilization:** While one transaction waits for
disk 1/O (which is slow), the CPU can execute instructions for another
transaction. This minimizes idle time for both CPU and disk. 2.
**Reduced Waiting Time:** Short transactions don't get trapped waiting
behind long, complex transactions. Average response time improves
significantly.

The challenge is extracting these performance benefits while strictly
maintaining database Consistency and Isolation.
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Introduction to Schedules |

To analyze concurrent transactions, we use the concept of a ¥**Schedule**
(or history). A schedule is a sequential chronological order in which
instructions of concurrent transactions are executed.

* **Serial Schedule:** A schedule where transactions are executed
sequentially without any overlap. (e.g., T1 completely finishes, then T2
starts). This trivially guarantees consistency. * **Concurrent Schedule:**
Instructions of different transactions are interleaved.

The core problem of Concurrency Control is to allow interleaved
concurrent schedules that are somehow "equivalent” to a serial schedule.
This equivalence is called **Serializability**, which we will explore deeply
in the next lecture.
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Summary & Next Steps |

In Lecture 37, we have established the absolute fundamentals of
transaction processing: * Defined a transaction as an atomic logical unit
of work. * Detailed the ACID properties (Atomicity, Consistency, Isolation,
Durability) which form the contract between the DBMS and the
application. * Traced the state transitions of a transaction from Active to
either Committed or Aborted. * Understood the performance motivation
for concurrent execution and introduced the concept of schedules.

**Next Lecture (5.2):** We will dive deeply into Concurrency Control,
analyzing conflict serializability, view serializability, and the various locking
protocols (like Two-Phase Locking) used to enforce isolation.
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Introduction to Concurrency Co

Concurrency control is the systematic coordination of simultaneous
transaction executions in a multi-user database system. lts primary
objective is to preserve database consistency while maximizing the degree
of concurrency. Without enforced concurrency control mechanisms,
interleaved execution of transactions can lead to severe anomalies and
compromise data integrity. Concurrency control enforces the 'lsolation’
property of the ACID paradigm, ensuring that concurrent transactions do
not interfere with each other's operations.
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Anomalies in Concurrent Executions |

When transactions execute concurrently without regulation, several
classical anomalies emerge: 1. The Lost Update Problem: A successfully
completed update is overridden by another transaction. 2. The
Uncommitted Dependency (Dirty Read): A transaction reads data written
by another uncommitted transaction. 3. The Inconsistent Analysis
(Phantom/Non-repeatable Read): A transaction reads different values for
the same data item across multiple reads. These anomalies directly violate
the isolation guarantees expected from a database system.
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The Lost Update Problem |

Occurs when two transactions concurrently read the same data item and
subsequently both update it based on the original read. Transaction T1
reads item X. Transaction T2 reads item X. T1 updates X and writes to
the database. T2 updates X and writes to the database. The update
performed by T1 is entirely overwritten and effectively 'lost’ because T2
was unaware of T1's modification. This commonly happens in inventory
systems or account balances if locking is not employed.
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Dirty Read (Uncommitted D

A Dirty Read occurs when a transaction is allowed to read a row that has
been modified by another concurrent transaction but not yet committed.
If Transaction T1 updates a value and Transaction T2 reads this updated
value, T2 is dependent on uncommitted data. If T1 later aborts (rolls
back), the data that T2 read never technically existed in the committed
state of the database. Consequently, any decisions or further updates
made by T2 are based on invalid, ephemeral data, leading to a cascading
rollback or inconsistent state.
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Inconsistent Retrievals Problem |

This anomaly manifests when a transaction calculates some aggregate
(sum, average) over a set of records while another transaction is updating
those records. A Non-Repeatable Read occurs if a transaction reads the
same row twice and gets different data each time because a concurrent
transaction modified it. A Phantom Read occurs when a transaction
executes a query returning a set of rows, and a concurrent transaction
inserts or deletes rows satisfying that query’s condition. These problems
lead to inconsistent analysis, where a report generated might reflect a state
of the database that never actually existed at any single point in time.
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Concept of Serializability |

Serializability is the formal benchmark for correctness in concurrent
transaction execution. A concurrent schedule of transactions is considered
serializable if its overall effect on the database is identical to the effect of
some serial (one after the other) execution of those same transactions. It
provides the illusion that transactions are executing in isolation, even
though their operations are physically interleaved at the CPU and I/O
levels. We primarily focus on two types of serializability: Conflict
Serializability and View Serializability.
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Conflict Serializability |

Two operations are said to conflict if they belong to different transactions,
access the same data item, and at least one of them is a write operation
(Read-Write, Write-Read, or Write-Write conflict). A schedule is Conflict
Serializable if it can be transformed into a serial schedule by swapping
non-conflicting adjacent operations. Conflict serializability can be
efficiently tested by constructing a Precedence Graph (Serialization
Graph). If the precedence graph contains no directed cycles, the schedule
is conflict serializable.
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Locking is the most prevalent pessimistic concurrency control mechanism.
A lock is a system variable associated with a data item that describes the
status of the item with respect to possible operations. Types of Locks: -
Shared Lock (S): Allows a transaction to read the data item. Multiple
transactions can hold shared locks simultaneously. - Exclusive Lock (X):
Required to both read and write the data item. Only one transaction can
hold an exclusive lock on an item at a time. A Lock Manager subsystem
oversees granting and releasing locks.
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Two-Phase Locking (2PL) Protocol |

2PL is a protocol that guarantees conflict serializability by requiring
transactions to issue lock and unlock requests in two distinct phases. 1.
Growing Phase: A transaction may obtain locks (both S and X) but may
not release any locks. 2. Shrinking Phase: A transaction may release locks
but may not obtain any new locks. The point at which a transaction has
acquired all the locks it will ever need is called the 'Lock Point’. While
2PL guarantees serializability, it does not inherently prevent deadlocks.
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Strict and Rigorous 2PL |

Basic 2PL can suffer from cascading rollbacks if a transaction aborts
during its shrinking phase. Strict 2PL prevents cascading rollbacks by
requiring that a transaction holds all its Exclusive (X) locks until it either
commits or aborts. Rigorous 2PL is an even stronger variant where a
transaction must hold ALL its locks (both Shared and Exclusive) until
commit or abort. Rigorous 2PL ensures that transactions are serialized in
the exact order they commit, simplifying recovery mechanisms significantly.
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Deadlocks in Concurrency Control |

A deadlock is an impasse where a set of transactions are permanently
blocked, each waiting for a lock held by another transaction in the set. For
example, T1 holds a lock on X and waits for Y, while T2 holds a lock on
Y and waits for X. Deadlock Prevention: Protocols that ensure the system
never enters a deadlock state (e.g., Wait-Die, Wound-Wait schemes based
on timestamps). Deadlock Detection & Recovery: Allowing deadlocks to
occur, periodically constructing a Wait-For Graph, detecting cycles, and
selectively aborting a 'victim' transaction to break the cycle.
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Timestamp-Based Protocols |

An optimistic concurrency control alternative to locking. Each transaction
Ti is assigned a unique, monotonically increasing timestamp TS(Ti) when
it enters the system. The system maintains a Read Timestamp
(R-timestamp) and a Write Timestamp (W-timestamp) for each data
item. The protocol ensures that conflicting read and write operations are
executed in timestamp order. If a transaction attempts an operation that
violates the timestamp ordering, it is aborted and restarted with a new,
later timestamp.
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Introduction to Serializability |

