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Asymptotics & Logarithms
General

1. How to evaluate an algorithm
● Complexity: Speed &Memory

- relationship of input size to the number of steps
- Approximation of the speed of the algorithm

● Identify the performance/complexity of the algorithm
- Describe the asymptotic running time of an algorithm

Notations
2. Big O

● Definition:
- Worst-case run time
- Upper bound on the asymptotic behavior of a function
- Func growth no faster than a certain rate

● rate/order of growth: highest-order coefficient and low-order terms don’t matter
● O(logn) < O(n)

3. Ω
● Definition:

- Best-case run time
- Lower bound
- Func growth is no slower than a certain rate

4. Θ
● Definition:

- Average-case run time
- Tight bound
- Func growth similar to this rate

5. o (Little o of g of n)
● Upper bound but not asymptotically tight
● To see whether one has a smaller big O than a little o
● f(n) is asymptotically smaller than g(n) if f(n)=o(g(n))

6. ꞷ (little omega of g of n)
● Lower bound but not asymptotically tight
● To see whether one has a bigger omega than a little omega
● f(n) is asymptotically larger than g(n) if f(n)=ꞷ(g(n))
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7. Asymptotic Properties

8. Notations as comparator

9. Useful equations
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10. Logarithms

11. Compare functions

Logarithms & Summations
12. Logarithms equations

● Notation

● Properties
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13. Different types of series
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Proof Methods (Induction, Contradiction, & Combinatorial Arguments)
Induction

1. Proof by induction
● Steps

● Weak induction example

● Strong induction

2. Power set

Contradiction
3. Proof by contradiction
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4. symbol

● Set

● Set operations

● General notations

Combinatorial Arguments
5. General

6. Method
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Graph
7. Definition

8. Calculation

9. Tree

10. Probability

9



Recurrences and the Master Theorem
Sorting

1. MergeSort

Calculating recursion
2. Recursion tree

3. Substitution

4. Master Theorem
● Theorem
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● Example
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Heaps & Heapsort
Heap

1. Definition

2. Properties

Heapsort
3. Max-Heapify (smaller num to the bottom)

4. Build-Max-Heap (multiple call max-heapify to move max to the top)
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5. Heapsort

move the largest num out, others remain in heap shape.
6. Searching time

7. Priority Queue
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Quick Sort
General

1. Runtime analysis

2. Properties

3. Codes
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- Rand-partition: to avoid the worst case take random num from array A, swap it with the left most num.
4. Steps to understand

5. example

Comparison-based sorting
6. Lower-bound on comparison sorting

● Any comparison-based sorting algorithm of n nums of unrestricted range cannot do better than Ω(𝑛𝑙𝑜𝑔𝑛)
7. Counting Sort
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8. Radix Sort (stable sort)
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9. Summary about sorting
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BST & RBT
Selection Sorting

1. Time complexity for search for min

BST
2. Properties

3. Runtime analysis

4. Basic operations’ code
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5. Search

6. Insert
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7. Delete

8. example
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9. NIL
● Absence of a node

RBT
10. Properties

11. Balanced and run time
● Balanced

● Run time

12. Definition
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13. Operations and rotations
● Operations

● Rotations
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14. Insert

15. Delete
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Hash Table (Hashing)
LinkedList

1. Properties

2. Different types

3. Searching

4. Insert

24



5. Delete

6. Runtime Comparison

Hash Tables
7. Definitions

8. Hash function types
● Division method
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● Multiplication method

Collision Resolution
9. Open Addressing

Runtime
10. runtime
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Dynamic Programming
1. definitions

2. Methodology

3. Optimal Substructure proof
● Definition
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● Steps

4. Problem templates
● Answer parts

- Optimal substructure: Simply describe the method to divide the subproblems/subgroups, e.g. cut
from where, to divide the total number of stuffs into how many groups, etc.

- Recursive relationship among subproblems: fix one group (suppose we know one group’s optimal
solution), then calculate the other side’s optimal solution.

- Code: Usually two loops, the outer loops iterate from 1 to n as the total number of stuff, inner
loop considers all possible combinations.

