ADVANCED JAVA ESSENTIALS

Java is a , general-purpose, memory-safe,

. It is intended to let programmers ,
meaning that compiled Java code can run on all platforms that support Java
without the need to recompile. Java applications are usually compiled to bytecode
that can run on any regardless of the underlying
computer architecture. The Java runtime provides dynamic abilities (such as
reflective programming (reflection) and runtime code modification) usually
unavailable in traditional compiled languages.

What is the JVM?
The that provides
the . It acts as an abstraction

layer between compiled Java bytecode and the underlying physical hardware,
achieving Java's core promise: "Write Once, Run Anywhere" (WORA).

Key JVM Architecture Subsystems

e C(ClassLoader Subsystem: dynamically loads, links, and initializes compiled
.class files into memory using a parent-delegation hierarchy.

¢ Runtime Data Areas: the division of memory allocated by the JVM to manage
program execution state, containing the heap, thread stacks, metaspace, and
program counter registers.

e Execution Engine: parses compiled bytecode and translates it to native
physical machine code using a combination of fast interpretation and runtime
Compilation.

e JIT (Just-In-Time) Compiler: monitors bytecode execution at runtime. It
compiles frequently executed code segments (hotspots) directly into optimized
native machine code, bypassing interpretation overhead.

e Garbage Collector (GC): an automated background memory-management
daemon that identifies and reclaims unreferenced heap allocations to prevent
out-of-memory crashes.

Critical JVM Performance Tuning Parameters

Tuning Flag Configuration Parameter Target

Focus
-Xms<size> Memory Allocation | Initial JVM Heap size on startup
-Xmx<size> Memory Allocation | Maximum allowable heap ceiling
-XX:MetaspaceSize | Metadata Space Class Metadata Memory Threshold
-XX:+UseG1GC Garbage Collector | Garbage First (G1) GC Activation
-XX:+UseZGC Garbage Collector | Z Garbage Collector Activation




From Source Code to Machine Execution

The life cycle of an application flows from raw code text files through compile-
time optimization, dynamic class loading, runtime memory allocation, JIT
translation, and physical CPU processing:
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Program Counter: to keep track of each thread's progress, the JVM utilizes a
dedicated Program Counter (PC) register. This register stores the address of the
current instruction being executed by the specific thread.

Call Stack Frame: a call stack is a stack data structure that stores information
about the active subroutines of a computer program. Each JVM thread has a
private stack, created at the same time as the thread. A stack stores frames where
frame is created every time a new method is called. When a method is invoked, a
new stack frame is created to contain information about that method.

Bytecode: JVM bytecode is the instruction set architecture (ISA) of the Java
virtual machine (JVM), the language to which Java and other JVM-compatible
source code is compiled.

Heap: java virtual machine (JVM) heap is an independent memory allocation that
can reduce the capacity of the main memory heap.

Metaspace: a native memory region in the HotSpot Java Virtual Machine (JVM)
used to store class metadata. Class metadata in the Java Virtual Machine (JVM) is
the internal, runtime representation of Java classes that the JVM uses to manage,
link, and execute your code.



What is Garbage Collection?

in Java is an

executed by the JVM. Its primary responsibility is to discover, track, and reclaim
memory occupied by objects that are no longer referenced or reachable by any
active thread in the application.

Key Garbage Collection Concepts

Generational Hypothesis: the empirical discovery that the vast majority of
application objects survive for only a very short time. Because of this behavior,
the JVM divides heap space into distinct memory regions to handle short-lived
and long-lived objects differently.

Stop-the-World (STW) Pause: a safety mechanism where the JVM
temporarily suspends all application processing threads (referred to as mutators)
to safely inspect the heap, trace references, and move objects without
concurrent state corruption.

Minor GC: scans and reclaims resources only within the Young Generation. It
1s highly frequent, fast, and results in negligible pause times.

Major/Full GC: operates across the Old Generation (and sometimes the entire
JVM heap, including Metaspace). It is computationally intensive and incurs
longer STW pauses.

Mark: traverses the object reference tree starting from established entry points
(GC Roots) to label all reachable objects as "live."

Sweep: iterates through unreferenced heap space to reclaim memory occupied
by unmarked, dead objects.

