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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:

Pecrformance
(14)(&5])(26](76](88)  of probing bnsh
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order.

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)



Exam Reminders

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!

CS 2110 Lecture 21: Graphs November 6, 2025




Lecture 21: Graphs

CS 2110
November 6, 2025




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 ditected geaph is & steafere descrived by puo sels.

Vertices (V)| units weTe C"""P—f-*"}j \/=§a, b, ¢, d,eg

(P° ople, addresses, cities, webpeaes,...) E-= g(qlb)/ (a,d), Cblc)/ (v,e),

(e,0), (d,¢),(d,€), (e,a)
EC\acs (E)‘ Airec‘red (oaned:oqs / )7 ?
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Other Graph Varieties

Undifecied 3rqphs', All edges connect in both directions

@—)

Self-loops Eé,es tuet crart/ end at same vertex 8

M tigraphs | Nave maltiple  pacalle]  edyes betveen tue
i same pair of Jertices (in same ocder)

OWE-C

Simple graphs  doa't have  Seli-loops of parqllel e dges

* \We'll fotug on Simple ditected 9 caphs in C52110.
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What is the maximum number of edges that a simple
directed graph with 6 vertices can have?

6 vertices can 5 verkices can ) ,Tg
be tail * be head = O

More generally, what is the maximum possible number of edges
that a simple directed graph with |V| vertices can have?
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lv\-(lvl-r)__ (O(le)} Key T l ;

Iv] ¢ |El ¢ Iv)*
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Neighborhoods in Graphs

Lf (q)v)eE/ we say VS a (v out-) meiqhbor of w.

> >(b)
w's nesﬂ\qborbood saclvwdes all of /
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do(c) = 3
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Paths and Cycles

A path i85 a sequence of distinet comtiquous edges in q

ﬁfth. g
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A cycle is a path whese  sousce
~ iis destination
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Labeled Graphs

Sow\e{—-‘/‘wé, we labe| vertices /eégcs Jith  exdrqa info
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What is the length of the shortest a w» g pathin this
graph?

15 A)
16 (B)
17 (C)

18 (D)



A Graph ADT

Brainstorm: What operations should a Graph support?

Query . Access info Mutate’. Change Tterate

~ over all verttces

- J
— ¢hek For verley add Verlex o
— agdd edge ~ over 9 edages
~ cvecu fer edoge 7 J
'} B Jertice$ = remove Vartex —~ over neij\nbofﬁ
A — remove 6536 of one vertex

PA*H

No built-in  Grapy ADT...
welll need <o build ourselves

— get edge w-eia‘d'
- 3¢+ deg“ce
- C Ve A4 GOI‘ FQ*‘?/CYC‘Q
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Jo

& Coding Demo: Graph ADTs
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Adjacency Matrix Representation

eep Frack of edges usimg 2D array /list  sicuctare
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2, Coding Demo: AdjMatrixGraph =
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Adjacency Matrix Operation Complexities

4 )
class AdjMatrixGraph implements Graph<...> { lterate over neighbors: O( W])
record AdjMatrixEdge(...) implements Edge<...> { }
ices: Q(1) - vectites s;2
class AdjMatrixVertex implements Vertex<...> { Count vertices 0( ) € O
private String label; 5
private int index; Count edges: O (Iv)?)

}
Checkforanedge: (1) wusing veriices
private HashMap<String, AdjMatrixVertex> vertices; and  index
private ArrayList<ArrayList<AdjMatrixEdge>> edges;
Add vertex: 0 (iv1)

qmortized

Addedge: 0(1)

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

M‘\‘u"’"‘:"' v} [ s+ of OI” \/ef'l‘:CCS, and bave eqch
Jertex  matatain a it of  all i+s 4e:3\4‘oor5
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Adjacency List Representation (Improved)
Tlerating over nested i} s¥ructare s Slow

. 1
\theal scam over Vertices to find  tail s wvetgybors
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Jo

& Coding Demo: AdjListGraph
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Adjacency List Operation Complexities

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

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

}

private HashMap<String, AdjListVertex> vertices;

lterate over neighbors: () ( Jea cee)= O(Iv))
Countvertices: O(1) using vertices size ()
Count edges:

Check foranedge: 0(1) wsing ™ap opecations
Add vertex: 0O())

Add edge: (1)

lterate over all edges: 0 (1vl+1E|)

November 6, 2025
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Comparing Representations

Representation | MemoryUsage | 1o 0 CERK O | emood | altEdges
AdjMatrix | O (1v1®) 0(1) o(Iv]) o(Iv1*)
A(‘jikLLft o (1 +1E1) o (1vl) 0 (1v1) O (vl +1E))
AdiList | o(wi+1ED | O 0 (1v]) O(Ivl+1E))

dense graphs have 1E) 2 O0(vI®): AM + AL Meve similar performance

5parse grapys have JEIx O(IVD), AL has wucy better pef‘owoncc
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