● Rod cutting problem
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● Typesetting problem
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Greedy Algorithms
Greedy

1. Definition & Algorithms

2. Types of greedy

3. Proof of correctness

4. Comparison
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5. Binomial distribution

6. Problem templates
● Answer parts

- Devise a greedy algorithm
- Prove the greedy choice property
- Prove the problem is reduced to a smaller subproblem after making the first greedy choice
- Prove optimal substructure: (If we remove the first greedy choice from optimal solution, the

the remaining solution must be optimal for a subproblem)
● Car building

- Sort in descending order, build from high penalty to lower [O(nlogn)]
- Let J (1~n) be the optimal solution, G (1~n) be the greedy solution.

If j_1 = g_1 then done.
Suppose j_1 != g_1.
Since must build all cars at the end, so g must be somewhere in J.
By definition of greedy choice, penalty_j1<=penalty_g1=penalty_jm for m > 1.
Let J’ be the set of solutions that j_1 and j_m swapped.
According to the equation of penalty write P(J) and P(J’).
Find the relation between them by using P(J) to subtract to rewrite P(J’), proving that P(J’) <=
P(J).
Then, J’ is an optimal solution that agrees with the first greedy choice.

- Simply describe what will be the left occasion if we built a car on day one.
- J is optimal with j_1 = g_1, J’=J/j_1 is not optimal and acts as a subproblem.

N from n2 as a new optimal solution that better than J’.
H as j1+N (new optimal solution plus the first greedy choice) solution set.
Prove that P(H) = p_j1+P(N) is better than same plus P(J’) hence P(J).
Proved by contradiction.

● scheduling

(conti next page)
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Amortized Analysis
General

1. Definition
● Show that although some individual operations may be expensive, on average the cost per operation is

small.
● Guarantee the average performance of each operation in the worst case.
● Give a much tighter bound on the true cost of using the data structure than a standard

worst-case-per-operation bound.
Aggregate Analysis

2. Definition
● Determine an upper bound T(n) on the total cost of a sequence of n operations.
● Worst case: the average cost (amortized cost) per operation is T(n)/n

3. Example
● Stack

- Scenario

- What is the largest possible cost of a sequence of N-stack operations, starting from empty stack?
- Simple-worst-case-bound:

O(n)*n = O(n^2)
- Aggregate analysis:

Any sequence of push/pop/multi pop on an initial empty stack cost at most O(n)
T(n) = Tpop(n) + Tpush(n) <= 2Tpush(n) <= 2n = O(n)
Therefore, the amortized cost per operation = T(n)/n = O(1)

● Binary Counter
- Scenario

- Amortized Analysis
- Initialization: all n bits are set to 0, so n bit flips cost
- Increment Operation:

Accounting Method
4. Definition

● Assign different charges to different operations
● Amortized cost = amount we charge an operation
● When amortized cost > actual cost, store the difference on specific objects in the data structure as credit.
● Use credit later to pay for operations whose actual cost > amortized cost
● Differs from aggregate analysis:

- Different operations can have different costs in accounting method
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5. example
● Stack

- Needs to ensure the credit in total is non-negative
- Design a cost-credit model to satisfy the requirements

● Binary counter

6. Dynamic Tables
● Hash table

- Scenario

- Answer
- When the table is full, double its size and copy all previous elements into the new table.
- Hence, every time create a new table and insert a number will be cost 1, and every time

create a new table to copy all previous elements will cost curr-1, hence:

-
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- Run Time

- Aggregate analysis

7. Steps
● First try $1

- Charge 1 for each insert
- Nothing to pay for expanding the array

● Second try $2
- Charge 1 for each insert
- Charge 1 for insert-to-new-table (stored credit)
- Nothing to pay for second expand

● Third try $3
- Charge 1 for each insert
- Charge 1 for insert-to-new-table
- Charge 1 for recharge-dollar: used to recharge the old elements that have spent their copy-dollars

