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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?


















































Performance of
probing hash
tables depends
on insertion
order
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Today's Learning Outcomes

CS 2110 3

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 April 9, 2026




















































CS 2110 4

Modeling Structure in Real-World Settings
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Directed Graphs
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𝑎

𝑑 𝑒

𝑐

𝑏


















































A directed graph is a structure described by two sets

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

E a b a c a d b c

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

connections d eE
een

airsti vertices

friendships roads flights preregs

written as ordered pairs
a b

It had not
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Other Graph Varieties
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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
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What is the maximum number of edges that a simple 
directed graph with 6 vertices can have?


















































ch
i9s 5,5 S possible edges

More generally a graph can have up to 1 IVI 1

IVP edges
connected graphs have

PEI IV
2

upper bound

E 2 IVI lower bound
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Neighborhoods in Graphs
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𝑎

𝑑 𝑒

𝑐

𝑏


















































If U v EE we say v is a 1hr

or an Eneighbor of u

minces all of

NG u

is the size of its No c b e
he.fi ood docu do c
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Paths and Cycles
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𝑏

𝑔 ℎ

𝑒

𝑐𝑎

𝑓

𝑑


















































A path is a sequence of distinct

Ijuous edges in a graph

P go.iis.cnÉs eventies

see ex escalation

lengths of path of edges l path asf degree a

shorthand Vo v V2 ve has length 5

a Vo move path Cycle d g e b d

A cycle is a path with source destination
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Labeled Graphs
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𝑏

𝑐

𝑑𝑎

3

6

7

4

2


















































Sometimes we libel vertices ledges with extra info

Common Label edges with number

cost weight length
overlooded term

refers t sum of edge
labels along path

shortest and path
has minimum label sum a c b

sd.SIfnePiehssorily fewest edges has length 9



Poll Everywhere
      PollEv.com/javabear        text javabear  to 22333

(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?
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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: 

13

Graph ADTs
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Adjacency Matrix Representation
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𝑎

𝑑 𝑒

𝑐

𝑏


















































keep track of edges using 2D array list structure

head
a b c d e

can be booleans
a

is presence
b

tail c Edge variables
with references

d null
e
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Coding Demo: 
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AdjMatrixGraph
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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:
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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)
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𝑎

𝑑 𝑒

𝑐

𝑏


















































Maintain a list of all vertiles and have each

vertex maintain a list of all its neighbors

a H D
De

b
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(A)

(B)

(C)

(D)

𝑂(|𝑉|)

Given an adjacency list representation of a graph 
backed by nested LinkedLists, what is the tightest 
runtime complexity we can obtain for hasEdge()?

𝑂(|𝐸|)

𝑂( 𝑉 + |𝐸|)

𝑂(|𝑉|2)


















































search for
c d pay b D Of

In B D e

Gbgo v1

t.ininors
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Adjacency List Representation (Improved)
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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



CS 2110

Coding Demo: 
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AdjListGraph

Lecture 21: Graphs April 9, 2026




















































CS 2110 21

Adjacency List Operation Complexities

Lecture 21: Graphs April 9, 2026

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 IVI

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 O IVI O IV IEl

IV IEI 011 O IVI O IV IEl

dense graphs have E O IVP AM AL have similar performance

Ise graphs have lEl OlivD AÉmñi in jetiiisjifim.fig
most realworld graphs


