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Implementing a Map by composing with which of these
data structures results in a get () implementation that
has a strictly better runtime complexity than put()?

An unsorted list get )2 O(N)  putO): O(N)  (A)
A sorted DynamicArrayList  get (): 0(logN) put(): O(N) @
Asorted SinglylLinkedList get(): O(N) putO: O(N)  (C)

ABST get 02 O(H)  putO): O(H) (D)
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Today's Learning Outcomes

76. ldentify the steps of hashing and describe the properties of a good
hash function.

77.Visualize the state of a hash table after performing a given
sequence of operations.

78. Contrast hash collision resolution by chaining and linear probing.
Identify scenarios where each implementation might be preferable.
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An Efficient Set Representation

Suppose we need to model a Set<Integer> in our program, and we know ahead
of time that it will only store values between 0-9999. What representation can
offer the most efficient add(), remove (), and contains() queries?

L;s{-? O(N) qodd()
Gorted List?  O(N) add()

BST ¢

Coan e achieve o) CoMplexl*y for all o‘oer4+ions?
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Modeling a Set with an Array

Suppose we need to model a Set<Integer> in our program, and we know ahead
of time that it will only store values between 0-9999. What representation can
offer the most efficient add(), remove (), and contains() queries?

qrr[;]: doeg set contain i?
10,2,3 21103
TIF|T|T|F T =

fe] [1] [2] [3] [4] [2110] [9999]

Idea: Model using aboolean[10000 ]

Eaqcl oper'ﬁion Qccessey //hac(-"ﬁes Only one qN‘aY

cel and does O(1) otber Work 4o +\vey have
[, O(1) Cuatimes.
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Motivating Hash Tables

Idea: Use the values of the objects as indices in a (dynamic) array where
they are stored.

Combined with a random access guarantee, this lets us "jump directly"

to that object (or where it belongs) in the collection.
we call tue data  Stracture Juat  realizes  this  strategy

g \Yash table and the arfey cells 't loyclets

Most dnta e sioce (Sn't
JUust  uumbers. \Ne Need o
wm'f +O Co")..le(“f qn7
l ob.)‘ed'

— fol ... C-|
fo3 1] (2] [c-1) ) ?
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Illustrating Hash Table Operations

HashSet<String> set = new HashSet<>();
set.add("Cat");
set.add("Dog");
System.out.println(set.contains("Cat")
System.out.println(set.contains("Pig")

).
).

=
’
=

set.add("Fish");

set.remove("Dog");

v

fe] [1] [2] [3]
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Hashing Objects

Computing the "nominal index" of an object in a hash table with
capacity C is a two-step process: Nomiadl T,dex/

Frc-hes\qinj Hash Code indexinj Hasy Value

> -324687 — 2

: convert hishy code
inttial <onvecsion
. iato  wvaltd table
of the obisect to ndex

Y integec wvalue
:\:1' "nrepq:seafs" it5 L/P;”“y X-> Math, abs (x % C)
9

state.

£ \ash vilue 15 Feaction of  both
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The hashCode() Method

= A method of the Object class that is used for pre-hashing.

It should be every object's responsibility to reportits hash code since it has
full information about its own state.

Requirements:

Determinism:  x.hashCode() returns the same value if X is not mutated.

Consistency: If x.equals(y), then x.hashCode() == y.hashCode()

Desire:

hashCode () should "evenly spread out" objects across all int values

* See extended discussion about this last pointin the lecture notes.
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2 Coding Demo: Strange HashSet behavior &
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Why does this code print "false" even though 1listisin set?

r HashSet<ArrayList<Integer>> set = new HashSet<>(); | (Fo(' Q_yq/hple ',) il
ArrayList<Integer> list = new ArraylList<>(); hash
set.add(list); )
list.add(0); empty list > 3

‘System.out.println(set.contains(list)); J lsh with io-’ - '

Arcaylisct
3
o\ NANVV
Se'\'- / / / % Beware, tvis d:q)r..m abstcacts oaway Maay
o) 01 {23 (3) I Specif:es of Jauva's Mmemocy ~Model, bul Xeeps

i1f0 ve weed Yo drace  fvis  issue.



