KaTaKEPUATIONOG
(Hashing)




What is hashing?

e 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

e Collisions occur when two records with
different keys hash to the same bucket



Hash function hy()

e Maps arbitrary items (keys) into integers
We can limit the number of buckets by using modulo
arithmetic: bucket=h() % N

e A good hash 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 for the applications)

avoid collisions (to the extend possible)



Hashing for indexes

Bucket (kddog) : ZeAida
N AioTa atrd o€AidEG.

key — h(key)

\ %

Bucket O

Bucket 1

Bucket 2




1" EVOAAQKTIKN:

H 1iyn h(key) yac odnyei oto
bucket 61TOU BpiokeTal N eyypapn*

*o€ KATTOIa EPWTAMATA EVOEXETAI N TIUA TTOU WAXVOUUE VA YNV UTTAPXEI

2.€ QUTH TNV TTEPITTTWON N 8€on (KAdOC) TNG
EYYPOPNS oTo dioko KaBopileTal atrd TNV

Tiun TG ouvaptnong h(). O
KATAKEPMATIOUOG AEITOUPYEI OTTWG Eva
EUPETHPIO OCUCTABWYV (clustering index).

records
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*O€ KATTOIO EPWTAMATA EVOEXETAI N TIUA TTOU WAXVOUME VO PNV UTTAPXEI k / record
— > ey A
key — h(key) -
Index

O KATAKEPUATIONOC AEITOUPYET WG

degutepevov gupeThplo (secondary index)




Example: h(x)=(2x+1) % 3 33
X1=1 collision
X,=3
X3=2 e Bucket “0”
X4:7
X5=D h(x;)

Bucket “1”

Xf): 9 Hash value denotes bucket

Bucket “2”




Careful

e Often key values exhibit skew

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

e Prefer hash functions that distribute records
uniformly among the buckets

e Example: want to hash strings extracted from
a document



Ox1 KaAR ouvapTNON KATAKEPMUATICMOU:
h(s) = length of string s

e English Word Length Distribution:

1
-
4
5
6
7 Buckets 5-9 will
g receive most words
9
10

| 18 These buckets will be
| 19 — almost empty

length(s)




EKTOX YAHX

A better function
(Input string s)

e s[i] = it character in string

e K=some prime number

e Recursively compute
h(1) = s[1] /*** first character in string ***/
h(i) = h(i-1)*K + s[i] , for i>1

e Return h[length(s)]




EKTOX YAHZ

Example for s=‘abc’

e h(1l)=a

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

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

h(‘abc’)=aK?+bK+c




EKTOX YAHX

Example continued
(assume K=31)

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

e h(‘abc’) = (a*K+b)*K+c = aK?+bK+c
=97*312+98*31+99=96354

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



EKTOZ YAHZ 4}
m‘., 2 aha s

Think

e Previous function may return arbitrary large numbers
e h(‘supercalifragilisticexpialidocious’)=
3892360994585874516170035123354428844321330295603161
825327689504791395104502384955 (for K=257)
e Quite often you want to restrict the range of buckets in
an implementation
e For instance assume you want to create N=1024 buckets
e How to modify the hashing function?



EKTOX YAHZ 00

Universal Hashing

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

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

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

Ve, yeU, z#y: hlzrn[h(g) = h(y)] < %



EKTOX YAHX

Universal Hashing Example

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

h, p(x) = ((@x+b) % p) %m

e Note: commonly used families of hash function use bit-
arithmetic instead of modulo operations for efficiency



EKTOX YAHZ

Hashing for indexing Chess Games .

e Used in Chess engines

e Zorbist hashing:

o Generate an array of 781 64 bit
random numbers

e One number for each piece at a
position (2*6*64 total)

e 13 additional numbers encoding
side to move, castling rights, etc

e A position is hashed to a bucket by
XORing appropriate random
numbers

Need 64bits to describe a board
Very small rate of collisions

white pawn @ e5

X =x; XOR x, XOR ... Xy,



More on x XOR Yy

e Result is 1 if input bits differ, O otherwise
e 0101 XOR 0110 =0011
e 0011 XOR 0110 =0101

and
e 0011 XOR 0101 =0110




EKTOX YAHZ 00

Hashing as an index

e Organize your data so as to quick locate
records based on attribute’s x value

Data may be stored in memory or on disk

Data container (e.g. table or memory array)

Bucket

0
: . ?
retrleve |nf0 on E— e 1 00174,John, Smith, 555-2047162, Smartphone, Delivered
orderNo=00174
2 82011, Nick, Taylor, 555-4014154, PC, Pending

