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e 19ATla AT TiLa) (primitive)

— int, double, char, boolean, ...
o 1nvuAfinAdIAIdIua9TTLLT Wil (class)

— String, Color, BigDecimal, ArrayList, HashMap, ...
o wazfidnunnunafidadaanuuuuazasIIag
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AAudayaunuuiugIu : Queue

e daya winnau aannau (First-In First-Out)

F
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public static PuzzleBoard solve (PuzzleBoard b)
Set set = new ArraySet():;
Queue queue = new ArrayQueue() ;
queue.enqueue (b) ; set.add(b) ;
while ( 'queue.isEmpty() ) {
b = queue.dequeue() ;
for (int d = 0; d < 4; d++) {
PuzzleBoard b2 = b.moveBlank(d) ;
if (b2 '= null) {
if ( b2.isAnswer() ) return b2;
if (! set.contains(b2) ) {
queue.enqueue (b2) ; set.add(b2) ;
}
}
}
}
return null;

}

{

© S. Prasitjutrakul 2006
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public class ArrayCollection
implements Collection {

private Object[] elementData;

private int size;

ADFHII

public ArrayCollection(int c) {
elementData = new Object[c];
size = 0;

}

public void add(Object e) {
elementData[size++] = e;

i }
WEIUY public boolean size() {
Tusunsu return size;
}
public int isEmpty() {
z return size == 0;
‘ 2aALLLTATIRSIY }
01 2 3 4

size elementData

"ﬁm" l'ﬁmll ueJun
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15-puzzle : fhuuasldsunsu

public static PuzzleBoard solve (PuzzleBoard b) {

Queue queue = new ArrayQueue() ;
queue. enqueue (b) ;
while ( 'queue.isEmpty () ) {
b = queue.dequeue() ;
for (int d = 0; d < 4; d++) {
PuzzleBoard b2 = b.moveBlank(d) ;
if (b2 !'= null) {
if ( b2.isAnswer() ) return b2;

queue.enqueue (b2) ;

} o < a o '
} 14 queue LAUATIINHAN KL

}

return null;

}
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15-puzzle : fruuagllsunsu

public static PuzzleBoard solve (PuzzleBoard b) {
Set set = new ArraySet();
Queue queue = new ArrayQueue() ;
queue.enqueue (b) ; set.add(b) ;
while ( 'queue.isEmpty() ) {
b = queue.dequeue() ;
for (int d = 0; d < 4; d++) {
PuzzleBoard b2 = b.moveBlank(d) ;
if (b2 '= null) {
if ( b2.isAnswer() ) return b2;
if ( ! set.contains(b2) ) {
queue.enqueue (b2) ; set.add(b);
}

} tlﬁ queue AuasARAR T

}

return null;

}

© S. Prasitjutrakul 2006
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AaaLanu (Collection)
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Collection Interface

public interface Collection {
public void add(Object element) ;
public void remove (Object element) ;

public boolean isEmpty () ;
public boolean contains (Object element) ;
public int size();

}

public class ArrayCollection implements Collection {
public ArrayCollection(int cap) { ... }
public void add(Object element) { ... }
public void remove (Object element) { ... }
public boolean isEmpty() { ... }
public boolean contains (Object element) { ... }
public int size() { ... }

}

© S. Prasitjutrakul 2006 04/10/49 4
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public class TestCollection {

public static void main(String[] args) {

Collection ¢ = new ArrayCollection(100) ;

System.out.println(c.isEmpty TS

c.add ("BANGKOK") ; "SONGKLA"
"PHUKET"
"BANGKOK"

"BANGKOK"

c.add ("PHUKET") ;
c.add ("BANGKOK") ;
c.add ("SONGKLA") ;

System.out.println(c.size());g:;t?

c.remove ("PHUKET") ;

System.out.println(c.contains("PHUKET"))égi;%;g;%:
System.out.println(c.contains ("BANGKOK")) ;
)

}

© S. Prasigutrarur zuuo 04/10/49 5
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Hello Hello
L afad > CPLT
|nNau [nau
good bye good bye
Caiad > RIRGATU
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Tlsunsuasagaudianinuadidau

import java.io.*;

public class Test {
public static void main(String[] args)
throws IOException {
FileReader fr = new FileReader ("data.txt");
BufferedReader br = new BufferedReader (fr);
Collection c = new ArrayCollection(100) ;
String line;

while ((line = br.readLine()) != null) {
if (c.contains(line))
System.out.println("iaau2n : " + line);
else

c.add(line) ;
}

System.out.println(c.size());

