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1. Introduction to Large Scale Software Architecture

1.1 Understanding Large Scale Systems: Characteristics and Challenges

Large scale systems are complex software ecosystems designed to handle massive volumes of data, users, and transactions while maintaining
performance, reliability, and scalability. Understanding their unique characteristics and challenges is essential for software engineers and
backend developers tasked with designing and maintaining such systems.

Characteristics of Large Scale Systems

High Throughput and Low Latency: These systems must process thousands or millions of requests per second with minimal delay.
Scalability: Ability to grow seamlessly in response to increased load, both vertically (stronger hardware) and horizontally (more machines).
Fault Tolerance and Reliability: Systems must continue operating correctly despite hardware failures, network issues, or software bugs.
Distributed Nature: Components are often spread across multiple servers, data centers, or geographic regions.

Complex Data Management: Handling large volumes of structured and unstructured data, often requiring diverse storage solutions.
Concurrency and Parallelism: Managing multiple simultaneous operations efficiently.

Security and Compliance: Protecting sensitive data and adhering to regulatory requirements.

Challenges in Large Scale Systems

Network Latency and Partitioning: Communication delays and potential network failures can cause inconsistencies.
Data Consistency: Achieving the right balance between consistency, availability, and partition tolerance (CAP theorem).
Resource Management: Efficiently allocating CPU, memory, storage, and bandwidth.
Monitoring and Debugging: Difficulty in tracing issues across distributed components.
Deployment Complexity: Coordinating updates and rollbacks without downtime.
Scaling Databases: Managing sharding, replication, and query performance.

Security Risks: Increased attack surface due to distributed components.

Mind Map: Characteristics of Large Scale Systems

High Throughput
Low Latency

Performance

Horizontal Scaling
Vertical Scaling

Fault Tolerance
Redundancy

Multi-region Deployment
Network Communication

Large Scale Systems Distribution

Big Data Handling
Polyglot Persistence

Data Management

Parallel Processing

Concurrenc!
2 Thread Management
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Mind Map: Challenges in Large Scale Systems
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Example 1: Scaling a Social Media Platform
Consider a social media platform with millions of active users posting, liking, and commenting in real-time. The system must handle:

e High Throughput: Millions of posts per minute.
e Low Latency: Instant updates on user feeds.
e Data Consistency: Ensuring likes and comments reflect accurately.

e Fault Tolerance: Avoiding downtime during server failures.
To address these, the architecture might include microservices for user management, feed generation, and notifications; distributed caching
layers like Redis; and databases partitioned by user region.
Example 2: E-commerce Website During Peak Sales
An e-commerce site experiences traffic spikes during events like Black Friday. Challenges include:

e Scalability: Handling sudden surges in traffic.
¢ Inventory Consistency: Preventing overselling.

e Payment Processing Reliability: Ensuring transactions complete successfully.
Solutions involve auto-scaling infrastructure, distributed locking or optimistic concurrency controls for inventory, and integrating with reliable
payment gateways.
Summary

Understanding the defining characteristics and inherent challenges of large scale systems lays the foundation for designing robust, scalable, and
maintainable architectures. Through mind maps and real-world examples, engineers can better visualize and tackle the complexities involved.

1.2 The Evolution of Software Architecture: From Monoliths to Microservices

Introduction

Software architecture has undergone significant transformation over the past decades. Understanding this evolution helps engineers design
scalable, maintainable, and resilient systems. This section explores the journey from monolithic architectures to microservices, highlighting key
motivations, challenges, and best practices with practical examples.

Monolithic Architecture

Definition: A monolithic application is built as a single unified unit where all components (Ul, business logic, data access) are tightly coupled and
run as one process.

Characteristics:

e Single codebase
e Shared memory space

e Centralized deployment

Example: Imagine an e-commerce platform where user authentication, product catalog, order processing, and payment processing are all part
of one large application.

Pros:

e Simple to develop initially
e Easier to test locally

e Straightforward deployment
Cons:

o Difficult to scale specific components independently
e large codebase leads to slower builds and deployments
e Risk of cascading failures

e Hard to adopt new technologies incrementally

Mind Map: Monolithic Architecture Overview
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Centralized Deployment

Simple Development
Pros Easy Testing
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Monolithic Architecture

Scalability Challenges

Slow Build & Deploy
Risk of Cascading Failures
Technology Lock-in

Cons

Service-Oriented Architecture (SOA)

Definition: SOA breaks down the monolith into loosely coupled services that communicate over a network, often using enterprise service buses
(ESB).

Example: The same e-commerce platform splits into services like User Service, Product Service, and Order Service communicating via SOAP or
REST APIs.

Pros:

e Promotes reuse of services
e Enables independent development teams

e Supports heterogeneous technologies
Cons:

e Complex ESB can become a bottleneck
e Increased network latency

e Governance and orchestration overhead

Mind Map: SOA Highlights

Loosely Coupled Services

Communication via ESB

Service Reuse
Service-Oriented Architecture (SOA) Pros Independent Teams
Technology Diversity
ESB Bottleneck
Cons Network Latency
Governance Complexity

Microservices Architecture

Definition: Microservices architecture decomposes applications into small, independently deployable services focused on single business
capabilities, communicating typically via lightweight protocols like HTTP/REST or messaging queues.

Example: The e-commerce platform further refines services: Authentication Service, Catalog Service, Inventory Service, Payment Service, each

with its own database and deployment pipeline.
Best Practices:

o Define clear service boundaries aligned with business domains (Domain-Driven Design)
e Decentralize data management (each microservice owns its data)
e Automate deployment with CI/CD pipelines

e Implement API gateways for routing and security
Pros:

¢ Independent scaling and deployment
e Fault isolation
e Technology heterogeneity

e Faster development cycles

Cons:
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e Increased operational complexity
e Distributed system challenges (consistency, latency)
e Requires mature DevOps practices

Example: Microservices in Action

Consider the Inventory Service needing to update stock levels:

e [t owns its database and exposes REST endpoints.
e When an order is placed, the Order Service calls Inventory Service APl asynchronously.

e If Inventory Service is down, the Order Service can queue requests or fallback gracefully.

Mind Map: Microservices Architecture

Small, Focused Services

Independent Deployment

RESTAPIs
Messaging Queues

Communication

Data Ownership Decentralized Databases

Domain-Driven Design
Best Practices CI/CD Automation
API| Gateway

Microservices Architecture

Scalability
Fault Isolation
Technology Diversity
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Operational Complexity

Cons Distributed Challenges
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Comparative Example: Order Processing Flow

Aspect Monolith SOA Microservices

Independently deployable

Deployment Single deployment Multiple services via ESB . .
pioy 9 ploy P microservices

Lightweight REST or messaging

Communication Internal function calls ESB with SOAP/REST
queues
Data . . . .
Shared database Shared or service-specific databases Each service owns its database
Management
. . Scale individual services but limited by . .
Scalability Scale entire app ESB Scale services independently
Low (failure affects whole
Fault Isolation ( Medium (ESB can be bottleneck) High (failure isolated to service)

app)

Transitioning from Monolith to Microservices
Step-by-step approach:

1. Identify bounded contexts and business domains.

2. Extract services incrementally, starting with less critical modules.
3. Implement APIs and event-driven communication.

4. Introduce CI/CD and containerization.

5. Monitor and optimize service interactions.

Example: A legacy CRM system started as a monolith. The team first extracted the Customer Profile module as a microservice, then the Billing
module, enabling independent scaling and faster feature delivery.

Summary

The evolution from monolithic to microservices architecture reflects the need for scalability, agility, and resilience in modern large-scale systems.
Each stage offers lessons and trade-offs, and understanding them helps engineers choose the right approach for their context.
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Additional Mind Map: Evolution Overview

Single Codebase
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1.3 Key Principles of Modern Software Architecture

Modern software architecture is guided by a set of core principles that help engineers design scalable, maintainable, and resilient large scale
systems. These principles are foundational to building systems that can evolve with business needs and technological advances.

Separation of Concerns (SoC)

¢ Definition: Dividing a system into distinct sections, each addressing a separate concern or responsibility.

e Why it matters: Improves maintainability, testability, and reduces complexity.

Example: In a web application, separating the Ul layer, business logic layer, and data access layer ensures changes in one layer don't ripple
unnecessarily into others.

Ul Layer

Business Logic Layer
Separation of Concerns Data Access Layer

Maintainability
Benefits Testability

N\ Reduced Complexity

Modularity

¢ Definition: Designing systems as a collection of loosely coupled, independently deployable modules or services.

e Why it matters: Enables parallel development, easier updates, and fault isolation.

Example: Microservices architecture where each service handles a distinct business capability like user management, payment processing, or
inventory.

User Service
Microservices Payment Service
Inventory Service

Modularit
Independent Deployment

Advantages Fault Isolation
J
Scalability

Scalability

o Definition: The ability of a system to handle increased load by adding resources.

e Why it matters: Ensures system performance under growing user base or data volume.

Example: Using horizontal scaling with stateless services behind a load balancer to handle spikes in traffic.

Add More Instances

Horizontal Scaling

Load Balancer

Vertical Scaling Upgrade Hardware

Scalabilit;
Stateless Services

Performance
Availability

Resilience and Fault Tolerance
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o Definition: Designing systems to continue operating properly in the event of failures.

e Why it matters: Minimizes downtime and data loss.

Example: Implementing circuit breakers to prevent cascading failures and retries with exponential backoff.

Circuit Breaker

Retry Mechanisms Exponential Backoff

Resilience and Fault Tolerance Fallback Strategies

Reduced Downtime
Improved User Experience

Loose Coupling and High Cohesion

e Definition: Components should be independent (loose coupling) but internally focused on a single task (high cohesion).

e Why it matters: Facilitates easier maintenance and scalability.

Example: A notification service that only handles sending notifications, independent from order processing logic.

Loose Coupling Independent Components

Loose Coupling & High Cohesion High Cohesionu Single Responsibility

Notification Service

Example
& Order Service

API-First Design

e Definition: Designing APIs as first-class products to enable integration and extensibility.

e Why it matters: Facilitates communication between distributed components and third-party integrations.

Example: Designing RESTful APIs with clear versioning and documentation before implementing backend logic.

RESTful APIs

Versioning

API-First Design Documentation

Integration
Extensibility

Benefits

Automation and Continuous Delivery

e Definition: Automating build, test, and deployment processes to enable rapid and reliable releases.

e Why it matters: Reduces human error, speeds up delivery, and improves feedback loops.

Example: Using CI/CD pipelines to automatically test and deploy microservices on every code commit.

Automated Testing
Automated Deployment

CI/CD Pipelines

Automg\ion & Continuous Delivery

Faster Releases

Reduced Errors

Observability

o Definition: Designing systems to provide insights into their internal state via metrics, logs, and traces.

e Why it matters: Enables proactive monitoring, debugging, and performance tuning.

Example: Instrumenting microservices with Prometheus metrics and distributed tracing with Jaeger.

Metrics

Prometheus

Faster Debugging
Performance Optimization
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Summary Mind Map

Separation of Concerns
Modularity
Scalability
Resilience and Fault Tolerance
Loose Coupling & High Cohesion
API-First Design
Automation & Continuous Delivery
Observability

Key Principles of Modern Soﬂwelre Architecture

These principles, when combined and applied thoughtfully, form the backbone of modern large scale system design. They help software
engineers build systems that are robust, flexible, and ready to meet evolving demands.

1.4 Case Study: Scaling a Monolithic Application to a Distributed System

Introduction

Scaling a monolithic application to a distributed system is a common challenge faced by software engineers as applications grow in complexity

and user base. This case study walks through the process of transforming a traditional monolith into a scalable, maintainable distributed
architecture, highlighting best practices and practical examples.
Background

Imagine an e-commerce platform initially built as a monolithic application. It handles user authentication, product catalog, order processing,
payment, and notifications all within a single codebase and deployment unit.

As the user base grows, the monolith faces several issues:

e Performance bottlenecks: Slow response times during peak traffic.
e Deployment challenges: A small change requires redeploying the entire application.
e Scalability limits: Difficult to scale specific parts independently.

e Team coordination: Multiple teams working on the same codebase causing merge conflicts and slowed development.

Step 1: Analyze and Identify Service Boundaries

The first step is to decompose the monolith into smaller, manageable services. This involves identifying bounded contexts and defining clear
service boundaries.

Mind Map: Identifying Service Boundaries

User Management

Product Catalog
Order Processing
Payment Service
Notification Service

Monolithic Application

Each of these modules can become a candidate microservice.

Example

e User Management Service: Handles registration, login, profile management.
e Product Catalog Service: Manages product listings, categories, and inventory.
e Order Processing Service: Responsible for order creation, status tracking.

e Payment Service: Handles payment processing and transactions.

¢ Notification Service: Sends emails, SMS, and push notifications.

Step 2: Define Communication Patterns

Once services are identified, choose how they communicate. Common patterns include synchronous REST/gRPC calls and asynchronous
messaging.

Mind Map: Communication Patterns
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REST API
Synchronous

Service Communication

Message Queues (Kafka, RabbitMQ)

Asynchronous

Event-Driven Architecture

Example

e Order Processing calls Payment Service synchronously to process payments.

¢ Notification Service listens asynchronously to order events to send notifications.

Step 3: Data Management Strategy

Each service should own its data to avoid tight coupling.

Mind Map: Data Ownership

Database per Service

Shared Database (anti-pattern)

Data Management -
Event Sourcing

Example
e Product Catalog has its own database optimized for read-heavy queries.
e Order Processing uses a transactional database.
e Events like "OrderCreated” are published for other services to consume.

Step 4: Incremental Refactoring and Deployment

Refactor the monolith incrementally to avoid big-bang rewrites.

Mind Map: Incremental Migration

Strangler Fig Pattern
Migration Strategy Parallel Run
Feature Toggles

Example

e Start by extracting the Product Catalog into a microservice.
e Redirect calls from the monolith to the new Product Catalog service.

e Gradually extract other services following the same approach.

Step 5: Implement Infrastructure for Distributed System

Deploy services independently with containerization and orchestration.

Mind Map: Infrastructure Components

Containers (Docker)

Orchestration (Kubernetes)
Service Discovery

API| Gateway
Load Balancer

Infrastructure

Example

e Each microservice is packaged as a Docker container.
e Kubernetes manages deployments, scaling, and service discovery.

e An API Gateway routes external requests to appropriate services.
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Step 6: Monitoring, Logging, and Observability

Distributed systems require enhanced observability.

Mind Map: Observability

Centralized Logging (ELK Stack)

. Metrics (Prometheus)
Observabilit — -
Distributed Tracing (Jaeger)
Health Checks

e Use Jaeger to trace a user order flow across multiple services.

Example

e Centralized logs help debug issues spanning services.

