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Perequisites

C++

‘5 * 00 ¥
& Q.#Q.

Big oh , theta and omega notation



Sorting

280l 531y )
al0],a[1],..., a[n-1]
a1 (82 a5 Jl A e )
a[0] <=a[1] <= ....<=a|n-1]

example:8,6,9,4,3 => 3,4,6,8,9



Insertion sort
Bubble sort
Selection sort
Count sort
Shaker sort
Shell sort
Heap sort
Merge sort
Quick sort

Sort metods



[ INsert an element<a (2 S 48l

18 B 5 1) ) a8
Input: 3, 6,9, 14
A adlial 948 Gl ) 0 jualc
output: 3, 5, 6, 9, 14



Insert An Element

3,6,9, 14 Insert 5
C S dplie Cuald juaie (AT LT, 0 22
Shift 14 rightto get 3,6, 9, , 14
Shift 9 righttoget 3,6, ,9,14
Shift 6 righttoget 3, ,6,9,14
eas0A 0 G S adlal b

Output: 3,5,6,9, 14



|

Insert An Element

// Insert into aj0:1-1]
Int |;
For (j=I-1 ; >=0 && t <a[ |] ;J--)

A

J+1]

Al

J+1

=al |]
=1;



Insertion sort

D e Gl 280 sl 5 ) e b i
7 aad ) 8 Gl JA0A

iy 450y sy A ) S jinsertion  Jwe
3 g Jads Wy 2l



Insertion sort

Sort7,3,5,0,1

Start with 7 and insert 3=> 3,7
Insert 5=>3, 5, 7

Insert 6=>3, 5, 6, 7

Insert 1=>1, 3, 5,6, 7



Insertion sort

For (I=1 ; i<a.length ; I1++)
{// Insert a[i] into a[0:1-1]
//code to Insert comes here



Insertion sort

For (i=1 ; i<a.length ; i++)
{// insert a]i] into aJ0:1-1]
//code to insert comes here
Intt =a |]
Int j;
For (j=I-1;]>=0 &&t<al|];J-)
Alj+1]=a[ ]
Al j+l] =t;
}



Syau L Complexity

) adadla/ S Saa
) Sua

oala Slee S ilad
Asymptotic Sxau



Compration count

For (i=1 ; i<a.length ; i++)
{// insert a]i] into aJ0:1-1]
//code to insert comes here
Intt =a |]
Int j;
For (j=I-1;]>=0 &&t<alj];J-)
Alj+1]=a[ ]
Al j+l] =t;
}



Compration count

a8 e 50 Sl ja 1y ) IS 4 gel S
O G el sd e a8 28l Al Joban
a2 sl ) lnsertion sort
0908, 2 jladia |y (oSS 4 gai ) ol 3 dlams
Determine count as a function of this
Instance characteristic.???



[ Compration count

For (j=i-1 ; j>=0 && t <a[ j] ;j--)
Al j+1] = a[ j];

? L..\;u‘ b\x:zs el%j‘ Mﬂ& A-.\%



[ Compration count

For (j=i-1 ; j>=0 && t <a[ ] ;j--)
Al j+1] = a[ j];

| Laag Lt s af] 4 4ty clulie daed i jlad



[ Compration count

Worst-case count=maximum count
Best —case count=minimum count
Avarage count



[Worst-case Compration count

For (j=i-1 ; j>=0 && t <a[ j] ;j--)
Al j+1] = a[ j];

A=[1,2,3,4] and t=0 =>4 compares
A=[1,2,3,..,1]] and t=0 =>I compares




[Worst-case Compration count

for(int i=1; i< n ; i++)
For (j=I-1 ; >=0 && t <a[ |] ;J--)
Al J+1] =a[ |];
- Cilanlaa JS afaxd
Total comprase =1+2+3+...+(n-1)
=(n-1)n/2



Step count

N _wlie 4 Gl Al § Glasdas )l dls je SO
> e )
10 add , 100 subtracts,1000 multiplies
REPIVREPNEDRS) /Yo JRENPC

ala o cSon Gl 81 L 4AS 2l ool o gede il 4us
A gl 48l step x4



Step count

For (i=1 ; i<a.length ; I++)
{// Insert a]i] into a[0:1-1]
//code to insert comes here
intt =a[ ]
Int |;
For (Jj=1-1; ]>=0 && t<a[]];]J--)
Alj+1] =a[ ]
Alj+1] =t;
}

92
OrRrPFrPFPRORFRORgF



Step count

il S b 4dnas S/E
X=mymath.sum(a,n)

Where n Is the instance characteristic
has a s/e count of n



Step count

sle  step

For (i=1 ; i<a.length ; i++) 1
{// Insert a[i] into a[0:1-1] 0

//code to insert comes here 1
Intt =al |] 0
Int j; 1 I+1
For (j=I-1;j>=0 &&t<a[j] ;) 1 i
AlJ+1] =a[ ] 1
Alj+1] =t; 0

}



Step count

For (int i=1;; i<a.length; i++)
{2i+3}

Step count for

For (int i=1; i<a.length;; i++)

Is n

Step count for body of for loop Is
2(1+2+3+...+n-1)+3(n-1)
=(n-1)n +3(n-1)

=(n-1)(n+3)



[@ﬁ (S )b 2 3 ) é/m daulaa

O(n?)

Q NS IS



[@ﬁ (S ) 8 3 2 é/m Aulaa

O(n?):lls iy

O(n) &l yig

N 4S ol Sle) Qs 0 5y 35 e Uil (ol sl
(A LI US9)a sdie oo



[@ﬁ (S ) 8 3 2 ém Aulaa

feul 2y LaO(n?) b
failue 4a (practical) s i) S



Faster Computer Vs Better
[Algorithm

! o e o N . N . N = o N
)‘)S\L_\ML_\SH)‘)JJ:\SALQ&)};J‘Q_\SH

]



[ Data Structure pala (jlaial

:odla & 5
(.L\AJJ\ )J)J}):\g (R )\)ﬁ mjmggu JJ‘\S @\A 53]

Ex: integer={0, +1,-1,+2,-2,....}

days of week = {S,M,T,W, TH,SA}



Data object

A a8 Lda g 5 aS s 2l

Example:
MyDataObject={apple, chair, 2,5,red,green ,jack}



[ Data Structure

Data oject +

ralie Gl 4ulia () 3l 25 548 ol
Ex:369<370
280+4=284



Data Structure

1Jle S )2 0 pdie 4l 4S (5 palie Gl
369
3 Is more signification than 6
3 Is Immediately to the left of 6
9 Is Immediately to the right of 6



