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Datové struktury a algoritmy

Vyhledavani (Searching)

Definice:
— Vstup: mnozina n zaznamu obsahujicich kli¢ce a hledany kli¢ k
— Vystup: Zaznamy s klicem k nebo informace, ze zadny takovy neexistuje
Implementace:
* Implementace pomoci pole:
— Sekvencni vyhledavani
— Binarni vyhledavani
e Binarni vyhledavaci stromy (BVS, nebo BST — Binary Search
Trees):
— Reprezentace uzlU a hran

— Operace nad BVS
— Vyvazovani BVS
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Datové struktury a algoritmy

Typické operace pri vyhledavani

* Pripomenme si operace souvisejici s vyhledavanim:
— vlozeni zaznamu s klicem
— odstranéni zaznamu s klicem
— vyhledani zaznamu podle klice
— minimum a maximum
— predchldce a naslednik
— adalsi ...
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Datové struktury a algoritmy

Vyhledavani

Vstup: mnozina n kli€a a hledany kli¢ k
Popis problému: Kde je k?

G?

 Hledani GvS bylo
uspesné
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Datové struktury a algoritmy

Vyhledavani

Vstup: mnozina n kli€a a hledany kli¢ k
Popis problému: Kde je k?

L?

e HledaniLvS
nebylo Uuspésné
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Datové struktury a algoritmy

Prostor pro vyhledavani

Prohledavany prostor S (search space)

= mnozina kli¢d, ve které hleddame

— presnéji: mnozina zaznamu, ve
které hledame podle klice

— unikatni klice
— tabulka, soubor, ...

Universum U pro vyhledavaci
prostor

= mnozina vSech moznych kli¢{
ScuU
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Datové struktury a algoritmy

Problémy vyhledavani

* Rychlost
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Datové struktury a algoritmy

Problémy vyhledavani

Vstup: mnozina n kli€a a hledany kli¢ k
Popis problému: Kde je k?
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Datové struktury a algoritmy

Problémy vyhledavani

Vstup: mnozina n kli€a a hledany kli¢ k
Popis problému: Kde je k?
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Datové struktury a algoritmy

Problémy vyhledavani

Vstup: mnozina n kli€a a hledany kli¢ k
Popis problému: Kde je k?
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Datové struktury a algoritmy

Problémy vyhledavani

Vstup: mnozina n kli€a a hledany kli¢ k
Popis problému: Kde je k?

L nebylo nalezeno -
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Datové struktury a algoritmy

Signatura operaci pro vyhledavani

search
Search
etKe
space J Y
' dele te

insert,replace
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Prohledavany prostor
— Staticky - prohledavany prostor je fixni

-> jednodussi implementace
-> Zmeéna zhamena novou verzi

-> priklad: telefonni seznam, tistény adresar

— Dynamicky - prohleddvany prostor se muze ménit v ¢ase

-> slozitéjsi implementace

-> zmeny se provadeéji pomoci opearci:
insert,delete, replace

-> priklad: tabulka symboll v kompilatoru
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Datové struktury a algoritmy

Staticky prohledavany prostor

create

Search
space
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Datové struktury a algoritmy

Dynamicky prohledavany prostor

Dynamic search space

=

search

Search getKey
space

' dele te

insert,replace
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Symboly:
* k .. kli¢ (key)
* e .. element s klicem k (element with key k)

* s .. prohledavanad sada (data set)

Operace (informativni seznam):

* Selektory: k||'(:] )
— search (k, s) } nahrazovaného
: extenze .
— min(s), max(s) dem?nwje
— pred(e,s), succ(e,s) soucasti
noveho
/elementu e

* Modifikatory:

— insert(e,s), delete(k,s), replace(e,s)
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min,max‘\\\\\
N

search
Search getKey
space
\ delete
pred,
succ

insert, replace

A7B36DSA, 2013, Lekce 10, 17/91



Adresni vyhledavani

e Adresni vyhledavani - zalozeno na digitalnich vlastnostech

/v O

klicu

— vypocet pozice z klice pos = f(k)

— primy pristup (direct access), hasovani
— pole, tabulka, ...