In modern database systems, maximizing throughput and minimizing
response time necessitate the concurrent execution of multiple
transactions. However, arbitrary interleaving of operations from different
transactions can easily violate database consistency and the Isolation
property of ACID. Serializability is the formal standard of correctness for
concurrent transaction execution. It ensures that any allowed concurrent
schedule is logically equivalent to some serial execution of the same
transactions. If a schedule is serializable, it guarantees that no matter how
the operations are interleaved by the CPU, the final database state will be
completely consistent and identical to a state produced by running
transactions sequentially. This concept forms the theoretical underpinning
for all major concurrency control mechanisms, such as two-phase locking
and timestamp ordering.
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Schedules and Serial Schedules |

A 'Schedule’ (or history) is a chronological sequence of the operations
(read, write, commit, abort) of a set of transactions executed concurrently.
The schedule must preserve the internal order of operations specified
within each individual transaction. A 'Serial Schedule’ is a schedule where
the operations of each transaction are executed consecutively without any
interleaving from other transactions. In a serial schedule, if transaction T1
starts, it must commit or abort entirely before transaction T2 can execute
its first operation. Because each transaction maintains consistency when
run in isolation, any serial schedule inherently preserves the consistency of
the database, making it the baseline for correctness.
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Need for Concurrent Interleaving |

While serial schedules are demonstrably correct, they are practically
unusable in enterprise database systems due to severe performance
bottlenecks. Executing transactions serially means the CPU might sit idle
while waiting for slow disk 1/O operations of a single transaction to
complete. Concurrent execution allows the system to process the CPU
instructions of one transaction while another transaction is waiting for a
disk fetch, vastly improving resource utilization. Furthermore, shorter
transactions would suffer from unacceptable delays (convoy effect) if
forced to wait in a serial queue behind long-running analytical transactions.
Therefore, the database management system must intelligently interleave
operations to gain the performance benefits of concurrency without
sacrificing the absolute correctness guaranteed by serial execution.
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Equivalent Schedules |

To determine if a concurrent schedule is correct (serializable), we must
formally define when two schedules are considered 'equivalent’. If an
interleaved schedule is equivalent to ANY valid serial schedule of the same
transactions, the interleaved schedule is deemed serializable. There are
two primary definitions of equivalence used in transaction processing:
Conflict Equivalence and View Equivalence. These definitions lead to the
two types of serializability: Conflict Serializability and View Serializability.
Both definitions focus on how the order of specific operations (particularly
Reads and Writes to the same data item) affects the final state and the
values read by the transactions.
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Conflicting Operations |

The concept of conflict serializability revolves around identifying
'conflicting operations’ between transactions. Two operations, O_i and
O_j, belonging to different transactions T_i and T_j, are said to conflict
if all of the following three conditions are met: 1. They belong to different
transactions (T_i != T_j). 2. They access the exact same data item
(e.g., variable X or record Y). 3. At least one of the operations is a Write
(W) operation. This gives rise to three types of conflicts: Read-Write
(R-W), Write-Read (W-R), and Write-Write (W-W). Read-Read
operations never conflict.
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Conflict Equivalence and Conflict Serializability |

Two schedules, S1 and S2, are considered 'Conflict Equivalent’ if they
contain the same set of transactions and operations, and the chronological
order of every pair of conflicting operations is the same in both schedules.
If a non-serial schedule S can be transformed into a serial schedule by
swapping non-conflicting adjacent operations, then S is Conflict
Serializable. Swapping non-conflicting operations (like two reads, or
operations on entirely different data items) does not change the logical
outcome of the schedule. Therefore, a conflict serializable schedule is
mathematically guaranteed to leave the database in the exact same
consistent state as its conflict-equivalent serial schedule.
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Testing for Conflict Serializability |

To systematically test if a given schedule is conflict serializable, database
theorists utilize a directed graph known as a Precedence Graph (or
Serialization Graph). The construction rules for a Precedence Graph are
straightforward: 1. Create a node (vertex) for every transaction T_i
present in the schedule. 2. Draw a directed edge from node T_i to node
T_j(T_i-> T_j) if an operation in T_ji conflicts with an operation in
T_j, AND the operation in T_.i executes strictly before the operation in
T_j. This directed edge signifies that in any equivalent serial schedule,
transaction T_i MUST precede transaction T_j to maintain the same
outcome.
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The Cycle Detection Theorem |

Once the Precedence Graph is constructed for a schedule, determining
conflict serializability becomes a simple graph-theoretic problem.
Theorem: A schedule S is conflict serializable IF AND ONLY IF its
corresponding Precedence Graph contains NO directed cycles. If a cycle
exists (e.g., T1-> T2 -> T1), it implies a logical contradiction: T1 must
execute before T2 to resolve one conflict, but T2 must also execute before
T1 to resolve another conflict. Since a transaction cannot execute both
before and after another transaction in a serial schedule, a cycle
definitively proves that no conflict-equivalent serial schedule exists. If the
graph is acyclic, a valid serial schedule can be found by performing a
Topological Sort of the graph’s nodes.
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Precedence Graph: An Example Analysis |

Consider Schedule S: R1(A), W2(A), R2(B), W1(B), W3(B). Let’s
construct the graph. Nodes: T1, T2, T3. Edge 1: R1(A) happens before
W2(A). This is a Read-Write conflict on 'A’. We draw a directed edge
from T1 to T2 (T1 -> T2). Edge 2: R2(B) happens before W1(B). This
is a Read-Write conflict on 'B". We draw an edge from T2 to T1 (T2 ->
T1). Edge 3: W1(B) happens before W3(B). This is a Write-Write
conflict on 'B". We draw an edge from T1 to T3 (T1 -> T3). Analysis:
The graph contains a cycle (T1 -> T2 -> T1). Therefore, Schedule S is
NOT conflict serializable.
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View Serializability: A Broader Definition |

Conflict serializability is a strict condition; some schedules are logically
correct but fail the conflict serializability test (i.e., they have cycles in their
precedence graph). View Serializability is a more relaxed and
encompassing definition of correctness. A schedule is View Serializable if it
is 'View Equivalent’ to a serial schedule. View equivalence ensures that
transactions read the exact same data values in both schedules, and the
final state of the database is written by the exact same transactions.
Every conflict serializable schedule is inherently view serializable, but the
reverse is not true. View serializability captures a larger set of correct
concurrent schedules.
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Conditions for View Equivalence |

Two schedules S1 and S2 are View Equivalent if they meet three specific
conditions for every data item Q: 1. Initial Read: If T_.i reads the initial
value of Q in S1, T_i must also read the initial value of Q in S2. 2.
Read-Write Dependency: If T_i reads a value of Q written by T_j in S1,
T_i must also read the value of Q written by T_j in S2. This preserves
the flow of data between transactions. 3. Final Write: If T_i performs the
absolutely final write operation on Q in S1, T_i must also perform the
final write on Q in S2. If a non-serial schedule is view equivalent to ANY
serial schedule under these three conditions, it is View Serializable.
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Blind Writes and Practical Limitations |