Compact: shifts surviving live objects into a continuous block of memory,
eliminating fragmentation and creating large pools of free contiguous space.
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The Generational Heap Memory Layout

To optimize memory reclamation based on the Generational Hypothesis, the JVM
partitions its runtime heap into distinct, managed zones:

e Eden Space: the starting point where all newly initialized objects are initially
allocated.

e Survivor Spaces (S0 / S1): semi-spaces used to transition surviving objects.
When a Minor GC occurs, surviving objects in Eden and the active Survivor
space are copied to the alternate Survivor space. SO and S1 alternate roles
seamlessly to ensure zero memory fragmentation.

e Old (Tenured) Generation: objects that survive a predefined number of Minor
GC passes (configured dynamically or via -XX:MaxTenuringThreshold) are
promoted (tenured) to this permanent heap zone.

JVM Garbage Collector Algorithms

The JVM supports several GC implementations, each designed to optimize specific
application runtime priorities:

Garbage Command-Line Flag | Primary Architectural Objective
Collector
Serial GC -XX:+UseSerial GC Minimal footprint resource utilization

Parallel GC | -XX:+UseParallelGC | High execution throughput

Eis(garbage XX+ UseG1GC Predictable maximum pauses

7GC -XX:+UseZGC Ultra-low latency execution

Ideal Target Workload of each Garbage Collector:

e Serial GC: small client applications, command-line utilities, or resource-
constrained single-core containers.

e Parallel GC: batch processing engines and big-data computations where CPU
efficiency is prioritized over latency pauses.

e G1 (Garbage First): enterprise-level applications (heaps from 4GB to 64GB)
requiring balanced throughput and configurable pause limits.

o ZGC: large-scale server payloads (heaps scaling up to several TBs) requiring
consistent, sub-millisecond response guarantees.

In-Depth GC Workflow Structures

Understanding the underlying execution workflow and thread mechanics of each
individual garbage collection engine is vital for identifying bottlenecks and
selecting the correct collector for production workloads.



Serial Garbage Collector (Single-Threaded Execution)

The Serial collector is designed for single-core execution environments or
architectures where footprint optimization is favored over pause duration limits.
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Parallel Garbage Collector (Multi-Threaded Throughput Execution)

Also known as the , this engine leverages multiple GC
threads in parallel to reduce STW overhead on multi-core systems.
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Garbage-First (G1) Collector (Regional & Incremental)
G1 departs from rigid physical boundaries. It dynamically slices the heap into

thousands of equal-sized that are designated as Eden, Survivor,
Old, or (for single objects occupying > 50\% of a region's size).
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Z. Garbage Collector (ZGC) (Ultra-Low Latency & Concurrent)

ZGC is a scalable, low-latency garbage collector capable of handling multi-
terabyte heaps with pause times consistently under one millisecond. It achieves this
by alongside application mutator
threads.
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Load Barrier Triggers
- Self-Heal Pointer

ZGC relies on two major architectural features:

o Colored Pointers: Meta-information bits representing the state of an object are
embedded directly inside the 64-bit object reference pointer itself (e.g., Mark,
Remap, and finalization flags).

o Load Barriers: Thin code interceptors injected by the JIT compiler into every
object reference read access.



What are Generics?

Introduced in Java 5, represent the practice of . They
allow classes, interfaces, and methods to be defined with placeholder type
parameters, enabling developers to write highly reusable code while moving type-
safety checks from runtime to compile-time.

By enforcing constraints during compilation, Generics eliminate runtime type
casting and provide an automated safeguard for object collections.

Paradigm Safety Level | Type Resolution

Raw Types Dangerous | None (defaults to Object)
Generics Excellent Compile-time validation
Object Polymorphism | Moderate Runtime casting required

Key Generics Concepts

o Type Parameter: a placeholder (e.g., <T>, <E>, <K, V>) defined on a class,
interface, or method that is substituted with a concrete type at instantiation.

« Type Erasure: the process where Java compiler replaces all generic type
parameters with their bounds during compilation. The resulting bytecode
contains only ordinary classes, ensuring backward compatibility.

« Wildcard (?): an anonymous type parameter representing an unknown type,
used to ease restrictions on variables passed as method arguments.

o Upper-Bounded Wildcard (? extends T): restricts the unknown type to be a
specific type T or a subtype of T.

o Lower-Bounded Wildcard (? super T): restricts the unknown type to be a
specific type T or a supertype of T.

Working with Generics

1. Define a generic class or interface by appending the type parameter
parameterization syntax: public class Repository<T>.