— primy pristup => rychlé ... O(1)

Asociativni vyhledavani

e Asociativni vyhledavani - zalozeno na porovnani elementu
— elementy jsou umistény podle vztahu k ostatnim
— sekvencni hledani, binarni hledani, vyhledavaci stromy
— vyzaduje hledani => pomalejsi ... O(log n) az O(n)

A7B36DSA, 2013, Lekce 10, 18/91



Datové struktury a algoritmy

Jeste jiné klasifikace

Interni nebo externi

* Interni nebo externi
— Interni — v paméti
— Externi — na disku (prip. pasce)

v O

Dimenze klicu

* Dimenze klicu
— Jedno-dimenzionalni - k
— Multi-dimenzionalni - [x,y,z]
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Datové struktury a algoritmy

Meéreni kvality (Quality measures)

Prostor pro data

e P(n) = pamétova slozZitost (memory complexity)

Casova narocnost

* Q(n)= Casova slozZitost search, query
* I(n) = casova slozZitost insert

 D(n)=cdasova slozitost delete

Karel Richta a kol. (FEL) Vyhledavani A7B36DSA, 2013, Lekce 10, 20/91



olBl Al c  Neserazené pole P(n) = 0O(n)
i . sekvencni hledani Q(n) = 0(n) Q
size . insert I(n) =0(1) @
. delete D(n) = 0(n) Q
. min, max in O(n) Q
nodeT segSearch( key k, nodeT a[] ) { h
int 1 = 0; o2
while ( Ei < a.sizé;>&& (a[i] .key '= k) )
i++;
if( i < a.size ) return al[i];
else return NODE NOT FOUND;
}
\_ Java-like pseudo code ~/
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0 1 2 3 4 5 Neserazené pole se zarazkou (sentinel)

- c Sekvencni hledani je stale Q(n) = O(n)

size

search ("E", a)

nodeT segSearchWithSentinel( key k, nodeT a[] ) {
int 1 = 0;

while( a[i] .key '= k ) // save one test per
i++;

if( 1 < a.size ) return a[i];

else return NODE NOT FOUND;

4

al[a.size] = createArrayElement(k); // add sentinel

~

step

©

Java-like pseudo code /
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01 2 3 4 5§ Serazené pole P(n) = 0(n)

.- Binarni hledani Q(n)  =0(log(n)) @

insert I(n) =0(n)

slz€ delete D(n) =0(n)
min, max 0(1) @
/f;odeT binarySearch( key k, nodeT sortedArray[] ) { A

int pos = bs( k, sortedArray, 0, sortedArray.size -1 );

if( pos >> 0 ) return sortedArray|[pos];
else return NODE NOT FOUND;
// bs can return - (pos+l), i.e.
// position to insert the node with key k

K Java-like pseudo code /
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/}/Recursive version

int bs( key k, nodeT a[], int first, int last ) {
if( first > last ) return -(first + 1); // not found
int mid = ( first + last ) / 2;
if( k < a[mid] .key ) return bs( k, a, first, mid - 1);
if( k > a[mid] .key ) return bs( k, a, mid + 1, last );
return mid; // found!

}
\ Java-like pseudo code /

//;/ Iterative version <\\
int bs(key k, nodeT a[], int first, int last ) ({
while (first <= last) {
int mid = (first + last) / 2; // mid point
if (k > a[mid] .key) first = mid + 1;
else if (key < a[mid] .key) last = mid - 1;
else return mid; // found
} return -(first + 1); // failed to find key

\ Java-like pseudo cody

A7B36DSA, 2013, Lekce 10, 24/91




Jak hledame ve slovniku nebo v tIf seznamu? Ur¢ité ne pulenim ...