Schedules that are View Serializable but NOT Conflict Serializable always
involve 'Blind Writes'. A Blind Write occurs when a transaction writes to a
data item without having read its previous value (e.g., simply overwriting
it with a constant). While View Serializability is theoretically powerful,
testing whether a schedule is view serializable is an NP-Complete problem,
making it computationally intractable for real-time transaction processing.
Because testing conflict serializability is computationally cheap (graph
cycle detection takes linear time O(V+E)), commercial database engines
exclusively implement protocols (like Strict 2PL) that guarantee Conflict
Serializability. In practice, the theoretical difference is ignored in favor of
performant concurrency control.
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Introduction to Concurrency Co

Concurrency control is essential in database systems to ensure the ACID
properties, particularly Isolation, when multiple transactions execute
concurrently. Without appropriate control mechanisms, concurrent
execution can lead to severe anomalies such as the lost update problem,
uncommitted data (dirty read), and inconsistent retrievals. The most
prevalent mechanism to achieve safe concurrent execution is through
**Locking**. A lock is a system variable associated with a data item that
describes the status of the item with respect to possible operations that
can be applied to it. In this lecture, we will deeply explore various locking
protocols, their mathematical guarantees regarding serializability, and the
potential pitfalls they introduce, such as deadlocks.
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The Concept of Locks and the Lock Manager |

A **Lock Manager** is a crucial subsystem of the Database Management
System (DBMS) responsible for keeping track of and controlling access to
data items. When a transaction wants to read or write a data item, it
must first request a lock from the Lock Manager. The Lock Manager
grants the lock if the data item is available; otherwise, the transaction
must wait (block) until the lock is released by the current owner. The
Lock Manager maintains a **Lock Table**, which is typically implemented
as a hash table for fast access. Each entry in the lock table records the
data item identifier, the type of lock held, the transactions currently
holding the lock, and a queue of transactions waiting for the lock. Proper
management of these locks is what ensures schedule serializability.
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Binary Locks: The Simplest Locking Protocol |

The simplest form of locking is **Binary Locking**. A binary lock can
have two states: locked (1) or unlocked (0). Every data item X has a
binary lock associated with it. If the lock value is 1, the item cannot be
accessed by any other transaction. If the lock value is 0, the item is
available.

Two operations are defined: ‘lock_item(X)" and ‘unlock_item(X)" -
**lock_item(X)**: If the lock is 0, it is set to 1, and the transaction
proceeds. If the lock is 1, the transaction is forced to wait. -
**unlock_item(X)**: Sets the lock to 0, potentially waking up a waiting
transaction.

While simple, binary locking is overly restrictive. It treats Read and Write
operations identically, meaning two transactions cannot even read the
same data item concurrently, significantly degrading system throughput.
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Shared and Exclusive Locks (Read/Write Locks) |

To overcome the limitations of binary locking, modern DBMS implement
**Shared (S)** and **Exclusive (X)** locks. This paradigm distinguishes
between read operations (which do not modify data) and write operations
(which do).

- **Shared-mode Lock (S)**: A transaction holding a shared lock on data
item X can read X but cannot write X. Multiple transactions can hold
shared locks on X simultaneously. - **Exclusive-mode Lock (X)**: A
transaction holding an exclusive lock on data item X can both read and
write X. If a transaction holds an exclusive lock, no other transaction can
hold any lock (Shared or Exclusive) on X.

Transactions must request the appropriate lock type before operation:
‘read_lock(X)" or ‘write_lock(X)" This granularity allows for concurrent
reads, drastically improving system performance while maintaining strict
consistency during writes.
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Lock Compatibility Matrix |

The rules governing the simultaneous holding of locks by different
transactions are formally defined using a **Lock Compatibility Matrix**.
| Requested \{} Current | Shared (S) | Exclusive (X) | | :—: | :—: | :— |
| ¥*Shared (S)** | Compatible | Incompatible | | **Exclusive (X)** |
Incompatible | Incompatible |

- ¥*Compatible**: The Lock Manager can grant the requested lock
without forcing the requesting transaction to wait. - **Incompatible**:
The requesting transaction must block and wait until the current lock
holder releases its lock.

If a transaction already holds a Shared lock and wishes to write, it must
request a **Lock Upgrade** (from S to X). Conversely, a transaction can
perform a **Lock Downgrade** (from X to S) if it only intends to read
the item going forward.
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The Need for Protocols: Two-Phase Locking (2PL) |

Simply using Shared and Exclusive locks is not sufficient to guarantee
serializability. If transactions lock and unlock items arbitrarily,
non-serializable schedules can still occur. To guarantee
conflict-serializability, transactions must follow a specific set of rules called
a locking protocol. The standard protocol is **Two-Phase Locking
(2PL)**.

2PL dictates that a transaction must acquire all the locks it needs before
it releases any of its locks. A transaction under 2PL execution goes
through two distinct phases: 1. **Growing Phase**: The transaction may
obtain locks but may not release any locks. 2. **Shrinking Phase**: The
transaction may release locks but may not obtain any new locks. Once a
transaction releases its first lock, it transitions into the shrinking phase
and can never acquire another lock.
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Analyzing the Phases of Two-Phase Locking |

The transition point between the Growing Phase and the Shrinking Phase
is known as the **Lock Point**. The lock point is the moment a
transaction has acquired all the locks it will ever need for its execution.
In a visual timeline: - Time T1: Transaction begins. Acquires Lock(A). -
Time T2: Acquires Lock(B). - Time T3: Acquires Lock(C). -> **LOCK
POINT REACHED** (Maximum locks held) - Time T4: Releases
Lock(A). (Enters Shrinking Phase) - Time T5: Releases Lock(B). - Time
T6: Releases Lock(C). Transaction commits.

Because no new locks can be acquired after the first release, 2PL
inherently prevents cyclic dependencies that would violate conflict
serializability. It effectively orders the transactions dynamically based on
their lock points.
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Guaranteeing Serializability with 2PL |

The most fundamental theorem regarding Two-Phase Locking states: **If
every transaction in a schedule follows the Two-Phase Locking protocol,
the schedule is guaranteed to be conflict-serializable.**

This mathematical guarantee is why 2PL is the backbone of most
commercial DBMS concurrency control managers. By ensuring that
transactions do not interleaved lock acquisitions and releases, 2PL
prevents scenarios where Transaction T1 reads data written by T2, while
T2 simultaneously reads data written by T1 (which would create a cycle in
the precedence graph).

However, standard 2PL has significant drawbacks: it does not prevent
**Cascading Rollbacks** (where the failure of one transaction forces the
rollback of others that read its uncommitted data) and it does not prevent
**Deadlocks**.
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Variations of 2PL: Strict 2PL and Rigorous 2PL |

To address the issue of cascading rollbacks, DBMS implementations use
stricter variations of 2PL:

1. **Strict Two-Phase Locking (Strict 2PL)**: - Follows basic 2PL rules.
- **Rule**: A transaction must hold all its **Exclusive (X)** locks until it
commits or aborts. - **Benefit**: Ensures that no other transaction can
read or write uncommitted data, completely eliminating cascading
rollbacks. Schedules are strict.

2. **Rigorous Two-Phase Locking (Rigorous 2PL)**: - Follows basic 2PL
rules. - **Rule**: A transaction must hold **ALL** its locks (both
Shared and Exclusive) until it commits or aborts. - **Benefit**: Easier to
implement than Strict 2PL. Transactions are serialized in the exact order

in which they commit. Most commercial database systems utilize Rigorous
2PL.
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Deadlocks in Locking Protocols |

While Two-Phase Locking guarantees serializability, it introduces a severe
liveness problem: **Deadlocks**. A deadlock occurs when a set of
transactions are in a circular wait state, where each transaction is waiting
for a lock held by another transaction in the set.