； useful when double the table
● Explanation scenario
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8. Credit invariant
● At any step each element has a const
● Used to show the credit is always positive
● Example by a Binary Counter

- Credit Invariant: At any step, each bit of the counter that is equal to 1 will have $1 credit
- Initial condition: counter is zero with no credit
- Proof by induction

● Example by HashTable
- Credit Invariant: Each element in the second half of array has $2 credit
- Scenario:

- $3
- Proof by induction
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9. General answer steps for both methods

Skewed-Heap-Merge
10. Definition and Code

11. Abstract Example
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12. Advices
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Graph Algorithm
Graph

1. Definition

2. Properties
● Weighted vs un-weighted

- Weight: a numerical value attached to each individual edge
● Directionality

- Directed: one-way relationship
- Un-directed: bi-directional

● Path: sequence of edges, between adjacent vertices
- Simple path: no vertex is repeated (A -> B -> C)
- Path: have repeated vertex (A -> B -> C -> B -> C)

● Cycle: simple path with same start/end vertex
- e.g.: A -> B -> C -> A

● Connectivity
- Connected graph (G): there exists a path between every 2 vertices.
- Otherwise, G is disconnected

3. Representation
● Adjacency list
● Adjacency matrix
● Example

4. Example of a graph
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5. Adjacency matrix

BFS (Breadth-first search)
6. BFS model

● Input: Graph G = (V, E), either directed or undirected, and source vertex s belongs to V.
● Output:

- v.d: shortest distance from s to v for all v belongs to vertices V
- v.π: v’s predecessor on the shortest path from s
- (u,v): the last edge on the shortest path from s to v
- Predecessor subgraph: contains edges (u,v) such that v.π = u

- It forms a tree called the BF-tree
7. Complexity Analysis

● Runtime: O(V+E) overall
- Queue Operation: O(V)
- Scanning adjacent list: O(E)

- Directed: O(E)
- Un-directed: O(2E)

● Space complexity: O(V)
8. Key Take-aways (run time)

DFS (Depth-first search)
9. Model

● Input: G = (V, E), directed or undirected, no src vertex
● Output:

- DF-forest
- d[v]: discovery time
- f[v]: finishing time
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10. Code
● Global search starts a local search on each vertex to explore entire graph.

- At current position, mark as white since haven’t visit
- Goes to visit function, mark current as grey since currently visited, then look at the neighbours
- If the neighbour is white (haven’t visited), assume current position goes to that neighbour,

calculate neighbours by visit function again, until all graph has been reached.
- Time is to track the structure of the graph, more useful for detect back edge in cycle detection. d

stands for detection time, and f stands for finish time.
11. Complexity Analysis

● Run time: O(V+E)
- For each vertex: DFS visits each vertex exactly once, because the coloring is done once per

vertex.
- For each edge: for each vertex u, the algorithm explores every edge (u, v) emerging from u.

● Space complexity: O(V)
12. Properties of DFS: Parenthesis theorem

● rules

- When DFS starts exploring from a vertex, it is the opening a parenthesis
- When DFS finishes with a vertex (has looked at all its edges and nowhere to go), it as closing a

parenthesis.
- Finish and discovery time will not overlap with each other unless they are fully nested

● If two vertices, U and V, the interval for U is from its discovery to its finish time, same for V, then:
- The intervals are completely separate (U and V are on different branches of the DFS tree)
- The internal for U completely contains the interval for V (V is a descendant of U in the DFS tree)
- The interval for V completely contains the interval for U (U is a descendant of V in the DFS tree)
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13. Key Take-Aways (Run time)

14. Example

Classification of edges
15. Different edges

● Tree edge: found by exploring (u, v) in DFS
● Back edge: (u, v), u is a descendant of v
● Forward edge: (u, v), where b is a descendant of u, but not a tree edge
● Cross edge: any other edge, can go between vertices in same DF tree or in different DF trees

16. Application
● Cycle detection: perform DFS with edge classification on the entire graph and ask whether there exists a

back edge anywhere in the graph.
● Connected components problem: edge represents jobs need to be done in the same day. Find out the max

num of days that are needed to carry out all jobs, only need to count the components.
Topological sort

17. Directed acyclic graph (dag)
● Definition: A directed graph with no cycles.
● Good for modeling processes and structures that have a partial order: a > b and b > c then a > c
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● Usually used to indicate precedences among events
18. Topological sort

● Topological sort of a dag: a linear ordering of vertices such that if (u,v) belongs to E, then u appears
somewhere before v (not like sorting numbers).

