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What is hashing?

m Hashing generally takes records whose
key values come from a large range and
maps those records in a “hash table” with
a relatively smaller number of slots called
buckets

m Collisions occur when two records with
different keys hash to the same bucket
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Hash function h()

m Maps arbitrary items (keys) into integers
If the result of the hash function is an k-bit integer, then there are

2K possible outcomes (buckets/slots)
m For instance using 32-bit arithmetic results in 232 = 4,294.967.296 slots

We often limit the number of slots by using modulo arithmetic:
slot=h() % N
= %N returns values in range [0..N-1],e.0.19% 7 =5

m (For most applications) a good has function should

be easy (fast) to compute
provide a uniform distribution across the hash table and should
not result in clustering of keys (unless this is desirable)

avoid collisions (to the extend possible)
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Example: h(x)=(2x+1) % 3

collision
X1:1
X,=3
X3=2 Bucket “0”
X4:7

X5=D h(x)

x6: 9 Hash value dictates bucket

X2
Xg Bucket “1”
X3
Xg Bucket “2”



Careful

m Often key values exhibit skew

Age of my customers used as key. But most
of my customers are young

m Prefer hash functions that distribute
records uniformly among the buckets

m Example: want to hash strings extracted
from a document
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Assume h(s) = length of string s
m English Word Length Distribution:

length(s)
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7 Buckets 5-9 will
receive most words
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These buckets will be
—  almost empty
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A better function (input string s)

m s[i] = i character in string

m K=some (prime) constant

m Recursive computation
h(1) = s[1] /*** first character in string ***/
h(i) = h(i-1)*K + s]i] , for i>1

m Return hilength(s)]
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Example for s="abc’

m h(1l)=a

m h(2)=h(1)K+b=aK+b

m h(3)=h(2)K+c=aK?+bK+c
m Thus:

h(‘abc’)=aK?+bK+c
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Example continued
(assume K=31)

m Ascii codes of ‘a’,’b’ and 'c’ are 97, 98 and
99, respectively

m h(‘abc’) = (a*K+b)*K+c = aK?+bK+c
=97*3124+98*31+99=96354

m Another example: h(‘acb’) = ... = 96384



"
Note

m Previous function may return arbitrarily large numbers

h(‘supercalifragilisticexpialidocious®)=
389236099458587451617003512335442884432133029560316

1825327689504791395104502384955 (for K=257)
m Quite often you want to restrict the range of buckets in

an implementation
For instance if a bucket maps to a physical entity like a page in

main memory or disk
Assume you want to create N=1024 buckets. How to modify the

hashing function?

= ST R P 1
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Universal Hashing

m Informally: derive a family of hash functions H with low
probability of collisions

m Assume keys (data) are drawn from a universe U and
there are m slots in the hash table.

m For every hash function heH, the following property
should hold:

Va,y €U, e #y: Prlh(z) = h@)] <
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Universal Hashing Example

m Assume a, b are randomly chosen integers and a#0
m Given a prime number p, with p=2m
m Then, the following family of hash functions is universal:

h, p(X) = ((ax+b) % p) %m

m Note: commonly used families of hash function use bit-
arithmetic instead of modulo operations for efficiency
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Hashing as an index for Chess Games

m Zorbist hashing:

1 Generate an array of 781 64 bit
random numbers

1 One number for each piece at a > %
position (2*6*64 total)
m 6 pieces: king, queen, rooks, bishops,
knights, pawns

m 8*8 positions, 2 colors
1 13 additional numbers encoding
side to move, castling rights, etc

1 A position is hashed to a bucket by X =x; XOR x, XOR ... Xy,
XORIing appropriate random \ |
numbers |

. . Use this single value to encode the position
= Need 64bits to describe a
board

m Very small rate of collisions

white pawn @ e5
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More on X XOR Yy

m Result is 1 if input bits differ, O otherwise

0
= 0101 XOR 0110 = 0011
1
= 0011 XOR 0110 = 0101

and
m 0011 XOR 0101 =0110




Closed vs Open hashing

m Close hashing: objects are stored directly
within the hash table

m Open hashing: we may “leave” the hash
table (for instance by traversing a data
structure like a linked list) in order to
locate the placement of an object



Closed hashing example

m Organize your data to quickly locate
records based on attribute’s x value

Data may be stored in memory or on disk

retrieve info on
orderNo=00174

?
—>

.%

Data container (e.g. table or array)

Bucket

0

1

00174,John, Smith, 555-2047162, Smartphone, Delivered

2

82011, Nick, Taylor, 555-4014154, PC, Pending

3

4
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Handling collisions

m Another key hashes to the same position
Linear probing: scan for next available slot
How to search this table?