Example Scenario: - Transaction T1 holds Exclusive Lock on A and
requests Exclusive Lock on B. - Transaction T2 holds Exclusive Lock on B
and requests Exclusive Lock on A. - T1 waits for T2 to release B. T2 waits
for T1 to release A. - Neither transaction can proceed, and they will wait
infinitely unless the system intervenes.

Deadlocks severely degrade system performance as blocked transactions
tie up system resources (locks, memory, database connections) without
making any progress.
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Deadlock Prevention and Detection |

DBMS handle deadlocks using two primary approaches:

1. **Deadlock Prevention**: - Ensures deadlocks never occur by
structuring transaction execution. - **Wait-Die / Wound-Wait
schemes**: Use transaction timestamps. Older transactions can wait for
younger ones, or vice versa, breaking circular wait conditions. -
**Conservative 2PL**: Transactions must pre-declare and acquire all locks
before execution begins. Difficult in practice as transactions often don't
know needed locks beforehand.

2. **Deadlock Detection and Recovery**: - The system allows deadlocks
to occur but periodically checks for them. - **Wiait-For Graph**: A
directed graph where nodes are transactions and edges denote a
transaction waiting for a lock held by another. A cycle in the Wait-For
graph indicates a deadlock. - **Recovery**: If a cycle is detected, the
system selects a **Victim** transaction to abort, breaking the cycle and
allowing other transactions to proceed.
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Summary and Best Practices in Locking |

In summary, locking is a robust mechanism for enforcing Concurrency
Control. We moved from restrictive Binary Locks to versatile
Shared/Exclusive Locks. We established that the **Two-Phase Locking
(2PL)** protocol guarantees conflict serializability, while its variants like
**Strict 2PL** and **Rigorous 2PL** prevent cascading rollbacks,
making them practical for real-world database systems.

**Best Practices for Developers**: - **Keep Transactions Short**:
Shorter transactions hold locks for less time, increasing concurrency. -
**Access Data in the Same Order**: If all transactions acquire locks in
the same global sequence (e.g., alphabetically), deadlocks can be entirely
avoided. - **Use Appropriate Isolation Levels**: Understanding when to
use Read Committed versus Serializable can reduce locking overhead when
strict serializability is not required by the business logic.
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Lecture 41: Locking Methods for Concurrency

Control (Continued) |

Welcome to Lecture 41. Topic: 5.4 Locking Methods for Concurrency
Control (Continued) Module: Transaction Processing and Concurrency
Control Focus: Advanced locking protocols, Two-Phase Locking (2PL),
Deadlock Management, and Multiple Granularity Locking.
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Recap: The Need for Concurrency Control and Basic

Locks |

**Concurrency Control Necessity:** Ensures isolation property (the 'I" in
ACID) when multiple transactions execute concurrently. **Basic Lock
Types:** - **Shared Lock (S):** Allows a transaction to read a data item.
Multiple transactions can hold S-locks on the same item. - **Exclusive
Lock (X):** Allows a transaction to both read and write a data item. Only
one transaction can hold an X-lock at a time. **The Problem:** Simple
locking does not automatically guarantee serializability. Transactions could
release locks too early, leading to inconsistent reads or cascading rollbacks.
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Introduction to Two-Phase Locking (2PL) Protocol |

**Definition:** A protocol that guarantees serializability by requiring all
transactions to acquire and release locks in two distinct phases. **Phase
1: Growing Phase (Acquisition)** - A transaction may obtain new locks. -
A transaction may NOT release any locks. **Phase 2: Shrinking Phase
(Release)** - A transaction may release existing locks. - A transaction
may NOT obtain any new locks. **Key Theorem:** If all transactions
follow the 2PL protocol, then any resulting concurrent schedule is conflict
serializable.
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Deep Dive: The Growing Phase |

**Mechanics:** - Transaction requests locks (Shared or Exclusive) as
needed before accessing data items. - If a requested lock is incompatible
with a lock held by another transaction (e.g., requesting X when S is
held), the transaction must wait. **Lock Upgrading:** - A transaction
holding a Shared (S) lock can upgrade it to an Exclusive (X) lock during
this phase. - Upgrading is necessary if a transaction first reads and
subsequently decides to write to an item. - Upgrading can lead to
deadlocks if multiple transactions attempt to upgrade simultaneously.
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Deep Dive: The Shrinking Phase |

**Mechanics:** - Once the transaction releases its first lock, it irrevocably
enters the shrinking phase. - No new data items can be locked. **Lock
Downgrading:** - A transaction can downgrade an Exclusive (X) lock to a
Shared (S) lock during this phase. - This allows other waiting read
transactions to proceed earlier, increasing concurrency. **The Lock
Point:** - The moment a transaction acquires its final lock (end of
growing phase, beginning of shrinking phase). - Transaction serialization
order is determined by their respective lock points.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 487 /541



The Strict Two-Phase Locking (Strict 2PL) Protocol

**The Problem with Basic 2PL:** It can lead to cascading rollbacks. If
T1 modifies data and unlocks it, T2 reads it. If T1 then aborts, T2 must
also abort (dirty read phenomenon). **Strict 2PL Rule:** - Follows basic
2PL rules (Growing and Shrinking phases). - **Additional Constraint:**
All Exclusive (X) locks must be held until the transaction commits or
aborts. **Benefits:** - Guarantees strict schedules (recoverable and
cascade-less). - Prevents dirty reads because no other transaction can read
uncommitted modified data. **Drawbacks:** Reduces concurrency
compared to basic 2PL as X-locks are held longer.
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The Rigorous Two-Phase Locking (Rigorous 2PL)

Protocol |

**Definition:** An even stricter variant of the Two-Phase Locking
protocol. **Rigorous 2PL Rule:** - Follows basic 2PL rules. -
**Additional Constraint:** ALL locks (both Shared AND Exclusive) must
be held until the transaction commits or aborts. **Benefits:** -
Transactions are serialized in the exact order they commit. -
Implementation is much simpler because there is no explicit 'shrinking
phase’ to manage during execution; unlocking happens entirely at the end.
**Drawbacks:** Maximum restriction on concurrency. Data is locked for
the entire duration of the transaction.
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Deadlocks in Locking Protocols |

**Definition:** A state where a set of transactions are permanently
blocked because each is waiting for a lock held by another transaction in
the set. **Example Scenario:** - T1 holds X-lock on item A, requests
X-lock on B. - T2 holds X-lock on item B, requests X-lock on A. - Circular
wait condition established. Neither can proceed. **Characteristics of
2PL:** - 2PL (Basic, Strict, and Rigorous) DOES NOT prevent deadlocks.
- The database management system (DBMS) must actively intervene to
resolve them.
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Deadlock Prevention Strategies |

**Goal:** Ensure that the system never enters a deadlock state by
imposing strict rules on lock acquisition. **Timestamp-Based
Prevention:** Assign timestamps to transactions when they start. -
**Wait-Die Scheme (Non-preemptive):** - Older transaction requests lock
held by newer: Older waits. - Newer transaction requests lock held by
older: Newer aborts ('dies’). - **Wound-Wait Scheme (Preemptive):** -
Older transaction requests lock held by newer: Older forces newer to abort
('wounds' it). - Newer transaction requests lock held by older: Newer
waits. **Conservative 2PL:** Require transactions to acquire ALL
necessary locks before execution begins. If any lock is unavailable, wait.
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Deadlock Detection and Recovery |