Predpokladejme rovnomérné rozlozeni (ciselnych) klicu, umisténi klice
odhadujeme podle jeho hodnoty interpolaci:

ahigh -

|
\

: > ahigh-alow

(k-alow) / (ahigh-alow) =
= (mid-low) / (high-low)

alow -

high-low !

mid = low + (k-alow) * (high-low)/(ahigh-alow)
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Binarni hledani - O(log n)
mid = ( first + last ) / 2;

Interpolacni hledani - O(log log n)
(last - first)
pos = first + 2 ------———--—-————- (x — a[first])

a[last] - a[first]

/

Elem searchInterpol ( Elem[] a, int low, int high, Key k) {
if (low > high) return null;
int mid = low + (k—-a[low] .key) * (high—-low)/(a[high] .key-a[low] .key) ;
if (a[mid] .key == k) return a[mid];
if (a[mid] .key < k)

return searchInterpol (Elem[] a, mid+1l, high, k );
else return searchInterpol (Elem[] a, low, mid-1, k );

J Y,

A7B36DSA, 2013, Lekce 10, 26/91

\




Datové struktury a algoritmy

Korenovy binarni vyhledavaci strom (BVS)

* Korenovy binarni strom
— uzelmao, (1), 2 nasledniky (nemusi byt pravidelny)

e Binarni vyhledavaci strom (BVS)
— usporadany kofenovy binarni strom
— U je koren
— pro vsechny uzly u, z levého podstromu plati:
klic(u,) < klic(u)
— pro vSechny uzly u, z pravého podstromu plati:

klic(ug) > klic(u)
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Datové struktury a algoritmy

Binarni vyhledavaci strom (BVS)

VSechny elementy < 7
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Datové struktury a algoritmy

Reprezentace uzlli stromu

|

key Vyhodné pro:
left ri\ght

* search
/ \ °* min, max
key key
left ri\ght left ri\ght

SN N

Karel Richta a kol. (FEL) Vyhledavani A7B36DSA, 2013, Lekce 10, 29/91



Datové struktury a algoritmy

Reprezentace uzlu stromu Il.

|

parént

key
left|right

Z8ANN

parent parent

key key

left||lright || left||right

VENYZN\

Vhodné pro:
* search
°* min, max

* pred, succ
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-
public class Node ({
public Node left;

public Node right;

public int key;
public Node (int k)
key = k;
left = null;
right = null;

}

public class Tree {
public Node root;
public Tree() {

root = null;

H}

-
public class Node ({

public Node parent;
public Node left;
public Node right;
public int key;
public Node (int k)
key = k;
parent = null;
left = null;
right = null;

}

public class Tree {

}

J
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Datové struktury a algoritmy

Prohledavani BVS

7

G =G =>stop, element G nalezen

Karel Richta a kol. (FEL) Vyhledavani A7B36DSA, 2013, Lekce 10, 32/91



//Recursive version
Node treeSearch( Node x, key k )
{
if(( x == null ) or ( k == x.key ))
return x;
if( k < x.key )
return treeSearch( x.left, k );
else
return treeSearch( x.right, k );

}
\

Java-like pseudo code

-
//Iterative version
Node treeSearch( Node x, key k )

{
while(( x '= null ) and (k '= x.key ))
{
if( k < x.key ) x
else X

x.left;
x.right;

}

return x;}

Java-like pseudo code
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Datové struktury a algoritmy

Minimum pro BVS
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Datové struktury a algoritmy

Maximum pro BVS
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Datové struktury a algoritmy

Minimum a mazimum pro BVS - iterativné

\
Node treeMinimum( Node x )
{
if( x == null ) return null;
while( x.left '= null )
{
X = x.left;
}
return x;
} Java-like pseudo code
\_ J
. I
Node treeMaximum( Node x )
{
if( x == null ) return null;
while( x.right '= null )
{
X = x.right;
}
return x;
}
Java-like pseudo code

N J
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Datové struktury a algoritmy

Naslednik v BVS

podle usporadani (in-order tree walk)

* Jsou dvé moznosti:
1. Existuje pravy potomek

2. Neexistuje pravy potomek
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Datové struktury a algoritmy

Naslednik v BVS

podle usporadani (in-order tree walk)

1. Existuje °

pravy
potomek

A%

succ(B) -> C
succ(H) -> I
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Datové struktury a algoritmy

Naslednik v BVS

podle usporadani (in-order tree walk)

1. Existuje °
pravy
potomek

A%

succ(B) -> C N\ Najdi minimum v pravé vétvi
succ(H) -> I = min( x.right)
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Datové struktury a algoritmy

