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Reaip
. HW due next Wed

. Next Week : graphs
° Review session ; Cast dayof class

. Find worksheet Cuotgreded)
↳ one question will be on

final
° Exam : Wednesday , May 9

at 8am
.

Today : m from noon -2

a 3- 4 pm

- Ahl 4 is done

check b- bar got)



Hashing
Tpnobm : Pak Storage

a.es#fiEt
101 Nihsh

201 David
56 Erin

Good : Given a locker #
,

want to be able to

retrieve the name -quickly .

Let he # of people
- m= # of lookers

M is much bigger



Could store using
:

�1� vector / array
:

size is : 0cm )

*
lookup

:
}oa )

inserffremove :

�2� List Nl%KIDin→Eni→...

size : OG )
lookup : ← Qn )

lnsotfvemove : X
OGF ton )

�3� BST :

Oaogn )



Other examples :

• Course # to schedule info
• URL and html page
• Flight # & arrival info

a Color and BMP
o Directors + movies

A Python course

Takeaway
-

:

- Not always clear how

to get to vector indices !

- Unwilling to tolerate list

penalties
M > 7h : Goal : OG ) space

OCD lookup



Pictionary
A data structure which

supports :

dodo#g name
• insert ( lay ,

data)
• And (key) → return date

. remove ( key )

Note : An array is a kind
of dictionary !

Key : index or position
data : whatever is stored

in it



Hashing
Assume m > > n

,
so

array
takes too much space .

Goat : Ocn ) space
fast looked nsertf
IOG )

remove

A hashfunotonh maps
each key to an integer

Nt
in range [ 0

. . N -1 ]

§;
Goat :Neat'smpIIsmkdF±

than m .

Then : Given ( k
, e)

,
store

' tahnrayffhlkl]in an



Rate :

Dain.no#'fIf.eI*tIyIee?httIhaad=3
Good hash functions :

- are fast : Oa )

- avoid collisions
.

( a deal 4ham
If they happen )



So
,

how to do this ?
�1� Make the key a #

( binary date )
�2� Compress # to [ O

,
... ,N - D

�3� Handle Collisions

�1� 220 : often Combined
,

& saw some of it

last week

We'll recap
a bit

.a a



First idea

Forfeiting

like ASCII
,

can break into pieces a treat
as bits :

Erie n

64+144×0*730=32+4Then what ?
Robby : this can backfire

4 words :

h( tempo1)them
10 )

=pmOte1
Want to avoid collisions

.

SO .  a



Pdynomialltashcodesspht
date

.

to 32 - bit
pieces .

×=(x .,
...,Xµ )

Pick a t1
. tzz . bit pieces

Let p(× ) =
( k of then )

xoakttx
,

abt .  .
. txkaa + Xµ ,

Et : Erin ( or 69,105,114,110 )
and a -37 :

pcx ) = 69.373+105.372+114.37*110

P ( ' '

Em
"

) # p( " Eirn " )

Wh-y?
- relatively fast

- avoids Collisions /

( ones that result from

permuting )



Next : Compress :

¥nEs¥D÷"e)
Idea : Take h(k)modN

% in Ctt
Recall : 3 mod
10=3

SO mod

10=0
14 mod

,

10=4
'

.

( remainder )



Example :

hcktkmodllyFEET

A :

Leese
0 1 2 34 5 6 78 9 110

Insert'j'M ..4&2pnoI11=1( 12 , E)
(21

,
R ) : h RD = 10

( 37
, I ) h (373=4

( 16
,

N ) h ( 161=5

( 26
,

C) h( 261=4 X

( s
, A)

Comment : Works best if

nx
N

is Prime .

Why? Go take number

theory or crypto '



Another

waydnuntph;.to#cdmde)
Instead of HK ) mod N

,

do h(k)= /aktb| mod N

where a tb are :

-

relatively Prime
- less than N

Why ? -

go take NT
or crypto



Example : h(k)= 31<+5 mod 11

#
A :

↳
0 1 2 3 45 6 789 110

Insert : \
( r , E) =h§¥2=+5mod4=8
(21

,
R )

.

( 37
, I ) .

.

( 16
,

N ) ! .

( 26
,

C) (collisions
MY

( 5
,

H ) still happen
)

Why bother ?

µu# belter in practice



Slept : Handle Collisions

( Hint : What date structures
Can Store more

than 1- thing ? ? )

E : simple chaining :

A 5

T.EE#E*IIE*tIaa→ 36 → 13

a -90 →12 → 38

Run times ' hash : OG )

Tollison

time : O(n) or Oagn)
worst case



Another idea
-

!

Linear probing : If we hash
to a " full " spot , justwalk down to open one .

f.van

than
in 1744 An

Issues
hookup 12

trove
?

↳ need to markers
removed

,
but Can't

actually free up

Run time
the space .

-

:

worst : an )

average
: OCD

4 expected
"



Example : HCKKK mod 11

tavern

A :

teeth
0 1 2 34 5 6 78 9 110

guy

Insert :

( 12 , E) : 12 mod11=1

(21
,

R ) h (a) = 10

( 37
, I ) h( 373=4

( 16
,

N ) h ( 161=5
( 26

,
C) h( 265-4 ←

( 5
,

H ) ;

remove CN )
↳ can't !

Mark it as
" dirty

"



Quadrate probing :

linear probing checks

A[ had

#mgordoff}
2,3 ,

.
.  -

Quadratic :

check A[ hlkltjizmod N]
where jnl ,

2
, ...

Why ! Arab these
"

primary
dusters "

- still fast



Example : hckkkmod 11

⇒Lean
Insert :

( 12 , E)
(21

,
R )

( 37
, I )

( 16
,

N )
( 26

,
C)

( s
, A)



Loadfadwswhalever
method youuse

, usually starts
to do badly If

n gets close to N :

want At <
.

5

Rehashing :

When more than half
full

,
most implementations

double the array size

Call : not too

had
-

think vectors & our

amortized analysis . )



Nutting
- Look at how all

these do in practice
- Into to graphs


