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(A)

(B)

(C)

(D)

14, 85, 26, 76, 35

14, 26, 85, 35, 76

85, 26, 76, 35, 14

26, 14, 76, 85, 35

Suppose we add 14, 26, 35, 76, 85 (in some order) to a 
probing hash table (where their hash codes are their 
values). The state of the hash table is:

[0] [1] [2] [3] [4] [5] [6] [7] [8] [9]

14 85 26 76 35

Which could not be the order these elements were added?
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order
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Exam Reminders

Lecture 21: Graphs November 6, 2025

Prelim 2 is Tonight!

Early Exam: 5:30-7:00,  Statler Hall 265
Main Exam: 7:30-9:00, Statler Hall 185

Bring your Cornell ID Card and a couple writing utensils (pencils, erasers, pens)
Exam is closed-book (with provided reference sheet)

More information and review materials linked on website / Ed

No OHs tomorrow because of exam grading.

You've learned a lot since Prelim 1! Time to show it off!
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Today's Learning Outcomes
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88. Translate between a formal description (list of vertices, edges) and 
an illustration of a (weighted) graph.

89. Identify substructures in graphs such as neighborhoods, paths, 
and cycles both visually and programmatically.

90. Describe adjacency list and matrix representations of a graph and 
compare the space/time complexities of operations on each of these 
representations.

Lecture 21: Graphs November 6, 2025
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Modeling Structure in Real-World Settings

Lecture 21: Graphs November 6, 2025

Eg FFF
social Networks

Wikipedia Links NEflorks
y

p ICourse Planning ning
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Directed Graphs

Lecture 21: Graphs November 6, 2025

A directed graph is a structure described by two sets

Vertices V units we're conneiting V a b c d e

people addresses cities webpages E a b a d b c b e

c b d c d e e a
connectionsEdges E

pairs ff verticesbetween
friendships roads 9 ts Prerets

Twritten as ordered pairs Etfa b Head not D
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Other Graph Varieties

Lecture 21: Graphs November 6, 2025

Undirected graphs All edges connect in both directions

Selflops Edges that start end at some vertex

edges between theMaraphs 19 p fr ties in some order

so
Simple graphs don't have self loops or parallel edges
We'll foing on simple directed graphs in 52110



Poll Everywhere
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What is the maximum number of edges that a simple 
directed graph with 6 vertices can have?

More generally, what is the maximum possible number of edges 
that a simple directed graph with |𝑉| vertices can have?

6 vertices can 5 vertices can

be tail be head

V1 V1 1 011nF Key Idea IE falls between

IV IEI IVP
if graph connected
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Neighborhoods in Graphs

Lecture 21: Graphs November 6, 2025

If u v EE we say v is a n out neighbor of u

Dbdes all of

preNG u and
is the size of its

he.fi ood docu No c b d e

do c 3
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Paths and Cycles

Lecture 21: Graphs November 6, 2025

1 gg
h is a sequence of distinct contiguous edges in a

P.fr k Ei eventies 0 E0
are 4e
Ith of path of edgesÉej
shorthand Vo v1 V2 Ve

path a f g e b c
a Vo move path has length 5

A cycle is a path whose source

its destination cycle bad g e
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Labeled Graphs

Lecture 21: Graphs November 6, 2025

Sometimes we libel vertices ledges with extra info

Common Label edges with number

cost weight length
7

2

overlooded term
6 9refers t sum of edge

labels along path shortest and path
a c b d has length 9

Shotestpoth has minimum label sum not necessarily
fewest edges
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(A)

(B)

(C)

(D)

15

What is the length of the shortest  𝑎 ⇝ 𝑔 path in this 
graph?

16

17

18

𝑎

𝑏

𝑒

𝑑

𝑐

𝑓

𝑔

8

7

4

9

5 1

2 6

3

4

2

7
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A Graph ADT
Brainstorm: What operations should a Graph support?

Lecture 21: Graphs November 6, 2025

Query Alless info Mutate Change Iterate

check for vertex
add vertex over all vertices

check for edge
add edge over all edges

get vertiles
remove vertex over neighbors
remove edge of one vertex

get edges update weight over edges in a
get edge weight path

get degree No built in Graph ADT

check for pathcycle we'll need to build ourselves
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Coding Demo: 

14

Graph ADTs
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Adjacency Matrix Representation

Lecture 21: Graphs November 6, 2025

keep track of edges using 2D array list structure

head
a b c d e

can be booleans

194
as

b y y to presence

Edge variables

Ice tail c
with references

d null
e
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Coding Demo: 

16

AdjMatrixGraph

Lecture 21: Graphs November 6, 2025
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Adjacency Matrix Operation Complexities

Iterate over neighbors:

Count vertices:

Count edges: 

Check for an edge:

Add vertex:

Add edge: 

Iterate over all edges:

Lecture 21: Graphs November 6, 2025

class AdjMatrixGraph implements Graph<…> { 
    record AdjMatrixEdge(…) implements Edge<…> { } 

    class AdjMatrixVertex implements Vertex<…> { 
        private String label; 
        private int index; 
    } 
    
    private HashMap<String, AdjMatrixVertex> vertices; 
    private ArrayList<ArrayList<AdjMatrixEdge>> edges;
    
    // methods 
}

IVI

011 vertiles size

Of v12

a
es

O IVI amortized

1

Of v12
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Adjacency List Representation (Classical)

Lecture 21: Graphs November 6, 2025

Maintain a list of all vertices and have each

vertex maintain a list of all its neighbors

c e

a b d

a
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Adjacency List Representation (Improved)

Lecture 21: Graphs November 6, 2025

Iterating over nested list structure is slow

linear sign over vertices to find tail's neighbors
list
linear scan over neighbor list to search for edge

To improve efficiency Replace both layers of lists
with hash maps keyed on

vertex labels

OLIVI scan expected 011 lookup
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Coding Demo: 

20

AdjListGraph

Lecture 21: Graphs November 6, 2025
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Adjacency List Operation Complexities

Lecture 21: Graphs November 6, 2025

class AdjListGraph implements Graph<…> { 
    record AdjListEdge(…) implements Edge<…> { } 

    static class AdjListVertex implements Vertex<…> { 
        String label;
        HashMap<String, AdjListEdge> outEdges;
    } 
    
    private HashMap<String, AdjListVertex> vertices;
    
    // methods 
}

Iterate over neighbors:

Count vertices:

Count edges: 

Check for an edge:

Add vertex:

Add edge: 

Iterate over all edges:

degree O IV

011 using verticessize

IVI usingoutEdgessize

I using map operatio

011

I

IV IEl
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Comparing Representations

Representation Memory Usage Time to Check for 
an Edge

Time to Iterate 
over Neighborhood

Time to Iterate over 
all Edges

Adj Matrix

Adj List 
(Linked)

Adj List 
(Map)
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IVP 011 IVI IVP

IV IEI O IVI 0 IVI O IV IEl

IV IEI 011 O IVI O IV IEl

ease graphs have E O IVP AM AL have similar performance

sarin EE
d aimiisiiin setieiieem.it