Naslednik v BVS

podle usporadani (in-order tree walk)

1. Nexistuje

pravy
potomek

succ(C) -> D >
Jak?
succ(G) -> H
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Datové struktury a algoritmy

Naslednik v BVS

podle usporadani (in-order tree walk)
X = uzel na cesté

1. Nexistuje y = jeho rodi¢

pravy
potomek

Najdi minimalniho rodice vpravo

succ(G) -> H (minimalni rodié na cesté do kofrene)
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X = uzel na ceste, y = jeho rodi¢

/Node treeSuccessor( Node x ) h
{ (B) X
if( x == null ) return null; *3
if( x.right '= null ) // 1. right son exists (0
return treeMinimum( x.right );
y = x.parent; // 2. right son is null ”
while( (y '= null) and (x == y.right)) o
{
X =Y
Yy = X.parent;
}
return y; // first parent x is left from
S } Java-like pseudo code X )
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X = uzel na ceste, y = jeho rodi¢

/Node treePredecessor( Node x ) X

{

if( x == null ) return null;

if( x.left '= null )
return treeMaximum( x.left );

Yy = X.parent;
while( (y '= null) and (x == y.left))
{

X

Y
}

return y;

A4
X.parent;

Java-like pseudo code

- J
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Dynamické operace search,max,min, succ, pred maji operacni
slozitost O(h), kde h je hloubka vyhledavaciho stromu.

m\\

= log,(n)
=>0(og(n) O => O(n) II!

=> strom je tfeba vyvazit!!!
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Datové struktury a algoritmy

Insert (vlozeni prvku)

X = uzel na cesté

L>H y = jeho rodi¢

L <N

y
L>J

Insert L /L<M
1. Najdi list, ktery bude rodicem ... M
2. Pripoj novy element jako novy list ... M.left

Karel Richta a kol. (FEL) Vyhledavani A7B36DSA, 2013, Lekce 10, 45/91



X = uzel na ceste, y = jeho rodic¢

/void treelInsert( Tree t, Node e )

{

x = t.root; y = null; // set x to tree root

if( x == null )

t.root = e; // tree was empty
else {
while(x '= null) { // find the parent leaf
y = x;
if( e.key < x.key ) x = x.left;
else x = x.right;

}
if( e.key < y.key ) y.left = e; // add e to parent y
elsey.right = e;
}

L}

Java-like pseudo code

J

Jednoducha verze — bez ,update” pro stejnée klicCe.
Operacni slozitost: najdi list + vlozeni = O(log,n) + O(1) = O(log,n)
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Datové struktury a algoritmy

Delete (odstranéni prvku)

C) Delete — 3 pripady

a) ruSime list, ktery nema
potomky

b) rusime list, ktery ma
jednoho potomka

c) ruSime list, ktery ma dva
potomky
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Datové struktury a algoritmy

Delete (odstranéni prvku)
a) smaz list

delete(G)

e=y
a) list bez potomku lze jednoduse vypustit

Karel Richta a kol. (FEL) Vyhledavani A7B36DSA, 2013, Lekce 10, 48/91



Datové struktury a algoritmy

Delete (odstranéni prvku)
b) vnitrni s potomkem

delete(F)

b) uzel s jednim potomkem - premosti vymazany uzel
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delete(H)

_—

c) uzel se dvéma potomky -> nahrad uzel jeho predchidcem
(pred) a vypust predchlidce, nebo naslednikem (suce) a vypust

naslednika
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f/ﬁode treeDelete( Tree t, Node e ) \\
// e.node to logically delete

// y.node to physically delete

// x.y’'s only son

{ Node x, y;

find node y (e or predecessor of e)
find x = y’s only child or null
link x up with parent of y

link parent of y down to x

replace e by in-order predecessor y

o 01 d W N BB

return y (for later use)

J Y,
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~
2

ode treeDelete( Tree t, Node e ) A
// e.node to log 1call¥ delete
/] y. node to physically delete
// %.y’s only son
{ Node x, y;
(1.find node y ]
if (e.left == null OR e.right == null)
Yy = e; / cases a,b) 0 - 1 child
else
y = TreePredecessor (e) ; // case c¢) 2 children
cont.. )