Data Structure

LQJJUABL;\A )ﬁAL.LM}Jy}AMUA\ALJ‘jJ
o) A e 3 gd e alagl 02l A5 gad Cpaia

Add,subtract, predecessor,multiply
> ¢ B e



[Linear (or Ordered) lists

Instannces are of the form
(e0,el,e2,.....en-1)

Where el denodes a list element n>=0 Is
finite

List size IS n



[Linear (or Ordered) lists

L= (e0,el,e2,e3,....,en)
(ol I8 )y dadl g
“zeroth element” .2dlue Gud 5 ola paie 1 €0
“last elements”. 2l casd Al jaic :en-1
AR e A el Bl ei+]



b sl Cuad ) aledlia

Exams in COP3530=(examl, exam 2, exam3)
Days of Week=(S,M, T,W,TH,SA)
Months=(Jan,Feb ,Mar ,Apr,...,Nov,Dec)



[Linear list Oprations-size()

Gl b (558 o il
Example:
L=(a,b,c,d,e)
Size=5



Linear list Oprations-get(the index)

A8 (e a5 0A Ol | O il 52580 1) aie SO
Example:
L=(a,b,c,d,e)

Get(0)=a

Get(2)=c

Get(4)=e

Get(-1)=error

Get(9)=error



[Linear list Oprations-indexof (the element)

A K )y paie ja Gl

L= (a,b,d,b,a)
ndex of(d)=2
ndex of(a)=0
ndex of(z)=-1




[Linear list Oprations-remove(the index)

_J}\Jjgu_n)g\))ﬁd)ywﬁ\d\jﬁm)ad\de\;j\ \)LJA;
L=(a,b,c,d,e,f,q)

Remove(2) returns c
and L become (a,b,d,e,f,q)

Index of d,e,f and g decrease by 1



Linear list Oprations-remove(the index)

_M\J;GAJQ\J)EJJJ}AL}QJ}\Lg\jﬁ;ajod\de\;i\ \JLJJ;
L=(a,b,c,d,e,f)

Remove(-1)=>error
Remove(20)=>error



[Data structure specification

Language independet
Abstract Data Type
Java

Abstaract class



Liner List Abstaract Data Type

AbstractData Type Linear List

{ Instances
Ordered finit collection of zero or more elements

s Sle
Empty():
aagii e o 2l JB Gud S das 5 81 il 8 e 1) e pd dngld
A4 L false
Size( ):
GAJ.\\J&_\MJA\JHL& J\Jx.\u_\)\_\aam\d)gga}\)uugjo)\m‘



[Data Representation Methods

Array ---chapter 5
Linked---chapter 6
Simulated



[Linear List Array Representation

al|/ b|lc|d]|e

1 2 3 4 5 6

L=(a,b,c,d,e)



[Right to Left Mapping




[Mapping That Skip Every Other position




[Wrap Around Mapping




[Represention Used In Text




[Add/Remove An Element 1

Size=5




[Add/Remove An Element_2

Add (1, g)
size-=6

al|g|b|c|d]|e




[Length of Array element|]

) A dga g Gl j3 paie Al s anily &8 s
a8 O ) on Al e S Al ol e s
Al G ) S sy e 5,0 8




Liner List Abstaract Data Type

Get (index):
( \)J\&@J)m)dju\o&_\\ad.\k}mu.‘:wu.mm\u\uéj}
Al Coal 5y B a5 et aS Al K o p )
Remove (index):
_M\Jﬁ@ﬁ\) Jmlccg\)ﬁ“jod)sq.d;\)w
Add (index, X):
Lo (pui DJLA.:A u‘ J\ B o.J)S Al sddi saldjndex Br \J X paic
b U3l 8 aal s S ol CuaB e ) palie
Output( ):



Linear List As Java abstract Class

Public abstractclass Linear ListAsAbstractClass

{

Public abstarct Boolean isEmpty();

Public abstarct int size();

Public abstarct object get(int index);

Public abstarct int indexOf(Object the element);

Public abstarct object remove(int index);

Public abstarct void add(int index, Object the element);
Public abstarct string to sorting();

}



@\Representatlon

gl e s lagda

explicit information (called a link) m
N g (o bl KA AS iy ja Sile DU

PR pale 4 paie S ) B Gl
A gpline et



yemer;q_ayout

A gh e ealdi) W 4l ) la
L ¥ (a,b,c,d,e)

b laloleld e [ L L]

_JASLEAOJ&M\ o\j;jddjh‘—iﬁ)“—i-\-\jﬁ

A linked representation uses an arbitrary layout.




/LiWepresentation At

[

firstNode

paie Kol (@) .28l e &
firstNode:
2 glina olaiul &}J.ﬁ:‘)mlc@o‘)\.&\cg\)g



| Way To Draw A Linked List

Rolil ald

sald JS,;S




firstNode

SR s oala 8 i) )l SO ol s ) S

AL e pale (SO 080

Aol gy KoLl S0 Bunasian g Sy )
e 5 ol AT K o




Node Representation

ackage dataStructures;

lass ChainNode

Object element;
ChainNode next;




Constructors Of ChainNode a

a

/\ null
ChainNode() {} i

x_ 7

ChainNode(Object element) W
{this.element = element;}

ChainNode(Object element, ChainNode next) next
{this.element = element; i

this.next = next;}



N
>

checkindex(0);
desiredNode = firstNode:
return desiredNode.element;:



N N
> >

checklndex(1);
desiredNode = firstNode.next;
return desiredNode.element:



N N
> >

checkindex(2);
desiredNode = firstNode.next.next:
return desiredNode.element:



N N N
> > >

checkindex(5); desiredNode =
firstNode.next.next.next.next.next;

return desiredNode.element;



/NUHPQh\terException
firstNode

N
>

N N >
> > >

desiredNode =

firstNode.n
xt.next;

ext.next.next.next.ne



e An Element

remove(0)

firstNode = firstNode.next:



beforeNode -
-IJ.\AU‘\A_U‘ ‘!Jd}.&.ﬂ\d-\&—lﬂ‘l)&.\"\s IJLS-IJ.]JDUJJJJJ v_ua‘v

<

_ =2 first node "
beforeNode = firstNode.next:



beforeNode

,3 beforeNode.xaa juas )y o S jLal o ¢S

beforeNode.next = beforeNode.next.next:



add(0,’f)

o

/
|l R L5 e2la AL (s la Laia 4 35S il | man a1 g A8

ChainNode newNode =
new ChainNode(new Character(‘f’), firstNode);



add(0,’)

RS

S Al lel ag gt | of il 58

firstNode = newNode:



One-Step add(0,f")