Hash Collisions

There arc oaly 23%3% v, Y billien int wvalyes 7 Jauq,

Maost cefecence  trpes Wove  ™Mavy Mot Fa.&j;ble distinct

s)ates. For exanmple, Strings, arrays Lists ete.

A5 a CO’ISE1‘1€’\C€ (o the P;Jeoqhole Ff:n:ple)) some'}f""e_s
diokiact objects Wil haue  tye some Was\. code.
Moreover, differeat gk codes uill Frcfve-oi'lf be
indeyed 1o Yue  swme walue.

Wwe wveed a Jay o deal Wity tyese collisiong

where  Multiple  glements et to be e the
saMe  bycket,

/7
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Chaining Hash Tables

Rather than storing its elements of type T in an array of type T[ ], a chaining
hash table uses an array of collections storing type T.

e Mostcommon: An array of LinkedList<T>s
* Every elementis guaranteed to be stored at its nominal index.
* Once we reach that bucket, we need to search that "inner" collection.

2dd (35) (i)
°lc)é(‘7) @ m

add (B2) /i\

add (47) {/

fel [1] [2] (31 [4] [s]1 [el [7]1 [8] [9]
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2 Coding Demo: Chaining Hash Tables (Part 1) (&
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What is the worst—case runtime of add () in a chaining
HashSet with capacity C that contains N elements?

Worst -ctse. Every elewmeat collides i1 s1me

bucket 0(1)
0(C)
//C — O(N)
o] 1) [2) [0 O(N/C)

(A)

(B)

©
(D)



Expected Runtime Analysis

Simple Uniform Hashing Assumption: (SUHA)

Every object is equally likely to be hashed to each bucket of a hash table,
and its placement is not affected by the objects already in the hash table.

If we add) N elemets iato  C  loackets, we expect
thew Yo Vbe C\’eﬂlf diste ibvtfed \yuder $UHA-J so each jnaec
collaction Was bsize ¥ N/e
Def. Load Cactor N\ = N/C = e.xpeded buccet size
(o{: ;\miq'mj HT)
Al chaining  hish table operttions adre expected  O(N)
If we weep C  coastaqt, A= O (N) .. ot 5o 300d
Tustend, gfow C with N o Keep X coastant.
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Hash Table Resizing

We want to ensure that 1 = ¥/ remains upper bounded by some constant.

 Everytime we add an element to a hash table, A increases.
 When it exceeds our bound, we must make C bigger to reduce A.
* Our strategy: double C, which ensures good amortized complexity

% Need to ce-hish agll elemg during resize

Example: 41 < 0.75 giate hash walde  cveages with capacity

add(a5) (7

o o @ e
)~ T AT

[el [1] [2] [3]1 [4] [e] [1] [2] (31 [4] [51 (el [7] [8] [9]

CS 2110 Lecture 20: Hashing

November 3, 2026



2 Coding Demo: Chaining Hash Tables (Part2) (&
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Probing Hash Tables

Unlike chaining hash tables, each bucket can only hold up to one element
of type T.

Collision Resolution: If an object's nominal bucket is full, check the next
bucket, and keep "probing" until we find an empty bucket to place it.

add (23)
qu(?Z) rag qrow:J

add(Y3) NV -
diti2)  [sa] ]2s]us]12] /T /] T8

qdé(gq) [e] [1] [2] [3] [4] [5] [e]l [7] [8] [9]

add (59)
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Suppose that we call add(36) on a probing HashSet with
max load factor 0.75 and the following state:

* {wis will trigger
a cesize aqqd 4172 29
ce-lhish [0] [1] [2] [3] [4]

no collisions after

At which index will 36 reside after this operation?

1 (A) 3 (C)

2 (B) 6 (D)



contains () in Probing Hash Tables

5‘1/67- 43 | 1o 89

fe] [1] [2] [3] [4] [5] [e]l [7] [8] [9]

A\wm/s Start qt wvominal index’
No/")i’\‘ll bq([(e,{- Con"l‘qiﬂs e\emen’r c°4+qins(q3)::‘l’rqe

Best case -
Nominal Yacket 15 G""p*y coataing (16) == Ralse

Ve'll pie 4p from \Were WNext lectuce.
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