Data container

Bucket

0
?
: slot has data
Store data for E— e 1 00174,John, Smith, 555-2047162, Smartphone, Delivered
orderNo=91402
2 82011, Nick, Taylor, 555-4014154, PC, Pending

Next empty slot 3 | 5 Store record here

/ ‘

91402,Tim, Duncan, 451-2243551,TV, Delivered



Deletions are complicated

m Assume that orderNo 00174 is deleted
m How to update the hash-table?

One of these (or both) will
have to be moved up (why)?

{

Data container

Bucket

0

1

00)Q4,John, Smith, 555-2047162, Smartphone, Delivered

2

82011, Nick, Taylor, 555-4014154, PC, Pending

3

91402, Tim, Duncan, 451-2243551, TV, Delivered

4




Better (w.r.t maintenance)

strategy

m Assume that orderNo 00174 is deleted

Mark corresponding slot as

special marker
Periodically perform a clean

‘avallable™ using a

up

m remove available markers and reinsert items

Data container

Bucket

0

1

AVAILABLE

2

82011, Nick, Taylor, 555-4014154, PC, Pending

3

91402, Tim, Duncan, 451-2243551, TV, Delivered

4
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Chaining (Main Memory

key value

exam p | e) buckets / Pointer to record with key=32
” 2l
| e
e ) {32 48—, (null
//'
key 2 1 10 ——__ (null)
) g (key) ; ) " "
) 27 =+ |75 =+ (ol
al
o(key) = key % 8 5 21 -~
—(null)
6 al
. e
/ 23 = (null)

Insert record with key = 187
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Insert record with key = 18

buckets
//' //'
B | 32 148 1, (null)
! Pointer to record with key=18
d 7
7 S
key 2 4 10 » 18 = (null)
J g (key) ~ ~
3 > s /
27 — |75 —+— (nulb
4
//
o(key) = key % 8 5 > 21
—(null)
6
g(18) =18 % 8 = 2 "
7 IS (null)




Insert record with key = 14

buckets
e e
- () | 32 )48 1, (null)
e e
key 2 » 10 J 18 [ (null)
> g(k@Y) o 3 R Pl Pl
27 +—— , |75 +——., (null)
4
e
key) = key % 8 5 .
gkey) = key 7o 21—+ ol
6 ‘ =i
o(14) = 14 % 8 = 6 14 [ =—(null)
7 155 =+ (nul)
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Hashing In distributed systems

m Hashing can be used to disperse a large dataset
across several nodes (workers)

m For example to bypass the storage limitations of
using a single node (scale out)

Nodeid: O
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Simple Hashing

m Simple hashing: place record with key = x at
location h(x)%N, where N=4 is the number of
available nodes in the example bellow

R

15 <&—— Hash of data

23
27

12%4=0

record key value
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Addition/deletion of nodes
necessitates rehashing

m Assume a new (5™) node is added

m Now the placement strategy changes to h(x) % 5
1 What about existing records?

0 1 2
| =
=' uw
4 g 64\
12 2 20

J 1
200 27

1
L

What needs to change in the picture above?
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Consistent hashing

m Nodes are hashed in the same domain
with data using some unique identifier
(their id, mac address etc.)

m Nodes are placed in a virtual ring

m A node with position p Is responsible for
an individual set of data items whose keys
are hashed to an arc (or partition) of the
ring between p.predecessor+1 and p.
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Map integer domain of hash
function to a ring

maxint
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Consistent hashing: hash both data and nodes

stores hash values <=10
Also stores hash values > 30
(last node in the ring)

stores hash values in

—range (10..16]

12
15

stores hash values in
range (24..30]

stores hash values in
range (16..24]



'_
Addition of a new node




'_
Removal of node 24
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Scale-up + Scale out

m Assume that nodes have different
capacities
m For instance, assume that node 2 Is twice

as powerful compared to the rest of the
server pool

m |[dea: hash node multiple times (twice In
this example) so that it receives more data



'_
Node 2 hashed twice

nodel: 10

e®
)
“
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Hashing as In
“divide and conquer”

m Wikipedia:
Break down a tough problem into two or
more sub-problems of the same or related
type, until these become simple enough to
be solved directly. The solutions to the
sub-problems are then combined to give a
solution to the original problem.
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Relational Join (><) Example:

R B C C 5
° L0 10 cat
° 20 P> 40 dog
& L0 15 bat
d 30 20 rat
Join output:

(a,10,10,cat)
(a,20,20,rat) When does this fall under the
(b,10,10,cat) tough problem category?
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Epappoyn: R JOIN S

m AC UTTOBEO0OUNE apXIKA OTI Kal Ol 2 OXEOEIC
BpiokovTal TNV KUPIA PVAUN

2.TN OUVEXEIa Ba dOUUE TI YiveETal OTAV Ol EYYPAPEC
BpiokovTal oTo diOKO

Table R Table S

=

Ac¢ xpnoigotroioouue «nested loops»

CPU-Cost = number of comparisons = ?

