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(key, data)

Insert

Search

Delete
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key:
T=|U|: key
n=|K|: pair

Key density: n/T
Load density (load factor): n/sm

Hash table

Hash function: h(k)




: Hash Table

h(ky)
h(k,)

(actual < h(k,) = h(ks)
keys)

h(ks)

m—1

input key key




: Direct-address Table

U: key
0
. key  satellite data
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Ah(k): hash function

Ahash function  key ( )
A key
A( )

A Q) AQ), "QhQ are synonyms with respect to 'Q

A hash function: k%m (k mod m)
Acollision: ,
Aoverflow: ,

Aif s==1, collision overflow ( S==1)
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A overflow

A hash function : O(2)

A insert, delete, search O(2)
A worst case S

A O(a)

A

A(1) collision ?

A(2) implement hash function?



1sion

Coll

collision

(2) Chaining

(1) Open addressing

Find another empty cabinet




Open addressing - Linear probing

A :
A(2) Linear probing
AT[(h(k)+1)%m], T[(h(k)+2)%m], ...

Alnsert ( probe):
A

1. A

2. h(k) I A

(load factor 1)
ASearch ) TIh(k)] ,

1. A k table

2. ko TI(h(K)+j)%m]

3. h(k) ,k table



Open addressing

A :
A hash table
A pointer,
hash table
A
A overflow element ( O(1) )
A key (clustering)

A



Open addressing - General Form

A hash function h
Ah:TY {mip8 hd  p}
A probe (probing sequence)

AT R Bp) KA B RA B p))
A (TiplghB Mo p)

A Linear probing

Ah(k,i)=(h"(k)+i))%m

Ah’(k) hash function

ALinear probing m probing sequence



Open addressing - Linear probing

Primary clustering:

Input sequence of keys: {8,16,18,5,31,15} open addressin robin
g P g
[o] _
-

[1] 8 8 8 8 8 8

[2] 16 16 16 16 16

[3] — 31 31

[4] 18 18 18 18

[5] 5 5 5

[6] 5



Open addressing - Quadratic probing

ATER (QQ »Q oQP i MM

A a1 qaP (QQ QP

ACQUQP ah(Q(Q  p )P al(Q(Q ¢)IP aBQ(Q (& p) )P a)

A o2:a ¢, aaigp (- -)pé

ACQUQP 6aNQ(Q  pP al(Q(Q o)bp al(Q(Q @b aHQ(Q p WP aiB)
A clustering : Secondary Clustering

A hash function probing sequence

A'Qhm  QQhr implies QHR  "QQKHQ

A linear probing ) m probing sequence
( h'(k) sequence)



Open addressing - Double hashing

ATEQ  (Q(Q Q)P

A open addressing

Q. o ahe(Q p (QRE )

A
A k=123456, m=701, Q(Q YHQ(Q c v ¥
A T[80], 257

A : Q(Q) 0 Q,00Q) (OING)
A probing sequence a !
Al I q)

ADouble hashing "uniform hashing”
AUniform hashing: probing sequence

A (miplckB b p)



A Uniform Hashing
A Expected number of probes:

A key ( ) key

A operation O(2), search time
complexity

A| - load factor= n/m<1 // |

A | y— P I E

A —1 — \

A Cormen p.274-276)

A 'Worst case?
A ,
A O(n)
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Chaining - Worst case

AWorst case:

A linked list

Atime complexity ?

AO(n)

A : binary search tree
( balanced )

A O0( Teg



Chaining - Expected performance

A chain pair?
An: pair
Am:
A simple uniform hashing
A
A chain n/m pair( pair)
A :
A~ hash , glp 1)
A , p - —
A~ hash / glp 1)
A Cormen p.260)
AN ()
A , e v@h - — [ p

An m , constant time!



Hash function

A :
A key map
A( K] )
A :
A1) key,
1/m (m ) ( )
A(2) hash function O(1)
A (2) . hash function simple uniform hashing

(hash function)



hash function

A -h(k) k ( )

A(2) Division: h(k)=k%D
A o~D-1 D

A(2) Mid-square: h(k)=0 'Qp  Q
A o~GC P q



hash function

A(3) shift folding

A .

Ak=12320324111220

A . , ( 1000 )
Af123, 203, 241, 112, 20}
Ah(k)=(123+203+241+112+20)%1000=699

A(4)folding at the boundaries
Af{123,302,241,211,20}
Ah(k)=(123+302+241+211+20)%1000=897
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hash function

A(5) digit analysis
key
hash function

10

o Io To Do Io I»

A( : )

A(6) Multiplication Method:  0<A<1, then h(k)=|& Q0P p |
Al( Cormen p.264)



Key string ?

A L( hash function)

A ?

A ! hash function key

A :

A1) character( ) ,
( checksum)

A(2) character ( ) i
character ,

A J



Dynamic hashing

A : n/m , O(2) ( O(n) )
A : n/m, threshold
hash table
A hash table ,
A hash table ,
A pair hash table
A hash table
A insert hash table rebuild ,

T_T



Dynamic hashing

A : ,
A , ?
A operation

A extendible hashing



Ao 100 000 h(k,i)=bits o-i of h(k)
A1 100 001 Example:
h(Ao,1)=0
Bo 101 000 h(A1,3)=001=1
B1 101 001 h(B1,4)=1001=9
Ca 110 001
C2 110 010
C3 110 011

Cg 110 101



Dynamic hashing using directories

directory depth=
number of bits of the index of the hash table

oo —— Ao, Bo 000 Ao, Bo
01 —— A1, B1 a Cg, overflow o1 A1, B1
10 _ . C2 010 C2
(o
11— C3 011 C3
Ao 100 000
100 A1 100 001
Insert Cg 101 Cs Bo 101 000
h(Cs, 2)=01=1 110 B1 101 001
we increase d by 1 111 Ca 110 001
until not all h(k,d) of the keys in the cell are the same Ca 110 010
C3 110 011
Ca ? Cs 110 101

Ay 7?7 : Horowitz p. 412-413



Dynamic hashing using directories

A ?

A overflow

A directory ,

A

Asearch

Ainsert ( , overflow ),

( )
A hash table , ( directory)



30

Directoryless Dynamic hashing

A hash table ,

(initialization )
A hash table T, g
Ahash table o¢ N p
™"
I |
| I
= q~C P h(k,r)
I I
I i
=~ 0o~g-1 ¢XC¢ N p h(k,r+1)
I |
I |
o/

r=2, q



Directoryless Dynamic hashing

A :

A G N

A g ; Cx ? (Horowitz p.415)
Ah(kr+1) g ¢ 1N

A

A chain Ao 100 000
PR A1 100 001
Ao

oo Bg, Ao I_OO_O ’A - : B4 101 100

o1 1, bg 5
o1 A1,B5 insertCs, full Bs 101 101
10 C2 0. Ca 110 001
- C2 110 010

11 Q3 -

|_1°° jB4 3 110 011

r=2, q=0 r=2, q=1 Csg 110 101



Today’s Reading Assignment

ACormen ch 11 (11.1, 11.2, 11.3 except 11.3.3, 11.4)
AHorowitz p. 410-416 (posted on the course web site)