}

@© S. Prasitjutrakul 2006 04/10/49 7

waAzRSIAaatdnTu'ldatng'ls ?

o Tdiasel (ArrayCollection)
¢ 14n151av (LinkedCollection)

« interface »
Collection

+add(e:Object)

+remove (e:0Object)
+contains(e:0Object) :boolean
+isEmpty() :boolean

+size() :int

ArrayCollection | ‘ LinkedCollection

© S. Prasitjutrakul 2006 04/10/49 8
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ArrayCollection : 1dfansdiAudiaya

public class ArrayCollection implements Collection {

private Object[] elementData;
private int size;

size elementData

"ﬁﬁ" "ﬁ n "'nJu"

fiayaluraaidnduiivagiu
elementData 2avi 0 &v size — 1

© S. Prasitjutrakul 2006 04/10/49 9

ArrayCollection : constructor

public class ArrayCollection implements Collection {

private Object[] elementData;
private int size;

public ArrayCollection(int c) {
elementData = new Object]c];
size = 0;

size elementData || ||| ||| ||"'|I|
[:::] - ==L =

‘Collection c = new ArrayCollection(100) ;

© S. Prasitjutrakul 2006 04/10/49 10
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ArrayCollection : add

public class ArrayCollection implements Collection {
private Object[] elementData;
private int size;

i Inmisavinadigaving
181u elementData[size]

public void add(Object e) {

if (e == null) throw new IllegalArgumentException() ;
elementData[size++] = e;

size elementData

0
/
¥

© S. Prasitjutrakul 2006

04/10/49 11

ArrayCollection : size fiu iSEmpty

public class ArrayCollection implements Collection {
private Object[] elementData;

private int size; %ﬁ size 1ﬁtﬂuﬂsxiﬂﬁa

public int size() {

return size;

} #u true 61 size \flu 0
public boolean isEmpty () { ‘ Au false ﬁ—]j‘je)jagga
return size == 0; (size = 0)
}
01 2 3 4 99
size elementData | | | . | | | I| E‘

Cra

© S. Prasitjutrakul 2006 ;
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ArrayCollection : 15115619 ¢

ublic class ArrayCollection implements Collection {

private Object[] elementData;
avAlsznauuay
Taseasunaly

private int size;

public ArrayCollection(int c) {
elementData = new Object[c];
size = 0;

}

public void add(Object e) {
if (e == null) throw new IllegalArgumentException() ;
elementData[size++] = e;

}

public int size() ({ ~~ 15NTHE1TOUE

} return size; 619 9 TAu

public boolean isEmpty () {
return size == 0;

}

© S. Prasitjutrakul 2006 04/10/49 13

ArrayCollection : contains

public class ArrayCollection implements Collection {

private int indexOf (Object e) {
for (int i=0; i<size; i++)
if (elementData[i].equals(e)) return i;
return -1;
}
public boolean contains (Object e) {
return indexOf (e) !'= -1;

laiwu e, Au -1
WU e, Au index Nwu

size elementData

"ﬁﬂ " "ﬁmll IIEJuII

© S. Prasitjutrakul 2006 04/10/49 14
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ArrayCollection : remove

public class ArrayCollection implements Collection {

public void remove (Object e) {
int i = indexOf (e) ;
if (i !'= -1) {

elementData[i] = elementData[--size];
elementData[size] = null;

fneevineuny
MAcaINTALAAN

size elementData

uﬁmu "ﬁ‘l/l" "ﬁu"

© S. Prasitjutrakul 2006
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3293n3NUDIN

public cla. ArxrayCollection implements Collection {
private @l elementData;

private I size;

private int indexOf (Object e) {

for (int i=0; i<size; i
if (elementData[i])) return i;
return -1;
}
public void remove (Object e) {

int i = indexOf (e) ;
if (1 '= -1) {

elementData[i] = elementData[--size];
elementData[size]
}

© S. Prasitjutrakul 2006
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2171 : AR Object ilu root class

public cla ArrayCollection implements Collection {
private ] elementData;
size;

private I

e 1n 9 aadluamiluganaturasaaa Object

Object
N

‘ Component ‘

Font

Button

Container ‘
A

© S. Prasitjutrakul 2006 04/10/49 17

171 : naauanetilu Object

public cla AxrayCollection implements Collection {
private ] elementData;
size;

private I

e A 9 aadtuannfugnuarunasaana Object
o ynaauang "fu" dautanduasaaa Object
e Object[] RutiluasaifAudauandlénauuy

