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Core Concepts
This section focuses on fundamental principles and advanced concepts that an experienced
developer should master.

1. Explain the CAP theorem and how it influences distributed system design decisions

CAP theorem states that a distributed system can only guarantee two out of these three
properties:

Consistency: All nodes see the same data at the same time
Availability: Every request receives a response
Partition tolerance: System continues to operate despite network partitions

Real-world applications:

CP systems (like MongoDB): Sacrifice availability during partitions
AP systems (like Cassandra): Allow temporary inconsistencies
CA systems: Cannot exist in real distributed environments

2. How would you implement a distributed rate limiter?

Key components of a distributed rate limiter:

Shared storage (Redis/Memcached) for counter synchronization
Token bucket or sliding window algorithm
Atomic operations for thread safety

def isAllowed(userId, limit, window):
    key = f'ratelimit:{userId}'
    current = redis.get(key) or 0
    if current >= limit:
        return False
    redis.incr(key)
    redis.expire(key, window)
    return True

3. Describe the consensus problem in distributed systems and compare Paxos vs Raft

Consensus Problem:

Getting distributed nodes to agree on a value/state
Must handle node failures and network partitions

Comparison:

Paxos: Mathematically proven but complex to implement
Raft: Designed for understandability, uses leader election
Both ensure safety and eventual liveness

Key Differences:

Raft has explicit leader election
Paxos allows multiple proposers
Raft's log replication is more straightforward

4. How would you design a distributed ID generator?

Key Requirements:

Uniqueness across nodes



Monotonically increasing
High performance

Solution Approaches:

Twitter Snowflake: Timestamp + Worker ID + Sequence
UUID: For less strict ordering requirements
Database auto-increment: With ID ranges per node

def generate_snowflake(worker_id):
    timestamp = current_time_ms()
    sequence = (sequence + 1) & 4095
    return (timestamp << 22) | (worker_id << 12) | sequence

5. Explain the concept of vector clocks and their use in distributed systems

Vector Clocks:

Logical timestamps for tracking causality
Each node maintains a vector of counters
Used in systems like Dynamo DB

Implementation:

class VectorClock:
    def update(self, node_id):
        self.vector[node_id] += 1
    
    def merge(self, other):
        return {k: max(self.vector.get(k,0), 
               other.get(k,0)) for k in all_keys}

6. How would you implement distributed caching with cache coherence?

Key Challenges:

Cache invalidation
Consistency across nodes
Network overhead

Solutions:

Write-through: Immediate updates to all caches
Write-behind: Async updates for better performance
Cache-aside: Lazy loading with TTL

def get_with_cache(key):
    value = cache.get(key)
    if not value:
        value = db.get(key)
        cache.set(key, value, ttl=3600)
    return value

7. Explain the split-brain problem and how to handle it

Split-brain:

Network partition causing multiple active leaders
Can lead to data inconsistency
Common in master-master setups

Solutions:

Quorum-based voting: Require majority for decisions
Fencing tokens: Prevent old leaders from making changes
Generation clocks: Track leader versions



Prevention:

Regular heartbeat checks
Automatic failover with consensus

8. How would you implement a distributed lock?

Requirements:

Mutual exclusion
Deadlock prevention
Fault tolerance

Implementation using Redis:

def acquire_lock(lock_key, timeout):
    identifier = str(uuid.uuid4())
    return redis.set(lock_key, identifier,
                    nx=True, ex=timeout)

def release_lock(lock_key, identifier):
    return redis.eval(lua_release_script,
                     [lock_key, identifier])

9. Describe the implementation of a distributed message queue

Key Components:

Producer-Consumer API
Message persistence
Partitioning strategy
Replication for fault tolerance

Features:

At-least-once delivery
Message ordering
Dead letter queues

def enqueue(topic, message):
    partition = get_partition(message)
    offset = append_to_log(partition, message)
    replicate_async(partition, offset)

10. How would you handle eventual consistency in a distributed database?

Strategies:

Version vectors for conflict detection
CRDT for automatic conflict resolution
Read repair for consistency improvement

Implementation Considerations:

Anti-entropy protocols
Gossip protocols for propagation
Conflict resolution policies

def merge_versions(v1, v2):
    return {key: max(v1.get(key, 0),
            v2.get(key, 0)) for key in 
            set(v1) | set(v2)}
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Data Structures and Algorithms
Questions in this section test your understanding of how to work with and manipulate data
efficiently.