PR
~.
NeWINOCE

firstNode = new ChainNode(
new Character(‘f’),
firstNode);



add(3,'f)

ode newNode

beforeNode
S QlAm) )Y Gaoadl Lo g labl 2 (‘g
Al aiily S s 5Ll ald g ealy ali (g )l 45 shay sa S sl | aas 263 Jla 1a g0 A8

ChainNode newNode = new ChainNode(new Character(‘f’),

beforeNode.next);

o finally link beforeNode to newNode

beforeNode.next = newNode;



Two-Step add(3,’f")

tNode newNode

beforeNode

beforeNode = firstNode.next.next;
beforeNode.next = new ChainNode(new Character(‘f’),
beforeNode.next);







The ClI™s Chain ht

\)j/e:

2 » )& ChainNode

next (datatype ChainNode)

. element (datatype Object)




The (G:ass Chain

/** linked implementation of LinearList */

package dataStructures;
Import c++; // has Iterator

public class Chain implements LinearList

/| data members

protected ChainNode firstNode;
protected int size;

/I methods of Chain come here

}



Constructd@

£\

A Gl S alagl <*
public Chain(int initialCapacity)

{
firstNodeand size: 4l ol //
/I null and O
}

public Chain()
{this(0):}



The Method IsEmpty

|: public boolean isEmpty()
{return size == 0;}

®



The Method size()

|: public int size()

{return size;}



M checkindex

[** @throws IndexOutOfBoundsException when
* Index Is not between 0 and size - 1 */

=Y Lo ASL?\\.AJJL\JJSGA}UWJAML})AUML G
*/Umq g Cusd 50 puaic () AS Canl o seia ) 43 il K

void checkIindex(int index)
{
If (index <0 || index >= size)
throw new IndexOutOfBoundsException
("Index ="+ Iindex +" size =" + size);



ThasMethod get

public Object get(int index)
{

T checkindex(index)

2y ) yelsalaag ]
ChainNode currentNode = firstNode;
for (int 1 = 0; i <index; I++)
currentNode = currentNode.next;

return currentNode.element;

}



The Method indexOf

public int indexOf(Object theElement)
{

WS eaiua lylaag iy /f
ChainNode currentNode = firstNode;
ol g il intindex = 0; //
while (currentNode !'= null &&

lcurrentNode.element.equals(theElement))
{
LA pund (S g1 A //
currentNode = currentNode.next;
Index++;



The Method indexOf

If (currentNode == null)
return -1;

else
return index;



firstNode = firstNode.next;



Remove®.n Element XN,

public.Object remove(int index)

{

checkindex(index);

Object removedElement;
WS s g dog jf (index ==0) //
{
removedElement = firstNode.element;
firstNode = firstNode.next;

}




beforeNode

beforeNodeway jusi |y ol Ko il g4l |

beforeNode.next = beforeNode.next.next:



Remove®.n Element XN,

else
{0 S I BN N KOS N B YRN NCW EN
ChainNode g = firstNode;
for (int1=0;i<index - 1; i++)
g = g.next;

removedElement = g.next.element;
LS ] o) sada a g g.next = g.next.next; //
size--;
return removedElement;




One-St™y) add(0,’f) ),

RS

firstNode = new ChainNode(‘f’,
firstNode);



Add An Exnent R,

ublic void add(int index, Object theElement)
{

If (index < 0 || index > size)
\ ;Lu‘)lu L..hn.:‘ L"«J,'&}q //

throw new IndexOutOfBoundsException
("Index ="+ Index +" size =" + size);

If (index == 0)
S adlal sl 4 /I

firstNode = new ChainNode(theElement, firstNode);



Two-Shep add(3,f) ,

tNode newNode

beforeNode

beforeNode = firstNode.next.next;
beforeNode.next = new ChainNode(‘f’, beforeNode.next);




Adding £ Element R,

else

L) s paie {/]
ChainNode p = firstNode;
for (int1=0;i<index - 1; i++)

\_@r/ext;

Oy 1€ adlil IIp
p.next = new ChainNode(theElement, p.next);
}
Size++;

}



1a ™. With Header Node AN







ﬁ

\4
| > > > >
> > > >

T@w%lst



Inked List

/ firstNode

lastNode




FlA\Linked Circular List
firstNode







bubly Linked Circular List With Header Node

headerNode







|A

Array Representation In C, and C++
Memory
start
":[ C(]JLSJML_)\A‘U!JIMJA.\L_)\A u

B y8ae A FSo pslae gl A 50 m

e location(x[1]) = start + I



STce Overhead ]

Memory

d = 4 bytes for start
4 bytes for x.length

= 8 bytes
) ald DS B Al ) (o) aS liad o) Sue(



]a = new Int[3][4];
A aoald (LA Jgan S pnaS

al0][0] a

a[1]lo] al

al2][0] a

0
1
2

1
1
1

a

a

0.
all
2.

2.
2.
2.

a

0
all

a2

3.
3.
3.




/Rﬁws.\gf A 2D Array
]W 0

w row 1

— a2 a2 2 —=1213] row 2




/%Ws Of A 2D Array

al0][0]"} "alO][1]} alO]i2]] al

columnO columnl1 column?2 column3

a[1]l0] | a[l][1]} all]l2]] a[l][3;
al2][0] | a[2][1]] al2][2]} a[2][3;




200 Array Representation In C and C++

A (Al

Az g4l ) X

V4
~

a, b cd
e, f,g,h
L ], K, |

A (amy S sla )l o Al sla e
s S Al )l D) ealdiad L sy 03 sla 4yl )l s
= [rowO0, row1l, row 2]

row O = [a,b, c, d]

rowl=]Je, f g, Nn]

row2 =1, |, k, |

and store as 4 1D arrays




2[1:Array Representation In Java, C, and C+]

i

X.length = 3
X[0].length = x|[1].length = x|[2].length = 4



STce Overhead

i

space overhead = overhead for 4 1D arrays

=4*8
=32
= (number of rows + 1) x 8

oytes
oytes

oytes



D gh o ol la agl 4l 1 il cpl

W Al o3 sl ¥ ¥ 5F Y Gola il U (ol adiila 4l 58 JSE 40 4a 5
AR A SO

2ilie W o g Ll gie Daed il Jald adaila (Sl (S



Wjor Mapping

xample 3 x 4 array:. =
abcd

efgn
\/ | K
O s G o ealie ja 48 ) shay Cund 438 818 ey S Al )T S 5 358 4l
AL e g2 SO A SQ ) Dl o (Sl 5l 384
) o (5 ye Cad 4y m ) Jlaw e Jab pualic
C ) ek 1 e Gy 42 YL ) W e
We get {a,b,c,d, e f, g n11j Kk}