**Goal:** Allow deadlocks to occur, detect them, and take action to break
them. **Detection Mechanism: The Wait-For Graph (WFG)** - Nodes
represent active transactions. - A directed edge from Ti to Tj indicates Ti
is waiting for a lock held by Tj. - The system periodically checks the WFG
for cycles. A cycle implies a deadlock. **Recovery Mechanism: Victim
Selection** - Once a deadlock is detected, the DBMS must abort (roll
back) one or more transactions to break the cycle. - **Victim Selection
Criteria:** Minimum cost (fewest locks held, least computation done). -
**Starvation Issue:** Must ensure the same transaction is not repeatedly
chosen as the victim (e.g., by factoring in the number of past aborts).
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Multiple Granularity Locking (MGL) |

**The Problem:** Locking individual records (fine granularity) maximizes
concurrency but creates massive lock management overhead. Locking
entire tables (coarse granularity) is efficient but kills concurrency. **The
MGL Solution:** Allow data items to be of various sizes and define a
hierarchy (Database -> Table -> Page -> Row). **Intention Locks:** A
new class of locks indicating a transaction intends to lock a lower-level
node. - **¥IS (Intention Shared):** Intends to place S-locks on lower
levels. - **¥IX (Intention Exclusive):** Intends to place X-locks on lower
levels. - **SIX (Shared Intention Exclusive):** Holds S-lock on this node,
but intends to place X-locks on lower levels. **Protocol:** To lock a
node, a transaction must traverse down the hierarchy, acquiring
appropriate intention locks on ancestors first.
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Summary and Conclusion |

**Two-Phase Locking (2PL):** The fundamental protocol for ensuring
conflict serializability via Growing and Shrinking phases. **Strict &
Rigorous 2PL:** Necessary variants to prevent cascading aborts and ensure
recoverable schedules. **Deadlocks:** An unavoidable side-effect of
locking. Managed via Prevention (timestamps, Wait-Die/Wound-Wait) or
Detection (Wait-For Graphs) and Recovery (Victim Selection). **Multiple
Granularity Locking:** Optimizes system performance by balancing
concurrency levels with lock management overhead through a hierarchical
locking structure and Intention locks. **Next Lecture:** We will explore
alternative concurrency control mechanisms, specifically Timestamp-Based
Protocols and Validation (Optimistic) Concurrency Control.
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5.4 Locking Methods for Concurrency Control (Part

1) |

**Advanced Concurrency Control Mechanisms in DBMS** This lecture
dives deeper into the complexities of locking methods, building upon the
foundational concepts of shared/exclusive locks and Two-Phase Locking
(2PL). We will explore how real-world database systems handle locking at
various levels of abstraction to optimize performance and concurrency.
Key topics include Multiple Granularity Locking (MGL), the necessity of
Intention Locks, and comprehensive strategies for dealing with deadlocks.
Understanding these advanced locking protocols is crucial for database
administrators and engine developers to ensure ACID properties while
maximizing transaction throughput.
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Recap: Two-Phase Locking (2PL) and its Limitations

**Reviewing the 2PL Protocol:** Basic 2PL ensures serializability by
requiring transactions to acquire all locks before releasing any (Growing
and Shrinking phases). Strict 2PL prevents cascading rollbacks by holding
all exclusive locks until transaction commit/abort. Rigorous 2PL holds
*all* locks (shared and exclusive) until commit/abort, simplifying recovery
but severely restricting concurrency. ¥**The Granularity Problem:**
Locking individual records (fine granularity) maximizes concurrency but
incurs massive overhead due to the sheer volume of lock requests and
Lock Manager memory consumption. Locking entire tables or databases
(coarse granularity) minimizes overhead but causes severe contention,
bottlenecking transaction throughput. A rigid, single-level granularity is
insufficient for mixed workloads containing both short, targeted queries
and long, analytical scans.
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Introduction to Multiple Granularity Locking (MGL) |

**The Concept of MGL:** MGL allows database systems to define a
hierarchy of lockable data items, enabling transactions to lock data at the
most appropriate level of granularity for their specific needs. A typical
granularity hierarchy is represented as a tree: Database $\{}rightarrow$
Table (Relation) $\{}rightarrow$ Page (Block) $\{}rightarrow$ Tuple
(Row/Record). **Benefits of the Hierarchical Approach:** Transactions
updating millions of rows can request a single coarse-grained lock (e.g.,
Table lock) instead of millions of fine-grained locks. Transactions updating
a single row can request a fine-grained lock (e.g., Tuple lock), allowing
other transactions to access different rows in the same table concurrently.
This dynamic adaptability balances the trade-off between concurrency
(maximized by fine locks) and lock management overhead (minimized by
coarse locks).
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The Necessity of Intention Locks |

**The MGL Challenge:** Suppose $T_1$ holds an Exclusive (X) lock on
a specific Tuple. If $T_2$ wants to acquire a Shared (S) lock on the
entire Table, the Lock Manager must ensure no conflicting lower-level
locks exist. Without intention locks, $T_2% would have to search the
entire hierarchy downwards to check every page and tuple for conflicting
locks, which is computationally prohibitive. **Intention Locks as
Metadata:** Intention locks act as 'warning signs’ placed at higher levels
of the hierarchy to indicate that a lock is being held, or will be requested,
at a lower level. Before a transaction can place a standard S or X lock on
a node, it must first place the appropriate Intention lock on all of the
node's ancestors. This allows the Lock Manager to quickly detect conflicts
at the root or table level without descending the tree.
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Types of Intention Locks (IS, IX, SIX) |

**Intention-Shared (IS) Lock:** Indicates that a transaction intends to
explicitly lock lower-level nodes in Shared (S) mode. Example: To read a
tuple, a transaction places an IS lock on the Database, Table, and Page.
**Intention-Exclusive (IX) Lock:** Indicates that a transaction intends to
explicitly lock lower-level nodes in Exclusive (X) mode. Example: To
update a tuple, a transaction places an IX lock on the Database, Table,
and Page. **Shared with Intention-Exclusive (SIX) Lock:** A specialized
lock indicating that the transaction holds a Shared (S) lock on the current
node, but intends to upgrade to an Exclusive (X) lock on specific
lower-level nodes. Useful for scanning an entire table (requiring an S lock)
while updating only a few records (requiring X locks on specific tuples).
SIX =S5+ IX
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Lock Compatibility Matrix with Intention Locks I

**Understanding MGL Compatibility:** The compatibility matrix dictates
whether a requested lock can be granted based on the currently held locks
by other transactions. **IS (Intention-Shared) Compatibility:** IS is highly
compatible. It conflicts only with X (Exclusive). Multiple transactions can
hold IS or IX locks on the same table simultaneously. **IX
(Intention-Exclusive) Compatibility:** IX is compatible with IS and IX. It
conflicts with S, SIX, and X. If $T_1$ has an IX lock on a table, $T_2$
can also get an IX lock (updating different rows) but cannot get an S lock
(reading the whole table). **SIX Compatibility:** SIX is compatible only
with IS. Since it implies a full S lock on the node, it conflicts with IX, S,
SIX, and X requests from other transactions. This matrix forms the core
logic of the Lock Manager in modern hierarchical databases.
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The Multiple Granularity Locking Protocol Rules |