2. Use the parameter T within the class body as a field type, method return type, or
parameter type.

3. Instantiate the generic class by supplying the concrete type using the diamond
operator: Repository<User> userRepo = new Repository<>();.

4. Apply the PECS rule (Producer Extends, Consumer Super) when designing
methods that accept wildcard collections:

e Use ? extends T if the collection produces items of type T (you are reading
from it).

e Use ? super T if the collection consumes items of type T (you are writing to
it).



Generics Syntax & Wildcards

Parameter/Wildcard | Definition Compilation Bounds
<> Unbound Type Parameter java.lang.Object

<T extends Number> | Upper-Bounded Parameter | java.lang.Number

<? extends T> Covariant Wildcard T

<? super T> Contravariant Wildcard java.lang.Object

Example Use Case

e <T>: designing a utility class like Box<T> to hold a single object of any type.

e <T extends Number>: restricting an algebraic helper class to only numeric
types (Integer, Double, etc.).

o <? extends T>: reading values from a list of unknown subtypes of T (e.g.,
List<? extends Shape>).

e <? super T>: appending or adding items of type T (or its descendants) safely
into a collection.

public class Main {
public static <T> void printArray(T[] array) {
for (T item : array) {
System.out.println(item);

}
}

public static void main(String[] args) {
String[] names = {"Jenny", "Liam"};

Integer[] numbers = {1, 2, 3};

printArray(names);
printArray(numbers);

h
h

o <T>is a generic type parameter - it means the method can work with any
type: String, Integer, Double, etc.

o The method printArray() takes an array of type T and prints every element.

« When you call the method, Java figures out what T should be based on the
argument you pass in.



What are Annotations?

Annotations are a that can be added to Java source
code. They have no direct effect on the operations of the code they annotate, but
provide , IDEs, code generation tools, and reflection-
based frameworks . From dependency injection in Spring to object-

relational mapping in Hibernate, annotations drive modern, declarative Java
development.

They , but they give to the
compiler or tools.

Key Annotation Concepts

« Retention Policy: determines how long an annotation is preserved (Source
code, Classfile compile-time, or Runtime reflection).

« Target: Specifies the Java elements (classes, methods, fields, parameters) to
which an annotation can be legally applied.

« Built-in Annotations: predefined platform annotations used to guide
compilation rules and check for logical errors.

« Meta-Annotations: annotations applied to other annotations to define their
behavior, lifecycle, and target boundaries.

Working with Annotations

1. Declare a custom annotation using the @jinterface keyword: public @interface
SafeTransaction {}.

2. Apply meta-annotations to define its operational scope:

@Target(ElementType. METHOD)
@Retention(RetentionPolicy. RUNTIME)
public @interface LogExecutionTime {}

3. Place your annotation directly above target elements in your source code.

4. If runtime retention is specified, extract the metadata using reflection at runtime
via method.isAnnotationPresent(LogExecutionTime.class) to execute cross-
cutting logic.



Core Java Meta-Annotations & System Annotations

Annotation Type/Target Retention Policy
@OQOverride Compiler Check SOURCE
(@Deprecated Warning Marker RUNTIME
@Suppress Warnings Compiler Directive SOURCE
@SafeVarargs Compiler Check RUNTIME
@Functionallnterface Compiler Check RUNTIME
(@Native Compiler Check SOURCE
@Retention Meta-Annotation RUNTIME
@Target Meta-Annotation RUNTIME

Purpose of core Java Meta-Annotations:

Annotation

Purpose

@Override

Guarantees that a method overrides a superclass
method, producing a compilation error if misspelled.

@Deprecated

Marks an API as obsolete. Triggers compiler
warnings when referenced elsewhere.

@SuppressWarnings

Disables specific compiler warnings (e.g.,
"unchecked", "rawtypes") in the annotated block.

@SafeVarargs

Asserts that the body of the annotated variable-arity
method or constructor does not perform potentially
unsafe operations on its varargs parameter.

@Functionallnterface

Designates that an interface is intended to be a
Functional Interface, enforcing that it contains
exactly one abstract method.

@Native

Indicates that an annotated field defines a constant
value that may be referenced from native (C/C++)
code.

@Retention

Configures whether an annotation is discarded by the
compiler (SOURCE), kept in the .class file (CLASS),
or accessible via reflection (RUNTIME).