Index may store records, or refs (pointers) to these records



EKTOX YAHZ 00

Handling collisions

e Another key hashes to the same position

ldea 1: rehash

simplest implementation: linearly scan for next
available slot

Data container

Bucket

0
data f ?
Store ata or E— e 1 00174,John, Smith, 555-2047162, Smartphone, Delivered
orderNo=91402
2 82011, Nick, Taylor, 555-4014154, PC, Pending

Next empty slot 3 | > Store record here

/ ’

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



Chaining (Main Memory)

key

| g (key)

_____

)

N ol B~ W

buckets Pointer to record with key=32
32 J 48—, (null)
10 ——_, (null)
127 =75 = (o)
12 =
"'55

— (null)



Roadmap

e 2TO UABNUA Ba PaC ATTAOXOANOOUV TEXVIKEC
KOTOKEPUATIOHWOU VIO TNV opyavwaon
EYYPAPWYV OTO OIOKO

e 21N oulnNTnon autn €va bucket Ba
aTToOnNKeUETAI O€ Pia ogAida OTO OIOKO

2.€ TTEPITTTWON TTOU QUTN N O€AidA VEUIOEL, O€
KATTOIEC ATTO TIG TEXVIKEC, EVOEXETAI VA
OnMIoUpyouvTal OEAIOEC UTTEPXEIAIONC

22



[MwWC OPYAVWVOULE TIC EYYPOWPES
o€ Eva bucket;

e TIC KPATAUE TACIVOUNMEVEC WC TTPOC TNV
TINA TOU KAEIOI0U X;

Nai, epdéoov BEAoupue va peiwooupe To CPU

KOOTOG TNG avalntnong.
KavovTtag duadikn avalnrnon JEoa oTov KAdo oTav
QUTOG £€POEI OTN MVAMN.
EI0AYWYEG Kal Olaypa@EC YivovTal TTOI0
TTEPITTAOKEG.
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2TATIKOG KATOKEPMUATIOMOG

‘EoTw OTI KABE bucket apXIKOTTOIEITAI WG Mia OEAIdA JE XWPENTIKOTNTA 2 EYYPAPES

NSERT: d YTrepyxeihion (overflow)
n(a) =1
h(b) = 2 :
— |
n(c) =1 2| b
O1 o€Aideg Tou idlou bucket
'](d) =0 — gival ouvdedePévVEC O€ ia
3 AioTa (pointer = apiBuo6¢
oeAidacg)

h(e) = 1
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Alaypa@Ec
Delete:
e
f
C

d
b
2 d 7~ N\
] 7
&
]
A~ “,maybe move
g -~ "9'up
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KooTtog avalnTtnong?

* Clustering index
e £0TW OTI Ol
EYYPAPEG 0 a
TOTTO0ETOUVTAI
Xwpig dilatagn 4
uéoa o€ KAOE — cC
bucket

eRley

* [lolo €ivai To yéoo
KOoTOG avalntnong

HIag TIUNG X? 3 7 =, g
* AvTO X dev
UTTAPXEI OTO Kk W
dataset?
* AV T0 X UTTAPXEI
oTo dataset?
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Rule of thumb:

e O¢Aoupe Ta buckets va gival yeyarta aTro
50% €wc¢ 80%

Space Utilization U= # keys used
total # keys that fit

o |f U< 50%, otratdAn xwpou

o If U> 80%, ocuxvec avadlaTtageic AOyw
utrepxeiAiong (overflow)
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NMwc AVTIMETWTTICOUME
E1I0AYWYEC/OI0YPAPES?

e Overflows and reorganizations
(BA. TTpOoNnyoUpEva TTaPAdEIYUOATA)
e AuVaUIKOC KATOKEPUATIOMOC
(Dynamic hashing)
| ~

. e Extendible
~~ ) (ETTEKTOTOC)
e Linear

_ (YPOMMIKOG)
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Extendible hashing: AUoO KeVTPIKEG 10€€C

@ [a 1ipn KA€1d1ou K, BAETTW TO ATTOTEAECUA
TNC aTToTiuNOoNG TNG ouvaptnong h(K) otn
duadikn TOU avaTtrapaoTaon.
XpNOIJOTTOIW TA TTPWTA | ATTO TA N bits

— n e

h(K)— 100110101
——

| — (oAIk6 BGOOC) N TIA TOU |
QUEAVEI EAEYXOUEVA OO0 AUECAVEI
0 apIOUOC TWV eyypaAPwYV
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(b) Ta 1 (=oAIkO BaBog) TrpwTa bits TNC
ouvapTNONG ME 0OONYOUV O€ EUPETAPIO HECW
TOU OTTOioU Bpiokw TO KaTAAANAO bucket.