Column-Major Mapping

/\ abcd

efgh
k|
S Ol e B0 shy QB S8 o So 4l T S0 2 8 4 )
MM‘J S o) Ot oA Sk 5 Gl B8 4yl ) (s
C ) ead (e by 40 YL ) st 4 JA1a palie

)l (1 el yan Sl (G g
We get {a,e,1,b,f],¢c 0k, d, hl}



arse Matrices

UL w e o) palie plaslaigparse ...
AL e e o) palie yiSalaxigdense



Representation Of Unstructured
Sparse Matrices

D) ey O sie | (ol G file 3 (6 8a pe jpaie A
A Hlii=h



Wnear List Example

W list =

00570 row [112244]
000O0O column{3 53 4 2 3
02600 value 345726



Array Linear List Representation

element
row
column
value

0 12345
1122414
353423

1345726



Chain Representation

RN
S

value BE

Jg s



Single Chain

/\row_llzzé_l

ist = Column_3 53 4 2

value 3 45 7 2

EN =N SN BN &

firstNode




00570
00000

02600



Array Of Row Chains

RN

!I value \

Jg s



Array Of Row Chains

£\

0304

~_

00570
00000
02600

row[]



Orthogonal List Representation

RN

ode structure.

~_

down



Row Lists

RN

0304
00570

00000
02600




Column Lists

RN

0304

~_

00570
00000
02600




Orthogonal Lists




Variations

d of chains:l




=

395 (o0 0l POttOM 280 I8 4idy Jals 4S (5 ypaic
APNPPRWRINIER (o]0 JJ&J\}%L}A\AASL;)@ Cr Al
AL (e ph 8l top ) dadd gz a5 cads Gilblee




[Stack Of Cups ]

top — €D

-, g )
op — D "
&Ly =’
g N -
g X g X
Y N
bottom —= ¢ bottom — €&

RS dectop S F gm0l n m
o Stack=LIFO=LAST IN FIRST OUT



[The Interface Stack

public interface Stack
{
public boolean empty();
public Object peek();
public void push(Object theObject);
public Object pop();

}



DParan
1 CAlI U1

thacac NMatehinn
1L JIOLUJI

((@+b)*c+d-e)/(t+g)-(h+))*(k-1) /(m-n)

Output pairs (u,v) such that the left parenthesis at positionuis o
matched with the right parenthesis at v.

(2,6) (1,13) (15,19) (21,25) (27,31) (34,38) =
at+b )*((c+d)
O
right parenthesis at 5 has no matching left parenthesis o
(8,12) o

left parenthesis at 7 has no matching right parenthesis o



[Parentheses Matching ]

Al )vaa Jlho)ke =

push 4ii il of aws ) Left parenthesis 4 &5 m
5

pop 4i 3l ol aws,y right parenthesis 4 85 m
5



[Example ]
((@+b)*c+d-e)/(t+9)-(h+))*(k-1) /(m-n) =

DN



[Example ]
((@+b)*c+d-e)/(t+9)-(h+))*(k-1) /(m-n) =

15

(2,6) (1,13)



[Example ]
((@+b)*c+d-e)/(t+9)-(h+))*(k-1) /(m-n) =

21

(2,6) (1,13) (15,19)



[Example ]
((@+b)*c+d-e)/(t+9)-(h+))*(k-1) /(m-n) =

217

(2,6) (1,13) (15,19) (21,25)



[Example ]
((@+b)*c+d-e)/(t+9)-(h+))*(k-1) /(m-n) =

(2,6) (1,13) (15,19) (21,25)(27,31)

e and so on



N Wl &~

B

Agdh eodd @ Ca A s YU ads 7Y m
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[Towers Of Hanoi/Brahma ]

row

B
3-disk Towers Of Hanoi/Brahma =



[Towers Of Hanoi/Brahma ]

—reo

B
3-disk Towers Of Hanoi/Brahma =



[Towers Of Hanoi/Brahma ]

e, (=

B
3-disk Towers Of Hanoi/Brahma =



[Towers Of Hanoi/Brahma ]

3

: 1

B
3-disk Towers Of Hanoi/Brahma =



[Towers Of Hanoi/Brahma ]

3

1 :

B
3-disk Towers Of Hanoi/Brahma =



[Towers Of Hanoi/Brahma ]

3 | ii 1

B
3-disk Towers Of Hanoi/Brahma =



[Towers Of Hanoi/Brahma ]

F—reo

B
3-disk Towers Of Hanoi/Brahma =



[Towers Of Hanoi/Brahma ]

row

B

3-disk Towers Of Hanoi/Brahma =
e 7 disk moves



Recursive Solution

B

AN JE B Jleadiul LC a4 A Olsiwlyadlan >0 sola 7z pallus joaldinl b m
L JEnl B A ) yadlan-1 daxn C pledlwinl b m



[Recursive Solution ]

B
A JEBIC A VDA Osie Jg) 4dls m



[Recursive Solution ]

Ay Janl C B Jly4alan-1 =



[Recursive Solution ]

B

moves(n) =0whenn=0 =
moves(n) = 2*moves(n-1) + 1 =2"-1whenn> =



[Stacks

public interface Stack
{
public boolean empty();
public Object peek();
public void push(Object theObject);
public Object pop();

}



Derive From A Linear List

Clace
iIdoo



[Derive From ArrayLinearList ]

0 1 2 34 56

Crd Gl ) Ly n 8 e Jabee 438 YL paie o
AL e ) JA pale

empty() == IsEmpty() o
O(1) time =

peek() => get(0) or get(size() - 1) o
O(1) time =



[Derive From ArrayLinearList ]

0 1 2 34 56

3 ) A ag) I paie (p fca Cualge atop AS By m
push(theObject) => add(0, theObject) o
O(size) time o
pop() => remove(0) o
O(size) time o




[Derive From ArrayLinearList ]

0 1 2 34 56

M) 8 4 )} e (5 Gl ) Cusd e 50 tOP 4S B m
push(theObject) => add(size(),
theObject)
O(1) time =
pop() => remove(size()-1) =
O(1) time =

use right end of list as top of stack o



firstNode

[Derive From Chain

G Gl 5 Lg cp s Jalae 485 (5YL paie o
empty() == ISEmpty() o
O(1) time =




[Derive From Chain ]

firstNode

3l A4yl ypaie (p f G Cusl g 5o tOP AS 85
= peek() => get(0)
= O(1) time
= push(theObject) => add(0, theObject)
= O(1) time
= pop() => remove(0)
= O(1) time




erive From Chain
firstNode

EEEE
3l A 4l ) peaie G B il ) Cuslse 2 top 4S B -

o peek() == get(size() - 1)

« O(size) time

e push(theObject) => add(size(), theObject)

e O(size) time

e pop() => remove(size()-1)

e O(size) time

— use left end of list as top of stack




em®/() And peek()