Summary Mind Map: End-to-End Migration

Analyze & Identify Services
Define Communication

Data Ownership
Incremental Refactoring
Infrastructure Setup
Observability

Scaling Monolith to Distributed System

Conclusion

Scaling a monolithic application to a distributed system is a complex but manageable process when approached incrementally and with clear
architectural principles. By defining service boundaries, choosing appropriate communication patterns, managing data ownership, and
implementing robust infrastructure and observability, teams can build scalable, maintainable systems that evolve with business needs.

Additional Resources

e Martin Fowler: Microservices
e The Strangler Fig Pattern
e Distributed Systems Observability

2. Architectural Patterns for Large Scale Systems

2.1 Layered Architecture: Structuring for Maintainability and Scalability

Layered architecture is one of the foundational architectural patterns in software engineering, especially relevant for large-scale systems. It
organizes code into distinct layers, each with a specific responsibility, promoting separation of concerns, maintainability, and scalability.

What is Layered Architecture?

Layered architecture divides the system into horizontal layers where each layer has a well-defined role and communicates primarily with the
adjacent layers. This approach helps isolate changes, simplify testing, and improve code organization.

Typical layers include:

e Presentation Layer (Ul)
e Application Layer (Service Layer)
e Domain Layer (Business Logic)

e Data Access Layer (Persistence)

Benefits of Layered Architecture

e Maintainability: Changes in one layer have minimal impact on others.
o Testability: Layers can be tested independently.

e Scalability: Layers can be scaled independently or distributed across servers.
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o Reusability: Layers like the domain or data access can be reused across different applications.

Mind Map: Core Concepts of Layered Architecture

Click here to view the mind map: Layered Architecture

Example: Online Bookstore Application
Consider an online bookstore. Using layered architecture, the system can be structured as follows:

e Presentation Layer: Handles HTTP requests, user interface rendering.
e Application Layer: Coordinates user requests, manages transactions.
e Domain Layer: Contains business rules like inventory checks, pricing logic.

e Data Access Layer: Interacts with the database to fetch or store data.
Example flow:

1. User requests to purchase a book (Presentation Layer).
2. Application Layer validates the request and initiates purchase.
3. Domain Layer checks inventory and applies discounts.

4. Data Access Layer updates inventory and order records.

Mind Map: Example Flow in Layered Architecture

Click here to view the mind map: Online Bookstore Purchase Flow

Best Practices for Layered Architecture

e Define clear layer boundaries: Avoid crossing layers arbitrarily.

e Keep layers loosely coupled: Use interfaces or abstractions.

¢ Avoid circular dependencies: Layers should depend only on lower layers.

e Use DTOs (Data Transfer Objects): To transfer data between layers efficiently.

e Optimize performance: Minimize the number of calls between layers.

Example: Implementing Layered Architecture in Code (Java)
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// Presentation Layer
@RestController
public class BookController {
private final BookService bookService;

public BookController(BookService bookService) {
this.bookService = bookService;

@PostMapping("/purchase™)
public ResponseEntity<String> purchaseBook(@RequestBody PurchaseRequest request) {
boolean success = bookService.purchaseBook(request);
return success ? ResponseEntity.ok("Purchase successful") : ResponseEntity.status(HttpStatus.BAD_REQUEST).body("Purchase f

// Application Layer

@Service

public class BookService {
private final InventoryDomain inventoryDomain;
private final OrderRepository orderRepository;

public boolean purchaseBook(PurchaseRequest request) {
if (inventoryDomain.isAvailable(request.getBookId(), request.getQuantity())) {
inventoryDomain.reserve(request.getBookId(), request.getQuantity());
orderRepository.save(new Order(request.getBookId(), request.getQuantity()));
return true;

¥

return false;

// Domain Layer
@Component
public class InventoryDomain {
private final InventoryRepository inventoryRepository;

public boolean isAvailable(String bookId, int quantity) {
Inventory inventory = inventoryRepository.findByBookId(bookId);
return inventory != null && inventory.getQuantity() >= quantity;

public void reserve(String bookId, int quantity) {
Inventory inventory = inventoryRepository.findByBookId(bookId);
inventory.setQuantity(inventory.getQuantity() - quantity);
inventoryRepository.save(inventory);

// Data Access Layer
@Repository
public interface InventoryRepository extends JpaRepository<Inventory, String> {}

@Repository
public interface OrderRepository extends JpaRepository<Order, Long> {}

Common Pitfalls and How to Avoid Them

e Over-layering: Adding unnecessary layers can complicate the system.
o Layer leakage: Allowing higher layers to access lower layers directly.
e Tight coupling: Avoid direct dependencies; use interfaces.

e Ignoring performance: Excessive calls between layers can degrade performance.

Summary

Layered architecture remains a powerful pattern for large-scale systems, providing a clear structure that enhances maintainability and scalability.
By carefully defining layer responsibilities and communication, teams can build robust systems that evolve gracefully over time.
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2.2 Microservices Architecture: Decomposition and Service Boundaries

Microservices architecture is a design approach where a large application is composed of small, independent services that communicate over
well-defined APIs. Each microservice focuses on a specific business capability, enabling teams to develop, deploy, and scale services
independently.

Why Decompose into Microservices?

e Scalability: Each service can be scaled independently based on demand.
e Agility: Smaller codebases allow faster development and deployment cycles.
e Fault Isolation: Failures in one service do not necessarily impact others.

e Technology Diversity: Teams can choose different technologies best suited for each service.

Key Concepts in Decomposition

e Service Boundaries: Define clear boundaries around business capabilities.
¢ Single Responsibility Principle: Each service should have one responsibility.

e Data Ownership: Each service manages its own data to avoid tight coupling.

Mind Map: Microservices Decomposition

Click here to view the mind map: Microservices Architecture

Decomposition Strategies

Domain-Driven Design (DDD)
DDD helps identify bounded contexts that naturally map to microservices.
Example: For an online retail system:

e Order Service: Manages order creation and processing.
¢ Inventory Service: Tracks stock levels.

e Customer Service: Handles customer profiles and authentication.

Each service owns its data and logic within its bounded context.

Business Capability Decomposition

Break down the system by business capabilities rather than technical layers.
Example: A payment system might have:

e Payment Processing Service
e Fraud Detection Service

o Notification Service

This aligns teams and services with business goals.

Subdomain Decomposition
Identify core, supporting, and generic subdomains and create services accordingly.
Example: In a travel booking platform:
e Core: Booking Service
e Supporting: Recommendation Service
e Generic: Notification Service
Defining Service Boundaries
Good service boundaries are crucial to avoid tight coupling and ensure maintainability.

Guidelines:
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e Services should be loosely coupled and highly cohesive.
¢ Avoid sharing databases; use APIs or events for communication.

e Define clear contracts (APl schemas) for interaction.

Example: Decomposing a Food Delivery Application
Monolithic Components:

e User Management

e Restaurant Management
e Order Management

e Payment Processing

e Delivery Tracking
Microservices Decomposition:

e User Service: Handles user registration, authentication, and profiles.
e Restaurant Service: Manages restaurant menus and availability.

e Order Service: Processes orders and manages order lifecycle.

e Payment Service: Handles payment transactions and refunds.

e Delivery Service: Tracks delivery status and driver location.

Each service owns its database and exposes RESTful APIs.

Mind Map: Service Boundaries in Food Delivery App

Click here to view the mind map: Food Delivery Microservices

Communication Patterns Between Microservices

e Synchronous: REST, gRPC calls for immediate responses.

e Asynchronous: Message queues, event buses for decoupled communication.

Example: When an order is placed, the Order Service sends an event to the Delivery Service asynchronously to initiate delivery.

Best Practices

e Start with coarse-grained services: Avoid over-fragmentation early on.
e Use domain knowledge: Collaborate with domain experts to define boundaries.
e Automate testing: Each service should have independent tests.

e Monitor inter-service communication: To detect latency and failures.

Summary

Decomposing a large system into microservices requires thoughtful identification of service boundaries aligned with business domains. Using
DDD and business capability-driven approaches helps create maintainable, scalable, and independently deployable services. Clear boundaries,
decentralized data ownership, and well-defined communication patterns are key to successful microservices architecture.

2.3 Event-Driven Architecture: Asynchronous Communication and Decoupling

Introduction

Event-Driven Architecture (EDA) is a design paradigm in which components of a system communicate by producing and consuming events
asynchronously. This approach promotes loose coupling, scalability, and responsiveness, making it ideal for large scale systems where
components need to operate independently and react to changes in real-time.

Core Concepts of Event-Driven Architecture

e Event: A significant change in state or an occurrence recognized by software, such as "OrderPlaced” or “UserRegistered”.
e Event Producer: Component that generates events.

e Event Consumer: Component that listens for and reacts to events.
17/121
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e Event Channel: The medium through which events are transmitted (e.g., message brokers).

Benefits of Event-Driven Architecture

e Asynchronous Communication: Components do not wait for responses, improving system throughput.
e Loose Coupling: Producers and consumers are independent, enabling easier maintenance and evolution.
e Scalability: Components can be scaled independently based on event load.

e Resilience: Failures in one component do not necessarily cascade.

Mind Map: Event-Driven Architecture Overview

Click here to view the mind map: Event-Driven Architecture

Asynchronous Communication in EDA

In EDA, communication happens asynchronously via events. Instead of direct calls, producers emit events to a channel, and consumers subscribe

to relevant events.

Example:

User places an order -> Order Service emits 'OrderPlaced' event -> Inventory Service listens and updates stock -> Shipping Service

This flow allows each service to operate independently and scale separately.

Decoupling Through Events

Decoupling means that producers and consumers do not need to know about each other’s implementation or availability.

Example:

e The Order Service does not need to know how many consumers listen or what they do with the event.

e New consumers can be added without changing the producer.

Common Event-Driven Patterns

1. Event Notification: Producer sends a simple notification that something happened.
2. Event-Carried State Transfer: Events carry data payloads representing state changes.

3. Event Sourcing: State changes are stored as a sequence of events.

Mind Map: Event-Driven Patterns

Click here to view the mind map: Event-Driven Patterns

Practical Example: Building an Event-Driven Order Processing System
Scenario: An e-commerce platform processes orders asynchronously.
Components:

e Order Service: Receives orders and emits orderPlaced events.
¢ Inventory Service: Listens for orderPlaced events to update stock.

¢ Notification Service: Sends confirmation emails upon receiving orderplaced .
Flow:

1. Customer places an order via Order Service.
2. Order Service publishes orderplaced event to a message broker (e.g., Kafka, RabbitMQ).
3. Inventory Service consumes the event, decrements stock.

4. Notification Service consumes the event, sends email.

>
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Code Snippet (Pseudo-code):

# Order Service - Producer
order = create_order(customer_id, items)
publish_event('OrderPlaced', order.to_dict())

# Inventory Service - Consumer
subscribe('OrderPlaced', lambda event: update_inventory(event['items']))

# Notification Service - Consumer
subscribe('OrderPlaced’, lambda event: send_confirmation_email(event['customer_id']))

Mind Map: Event-Driven Order Processing System

Click here to view the mind map: Order Processing_System

Best Practices

e |Idempotency: Ensure event consumers handle duplicate events gracefully.
e Event Schema Versioning: Manage changes in event data formats carefully.
e Dead Letter Queues: Handle failed event processing to avoid data loss.

e Monitoring: Track event flows and processing latency.

Summary

Event-Driven Architecture enables scalable, resilient, and loosely coupled systems by leveraging asynchronous communication through events.
By adopting EDA, large scale systems can evolve more flexibly and respond to real-time changes efficiently.

2.4 Serverless Architecture: Leveraging Cloud-Native Scalability

Serverless architecture has emerged as a powerful paradigm for building scalable, cost-efficient, and maintainable large-scale systems by
abstracting away server management and enabling developers to focus purely on code and business logic. In this section, we will explore the
core concepts of serverless computing, its benefits, challenges, and practical examples to demonstrate how it leverages cloud-native scalability.

What is Serverless Architecture?

Serverless architecture refers to building and running applications without managing infrastructure. The cloud provider dynamically manages
the allocation of machine resources. The term “serverless” is a bit of a misnomer since servers still exist, but developers do not have to provision,
scale, or maintain them.

Key components include:

e Function as a Service (FaaS): Small, stateless functions triggered by events.

e Backend as a Service (BaaS): Managed services like databases, authentication, and messaging.
Benefits of Serverless Architecture

e Automatic Scalability: Functions scale automatically based on demand.
e Cost Efficiency: Pay only for actual execution time.
e Reduced Operational Complexity: No server provisioning or maintenance.

e Faster Time to Market: Focus on code, not infrastructure.

Mind Map: Serverless Architecture Overview

Click here to view the mind map: Serverless Architecture

How Serverless Leverages Cloud-Native Scalability
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Cloud providers like AWS Lambda, Azure Functions, and Google Cloud Functions automatically handle scaling by running multiple instances of
your functions in response to incoming events. This elasticity means your application can handle sudden spikes or drops in traffic without

manual intervention.
Example:
Imagine an image processing service that resizes user-uploaded photos. With serverless:

e Each upload triggers a Lambda function.

e The function processes the image asynchronously.

e If 1000 images are uploaded simultaneously, 1000 function instances run concurrently.

e When demand drops, instances scale down to zero.

This model eliminates the need to provision servers for peak loads.

Practical Example: Building a Serverless REST API
Scenario: A backend API for a task management app.
Architecture Components:

e API Gateway: Routes HTTP requests.
e AWS Lambda Functions: Handle CRUD operations.
e DynamoDB: Serverless NoSQL database.

Flow:

1. User sends a POST request to create a task.
2. API Gateway triggers the createTask Lambda function.
3. Lambda writes the task to DynamoDB.

4. Lambda returns success response.

Code Snippet (Node.js Lambda function):

exports.handler = async (event) => {
const AWS = require('aws-sdk');
const dynamo = new AWS.DynamoDB.DocumentClient();

const task = JSON.parse(event.body);
const params = {
TableName: 'Tasks',
Item: {
id: task.id,
title: task.title,
completed: false
}
}s

await dynamo.put(params).promise();

return {
statusCode: 201,
body: JSON.stringify({ message: 'Task created successfully' })
}s
s

This example demonstrates how serverless components integrate seamlessly to build scalable APIs without managing servers.

Mind Map: Serverless REST API Architecture

Click here to view the mind map: Serverless REST API

Challenges and Best Practices
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Challenge Description Best Practice Example

Cold Starts Initial invocation latency when functions are idle. Use provisioned concurrency or keep-alive strategies.
Vendor Lock-in Dependence on cloud provider-specific services. Use abstraction layers or multi-cloud strategies.
Debugging & Testing  Difficulties in local testing and debugging. Use local emulators (e.g., AWS SAM, LocalStack).
Statelessness Functions must be stateless, complicating stateful apps. =~ Use external state stores like Redis or DynamoDB.