01 2 3 0 1 2 3 01 2 3
LLLL) LLLL) LLLL
== oL == ==

"8699" "Aq" * * D

04/10/49 18
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Wrapper Class

o Object[] \Audiayanugiulails
— int, short, byte, long, char, float, double, boolean
o 1914 Wrapper classes

— Integer, Short, Byte, Long, Character, Float, Double,
Boolean

Collection ¢ = new ArrayCollection(10) ;
c.add(new Integer(12)) ;

c.add(new Float(17.2f));

c.add (new Double(13.2)) ;

Collection c = new ArrayCollection(10) ;
c.add(12) ;

c.add(17.2f) ; Java 5 i autoboxing 1%
c.add(13.2) ;

@© S. Prasitjutrakul 2006 04/10/49 19

A1 : equals

public class ArrayCollection implements Collection {

private int indexOf (Object e) {
for (int i=0; i<size; i
if (elementDatali eturn i;
return -1;

}
if (elementData[i] .equals(e)) return i;

dauland elementData[i] ddLvindudauand e wiali
01 2 3 4 e

size elementData

"Aa" "ﬁ’m" "gq" "=y

© S. Prasitjutrakul 2006 04/10/49 20
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2171 : dereference

a1 fuduadsiedautand lufinsfudauand
< s v 1a o a. . a___ g n n
Aautanalanlufidivilsaredediaineiu "uay
Dog a = new Dog("a1¢");
Dog b = new Dog("uii");

a=D>b;
a = null;
b = null;
public void remove (Object e) {
int i = indexOf (e) ;
if (1 '= -1) {
elementData[i] = elementData[--size];
elementData[si @
}
}
© S. Prasitjutrakul 2006 04/10/49 21

alstaraaule

public class ArrayCollection implements Collection {
private Object[] elementData;
private int size;

public void add(Object e) {
if (e == null) throw new IllegalArgumentException() ;
elementData[size++] = e;

}

Collection ¢ = new ArrayCollection (3);
c.add("nok") ; 4}
c.add("birxd") ;

c.add ("poo") ;

© S. Prasitjutrakul 2006 04/10/49 22
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ArrayCollection : add wuuuenaasedla

public class ArrayCollection implements Collection {
private Object[] elementData;
private int size;

public void add(Object e) {
if (e == null) throw new IllegalArgumentException() ;
ensureCapacity(size + 1) ; AT EHaTUU6
elementData[size++] = e; “liina capacky
}
private void ensureCapacity(int capacity) {
if (capacity > elementData.length) ({
int s = Math.max(capacity, 2*elementData.length) ;
Object[] arr = new Object[s];
for(int 1 = 0; i < size; i++)
arr[i] = elementData[i];
elementData = arr;
}
}

© S. Prasigutrakur zuvo UrTo749 23

el inaitiu
agin

13n15L&534 : toArray()

o finaalantuudrsiavnishviiayaaanuildu

e toArray Auaiisd
- flauavinAudnwiuiiayauasraatdndu
- \Audiayanniluraaldndu

ArrayCollection ¢ = new ArrayCollection (4);
c.add("a") ;

c.add("B") ;

c.add("c") ;

c.add("D") ;

c.remove ("B") ;

Object[] a = c.toArray();
System.out.println(a.length) ;

System.out.println(Q££325{395f££9g(a));

[AVDVC]