C)
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. cont b
(2. find x = y’s only child or null ]
if( y.left '= null )// a) null, b,c) only child
X = y.left;
else

X = y.right;

cont...
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@ cont )
[3. link x up with its new parent (former parent of y}
if( x !'= null ) x.parent = y.parent; // b,c)
cont ..
- J
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. )
; . Py 0Ox
(4. link parent of y down to x ] —

if( y.parent == null )

t.root = x // y was| root
else if( y == (y.parent) .left )
(y.parent) .left = x; // y was| left son
else
(y.parent) .right = x; // y was right son
cont...
-

Link to
< null

@v-=
a) €
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;- )
(5. replace e with in-order predecessor ]

if(y '=e ) // replace e with in-order predecessor
{

e.key = y.key; // copy the key

e.data = y.data; // copy other fields too

}

(6. return y (for later use) ]

}
- J
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/<§ode treeDelete( Tree t, Node e ) <\\
{ Node x, y;

// e..node to logically delete

// y.node to physically delete, x.y’s only son

if (e.left == null OR e.right == null)

y = e; // cases a, b) 0 to 1 child
else y = TreePredecessor (e) ; // c) 2 children
if( y.left '= null ) // a) null, b,c) only child
x = y.left;

else x = y.right;
if( x !'= null ) x.parent = y.parent; // b,c)

if( y.parent == null ) t.root = x // y-root

else if( y == (y.parent).left ) (y.parent).left = x;// y-L son
else(y.parent) .right = x; // y-R son

if(y '=e ) { // replace e with in-order predecessor

e.key = y.key;
e.dat = y.data; // copy other fields too
}

return y; // instead of delete

2"

/
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Operace nad BVS jsou zavislé na mire vyvazenosti stromu — pro
vyvazeny strom dosahuji O(log,n), pro nevyvazeny O(n).
Vyvazenost:
e Silna podminka —shoda h (Idealni pripad)

Pro vSechny uzly plati:

pocet uzll vlevo = pocet uzll vpravo

e Slabsi podminka — nasobek h

— vyska podstromu - AVL strom (jméno pochazi z inicial jeho objevitel()

— vyska + pocet potomkd - 1-2 strom, ...

— vaha podstromu (pocty uzll) - vahove vyvazeny strom

— stejnd cerna vyika — Cerveno-&erny strom

Pomocné operace pro udrzeni vyvazeni stromu — rotace
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Datové struktury a algoritmy

L rotace (Left rotation)

«— 1T0OO0OL

Node leftRotation( Node root ) { // subtree root!!!

if( root == null ) return root;
Node pl = root.right; (init)
if (pl == null) return root;
root.right = pl.left; (I)
pl.left = root; (II)

return pl;

Java-like pseudo code

Karel Richta a kol. (FEL) Vyhledavani A7B36DSA, 2013, Lekce 10, 59/91



/ﬁode rightRotation( Node root ) { // subtree root!!! h

Node pl = root.left; (init)
root.left = pl.right; (I)
pl.right = root; (II)

return pl;

\_ Java-like pseudo code j
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(Node leftRightRotation( Node root ) {

Node pl = root.left; Node p2 = pl.right; (init)
root.left = p2.right; (I)

p2.right = root; (IT)

pl.right = p2.left; (ITI)

p2.left = pl; (IV)

return p2; }

Java-like pseudo code
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p
Node rightLeftRotation( Node root ) {

Node pl = root.right; Node p2 = pl.left; (init)
root.right = p2.left; (I)

p2.left = root; (II)

pl.left = p2.right; (ITI)

p2.right = pl; (IV)

return p2; }

Java-like pseudo code
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Datové struktury a algoritmy

Kdy pouzijeme kterou rotaci?