Example: Handling Cold Starts
Cold starts can impact latency-sensitive applications. To mitigate:

e Provisioned Concurrency (AWS Lambda): Keeps functions initialized.

e Example: An online payment system uses provisioned concurrency for payment processing functions to ensure sub-100ms latency.

When to Use Serverless Architecture?

e Event-driven workloads
e Variable or unpredictable traffic
e Rapid development cycles

e Microservices and API backends

When to Avoid Serverless?

e Long-running processes exceeding function time limits
e Applications requiring fine-grained control over infrastructure

e Heavy compute workloads with consistent high utilization

Summary

Serverless architecture enables software engineers to build highly scalable, cost-effective large-scale systems by leveraging cloud-native services
that automatically manage infrastructure and scaling. By understanding its benefits, challenges, and appropriate use cases, backend developers
can design resilient and maintainable systems that adapt fluidly to demand.

Further Reading

e AWS Lambda Developer Guide
e Azure Functions Documentation
e Google Cloud Functions Overview

e “Serverless Architectures on AWS" by Peter Sbarski

2.5 Example: Designing a Microservices-based E-commerce Platform

Designing a microservices-based e-commerce platform is an excellent way to understand how to apply modern software architecture principles
to a real-world scenario. This example will walk through the key components, best practices, and engineering considerations, supported by mind
maps and code snippets to clarify concepts.

Overview

An e-commerce platform typically involves multiple functionalities such as user management, product catalog, inventory, order processing,
payment, and notifications. Microservices architecture decomposes these functionalities into independently deployable services that
communicate over APIs.

Mind Map: High-Level Microservices Architecture for E-commerce

Click here to view the mind map: E-commerce Platform

Step 1: Defining Service Boundaries

Best Practice: Define services around business capabilities to ensure high cohesion and loose coupling.
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o User Service: Handles user registration, login, and profile management.
e Product Service: Manages product details and search capabilities.

¢ Inventory Service: Tracks stock levels and synchronizes with warehouses.
e Order Service: Manages shopping cart and order lifecycle.

e Payment Service: Processes payments and refunds securely.

e Notification Service: Sends emails and SMS alerts asynchronously.

Example:

// User Service API snippet (RESTful)

{
"POST /users/register": "Registers a new user",
"POST /users/login": "Authenticates user and returns JIWT",
"GET /users/{id}/profile": "Fetches user profile"

}

Step 2: Communication Patterns

Best Practice: Use synchronous communication (REST/gRPC) for request-response and asynchronous messaging (event bus) for decoupled
workflows.

e Synchronous: AP| Gateway routes client requests to respective services.

e Asynchronous: Services publish and subscribe to events via a message broker (e.g., Kafka, RabbitMQ).

Example: Order Service publishes ordercreated event after order placement, Inventory Service consumes it to update stock.

e Order Service
o Receives order request
o Validates and stores order
o Publishes ‘OrderCreated’ event

e Inventory Service
o Subscribes to ‘OrderCreated’

o Deducts stock

o Publishes 'StockUpdated’ event

Step 3: Database per Service
Best Practice: Each microservice owns its database to avoid coupling and enable independent scaling.

e User Service: Relational DB (e.g., PostgreSQL) for ACID compliance.

e Product Service: Document DB (e.g., MongoDB) for flexible product schemas.
e Inventory Service: Key-Value store (e.g., Redis) for fast stock lookups.

e Order Service: Relational DB for transactional integrity.

e Payment Service: Secure, PCl-compliant storage.

Step 4: APl Gateway
Best Practice: Use an APl Gateway to centralize cross-cutting concerns like authentication, rate limiting, and request routing.

Example:
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api-gateway:
routes:
- path: /users/**
service: user-service
- path: /products/**
service: product-service
- path: /orders/**
service: order-service
authentication:
enabled: true
rate-limiting:
requests-per-minute: 1000

Step 5: Handling Data Consistency
Best Practice: Use eventual consistency with event-driven architecture to handle distributed transactions.
Example:
e When an order is created, the Order Service publishes an event.
e Inventory Service updates stock asynchronously.
o |f stock update fails, compensating transactions or retries are triggered.
Step 6: Resilience and Fault Tolerance
Best Practice: Implement circuit breakers, retries, and fallback mechanisms.

Example: Using Netflix Hystrix or Resilience4j in the Order Service when calling Payment Service:
CircuitBreaker circuitBreaker = CircuitBreaker.ofDefaults("paymentServiceCB");

Supplier<String> paymentSupplier = CircuitBreaker.decorateSupplier(circuitBreaker, () -> paymentService.processPayment(order));

Try<String> result = Try.ofSupplier(paymentSupplier)
.recover(throwable -> "Payment Service Unavailable, please try later.");

Step 7: Deployment and Scaling
Best Practice: Containerize each microservice and deploy using orchestration platforms like Kubernetes.

e Services can be scaled independently based on load.

e Use health checks and rolling updates for zero downtime.

Summary Mind Map: End-to-End Microservices Design

Click here to view the mind map: E-commerce Microservices

This example illustrates how to design a scalable, maintainable, and resilient microservices-based e-commerce platform by applying modern
architecture practices. Each step integrates best practices with practical examples to help backend developers and software engineers build
robust large-scale systems.

3. Designing for Scalability and Performance

3.1 Horizontal vs Vertical Scaling: Best Practices and Trade-offs

Scaling is a fundamental aspect of designing large scale systems. It ensures that applications can handle increased load, maintain performance,
and provide a seamless user experience. There are two primary scaling strategies: vertical scaling and horizontal scaling. Understanding their
differences, benefits, limitations, and best practices is crucial for backend developers and software engineers.

What is Vertical Scaling?
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Vertical scaling (also known as scaling up) involves adding more resources—CPU, RAM, storage—to a single server or node to improve its

capacity.

Example: Upgrading a database server from 8 CPU cores and 32GB RAM to 32 CPU cores and 256GB RAM.

Advantages of Vertical Scaling:

e Simpler to implement since the architecture remains largely unchanged.
¢ No need to modify application logic for distributed systems.

e Easier to maintain consistency because data resides on a single node.

Disadvantages of Vertical Scaling:

e Limited by hardware capacity; there is a ceiling to how much you can scale up.
e Single point of failure risk increases.

e Often more expensive per unit of resource compared to horizontal scaling.

What is Horizontal Scaling?

Horizontal scaling (scaling out) means adding more machines or nodes to distribute the load across multiple servers.

Example: Adding multiple instances of a web server behind a load balancer to handle increased traffic.

Advantages of Horizontal Scaling:
e Virtually unlimited scaling potential by adding more nodes.
e Improved fault tolerance and high availability.
o Cost-effective with commodity hardware or cloud instances.

Disadvantages of Horizontal Scaling:

e Increased complexity in system design (distributed systems challenges).
e Requires mechanisms for data consistency, synchronization, and load balancing.

e Potential latency overhead due to network communication.

Mind Map: Scaling Strategies Overview

Click here to view the mind map: Scaling Strategies

When to Use Vertical Scaling

e Applications with monolithic architecture where distributing the workload is difficult.
e Systems requiring strong consistency and low latency without network overhead.

e Short-term scaling needs or when budget constraints limit infrastructure complexity.

Example: A legacy ERP system running on a single powerful server.

When to Use Horizontal Scaling

e Cloud-native applications designed with microservices or distributed architecture.
e Systems requiring high availability and fault tolerance.

e Applications with unpredictable or spiky workloads.

Example: A social media platform serving millions of concurrent users.

Best Practices for Vertical Scaling

e Monitor resource utilization continuously to identify bottlenecks.
e Use virtualization or containerization to maximize resource usage.

e Plan for failover and backups to mitigate single point of failure.

Best Practices for Horizontal Scaling
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e Implement stateless services where possible to simplify scaling.

e Use load balancers to distribute traffic evenly across nodes.

e Employ distributed caching and databases designed for partitioning.
e Design for eventual consistency where strict consistency is not critical.

e Automate scaling with orchestration tools (e.g., Kubernetes, AWS Auto Scaling).

Mind Map: Best Practices for Horizontal Scaling

Click here to view the mind map: Horizontal Scaling Best Practices

Example: Scaling a Web Application
Scenario: An online retail website initially runs on a single server with vertical scaling.
e Vertical Scaling Approach: Upgrade the server from 4 CPUs and 16GB RAM to 16 CPUs and 64GB RAM to handle more users.

o Pros: Quick to implement, no code changes.

o Cons: Costly, risk of downtime if server fails.
e Horizontal Scaling Approach: Deploy multiple instances of the web server behind a load balancer.

o Implement session management via sticky sessions or external session store (e.g., Redis).
o Use a distributed database or database replicas to handle reads.
o Pros: High availability, fault tolerance, easier to scale further.

o Cons: Requires architectural changes, complexity in data consistency.

Trade-offs Summary Table

Aspect Vertical Scaling Horizontal Scaling
Complexity Low High
Cost Efficiency Less efficient at scale More cost-effective at scale

Fault Tolerance Single point of failure risk ~ High fault tolerance

Scalability Limit ~ Limited by hardware Virtually unlimited
Maintenance Easier Requires distributed system expertise
Consistency Easier to maintain More challenging

Conclusion

Choosing between vertical and horizontal scaling depends on your system’s architecture, workload characteristics, budget, and long-term goals.
Often, a hybrid approach is used: vertically scale until hardware limits are reached, then shift to horizontal scaling for further growth. Modern
cloud environments and container orchestration platforms have made horizontal scaling more accessible and manageable, making it the
preferred approach for large scale distributed systems.

3.2 Load Balancing Strategies with Real-World Examples

Load balancing is a critical component in designing scalable and highly available large-scale systems. It distributes incoming network traffic
across multiple servers or resources to ensure no single server becomes a bottleneck, improving responsiveness and reliability.

What is Load Balancing?
Load balancing is the process of distributing client requests or network load efficiently across multiple backend servers. It helps achieve:

e High availability
e Fault tolerance
e Scalability

e Optimized resource utilization

Common Load Balancing Strategies psiion
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Below is a mind map summarizing the main load balancing strategies:

Click here to view the mind map: Load Balancing_Strategies

Round Robin

Description: Requests are distributed sequentially to each server in the pool.

Use Case: Simple, evenly distributed traffic when servers have similar capacity.

Example: A DNS load balancer cycles through three web servers (Server A, B, C) sending requests in orderA-B - C—-A - B - C.
Pros: Easy to implement, no need to track server state.

Cons: Does not consider server load or capacity.

Least Connections

Description: New requests are sent to the server with the fewest active connections.

Use Case: Useful when requests have variable load or duration.

Example: In a chat application, Server A has 5 active connections, Server B has 2, Server C has 7. The next request goes to Server B.
Pros: Balances load more dynamically.

Cons: Requires tracking connection counts, which adds overhead.

IP Hash

Description: The client’s IP address is hashed to determine which server will handle the request.
Use Case: Ensures session stickiness without requiring cookies.

Example: User with IP 192.168.1.10 always routed to Server B.

Pros: Useful for session persistence.

Cons: Uneven distribution if client IPs are skewed.

Weighted Round Robin

Description: Similar to round robin but assigns weights to servers based on capacity.

Use Case: When servers have different processing power.

Example: Server A (weight 5), Server B (weight 1), Server C (weight 1). Server A receives 5 requests for every 1 request sent to B or C.
Pros: Better utilization of heterogeneous resources.

Cons: Weights need to be tuned manually.

Weighted Least Connections

Description: Like least connections but adjusted by server weight.

Use Case: Dynamic load balancing considering server capacity.

Example: Server A (weight 3) with 6 connections is less loaded than Server B (weight 1) with 3 connections.
Pros: More fine-grained balancing.

Cons: More complex to implement.

Random
Description: Requests are distributed randomly.

Use Case: Simple and sometimes effective when traffic is uniform.
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Pros: Easy to implement.

Cons: Can cause uneven load.

Layer 4 vs Layer 7 Load Balancing

Aspect Layer 4 Load Balancer Layer 7 Load Balancer

Operates on Transport layer (TCP/UDP) Application layer (HTTP/HTTPS)
Decision based on  IP address, TCP port HTTP headers, cookies, URL, content
Use cases Fast, simple load balancing = Content-based routing, SSL termination
Examples IP Hash, Round Robin URL routing, header-based routing

Real-World Examples

Example 1: Netflix's Load Balancing Approach

Netflix uses a combination of Layer 4 and Layer 7 load balancing. Their Zuul APl Gateway performs Layer 7 routing, enabling dynamic routing
based on request metadata, while AWS Elastic Load Balancers (ELB) handle Layer 4 traffic distribution.

e Practice: Zuul routes requests to microservices based on URL paths.

o Benefit: Enables fine-grained control and scalability.

Example 2: Google Frontend Load Balancer

Google’s global load balancer uses anycast IPs and Layer 7 load balancing to route users to the nearest data center with available capacity.
e Practice: Uses proximity and health checks to optimize latency and availability.
e Benefit: Reduces latency and improves fault tolerance.

Example 3: HAProxy in a Web Application

HAProxy is a popular open-source Layer 4 and Layer 7 load balancer.

e Practice: Configured with weighted round robin to distribute traffic among backend servers of varying capacity.

e Example Config Snippet:

backend web_servers
balance weighted_round_robin
server webl 192.168.1.1:80 weight 5 maxconn 100
server web2 192.168.1.2:80 weight 2 maxconn 50

o Benefit: Efficiently utilizes resources and maintains high availability.

Mind Map: Load Balancer Selection Criteria

Click here to view the mind map: Load Balancer Selection

Best Practices

e Health Checks: Always configure health checks to avoid routing traffic to unhealthy servers.

e Session Persistence: Use sticky sessions only when necessary; prefer stateless services.

e Monitor Load Balancer Metrics: Track latency, error rates, and throughput.

e Combine Strategies: Use weighted least connections with health checks for dynamic and resilient balancing.

e Cloud Providers: Leverage managed load balancers (AWS ELB, Azure Load Balancer, GCP Load Balancer) for ease of use and integration.

Summary

Load balancing strategies must be chosen based on application requirements, traffic patterns, and infrastructure. Combining multiple strategies
and leveraging Layer 7 capabilities often yields the best results for large-scale systems.

271121


https://www.mindmapnote.com/en/Modern%20Software%20Architecture%20Design%20and%20Engineering%20Practices%20for%20Large%20Scale%20Systems#mkp3-2-0-2

Further Reading

e “Load Balancing 101" by NGINX
e "The Art of Scalability” by Martin L. Abbott & Michael T. Fisher
e HAProxy Documentation

e AWS Elastic Load Balancing Best Practices

3.3 Caching Mechanisms: In-Memory, Distributed, and CDN Caches

Caching is a crucial technique to improve performance and scalability in large scale systems by reducing latency and offloading backend
resources. This section explores three primary caching mechanisms: In-Memory Caches, Distributed Caches, and CDN Caches, with practical
examples and mind maps to clarify their usage and best practices.

What is Caching?

