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Topics

Vyhlednavani

Rozptylovani (hashing)

* Rozptylovaci funkce

- Reseni kolizi
— Zretezené rozptylovani
— Otevrene rozptylovani

 Linear Probing
* Double hashing
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Slovnik - Dictionary

Rada aplikaci potfebuje
— dynamickou mnozinu

— s operacemi: Search, Insert, Delete
= slovnik

Pr. Tabulka symbolu prekladace
identifikator typ adresa

suma Int OxFFFFDCO09
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Vyhledavani

-~

-

J

-

Porovnavanim klicu Q(logn) S
—Nalezeno, kdyz kli¢_prvku = hledany kli¢ S
- oy g o @)
—napr. sekvencni vyhledavani, BVS,... 2
— )
Indexovanim klicem iimy pristup) 0(1) &
Cv7 o v . >
—kliC je primo indexem (adresou) o
v O u (o] q)
—rozsah klicu ~ rozsahu indexu =
=
>

Rozptylovanim

prumérné 6(1)
—vypoctem adresy z hodnoty klice

V 4

adresn

-
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Rozptylovani - Hashing

= kompromis mezi rychlosti a spotfebou pameéts
— ° Casu - sekvencni vyhledavani
— o pameti - primy pristup
(indexovani klicem)
— malo Casu i pameti
- hashing

- velikost tabulky reguluje Cas
vyhledani
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Rozptylovani - Hashing

Konstantni oCekavany Cas pro vyhledani a vkladani
(search and insert) I

Neco za neco:
— cas provadeni ~ delce klice
— neni vhodné pro operace vybéeru podmnoziny a
razeni (select a sort)
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Rozptylovani

pouzité klice/ K

mozné klice = Universum klicu

Rozptylovani vhodné pro |K| << |U]

K mnozina pouzitych kli¢u
U universum klicu
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Rozptylovani

0 (10
1 |21
2 |2

Dvé faze M-1

1. VypocCet rozptylovaci funkce h(k)
(h(k) vypocita adresu z hodnoty kliCe)

2. Vyreseni kolizi
h(31) ..... kolize: index 1 jiz obsazen
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1. Vypocet rozptylovaci funkce h(k)
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Rozptylovaci funkce h(k)

Zobrazuje
mnozinu klicu K € U
do intervalu adres A = <a
U] >> K| = |A]
(h(k) Vypocita adresu z hodnoty kliCe)

obvykle <0,M-1>

min? max !

Synonyma: k4 # k,, h(ky) = h(k,)
= kolize

DSA
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Rozptylovaci funkce h(k)

Je silné zavisla na vlastnostech kliCu a jejich reprezentaci
v pameti

|dealné:
— vypocetne co nejjednodussi (rychla)
— aproximuje nahodnou funkci
— vyuzije rovnomeérne adresni prostor
— generuje minimum kolizi
— proto: vyuziva vsechny slozky klice
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Rozptylovaci funkce h(k)

Kazda hashovaci funkce ma slaba mista, kdy pro ruzné klice dava

stejnou adresu

Univerzalni hashovani

Misto jedné hashovaci funkce h(k) mame koneCnou mnozinu H
funkci mapujicich U do intrervalu {0, 1, ..., m-1}

Pri spusteni programu jednu nahodne zvolime

Tato mnozina je univerzalni, pokud pro ruzné klice x,y € U vraci
stejnou adresu h(x) = h(y) presné v |H|/m prfipadech

Pravdepodobnost kolize pri nahodnem vybéru funkce h(k) je tedy
presné 1/m
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Rozptylovaci funkce h(k) - priklady
Priklady fce h(k) pro ruzné typy klicu
* realna Cisla
» cela Cisla

* bitova
* retézce

Chybna rozptylovaci funkce

DSA
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Rozptylovaci funkce h(k)-priklady

Pro realna Cisla 0..1
— multiplikativni: h(k,M) =round( k * M)
(neoddéeli shluky blizkych Cisel)
M = velikost tabulky (table size)
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Rozptylovaci funkce h(k)-priklady

Pro cela Cisla w-bitova) - for w-bit integers

— multiplikativni: (kde M je prvocCislo)
* h(k,M) = round( k /2% * M)

— modularni:
* h(k,M)=k % M

— kombinovana:
* h(k,M) =round(c*k) % M, c €<0,1>
* h(k,M) = (int)(0.616161 * (float) k ) % M
* h(k,M) = (16161 * (unsigned) k) % M

DSA
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Rozptylovaci funkce h(k)-priklady
Hash functions h(k) - examples

Rychla, silné zavisla na reprezentaci klicu

h(k) = k & (M-1) pro M = 2% (neni prvocislo),
a & = bitovy soucin
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Rozptylovaci funkce h(k)-priklady