\ Tiur KoIvoU yVwPIioPaTOG

~N N W DN oo
O ~NDNP>OPR
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Divide and Conquer  &=xmoa:

Table R R.bucket-0 S.bucket-0 Table S
1 8 2 042 1
8 hash hash 0
2 4
3 R.bucket-1 S.bucket-1 2
7 1377 179 7
7 9

CPU-Cost = ?7?7?



Hash Join - |0€a

m KaTOoKEPUATICOUUE TIC 2 OXEOEIC
XPNOoIYoTToIwVTAC TNV idla guvapTtnon h()
OTO KOIVO yVWwpIoua TNG ouleucnc (€E0TW X)

Mia eyypaon r TnG oxeEong R Kavel join ye tTnv
eyypagn s tTnc oxéonc S =2 h(r.x)=nh(s.x)
ETTouEvwe Ba eAEycw av KAvouv join Jovo
EYYPOAPEC TWV 2 OXECEWYV TTOU avTioTolXiovTal

o710 id10 bucket peow NS h()
m [ 10 Ti TUTTOU jOINn I0XUEI TO TTAPATTIAVW);
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AAyOpI1Buoc Hash Join

m Hash join (conceptual)

Hash function h, range 1 — k
Buckets for R1: G1, G2, ... Gk
Buckets for R2: H1, H2, ... Hk

Algorithm
(1) Hash R1 tuples into G1--Gk
(2) Hash R2 tuples into H1--Hk
(3) Fori=1tokdo
Match tuples in Gi, Hi buckets




Notation

m B(R) = #blocks 1Tou kataAaupBavouv ol
EYYPAPEC TNC oXEonc R oTo dioko

m [(R) = #tuples = apiBuocg rAeIddwv
(eyypagwv) Tng oxeong R



[Mapadeiyua Hash Join

m B(R)=1000, B(S)=500
— Use k=100 buckets
— Read R, hash, + write buckets

Terrie B o
.......
h( ) LT
EEELEE —>
T
S 100 bucket
LI UCKELS
AL - -
L} L}
L] L]
I z > :.-:-:.-.::.-.::.- \
.......
LT

10 oeAidec




1010 dladIKaoia yia TNV S

B(S)=500 oeAidec
S —> - - 100 buckets

5 0eAidEC
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ETropevo Brua

m Aiafaoe 1o rpwto bucket Tn¢ R (~10
oEAIOECQ)

AlaBaoe pia pia TIC oeAIDEC TOU TTPWTOU
bucket TNC S

‘EAEyCe av ol eyypaPECc TNC R oTn uvnun
KAVOUV |OIN PE TIC EYYPAPEC OTN UVAMN TNG S
Nwg;
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Hash-Join otn yvAun

m AIGAECE Pia DIO@OPETIKI) ouvAPTNON
KatakepuaTiopou g() kai kave hash 1i¢ eyypa@Ec
oTn PvAUN aTTo TO TTPWTO bucket TNC R

O1 KAdOoI TToU PTIAXVOVTAI €ival OTN UVAMN

m [0 KGBe eyypapn s ammo 1n oeAida TNC S TTOU
EXEIC OTN JvAuN wage oto bucket g(s.x) TNG R yia
EYYPOAPEC TTOU KAVOUV joIn

To TpwTo bucket TNC R oTn pvrun €xe€l OTTACEl O€
UIKpOTEPQ buckets pe Baon Tnv g()
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>

>

Read one R bucket; build memory hash table
R Is called the build relation of the hash join]

Read corresponding S bucket + hash probe

S Is called the probe relation of the hash join]

Aiapalw 1o 1° bucket

1° bucket Tng R NS S oehida-oehida

n ST T TR LY
I el e sy ey
IS BRI S M g

‘> & el et o

s o d b
4....1,,,? e ]
o e IE W Taad i o

%777
%777

S

EnavaAapBavw tnv idia diadikacia yia Ta unoAoina buckets
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KoaoTto¢ Hash-Join:
“"Bucketize:” Read R + write buckets

Read S + write buckets
Join: Read R, S buckets

Total cost = 3 x [1000+500] = 4500

Note: this is an approximation since
buckets will vary in size and
we have to round up to blocks
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ATTQITAOEIC O€ PVAMN

m ApIBuOC buckets k < M-1

Ortav eTmiaxvw 1a buckets BAw output buffer 1
oeAida yia kaBe bucket + 1 geAida input buffer

T Tk T /
Input buffer I
- k buckets
— : =
Output buffer
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ATTQITAOEIC O€ PVAMN

m Meyiotog apiBuocg buckets k = M-1(piag kai OEAw 1
output buffer yia To kKaBEva otn TTPWTN PACN, OEC
TTPONYOUPEVO OXNMA)

m 27N 0cUTEPN PAoN Ta buckets TNC R TTPETTEI va XWPAVE
OTN UVAMN

m (Avauevopevo) pEyeBocg bucket Tnc R og oelidec: B(R)/K
= B(R)/(M-1) < M-1 = B(R) < (M-1)?