1. Explain how you would implement an LRU (Least Recently Used) Cache with O(1) time
complexity for both get and put operations.

Key Implementation Points:

Use a HashMap for O(1) lookups
Use a Doubly Linked List for O(1) removals/insertions

class LRUCache {
    HashMap cache;
    DoublyLinkedList dll;
    int capacity;
    
    public LRUCache(int capacity) {
        this.cache = new HashMap<>();
        this.dll = new DoublyLinkedList();
        this.capacity = capacity;
    }}

Time Complexity: O(1) for both get and put operations

2. How would you implement a thread-safe concurrent hash map from scratch?

Implementation Strategy:

Segment-level locking (similar to ConcurrentHashMap pre-Java 8)
Use multiple segments/buckets to reduce contention
Implement fine-grained locking

public class ConcurrentMap {
    private final int segments = 16;
    private final ReentrantLock[] locks;
    private final Node[][] buckets;
    
    public V put(K key, V value) {
        int segment = (key.hashCode() & 0x7FFFFFFF) % segments;
        locks[segment].lock();
        try { /* put logic */ } 
        finally { locks[segment].unlock(); }
    }}

3. Design a data structure for implementing a rate limiter using the sliding window
algorithm.

Implementation Approach:

Use a Queue/Deque to store timestamps
Maintain a sliding window of requests
Remove expired entries on each check

class SlidingWindowRateLimiter {
    private final Queue requests = new LinkedList<>();
    private final int windowSize;
    private final int limit;
    
    public boolean allowRequest() {



        long curTime = System.currentTimeMillis();
        while(!requests.isEmpty() && 
              curTime - requests.peek() > windowSize)
            requests.poll();
        return requests.size() < limit;
    }}

4. Implement a concurrent blocking queue with a fixed capacity.

Key Components:

ReentrantLock for thread-safety
Condition variables for blocking operations
Circular array implementation

public class BlockingQueue {
    private final T[] items;
    private final ReentrantLock lock = new ReentrantLock();
    private final Condition notFull = lock.newCondition();
    private final Condition notEmpty = lock.newCondition();
    private int count, takeIndex, putIndex;
}

5. How would you implement a distributed set data structure with eventual consistency?

Implementation Strategy:

Use Vector Clocks for versioning
Implement CRDT (Conflict-free Replicated Data Type)
Use Two-Phase Set implementation

class TwoPhaseSet {
    private Set additions = new HashSet<>();
    private Set tombstones = new HashSet<>();
    
    public boolean add(String item) {
        if (!tombstones.contains(item))
            return additions.add(item);
        return false;
    }}

6. Design a data structure for implementing a distributed counter with eventual
consistency.

Implementation Approach:

Use G-Counter (Grow-only Counter) CRDT
Maintain per-node counters
Merge operation takes maximum values

class GCounter {
    private Map counters = new HashMap<>();
    
    public void increment(NodeId nodeId) {
        counters.merge(nodeId, 1, Integer::sum);
    }
    
    public int value() {
        return counters.values().stream().mapToInt(i -> i).sum();
    }}

7. Implement an efficient Trie data structure for autocomplete functionality.

Key Features:

Prefix-based search
Space-efficient storage
Quick prefix matching



class TrieNode {
    Map children = new HashMap<>();
    boolean isEndOfWord;
    List suggestions = new ArrayList<>();
    
    public void insert(String word) {
        suggestions.add(word);
        if (suggestions.size() > 5) suggestions.remove(0);
    }}

8. Design a data structure for implementing a distributed cache with consistent hashing.

Implementation Components:

Hash Ring implementation
Virtual nodes for better distribution
Node management logic

class ConsistentHash {
    private final TreeMap ring = new TreeMap<>();
    private final int numberOfReplicas;
    
    public T get(Object key) {
        if (ring.isEmpty()) return null;
        int hash = getHash(key.toString());
        return ring.ceilingEntry(hash).getValue();
    }}

9. Implement a priority queue that supports distributed task scheduling.

Implementation Features:

Binary Heap implementation
Thread-safe operations
Priority-based scheduling

class DistributedPriorityQueue {
    private final PriorityQueue> queue;
    private final ReentrantLock lock = new ReentrantLock();
    
    public void add(T item, int priority) {
        lock.lock();
        try { queue.offer(new Task<>(item, priority)); }
        finally { lock.unlock(); }
    }}

10. Design a data structure for implementing a distributed rate limiter using the token
bucket algorithm.

Implementation Strategy:

Token Bucket algorithm
Distributed state management
Atomic operations

class TokenBucket {
    private final AtomicLong tokens;
    private final long capacity;
    private final double refillRate;
    private long lastRefillTime;
    
    public boolean tryConsume() {
        refill();
        return tokens.updateAndGet(current -> 
            current > 0 ? current - 1 : current) != current;
    }}
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System Design
These questions evaluate your ability to think about the bigger picture, including architecture,
scalability, and performance.

1. Design a scalable URL shortener service like bit.ly. Walk through the system design
and key considerations.

URL Shortener System Design

Key Requirements:

Generate short, unique URLs
Redirect to original URL quickly
High availability and scalability
URLs should not be guessable

Core Components:

Load Balancers: Distribute incoming requests
Application Servers: Handle URL generation/redirection
Cache Layer (Redis): Store frequent URLs
Database (PostgreSQL): Persistent storage

URL Generation:

def generate_short_url(long_url):
    url_hash = md5(long_url).hexdigest()[:6]
    return BASE_URL + url_hash

Scale Considerations:

Consistent hashing for database sharding
Write-through caching strategy
Rate limiting per IP/user
Geographic DNS routing

2. How would you design a real-time chat system that can support millions of concurrent
users?

Real-time Chat System Design

Architecture Components:

WebSocket servers for real-time communication
Message queues (Kafka/RabbitMQ)
Redis for presence management
Cassandra for message storage

Key Features:

1-on-1 and group messaging
Online/offline status
Message persistence
Delivery receipts

Scaling Strategy:

WebSocket connection pooling
Message fanout optimization
Sharding by conversation ID
Event-driven architecture



// WebSocket message handler
socket.on('message', async (msg) => {
  await kafka.publish('chat-messages', msg);
  await redis.set(`presence:${userId}`, 'online');
});

3. Explain how you would implement a distributed rate limiter for a high-traffic API.

Distributed Rate Limiter Design

Implementation Approaches:

Token Bucket Algorithm
Sliding Window Counter
Redis-based implementation

Key Components:

Redis for synchronized counters
Lua scripts for atomic operations
Consistent hashing for key distribution

// Redis Lua script for rate limiting
local current = redis.call('incr', KEYS[1])
if current == 1 then
  redis.call('expire', KEYS[1], ARGV[1])
end
return current <= tonumber(ARGV[2])

Scale Considerations:

Multiple Redis instances
Fallback mechanisms
Cache synchronization

4. Design a social media feed system that can handle millions of posts per day with real-
time updates.

Social Feed System Design

Core Components:

Content Service: Post creation/storage
Feed Service: Feed generation
Fan-out Service: Update distribution
Cache Layer: Recent feeds

Data Model:

Post {
  id: uuid,
  user_id: string,
  content: string,
  timestamp: datetime,
  engagement: {likes: int, comments: int}
}

Feed Generation Approaches:

Push model: Fan-out on write
Pull model: Fetch on read
Hybrid approach for different user types

Optimization Techniques:

Content CDN distribution
Cache pre-warming
Materialized feed views

5. Explain how you would design a distributed job scheduling system.



Distributed Job Scheduler Design

Core Features:

Job queueing and prioritization
Fault tolerance
Task distribution
Monitoring and recovery

Architecture Components:

Master scheduler
Worker nodes
ZooKeeper for coordination
Message queue for job distribution

class Job {
  String id;
  String type;
  Priority priority;
  Timestamp schedule_time;
  Map parameters;
}

Scaling Considerations:

Leader election
Job partitioning
Worker health checks
Dead job detection

6. Design a distributed caching system similar to Memcached.

Distributed Cache Design

Key Features:

Consistent hashing
Cache invalidation
Eviction policies
Replication

Data Structures:

class CacheNode {
  HashMap store;
  LinkedList evictionQueue;
  long maxSize;
}

Operations:

Get: O(1) lookup
Set: O(1) insertion
Delete: O(1) removal

Scale Considerations:

Partition tolerance
Hot key distribution
Cache coherence
Failure detection

7. How would you design a distributed configuration management system?

Configuration Management System

Core Components:

Config Store (etcd/ZooKeeper)



Change notification system
Client SDK
Admin interface

Key Features:

Version control
Environment separation
Access control
Change auditing

class ConfigClient {
  watch(key: string, callback: (value: any) => void);
  get(key: string): Promise;
  set(key: string, value: any): Promise;
}

Consistency Model:

Eventually consistent updates
Read-after-write consistency
Atomic operations

8. Design a distributed logging and monitoring system for microservices.

Logging & Monitoring System

Components:

Log collectors
Stream processors
Time-series database
Alert manager

Data Flow:

Log aggregation
Real-time processing
Metrics extraction
Alert generation

// Structured log format
{
  timestamp: ISO8601,
  service: string,
  level: enum,
  trace_id: string,
  message: string
}

Scale Considerations:

Log rotation
Data retention
Query optimization
Storage partitioning

9. Design a distributed search engine with real-time indexing capabilities.

Search Engine Design

Core Components:

Crawler service
Indexer service
Query processor
Document store

Indexing Strategy:



Inverted index
Term frequency mapping
Document ranking
Real-time updates

class SearchIndex {
  Map> invertedIndex;
  Map> termFreq;
  PriorityQueue rankQueue;
}

Scale Considerations:

Index sharding
Query federation
Cache warming
Incremental updates

10. How would you design a distributed key-value store with strong consistency
guarantees?

Distributed Key-Value Store

Core Features:

Strong consistency
Partition tolerance
High availability
Atomic operations

Implementation:

Raft consensus protocol
Write-ahead logging
Leader election
Quorum-based writes

class StorageNode {
  Map data;
  WALLog log;
  Role role; // LEADER|FOLLOWER
  Term currentTerm;
}

Consistency Protocol:

Two-phase commit
Read quorum
Write quorum
Conflict resolution
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Coding and Debugging
This section presents practical coding challenges and questions about debugging techniques.

1. How would you implement a thread-safe singleton pattern in Python?

Thread-Safe Singleton Implementation

Here's a thread-safe implementation using double-checked locking:

from threading import Lock

class Singleton:
    _instance = None
    _lock = Lock()
    
    def __new__(cls):
        with cls._lock:
            if cls._instance is None:
                cls._instance = super().__new__(cls)
            return cls._instance

Key points:

Uses a class-level lock for thread safety
Implements double-checked locking pattern
Ensures only one instance is created across threads

2. Write a function to detect a cycle in a distributed system's dependency graph

Cycle Detection in Dependency Graph

def has_cycle(graph):
    visited = set()
    path = set()
    
    def dfs(node):
        visited.add(node)
        path.add(node)
        for neighbor in graph[node]:
            if neighbor in path or (neighbor not in visited and dfs(neighbor)):
                return True
        path.remove(node)
        return False
    
    return any(node not in visited and dfs(node) for node in graph)

Usage: Pass a dictionary representing the adjacency list of your dependency graph.

3. How would you implement a distributed rate limiter?

Distributed Rate Limiter Implementation

from redis import Redis
from time import time

def rate_limit(user_id, limit, window):
    redis = Redis()
    key = f'rate:{user_id}'
    now = time()
    pipe = redis.pipeline()



    pipe.zadd(key, {now: now})
    pipe.zremrangebyscore(key, 0, now - window)
    pipe.zcard(key)
    pipe.expire(key, window)
    _, _, count, _ = pipe.execute()
    return count <= limit

Key features:

Uses Redis sorted sets for time-based tracking
Atomic operations with pipelining
Sliding window implementation

4. Implement a function to flatten a nested dictionary with dot notation

Flatten Nested Dictionary

def flatten_dict(d, parent_key='', sep='.'):
    items = []
    for k, v in d.items():
        new_key = f'{parent_key}{sep}{k}' if parent_key else k
        if isinstance(v, dict):
            items.extend(flatten_dict(v, new_key, sep).items())
        else:
            items.append((new_key, v))
    return dict(items)