* AVL strom [Richta90]
— Vyskove vyvazeny strom (Georgij Maximovi¢ Adelson-Velskij a Evgenij
Michajlovi¢ Landis)
— Vyska:
* Prazdny strom: vyska =-1
* neprazdny: vyska = vyska delSiho potomka
— Vyvazeny strom:
rozdil vysek potomkll bal ={1,0, 1}
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// A very inefficient recursive definition

/

int height( Node t )
{
if( £t == null )
return -1; //leaf
else
return 1 + max( height( t.left ),
height( t.right ) );

~

int bal( Node t )

{
return height( t.left ) - height( t.right );

}

J

_ Java-like pseudo 00(19
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Datové struktury a algoritmy

AVL strom - vysky a rozvazeni

-1 -1

rozvazeni (balance)

4—

vySka (height)

-1 -1 -1 -1
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Datové struktury a algoritmy

AVL strom pred viozenim uzlu
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Datové struktury a algoritmy

AVL strom - nejmensi podstrom

Nejmensi podstrom, ktery se pridanim uzlu rozvazi z 0
(the smallest sub-tree that looses its balance = 0 by insertion)

JAN

« Je vyvazeny: bal=0

« Po operaci insert zastava vyvazeny
bale(-1,+1)

Rodic (parent)

«1-1 >0 OK
« 1+1 - 2 neni vyvazeny

Nejmensi — modifikace blizko k listim

Karel Richta a kol. (FEL)
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Datové struktury a algoritmy

AVL strom - vlozeni uzlu doleva

a) Podstrom se pridanim uzlu doleva rozvazi
(the sub-tree loses its balance by node insertion — left)

-1 -1 -1

insert left ‘
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Datové struktury a algoritmy

AVL strom - prava rotace

a) Vlozen doleva — doleva => korekce pravou rotaci
(node inserted to the left — left => balance by Right rotation)

v

-1 -1 -15 -1 -1 -1
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Datové struktury a algoritmy

AVL strom - vlozeni uzlu doprava

b) Podstrom se pridanim uzlu doprava rozvazi
(The sub-tree loses its balance by node insertion — right)

-1 -1 -1

insert right

Karel Richta a kol. (FEL) Vyhledavani A7B36DSA, 2013, Lekce 10, 70/91



Datové struktury a algoritmy

AVL strom - prava rotace

b) VloZzen doleva — doprava => korekce LR rotaci
(Node inserted left — right => balance by the LR rotation)

Karel Richta a kol. (FEL) Vyhledavani A7B36DSA, 2013, Lekce 10, 71/91



Datové struktury a algoritmy

AVL strom - nejmensi podstrom

Nejmensi podstrom, ktery se pridanim uzlu rozvazi
(The smallest sub-tree looses its balance by insertion)

Uzel s vyvazenim 0
(Node with balance 0)

Podstrom vysky h
(Sub-tree of height n)

K podstromu vysky n
I (Sub-tree below of
height n)

Karel Richta a kol. (FEL)
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Datové struktury a algoritmy

AVL strom - vlozeni uzlu doleva

a) Podstrom se pridanim uzlu doleva rozvazi
(The sub-tree loses its balance by node insertion — left)

insert left ‘
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Datové struktury a algoritmy

AVL strom - prava rotace

a) Vlozen doleva — doleva => korekce pravou rotaci (R rotaci)
(Node inserted to the left — left => balance by right rotation)

R rot

v
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Datové struktury a algoritmy

AVL strom - vlozeni uzlu doprava

bl) Podstrom se pridanim uzlu doprava rozvazi
(The sub-tree loses its balance by node insertion — right)
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Datové struktury a algoritmy

AVL strom - prava rotace

bl) Vlozen doleva — doprava => korekce LR rotaci
(Node inserted left — right => balance by the LR rotation)
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Datové struktury a algoritmy

AVL strom - prava rotace

b2) Vlozen doleva — doprava => korekce LR rotaci
(Node inserted left — right => balance by the LR rotation)
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{

}
// add e to parent y

if( e.key < y.key ) Y-
else vy.