© S. Prasitjutrakul 2006 04/10/49 24
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ArrayCollection : toArray()

public class ArrayCollection implements Collection {
private Object[] elementData;
private int size;

public Object[] toArray() {
Object[] a = new Object[size];
for (int i=0; i<size; i++)

a[i] = elementDatal[i];
return a;
}
© S. Prasitjutrakul 2006 04/10/49 25
9

o maaldntudafiifudayassinnuie
— liguladuduuasdiaya
— \fudiayadlé

e ArrayCollection : &319naatdndudlaaisd
— iAudauandlanniszian (ue'luitiyu primitive)
— fiansduazduilsdnsiAudruiuiaya
— vinlviasduneaunale daAudayaaudy
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Adia

o MstFauiauIaINITVinIU

o MsudITuaSIfiFA1§ovineu

o AMFItANUvATUIAIATYINU
o dasnstduiauasileAtiu

o MFILATTULTILEUAAY

o Feynsalidordunnu

o MTIATznAINTVIULaIianly
ArrayCollection
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ENN3LIAINITVINU

o LAauTdsuATN
e Fuvinvu
e JULAN

daev : dint[] d

atNANIU Way uavgdayalu d Afnas1ennga

7\ 7\
(12]7]2]8]5]11][1]4]
N4 \—g
Anauda 11
@© S. Prasitjutrakul 2006 04/10/49 3

Laullswnsy @ MINARAIIUDINNA

public class Testl {
public static void main(String[] args) {
for (int n = 3200; n < 100000; n *= 2) {
int[] a = new int[n];
long start = System.nanoTime () ;
int diff = maxDiff (a);
long d = (System.nanoTime() - start);
System.out.println(n + " : " + d / 1lE9);
}
}
static int maxDiff (int[] d) {
int maxDiff = O;
for (int i = 0; i < d.length; i++) {
for (int j = i+l; j < d.length; j++) {
int diff = Math.abs(d[i] - d[j]);
if (diff > maxDiff) maxDiff = diff;
}
}
return maxDiff;

}

©S. Praby /10/49 4
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auTUs ATy @ WKAaaIYUad max Au min

public class Test2 {
public static void main(String[] args) {
for (int n = 3200; n < 100000; n *= 2) {
int[] a = new int[n];
long start = System.nanoTime() ;
int diff = maxDiff (a);
long d = (System.nanoTime() - start);
System.out.println(n + " : " + d / 1lE9);
}
}
static int maxDiff (int[] d) {
int max Integer.MIN VALUE;
int min Integer .MAX VALUE;
for (int i = 0; i < d.length; i++) {

if (d[i] > max) max = d[i];
if (d[i] < min) min = d[i];
}
return max - min;
}
© S. Prasitjutrakul 2006 04/10/49 5

iRrauaunainITvineu

nal (i)

16 NINREI
14 AINAA
12
10
8
6 ]
4 WHREINUAY
) max fiu min
0

3200 6400 12800 25600 51200 A wudaya

Win unudrnnudaya
{(n) wnunarlunsmuasvuadgiayaninas1vunge

WULA 1 7 oc 12
Wuuid 2: 7 «cn

© S. Prasitjutrakul 2006 04/10/49 6

http://www.cp.eng.chula.ac.th/~somchai
31/235



2eNN3ERIINTLAL TAUDILIRINITYINIIU

o Wgudanadiiu
o AvuamLlsunuBinadiayazin
o WAFIFILNY
— Na1NTrinULlIaNFIUIUATINAFIMAI LN UYINIIUY
o JaneiIwIuASIAAFIFIuNUiNY
o WiluAtuaaIIWIUATITAI IS ILNUYINOUAY
Fuadayaudn
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Q/

UINUIUASTIA A FIvineu

public class Testl {

public static void in (String[] args) {
int[] a = new in
int diff = maxDiff(a); 5, 10, 20

}
static int maxDiff (int[] d) {
int maxDiff = O;
for (int i = 0; i < d.length; i++) {
for (int j = i+l; j < d.length; j++) {
int diff = Math.abs(d[i] - d[j]);
if (diff > maxDiff) maxDiff = diff;<:|
}
}
return maxDiff;

}
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FUIUIUATIAA F9vineu

public class Test2 {

public static void (String[] args) {
int[] a = new in%
int diff = Dif ;
in i maxDi a) 5, 10, 20

}
static int maxDiff (int[] d) {
int max Integer.MIN VALUE;
int min Integer.MAX VALUE;
for (int i = 0; i < d.length; i++) {

if (d[i] > max) max = d[i];

if (d[i] < min) min = d[i] ;<:|
}
return max - min;