Example usage:

nested = {'a': 1, 'b': {'c': 2, 'd': {'e': 3}}}
flat = flatten_dict(nested)
# Result: {'a': 1, 'b.c': 2, 'b.d.e': 3}

5. How would you implement a distributed LRU cache?

Distributed LRU Cache Implementation

from collections import OrderedDict
from redis import Redis

class DistributedLRUCache:
    def __init__(self, capacity):
        self.capacity = capacity
        self.cache = OrderedDict()
        self.redis = Redis()
    
    def get(self, key):
        if key in self.cache:
            self.cache.move_to_end(key)
        return self.cache.get(key) or self.redis.get(key)

Features:

Local LRU cache with OrderedDict
Redis as distributed storage
Automatic cache eviction

6. Write a function to implement consistent hashing for load balancing

Consistent Hashing Implementation

import hashlib
from bisect import bisect

class ConsistentHash:
    def __init__(self, nodes=None, replicas=3):
        self.replicas = replicas
        self.ring = sorted(self._generate_ring(nodes or []))
        



    def _hash(self, key):
        return int(hashlib.md5(str(key).encode()).hexdigest(), 16)
        
    def get_node(self, key):
        if not self.ring: return None
        hash_key = self._hash(key)
        idx = bisect(self.ring, hash_key) % len(self.ring)
        return self.ring[idx]

7. Implement a distributed lock with automatic expiration

Distributed Lock Implementation

import redis
from uuid import uuid4

class DistributedLock:
    def __init__(self, redis_client, lock_name, expire_seconds):
        self.redis = redis_client
        self.lock_name = lock_name
        self.expire_seconds = expire_seconds
        self.lock_id = str(uuid4())
    
    def acquire(self):
        return self.redis.set(self.lock_name, self.lock_id,
                             nx=True, ex=self.expire_seconds)

Key aspects:

Uses Redis SET NX for atomic lock acquisition
Automatic expiration prevents deadlocks
Unique lock ID prevents accidental release

8. Write a function to implement circuit breaker pattern

Circuit Breaker Implementation

from enum import Enum
from time import time

class State(Enum):
    CLOSED, OPEN, HALF_OPEN = range(3)

class CircuitBreaker:
    def __init__(self, failure_threshold, reset_timeout):
        self.state = State.CLOSED
        self.failure_count = 0
        self.failure_threshold = failure_threshold
        self.reset_timeout = reset_timeout
        self.last_failure_time = 0

Usage:

Protects against cascading failures
Automatic state transition
Configurable thresholds

9. Implement a function to detect network partitions in a distributed system

Network Partition Detection

from collections import defaultdict

def detect_partition(nodes, connections):
    graph = defaultdict(set)
    for n1, n2 in connections:
        graph[n1].add(n2)
        graph[n2].add(n1)



    
    def dfs(node, visited):
        visited.add(node)
        for neighbor in graph[node]:
            if neighbor not in visited:
                dfs(neighbor, visited)

Features:

Uses depth-first search for partition detection
Handles bidirectional connections
Returns disconnected components

10. Write a function to implement leader election in a distributed system

Leader Election Implementation

import time
from kazoo.client import KazooClient

class LeaderElection:
    def __init__(self, zk_hosts, path):
        self.zk = KazooClient(hosts=zk_hosts)
        self.election_path = path
        
    def run_election(self):
        self.zk.start()
        return self.zk.create(f'{self.election_path}/node_',
                             ephemeral=True, sequence=True)

Key points:

Uses ZooKeeper for coordination
Handles node failures automatically
Supports dynamic cluster membership
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Behavioral Questions
These questions assess your soft skills, problem-solving approach, and how you work in a team.

1. Tell me about a time you had to make a difficult technical decision that impacted
system reliability.

Situation: At my previous role, we faced increasing system outages due to a monolithic architecture
handling 10x more traffic than originally designed.

Task: I needed to propose and lead an architectural change to improve system reliability while
minimizing business disruption.

Action: I:

Analyzed failure patterns and identified bottlenecks
Designed a migration plan to break down the monolith into microservices
Created a phased rollout strategy with fallback options
Built consensus across teams through detailed documentation and presentations

Result: The new architecture reduced outages by 90%, improved response times by 60%, and
enabled independent scaling of components.