Caching temporarily stores copies of data or computations to serve future requests faster without recomputing or refetching from the original
source.

Mind Map: Overview of Caching Mechanisms

Click here to view the mind map: Caching_Mechanisms

In-Memory Caches

Description

In-memory caches store data within the memory of the application process or server instance. They provide extremely low latency access but are
limited by the memory size of the host and are not shared across multiple servers by default.

Best Practices

e Use for data that is frequently accessed and changes infrequently.
e Keep cache size manageable to avoid memory exhaustion.
e Implement cache eviction policies (e.g., LRU - Least Recently Used).

e Be aware of cache invalidation challenges.

Example: Using Caffeine Cache in a Java Backend

import com.github.benmanes.caffeine.cache.Cache;
import com.github.benmanes.caffeine.cache.Caffeine;

Cache<String, String> cache = Caffeine.newBuilder()
.maximumSize(10_000)
.expireAfterWrite(Duration.ofMinutes(10))
.build();

// Put an item
cache.put("user:123", "John Doe");

// Retrieve an item
String user = cache.getIfPresent("user:123");

This example demonstrates a simple in-memory cache with a maximum size and expiration policy.

Distributed Caches

Description

Distributed caches are external caching systems accessible by multiple application instances, enabling shared state and horizontal scalability.
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Best Practices

e Choose a cache system with high availability and replication.
e Use TTL (time-to-live) to prevent stale data.
e Design for eventual consistency where applicable.

e Monitor cache hit/miss ratios to tune performance.

Example: Using Redis as a Distributed Cache

import redis
r = redis.Redis(host="'localhost', port=6379, db=0)

# Set a cache value with expiration
r.setex('product:456', 3600, 'Product Details JSON')

# Get cached value
product = r.get('product:456")
if product:
print('Cache hit:', product)
else:
print('Cache miss, fetch from DB')

Redis supports rich data types and atomic operations, making it ideal for distributed caching.

Mind Map: Distributed Cache Usage Patterns

Click here to view the mind map: Distributed Cache

CDN Caches

Description

Content Delivery Networks (CDNs) cache static and dynamic content at edge locations closer to users, reducing latency and bandwidth usage.

Best Practices

e Cache static assets aggressively with long TTLs.
e Use cache invalidation or versioning for updated content.
e Leverage CDN features like compression and HTTP/2.

e Configure cache-control headers properly.

Example: Caching API Responses with Cloudflare Workers

addEventListener('fetch', event => {
event.respondWith(handleRequest(event.request))

1

async function handleRequest(request) {

const cache = caches.default

let response = await cache.match(request)

if (!response) {
response = await fetch(request)
// Cache for 5 minutes
response = new Response(response.body, response)
response.headers.append('Cache-Control', 'public, max-age=300')
event.waitUntil(cache.put(request, response.clone()))

}

return response

}

This example shows how to cache API responses at the CDN edge to reduce backend load.
291121


https://www.mindmapnote.com/en/Modern%20Software%20Architecture%20Design%20and%20Engineering%20Practices%20for%20Large%20Scale%20Systems#mkp3-3-0-2

Summary Table of Caching Mechanisms

Cache Type Location Latency Scalability Use Cases Examples
In-Memory Cache = Application Memory =~ Microseconds  Limited to instance ~ Session data, frequent reads  Caffeine, Guava
Distributed Cache External Service Milliseconds High (horizontal) Shared session, rate limiting Redis, Memcached

CDN Cache Edge Locations Milliseconds Global Static assets, API caching Cloudflare, Akamai

By strategically combining these caching mechanisms, large scale systems can achieve significant performance improvements, reduce backend
load, and enhance user experience.
3.4 Database Scaling Techniques: Sharding, Replication, and Partitioning

Scaling databases effectively is critical for large scale systems to handle increasing loads, ensure high availability, and maintain performance. In
this section, we'll explore three fundamental techniques: Sharding, Replication, and Partitioning. Each technique will be explained with easy-to-
understand examples and mind maps to visualize concepts.

What is Database Scaling?

Database scaling refers to methods used to increase the capacity and performance of a database system to handle growing amounts of data
and user requests.

e Vertical Scaling (Scaling Up): Increasing resources (CPU, RAM, SSD) on a single database server.

e Horizontal Scaling (Scaling Out): Distributing data and load across multiple servers.

This section focuses on horizontal scaling techniques.

Sharding

Definition: Sharding is a horizontal partitioning technique that splits a large database into smaller, faster, more manageable pieces called
shards. Each shard holds a subset of the data.

Key Idea: Each shard is a separate database instance, and collectively they form the complete dataset.

Mind Map: Sharding

Click here to view the mind map: Sharding

Sharding Types Explained:

e Range-based Sharding: Data is split based on ranges of a shard key (e.g., user IDs 1-1000 in shard 1, 1001-2000 in shard 2).
e Hash-based Sharding: A hash function determines the shard for each record, distributing data evenly.

¢ Directory-based Sharding: A lookup table maps each key to a shard.
Example: User Data Sharding

Imagine a social media app with millions of users.

e Shard Key: User ID

e Range-based Sharding:
o Shard 1: User IDs 1-1,000,000

o Shard 2: User IDs 1,000,001-2,000,000

When a request for user 1,234,567 comes in, the system routes it to Shard 2.

Replication

Definition: Replication involves copying and maintaining database objects in multiple database servers to increase availability and fault
tolerance.

Key ldea: Replicas hold the same data but can serve different roles (read/write).

Mind Map: Replication
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Click here to view the mind map: Replication

Replication Types:

e Master-Slave: One master handles writes; slaves replicate data and handle reads.
e Master-Master: Multiple masters can handle writes and replicate to each other.
e Synchronous Replication: Writes are confirmed only after replicas acknowledge.

e Asynchronous Replication: Writes return immediately; replicas update later.
Example: Read Scaling with Replication

A news website experiences heavy read traffic.

e Master database handles all writes (new articles, edits).

e Multiple read replicas serve user read requests.

This reduces load on the master and improves read throughput.

Partitioning

Definition: Partitioning divides a database table into smaller, more manageable pieces called partitions, often stored separately but within the

same database instance.

Key ldea: Unlike sharding, partitioning is usually transparent to the application and managed by the database engine.

Mind Map: Partitioning

Click here to view the mind map: Partitioning

Partitioning Types:
e Range Partitioning: Rows are assigned to partitions based on a range of values (e.g., dates).
e List Partitioning: Rows are assigned based on a list of discrete values.
e Hash Partitioning: Rows are assigned based on a hash of a column.

Example: Time-Based Partitioning

An |oT platform stores sensor data.

e Partition by month:
o Partition Jan 2024: data from 2024-01-01 to 2024-01-31

o Partition Feb 2024: data from 2024-02-01 to 2024-02-28
Queries for recent data hit only relevant partitions, improving performance.
Summary Table

Technique Description Use Case Example Benefits

Social media user

Sharding Horizontal splitting into shards dat Scalability, performance
ata
Copying data to multiple News site read
Replication e s . High availability, read scaling
servers scaling
— C . . . . Query performance,
Partitioning ~ Dividing tables into partitions |oT time-series data

maintenance

Integrated Example: E-commerce Platform
An e-commerce platform uses all three techniques:

e Sharding: Orders are sharded by geographic region to distribute load.

Challenges

Complex cross-shard queries

Consistency, conflict
resolution

Limited horizontal scaling
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e Replication: Each shard has replicas to handle read-heavy traffic and provide failover.

e Partitioning: Within each shard, order tables are partitioned by order date to speed up queries.
This combination enables the platform to scale globally while maintaining performance and availability.
By understanding and applying sharding, replication, and partitioning, backend developers and software engineers can design databases that
scale gracefully with their applications’ growth.

3.5 Case Study: Implementing Auto-Scaling in a Cloud Environment

Auto-scaling is a critical capability for large-scale systems deployed in cloud environments. It enables applications to dynamically adjust
resource allocation based on demand, ensuring performance, availability, and cost-efficiency.

Understanding Auto-Scaling

Auto-scaling automatically adjusts the number of compute instances or containers to handle load changes. It can be reactive (based on current
metrics) or predictive (based on forecasted demand).

Key Benefits:

e Handles traffic spikes without manual intervention
e Reduces operational costs by scaling down during low usage

e Improves fault tolerance by replacing unhealthy instances

Mind Map: Core Concepts of Auto-Scaling

Click here to view the mind map: Auto-Scaling

Scenario Overview

Imagine an e-commerce platform experiencing highly variable traffic due to flash sales and seasonal demand. The system is deployed on AWS
using EC2 instances behind an Application Load Balancer (ALB).

Goal: Implement auto-scaling to maintain performance during peak loads and optimize costs during low traffic.

Step 1: Define Scaling Metrics and Thresholds

e Metric: Average CPU utilization across instances
e Scale Out Threshold: CPU > 70% for 5 minutes
e Scale In Threshold: CPU < 30% for 10 minutes
e Minimum Instances: 2

e Maximum Instances: 10

Step 2: Configure Auto Scaling Group (ASG)
e Create an ASG with the defined min/max instances
e Attach the ASG to the ALB target group
o Define scaling policies based on CloudWatch alarms

Step 3: Implement Scaling Policies

e Scale Out Policy: Triggered when CPU > 70%
e Scale In Policy: Triggered when CPU < 30%

Example AWS CLI commands:
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aws autoscaling put-scaling-policy \
--auto-scaling-group-name ecommerce-asg \
--policy-name scale-out-policy \
--scaling-adjustment 1 \
--adjustment-type ChangeInCapacity

aws autoscaling put-scaling-policy \
--auto-scaling-group-name ecommerce-asg \
--policy-name scale-in-policy \
--scaling-adjustment -1 \
--adjustment-type ChangeInCapacity

Step 4: Monitoring and Testing

e Use CloudWatch dashboards to monitor instance count, CPU utilization, and request latency
e Simulate traffic spikes using load testing tools (e.g., Apache JMeter, Locust)

e Observe scaling events and verify system stability

Mind Map: Auto-Scaling Workflow

Click here to view the mind map: Auto-Scaling Workflow

Example: Custom Metric-Based Scaling
Suppose the platform wants to scale based on the number of active user sessions, a custom metric.

e Publish Custom Metric: Application pushes active session count to CloudWatch
e Define Alarm: Scale out if active sessions > 1000

e Scaling Action: Add 2 instances

Example Python snippet to publish custom metric:

import boto3
cloudwatch = boto3.client('cloudwatch")
response = cloudwatch.put_metric_data(

Namespace="'EcommerceApp',
MetricData=[

{
‘MetricName': 'ActiveSessions’,
'Value': 1200,
'Unit': 'Count’

1

Best Practices

e Graceful Scale In: Use lifecycle hooks to drain connections before terminating instances
e Cooldown Periods: Prevent rapid scaling up/down by setting cooldown intervals
e Multi-Metric Policies: Combine CPU, memory, and custom metrics for smarter scaling

e Predictive Scaling: Use machine learning to anticipate demand spikes

Summary

Implementing auto-scaling in a cloud environment involves defining appropriate metrics, configuring scaling policies, and continuously
monitoring system behavior. This case study demonstrated how an e-commerce platform can leverage AWS auto-scaling features to maintain
performance and optimize costs during variable traffic patterns.

By combining threshold-based and custom metric scaling, along with best practices like cooldown periods and lifecycle hooks, engineers can

build resilient and efficient large-scale systems.
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4. Distributed Systems Fundamentals

4.1 Understanding Distributed Systems: Concepts and Terminology

Distributed systems are collections of independent computers that appear to users as a single coherent system. They work together to achieve a
common goal, often by sharing resources, data, or computation. Understanding the core concepts and terminology is essential for designing,
building, and maintaining large-scale distributed systems.

Key Concepts in Distributed Systems

e Nodes: Individual computers or processes participating in the system.

e Network: The communication medium connecting nodes.

e Concurrency: Multiple nodes executing tasks simultaneously.

e Fault Tolerance: The system’s ability to continue operating despite failures.
e Scalability: The ability to handle growth in workload by adding resources.
e Consistency: Agreement on the state of data across nodes.

e Latency: Delay in communication or processing.

e Throughput: Number of operations processed in a given time.

Mind Map: Core Concepts of Distributed Systems

Click here to view the mind map: Distributed Systems

Example: Distributed Online Shopping Platform

Imagine an online shopping platform with multiple data centers worldwide. Each data center (node) handles user requests, inventory
management, and order processing. The system needs to:

e Handle millions of concurrent users (Concurrency).
e Synchronize inventory data across data centers (Consistency).
e Continue operating if a data center goes down (Fault Tolerance).

e Scale out by adding more servers during peak shopping seasons (Scalability).

Terminology Breakdown

Term Definition Example

Node A single machine or process in the system A server hosting a microservice

Cluster A group of nodes working together Kubernetes cluster managing containerized apps

Latency Time delay in communication or processing Time taken for a request to travel from client to server and back
Throughput Number of operations processed per unit time Number of transactions processed per second

Network failure causing nodes to be unable to

Partition . A network outage isolating one data center from others
communicate

Consensus Agreement among nodes on a single data value Using Paxos or Raft algorithms to elect a leader

Replication Copying data across multiple nodes for reliability Database replicas to ensure availability

Sharding Splitting data horizontally across nodes User data partitioned by geographic region

CAP Trade-off between Consistency, Availability, and Choosing availability and partition tolerance over strict consistency

Theorem Partition tolerance in a social media app

Mind Map: Distributed System Terminology

Click here to view the mind map: Terminology.

Practical Example: Consensus with Raft Algorithm
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In a distributed key-value store, multiple nodes must agree on the order of updates to maintain consistency. The Raft consensus algorithm
elects a leader node that manages log replication. If the leader fails, a new leader is elected to ensure the system continues to operate correctly.

This approach helps achieve strong consistency despite node failures and network partitions.

Summary

Understanding distributed systems requires grasping the interplay between nodes, network, and data consistency models. Key terminology like
latency, throughput, replication, and consensus form the foundation for deeper topics like fault tolerance and scalability.

This foundational knowledge enables software engineers and backend developers to design resilient, scalable, and efficient large-scale systems.

4.2 Consistency Models: Strong, Eventual, and Causal Consistency

In distributed systems, consistency models define the rules and guarantees about how and when updates to data become visible to different
nodes or clients. Choosing the right consistency model is crucial for balancing performance, availability, and correctness in large scale systems.

Overview of Consistency Models

e Strong Consistency: Guarantees that all clients see the same data at the same time after a write completes.
e Eventual Consistency: Guarantees that if no new updates are made, eventually all replicas will converge to the same value.

e Causal Consistency: Ensures that causally related updates are seen by all nodes in the same order, but concurrent updates may be seen in
different orders.

Mind Map: Consistency Models

Click here to view the mind map: Consistency Models

Strong Consistency

Definition: After a write operation completes, all subsequent reads will return the updated value. This model is often implemented using
consensus protocols like Paxos or Raft.