19. Key Take-Aways (Run time, code)

20. Example
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Minimum Spanning Tree
General

1. Definition of ST

2. Definition of MST
● A spanning tree whose weight is minimum over all spanning trees.

●
3. Model

● Input
- Undirected graph G = (V, E)
- Weight w(u, v) on each edge (u, v) belongs to E

● Goal
- Find an acyclic subset T included by E such that the total weight is minimized:

4. Properties of an MST
● It has |V| - 1 edges
● It has no cycles
● It might not be unique

5. Example

Generic Algorithm (greedy approach)
6. Code

7. Terms and Theorem
● A cut (S, V - S)

- It is a partition of vertices into disjoint sets S and V - S
- Edge (u, v) belongs to E crosses cut(S, V - S) if one endpoint is in S and the other is in V - S
- A cut respects A iff no edge in A crosses the cut
- Light edge crossing a cut: iff the edge’s weight is min over all edges crossing the cut. For a given

cut, there can be >1 light edge crossing it
● Theorem: Let A be a subset of some MST, (S, V-S) be a cut that respects A, and (u, v) be a light edge

crossing (S, V - S), then (u, v) is safe for A.
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Prim’s Algorithm (greedy approach)
8. Kruskal and Prim theorem

● Kruskal: The set A is a forest whose vertices are all those of the given graph. The safe edge added to A is
always a least-weight edge in the graph that connects two distinct components.

● Prim: set A forms a single tree. The safe edge added to A is always a least-weight edge connecting the
tree to a vertex not in the tree.

9. Prim’s Algorithm
● Builds one tree, so A is always a tree.
● Starts from an arbitrary “root” r
● At each step, find a light edge connecting A to an isolated vertex. Such an edge must be safe or A. Add

this edge to A.
● Run time: O(ElogV)

10. Finding a light edge
● Use a priority queue Q:

- Each object is a vertex not in A
- v.key is the minimum weight of any edge connecting v to a vertex in A. v.key = inf if no such

edge.
- v.𝜋 is v’s parent in A

- Maintain A implicity as:

- At completion, Q is empty and the minimum spanning tree is:
● Key operations

- Insert (u, key): Insert u with key value in Q
- Run time: O(log|Q|)

- Extract_MIN(): Extract the item with min_key
- Run time: O(log|Q|)

- Decrease-key(u, new-key): Decrease n’s key with new key
- Run time: O(log|Q|)
- Alternatively: Delete + insert
- Note: cannot just update the key of u without affecting the heap, need to readjust the

weight.
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11. Code

● Total runtime:

12. Priority queue operations, time and application

18



Single Source Shortest Paths
General

1. Shortest Path Properties: Optimal substructure
● Any subpath of the shortest path is the shortest path.
● Negative-weight edges:

- If we have a neg-weight cycle, we can keep going around it, and get w(s, v0 = -inf for all v on the
cycle.

- The negative-weight cycle is not reachable from the source is also good.
- Some algorithms work only if there are no negative-weight edges in the graph.

2. Procedure for finding SSSP
● For all single source shortest-paths algorithms:

- Start by calling Initialize-single-source
- Relax edges

● The algorithms differ in the order and how many times they relax each edge.
● Code

3. Relaxing an edge (u, v)
● Run time: O(1)

4. Shortest-paths properties
● Based on calling initialize-single-source once and then calling relax zero or more times.
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Dijkstra’s algorithm
5. Characteristics

● No negative-weight edges
● Use priority queue
● Keys are shortest-path weights (v.d)

6. Run time analysis

● Time: O((E+V)logV) with binary heap, O(VlogV+E) with Fibonacci heap
- O(V) visit each node once
- O(E) scan adjacent lists

- G is directed: O(E)
- G is undirected: O(2E)

● Space: O(V)
7. Code

Conti next page…
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● S: vertices whose final shortest-path-weight is determined
● Q: Priority queue = V - S
● Key: v.d

Bellman-ford’s algorithm
8. characteristics

● Allows negative-weight edges
● Returns true if no negative-weight cycles are reachable from s, false otherwise.