@Target

Defines the syntax locations where the annotation
can reside (e.g., ElementType.FIELD,
ElementType. METHOD).




What are Regular Expressions?

A is forming a

. In Java, regex allows developers to perform high-performance
string validation, complex search-and-replace routines, and parsing operations with
minimal code. The engine compiles structural syntax into finite state automata
behind the scenes, offering highly efficient scanning of character sequences.

Key Regex Concepts
« Literal Characters: exact characters matched in sequence.

o Character Classes: bracketed expressions matching any single character from
a set

o Metacharacters: specialized symbols with built-in meanings.
o Quantifiers: define how many times a character or group must occur.

« Capturing Groups: parenthesized sub-patterns used to isolate and extract
specific sections of a matched input string.

Working with Regex in Java

Java does not have a built-in Regular Expression class, but
the java.util.regex package can be imported to work with regular expressions.

1. Import java.util.regex.Pattern to define a pattern (to be used in search)
2. Import java.util.regex.Matcher to search by the provided pattern
3. Compile a string pattern using Pattern.compile("regex_string").

4. Generate a Matcher instance by feeding the target input into the pattern:
Pattern.matcher(inputSequence).

5. Execute searching operations using matcher.find(), extract matching structures
via matcher.group(), or validate exact matches using matcher.matches().

Token Class Syntax Pattern | Matching Capability
Character Class [a-za-Z] Any single alphabetic letter
Predefined Class \d Any decimal digit (equivalent to [0-9])
Predefined Class \s Any whitespace character
AN
Boundary Matcher and $ gll: absolute start and absolute end of a
Quantifier + One or more times
Quantifier {n,m} Between n and m times
Capturing Group (...) Logical grouping for extraction




What are Threads?

A

is the inside an operating system

process. Multi-threading allows Java programs to execute multiple execution
pathways concurrently, maximizing CPU core utilization and maintaining
application responsiveness. Since its inception, Java has provided native thread
management, evolving to support massive, highly scaled distributed thread
management capabilities.

Key Concurrency Concepts

Process vs. Thread: a is an with
private memory space. A 1s an ; multiple
threads share the same process memory heap.

Race Condition: an occurring when
, leaving the
final value dependent on execution timing.

Deadlock: a freeze state where Thread A holds Lock 1 and waits for Lock 2,
while Thread B holds Lock 2 and waits for Lock 1. Neither can proceed.

Platform Threads: heavyweight, OS-backed execution paths mapped $1:1$ to
operating system kernel threads.

Virtual Threads (Java 21+): lightweight, user-mode threads managed directly
by the JVM runtime. Thousands or millions of virtual threads can run on top of
a small pool of carrier platform threads, dramatically improving scalability for
I/O-bound applications.

Working with multi-threading

l.

Implement the concurrent task by defining the Runnable interface's run()
method.

Avoid spawning raw platform threads via new Thread(). Instead, decouple
thread submission from execution utilizing an ExecutorService.

. Protect shared mutable state by using the synchronized keyword, explicit API

ReentrantLock wrappers, or thread-safe components from java.util.concurrent.

. For non-blocking operations on single variables, use highly optimized atomic

variables such as Atomiclnteger or AtomicReference.



What are Platform Threads?

JVM App Execution

|

1. Submit Tasks —p Java Thread Object | (Heap Pointer metadata)
Y
2. Bind 1:1 —> Platform Thread Wrapper I (Consumes 1M Stack)
v
3. Map to OS —> Native OS Kernel Thread I (Physical register map)
v
4. Execute —> Host CPU Core Allocation
v
5. Wait Block —_ Blocked OS Kernel Thread (Wastes native memory)
y
6. Kernel Shift ——p Save Register Context —> Swap thread context out

is a thin wrapper around a native operating system thread. Once a
platform thread is instantiated, the JVM allocates a fixed-size stack area directly in
host memory and registers the execution context with OS thread scheduler.

What are Virtual Threads?

Runtime Active State
Java App task — Virtual Thread V1 (Raw Heap Object)

+ (Mount Phase)
Carrier Thread (F]Pool Worker Platform Thread)

v

Native OS Kernerl Thread —J» CPU core Execution

Blocking Encountered State
V1 hits blocking call (e.g. Socket.read())
+ — |VM Interrupt / System Call Intercept
Unmount V1
* —p Freeze V1 Stack | Detach V1 Reference

Carrier Thread Instant Release — Executes V2 concurrently

: Resolved Unblock State :
1 DB/Socket signals I/O task completed 1
1 '
1 '
1 |

A is a lightweight, user-mode thread managed entirely by the JVM
instead of the operating system. It is represented as a simple, garbage-collected
object stored directly on the JVM Heap.