Example:

Imagine a banking system where a user transfers $100 from Account A to Account B. Strong consistency ensures that once the transfer
completes, any read of Account A or B immediately reflects the updated balances.

Implementation Example:
e Using a distributed database like Google Spanner, which provides strong consistency across global nodes via TrueTime API.
Pros:

e Simplifies reasoning about data correctness.

e Prevents stale reads.
Cons:

e Higher latency due to coordination.

e Reduced availability during network partitions (CAP theorem trade-off).

Eventual Consistency

Definition: Updates to a replicated data item will eventually propagate to all replicas, and all replicas will converge to the same value if no new
updates occur.

Example:

Consider a social media platform where a user posts a status update. Different servers may show the new post at slightly different times, but
eventually, all servers will display the post.

Implementation Example:

e Amazon DynamoDB uses eventual consistency by default for reads to improve latency.
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Pros:

e High availability and low latency.

e Better partition tolerance.
Cons:

e Reads may return stale data temporarily.

e Application logic must handle inconsistencies.

Mind Map: Eventual Consistency Example

Click here to view the mind map: Eventual Consistency Example: Social Media Post

Causal Consistency

Definition: Ensures that causally related operations are seen by all nodes in the same order, but concurrent operations without causal relation
may be seen in different orders.

Example:

In a collaborative document editing app, if User A writes a sentence and User B comments on it, the comment causally depends on the
sentence. All users must see the sentence before the comment. However, if two users edit different paragraphs concurrently, the order of those
edits may vary.

Implementation Example:
e Systems like COPS (Clusters of Order-Preserving Servers) implement causal consistency for geo-replicated data stores.
Pros:

e Balances consistency and availability.

e Preserves intuitive ordering of related events.
Cons:

e More complex to implement than eventual consistency.

e Requires tracking causal dependencies.

Mind Map: Causal Consistency Example

Click here to view the mind map: Causal Consistency Example: Collaborative Editing

Summary Table

Consistency Model Guarantees Use Cases Trade-offs

Strong Consistency Immediate visibility of writes Banking, Inventory systems Higher latency, less availability
Eventual Consistency ~ Eventual convergence of replicas Social media, DNS Stale reads, complexity in app logic
Causal Consistency Preserves causal order of updates =~ Collaborative apps, Messaging =~ Implementation complexity

Practical Advice

e Use strong consistency when correctness is critical and latency can be tolerated.
e Use eventual consistency for high availability and performance where stale reads are acceptable.

e Use causal consistency when preserving the order of related events improves user experience without sacrificing availability.

Code Snippet Example: Simulating Eventual Consistency in a Key-Value Store (Python)
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import threading
import time

class EventualConsistentStore:
def __init__ (self):
self.store = {}
self.lock = threading.Lock()

def write(self, key, value):
# Simulate asynchronous replication delay
def replicate():
time.sleep(2) # delay to simulate replication
with self.lock:
self.store[key] = value
threading.Thread(target=replicate).start()

def read(self, key):
with self.lock:
return self.store.get(key, None)
# Usage
store = EventualConsistentStore()
store.write('user:1', 'Alice')

print('Immediately after write:', store.read('user:1')) # Might be None due to delay

time.sleep(3)
print('After replication delay:', store.read('user:1')) # Should print 'Alice’

This simple example illustrates how writes may not be immediately visible to reads, embodying eventual consistency.

By understanding and applying these consistency models appropriately, software engineers can design distributed systems that meet their
application’s specific needs for correctness, performance, and availability.

4.3 Distributed Transactions and Two-Phase Commit

Distributed transactions are essential when multiple, independent systems or services need to perform operations that must either all succeed or
all fail together to maintain data consistency. Unlike local transactions confined to a single database, distributed transactions span multiple
nodes or services, each potentially with its own database or resource manager.

Why Distributed Transactions?

e Ensure atomicity across multiple systems.
e Maintain consistency in distributed environments.

e Coordinate state changes that affect multiple services.

Challenges of Distributed Transactions

e Network failures and partial failures.
¢ Increased latency due to coordination.
e Complexity in rollback and recovery.

e Potential for blocking resources.

Two-Phase Commit Protocol (2PC)

The Two-Phase Commit protocol is a classic algorithm designed to achieve atomic commit across distributed systems.

Overview:
e Phase 1: Prepare (Voting Phase)

o The coordinator asks all participants if they can commit.

o Each participant performs all necessary checks and writes a “prepare to commit” record to its log, then votes YES or NO.
e Phase 2: Commit (Completion Phase)

o |If all participants vote YES, the coordinator sends a commit message.
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o If any participant votes NO, the coordinator sends a rollback message.

o Participants then commit or rollback accordingly.

Mind Map: Two-Phase Commit Protocol

Click here to view the mind map: Two-Phase Commit (2PC)

Example: Implementing 2PC in a Banking Transfer Scenario
Imagine a money transfer between two bank accounts managed by different microservices:

e Service A: Debits the sender’s account.

e Service B: Credits the receiver's account.
Step-by-step:

1. Coordinator initiates the transaction.
2. Sends ‘prepare’ request to Service A and Service B.

3. Both services check if they can perform their operations:
o Service A verifies sufficient funds.

o Service B verifies account validity.
4. Both services respond YES.
5. Coordinator sends ‘commit’ to both.

6. Both services commit their changes.

If Service A votes NO (e.g., insufficient funds), coordinator sends 'rollback’ to Service B to abort the credit.

Code Snippet (Pseudocode)

class Coordinator:
def __init__ (self, participants):
self.participants = participants

def two_phase_commit(self):

votes = []

# Phase 1: Prepare

for p in self.participants:
vote = p.prepare()
votes.append(vote)
if vote == 'NO':

break

# Phase 2: Commit or Rollback
if all(v == 'YES' for v in votes):
for p in self.participants:
p.commit()
return 'COMMIT'
else:
for p in self.participants:
p.rollback()
return 'ROLLBACK'

class Participant:
def prepare(self):
# Perform checks and log prepare
# Return 'YES' or 'NO’
pass

def commit(self):
# Commit transaction
pass

def rollback(self):

# Rollback transaction
pass
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Limitations of Two-Phase Commit
e Blocking: If the coordinator crashes after sending prepare but before commit/rollback, participants remain blocked.
e Performance: Adds latency due to multiple network round-trips.
o Scalability: Not ideal for very large-scale systems with many participants.

Alternatives and Enhancements

e Three-Phase Commit (3PC): Adds an extra phase to reduce blocking.
e Saga Pattern: Breaks distributed transactions into a sequence of local transactions with compensating actions.

e Eventual Consistency: Accepts temporary inconsistencies to improve availability.

Mind Map: Distributed Transaction Strategies

Click here to view the mind map: Distributed Transactions

Summary

Distributed transactions are critical for maintaining data integrity across multiple systems. The Two-Phase Commit protocol provides a
foundational approach to atomic commits but comes with trade-offs in latency and availability. Understanding these trade-offs and applying
patterns like Saga or eventual consistency can help design robust, scalable distributed systems.

Further Reading and Tools

e Google's Spanner: Distributed Transactions at Scale

e Microsoft Distributed Transaction Coordinator (MSDTC)

e Saga Pattern Overview

e Tools: Atomikos, Narayana, Apache Kafka (for event-driven compensations)

4.4 Fault Tolerance and Reliability Patterns

Building fault-tolerant and reliable large-scale distributed systems is critical to ensure continuous availability and a seamless user experience
despite failures. This section explores key patterns and practices that help software engineers design systems resilient to faults.

What is Fault Tolerance?

Fault tolerance is the ability of a system to continue operating properly in the event of the failure of some of its components. It involves
anticipating failures and designing mechanisms to detect, isolate, and recover from faults.

Why is Reliability Important?

Reliability ensures that the system performs its intended function consistently over time. In large-scale systems, failures are inevitable due to
hardware faults, network issues, or software bugs, so reliability patterns help minimize downtime and data loss.

Common Fault Tolerance and Reliability Patterns

Click here to view the mind map: Fault Tolerance & Reliability Patterns

Redundancy
Replication: Maintain multiple copies of critical components or data to avoid single points of failure.

Example: In a distributed database like Cassandra, data is replicated across multiple nodes. If one node fails, the system can serve requests from
replicas without downtime.

Failover: Automatic switching to a standby component when the primary one fails.

Example: Load balancers detect unhealthy backend servers and redirect traffic to healthy ones seamlessly.

Isolation
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Bulkhead Pattern: Isolate components or resources so that failure in one part does not cascade to others.

Example: In a microservices architecture, each service runs in its own container with resource limits. If one service experiences high load or
failure, it doesn't exhaust resources for others.

Circuit Breaker: Prevents an application from repeatedly trying to execute an operation likely to fail, allowing it to fail fast and recover gracefully.

Example: Netflix's Hystrix library implements circuit breakers to stop calls to failing services, reducing cascading failures.

Recovery
Retry Pattern: Automatically retry failed operations with configurable backoff strategies.

Example: When a network call times out, the client retries the request after a delay, increasing the delay exponentially to avoid overwhelming
the system.

Timeouts: Define maximum wait times for operations to prevent indefinite blocking.
Example: Setting a 2-second timeout on a database query to avoid hanging requests.
Graceful Degradation: The system continues to operate with reduced functionality instead of complete failure.

Example: A video streaming service disables HD streaming during high load but continues to serve lower-quality video.

Monitoring

Health Checks: Periodic checks to verify if components are functioning correctly.

Example: Kubernetes probes containers with liveness and readiness checks to restart or remove unhealthy pods.
Heartbeats: Regular signals sent between distributed components to confirm availability.

Example: Distributed consensus algorithms like Raft use heartbeats to detect node failures.

Data Integrity

Checkpointing: Periodically saving the state of a system to enable recovery from failures.

Example: Apache Flink checkpoints streaming job state to durable storage to resume processing after crashes.
Idempotency: Designing operations so that repeated executions have the same effect as a single execution.

Example: Payment processing APIs use idempotency keys to avoid duplicate charges if a request is retried.

Integrated Example: Building a Fault-Tolerant Order Processing Service
Imagine a microservices-based order processing system with the following fault tolerance features:

e Replication: Order data is replicated across multiple database nodes.

e Circuit Breaker: The payment service uses a circuit breaker to stop calls when the payment gateway is down.
e Retry with Exponential Backoff: Failed payment attempts are retried with increasing delays.

e Bulkhead: Payment and inventory services run in isolated containers with resource limits.

e Health Checks: Kubernetes probes monitor service health and restart failing pods.

e Idempotency: Each order request includes a unique idempotency key to prevent duplicate processing.
This combination ensures that even if the payment gateway experiences downtime, the system isolates failures, retries intelligently, and
maintains data consistency.
Summary

e Fault tolerance is essential for large-scale systems to handle inevitable failures gracefully.
e Patterns like redundancy, isolation, recovery, monitoring, and data integrity form the backbone of reliable architectures.

e Combining these patterns with practical engineering practices leads to resilient, maintainable systems.

Further Reading

e "Release It!" by Michael Nygard (Chapter on Stability Patterns)
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e Netflix OSS Hystrix Documentation

e "Designing Data-Intensive Applications” by Martin Kleppmann (Chapter on Fault Tolerance)

By embedding these fault tolerance and reliability patterns into your system design, you can build robust large-scale distributed systems that
maintain high availability and user trust even in the face of failures.

4.5 Example: Building a Distributed Key-Value Store

In this section, we will walk through the design and implementation considerations of a distributed key-value store, a foundational component
in many large-scale distributed systems. This example will illustrate key distributed systems concepts such as data partitioning, replication,
consistency, fault tolerance, and scalability.

Overview

A distributed key-value store allows storage and retrieval of data as key-value pairs across multiple nodes in a cluster. It is designed to handle
large volumes of data with high availability and fault tolerance.

Key Design Goals

e Scalability: Ability to add nodes to increase capacity and throughput.
e Fault Tolerance: Continue operating despite node failures.
e Consistency: Ensure data correctness across replicas.

e Low Latency: Fast read/write operations.

Mind Map: Core Components of a Distributed Key-Value Store

Click here to view the mind map: Distributed Key-Value Store

Step 1: Data Partitioning

To distribute data across nodes, partitioning is essential. One common approach is consistent hashing, which minimizes data movement when
nodes join or leave.

Example: Consistent Hashing

e Each node is assigned a position on a hash ring.
e Keys are hashed to points on the ring.

e Akey is stored on the first node clockwise from its hash.

# Simplified consistent hashing example
import hashlib

nodes = ['NodeA', 'NodeB', 'NodeC']

def hash_fn(key):
return int(hashlib.shal(key.encode()).hexdigest(), 16)

ring = {}
for node in nodes:
ring[hash_fn(node)] = node

sorted_keys = sorted(ring.keys())

def get_node(key):
h = hash_fn(key)
for node_hash in sorted_keys:
if h <= node_hash:
return ring[node_hash]
return ring[sorted_keys[@]] # Wrap around

print(get_node('myKey'))

Step 2: Replication
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Replication ensures data durability and availability. For example, a replication factor of 3 means each key is stored on 3 different nodes.

Example: Quorum-based Replication

e Writes require acknowledgment from a write quorum (e.g., 2 of 3 replicas).

e Reads require a read quorum to ensure consistency.

This balances availability and consistency.

Step 3: Consistency Models

e Strong Consistency: All replicas reflect the latest write before read returns.

e Eventual Consistency: Replicas converge over time; reads may be stale.

Example: Using Vector Clocks for Conflict Resolution

Vector clocks help detect concurrent updates and resolve conflicts.

Click here to view the mind map: Vector Clock Example:

Step 4: Fault Tolerance

Implement leader election and failover to maintain availability.

Example: Using Raft Consensus Algorithm

e Nodes elect a leader.
e Leader coordinates writes.
e Followers replicate logs.

o |f leader fails, new leader elected.

Step 5: Client Interaction
Clients interact via simple APIs:

e PpUT(key, value) - store data
e GET(key) - retrieve data

e DELETE(key) - remove data

Clients use a routing mechanism (e.g., consistent hashing) to send requests to appropriate nodes.

End-to-End Example Scenario
Imagine a distributed key-value store with 5 nodes, replication factor 3, and consistent hashing:

1. Client wants to store user123 with value {name: "Alice"} .
2. Hash user123 to find primary node.

3. Write request sent to primary and two replica nodes.

4. Write quorum confirms success.

5. Client reads user123:
o Read quorum ensures latest value.

Summary

Building a distributed key-value store involves carefully balancing partitioning, replication, consistency, and fault tolerance. This example

highlights how foundational distributed systems principles are applied in practice.

