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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: % Pecformance of
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Which could not be the order these elements were added?

14, 85, 26, 76, 35 (A) 85, 26, 76, 35, 14 (C)

14, 26, 85, 35, 76 (B) 26,14,76,85,35 (D)
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Today's Learning Outcomes

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.
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Modeling Structure in Real-World Settings
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Directed Graphs

A directed Jrqph s o Slrmjwle descrived by two sets.
\/=fa, b, c, d,e§
E={(ab) (a) (a,d), (%),
(b,e), (c,0), (e,e) ,(30),
E33c5 (E) " directed connections (Jle)§
beldeen pairs of Vertices @
(&-‘r’.e.mlb‘nips) roals, Flights, prefeqs)

ucitfen as  ocdered pairs

(ab) = tail @-4 ot =0

Vertices (V)| unils we'le coanu}:v

(People, ajdresses, clies, wequJ“r--)
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Other Graph Varieties
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Simple graphs  doa't have 5elf-loops or parallel e dges
* \We'll fotug on Simple ditected 9 raphs in C52110.
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What is the maximum number of edges that a simple
directed graph with 6 vertices can have?

L choices % 5 choices = |30) f_)o,ssib(c tdges
-For +a:l ‘Fo" heoé |

More geaerally, * graph can hive up to VI (IVI-1)
= O(l\ll'z‘) clges
Connecied graphs have
IE|=O(\\’l2> & vpper %o vynd

|E = —(7_(\\") &— [guver bouud



Neighborhoods in Graphs
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Paths and Cycles

A qu\a 5 a  sequente of distinct

Con+iq~10~4$ edjej in q 3”1?"'- a4
< \% A2
b ©
P: ((\,OJ V|) ) (vl,vz) e ) (V-l"l ) V'&))
/’ N 7 / N
Same
Source vertex destination

leagth of path* & of edges (R)  Pyp, a>F J>g9>e-»c
sbod’l’qm]: No 2>V, 2>Vz2 = ... = Vy has )E"J*") 5
a Vo M>Vy pall Cycle d2g-> e>b->d

A cycle is 4 pafh with  Sowrce = yogtination
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Labeled Graphs

5ome{"‘"w$, we labg| vertices /eége,s Jith  exdra

in fo
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- cost, wzij\qi‘, length

Length of  pafus overloided term
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What is the length of the shortest a w» g path in this
graph?

:

16 (B)

17 (C)

18 (D)



A Graph ADT

Brainstorm: What operations should a Graph support?
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No built-in  Grapy ADT...

- jc',' degfce
we'll need 4o bm'u ourselves

- cVie K $or fm*")/c,.fclg
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& Coding Demo: Graph ADTs
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Adjacency Matrix Representation
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2 Coding Demo: AdjMatrixGraph =

CS 2110 Lecture 21: Graphs April 9, 2026




Adjacency Matrix Operation Complexities

r A
class AdjMatrixGraph implements Graph<...> { lterate over neighbors: 9 ( l\”)
record AdjMatrixEdge(...) implements Edge<...> { }
ices: Q1) - vectites size(
class AdjMatrixVertex implements Vertex<...> { Countvertices: )
private String label; -
private int index; Count edges: O ( V) )

}
Checkforanedge: O(1) wsiag veriices
private HashMap<String, AdjMatrixVertex> vertices; & nd index

private ArrayList<ArrayList<AdjMatrixEdge>> edges;
Add vertex: O(1v1) amortized

Add edge: 0 (1)

lterate over all edges: O (1V1?)
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Adjacency List Representation (Classical)

Maiatain o list of all vertices, aad have eqch
Jertex ™aiatain a |t of all its 'le:j\'l\vors

—{4 |
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Given an adjacency list representation of a graph
backed by nested LinkedL1ists, what is the tightest

text javabear to 22333

runtime complexity we can obtain for hasEdge()?
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Adjacency List Representation (Improved)

]__'}ert\i-i’)} over wnested g} siructure s Slow

. \ :
\'neal Scam over Vertices to find tails nelghbors lisf

[ineaf SCOa over neighbor Nsk  fo  Search for edge

To impfove efficency: Replace botw layers of lists
Wity hash wqps  Ueyed on
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2 Coding Demo: AdjListGraph

CWe_‘Il pich vp fcom  vere in {ue e xt lcd'"fe.)

CS 2110 Lecture 21: Graphs April 9, 2026




Adjacency List Operation Complexities

r

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

static class AdjListVertex implements Vertex<...> {
String label;
HashMap<String, AdjListEdge> outEdges;

}

private HashMap<String, AdjListVertex> vertices;
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Iterate over neighbors: O(Jeg tee)= 0()\/))
Count vertices: O (1) wsing vechices size()
Count edges:

Check for an edge: O(1) wSing ™ap opecarions
Add vertex: 0(1)

Add edge: 0 (1)

lterate over all edges: O (1vl+1EI)
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Comparing Representations

Representation | MemoryUsage | 10 C IO | borood | | allEdges

AdjMatrix | O(1v1*) 0(1) o(Iv]) o(Iv*)
AdiList | o (1) | O(1vD) o(vl) | olivl+1E))
AdiList | o(wi+1ED | 00) oliv) | olivl+1E))

dease graphs wave |E)O(VP) AM + AL Weve gimilar performance

5parse graphs have JE\x O(IVD). AL has vwugy better PC"€°‘/‘14')CC
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