Pro retézce (for strings):

int hash( char *k, Iint M )

{
intt h =0, a = 127;
for( ; *k 1= 0; k++ )
h=Ca*h+ *k) % M;
return h;
}
Hornerovo schéma: k, *a?+k,*al +k,*a’ =

((k; ™ a) + kq)*a + kg
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Rozptylovaci funkce h(k)-priklady

Pro retézce: (pseudo-) randomizovana

int hash( char *k, Int M )
{ Int h=0, a=31415; b = 27183;
for( ; *k 1= 0; k++, a = a*b % (M-1) )
h=Ca*h+ *k) % M;
return h;

}

Univerzalni rozptylovaci fce
* kolize s pravdepodobnosti 1/M
« odliSna nahodna konstanta pro ruzné pozice v retézci
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Rozptylovaci funkce h(k)-chyba

Casta chyba: funkce vraci stale stejnou hodnotu
— chyba v konverzi typu
— funguje, ale vraci blizke adresy
— proto generuje hodne kolizi
=> aplikace Je extremne pomala

DSA
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Shrnuti

Rozptylovaci funkce h(k)

- pocita adresu z hodnoty klice

DSA
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DSA

2. Vyreseni kolizi
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a) Zretezene rozptylovani 1/
Chaining

h(k) = kmod 3
posloupnost : 1, 5, 21, 10, 7

neads 11Nk
0 1 21 \ Vklada se na zadatek
1 7 » 10 » 1 \
2 5 |\

seznamy synonym

DSA



a) Zretézene rozptylovani 2/5

private:
Iink* heads; Int N,M; [Sedgewick]

public:
inttC Iint maxN ) // initialization
{
N=0; // No.nodes
M = maxN / 5; // table size

heads = new link[M]; /7 table with pointers

for( int i = 0; 1 < M; i++ )
heads[1] = null;
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a) Zretézene rozptylovani 3ss

Item search( Key k )

{
return searchList( heads[hash(k, M)], k );

}

void insert( ltem 1tem ) /I VKlada se na zacatek

{
iInt 1 = hash( 1tem.key(), M );

heads[1] = new node( 1tem, heads[1] );
N++;

}

DSA
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a) Zretezeneé rozptylovani 4/5

Retéz synonym ma idealné délku o =n/m, o >1 (pInéni tabulky)
(n = poéet prvku, m = velikost tabulky, m<n)
velmi nepravdepodobny

Insert I(n) =t .+t = O(1) extrem

Search Q(N) = ti.6n T tsearch prumerneé
=t tA0I2M) =0()/  O(1 +q)

Delete D(N) = thash + tsearch + tink = O(N) O(1 + a)

pro mala o (velka m) se hodnée blizi O(1) !!!
pro velka a (mala m) m-nasobné zrychleni x seq. s.

DSA 25



a) Zretézene rozptylovani s/s

Praxe: volit m = n/5 az n/10 => plnéni a = 10 prvku / retéz
« vyplati se hledani sekvencne
* neplytva nepouzitymi ukazatel

Shrnuti:

+ nemusime znat n predem

— potrebuje dynamicke pridelovani pameti

— potrebuje pameét na ukazatele a na tabulku[m]

DSA
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b) Otevrené rozptylovani
(open-address hashing)

Znam predem pocet prvku (odhad)
nechci ukazatele (v prvcich ani tabulku) 0 5
=> posloupnost do pole 1 1
2| 21
Podle tvaru hashovaci funkce h(k) pri kolizi
1. linearni prohledavani (linear probing) 3|10
2. dvoji rozptylovani (double hashing) 4
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b) Otevrene rozptylovani

h(k) = k mod 5 (h(k) = k mod m, m je rozmer pole)
posloupnost: 1,95, 21,10, 7
0! 5 Jﬂ Problém:
11 1 kolize - 1 blokuje misto pro 21
5 1. linear probing
, 2. double hashing
4 Pozn.: 1 a 21 jsou synonyma

casto ale blokuje nesynonymum.
Kolize je blokovani libovolnym klicem
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Test - Probe

= urceni, zda pozice v tabulce obsahuje kli¢ shodny s hledanym
klicCem
* search hit = kli€ nalezen
* search miss = pozice prazdna, kliC nenalezen

e Jinak = na pozici je jiny kliC, hledej dal

DSA
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b) Otevrene rozptylovani

(open-addressing hashing)

Metoda reseni kolizi
(solution of collisions)

b1) Linear probing
_inearni prohledavani
b2) Double hashing

Dvoji rozptylovani
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b1) Linear probing

h(k)=[(kmod 5)+i]mod5=(k+i)mod5
posloupnost: 1, 5, 21,10, 7

o 5| |-

1 — - >< ..... k0||ze _ 1 bIOkUJe

24 1 =>1.linear probing

vioz o 1 pozici dal (i++ =>1=1)