Further Reading

e Dynamo: Amazon’s Highly Available Key-value Store
e The Raft Consensus Algorithm

e Consistent Hashing Explained
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5. Data Management and Storage Strategies

5.1 Choosing the Right Database: SQL vs NoSQL for Large Scale Systems

Selecting the appropriate database technology is a foundational decision when designing large scale systems. The choice between SQL
(relational) and NoSQL (non-relational) databases impacts scalability, consistency, development speed, and operational complexity.

Understanding SQL and NoSQL Databases

Aspect SQL Databases NoSQL Databases

Data Model Structured tables with fixed schema Flexible schema: key-value, document, column-family, graph
Query Language  SQL (Structured Query Language) Varies: JSON-based queries, proprietary query languages
Transactions ACID compliant Often BASE (Basically Available, Soft state, Eventual consistency)
Scalability Vertical scaling (scale-up) preferred Horizontal scaling (scale-out) native

Examples MySQL, PostgreSQL, Oracle, SQL Server MongoDB, Cassandra, Redis, Neo4j

Mind Map: Key Factors in Choosing Between SQL and NoSQL

Click here to view the mind map: Choosing_the Right Database

When to Use SQL Databases

e Strong Consistency and ACID Transactions: Financial applications, banking systems, and inventory management require precise
consistency guarantees.
e Complex Queries and Joins: Applications that rely on complex relational data and multi-table joins, such as ERP systems.

e Mature Tooling and Ecosystem: SQL databases have decades of tooling, optimization, and community support.
Example:

A payment processing system uses PostgreSQL to ensure transactional integrity. When a user makes a payment, multiple tables (users,
transactions, accounts) are updated atomically, guaranteeing no partial updates.

BEGIN;

UPDATE accounts SET balance = balance - 100 WHERE user_id = 123;

INSERT INTO transactions(user_id, amount, status) VALUES (123, 100, 'completed');
COMMIT;

When to Use NoSQL Databases

¢ High Throughput and Horizontal Scalability: Systems like social networks, real-time analytics, and loT platforms require massive scale and
distributed data.

¢ Flexible or Evolving Schema: Applications where data structures change frequently, such as content management or user-generated
content.

e Eventual Consistency is Acceptable: Systems that can tolerate slight delays in data synchronization, like caching layers or recommendation
engines.

Example:

A social media platform uses MongoDB to store user posts and comments. The schema varies per post type, and rapid writes are required to
handle millions of users.
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"post_id": "abc123",
"user_id": "user789",
"content": "Just had a great coffee!",
"tags": ["coffee", "morning"],
"comments": [
{"user_id": "user456", "comment": "Nice!", "timestamp": "2024-06-01T10:00:00Z"}

]
¥

Hybrid Approaches and Polyglot Persistence
Large scale systems often combine SQL and NoSQL databases to leverage the strengths of each.

e Use SQL for transactional, relational data.

e Use NoSQL for unstructured, high-velocity data.
Example:

An e-commerce platform uses PostgreSQL for order processing and inventory, while using Cassandra to store user activity logs and product
recommendations.

Mind Map: Evaluating Database Choice with Examples

Click here to view the mind map: Database Choice Evaluation

Summary

Choosing between SQL and NoSQL databases for large scale systems depends on multiple factors including consistency requirements,
scalability, schema flexibility, and query complexity. Understanding the trade-offs and aligning them with your system’s needs is critical.

By combining best practices and real-world examples, software engineers can design robust, scalable, and maintainable data layers that meet
the demands of modern large scale applications.

5.2 Data Modeling for Scalability and Flexibility

Designing data models for large scale systems requires balancing scalability, flexibility, and performance. A well-thought-out data model
enables your system to handle growing data volumes and evolving requirements without costly redesigns.

Key Principles of Data Modeling for Large Scale Systems

e Schema Design for Scalability: Choose schemas that minimize costly joins and allow horizontal scaling.
e Flexibility: Support evolving business requirements with adaptable models.

e Denormalization vs Normalization: Trade-offs between data redundancy and query performance.

¢ Data Partitioning: Design models that facilitate sharding and partitioning.

e Polyglot Persistence: Use multiple data stores optimized for different data types and access patterns.

Mind Map: Core Concepts in Scalable Data Modeling

Click here to view the mind map: Data Modeling_for Scalability & Flexibility,

Schema Design: Normalization vs Denormalization

¢ Normalization reduces data redundancy by organizing data into related tables. It simplifies updates but can degrade read performance due

to joins.

e Denormalization duplicates data to optimize read performance, ideal for read-heavy workloads common in large scale systems.
Example:
A social media platform stores user profiles and posts.

¢ Normalized approach: Separate tables for Users and Posts linked by user_id.
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e Denormalized approach: Embed user info inside each post document (NoSQL), reducing joins when fetching posts with user details.

// Denormalized Post Document (MongoDB)

{
"postId": "p123",
"content": "Hello world!",
“"user": {
"userId": "u456",
“"name": "Alice",
"profilePic": "url_to_pic"
9
"timestamp": "2024-06-01T712:00:00Z"
}

Partitioning Strategies

Partitioning splits data into smaller chunks to improve query performance and enable horizontal scaling.

e Horizontal Sharding: Distribute rows across multiple database instances based on a shard key.

e Vertical Partitioning: Split tables by columns, placing frequently accessed columns separately.

Example:

An e-commerce system shards orders by geographic region:

Shard Key: region_code
Shards:

e shard_1: orders from US
e shard_2: orders from EU
e shard_3: orders from APAC

This allows parallel processing and reduces load on any single shard.

Mind Map: Partitioning Techniques

Click here to view the mind map: Partitioning

Polyglot Persistence

Large scale systems often combine multiple database types to optimize for different workloads.

e Relational DBs: Strong consistency, complex queries.

e Document Stores: Flexible schemas, good for hierarchical data.
e Key-Value Stores: Ultra-fast lookups.

e Column Stores: Analytics and wide tables.

e Graph DBs: Relationship-heavy data.
Example:
A ride-sharing app uses:

e Relational DB for transactional data (payments, user accounts).
e Document DB for trip logs with flexible schema.

e Graph DB for route optimization and social features.

Schema Evolution and Flexibility
Supporting schema changes without downtime is critical.

e Use schema versioning and backward-compatible changes.

e Employ feature toggles and migration scripts.
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e In NoSQL, leverage flexible schemas to add fields without breaking existing data.
Example:

Adding a new “preferred_language” field to user profiles in a document store:

{

"userId": "u789",

"name": "Bob",

"preferred_language": "en-US" // new optional field
}

Older documents without this field continue to work seamlessly.

Indexing and Caching

e Design indexes aligned with query patterns to speed up reads.

e Use caching layers (e.g., Redis, Memcached) to reduce database load.
Example:

An online news platform creates indexes on article publish date and category to speed up queries for recent news.

Summary

Data modeling for scalability and flexibility is a multifaceted discipline involving schema design, partitioning, polyglot persistence, schema
evolution, and performance optimizations. By carefully applying these principles with real-world examples, backend engineers can build resilient,
performant, and adaptable large scale systems.

5.3 Data Lakes and Data Warehouses in Modern Architectures

In modern large-scale systems, managing vast amounts of data efficiently and effectively is crucial. Two primary data storage paradigms have
emerged to address different analytical and operational needs: Data Lakes and Data Warehouses. Understanding their roles, differences, and
how they complement each other is essential for designing scalable and flexible data architectures.

What is a Data Lake?

A data lake is a centralized repository that allows you to store all your structured and unstructured data at any scale. Unlike traditional databases
or warehouses, data lakes store raw data in its native format until it is needed.

o Characteristics:

o Stores raw, unprocessed data
o Supports multiple data types: structured, semi-structured, unstructured
o Schema-on-read approach

o Highly scalable and cost-effective (often built on cloud storage like AWS S3, Azure Data Lake Storage)
e Use Cases:

o Big data analytics
o Machine learning model training

o Data discovery and exploration

What is a Data Warehouse?

A data warehouse is a system used for reporting and data analysis, storing structured data that has been cleaned, transformed, and optimized
for querying.

e Characteristics:
o Stores processed, structured data
o Schema-on-write approach

o Optimized for complex queries and fast retrieval

o Supports business intelligence (Bl) and reporting tools
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e Use Cases:

o Business reporting and dashboards
o Historical data analysis

o Operational analytics

Mind Map: Data Lakes vs Data Warehouses

Click here to view the mind map: Data Lakes vs Data Warehouses

Integrating Data Lakes and Data Warehouses: The Modern Data Architecture

Many organizations adopt a Lambda Architecture or Lakehouse Architecture to leverage the strengths of both data lakes and warehouses.

e Lambda Architecture:

o Combines batch and real-time data processing
o Raw data lands in the data lake

o Processed and aggregated data stored in the data warehouse
e Lakehouse Architecture:
o Merges data lake flexibility with data warehouse performance
o Supports ACID transactions on data lake storage
o Examples: Delta Lake, Apache Iceberg, Apache Hudi
Example: Building a Modern Analytics Platform

Scenario: An e-commerce company wants to analyze user behavior, sales trends, and product performance.

1. Data Ingestion:

o Raw clickstream logs, transaction records, and social media feeds are ingested into an AWS S3 data lake.

2. Data Processing:

o Using Apache Spark, raw data is cleaned and transformed.

o Aggregated sales data and customer profiles are loaded into Amazon Redshift (data warehouse).
3. Analytics:

o Data scientists access raw data in the data lake for machine learning.

o Business analysts query the data warehouse for dashboards and reports.
4. Benefits:

o Scalability to handle growing data volumes.
o Flexibility to support diverse analytics workloads.

o Cost optimization by separating raw and processed data storage.

Best Practices

e Define clear data governance: Ensure data quality, security, and compliance across both lakes and warehouses.

e Use metadata management: Catalog data assets to improve discoverability.
e Automate data pipelines: Use orchestration tools like Apache Airflow or AWS Glue.
e Monitor data freshness and lineage: Critical for trust and debugging.

e Choose the right storage and compute: Balance cost and performance based on workload.

Summary

Data lakes and data warehouses serve complementary roles in modern large-scale system architectures. By combining their strengths,
organizations can build flexible, scalable, and performant data platforms that support a wide range of analytical needs—from exploratory data

science to business intelligence.
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5.4 Event Sourcing and CQRS Patterns with Practical Examples

Introduction

Event Sourcing and CQRS (Command Query Responsibility Segregation) are powerful architectural patterns widely used in large-scale
distributed systems to handle complex business logic, improve scalability, and maintain a clear audit trail of state changes.

This section will explore these patterns in detail, provide practical examples, and include mind maps to help visualize their concepts.

What is Event Sourcing?

Event Sourcing is a pattern where state changes of an application are stored as a sequence of immutable events rather than just storing the
current state. The current state can be reconstructed by replaying these events.

Key Benefits:

e Complete audit trail of all changes
o Ability to reconstruct past states
e Easier debugging and troubleshooting

e Supports temporal queries
Basic Flow:

1. A command triggers a state change.
2. The state change is captured as an event.
3. The event is persisted in an event store.

4. The current state is rebuilt by replaying events.

Mind Map: Event Sourcing Overview

Click here to view the mind map: Event Sourcing

What is CQRS?
CQRS stands for Command Query Responsibility Segregation. It separates the read and write operations of a system into different models:

e Command Model: Handles writes/updates (state changes).

e Query Model: Handles reads (queries) optimized for retrieval.

This separation allows independent scaling, optimization, and evolution of read and write sides.

Mind Map: CQRS Overview

Click here to view the mind map: CQRS

How Event Sourcing and CQRS Work Together
Event Sourcing and CQRS are often combined:

e Commands produce events (Event Sourcing).

e Events update the read model (CQRS).

This allows the write side to be event-driven and the read side to be optimized for queries.

Mind Map: Combining Event Sourcing & CQRS

Click here to view the mind map: Event Sourcing_+ CQRS

Practical Example: Online Shopping Cart

Let's build a simplified example of an online shopping cart using Event Sourcing and CQRS.
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Domain Commands

e AddltemToCart
e RemoveltemFromCart

e CheckoutCart

Events

e |temAddedToCart
e [temRemovedFromCart
e CartCheckedOut

Event Store

Stores all events in order.

Read Model

A denormalized view of the cart contents for fast queries.

Step 1: Command Handling

class ShoppingCart:
def __init__ (self):
self.items = {}
self.checked_out = False

def apply(self, event):
if isinstance(event, ItemAddedToCart):
self.items[event.item_id] = self.items.get(event.item_id, @) + event.quantity
elif isinstance(event, ItemRemovedFromCart):
if event.item_id in self.items:
self.items[event.item_id] -= event.quantity
if self.items[event.item_id] <= @:
del self.items[event.item_id]
elif isinstance(event, CartCheckedOut):
self.checked_out = True

def handle(self, command):
if self.checked_out:
raise Exception("Cart already checked out™)
if isinstance(command, AddItemToCart):
return ItemAddedToCart(command.item_id, command.quantity)
elif isinstance(command, RemoveItemFromCart):
return ItemRemovedFromCart(command.item_id, command.quantity)
elif isinstance(command, CheckoutCart):

return CartCheckedOut()

# Event and Command classes omitted for brevity

Step 2: Event Store Append

Events generated by command handlers are appended to the event store.

Step 3: Updating Read Model

Event handlers listen to events and update a fast read database (e.g., Redis or SQL).

Step 4: Querying

Clients query the read model for cart contents.

Example: Event Schema Evolution

When evolving events, versioning is critical.
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Click here to view the mind map: Event Versioning

Summary

e Event Sourcing stores state changes as immutable events.
e CQRS separates read and write models for scalability and clarity.
e Together, they enable scalable, auditable, and maintainable large-scale systems.

e Practical implementation requires careful design around event versioning, consistency, and eventual synchronization.

Further Reading

e Greg Young's original CQRS and Event Sourcing articles
e "Domain-Driven Design” by Eric Evans

e "Building Event-Driven Microservices” by Adam Bellemare

5.5 Case Study: Migrating from Relational to Polyglot Persistence

Introduction

In this case study, we explore the migration journey of a large-scale e-commerce platform that initially relied solely on a relational database
(PostgreSQL) and transitioned to a polyglot persistence architecture. This approach leverages multiple types of databases optimized for different
use cases, improving scalability, performance, and flexibility.

Background

The monolithic e-commerce system stored all data — product catalogs, user profiles, orders, and analytics — in a single PostgreSQL instance. As
the platform grew, several challenges emerged:

e Performance bottlenecks: Complex JOIN queries slowed down response times.
e Scalability issues: Vertical scaling of the RDBMS was costly and had limits.

e Data model mismatch: Some data types (e.g., user sessions, product recommendations) did not fit well into relational schemas.

Goals of Migration

e Improve query performance by using specialized databases.
e Enable horizontal scalability for high-traffic components.
e Reduce operational complexity by decoupling data stores.

e Maintain data consistency where necessary.