> M > VB(R)

m To peyeBocg TN oxéoncg S dev trailel pOAo
Apa WG «eCWTEPIKA» OXEON OIOAEYW TN MIKPOTEPN!
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ATTaiTnoelc o€ pyvun Hash-Join

M > Vmin(B(R),B(S))

>T0 TTAPAdeIyua pac M> V500=23 geAidec
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[lapatnpnon

m Av Jia aT1To TIC OUO OXECEIC XWPAEI OTN UVNHN
(TTX N R) TO join UTTOPEI VO EKTEAECTEI O€ £va
TEpaoua

Kdavw hash tTnv R otn uvun
AlgBaow pia pia TIC yYPaPEC TNG S
m Kdvw probe pe Baon tnv 1iun h(s.x)

m Av oTOV KAdO TToU Ba KATAAAEW Bpw eyypapeéc NS R TTOU
KAVOUV joiN ETTIOTPEPW TO ATTOTEAECHA

m KOoTO0C=B(R)+B(S)
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BeATIOTOTTOINCEIC

m EoTtw n oxéoeig Plays3D(Title, Cinema, Address) kai
Movies(Title, Actor, Trailer)
m To yvwpioua Trailer gival éva MP4 apxeio pepikwv MB
m Ortav kavw Sort 1 Hash Join 1I¢ eyypa@Eg TTX JE BAon 1O
yvwpliopa Title dg kpartaue 0An Tnv eyypaen 1N Movies
aAAd 1o (euyog <Title,Rec_pointer>
Rec_pointer gival d€iKTNG TTPOC TNV £yypa®n oTo dioKo
Meiwvoupe TIC attaiToelc o€ pvAun (Tmlavwy TTAEov N oxéon va
XwpaAasl otn uvAun kai 1o sort/hash va yivel o€ €va rEpacua)
m MeiovékTnua: oTo TEAOC YIa OCEC EYYPAPEC KAVOUV join
TTPETTEI VO AKOAOUBNOW TOUG pointers yia va TTapw Ta
UTTOAOITTO YVWPIoUATa
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[Tapaodeiyua

m Plays3D(Title, Cinema, Address)
B(Plays3D)=1000 oecAideg, T(Plays3D)=10000 eyypagpEg
m Movies(Title, Actor, Traliler)
B(Movies)=10000 oeAideg, T(Movies) =100 eyypagég
m 20 (euyn <Title,Rec_pointer> xwpave o€ KABE geAida
m M=50 ocAide¢
m AAyopiBuog Hash-Join
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2 UMPBaTIKN EKTEAEON

m Plays3D(Title, Cinema, Address) B(Plays3D)=1000
oeAideg, T(Plays)=10000 eyypapEg

m Movies(Title, Actor, Trailer) B(Movies)=10000 o€Aidec,
T(Movies) = 100 eyypa@Eg

m ‘Ecwrepikn” oxéon n Plays3D
B(Plays3D)=1000 < M2= 50*50=2500
m Kéotoc¢ = 3*(1000+10000) = 33000 I/O
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Me TO TPIK TWV pointers

m Xwpave 20 euyn <Title,Rec_pointer> oe KABe oeAida

m O1 100 eyypaec TG Movies dnuioupyouv 100 Ceuyn kai
xwpave age 5 geAidecg !
m Hash Join o€ £va mépaopua:
O1iaxvw kal kpatdw Ta buckets TN¢ Movies oTn Pvriun

AlaBadw pia-pia 1ig ogAideg NG Plays3D. Na kaBe eyypagn
uttoAoyiCw tnv TipA h(Title) kal waxvw oT1o avtiotoixo bucket Tng
Movies yia eyypa@eg Ue Tov idlo TITAO

Av Bpw geyypaer, akoAouBw Tov rec_pointer yia va diaBacw Ta
2 yvwpioparta ttou Agitrouv (Actor kai Trailer).

‘EoTw 50 TETOIEC EYYPAPEC OTO ATTOTEAEOHA TNG ouleugng



Me Tn BeATIOTOTTOINON

0 1/Os

m KooTog =
Read Movies + Bu;kée oTn MVAUN
+ Read Plays3D
+ Follow 50 Pointers
= 10000 + 1000 + 50 = 11050

2 Uykpive 10 he To 33000 TOU cuuBaTIKOU aAyopiBuou.

...ETTIONG TTOAU AIYOTEPEC ATTAITAOCEIC O€ VAN (TTOOEC?)