W N -
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b1) Linear probing

h(k) = (k +i) mod 5
posloupnost: 1, 5, 21, 10, 7

0| 5 e -t 1. kolize - 5 blokuje - vloz dal
11 1 |—— <X{=X| 2. kolize - 1 blokuje - vloz dal
2 | 21 — <X~ 3. kolize - 21 blokuje - vloz dal
3! 10 — vlozeno o 3 pozice dal (i = 3)
4
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b1) Linear probing

h(k) = (k +i) mod 5
posloupnost: 1, 5, 21, 10, 7

0| 5 J e

1 1 ] >< ..... < >< .....

2 | 21 —«XA{+X1 1. kolize - vloz dal (i++)

3| 10 — X+ 2. kolize - vloz dal (i++)

4| 7 —— vlozo 2 pozice dal (i = 2)

DSA 2



b1) Linear probing

h(k) = (k +i) mod 5
posloupnost: 1, 5,21, 10, 7

0| 5 1=0
1 1 1=0
2| 21 =1
3| 10 =3
4 | 7 | =2

DSA



b1) Linear probing

private:
Item *st; Int N,M; [Sedgewick]
Item nullltem;

public:
inittC Iint maxN ) // initialization
{
N=0; // Number of stored i1tems
M = 2*maxN; // load factor < 1/2

st = new ltem[M];
for( int i = 0; § < M; i++ )
st[i1] = nullltem;
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b1) Linear probing

void insert( ltem 1tem )

{
iInt 1 = hash( 1tem.key(), M );

while( Ist[i].nullQ )
1 = (1+1) % M; /7 Linear probing

stf1] = 1tem;
N++;

}

DSA
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b1) Linear probing

Item search( Key k )

{ int i = hash( k, M );

while( Istf1].null // !cluster end
( L1 O H // zarazka (sentinel)

1IT( k == st[i1]-key() )
return st[i];
else

}

return nullltem;

1 = (1+1) % M; // Linear probing
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b) Otevrene rozptylovani

(open-addressing hashing)

Metoda reseni kolizi
(solution of collisions)

b1) Linear probing
_inearni prohledavani
b2) Double hashing

DVoji rozptylovani
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b2) Double hashing

Hash function h(k) = [h,(k) + i.h,(k) ] mod m

h,(k) = kmod m // initial position }

hy(k) =1 + (kmod m’) // offset Both depend on k

=>

_ Each key has
m = prime number or m = power of 2 different

m’ = slightly less m’ = odd probe sequence
If d = greatest common divisor => search 1/d slots only

Ex: k = 123456, m = 701, m’ = 700
h.(k) = 80, h,(k) = 257 Starts at 80, and every 257 % 701
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b2) Double hashing

h(k) = kmod 5
posloupnost: 1, 5, 21,10, 7
ol
1 | — kolize - 1 blokuje (collision-blocks)

=> 2. double hashing

W N -
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b2) Double hashing

Nebo zjednodusené (or S|mpI|f|ed

h(k) = [(k mod 5) + i.h,(k) ] mod 5, h(k) = (k +i.3) mod 5

posloupnost: 1,5, 21,10, 7 y /
stacCi prvocCislo # m
0 5 J

1 - < >< ..... kollze _ 1 blOkUJe

(collision blocks)

=> 2. double hashing

W N -

21 — vloz o 3 pozice dal (i++=>i=1)

(i je Cislo pokusu)
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b2) Double hashing

h(k)=(k+i1.3) mod 5 (Pr. velmi zjednodusene h(k))
posloupnost: 1, 5, 21, 10, 7

ol 51 | |
11 1 | — <X kolize - 5 blokuje - vloz dal
2

3| 10 T

4| 21 < (vloz 0 3 pozice dal (i=1)
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b2) Double hashing

h(k) = (k +1.3) mod 5 (Pr. velmi zjednodusené h(k))
posloupnost: 1, 5, 21, 10, 7

0| 5 . Ve

11 1 | — X%

2| 7 — 1=0
3| 10 —

4 | 21 T
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b2) Double hashing

h(k)=(k+1.3) mod 5 (Pr. velmi zjednodusené h(k))
posloupnost: 1, 5, 21,10, 7

0| 5 1=0
1 1 1=0
2| 7 1=0
3| 10 =1
4 | 21 =1

DSA



Linear probing x Double hashing

h(k) = (k +i) mod 5 h(k) = (k +i.3) mod 5
0| 5 =0 0| 5 i=0
1| 1 =0 1| 1 =0
2 | 21 i =1 2| 7 =0
3|10 =3 ! 3|10 i =1
4| 7 | =2 4 | 21 | =1
dlouhé shluky vhorene sekvence