Platform Threads vs. Virtual Threads Comparison

Characteristic Platform Thread Virtual Thread
1:1 with native OS kernel | M:N (millions of virtual
Mapping Ratio thread threads over $N§ carrier

threads)

Creation Cost

High (involves OS
system calls)

Negligible (same overhead as
instantiating a regular Java
object)

Stack Allocation

Fixed and large (typically
IMB in native memory)

Dynamic (starts at bytes on
the JVM heap, scales
dynamically)

Context-Switching

Expensive (kernel-space
context transitions)

Extremely cheap (user-space
reference switches in JVM)

Blocking Penalty

High (keeps physical OS
thread parked and idle)

Zero (unmounts
automatically; carrier thread
is re-allocated)

Concurrency Ceiling

Thousands (system
memory/process bounds)

Millions (essentially
bounded only by total JVM
Heap size)

Thread Pools

Crucial (reusing threads
prevents allocation
overhead)

Anti-Pattern (thread pooling
is obsolete; discard after use)

Deploy Platform Threads When:

1. CPU-Bound Tasks: application performs intense calculations (e.g., video
transcoding, cryptography, image processing). Since the CPU cores must
remain fully utilized, virtualizing thread blocks provides no benefits and
introduces mounting overhead.

2. Native Code Integrations (JNI): code regularly executes methods outside the
JVM boundary. The JVM cannot manage or unmount threads running native
non-Java code during blocking calls.

3. Heavy Thread-Local Usage: legacy frameworks rely extensively on massive
data caching inside ThreadLocal structures. Since virtual threads are created by
the millions, large Thread-Locals will cause immediate heap saturation.

Deploy Virtual Threads When:

1. High-Throughput I/O-Bound Applications: system is dominated by network,
file, or database waiting cycles (e.g., processing millions of HTTP request
streams, calling microservice APIs, waiting on queue processing).

2. Thread-Per-Request Architectures: high-concurrency request servers are in
use. Instead of using complex, non-blocking reactive libraries (like WebFlux or
RxJava), virtual threads allow you to write simple, synchronous, sequential
code that scales naturally.




Core Concurrency Classes: Thread and Runnable

To write concurrent programs in Java, developers interact with two fundamental
abstractions located within the foundational ;

« java.lang.Thread: a concrete class
within the JVM. It encapsulates execution state, call-stack metadata, priority
properties, and thread-local variables. Instantiating a Thread allocates its
resource boundaries, and invoking its .start() method registers it with the
OS/JVM scheduler to begin executing asynchronously. Although developers
can inherit from this class to override its execution path, doing so is generally
discouraged due to Java's single-inheritance model.

« java.lang.Runnable: a functional interface designed
. It exposes a single, zero-
argument abstract method: public void run(). By passing a Runnable
implementation (frequently written as a concise, modern lambda expression) to
a Thread constructor or submitting it to an execution queue, developers achieve
a strict decoupling of what logical task is executed from how that task is
scheduled, managed, and bound to physical CPU resources.

Concurrency Orchestration Toolset

Component Threading Class Method Pattern
Runnable Functional interface public void run()
Callable<V> Functional interface public V call()
ExecutorService Management Class submit(Runnable task)
ReentrantLock Synchronization Class | lock() / unlock()
CompletableFuture<T> | Async Wrapper the ApplyAsync()

Architectural Purpose:

« Runnable: defines the executable logic of a concurrent task without returning a
value.

« Callable<V>: defines a concurrent task that yields a return value or throws a
checked exception.

« ExecutorService: manages a pool of execution threads, resolving overhead of
manual thread lifecycle creation.

« ReentrantLock: provides explicit, flexible mutual exclusion locking with
support for timeouts and polling.

o CompletableFuture<T>: enables declarative asynchronous chain pipeline
coordination across background thread workers.



What are Lambda Expressions?

Introduced in Java 8, are that
represent (Functional Interfaces). They treat
functionality as a method argument, enabling declarative, functional programming
style inside an object-oriented language.