0 1 2 3456
ublic boolean empty()

WDWO;}

public Object peek()

{
it (empty())
throw new EmptyStackException();
return get(size() - 1)

}



push(theObject) And pop()

0 1 2 34 56

pyiblic void push(Object theElement)
' heElement);}

public Object pop()

{
it (empty())
throw new EmptyStackException();
return remove(size() - 1);

}



A Faster pop()

itbempty())
throw new EmptyStackException();
eturn remove(size() - 1);

try {return remove(size() - 1);}
catch(IndexOutOfBoundsException e)
{throw new EmptyStackException();}



public void push(Object theElement)

\/ﬁmteaﬁérray size if necessary

If (top == stack.length - 1)
stack = ChangeArrayLength.changelLengthlD
(stack, 2 * stack.length);
// put theElement at the top of the stack
stack[++top] = theElement;

}



pop()

0 1 2 34 >top

ublic Object pop()

it (empty())
throw new EmptyStackException();
Object topElement = stack[top];
stack[top--] = null; // enable garbage collection

return topElement;

}



[Linked Stack From Scratch

See text.



Performance

,000 , ,'and operations
initial capacity

SS 10 500,000
Agray Stack O44s 0-22s
DerivedArrayStack 0.60s 0.38s
DerivedArrayStackWithCatch 0.55s 0.33s
java.util.Stack 1.15s -
DerivedLinkedStack 3.20s 3.20s
LinkedStack 2.96s 2.96s



G S N

AL e A Gual S

A e ol front caa s sla paic
A glive 02l rear Cuwd (sledil uaic
OS5l M rear " sl ) el Cunl 4y paie (g 3
OS"front” cia s sla ) Gl Sl alie 03 S Caaa



[Bus Stop Queue




[Bus Stop Queue




[Bus Stop Queue




[Bus Stop Queue




[The Interface Queue

public interface Queue

{
public boolean iIsEmpty();
public Object getFrontEelement();
public Object getRearEelement();
public void put(Object theObject);
oublic Object remove();




Derive From ArrayLinearList

0 1 2 3 4 5 6

Al Cual sl 5 rear s G Cafront 48 Sl
Queue.isEmpty() => super.isEmpty() =

O(1) time o©
getFrontElement() => get(0) =

O(1) time o©
getRearElement() => get(size()-1) =

O(1) time o©
put(theObject) => add(size(), theObject) =

O(1) time o©
remove() =>remove(0) =

O(size) time ©



Derive From ArrayLinearList

0 1 2 3 4 5 6
AL Gl s ) rear s Cwad Gl jfront 4S8 Sy o

Queue.isEmpty() => super.isEmpty() =

O(1) time o©
getFrontElement() => get(size() - 1) =

O(1) time o©
getRearElement() => get(0) =

O(1) time o©
put(theObject) => add(0, theObject) =

O(size) time ©
remove() => remove(size()-1) =

O(1) time o©



[Derive From ArrayLinearList

JJSGAL_\J}.\AO(\)\_\M.\AJ.JQJAAJCJJL_\LAAG



Derive From ExtendedChain
firstNode lastNode

A

Y
Y
Y
Y

null

front rear

2,0 ) B Gl Gl jrear s Cud aafront 48 S8
* Queue.isEmpty() => super.isEmpty()
—O(1) time
* getFrontElement() => get(0)
—0O(1) time



Derive From ExtendedChailn
firstNode lastNode

Y
Y
Y

front rear
* getRearElement() => getLast() ... new method
—0O(1) time
* put(theObject) => append(theObject)
—0O(1) time

 remove() => remove(0)

—0O(1) time



Derive From ExtendedChailn
firstNode lastNode

N
>

rear front

3 8 G aarear s Cuad Sl sfront 4S S8
Queue.isEmpty() => super.isEmpty()
—O(1) time
* getFrontElement() => getLast()
—0O(1) time



Derive From ExtendedChailn
firstNode lastNode

Y
Y
Y

rear front
* getRearElement() => get(0)

—0O(1) time

* put(theObject) => add(0, theObject)
—0O(1) time

e remove() => remove(size-1)

— O(size) time



[Custom Array Queue ]

Ca Ol gt g Soal )l G0 S m
queve[]  [NEINEGEG_G
G sla Caa () gimy (gamy Syl )l S0 S

[2] [3]

[1] [4]

[0] [5]



[Custom Array Queue ]

Sl 0ddi gy pale YL (sala Cain o

[2] [3]

[1] [4]

[0] [5]



[Custom Array Queue ]

Soala Sl )3 paie V8 ) Jl g S clls e

[2] [3]

[1] [4]

[0] [5]



[Custom Array Queue ]

s sala Gl 5 front and rear 2 )\S e
AN e o )L Gl (glat) 0 AS Gl SSfront —
AS a0yl Caond (gleti) du aS 8w Rear —

[2] [3] [2]

rear rear

[3]

front

[4]

[0] [5] [0] (5]



[Add An Element ]

S 0 S pa Gelu sla 4y jie Ciga parear o

rear




[Add An Element ]

A OS pa Gl sl 40 j8e Ciga yarear o

| queuefrear] 38 o L3l Gl rear 48 Sl8a o e
S 4l

[2] [3]

front

[1] [4]

rear



[Remove An Element ]
Al ala s Sl Front e

rear




[Remove An Element ]

I als Gelu sy 4 e Gga yaaal g S )y Front e
R
A Cada caa )y queue[front] slsise 5 o

rear




NMn \I

ale
IVviU VI IH

?T
>

rear++,
If (rear = = queue.length) rear = 0;

2] [3]

front rear

[1] [4]

[0] [5]

e rear = (rear + 1) % queue.length;



[Empty That Queue
2] 3

rear

[1]

front

[4]

[0] [5]



[Empty That Queue
2] 3

rear

[1] [4]

front



[Empty That Queue
2] 3

rear

[1] [4]

front



[Empty That Queue ]
2] 3

rear
[4]

front (0] 5]

front — c\g\.\‘ .Jj.ua 8)a Caa d;\.l Jm\..\.:; (‘;Lu LSJ\.AJ H
rear
front = rear = 0 2L J& o X1 m



[A Full Tank Please
[2] [3]

rear

[1]

front

[4]

[0] [5]



[A Full Tank Please
[2] [3]

rear

front

[1] [4]

[0] [5]



[A Full Tank Please
[2] [3]

rear

front

[1] [4]

[0] [5]



[A Full Tank Please
[2] [3]

front

[1] [4]

rear

[0] [5]