}

© S. Prasitjutrakul 2006 04/10/49 9

a3 aviiaztaiiy

n=5|n=10n=20

w1 @ @ @ n(n-1)/2

wuud 2 5 10 20 n

/|

(5x4)2  (10x9)2  (20x19)2
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public class Testl {
public static void main(String[] args) {
int[] a = new int[5];
int diff = maxDiff (a);
}
static int maxDiff (int[] d) {
int maxDiff = 0;
for (int i = 0; i < d.length; i++) {
for (int j = i+l; j < d.length; j++) {
int diff = Math.abs(d[i] - d[j]); = o &
if (diff > maxDiff) maxDiff = diff+ _oongrell
WluaArdosunu

W » Aanunauavaiise

}
}

return maxDiff;

}

n-1 n-1 n—1
= “1-N=p?op=J_" =
> 21 ;,(” i) =n"—n 5 )

i=0 J=itl

@© S. Prasitjutrakul 2006 04/10/49 11

JAgrlv A uULIRNAITVINIIU

public class Test2 {
public static void main(String[] args) {
int[] a = new int[5];
int diff = maxDiff (a);
}
static int maxDiff (int[] d) {
int max = Integer.MIN VALUE;
int min = Integer.MAX VALUE;
for (int i = 0; i < d.length; i++) {

W » Aauunauavailse

if (d[i] > max) max = d[i]; ™ o &
if (d[i] < min) min = d[i]; jraanssyad
1 tiluddusunu
return max - min;
}
n—1
S
i=0
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o 1ZauTdsunNsuZI LAITUNIAN
— davdinuTlsunsulviguysal
- nmmsﬁjmu‘ﬁuﬁnﬂaiz”ﬂmnmu
a1, LA3ay, [{Llie, ...
e AATEATINISLHUTATAIIANINTYINIU
— WWaudanadfiu lugdavasnaasidaaunn
— W@anTuanigAmdiiuny
- wanlatiuFaudaulés
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AMIINITLALTALLUUGNY €

log n

logn < n < n* <2
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Miatld : ans1NITLELLe

for (int i = 0; i < n; i++) {
for (mt3=0;j<n; j++) | nln-l
Lot S1-5 0w
} } i=0 j=0  j=0
for (int 1 = 1; i < n; i++) { n—ln-2
for (int j = 3; j < n-1; j++) { I_Z(n 4)
sum += j;
} i=l j=3 Jj=1
} =(n-Dn-4)
_ 2
=n"-5n+4
@© S. Prasitjutrakul 2006 04/10/49 15

Matld : aas1NTLALLE

n ( n? ) Sn+4
10 54
20 - B 304 5.63
40 e 4 1404 4.62
80 M 4 6004 4.28
160 ug 4 24804 413
320 ng 4 100804 4.06
640 'é 4 406404 § 4.03
1280 = 1632004 4.02
2560 4 6540804 4.01
I
”msﬁmstﬁuimmﬁu
1 quadratic function
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0 fn) Todinndn g(n)

lim £

An) 1151071 g(n)
n—»w g(n)

ARl fAn) Wutaludaswvindgu g(n)

‘ logn, n, nlogn, n:, n, 2", n ‘

1ad Ta5)

|2, 0012, 222-10n, 5P2+8 |

— fidannadutawvindu
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polylogarithm 1131 sublinear

f(n)=logn g(n)=+n log n 104NN nos

logn _ lim Inn

lim

e fn = Inl0Vn fansausna’léin
_ 1 . Inn (log n)° Tednin #*
In10 n>o \/n e, k>0
B P
11’11071—)001/(2\/;)
1 2

=——Iim —
10752 [ (log n)100 T@giaAgY ;00001 ]

- l
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AN3ILATIZULTILFUAAL

e 1diLATIZUNOANTIUNTTVINIIUADIA RN DTN
Wadayaudinfivualva

e halidiarzklddadiu
e dNauLUsauLAsUlAda

—1 n-1

3

n—1n-2 n—1

1=>"n DX 1= (n-4)

j=0 i i=1 j=3 i=1

n—1 n—1
n’ = ZG)(n) = (9[ nJ
i=1

= Jj=1
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3

I}
=]
Iy
(=]

i

Jeynsalidotdunnu

o(g(n)) Aa \auasileAfuiTatinnin gx)

e o(g(n)) Aa " " a5 gn)

e O(g(n)) Aa " " Tevindu g(n)
— ©(g(n)) = O(g(n) N A(g(n))

e O(g(n)) fia " " Ta'lisindn gn)
= O(g(m) = o(g(m) v O(g(n))

e Q(g(n)) fia " " 1e'ludnin gn)

= Q(g(n) = o(g(n) w 6(g(n))
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O(g(n)) AarainuasiloAdfuninwindu g(n)

[ fin) € B(g(n)) — f(n) TOWvinAu g(n) ]

1) ©(dogn) ©® @) OMmlogn) © 1)
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6nlogn+n

7 log n!