(parameterl, parameter2) -> expression
(parameterl, parameter2) -> {

// code block

return result;

}

Key Lambda Concepts

« Functional Interface: an interface containing exactly one abstract method
(e.g., Runnable, Comparator), decorated with the optional but highly
recommended @Functionallnterface annotation.

o Target Typing: the process by which the compiler infers the specific functional
interface type of a lambda expression based on its assignment context.

« Variable Capture: the restriction that lambda expressions can only access local
variables from their enclosing scope that are final or effectively final (never
modified after assignment).

o Method References: a syntax shortcut (Class::methodName) for passing
existing methods as lambdas to clean up argument syntax.

Standard Built-in Functional Interfaces

Interface Name | Signature Syntax | Operational Purpose
Predicate<T> T S boolean Evaluates a condition, returning a
boolean result.
Transforms or maps an input
Function<T, R> T->R parameter of type T to a result of
type R.
Executes side-effects or processes
Consumer<T> T ->void an input parameter without
returning any output.
: Takes no parameters and
Supplier<T> 0>T generatesIZm output of type T.




What is Big O Complexity?

isa used in computer science
. Specifically, it
of an algorithm's time or space
requirements as the input dataset size, , grows toward infinity.

When analyzing time complexity:

« Worst-Case Focus: big O standardizes on the worst-case execution path,
guaranteeing that an algorithm will never perform worse than its limit.

« Simplification: to isolate core scalability, Big O strips away hardware-specific
constants and lower-order execution variables. For example, if a method
performs exactly f(n) = 3n’ + 5n + 12 operations, its Big O complexity
simplifies to O(n?). As n approaches millions of records, the quadratic term n?
dominates the growth curve so heavily that the constants and linear terms
become negligible.

Quadratic Complexity: O(n?) Sorting

Quadratic execution times occur when an algorithm requires scanning input
datasets recursively via nested loops. A 1s
, which compares adjacent array pairs repeatedly.

public static void bubbleSort(int[] array) {
int n = array.length;
for(inti=0;1<n-1;1++) {
boolean swapped = false;
for(intj=0;3<n-1-1;j++) {
if (array[j] > array[j + 1]) {
int temp = array[j];
array[j] = array[j + 1];
array[j + 1] = temp;

swapped = true;

b
if (!swapped) break;




Logarithmic Complexity: O(log2 n) Searching

Logarithmic performance is the hallmark of divide-and-conquer processing. The
standard implementation of this is . By
at each iteration, it

The java.util.Collections class provides a static generic method binarySearch
capable of executing searching procedures with a complexity of O(log2 n).

Operational Rules & Mechanics:

1. Sorted Precondition: The underlying List must be sorted in ascending order
(using natural sorting order or a custom Comparator) before invoking the
search. Passing an unsorted list produces undefined results.

2. Access Patterns:

o For lists implementing RandomAccess (like ArrayList), execution is
guaranteed at O(log2 n) because elements can be read in constant O(1)
time.

o For sequential-access lists (like LinkedList), the search takes O(n) time
because traversing to middle points requires sequential node pointer
updates.

JDK Binary Search Code Example:

public static void main(String[] args) {
List<String> sortedNames = new ArrayList<>();
sortedNames.add("Alice");
sortedNames.add("Bob");
sortedNames.add("Charlie");
sortedNames.add("Diana"); // Pre-sorted list

// Execute search on sorted collection - Complexity: O(log2 n)

int targetIndex = Collections.binarySearch(sortedNames, "Charlie");

System.out.println("Element index: " + targetlndex); // Output: 2




Linearithmic Complexity: O(n log n) Sorting

Linearithmic complexity represents the optimal physical limit for comparison-
based sorting. Java avoids the worst-case quadratic pitfalls of naive sorting
algorithms by utilizing optimized sorting algorithms within the JDK library
wrapper.

Invoking Collections.sort(List<T> list) or list.sort(Comparator<? super T> c)
leverages under the hood (for Object types).

Timsort Workflow & Architecture:

l.

2.

Hybrid Execution Strategy: tmsort is an adaptive, stable sorting algorithm
derived from Merge Sort and Insertion Sort.

Natural Runs: the algorithm scans the input collection sequentially to identify
pre-sorted segments (referred to as "natural runs").

Mini-Compilations: if runs are shorter than a minimum threshold, Timsort
optimizes them up using Binary Insertion Sort.

Coordinated Merging: these runs are pushed onto a stack and merged
recursively to ensure strict, overall order.