h(K)[i

]\ I -

bucket

Eupetiipio
(Directory)

31



ETriong

e Agv UTTAPXOUV OEAIDEC UTTEPXEIAIONC

32



Napadeiypa: h(k) ue n=4 bits
2 eyypaéc/bucket

Directory
| =

0
1

2nM: OTA TTAPAdEIYMATA AVAPEPETAI N TIUA TNG

\

/

7
I

1

0001

1

1001

1100

AuUo apyika buckets. To TTpwTo VIO
- hash codes T1a omoia apyidouv atro
0 kal To OeUTEPO YIa 60ca apxilouv
atro 1

h(k) avTi yia To KA&18i k péoa ota buckets
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Napadeiypa: h(k) ue n=4 bits .cos

2 eyypaéc/bucket :
1= 2

1

\ i 0001 o0
0 01

1// S = 10
\ ¢A_” 2 /
1001 _ 11
10101460
2 NEO €UpPETNPIO

Insert 1010 1100
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NEa KataoTaon

Totmiko BAa6og
Kadou

/
N

1

0001

1001

1010

1100

OAIKO BaBoc= 2
- 00

\\ 01
/

EUPETNPIO

P 11
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NEa kataoTaon

H oeAida autn

XPNOIUOTTOIEITAI VIO
Ta buckets 00 kai 01

1

0001

1001

1010

1100

OAIko BabBog=

&
<«

\
—

o000
0000
0000
e00
o0
°

2

00

— 01

— 10

- 11

EUPETNPIO
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2uvouwn

e Ot1av xpelaoTei va Kavw eloaywyn o€ bucket
TTOU €ival YEMATO EYYPAPEC
Aucavw T0O TOTTIKO FAB0C TOU KAdOU KaTA 1
To ouykekpIpgEVO bucket otrael o€ duo

To eupeTrplo DITTAACIACETAl OTAV TO VEO TOTTIKO
BABOC EeTEPATEl TO TPEXOV OAIKO AB0C
Augavel To oAIkO BdBoc¢ katd 1
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2uvexidw

= 2

0000

00

0001

01

10

11

/1N

Insert:
0111
0000

0111
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AkOun pia sloaywyrn

\ 5/

e
-

11

Insert:

1001

0000

0001

0111

1010

011

100

101

110

111
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Extendible hashing: Alaypa@ég

o Oxi1 avadidragn: ammAwc dlaypapw
atro 1a buckets
< MTropei va kataAncw ue buckets trou
EXOUV TTOAU Aiyecg eyypagec (U<50%)
e Avadldaragn

\ ‘Evwoe buckets, ouppikvwoe TO
EUPETNPIO (av YiveTal)
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MNapadeiypa diaypa@ng:

e AgiTE TO TTAPADEIYUA TNC EI0AYWYNG ME TNV
avartrodn oelipa...
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>uvoyn

Extendible hashing
@ AlaxeipieTal OXEOEIC ME AUCAVONEVO/UETAPBANTO
apIBUO eyypaPwWV
- XWPIig JeyadAn orataAn xwpou
- Xwpi¢ va atraiteital kabe popd
TTANPNG avadiopyavwaon

‘Eppeon TpoéoBaon OTIC EYYPAPEC HEOW
TOU EUPETNPIOU

- Aev gival TTpoRAnua epdoov T
EUPETNPIO XWPAEI OTN UVAUN

@ Me k&Be aUénon Tou i To péyeboc Tou
gupeTNPiou SITTAaCIAETAI
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Linear hashing

e Mia dla@opeTIKN TEXVIKA OUVAUIKOU
KOTAKEPUATIOUOU

2 16¢eqg:
(a) Xpnaoipotrolw Ta i AiyéTepo — p—
onUavTika bits 01110101
grows<—H_/-j

(b) To apxeio ye Ta buckets aucavel
YPOMMIKA avaAoya JE TIC AVAYKEC
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Example b=4bits, 1=2, 2 keys/bucket et

0101 e insert h(k)=0101
e can have overflow chains!