4 sy (e Calgd 0w el Cua 3 S i dn K e
front = rear :b_ui
2l o a3 B D d Glea aiS iy R




sl Caa e JA 5 phyd O
Queue is empty iff (front ==rear) && =
llastOperationlsPut
Queue is full iff (front == rear) && lastOperationisPut =



Queue is empty iff (size ==0) =
Queue is full iff (size == queue.length) =






Nature Lover’'s View Of A Tree




Computer Scientist’s View




[I:lnear Lists An
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Hierarchical Data And Trees

oy b L I e G YL 0 4S ( paic
A se sarald
= Dl A ) ) ax ) e 348 (5 palic
A oa oapali 33,8
Aiiaachildren 28l 4S atiaa 5 palic



Classes (Part Of Figure 1.1)

root

children ofloot

-

A 4
A 4
Integer Double Exception FileOutputStream
A 4

RuntimeException

great grand child of root




Definition

L.. 1Lm‘ o) \x.:&

Db (e odali Ady ) paic (pl

subtrees of " eaml Ay 5 palie il

.Jj..u.a GA"









Parent, Grandparent, Siblings, Ancestors, Descendants

£\




| evels

r—_— |

L/g\/ﬁ\-

S—

Integer || Double | |Exception FileOutputStream

|

RuntimeException




A

Caution

A

e o lad SO Gl 0 Level b mhs s 4

Aol lalevel O a4y

ed e &g ph) mdan H)Adn ) sl Ay g )

Ol il 28L 50 S e ) 2l 55 e 4y ) level 43
e 9 ¥ x| Ady )y gla &A )y 4 hag wlevel

TR




height = depth = number of levels

(——
E

)

v

Integer Double

Exception

¥

|
|

v

FileOutputStream

RuntimeException




Node Degree = Number Of Children

1

Integer

Double

Exception

|

0

v

FileOutputStream

RuntimeException




Tree Degree = Max Node Degree

1

Integer

Double

Exception

Degree of tree = 3.

|

0

v

FileOutputStream

RuntimeException




Binary Tree

ol ol (LSS paie (g3 gana daxd H) 9350 CAA )
A e 4y eaie Gl

Do R 8 da 534S Gl (A ) 5390 A
3k 2L jha

"(

Z < Z
RN A VU TR A AR TR O
OJA U' U\-’Q \—IAJ—I J:lJ -l ) kRl U.A\H-H OJA “J—I \d—t)ﬂ—l

Gl 0 ) ol DA p) 52 250 s Ranjn S
A ed (e odmalh Cal y 5



Diffgrences Between A Tree & A Binary Tree

A 50 5 i 4 ) souL R 0 a6 R
SIEQEL N DY RR T W ERT| YD P NG QR N



Diffgrences Between A Tree & A Binary Tree

o Ll Al e 3 gl pla s Caa ) p ) ol Ay
ot QI8 a8 5T CA 0 ) ) sere A 0

b) b
L G 3 p) i fe

A0S o0 Ll 4 gyl a4y Klait ¢ gléta
35S ol Ll 4y gere o o 4 K aviaa LSy e



[Arithmetic Expressions ]

(@+b)*(c+d)+e—-flg*h+3.25 =
) ead Sl YL Slhudlas &jle
//»_SlecOperators (+, -, /, ). ©

Operands (a, b,c,d, e, f,g,h,3.25, (a+Db),(c+ o
[l xed), etc.).

Delimiters ((, )). ©



[Operator Degree

b Sl &l

il 2 glee 53 die YLl 5390 sla Alee
a+hb
c/d

e-f
Atiaa 3 slee CSG ate Sl S sl Sl

t0

- h



[Infix Form ]

Sobe SO G ) (dsera gy m
2R e ) B diske 0l S sy See m
a*b
at+tb*c
a*b/c
(@+b)*(c+d)+e—-flgth + 3.25



[Operator Priorities ]

208 o el jidg) Slac oS m
atb*c
a*b+c/d

g oo JIE Cugll b i ila Alee (6 0 m
priority(*) = priority(/) > priority(+) = priority(-)

D Suslgl GaiYL aS 2 g e Jlee) Jiag) s Klee m
AL 41d)a



[Tie Breaker ]

SR8 e A dke ;a8 s Ale A m
ool Slee Gy a2l Glasy Syl
K Jlee ) Ladi glae



in[ix Expression Is Hard To Parse

el Fllae G ole SO Glulad ) g (i) 4
[ s 5o Sacazy aadiglee 130 ol )3 48 Infix
A8 (e LB il dislee Uil
[ Gadislacaay [ 4y ) L Aee lail o )2 48 prefix
AR ) E il i slee Ll

[ 4du \_Uilu: a_mmjl«: il o) 5 c\Sjpostﬁx
AR e D)8 A Uil of Cand i slac dmy



[Postﬁx Form

INfix
Postfix

-l



[Postfix Examples
Infix=a+b*C =

abc*+
e Infix=a*b+c

ab*c+

e Infix=(a+b)*(c—d)/(e+T)
ab+cd- *ef +/



[Unary Operators ]

Replace with new symbols. =
+a=>a@
+a+tb=>a@Db+
-a=>a?
-a-b=>a?b-



[Postfix Evaluation

25 i Gl o ) ) (Sllae & jle
push 4ii v diske Loprand s 4
25

A,g.’aSp()pA\jﬁ%)'\ Ly A glae 434S ila )

A€ Jlee) O 555 1) See

2 Sl POStiiX 2 4aS Cuad ) ) 9y O



[Postfix Evaluation

@+b)*(c—d)/(e+ m
f)

ab+cd-*ef+/ =
. +RFCHgfE/ m
. cd-*ef+/

stack



[Postfix Evaluation

@+b)*(c—d)/(e+ m
f)

ab+cd-*ef+/ =
. 4RFCHfE I

. cd-*ef+/
° d-*ef+/
. -*ef+/

. *ef+/ stack



[Postfix Evaluation
(@a+b)*(c—d)/(e+ m
f)

. efe/f+/ m

stack



[Postfix Evaluation

@+b)*(c—d)/(e+ m

f)
. efe/f+/ m
. f+/
. + /
. /

stack



[Postfix Evaluation

@+b)*(c—d)/(e+ m

f)
. efe/f+/ m
. f+/
. + /
. /

stack



[Prefix Form ]

Uided g con dislae a5 Slee 133 prefix 2 =
A oo Gl ) X sac
Infix =a + b
Postfix = ab+
Prefix = +ab