9. Code and run time

● Steps
- Set every entry in D as inf, set D[s] = 0
- Relax each edge V-1 times
- Update every node each time by the shortest cost
- Previous shortest path might be updated by go to a new vertex and get back
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10. Path-relaxition property

SSSP in DAGs (single-source shortest paths in a directed acyclic graph)
11. DAG

● Characteristic: no negative-weight cycles
● code

- Overall O(V+E) complexity
Difference Constraints and Shortest Paths

12. Linear programming
● Linear approximation tool
● Need to satisfy a set of constraints set

13. Rules
● Feasibility problem

- Wish to find any feasible solution, or determine that no feasible solution exists.
● Systems of difference constraints

- Each row of the linear programming matrix A contains one 1 and one -1, all others are 0.
-

● Example
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●
14. Constraint graph

● Theorem: given a system of difference constraints, let G = (V, E) be the corresponding constraint graph.
- If G has no negative weight cycles, then:

- If G has a negative weight cycle, then there is no feasible solution.
15. Negative cycle

● The sum of a cycle is negative
16. Steps to find a feasible solution

17. Find feasible solution by using BF method
● Draw a constraint graph by using the constraints
● Draw an invisible graph about adding vertex V0, the weight from V0 to all other vertices are all zero
● Find the shortest path for each vertex from V0:

- First, determine negative cycle
- If the summation of the weights of a cycle is negative, then it is a negative cycle
- If there exist any negative cycle, then there is no solution, write NEGATIVE CYCLE

(according to the requirement)
- Find the smallest number (negative number as smaller than positive number).
- According to that edge’s direction, set the starting point as zero, and the ending point as

zero+weight of that edge.
- Each time, move on to next connected vertex, and the score stored within each vertex is by

supperposition of previous vertex’s score and the weight of that edge.
- Calculate every possible path. If one path is smaller cost than the other, update the vertex score.
- Write the final score of each vertex as ẟ(𝑣

𝑖
)
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● Rewrite the solution as , value is the final score calculated from previous step.𝑥
𝑖

= 𝑣𝑎𝑙𝑢𝑒

- If negative cycle, write NO SOLUTION.
18. Procedure for difference constraints

19. Example
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Maximum Flow
Maximum-flow problem define

1. Flow networks

● Input: a flow network with source and sink
● Goal: find a flow of maximum value

2. Antiparallel edges
● If an edge (v1, v2) belongs to E, then (v2, v1) not belongs to E.
● Solution: adding a new vertex and replacing the original edge with two new edges connect with the new

vertex.
3. Networks with multiple src and sinks

● Reduce the problem by superposition through adding a super source and a super sink
Flow mathematics

Ford Fulkerson method
4. Residual capacity
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5. Residual network
● Similar to a flow network but it may contain antiparallel edges ((u,v) and (v,u)).

6. Augmenting Path (AP)
● Admits more flow along each edge
● Like a sequence of pipes through which can squirt more flow from s to t

7. Residual capacity
● How much more flow can be pushed from s to to along augmenting path p

8. Cuts of flow networks
● A cut (S, T) of flow network G = (V, E) is a partition of V into S and T = V - S such that s belongs to S

and t belongs to T.
● If f is a flow, then the net flow f(S, T) across the cut (S, T) is defined to be:
● Minimum cut: a cut whose capacity is minimum over all cuts of G.

- After compute the final flow by applying the FF method, sum all capacity that outward from t as
the minimum grade, then from the original graph find the cut that satisfy this capacity grade.