. Worst-Case Guarantees: because of this structure, Timsort avoids the

catastrophic worst-case quadratic decay (O(n?)) of classic Quicksort. It
maintains a guaranteed worst-case and average-case complexity of O(n log n),
with a best-case speed of O(n) on fully sorted input lists.

JDK Sort Code Example:

public static void sortUserRecords(List<String> rawUsers) {

Collections.sort(rawUsers);

public static void main(String[] args) {
List<String> users = new ArrayList<>();
users.add("Zachary");
users.add("Adam");
users.add("Marcus");

sortUserRecords(users);

System.out.println(users); // Output: [Adam, Marcus, Zachary]




What is Spring Boot?

is an opinionated,
. By combining automated dependency resolution, convention-over-
configuration guidelines, and embedded servlet execution containers,
It
configuration workflows of traditional Spring
deployments into

Key Spring Boot Concepts

« Auto-Configuration: the core background process where Spring Boot
dynamically registers beans inside the ApplicationContext based on class
presence within the classpath (configured via (@Enable AutoConfiguration).

« Starter Dependencies: curated, aggregated dependency sets (e.g., spring-boot-
starter-web) that bundle required transitive library versions to prevent version
mismatch conflicts.

« Embedded Servlet Containers: out-of-the-box support for nested execution
servers (Tomcat, Jetty, or Undertow), eliminating the requirement to package
and deploy raw WAR files into physical external server platforms.

Spring Web Request Lifecycle Architecture

HTTP Web Client

Spring Boot Container
DispatcherServlet (Front Controller) | €4— | HandlerMapping

¢3. (Dispatches payload) 2. (Resolves handler route maching)

—}I HttpMessageConverter | = JSON Serialization Output for REST Endpoints

1
1
1
1
1
1
1 | Controller (Handler Method) | — Processes Business Logic via Service Layer
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—DI ViewResolver I — Resolves HTML Template File [Thymeleaf Engine]




Working with Spring Boot

1. Initialize a Spring Boot application by adding the parent starter dependency
mapping configuration to your build script.

2. Annotate the main launcher class with @SpringBootApplication to activate
component scanning, configuration importing, and auto-configuration.

3. Construct controller layers using @RestController or (@Controller annotations
to expose REST APIs or server-side view layouts.

4. Enforce constructor dependency injection pattern to declare immutable
dependencies and facilitate isolation during unit testing.

Sample Spring Web REST Controller Implementation

@RestController
@RequestMapping("/api/v1/users")
public class UserRestController {

private final UserService userService;
// Direct Constructor Injection - No @Autowired required as of Spring 4.x+
public UserRestController(UserService userService) {
this.userService = userService;
}
@GetMapping
public ResponseEntity<List<UserDto>> getAllUsers() {
return ResponseEntity.ok(userService.findAllUsers());
}
@PostMapping

public ResponseEntity<UserDto> createUser(@RequestBody
UserCreationRequest request) {

UserDto savedUser = userService.saveUser(request);

return ResponseEntity.status(201).body(savedUser);




What is Spring Security?

is a powerful, highly customizable
, and for Java web
applications. Architected entirely as a sequential sequence of Servlet Filters, Spring
Security intercepts HTTP traffic before it reaches target application controllers,
protecting resources without polluting business components.

Key Spring Security Concepts

« SecurityFilterChain: a chain of sequential security filters registered with the
Servlet container that determine if an incoming request matches the security
policy rules.

o AuthenticationManager: the primary API interface responsible for validating
credentials. It delegates verification logic to one or more registered
AuthenticationProvider components.

o SecurityContextHolder: a thread-local storage engine holding security context
details of the currently authenticated principal (the current user).

Spring Security Filtering Lifecycle

Incoming Request

v

Servlet Container Filter | — | DelegatingFilterProxy

l (Delegates to Spring-managed Context)

FilterChainProxy

s

SecurityFilterChain

— SecurityContextHolderFilter (Session restore)
— UsernamePasswordAuthenticationFilter (Auth attempt)

— ExceptionTranslationFilter (Catch access errors)
— AutherizationFilter (Enforce URL match rules)

Target Dispatcher Controller




Working with Spring Security

l.
2.

Add the security starter: spring-boot-starter-security.

Declare a custom (@Configuration class to export a custom SecurityFilterChain
Bean definition.