**Formal Protocol for Acquiring Locks:** To ensure serializability in a
hierarchical structure, transactions must strictly adhere to the MGL
protocol rules: 1. **Root First:** Lock acquisition must begin at the root
of the hierarchy (the Database level). 2. **Top-Down Acquisition:** A
node $N$ can be locked in S or IS mode only if the transaction already
holds an IS or IX lock on the parent of $N$. 3. **Top-Down Exclusive
Acquisition:** A node $N$ can be locked in X, SIX, or IX mode only if the
transaction already holds an IX or SIX lock on the parent of $N$. 4.
**Bottom-Up Release:** Locks must be released bottom-up. A node $N$
can be unlocked only if the transaction currently holds no locks on any
children of $N$. 5. **2PL Compliance:** The MGL protocol must be
used in conjunction with Two-Phase Locking; no locks can be acquired
after a lock has been released.
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Deadlocks in Concurrency Control |

**Defining the Deadlock Problem:** A deadlock is a systemic standstill
where a set of two or more transactions are indefinitely blocked, each
waiting for a lock held by another transaction in the set. Example: $T_1$
holds a lock on resource A and waits for B. $T_2$ holds a lock on
resource B and waits for A. Neither can proceed. **Conditions for
Deadlock (Coffman Conditions in DBMS context):** Mutual Exclusion
(locks grant exclusive control), Hold and Wait (transactions hold locks
while requesting others), No Preemption (locks cannot be forcibly revoked
without aborting), and Circular Wait. Deadlocks are an inherent risk of
lock-based concurrency control protocols, including 2PL and MGL. DBMS
engines must employ specific strategies to handle deadlocks: Prevention,
Detection, and Recovery.
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Deadlock Prevention Strategies |

**Proactive Deadlock Avoidance:** Prevention algorithms ensure that the
system never enters a deadlocked state by violating one of the necessary
deadlock conditions. **Timestamp-based Prevention:** Each transaction
is assigned a unique timestamp indicating its start time. Older
transactions have higher priority. **Wait-Die Scheme (Non-preemptive):**
If older $T_i$ requests a lock held by younger $T_j$, $T_i$ is allowed to
wait. If younger $T_i$ requests a lock held by older $T_j$, $T_i$ dies
(aborts and restarts with the same timestamp). **Wound-Wait Scheme
(Preemptive):** If older $T_i$ requests a lock held by younger $T_j$,
$T_i$ 'wounds' $T_j$ ($T_j$ is forced to abort). If younger $T_i$
requests a lock held by older $T_j$, $T_i$ waits. While prevention avoids
deadlocks entirely, it often causes unnecessary transaction aborts, leading
to high restart overhead.
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Deadlock Detection using Wait-For Graphs |

**Reactive Deadlock Handling:** Instead of preventing deadlocks, the
DBMS allows them to occur but actively monitors the system to detect
and resolve them. **The Wait-For Graph (WFG):** A directed graph
where vertices represent active transactions ($T_1, T_2, \{}dots, T_n$).
A directed edge from $T_i$ to $T_j$ ($T_i \{}rightarrow T_j$) is drawn
if $T_i$ is waiting for a lock currently held by $T_j$. **Cycle Detection
Algorithm:** The system periodically invokes a cycle detection algorithm
(e.g., Depth-First Search) on the WFG. If a cycle is found in the graph, it
mathematically proves the existence of a deadlock. For example, $T_1
\{}rightarrow T_2 \{}rightarrow T_3 \{}rightarrow T_1$ constitutes a
deadlock.
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Deadlock Recovery and Victim Selection |

**Resolving the Deadlock:** Once a deadlock is detected via a cycle in
the WFG, the DBMS must break the cycle by aborting one or more
transactions involved in the deadlock. **Victim Selection Criteria:** The
system aims to minimize the cost of rollback. The 'victim' is chosen based
on factors like: 1. How long the transaction has been computing (aborting
younger transactions wastes less work). 2. The number of data items the
transaction has updated (fewer updates mean a faster, cheaper undo
process). 3. How many other transactions will be affected by cascaded
aborts (if not using strict 2PL). **Starvation Prevention:** The system
must ensure that the same transaction is not repeatedly selected as a
victim. This is usually handled by increasing a transaction's priority or
using its original timestamp upon restart.
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Summary of Locking Methods |

**Key Takeaways:** Lock-based protocols (like 2PL) are the industry
standard for guaranteeing serializability and ACID isolation. Multiple
Granularity Locking (MGL) introduces a hierarchical approach, using
Intention Locks to efficiently manage the trade-off between concurrency
and lock overhead. Deadlocks are an unavoidable side-effect of locking.
Systems must implement robust mechanisms for Deadlock Prevention
(Wait-Die, Wound-Wait) or Detection (Wait-For Graphs). Modern DBMS
engines (PostgreSQL, InnoDB) utilize highly optimized, dynamic variations
of MGL alongside sophisticated deadlock detection and victim selection
algorithms. Understanding these internal mechanics empowers developers
to write more efficient queries and design schemas that minimize lock
contention and avoid deadlocks.
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Advanced Locking Methods in Concurrency Control |

Welcome to Lecture 43. Topic: 5.4 Locking Methods for Concurrency
Control (Continued) Focus: Multiple Granularity Locking, Deadlock

Handling, and Advanced Protocols. Course: Database Management
Systems.
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Recap: Two-Phase Locking (2PL) Variations |

Basic 2PL ensures conflict serializability but does not guarantee freedom
from cascading rollbacks. Strict 2PL: All exclusive (X) locks held by a
transaction must be released only when the transaction commits or aborts.
Rigorous 2PL: All locks (both shared and exclusive) held by a transaction
are released only at the end of the transaction. While strict and rigorous
2PL prevent cascading aborts, they do not eliminate the possibility of
deadlocks.

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026 508 /541



Introduction to Multiple Granularity Locking |

Data items in a database are organized in a tree-like hierarchical structure.
Locking can be performed at different levels of this hierarchy (granularity).
Coarse granularity (e.g., locking a whole file) reduces locking overhead but
decreases concurrency. Fine granularity (e.g., locking a specific record)
increases concurrency but significantly raises locking overhead. Multiple
Granularity Locking (MGL) allows data items of various sizes to be locked
concurrently.
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The Granularity Hierarchy |

A typical database hierarchy consists of four primary levels: Level 1:
Database (the entire system). Level 2: Area or Tablespace. Level 3: File or
Table. Level 4: Record or Tuple. When a transaction locks a node in the
hierarchy, it implicitly locks all of its descendants in the same lock mode.
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To maximize concurrency in a hierarchical structure, we introduce
'Intention’ lock modes. Intention Shared (IS): Indicates explicit locking at
a lower level with shared locks. Intention Exclusive (IX): Indicates explicit
locking at a lower level with exclusive locks. Shared Intention Exclusive
(SIX): The node is locked in shared mode, and explicit locking is done at a
lower level with exclusive locks. These locks are applied top-down to
signal other transactions about locks held deeper in the tree.
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MGL Compatibility Matrix |