0() O(ogn) O@™) O(mlogn) O ()
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fienu O(g(n)) anwuy

O(g(n)) = { fin) | F WU c > 0 WAL 1y >0
Avin 4 f(n) < cg(n) Wan> ny }

cg(n)

n

1
1
1
1
1
1
1
1
n
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fienu O(g(n)) anuuy

{@(g(n)) = {fin) | FAUMU |, c, > 0 URL 7y > 0 }

Avin i c,g(n) < fin) < c,g(n) Wan> ny }

c, g

1

1

1

1

1

1

1

1

- n
1,
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Gratn 1

O(g(n) = { fin) | FWIU c > 0 WAL 1, >0
Avin fin) < cg(n) Wan> ny }

AILRAVIN 1572 + 101 € O(n?)

W ¢ WRE n, AN 1522+ 10n < cn? fla n>n,

w1sae n2 'la 15+10/m<c

Wice=16 awld  15+10/m<16 Wan=>10
a5l 1502+ 10n < 1612 la n 210

Froiiu 1572+ 10n € O(n2)
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Gatn 2

O(g(n)) = { fin) | N3 ¢}, ¢, > O WAz ny > 0
Avin ¢,g(n) < fin) < c,g(n) lan> ny }

WLAAYIN 1572+ 10n € O(n?)
1HudaILEIIN 1572+ 10n < 1602 \fia n =10

W ¢, WAL ny, NN ¢;n? < 1572 + 10n \Wa n > n,

Wi, =1 agla n <1522+ 10n\fan>0
a5l n2 < 1572+ 10n < 1602 \fan 210
Froiiu 1572+ 101 € O(n2)
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fate 4

Llogsz n
WUFAII ). (2—hhj=0(n)

h=0

| log, n | . | log, n | h
2 l= .
;} (2” ) g ,;) (2’7j
0 hj
<n —_—
/;[Zh

=2n €0(n)
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fatinaf 5 : log n! € O(n log n)

nl= nxm1l)x..x2xl
2AULAG < mx n x..Xxpxn = n"
w Jogn!< logn"=nlogn wen>1

n'= n x(n-1)x.x®m?2)xm2-1)x..x2x1
uaLn 2 nl2x n2 x..x n2 x 1 x..x1xl
a9 > (n/2)n?

log n! > (n/2) log (n/2)
= (n/2) log n — (n/2)
>0.4n log n e n > 103

‘ 0.4nlogn<logn! <nlogn iion>10°

[log n! € O(nlogn) )
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aM31NLAUTANNULDE

e constant :0(1)
e |ogarithmic :O(logn)
¢ polylogarithmic: ©(logcn), ¢>1

e sublinear :0(n),0<a<1
e linear :0(n)

¢ quadratic : 0(n?)

e polynomial :0(n),c>1

e exponential :0(c¢"),c>1
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AstdiauvAadulusduag O, © wuudne 9

o HAWINUAIWAUNAEWAY BAANAUN L0 IEA
o diadoinm
— cg(n) = O(g(n)) la c \fludrase
— log, n=0(log, n) ws log, n = (log,b) log, n
—. > 0((n) =0(D 1(n))
e 12U
— apf + a0k +.. .+ ay = O(nb)
—0.00173 + 700012 — 11 = ©(n3)
—log, n'%= 10(logjn) = O(logn)