2. Describe a situation where you had to handle conflict within your team regarding a
technical approach.

Situation: Two senior engineers on my team strongly disagreed about the approach for
implementing a new distributed caching layer.

Task: As the tech lead, I needed to resolve the conflict and ensure we chose the best technical
solution.

Action: I:

Organized a technical discussion meeting
Had each engineer present their approach with pros/cons
Created a decision matrix with evaluation criteria
Facilitated data-driven comparison

Result: We reached consensus on a hybrid approach that incorporated the best aspects of both
proposals, and the team remained collaborative.

3. Share an experience where you had to handle a major production incident.

Situation: A critical microservice began experiencing cascading failures affecting 30% of user
transactions.

Task: I needed to lead the incident response and implement measures to prevent recurrence.

Action: I:

Quickly implemented circuit breakers to isolate the failing service
Coordinated with cross-functional teams during resolution
Conducted detailed root cause analysis
Implemented automated health checks and failover mechanisms

Result: Restored service within 45 minutes, implemented systemic fixes, and established new
incident response protocols.

4. Tell me about a time you had to mentor a junior engineer on distributed systems
concepts.



Situation: A junior engineer was struggling with understanding eventual consistency and its
implications.

Task: I needed to help them understand complex distributed systems concepts while keeping them
productive.

Action: I:

Created hands-on exercises demonstrating consistency patterns
Drew architectural diagrams explaining trade-offs
Paired on real-world implementation challenges
Reviewed relevant academic papers together

Result: The engineer became proficient in distributed systems patterns and later led the
implementation of a eventually consistent storage system.

5. Describe a situation where you had to optimize system performance under tight
constraints.

Situation: Our distributed transaction processing system was hitting performance limits during peak
loads.

Task: I needed to improve throughput by 5x without additional hardware.

Action: I:

Profiled system behavior under load
Implemented batch processing patterns
Optimized network calls and data serialization
Added intelligent caching layers

Result: Achieved 7x throughput improvement, reduced latency by 65%, and eliminated the need for
hardware scaling.

6. Share an experience where you had to balance technical debt against new feature
development.

Situation: Our team was accumulating technical debt in our message queue implementation while
under pressure to deliver new features.

Task: I needed to create a strategy to address critical technical debt without stopping feature
development.

Action: I:

Categorized and prioritized technical debt items
Created a parallel workstream for refactoring
Implemented automated testing to prevent regression
Integrated improvements into feature work

Result: Reduced system complexity by 40%, improved reliability, while maintaining feature delivery
schedule.

7. Tell me about a time you had to lead a major system migration.

Situation: We needed to migrate from a self-hosted Kafka cluster to a cloud-managed solution.

Task: I was responsible for planning and executing the migration with zero data loss.

Action: I:

Designed a dual-write migration strategy
Created automated validation tools
Implemented gradual consumer migration
Established rollback procedures

Result: Successfully migrated 500+ topics and 50+ consumer groups with no data loss or significant
downtime.



8. Describe a situation where you had to make a trade-off between consistency and
availability.

Situation: Our e-commerce platform needed to handle Black Friday scale while maintaining order
accuracy.

Task: I needed to design a system that could scale while providing appropriate consistency
guarantees.

Action: I:

Analyzed business requirements for consistency needs
Implemented CQRS pattern for read scaling
Used event sourcing for order processing
Created compensation workflows for edge cases

Result: System handled 20x normal load while maintaining 99.99% order accuracy.

9. Share an experience where you had to improve system observability.

Situation: Our distributed system's complexity made it difficult to diagnose production issues.

Task: I needed to implement comprehensive observability solutions across services.

Action: I:

Implemented distributed tracing using OpenTelemetry
Created standardized logging patterns
Developed custom metrics for business KPIs
Built automated anomaly detection

Result: Reduced mean time to resolution by 70% and improved proactive incident detection.

10. Tell me about a time you had to handle a significant technical disagreement with a
senior stakeholder.

Situation: A senior architect insisted on using a single database for all microservices.

Task: I needed to convince them of the benefits of database per service pattern.

Action: I:

Created a proof of concept demonstrating benefits
Documented scaling and reliability advantages
Presented real-world case studies
Proposed a gradual migration approach

Result: Successfully gained buy-in for the new architecture, which improved service isolation and
scalability.
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