The compatibility of MGL lock modes (IS, IX, S, SIX, X) determines
whether a lock can be granted. IS is compatible with IS, IX, S, and SIX.
IX is compatible only with IS and IX. S is compatible with IS and S. SIX is
compatible only with IS. X is incompatible with all other lock modes.
Understanding this matrix is crucial for implementing non-blocking
hierarchical locking.
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Multiple Granularity Locking Protocol Rules |

Rule 1: Lock compatibility must be strictly observed. Rule 2: The root of
the tree must be locked first, and it can be locked in any mode. Rule 3: A
node Q can be locked by a transaction T in S or IS mode only if T
currently holds an IS or IX lock on the parent of Q. Rule 4: A node Q can
be locked by T in X, SIX, or IX mode only if T holds an IX or SIX lock on
the parent of Q. Rule 5: Locks must be acquired top-down and released
bottom-up.
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Deadlocks in Concurrency Control |

A deadlock occurs when a set of transactions are permanently blocked
because they are mutually waiting for each other to release locks.
Example: T1 holds Lock X on A and waits for Lock X on B; T2 holds
Lock X on B and waits for Lock X on A. Neither transaction can proceed,
leading to a system halt for the involved operations. DBMS must handle
deadlocks through either prevention or detection and recovery.
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Deadlock Prevention Strategies |

Deadlock prevention ensures that the system never enters a deadlock state.
Pre-declaration of locks: A transaction must lock all required data items
before execution begins. (Impractical for most dynamic transactions).
Timestamp-based schemes: Every transaction is assigned a unique
timestamp representing its start time. Two prominent timestamp-based
schemes are Wait-Die and Wound-Wait, which dictate whether a
transaction should wait or abort when encountering a lock conflict.
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The Wait-Die Scheme |

Wiait-Die is a non-preemptive deadlock prevention technique based on
timestamps. If Transaction Ti requests a lock on a data item held by Tj:
If Tiis older than Tj (Timestamp(Ti) < Timestamp(Tj)), Ti is allowed to
WAIT. If Ti is younger than Tj (Timestamp(Ti) > Timestamp(Tj)), Ti is
aborted (DIE) and restarted later with the same timestamp. This ensures
older transactions progress, preventing cyclical waiting.
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The Wound-Wait Scheme |

Wound-Wait is a preemptive deadlock prevention technique. If
Transaction Ti requests a lock on a data item held by Tj: If Ti is older
than Tj (Timestamp(Ti) < Timestamp(Tj)), Ti forces Tj to abort
(WOUNDs Tj), seizing the lock. If Ti is younger than Tj (Timestamp(Ti)
> Timestamp(Tj)), Ti is allowed to WAIT for Tj to finish. Like Wait-Die,
restarted transactions retain their original timestamps to prevent
starvation.
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Summary and Conclusion |

Multiple Granularity Locking optimizes the trade-off between concurrency
and locking overhead. Intention locks (IS, IX, SIX) enable efficient
hierarchical locking systems. Deadlocks are a critical issue in locking
protocols requiring robust handling mechanisms. Timestamp-based
prevention methods like Wait-Die and Wound-Wait provide systematic
ways to avoid cyclical waits. Next Lecture: Concurrency Control using
Timestamp Ordering.
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Lecture 44: Advanced Locking Methods for

Concurrency Control |

Course: Database Management Systems Topic: 5.4 Locking Methods for
Concurrency Control (Continued) Focus: Advanced 2PL Variations,
Deadlock Management, and Multiple Granularity Locking
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Review of the Basic Two-Phase Locking (2PL)

Protocol |

The Two-Phase Locking protocol ensures serializability by defining two
distinct phases for any transaction. Growing Phase: A transaction may
obtain new locks on data items but cannot release any previously acquired
locks. Shrinking Phase: A transaction may release existing locks but
cannot acquire any new locks once this phase begins. While Basic 2PL
guarantees conflict serializability, it does not prevent cascading aborts. If a
transaction fails after releasing some locks, other transactions that read
the uncommitted, modified data (dirty reads) must also be rolled back.
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Strict 2PL and Rigorous 2PL |

To prevent cascading rollbacks, database systems implement stricter
versions of the 2PL protocol. Strict Two-Phase Locking (Strict 2PL):
Requires that in addition to the standard 2PL rules, a transaction must
hold all its EXCLUSIVE (write) locks until it either commits or aborts.
This prevents other transactions from reading uncommitted modifications.
Rigorous Two-Phase Locking (Rigorous 2PL): Extends Strict 2PL by
requiring a transaction to hold ALL locks (both SHARED and
EXCLUSIVE) until it commits or aborts. Rigorous 2PL is easier to
implement because the database simply releases all locks atomically at the
end of the transaction, and transactions can be serialized in the exact
order they commit.
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Threat of Deadlocks in Concurrency |

A Deadlock occurs when two or more transactions are waiting indefinitely
for one another to release locks. Example Scenario: - Transaction T1 holds
an exclusive lock on data item A and requests a lock on B. - Transaction
T2 holds an exclusive lock on data item B and requests a lock on A.
Neither transaction can proceed because each is waiting for the other to
release a necessary resource. Because 2PL requires transactions to hold
locks while waiting for others, it is inherently susceptible to deadlocks.
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Deadlock Prevention Strategies |

Deadlock Prevention protocols ensure that the system never enters a
deadlock state by imposing strict rules on lock requests. Conservative 2PL
(Pre-declaration): A transaction must acquire all its required locks before
it begins execution. If any lock is unavailable, it waits without holding any
locks. This completely avoids deadlocks but reduces concurrency and
requires predicting accessed data. Timestamp-based Prevention: Assigns
unique timestamps to transactions when they start. Two main schemes
exist: - Wait-Die Scheme: A non-preemptive technique. If a transaction
requests a lock held by another, it can wait only if it is older than the
current holder; otherwise, it is aborted (dies). - Wound-Wait Scheme: A
preemptive technique. If a transaction requests a lock held by another, it
preempts (wounds) the holder if the requester is older; otherwise, it waits.
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Deadlock Detection and Recovery |

Instead of preventing deadlocks (which can be overly restrictive), many
systems allow them to happen and use Deadlock Detection. Wait-for
Graph (WFG): A directed graph where vertices represent active
transactions, and a directed edge from Ti to Tj indicates that Ti is waiting
for Tj to release a lock. Detection: The DBMS periodically checks the
Wait-for Graph for cycles. A cycle indicates that a deadlock exists.
Recovery (Victim Selection): Once a deadlock is detected, the DBMS
must abort (roll back) one or more transactions to break the cycle. The
victim is chosen based on cost factors: number of locks held, amount of
work already performed, or the transaction’s priority.
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The Need for Multiple Granularity Locking (MGL) |

So far, we assumed locks are placed on individual data items (e.g., a
specific row or record). This is fine-grained locking. Trade-off: Locking
individual rows maximizes concurrency but carries high locking overhead
(managing thousands of locks). Locking an entire table minimizes
overhead but severely restricts concurrency. Multiple Granularity Locking
(MGL) allows data items to be grouped hierarchically (e.g., Database ->
Table -> Page -> Row) and locked at various levels of this hierarchy.
MGL allows transactions to lock a node in the hierarchy, implicitly locking
all its descendants, balancing concurrency and locking overhead.
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Introduction to Intention Locks |