X = t.root;
y = null;
if( x == null ) t.root = e;
else {
while(x !'= null) {
Y = X,
if( e.key < x.key ) x
else x

/;oid treelInsert( Tree t, Elem e )

// single-leaf tree

// find the parent leaf y

x.left
x.right

left
right

Java-like pseudo code

)
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Datové struktury a algoritmy

Vkladani (Insert) do AVL s vyvazenim

/VOid avlTreelInsert( tree t, elem e ) b
{
// 1. init
// 2. find a place for insert
// 3. if( already present )
// replace the node
// else
// insert new node
// 4.balance the tree, if necessary
} Java-like pseudo code
- J
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/

avlTreeInsert( Tree t, Elem e ) )
{
Node cur, fcur; // current sub-tree and its father
Node a, b; // smallest unbalanced tree and its son
Bool found; // node with the same key as e found
Node help; // for search and new node

(1.init ]
found = false;

cur = t.root; fcur = null;
a = cur, b = null;

(2. find the place for insert ]

k e o o Java-like pseudo code

)
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(2. find the place for insert ]

while(( cur !'= null ) and !'found )

{
if( e.key == cur.key ) found = true;
else {

if( e.key < cur.key )
help = cur.left;
else help = cur.right;

if(( help '= null) and ( bal (help) !'= 0 )){
//remember possible place for unbalance
a = help;

}

fcur = cur; cur = help;

/
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3. if( already present ) replace the node

value
if( found )
setinfo( cur, e ); // replace the value
else {
// insert new node to fcur
help = leaf( e ); // cons ( e, null, null );
if( fcur == null ) t.root = help; // new root
else {

if( e.key < fcur.key )
fcur.left = help;
else
fcur.right = help;
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(|

4 . balance the tree, if necessary}

}

\_

if( bal(a) == 2 ) { // inserted left from 1
b = a.left;
if( b.key < e.key ) //and right from its son
a.left = leftRotation( b ); // L rotation (LR)
a = rightRotation( a ); // R rotation
}
else if( bal(a) == -2){ //inserted right from -1
b = a.right;
if( e.key < b.key ) // and left from its son
a.right = rightRotation( b );// R rotation (RL)
a = leftRotation( a ); // L rotation

} // else tree remained balanced
} // !'found

/
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Datové struktury a algoritmy

AVL Insert — vyvazovani podstromu

4. Shrnuti
a b |Rotation
R rotation
— |LR rotation
— + | RL rotation
— — |L rotation
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Datové struktury a algoritmy

AVL - vyska stromu

* Pro AVL strom S obsahuijici n uzll plati:

e Vyska (hloubka) stromu h(S) je maximalné o 45% vétsi ve
srovnani s idealné vyvazenym stromem.

* log,(n+1) < h(S) £1.4404 log,(n+2)-0.328 [Hudec96], [Honzik8s]
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Datové struktury a algoritmy

Vahoveé vyvazené stromy
(stromy s ohrani¢enym vyvazenim)

Vaha v(u) uzlu u ve stromé S:
e v(u)=1/2, kdyz je u listem
c v(u)=(1U]+1) / (U] +1),
kdyz u je koren podstromu S,c S
U, = mnozina uzlu levého
podstromu v podstromu S,
U = mnoZina uzltl podstromu S,
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Datové struktury a algoritmy

Priklad vahove vyvazeného stromu

(5+1) / (12+1)
(3+1) / (5+1) =6/13
- 213 (3+1) / (6+1)
(1+1) / (3+1) A
1/ (1+1) / (2+1)

= 2/3

(0+1) / (1+1) 1/2 1/2 1/2 1/2
=1/2
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Datové struktury a algoritmy

Strom s ohranicenym vyvazenim o

Strom S ma ohranicené vyvazeni o, 0 <o < 0,5, jestlize pro
vsechny uzly S plati:

a<v(u<l-o

Vyska (hloubka) h(S) stromu S s ohrani¢enym vyvazenim o
h(S) < (1 +log,(n+1) - 1) /log, (1 /(1 - a))

[Hudec96], [Mehlhorn84]

Vyska idealné
vyvazeného stromu
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Datové struktury a algoritmy

L rotation (Left rotation)

VB’ — VA + (1- VA) . VB
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Datové struktury a algoritmy

RL rotation (Right-Left rotation)
V )

A VB

VC, — VA + (1- VA) . VA VB [Hudec96]
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Datové struktury a algoritmy

The End
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