. Implement functional lambda declarations via HttpSecurity properties to map

public pathways, enforce authentication, and protect from Cross-Site Request
Forgery (CSRF).

Utilize @EnableWebSecurity to enable standard declarative endpoint protection
capabilities.

Programmatic Security Configuration Bean Sample (Spring Boot 3.x Style)

@Configuration
@EnableWebSecurity

public class SecurityConfiguration {

@Bean
public SecurityFilterChain filterChain(HttpSecurity http) throws Exception {

http.csrf(csrf -> csrf.disable()) /Disable CSRF for REST API
//Map request match patterns to authorization rules

.authorizeHttpRequests(auth -> auth
requestMatchers("/api/v1/auth/**", "/public/**").permitAll()
requestMatchers("/api/v1/admin/**").hasRole("ADMIN")
.anyRequest().authenticated()

)

.httpBasic(basic -> basic.init(http)); //Configure HTTP Auth

return http.build();




What are JPA and Hibernate?

The is the standard specifications

entities directly . Hibernate represents the
industry-standard implementation of the JPA specification. By automating SQL
compilation, schema generation, and transaction coordination, JPA/Hibernate frees
developers from dealing with raw JDBC drivers and result sets.

Key Object-Relational Mapping Concepts

« Persistence Context (First-Level Cache): a short-lived transaction-scoped
cache that guarantees entity identity parity (each database record corresponds to
only one active entity object inside the session context).

« Entity Lifecycle States: the four operational boundaries of a database entity
object inside the runtime VM context:

o Transient: object instantiated locally (new Entity()) but not yet
associated with a Database transaction session.

o Managed: tied directly to an active transaction context. Dynamic
mutations to its fields automatically propagate to the database.

o Detached: transaction context was closed or cleared, leaving the object
with a persistent identifier but disconnected from dirty-checking tracking.

o Removed: explicitly marked for deletion.

o N+1 Query Problem: a performance degradation issue where mapping
relationships dynamically causes Hibernate to execute an initial query to fetch
parent records plus N separate SQL statements to retrieve associations.
Resolved via Explicit JOIN Fetch declarations.

JPA Entity Lifecycle State Transitions

new Entity() | (Transient State)
(persist() / save())
Managed State (merge() / update())

(close() / clear() / detach())—»l Detached State I
(Transaction commit) Purged from DB



Working with JPA & Hibernate

1. Decorate relational mapping objects with @Entity and define identifiers with
@]ld and @GeneratedValue.

2. Avoid nested collection loading errors by defaulting association mappings to
FetchType.LAZY.

3. Create database access interfaces extending JpaRepository to access
transactional querying patterns without writing native queries.

4. Keep the active transaction boundaries scoped cleanly utilizing the Spring
@Transactional annotation.

JPA Entity mapping and JpaRepository Implementation Sample

@Entity

@Table(name = "todo_list")

@Data

@AIllArgsConstructor

@NoArgsConstructor

@Builder

public class TodoEntity {
@Id

@Generated Value(strategy = GenerationType.AUTO)
private Long id;

@Column(nullable = false, unique = true)

private String title;

private Boolean completed;

public interface TodoRepository extends JpaRepository<TodoEntity, Long> {
List<TodoEntity> findByComplete(boolean complete);

}




What is Thymeleaf?

is a modern,
designed for Java applications. It functions as a , meaning
it reads ordinary, markup and processes

standard attributes (th:text, th:each, etc.). Dynamic pages remain
structurally valid HTML layouts, allowing frontend designs to be reviewed directly
in browsers without requiring execution inside a live web container.

Key Thymeleaf Expressions

« Variable Expressions (${...}): accesses variables placed inside the Spring
MVC Model map context.

« Selection Variable Expressions (*{...}): accesses nested variables belonging to
a parent object declared inside a target th:object scope.

« Link URL Expressions (@{...}): compiles dynamic URL routes, appending
application context prefixes and query variables.

o Conditional Processing (th:if / th:unless): controls the structural presence of
HTML elements dynamically based on evaluated conditions.

Working with Thymeleaf
1. Add the starter dependency: spring-boot-starter-thymeleaf.

2. Store template code files under the standard resources folder location:
src/main/resources/templates/.

3. Bind controller elements dynamically inside static view files utilizing
standard XML prefix markers: xmlns:th="http://www.thymeleaf.org".

4. Return logical string locations from controller methods matching target
HTML filenames to route layouts.