A challenge with MGL: If Transaction A wants to lock an entire table, how
does it quickly check if Transaction B already holds a conflicting lock on a
specific row deep inside that table? Solution: Intention Locks. Before
locking a node at a fine granularity, a transaction must place an intention
lock on all its ancestors. Types of Intention Locks: - Intention-Shared
(IS): Indicates the transaction intends to request a Shared (S) lock on a
lower-level node. - Intention-Exclusive (IX): Indicates the transaction
intends to request an Exclusive (X) lock on a lower-level node. -
Shared-Intention-Exclusive (SIX): The transaction holds a Shared lock on
this node, but intends to modify some of its descendants (acquiring IX on
them).
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Compatibility Matrix for Multiple Granularity |

Understanding lock compatibility is critical for MGL. Here is how IS, IX, S,
SIX, and X locks interact: - IS is compatible with IS, IX, S, and SIX. (It
only conflicts with X). - IX is compatible with IS and IX. (It conflicts with
S, SIX, and X). - S is compatible with IS and S. (It conflicts with IX, SIX,
and X). - SIX is compatible only with IS. - X conflicts with all other lock
types. Note that IX and IX are compatible! Two transactions can intend
to modify different rows within the same table simultaneously.

527 /541

GTU Course Instructor (Information Technology) DI03016041: Database Management July 23, 2026



The Multiple Granularity Locking Protocol Rules |

To ensure serializability, transactions in an MGL system must follow strict
rules: 1. Lock Acquisition Order: Locks must be acquired top-down. To
acquire an S or IS lock on a node, the transaction must hold an IS or IX
lock on the parent. 2. Exclusive Lock Acquisition: To acquire an X, IX, or
SIX lock on a node, the transaction must hold an IX or SIX lock on the
parent. 3. Lock Release Order: Locks must be released bottom-up. A
transaction can only release a lock on a node if it currently holds no locks
on any of its children. 4. Two-Phase Rule: The protocol must still adhere
to the Two-Phase Locking rules (no new locks after releasing any lock).
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The Phantom Problem and Next-Key Locking |

The Phantom Problem occurs when a transaction reads a set of rows
satisfying a condition (e.g., 'salary > 50000'), and another transaction
subsequently INSERTS a new row that meets this condition. Even with
Strict 2PL, the first transaction didn't lock the 'phantom’ row because it
didn't exist yet, leading to non-serializable schedules. Solution: Index
Locking and Next-Key Locking. Next-Key Locking: Instead of just locking
the existing records, the database locks the index entries AND the 'gap’
between the index entries. By locking the gaps, the database prevents
other transactions from inserting new rows that would fall into the range
being queried.
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Summary and Conclusion |

Advanced locking protocols are essential for balancing data integrity,
serializability, and high performance. - Strict and Rigorous 2PL solve the
problem of cascading aborts by holding locks until the transaction
terminates. - Deadlocks are an unavoidable side-effect of 2PL, managed
through prevention (Wait-Die, Wound-Wait) or detection (Wait-For
Graphs). - Multiple Granularity Locking (MGL) using Intention Locks
provides a scalable way to manage locks at the database, table, page, and
row levels. - Next-Key Locking extends protection to non-existent rows,
solving the Phantom Problem.
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Introduction to Advanced Locking |

Concurrency control is essential for maintaining database consistency.
Advanced locking methods build upon basic shared (S) and exclusive (X)
locks to handle complex transactional workloads. In this lecture, we delve
deeper into multi-granularity locking, intention locks, and the challenges
of lock escalation.
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Multiple Granularity Locking (MGL) |

Databases contain data elements of varying sizes: records, pages, tables,
and the entire database. MGL allows transactions to lock data at different
levels of this hierarchy. Locking at a higher level (coarse granularity)
reduces lock overhead but limits concurrency. Locking at a lower level
(fine granularity) maximizes concurrency but increases lock management
overhead.
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The Data Hierarchy in MGL |

The hierarchy is typically represented as a tree structure: - **Database:**
The root of the tree. - **Table:** A child of the database. - **Page:** A
block of data within a table. - **Tuple/Row:** The finest level of
granularity. Locks acquired at a higher level implicitly apply to all
descendants in the tree.
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Consider a transaction $T_1$ holding an exclusive lock on a specific row.
If transaction $T_2$ wants to acquire a shared lock on the entire table,
how does the system quickly determine if this is safe? Scanning all rows to
check for existing locks is extremely inefficient, especially for large tables.
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tion Locks: The Solution |

Intention locks are placed on higher-level nodes to indicate that a
transaction holds or intends to acquire explicit locks at a lower level. -
**Intention Shared (IS):** Indicates intent to acquire S locks lower in the
hierarchy. - **Intention Exclusive (IX):** Indicates intent to acquire X
locks lower in the hierarchy.
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Shared with Intention Exclusive (SIX) |

The **SIX** |ock is a composite lock mode. It is used when a transaction
needs to read an entire subtree (requiring an S lock) but also intends to
update some specific nodes within that subtree (requiring IX). $SIX =S +
IX$ A transaction holding a SIX lock on a table can read any row without
further locking but must acquire an X lock on a row before modifying it.
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The MGL Compatibility Matrix |

| Requested \{}\{} Held | IS | IX|S|SIX | X || — | :— | — | :— |
i— | = | | **IS** | Yes | Yes | Yes | Yes | No | | **IX** | Yes | Yes | No
| No | No | | **S** | Yes | No | Yes | No | No | | **SIX** | Yes | No | No |
No | No | | ¥*X** | No | No | No | No | No |
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Rules for Acquiring Locks in MGL |

1. **Root First:** Lock acquisition must start at the root of the
hierarchy. 2. **Path Dependency:** To acquire an S or IS lock on a node,
a transaction must hold an IS or IX lock on its parent. 3. **Exclusive
Path:** To acquire an X, IX, or SIX lock on a node, a transaction must
hold an IX or SIX lock on its parent.
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Rules for Releasing Locks in MGL |

1. **Bottom-Up:** Locks must be released starting from the leaf nodes
(finest granularity) and moving up towards the root. 2. **No Children
Locked:** A transaction can only release a lock on a node if it holds no
locks on any of its children. This bottom-up release, combined with
two-phase locking (2PL), guarantees serializability.
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Lock Escalation |

When a transaction acquires many fine-grained locks (e.g., thousands of
row locks), the memory and CPU overhead for the lock manager becomes
significant. **Lock Escalation** is the process of converting many

lower-level locks into a single higher-level lock (e.g., escalating row locks
to a table lock).
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Challenges with Lock Escalation |

- ¥*Concurrency Reduction:** Escalating to a table lock blocks other
transactions from accessing *any* row in the table, severely impacting
concurrency. - ¥*Deadlocks:** Escalation attempts can easily lead to
deadlocks. If $T_1% and $T_2$ both hold IS locks on a table and S locks
on different rows, and both try to escalate to an S or X lock on the table,
they will deadlock.
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Summary of Advanced Locking |

- MGL provides a balanced approach to concurrency control by offering
varying levels of locking granularity. - Intention locks (IS, IX, SIX) are
vital for efficiently managing locks across the hierarchy without full scans.
- Strict protocols (top-down acquisition, bottom-up release) ensure the
correctness of MGL. - Lock escalation manages overhead but must be
balanced against reduced concurrency and the risk of deadlocks.
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