9. Theorem (Max-flow min-cut theorem)
● The following are equivalent:

- F is a maximum flow
- Gf has no augmenting path
- |f| = c(S, T) for some cut (S, T)

● Corollary:
- The value of any flow <= capacity of any cut
- So maximum flow <= capacity of minimum cut

● When we talk about the cut, we usually calculate the capacity of the cut, which is only count from u to v.
10. Code

● Keep augmenting flow along an augmenting path until there is no augmenting path. Represent the flow
attribute using (u, v).f
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● It is a problem of optimizing the distribution of some quantity (data and goods) through a network with
capacity constraints.

● This algorithm will return true if possible route is found, false otherwise.
11. Max-flow capacity working steps

● Initialize all scores as zero.
● Along the arrow direction, find one possible path from src to des, and mark the score as the weight of

each edge. Mark capacity as the minimum score.
● Traverse backward from des to src, and subtract the minimum score with each weight of the edges as the

edge’s new score.
● Find another possible path, if zero score then use the edge’s weight, if already score a value then use the

scored value subtract from the weight to get current score. Mark capacity as the minimum score.
● Repeat step three, and if it has original score, add the original score with the newly computed score as the

current score.
● The total capacity is the sum of all capacity calculated.

12. Procedure for solving: using FF method to find max flow
● Graph

- Residual Graph (with augmenting path bolded)
- Flow

● Minimum cut on original graph
Edmonds Karp Algorithm

13. How to run it
● Do ford-fulkerson, but compute augmenting paths by BFS of Gf.
● Augmenting paths are the shortest paths from src to des (s to t) in Gf, with all edge weights = 1.
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14. Run time

● 𝑂(𝑉𝐸2)
● Proof:

Maximum Bipartite Matching
15. Bipartite

● If G = (V, E) (undirected) has a partition of the vertices V=L并R such that all edges in E go between L
and R.

16. Matching
● Definition: A subset of edges M included by E such that for all v belongs to V, <= 1 edge of M is incident

on v. (Vertex v is matched if an edge of M is incident on it, otherwise unmatched)
● Maximum matching: a matching of maximum cardinality.

- M is a maximum matching if |M| >= |M’| for all matchings M’

Tutorials
17. Useful results
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18. More transformations

19. Vertex capacities
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NPC (non-deterministic poly complete)
Introduction

1. Alphabet
● : alphabet of every string that make from the letters∑

1
= {𝑎,..., 𝑧}

● : alphabet of every string that make from the numbers∑
2

= {0,..., 9}

● If a mix of letters and numbers, then not a string from any alphabet
● Empty strings: denoted by ϵ, a string over any alphabet

2. Basic notations

3. Languages

4. Operations of Languages

● For a property P of strings to be admissible as a specification of a language, there must be an algorithm
for deciding whether a given string belongs to the language.

● Language recognition device: An algorithm that is specifically designed for some language L, to answer
questions of the form “Is string w a member of L?”

5. Finite Automaton/Finite State Machine
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6. Some knowns

Motivation
7. Polynomial-time algorithms

● on inputs of size n, their worst-case running time is for some constant k.𝑂(𝑛𝑘)
8. NP-completeness

● Applied to decision problems
● We can cast a given optimization problem as a related decision problem by imposing a bound on the

value to be optimized.

9. NP-hard
● If a language L satisfies property 2 in the previous point, but not necessarily property 1.

10. Class P
● Problems that are solvable in polynomial time.
● Complexity class P: the set of concrete decision problems that are polynomial-time solvable

11. Class NP
● Problems that are verifiable in polynomial time.
● If given a certificate of a solution, then the certificate can be verified to be correct in time polynomial in

the size of the input to the problem.
● Complexity class NP: A language L belongs to NP iff there exist a two-input polynomial-time algorithm

A and a constant c such that:

- We say that algorithm A verifies language L in polynomial time.

12. Class Co-NP

● Complexity class co-NP: the set of languages L such that
13. Class NPC

● If it is in NP and is as hard as any problem in NP
14. Polynomial-time verification

● Algorithms that verify membership in languages.
● For a given instance i=<G,u,v,k> of the decision problem path, also given a path p from u to v. We can

easily check whether p is a path in G and whether the length of p is at most k.
● View p as a certificate that the instance indeed belongs to the path.