[Binary Tree Form

a+h s ‘)'\.
\



Binary Tree Form
@+b)*(c-d)/(e+f) =




[I\/Ierits Of Binary Tree Form ]
Sobke ) P ane b @l ) S L S m
REIT I EV P

Tree Binary =




Bie Prs & Representation
| | «-...l




[WQL‘FL%%D'HQPES Qf Nodes;
Ak e L e 5L Ry j3 0 R o)A



aximum Number Of Nodes

o SPlasi JiSlas dnulaa () 284 4i8l dsa s (3 AT mhau sla o S A4S a jnrdelS ca vl | w
SBYETRS L

¢ s

Maximum number of nodes
=1+2+4+8+...+2M

=2h-1



[Number Of Nodes & Height ]

5 saae AL 5 b A P Sy sl o Kol Kl m
O

h<=n<=2"-1 =

log,(N+1l)<=h<=n =



[FuII Binary Tree ]

ho el 4 s G 0 Ko ol s Ralaxd m
Adle 20 -1

¢ o ¢ >



Nyumbering Nodes In A Full Binary ]
Tree

ol 21 20 7 BT ) oub Ay yalad gt daet m
AL e b 4 YL Sl pshu i Hld w
MMGAW\JMHAJ‘QD;UIJWGLMﬁJJ ]




[\lode Number Properties ]

¢ © @ 3

LS\_\.\JM“\J‘\_\.\M,JM\_L\AU"/Z a‘)g‘).lidfmo‘)gﬁﬂ\j.
dei1 =1,



[\lode Number Properties ]

¢ © @ 3

Aile 2] e X m

o8l 23l 21 > n AN, bl il 0 S sla s Ralwin m
|

Al (o 2 25 8 )



ode Number Properties ]

¢ © @ 3

Adlue 21471 ) Gy S m
ol AL 2141 > 8L b i n Syl s Ralain)

Al ad Gl any e gl Hla



Coliwpiete Binary Tree With n Nodes

N U 1 ol la o 8 alaai gyl &d py S a

Ah (o
CA Ly sl aibitn e Jeld cd jn K
LBy ey S AT Sl 35 € WS 5

M et S e ‘ ol 1. ¢
Al 409 A ) P Gy )l s D g



[Examp:e

® g ® é6bod

A% okl 30 K10 L S @l i m



[Binary Tree Representation

pal&iia) 4l )1 ) o)) 5 e (90 90 Ay lad (o) g
A8
(51 o1 cla ol ) salatad U lulad



rray Representation ]

| Level Orderabw &y paan )y i 50 S0 sl Uﬁ\alg\
:'..\.A:\:\.G;.L:u\JQSJJWDJ)SLQJ\KDJMQM\J@%%
A8 e DA tree]i] L2 1o 84S &y ol 4300 S




[Right-Skewed Binary Tree ]

.

Al H) S ) sl b (g9 Ay SO Gl 5l 0 m
a0l D2 BN+ Dl

tree[]



[Linked Representation

s Gl b cd pnsla s Kol m
9 )l AS 2l asala Hulai 29 K0 O ) ua
AR 4y (S Gl 4 Sy R e Ll
Lg‘)j:\h.tl\i).loﬁn Lg\‘).ie{)‘.l)\_ué\scf\.mﬂds n
[N g Gl llad Ciga
n * (space required by one node).



dataStructures:

[The Class BinaryTreeNode

BinaryTreeNode

{

Object element;

—= D ) BinaryTreeNode leftChild; //

Sl ) &a sy ) BinaryTreeNode rightChild;//
}




Linked Representation
[Example

N




|

Binary Tree Traversal
Methods

Preorc
Inorc
Postorc

| evel oro

er
er
er
er



Bi[ary Tree Iraversal Methods

A ye Sodais s 8 5 gl Ry Giilap )
A eduaV/Sit




|

Binary Tree Traversal
Methods

Preorc
Inorc
Postorc

| evel oro

er
er
er
er



reorder Traversal
preOrder(BinaryTreeNode. 1)

{
(t 1= null)

1
Visit(t);
preOrder(t.leftChild);
preOrder(t.rightChild);

}
}



Preorder Example (visit =

rint
print)
® ©,



Preorder Example (visit =
print)

abdgheil cf]



[Preorder Of Expgassion Tree ]

| *+ab-cd+e f

| Sbulae G jle a3 prefix Jalw



|-norder Traversal
i. INOrder(BinaryTreeNode. 1)

{
(t 1= null)

{

INOrder(t.leftChild);
Visit(t);
INOrder(t.rightChild);

}

}



[Inorder Example (visit = print)

b C



[Inorder Example (visit = print) ]

gdhbeltafjc



inE)rder By Projection (Squishing) ]

gdh be l1a f]c



[inorder Of Expression Tree ]

a + b * c¢c - dJ/ e + f



postOrder(BinaryTreeNode
t)

{

(t '= null)

{
postOrder(t.leftChild);

postOrder(t.rightChild);

Visit(t);

}

}

[’ostorder Traversal



Postorder Example (visit =

A



Postorder Example (visit =
print)

ghdiebj fca



[Postorder Of Expression Tree ]

ab+cd-*ef +/

| Sblae & jle 53 postfix Jalas



[Tra\_/ersal Applications




[Level Order

Let t be the tree root.
(t '= null)
{

visit t and put its children on a FIFO
gueue;

remove a node from the FIFO queue
and call it t;



L{vei-Order Example (visit = print) ]

abcdefghi |



preorde

rome Examples ]

r -
ab
Inorder

2N
TSN
EUFRN

PN

level order
= ab



reorder And Postorder

v

reorder = ab
postorder = ba




|

Inorder And Preorder
[ inorder:chhbeiafjc-

preorder=abdgheicf] m

gdhbel fjc



Inorder And Preorder

gdhbe,/.\
preorder= bdgheicf| m

el @ & nHgdh /Gl g ddy )b -
Ll\m\)tl\';)dﬁj




Inorder And Preorder ]

gdh
preorder: dgheicf| =

Qi)dng/ﬁbw&m@)d =
AL e Gl ) SRy o s

./'\

g/\h



[Inorder And Postorder ]

AL e Gl 4 s ) Gulanlevel order LY =
Al e a4 Gl ) GlewPost order b2 =

inorder=gdhbeiafjc
postorder=ghdieb|fca
Tree root is a;

G G g/ gdhbel

Q.u\) AN )y ) //fJC



[Inorder And Level Order ]

AL e Gl y 4 ) snledlevel order 2
inorder=gdhbeiafjc
levelorder=abcdefghi]
Tree root Is a,

G Qi p ) //gdhbel

Sl 5 a3 5 /ffjc




Prority Queues

S e et )l Cugl gl Chua g o5
Yol b conm

bl b m



MinPriority Queue

SIS e iy pal gl gl WIS SO paie A gk m
A el O ) OB e 1) ) Jec ! m
€5 | el A Cam 45 0 S S
dmoj\dl\jjgu -
Cuslsl pAS L eaie (0 S Ty
Cuolgl (0 yiaS L (5 paic ads



Max Priority Queue

AES e cl 2l Sl gl WS SO pnie a G m
A el O ) OB e 1) ) Jec ! m
fai b ol A Com a8l 0 S S
dmoj\dl\jjgu .
Culgl (il b paie 53 S lay
Cuglgl G idin b g pale (30 .