Polyglot Persistence Architecture Overview
The team chose to adopt the following databases:

e Relational DB (PostgreSQL): For transactional data such as orders and payments.
e Document Store (MongoDB): For flexible product catalog and user profiles.
o Key-Value Store (Redis): For caching sessions and frequently accessed data.

e Search Engine (Elasticsearch): For product search and analytics.

Mind Map: Polyglot Persistence Components

Click here to view the mind map: Polyglot Persistence

Step 1: Data Modeling and Segmentation

The first step was to analyze the existing relational schema and segment data based on access patterns and data structure:

Data Domain Characteristics Target Database

Orders & Payments  Strong consistency, transactions ~ PostgreSQL
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Data Domain Characteristics Target Database

Product Catalog Flexible, evolving schema MongoDB
User Sessions Volatile, fast access Redis
Search & Analytics Full-text search, aggregation Elasticsearch

Step 2: Data Migration Strategy

¢ Incremental Migration: Migrate data domain by domain to minimize risk.
e Dual Writes: For a transitional period, writes were sent to both old and new stores.

e Data Synchronization: Background jobs ensured data consistency.

Example: Migrating Product Catalog to MongoDB

Original relational schema snippet:

CREATE TABLE products (
id SERIAL PRIMARY KEY,
name VARCHAR(255),
description TEXT,
price DECIMAL(10,2),
category_id INT,
attributes JSONB

)5

MongoDB document example:

{
"_id": "product123",
"name": "Wireless Headphones",
"description”: "High quality wireless headphones",
"price": 99.99,
"category": "Audio",
"attributes": {
"color": "black",
"battery_life": "20h",
"wireless": true
}
}

This document model allows flexible attributes without schema migrations.

Step 3: Updating Application Logic

e Repository Pattern: Abstracted data access to support multiple databases.

e Service Layer: Encapsulated business logic to route queries appropriately.

Example: Fetching product details now queries MongoDB, while order details remain in PostgreSQL.

Step 4: Handling Consistency

e For critical transactional data (orders), PostgreSQL remained the source of truth.

e Event-driven mechanisms (e.g., Kafka) propagated changes to other stores asynchronously.

Mind Map: Data Flow and Consistency

Click here to view the mind map: Data Flow

Step 5: Performance Improvements
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e Query latency for product searches dropped by 60% after moving to Elasticsearch.
e Session retrieval latency improved by 80% using Redis.

e Overall system throughput increased due to reduced load on PostgreSQL.

Lessons Learned

e Start small: Incremental migration reduces risk.
e Automate synchronization: Event-driven pipelines are critical.
e Monitor closely: Observability tools helped detect data inconsistencies early.

¢ Design for eventual consistency: Accept some latency in data propagation.

Conclusion

Migrating from a monolithic relational database to a polyglot persistence architecture enabled the platform to scale efficiently, improve
performance, and adapt to evolving business requirements. This case study illustrates the importance of careful planning, incremental migration,
and leveraging the strengths of different database technologies.

Additional Resources

e Martin Fowler on Polyglot Persistence

e Event-Driven Architecture Patterns

e MongoDB Schema Design Best Practices
e Redis Use Cases

e Elasticsearch for Search and Analytics

6. APl Design and Integration

6.1 Designing RESTful APIs for Large Scale Systems

Designing RESTful APIs for large scale systems requires careful consideration of scalability, maintainability, security, and performance. REST
(Representational State Transfer) is an architectural style that uses standard HTTP methods and stateless communication to build scalable web
services.

Key Principles of RESTful API Design

e Statelessness: Each request from client to server must contain all the information needed to understand and process the request.
e Resource-Based: Everything is a resource identified by a URI.

e Uniform Interface: Use standard HTTP methods (GET, POST, PUT, DELETE, PATCH).

e Representation: Resources can have multiple representations (JSON, XML, etc.).

o Client-Server Separation: Client and server evolve independently.

e Cacheability: Responses must define themselves as cacheable or not to improve performance.

Mind Map: Core RESTful API Design Principles

Click here to view the mind map: RESTful API Design

Designing Resource URlIs

e Use nouns, not verbs.
e Use plural nouns for collections.

e Hierarchical URIs to represent relationships.

Example:

GET /users/123/orders/456

This URI accesses order 456 belonging to user 123.
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HTTP Methods and Their Usage

Method  Description

GET Retrieve resource(s)
POST Create a new resource
PUT Replace an existing resource

PATCH Partially update resource

DELETE Remove a resource

Example

GET /products

POST /products

PUT /products/123
PATCH /products/123

DELETE /products/123

Status Codes Best Practices

e 200 OK: Successful GET, PUT, PATCH

e 201 Created: Successful POST creating resource

e 204 No Content: Successful DELETE or PUT/PATCH with no body

e 400 Bad Request: Client error, invalid input

e 401 Unauthorized: Authentication required

e 403 Forbidden: Authenticated but not allowed

e 404 Not Found: Resource does not exist

e 409 Conflict: Conflict with current state (e.g., duplicate)

e 500 Internal Server Error: Server-side error

Mind Map: HTTP Methods and Status Codes

Click here to view the mind map: HTTP Methods and Status Codes

Pagination, Filtering, and Sorting

For large datasets, APls must support pagination, filtering, and sorting to avoid performance bottlenecks.

e Pagination: Use query parameters like page and limit .

e Filtering: Use query parameters to filter by fields.

e Sorting: Use query parameters like sort with field names.

Example:

GET /products?page=2&limit=20&category=electronics&sort=price_asc

Example: Designing a RESTful API for a Blog Platform

Resources: Users, Posts, Comments

Endpoint Method = Description

/users GET List all users

Jusers POST Create a new user
Jusers/{userld} GET Get user details
/users/{userld} PUT Update user details
/posts GET List all posts

/posts POST Create a new post
/posts/{postld} GET Get post details
/posts/{postid} PATCH Update post partially

/posts/{postld}/comments ~ GET

List comments for a post
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Endpoint Method = Description

/posts/{postld}/comments POST Add comment to a post

Example Request and Response
Request:
GET /posts?page=1&limit=5&author=123&sort=createdAt_desc HTTP/1.1

Host: api.blogplatform.com
Accept: application/json

Response:
{
"page": 1,
"limit": 5,
“"total": 42,
"posts": [
{
"id": "postl",
"title": "RESTful API Design",
"author": "123",
"createdAt": "2024-05-01T10:00:00Z"
s
{
"id": "post2",
"title": "Microservices Best Practices",
"author": "123",
"createdAt": "2024-04-28T08:30:00Z"
}
]
}

Versioning Strategies

e URI Versioning: /vi/posts
e Header Versioning: Custom header Accept: application/vnd.blog.vl+json

e Query Parameter: /posts?version=1

URI versioning is most common and easy to implement.

Security Best Practices

e Use HTTPS to encrypt data in transit.
e Implement authentication (OAuth 2.0, JWT).
e Validate and sanitize inputs to prevent injection attacks.

e Rate limiting to protect against abuse.

Mind Map: RESTful API Design Considerations

Click here to view the mind map: RESTful APl Design

Summary
Designing RESTful APIs for large scale systems involves:

e Clear, consistent resource naming
e Proper use of HTTP methods and status codes
e Supporting pagination, filtering, and sorting for large datasets

e Versioning APIs to maintain backward compatibility
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e Securing APIs with authentication and encryption

e Considering performance optimizations like caching

By following these best practices, backend developers can build scalable, maintainable, and robust RESTful APIs that serve as a solid foundation
for large scale distributed systems.

6.2 GraphQL and gRPC: Alternatives for Efficient Data Fetching

In modern large-scale systems, efficient data fetching is critical to ensure performance, scalability, and developer productivity. Traditional REST
APIs, while popular, can sometimes lead to over-fetching or under-fetching of data, impacting client performance and network usage. Two
powerful alternatives that address these challenges are GraphQL and gRPC. This section explores both technologies, their use cases, benefits,
and practical examples.

What is GraphQL?

GraphQL is a query language for APIs and a runtime for executing those queries with your existing data. It allows clients to request exactly the
data they need, making APIs more flexible and efficient.
Key Features of GraphQL:

e Client-driven queries: Clients specify the structure of the response.
¢ Single endpoint: Unlike REST, which often uses multiple endpoints, GraphQL exposes a single endpoint.
e Strongly typed schema: Defines types and relationships explicitly.

e Real-time updates: Supports subscriptions for real-time data.

Mind Map: GraphQL Overview

Click here to view the mind map: GraphQL

Example: Simple GraphQL Query

query {
user(id: "123") {
id
name
posts {
title
comments {
content
¥
}
}
}

This query fetches a user with id 123", their name, their posts, and comments on those posts — all in a single request tailored exactly to the
client’s needs.

What is gRPC?

gRPC is a high-performance, open-source RPC (Remote Procedure Call) framework developed by Google. It uses HTTP/2 as its transport
protocol and Protocol Buffers (protobuf) as its interface definition language and message serialization format.

Key Features of gRPC:

e Contract-first APl design: Services and messages are defined in .proto files.

o Efficient binary serialization: Uses Protocol Buffers for compact messages.

e HTTP/2 transport: Supports multiplexing, header compression, and bidirectional streaming.
e Multi-language support: Supports many programming languages.

e Streaming: Supports unary, client streaming, server streaming, and bidirectional streaming.

Mind Map: gRPC Overview

55/121


https://www.mindmapnote.com/en/Modern%20Software%20Architecture%20Design%20and%20Engineering%20Practices%20for%20Large%20Scale%20Systems#mkp6-2-0-1

Click here to view the mind map: gRPC

Example: gRPC Service Definition (Proto file)

syntax = "proto3";
package user;

service UserService {
rpc GetUser (UserRequest) returns (UserResponse);
rpc ListUsers (Empty) returns (stream UserResponse);

¥

message UserRequest {
string id = 1;

}

message UserResponse {
string id = 1;
string name = 2;
repeated Post posts = 3;
}

message Post {
string title = 1;
string content = 2;

}

message Empty {}

This defines a Userservice with two RPC methods: Getuser (unary call) and ListUsers (server streaming).

Comparing GraphQL and gRPC

Aspect GraphQL gRPC

Protocol HTTP/1.1 or HTTP/2 (usually HTTP/1.1) HTTP/2

Data Format JSON Protocol Buffers (binary)

API Style Query language, single endpoint RPC, multiple services/endpoints

Use Case Focus Flexible client-driven queries, Ul data High-performance inter-service communication
Streaming Support ~ Subscriptions (real-time updates) Full streaming support (client/server/bidirectional)
Language Support  Any language with HTTP client Wide language support with generated code
Overhead Higher due to JSON and HTTP/1.1 Lower due to binary encoding and HTTP/2

When to Use GraphQL

e When clients need to fetch complex, nested data structures in a single request.
e When multiple clients (web, mobile) have varying data requirements.
e When you want to reduce the number of round-trips to the server.

e When you want to aggregate data from multiple sources transparently.

When to Use gRPC

e When you need high-performance, low-latency communication between microservices.
e When you require streaming capabilities.
e When strong typing and contract-first APl design are important.

e When working in polyglot environments requiring efficient cross-language communication.

Practical Example: Combining GraphQL and gRPC
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In large-scale systems, it's common to use GraphQL as an AP| gateway that aggregates data from multiple backend microservices
communicating over gRPC.

Client

GraphQL Query

GraphQL API Gateway

VAN

gRPC Call gRPC Call

User Service Post Service

< T <

This architecture allows clients to benefit from GraphQL's flexible querying while backend services communicate efficiently via gRPC.

Summary

e GraphQL excels at flexible, client-driven data fetching, ideal for frontend applications needing tailored data.
e gRPC provides efficient, contract-driven communication, perfect for backend microservices requiring performance and streaming.

e Both can be combined in modern architectures to leverage their respective strengths.

Additional Resources

e GraphQL Official Website
e gRPC Official Website
e Apollo GraphQL - Popular GraphQL implementation

e Protocol Buffers Documentation

6.3 APl Gateway Patterns and Security Best Practices

API Gateways play a crucial role in modern large-scale systems, acting as the single entry point for client requests and managing traffic to
backend services. They enable abstraction, security, and orchestration of microservices, making them indispensable in distributed architectures.

What is an APl Gateway?

An APl Gateway is a server that acts as an intermediary between clients and microservices. It handles request routing, composition, protocol
translation, and enforces security policies.

API Gateway Patterns

Edge API Gateway

e Acts as the front door for all client requests.

e Handles cross-cutting concerns like authentication, rate limiting, and logging.

Backend for Frontend (BFF)
o (Creates specialized AP| Gateways tailored for different client types (e.g., mobile, web).
e Optimizes responses and reduces over-fetching or under-fetching.

Aggregator Pattern

e Combines responses from multiple microservices into a single response.
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e Reduces the number of client requests.

Proxy Pattern

e Simply forwards requests to backend services without modification.

Mind Map: API Gateway Patterns

Click here to view the mind map: APl Gateway Patterns

Security Best Practices for APl Gateways

Authentication & Authorization

e Use OAuth 2.0 / OpenlD Connect for token-based authentication.
e Validate tokens at the gateway before forwarding requests.

e Implement Role-Based Access Control (RBAC) or Attribute-Based Access Control (ABAC).

Rate Limiting and Throttling

e Protect backend services from overload.

e Define limits per user, IP, or API key.

Input Validation and Request Filtering

e Sanitize and validate incoming requests to prevent injection attacks.

e Block malformed or suspicious requests early.

Transport Security

e Enforce HTTPS/TLS for all client-to-gateway and gateway-to-service communication.

Logging and Monitoring

e Log all requests and responses for auditing.

e Monitor for unusual traffic patterns or potential attacks.

APl Key Management

e [ssue and manage API keys securely.

e Rotate keys regularly.

CORS Configuration

e Configure Cross-Origin Resource Sharing (CORS) policies carefully to prevent unauthorized cross-domain requests.

Security Headers

e Add HTTP security headers like Content-Security-Policy, X-Content-Type-Options, and X-Frame-Options.

Mind Map: API Gateway Security Best Practices

Click here to view the mind map: API Gateway Security

Practical Example: Implementing an APl Gateway with Security Features
Imagine an e-commerce platform with multiple microservices: User Service, Product Service, and Order Service.

Scenario: We want to expose a single APl Gateway that handles authentication, rate limiting, and aggregates product details with user reviews.

Step 1: Authentication
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e Clients obtain JWT tokens via an Auth Service.

e APl Gateway validates JWT tokens on every request.

Step 2: Rate Limiting

e Limit each user to 100 requests per minute.

Step 3: Aggregation

e For a product details request, APl Gateway calls Product Service and Review Service, then combines the responses before returning to the
client.