15. Hamiltonian cycles (ham-cycle)
● Use for a no polynomial-time decision algorithm, given a certificate, verification is easy.
● A Hamiltonian cycle of an undirected graph is a simple cycle that contains each vertex.
● Hamiltonian-cycle problem: Does a graph G have a Hamiltonian cycle.
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16. Verification algorithms
● A two-argument algorithm A, where onr argument is an ordinary input string x and the other is a binary

string y called a certificate.
● A two-argument algorithm A verifies an input string x if there exists a certificate y such that A(x, y) = 1
● The language verified by a verification algorithm A is:

17. Determine different class

18. Reducibility

● Polynomial-time reductions: showing that one problem is at least as hard as another, ro within a
polynomial-time factor.
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Clique
19. Clique

20. Theorem: the Clique problem is NP-complete
● Clique belongs to NP

● Clique belongs to NP-hard

21. 3-CNF-SAT
● A satisfying assignment simultaneously satisfies each clause, so that each clause has at least one literal

that is true.
● For a formula with m clauses to be satisfiable, there must be some set of m literals, one from each clause,

that can simultaneously be true.
- If no such set exists, the formula is unsatisfiable.

22. Reduction algorithm: 3-CNF-SAT <= Clique
𝑝

● Given a circuit equation𝚽
● List all three clauses in three directions, each consisting of all elements in that clause.
● An edge is placed between two vertices if:𝑣

𝑖
' 𝑎𝑛𝑑 𝑣

𝑗
'

- they are from different clauses
- Their corresponding literals are consistent (one is not the ‘head’ one of the other)

- e.g. if one is , then cannot connect with it𝑥
1

ᄀ𝑥
1

● If this graph has a clique of size k, k is num o clauses, then the circuit is satisfiable.
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23. Prove NP-hard by reduction

24. Conversion algorithm: 3-CNF-SAT to clique
● Code

● Proof: show that this transformation of𝚽 into G is a reduction.
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25. Vertex cover
● Definition:

- Each vertex covers its incident edges, and a vertex cover for G is a set of vertices that covers all
the edges in E.

● Size: the number of vertices in it.

- It is the set of vertex that combine together can cover all edges of the graph (the edge that comes
out of the vertex)

26. Vertex-cover problem

27. Theorem: vertex-cover problem is NP-complete
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28. Traveling Sales Man problem
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29. NPC solving method
● Remember to write QED overall
● Show that one belongs to NP:

- Use the conversion algorithm
- Certificate: usually uses the question proposed in the content.
- Verification Process: Verify that the check process of the certificate can be run in polynomial

time.
● Show that one belongs to NP-hard:

- Use the reduction algorithm
- e.g. 3-CNF-SAT⇔ 4-CNF-NAE-SAT

- Transformation: create a 4-CNF-NAE-SAT from 3_CNF-SAT by adding a z component to every
clause, name it as a circuit prime.

- Equivalence proof: giving the instances from both sides, to prove one is equal to another.
- Forward way proof
- Backward way proof

30. NPC Ham-Cycle solving method

Example:

31. Combinatorial Equivalence Checking (CEC)
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32. Half-3-CNF-SAT

33. Partition

34. Graph 3-Coloring
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Approximation Algorithm
General

1. Approximation Ratio

Tutorial
2. Definition

3. Vertex Cover 2-approximation
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4. 2D TSP with triangle inequality
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Final Review Slides
Topics

1. Asymptotics and Recurrence

2. Proof Techniques

3. Heaps and BST and RBT
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4. Sorting

5. Algorithm Design

6. DP and Greedy
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7. Hashing and Amortized Analysis

8. Graphs and MST

9. SSSP and Max Flow
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10. Complexity Theory

11. Approximation Algorithms

Data Structures
12. Heaps
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13. BST

14. RBT

15. Hash Tables
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