/Camch\xity Of Operations

sheaps leftist ) Ol & (oo a4 98 50

\/ 2 olleftist trees

ISEmpty, size, and get => O(1)
time

put and remove => O(log n) time
AL e Cwd Jshn ) 248



Applications

orting
sl o Qsuna Ol Cnlgl Glsie 4 paic p 2K m
MJJ\JSL_\AJJ\MJJDML_\AJA‘JFL\L u
1 o . We P
DCuddaulSaaagdl yaic G N p
UL S QA a6 1) Cuglgl (S b g puaie A
] \x:f\\_.\ oL L.‘.;f (59 gaa L_\)}a.a a A
2L ari€ QAT adind & 1) Sy slgl Cp i b g maie R .
.\x::\\% D\L::’L.(;‘)A L_Aj} Q‘)‘M‘\%m




Wxample

il ol B ol 4 ol sl S 4S (6 paie LK CE

181 21 41 1
_Jﬁ.’\SoJ\jiu\ Ybuajl\bumj\ O
\)AJ/J\}YQL'QJS\L._\QMJ%JA\JF&Q lat) .
L}AGALHJA L.:\?é\_.\




After Putting Into Max Priority Queue

Cu ol Lilcaia
R

Sorted Array



After First Remove Max Operation

Cu ol Licaa
R

Sorted Array



Wd Remove Max Operation

Cu ol Lilcaia
R

Sorted Array



Afte Ird Remove Max Operation

Cu ol Lfcaa
R

Sorted Array



After Fourth Remove Max Operation

Sorted Array



After Fifth Remove Max Operation

Sorted Array



/Gﬁrﬁple\xity Of Sorting

paic) 5 )b

n put operations => O(n log n) time. -
\rrremo/vzrmax operations => O(n log n) -

time.

total time is O(n log n). -

compare with O(n?) -



Heap Sort

sl eomheap oo Vb Cusll b a0 IS
RUITR PPN gt L ook e Ol



Vhn Tree Definition

AL« s SO L value sl ol (S350

S iy ywvalue o) e 48 a3 a:Min tree
value

Al eSS il ) 8 L LA )y ) ala



)/Iﬁﬁ‘re% Example
[ /?\

/‘\

JJ\J\JJ\ASACEJ:\AS@J



)/Imre\e Example
[ /?\

/‘\

A1) Hlasa o yid A



Min -Heap Definition

JaS b B m
min tree =



W With 9 Nodes
/
O

OJgQ\A.JA\SQi)J



W With 9 Nodes
/
)

Min Ceisaed 50 S 9 L JalS 0k )
tree



Wp With 9 Nodes
/
@)

max it 5o 8 9 L JalS i )
tree



Heap Height

Ol gl )l aS 23l o S S8 sHeap

Sl



A Hea Efficiently Represented As An Array

I/
%\.

o 1 2 3 4 5 6 7 8 9




MMAnd Down A Heap
|

5 6

8 9



Put n Element Into A Max Heap

o 510 L JalS s



Put n Element Into A Max Heap

by (e Max o 8 5



Put n Element Into A Max Heap

2L e a6 S 20



Put n Element Into A Max Heap

2L e a6 S 20



Put n Element Into A Max Heap

2L e a6 S 20



Put n Element Into A Max Heap

2L e a6 S 20



WElement Into A Max Heap

i, |
/

@)

¢ o¢

o R 11 L JelS &a )
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Co |ty Of Remove Max Element

O(log n)= Suz
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Mplexity
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Extended Binary Trees
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The Function s()
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Inary Search Trees

e

Dictionary Operations: =
get(key)
put(key, value)
remove(key)
Additional operations: =
ascend()
).aila R e 1 b a3 e R unilget(index) (
Jose a3 1 bl SR 3 il 6l sise aSremove (Index) (




CTvaexity Of Dictionary Operations ]

Data Structurg Worst Case | Expected

Hash Table | O(n) O(1)
Binary Search O(n) O(log n)
Tree

Balanced O(log n) O(log n)

Binary Searc
Tree



Complexity Of Other Operations ]

|

Data Structurg ascend get and
remove

Hash Table O(D+nlogn) O(D + nlogn)

Indexed BST| O(n) O(n)
Indexed O(n) O(log n)
Balanced BS

D 1s number of buckets



Mﬂ Of Binary Search Tree
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Winary Search Tree

/'/
@

il oJ\JQ\.ﬁd \J\JA AJS.L:SS



The Operation ascend()
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The Operation get()
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The eration put()
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s => put() = O(height).



The Operation remove()

LQLQ qmj)dcjg
2L K e £ K
A8k Sy an e e £ A

ﬁh}d@)d)‘\o;;‘



I

R?nge\From A Leaf
e
e
@

&

7= & e £ Cada



Re From A Leaf (contd.)
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Wom A Degree 2 Node
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Suau = O(height).



[Indexed Binary Search Tree
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IM/a,nMe\Hldexed Binary Search Tree

leftSize =red



Ie}i@e&d Rank

Inerder e palic Cuxd swe=Hank

Inorder = 2 sma G sia 40 by IS (1 ),
S [2/6,7,8,10,15,18,20,25,30,35,40]
rank(2) =0
rank(15) =5
rank(20) =7
leftSize(x) = rank(x)



sorted list = [2,6,7,8,10,15,18,20,25,30,35,40]



gWAnd remove(index)

sorted list =[2,6,7,8,10,15,18,20,25,30,35,40]



[get(index) And remove(index) ]

If iIndex = x.leftSize =
.S sl )y x.element
If Index < x.leftSize =

A )Yy Cjindex LS‘ XEO 4S8 J}u GA?\A.U\ (S palc

If index > x.leftSize =

(index - x.leftSize-1) ) sise 48358 (0 QAT (5 paic
Al X C._Lud\) ANy ) u\



list = [a,b,c,d,e,f,0,h,i,j,k,I]



add(5,’m’)

list = [a,b,c,d,e,f,0,h,i,j,k,I]



add(5,’m’)

list = [a,b,c,d,e, m,f,g,h,1,],K,I]
find node with element 4 (e)



add(5,’m’)

list = [a,b,c,d,e, m,f,g,h,1,],K,I]
find node with element 4 (e)
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[add(S,’m’) ]

O(height)= Sx2n =
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