(long clusters) (mixed probe sequences)
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b2) Double hashing

voild insert( ltem 1tem )

1

Key k = 1tem.key();
int 1 = hash( k, M),
J = hashTwo( k, M );// different for k; 1= k,

while( Ist[1].-null() )
1 = (1+)) % M; //Double Hashing

st[1] = 1tem; N++;
}
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b2) Double hashing

Item search( Key k )

{
int i = hash( k, M),
j = hashTwo( k, M );// different for k, != k,

while( 'st[1].null(Q )
{
1IT( k == st[1].key(Q )
return st[i];
else
1 = (1+)) % M; // Double Hashing

}

return nullltem;

}

47
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Double hashing - example

b2) Double hashing h(k) = [h4(k) + i.h,(k) ] mod m

h(k)= [ ho(k)= | -

v

Input | k %11 | 1+k %10 || h(k) 2 3 4 5 6 7 8 9 10
1 5 E - 25| [23f10245 |20
25 6 0 |3 =

23 4 0,1 1,5 — —

45 6 0,1 1,7 hy(k) = k % 11

;82 ‘1” 8’1 3’6 ho(k) = 1+ (k % 10)
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Item removal (delete)

NG |
tem x remova IR 1 1] ] before
X replaced by null
\ \ break cluster
null breaks cluster(s) !!! -
=> do not leave the hole after delete Unreachable cluster parts

Correction different for linear probing and double hashing

b1) inlinear probing [ HINIEGEGEGEE

=> reinsert the items after x (to the first null = to cluster end)

b2) in double hashing | =N |\

=> fill the hole up by a special sentinel
skipped by search, replaced by insert
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Item removal (delete)

b1) in linear probing i \

Unreachable cluster parts

=> reinsert the items behined the cluster break (to the null)

I
IRemained

Reinserted to different place

=> avoid simple move of cluster talil
it can make other keys not accessible!!!
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Linear-probing Item Removal

// do not leave the hole - can break a cluster

void remove( ltem 1tem )
{ Key k = 1tem.key(Q);
Int 1 hash( k, M ), J;
while( !'stfi1].-null() )// find i1tem to remove
1IT( 1tem_key() == st]1]-key() ) break;
else 1 = (1+1) % M;
1IT(C st[1]-null() ) return; // not found
st[1] = nullltem; N--; //delete,reinsert

for(g = 1+1; Ist[j]-nullO; J1=g+1)%M, N--)
{ Item v = st[jl; st[j]1 = nullltem;
insert(v); //reinsert elements after deleted

}
}

DSA
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Item removal (delete)
) Double hashing h(k) = [h,(k) + i.h,(k) ] mod m

- !,-\ * h.(k) = k % 11
9

M B BEomE (2o | 0=+ (K%10)
I\ Remove 25

tjj/\

null — breaks paths to 23 and 102 Sentinel is correct

3 4 5 6 7 8 9 10

v
0 1 2 3 4 5 6 7 8 9

2
20 H B B B
2> L7
L U L U
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Double-hashing ltem Removal

// Double Hashing - overlapping search sequences
// - f1ll up the hole by sentinel

// - skipped by search, replaced by iInsert

void remove( ltem 1tem )

{ Key k = 1tem.key(Q);
int 1 = hash( k, M), J = hashTwo( k, M );
while( !'stf[i1].-null() ) // find i1tem to remove
1T 1tem_key() == st[i1]-key() ) break;
else 1 = (1+)) % M;
1IT(C st[1]-null() ) return; // not found
st[1] = sentinelltem; N--; // “delete” = replace

}
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b) Otevrené rozptylovani
(open-addressing hashing)

o = plnéni tabulky (load factor of the table)
o =n/m, o €{(0,1)

n = pocet prvku (number of items in the table)
m = velikost tabulky, m>n (table size)

DSA
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b) Otevrené rozptylovani
(open-addressing hashing)

Average number of probes [Sedgewick]
Linear probing:

Search hits 05(1+1/ (1-a)) found

Search misses 0.5(1+1/ (1-0)?) not found
Double hashing:

Search hits 1/a)iIn(1/ (1-0a))+(1/a)

Search misses 1/ (1-0)
o =n/m, a €(0,1)
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b) OCekavany pocet testu

Linear probing:

Plnéni a 12 2/3 3/14 9/10

Search hit 1.5 2.0 5.5

Search miss 25 50 85 555
Double hashing:

Plnéni a 12 2/3 3/4 9/10

Search hit 14 16 138

Search miss 1.5 20 3.0 5.5

10 vice testu

Tabulka muze byt vice zaplnéna nez zacne klesat vykonnost.

K dosazeni stejného vykonu staci mensi tabulka.

DSA
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