Example Code Snippet (Node.js with Express and express-gateway-like middleware):

const express = require('express');

const jwt = require('express-jwt');

const rateLimit = require('express-rate-limit');
const axios = require('axios');

const app = express();

// IWT Authentication middleware
app.use(jwt({ secret: 'your_jwt_secret', algorithms: ['HS256'] }).unless({ path: ['/login'] }));

// Rate Limiting middleware

const limiter = rateLimit({
windowMs: 1 * 6@ * 1000, // 1 minute
max: 100, // limit each IP to 100 requests per windowMs
message: 'Too many requests, please try again later.

b

app.use(limiter);

// Aggregator endpoint
app.get('/product/:id/details', async (req, res) => {

try {
const productId = req.params.id;

const [productRes, reviewsRes] = await Promise.all([
axios.get( http://product-service/products/${productId} ),
axios.get( http://review-service/reviews/${productId} )

s

const aggregatedResponse = {
product: productRes.data,
reviews: reviewsRes.data

1

res.json(aggregatedResponse);
} catch (error) {
res.status(500).json({ error: 'Failed to fetch product details' });

}
D

app.listen(3000, () => console.log('API Gateway running on port 3000'));

Explanation:

e JWT middleware validates tokens before processing requests.
e Rate limiter protects backend services from abuse.

e Aggregator endpoint calls multiple microservices and combines responses.

Summary

API Gateways are essential for managing complexity, security, and performance in large scale systems. By applying patterns like Edge Gateway,
BFF, and Aggregator, and enforcing security best practices such as authentication, rate limiting, and input validation, engineers can build robust
and secure APls.

For further reading, consider exploring:
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e OAuth 2.0 and OpenlID Connect
o API Gateway Design Patterns
e OWASP API Security Top 10

6.4 Versioning and Backward Compatibility Strategies

Maintaining versioning and backward compatibility is critical in large-scale systems, especially when multiple clients and services interact
through APIs. Proper versioning ensures that new features can be introduced without breaking existing consumers, while backward compatibility
guarantees that older clients continue to function seamlessly.

Why Versioning and Backward Compatibility Matter

e Multiple Consumers: Different clients or services may depend on different API versions.
¢ Incremental Upgrades: Allows gradual adoption of new features without forcing immediate changes.
e Minimize Downtime: Prevents breaking changes that could cause service disruptions.

e Facilitates Parallel Development: Teams can work on new features without blocking others.

Common Versioning Strategies

API Versioning Mind Map

Click here to view the mind map: Versioning_Strategies

Backward Compatibility Techniques

Backward Compatibility Mind Map

Click here to view the mind map: Backward Compatibility

Example: Versioning a RESTful API
Suppose you have an APl endpoint that returns user profiles:

e v1 Response:

{

"id": "123",

"name": "Alice",

"email": "alice@example.com"
¥

e v2 Response (adds nickname):

{

"id": "123",

"name": "Alice",

"email": "alice@example.com",

"nickname": "Ally" // new optional field
}

Implementation using URI versioning:

e v1: GET /api/vl/users/123

® V2! GET /api/v2/users/123

Clients using v1 continue to get the old response without the nickname field, ensuring backward compatibility.

Example: Header Versioning with Backward Compatibility
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Using custom media types in the Accept header:

e (Client requests v1:
Accept: application/vnd.myapi.vl+json

e Client requests v2:

Accept: application/vnd.myapi.v2+json

Server routes requests based on the header and returns the appropriate response.

Handling Breaking Changes

¢ Avoid if possible: Design APIs to be extensible.

¢ If unavoidable:
o Increment the major version.

o Communicate clearly with consumers.
o Provide migration guides.

o Support old versions for a reasonable deprecation period.

Practical Tips and Best Practices

e Use semantic versioning to communicate change impact.

e Prefer additive, non-breaking changes when evolving APIs.

e Maintain multiple versions concurrently only as long as necessary.
e Automate version testing to ensure backward compatibility.

e Document version differences clearly.

e Use feature flags to roll out changes gradually.

Mind Map: Versioning and Compatibility Workflow

Click here to view the mind map: Versioning_and Compatibility Workflow

Summary

Versioning and backward compatibility are foundational to building resilient, scalable large-scale systems. Choosing the right versioning strategy
and carefully managing changes ensures smooth evolution of software without disrupting existing users. By combining clear communication,
semantic versioning, and robust testing, teams can confidently innovate while maintaining stability.

6.5 Example: Building a Scalable API Gateway for Microservices

In modern microservices architectures, an AP| Gateway acts as a single entry point for all client requests, routing them to the appropriate
backend services. It abstracts the complexity of the microservices landscape, handles cross-cutting concerns like authentication, rate limiting,
caching, and provides a unified interface.

Why Use an API Gateway?

e Simplifies Client Communication: Clients interact with one endpoint instead of multiple microservices.
e Cross-Cutting Concerns: Centralizes common features such as security, logging, and throttling.
e Protocol Translation: Converts between protocols (e.g., HTTP to gRPC).

¢ Load Balancing & Failover: Distributes requests and handles service failures gracefully.

Key Features to Implement in a Scalable APl Gateway

Mind Map: Scalable APl Gateway Features
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Click here to view the mind map: APl Gateway,

Step-by-Step Example: Building a Simple Scalable API Gateway

Define the Microservices Setup
Assume we have three microservices:

e User Service: Handles user data.
e Order Service: Manages orders.

¢ Inventory Service: Tracks product inventory.

Each service exposes REST endpoints.

Choose a Technology Stack

For this example, we'll use Node.js with Express and http-proxy-middleware for proxying requests.

Basic Routing Implementation

const express = require('express');
const { createProxyMiddleware } = require('http-proxy-middleware');

const app = express();

// Proxy configuration

app.use('/users', createProxyMiddleware({ target: 'http://localhost:3001', changeOrigin: true }));
app.use('/orders', createProxyMiddleware({ target: 'http://localhost:3002', changeOrigin: true }));
app.use('/inventory', createProxyMiddleware({ target: 'http://localhost:3003', changeOrigin: true }));
app.listen(8080, () => {

console.log('API Gateway listening on port 8080');
1

Clients now send requests to http://gateway:8086/users , which are forwarded to the User Service.

Adding Authentication (JWT Example)

const jwt = require('express-jwt');

// IWT middleware
app.use(jwt({ secret: 'your-secret-key', algorithms: ['HS256'] }).unless({ path: ['/login'] }));

// Error handling
app.use((err, req, res, next) => {

if (err.name === ‘'UnauthorizedError') {
res.status(401).send( 'Invalid token');
} else {
next(err);
}
1)

Rate Limiting to Protect Backend Services

Using express-rate-limit:
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const rateLimit = require('express-rate-limit');

const limiter = rateLimit({
windowMs: 1 * 60 * 1000, // 1 minute
max: 100, // limit each IP to 100 requests per windowMs
message: 'Too many requests, please try again later.

b

app.use(limiter);

Caching Responses

Using apicache:

const apicache = require('apicache');
const cache = apicache.middleware;

// Cache GET requests for 5 minutes
app.use(cache('5 minutes'));

Load Balancing Backend Services

If User Service runs on multiple instances:

app.use('/users', createProxyMiddleware({
target: 'http://localhost:3001',
changeOrigin: true,
router: {
'localhost:3001': 'http://localhost:3001',
'localhost:3004"': '"http://localhost:3004"
1,
loadBalancer: 'round-robin'

)

Note: http-proxy-middleware does not support load balancing out of the box; for production, consider using NGINX, Envoy, or Kong.

Mind Map: API Gateway Architecture Overview

Click here to view the mind map: API Gateway Architecture

Best Practices for Building a Scalable API Gateway

Practice Description

Use Stateless Design Avoid storing session data in the gateway to enable horizontal scaling
Implement Circuit Breakers Prevent cascading failures by stopping requests to failing services
Centralized Logging & Collect logs and metrics for troubleshooting and performance

Metrics monitoring

Secure Communication Use TLS for all client and service communication

Automate Scaling Use container orchestration to scale APl Gateway instances dynamically

Real-World Example: Using Kong APl Gateway

Example/Tool
JWT tokens for auth
Netflix Hystrix, Resilience4;j

ELK Stack, Prometheus,
Grafana

HTTPS, mTLS

Kubernetes, Docker Swarm

Kong is an open-source, scalable APl Gateway built on NGINX. It supports plugins for authentication, rate limiting, logging, and more.

e Setup: Deploy Kong in front of microservices.
e Routing: Define routes and services in Kong.

e Plugins: Enable JWT authentication, rate limiting, caching.
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Example Kong route configuration:

curl -i -X POST http://localhost:8001/services/ \
--data name=user-service \
--data url=http://localhost:3001

curl -i -X POST http://localhost:8001/services/user-service/routes \
--data paths[]=/users

curl -i -X POST http://localhost:8001/services/user-service/plugins \
--data name=jwt

curl -i -X POST http://localhost:8001/services/user-service/plugins \

--data name=rate-limiting \
--data config.minute=100

This setup provides a production-grade scalable APl Gateway with minimal code.

Summary
Building a scalable API Gateway involves:

e Centralizing routing and cross-cutting concerns.
e Implementing security, rate limiting, and caching.
e Planning for horizontal scalability and fault tolerance.

e Leveraging existing tools like Kong, Envoy, or NGINX for production readiness.

This example demonstrated a simple Node.js gateway and introduced best practices and tools to scale effectively.

7. Security and Compliance in Large Scale Architectures

7.1 Security Principles: Defense in Depth and Zero Trust

Introduction

Security is a foundational pillar in designing large scale software systems. As systems grow in complexity and scale, the attack surface expands,
making it imperative to adopt robust security principles. Two cornerstone concepts in modern security architecture are Defense in Depth and
Zero Trust. This section explores these principles in detail, supported by mind maps and practical examples.

Defense in Depth

Defense in Depth is a layered security approach that implements multiple defensive mechanisms to protect information and resources. If one
layer fails, others continue to provide protection, reducing the risk of a successful attack.

Key Layers in Defense in Depth:

Defense in Depth Mind Map

Click here to view the mind map: Defense in Depth

Example: Applying Defense in Depth in a Large Scale Web Application

e Physical Security: The application servers are hosted in a cloud provider's data center with strict access controls.
e Network Security: Firewalls restrict traffic to only necessary ports; IDS monitors suspicious activity.

¢ Endpoint Security: Developers' laptops have antivirus software and disk encryption.

e Application Security: Input validation prevents injection attacks; WAF protects against common web exploits.

e Data Security: Sensitive user data is encrypted both at rest in databases and in transit via TLS.

e |AM: Users authenticate with MFA; permissions are granted based on roles.

e Monitoring: Logs are aggregated and analyzed in real-time; alerts trigger incident response teams.

This layered approach ensures that even if an attacker bypasses one control, multiple others stand in the way.
64/121


https://www.mindmapnote.com/en/Modern%20Software%20Architecture%20Design%20and%20Engineering%20Practices%20for%20Large%20Scale%20Systems#mkp7-1-0-1

Zero Trust Architecture

Zero Trust is a security model that assumes no implicit trust, whether inside or outside the network perimeter. Every access request must be
verified continuously before granting access.

Core Principles of Zero Trust:

Zero Trust Mind Map

Click here to view the mind map: Zero Trust

Example: Implementing Zero Trust in a Microservices Environment

o Verify Explicitly: Each microservice requires tokens signed by a trusted identity provider for every API call.
e Least Privilege: Services only have permissions to access the specific data and services they need.

e Assume Breach: Network is segmented so that a compromised service cannot freely access others.

e Device Trust: Developer machines must pass security posture checks before accessing Cl/CD pipelines.

e Data Protection: All inter-service communication is encrypted using mutual TLS.

e Analytics: Anomaly detection monitors unusual API call patterns and triggers alerts.

This approach minimizes the blast radius of any compromise and enforces strict access controls.

Comparative Summary

Aspect Defense in Depth Zero Trust

Trust Model Implicit trust within perimeter, layered defense =~ No implicit trust anywhere, verify every request
Focus Multiple layers of defense Continuous verification and least privilege
Network Assumptions  Trusted internal network Untrusted network everywhere

Access Control Role-based, perimeter focused Dynamic, context-aware, just-in-time

Practical Tips for Engineers

e Combine both principles: Use Defense in Depth to build strong layers and Zero Trust to enforce strict access controls within and across
those layers.

e Automate identity verification and access management using modern IAM tools.
e Use micro-segmentation to reduce lateral movement in your network.
e Encrypt sensitive data everywhere.

e Continuously monitor and respond to security events.

Summary

Defense in Depth and Zero Trust are complementary security philosophies essential for protecting large scale systems. Defense in Depth
provides resilience through layered controls, while Zero Trust eliminates implicit trust and enforces strict verification. Together, they form a
robust security posture that can adapt to evolving threats.

Additional Resources

o NIST Special Publication 800-207: Zero Trust Architecture
e OWASP Secure Coding Practices
e Cloud Security Alliance: Defense in Depth

7.2 Authentication and Authorization Best Practices

Authentication and authorization are foundational pillars of security in large-scale software architectures. Properly implementing these
mechanisms ensures that only legitimate users can access resources and that their permissions are appropriately enforced. This section covers
best practices with clear examples and mind maps to help you design robust authentication and authorization systems.

Understanding Authentication vs Authorization
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e Authentication: Verifying the identity of a user or system.

e Authorization: Determining what an authenticated user is allowed to do.

Click here to view the mind map: Authentication & Authorization

Authentication Best Practices

a. Use Strong Credential Management
e Enforce strong password policies (length, complexity, expiration).
e Support Multi-Factor Authentication (MFA) for sensitive operations.
e Store passwords securely using salted hashing algorithms like berypt or Argon2.
b. Adopt Federated Identity and Single Sign-On (SSO)
e Use standards like OAuth 2.0, OpenlID Connect to delegate authentication.
e Example: Allow users to sign in using Google or Facebook accounts.
c. Use Token-Based Authentication
e [ssue short-lived access tokens (e.g., JWT) and long-lived refresh tokens.
e Validate tokens on each request to ensure authenticity and integrity.
d. Secure Authentication Endpoints
e Use HTTPS to encrypt credentials in transit.

¢ Implement rate limiting and account lockout to prevent brute force attacks.

Example: Implementing JWT Authentication in a REST API

// Pseudo-code for JIWT issuance
const jwt = require('jsonwebtoken');

function login(username, password) {
if (validateUser(username, password)) {
const payload = { userId: username, role: ‘'user' };
const token = jwt.sign(payload, process.env.JWT_SECRET, { expiresIn: '15m' });
return { accessToken: token };
} else {
throw new Error('Invalid credentials');
}
}

Authorization Best Practices

a. Principle of Least Privilege

e Grant users only the minimum permissions they need.

e Regularly review and revoke unnecessary privileges.

b. Role-Based Access Control (RBAC)

e Define roles (e.g., admin, editor, viewer) with associated permissions.

e Assign users to roles rather than individual permissions.

c. Attribute-Based Access Control (ABAC)

e Use attributes (user, resource, environment) to make dynamic authorization decisions.

d. Policy-Based Access Control

e Centralize authorization logic using policy engines like Open Policy Agent (OPA).
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