7 Future
0000 0101  growth
1010 1111
00 01 10 11

m = 01 (max used block) , o
Koita Ta TeAcuTaia i bits

Rule | ITh(K)[I]<m,then
look at bucket h(k)[i ]
else, look at bucket h(k)[i] - 2'-1

Koita Ta TeAeuTaia i-1 bits a4



Example b=4 bits,

N

—~"  einsert 0101

})1<

/ ;
0000 0101 | 1010 || 1111
1016~ | "
00 01 10 11
r__/

m = 04 (max used block)

o

11

)

«—

| =2, 2 keys/bucket

Future
growth
buckets
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000
Example Continued: How to grow beyond this? EEE:
:.
=23
0000 0107 1010 1111 0101
0161 0101
0% 091 0'° olt 100 101
166— 10t 110 111 T

m = AT (max used block)

—+56-

P

101 —
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>4 Mwg peyaAwvel To dpxeio? oo

Amravrnon: Augavovrtag To m otav 1o space utilization U
erepdoel £éva 6plo

e Quunoou U= # used slots
total # of slots

e |If U > threshold (11x 80%) au¢avw 10 m
(kai mlavwy T0 | av To m éemmepdael 1o opio 2-1)
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Mapdadeiyua 2

e EoTw h(X) =X
e ApxIkn KataoTtaon: m=1, i=1
e Split epooov U>= 80%




Eicaywyn 3

0011




Eicaywyn 2, 0

0000
0010 0011
0 1
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Eicaywyn 5

e U=100%
0000 0101
0010 0011

0
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Eicaywyn 5

e Increase m—>10, i=22. U=4/6<80%

0000 0101 0010
6646 0011

00 *1 10
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Eicaywyn 9

1001

0000 0101 0010

0011

00 *1 10



Eicaywyn 11

1011
1001

0000 0101 0010

0011

00 *1 10



Eicaywyn 4

e U=7/8>80%

1011
1001

0000 0101 0010
0100 0011

00 01 10
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Eicaywyn 4

~

e Mm>11 /'/ .\‘\ Ae xpeialeTal TTAéov N
./' 1041 | oeAida uTTEPXEIAIONG
: ] 1001 |
; f
0000 - 0101 /0010 1011
0100 |\| eexr | 0011

.
~

00 o1 10 11
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Still U>80%

0000 0101 0010 1011
0100 1001 0011

00 01 10 11

e M—>100, 123, U=70%

0000 0101 0010 1011
6+66 1001 0011 0100

000 *01 *10 *11 100
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Summary

Linear Hashing

(® Can handle growing files
- with less wasted space
- with no full reorganizations

® No indirection like extendible hashing

(=) Can still have overflow chains
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Example: BAD CASE

_

/)

Very\e/m pty

Very full

*11

_—

Need to move
m here (111)
Would waste
space...
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T1 GAAO UTTOPW VA KAVW ME TN | &2
XPNON KATOKEPHUATICHMOU?

e 2ABA: Compute Joins/Group bys/Duplicate
Elimination

e Big Data Management and Analysis
Membership test & Distributed Joins (Bloom Filters)

(Distinct) Counting/Heavy Hitters
E.g. Google wants to know the most frequent search terms

GO ::';IL athens university of economics and business Search

Compute Norms/Dot Products/Cosine Similarity,
Document/Set Similarity, Nearest Neighbor
Search...



Eupernpia (nx B-tree) n 3t
KATAKEPUATIOUOC;

o KATAKEPUATIOMOC XPNOIUOC O€ “point
gueries» (avalntnon Miac OUYKEKPIMEVNG
TIHNG)

X SELECT ...

FROM R
WHERE R.A=5

2Nu.. H epwtnon €ival KataxpnoTIKN.
61
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[Mapatnpnon

e KOOTOC avalntnong UE KATAKEPUATIOUO
1 1/0 (ekT1OC Kal av £xw overflow pages)

e KOOTOC avalntnong ue B*-tree
# 1/0Os = Uyocg dEVTPOU

e (+1 oTa TTapaATTAVW O€ secondary index)
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EupeTnpia (nyx B-tree) n
KOTAKEPUATIOUOC;

e Eupcetnpla (1TTX B-trees) kaAa kai yia “Range
Queries”

L) SELECT
FROM R
WHERE R.A>5
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Index definition in SOL

e Create iIndex name on rel (attr)
e Create unique index name on rel (attr)

Agv ETITPETTOVTAI EYYPAPEC UE TNV
idla TIuN oTO YVWwpPIoNa attr. TiIhEC
NULL emiTpétTovTal

e Drop index name

e 2¢ UEPIKA ZABA UTTOPEIC Va ETTIAECEIC KA TOV
TUTTO TOU gupeTnpiou (B-tree,HASH) o4



Ta ocuyxpova ZABA vtrooTtnpiouv
Kal AAAa €idNn EUPETNPIWYV

e EupeTtrnplo 2uleugnc: Join index
CREATE BITMAP INDEX loc_sales_bit
ON sales(location.state)
FROM sales, location

WHERE sales.loc_location_key = location.location_key;

e H TTapaKATW ETTELWPNCN XPNCIMOTIOIEI TO

join index

SELECT SUM(sales.amount)

FROM sales,location

WHERE sales.location_key=location.location_key
AND location.state=“ATtTikn}"
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