- 'i@(i) :®[ii =0 (n(n+1)/2)=0(n")
i=1 i=1
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AR UNNILATILU ArrayCollection Au

e constructor

- flunisravasdinuutasa g ldiviua
Feldnandsanzuia
— Tdan 0(c)
e iSEmpty wae size
— viwa 1 dde : Tdnan 0(1)
public class ArrayCollection implements Collection {
private Object[] elementData;
private int size;
public ArrayCollection(int c) {
elementData = new Object[c];
}

public boolean isEmpty () { return size == 0; }
public int size() { return size; }
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ArrayCollecton.add

o dnligiavuenaaisd Aldnaiua (1)
o 19 » unudarutiayalumaaltantu

o fndiayateiuaise tinn1saena 3914081 O(n)

public void add(Object e) {
if (e == null) throw new IllegalArgumentException() ;
ensureCapacity (size+l) ;
elementData[size++] = e;
}
private void ensureCapacity(int capacity) {
if (capacity > elementData.length) {
int s = Math.max(capacity, 2*elementData.length) ;
Object[] arr = new Object[s];
for (int i=0; i<elementData.length; i
arr[i] = elementDatal[i]; ()(n)
elementData = newA;
} } AAUTLAN 7 = AUNAUDIDSE
]
© S. Prasitjutrakul 2006 04/10/49 33

ArrayCollection.contains

e contains 3an indexOf iadumdayauuuaisu
e vinnsAuaIavIU for yu'lditAu » sau

e finTuAfANWLTIaIT 0 TuasaAwurasving 9

o F9ldaarnsauLilu o)

public boolean contains (Object e) {
return indexOf (e) != -1;

}
private int indexOf (Object e) { ()(n)
for (int i=0; i<size; i++)

[ if (elementData[i] .equals(e)) return i; J
return -1;

}
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ArrayCollection.remove

o remove 3ain indexOf iadumdiayauuuandu
e vinnsAauaIaIvIU for 1dIan On)

e vinnsauldial O(1)

e remove 1gailu On)

ubli . .
P : :|.c_vo:|.c.i remove(Ob'J]ect e) { O(Vl)
[:Lnt i = indexOf (e); J<
if (1 = -1) {
elementData[i] = elementData[--size];
elementData[size] = null;
) (1)
}
© S. Prasitjutrakul 2006 04/10/49 35
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U wIuaFIi A FIF L nuvinouLnunan
wanuduiuszasimuafIfAIdosunuvineu
Audruudaya
iinueAfulugluasdunsalifoidunrfu

14 O WaudAILALLUALUADINIAT

4 © iansvinufizauuauuuaralaingu
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(LinkedCollection)

¥9a

* NNSESNADALANTUAILNT e YA
o A5 teanuy lfiuasidui
o ANSASNLEAGNLADALEANT U
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n1sLAuTiayasnlaaLsed

* usiazataviiu reference lidvaaliang

atavla WAudiaya Aldu null

+ qiafi : 19189 elementDatalk] ‘laq leinaiazsiaisn
+ galds : fiavavasd Linau luwasavuany

01 2 3 4

size elementData

llﬁﬂll Ilﬁmll "9.]14"
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nslAUTayanI1an15 e

o Audiayalinu "du" daya
o EanTaausng q udedu
 usaztuAy
- reference ludtiaya
— reference lddludaly CLifidudaldiAu null)
« figudsiAuuusn
afi : savdudiayainisndiu

o
diaide : WdavilandmusSuiiunisiay

first
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A19d3 1NAdALANTUAILNTS 1EN

public interface Collection {
public void add(Object element) ;
public void remove (Object element) ;
public boolean isEmpty () ;
public boolean contains (Object element) ;
public int size();

}

public class LinkedCollection implements Collection {
public LinkedCollection() { ... }
public void add(Object element) { ... }
public void remove (Object element) { ... }
public boolean isEmpty() { ... }
public boolean contains (Object element) { ... }
public int size() { ... }

}

© S. Prasitjutrakul 2006 04/10/49 5

LinkedNode : Tasvds1vuavily

public class LinkedCollection implements Collection {
private static class LinkedNode {
Object element;
LinkedNode next;
LinkedNode (Object e, LinkedNode next) {
this.element = e;
this.next = next;

} (static inner class]

@:/I’\L/v
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LinkedCollection : Tasvds1vn1stAvdaya

public class LinkedCollection implements Collection {
private static class LinkedNode { ... }

private LinkedNode first;
private int size;

public LinkedCollection() {
first = null;
size = 0;

size first size first

(2] [

npn npn

@© S. Prasitjutrakul 2006 04/10/49 7

iISEmpty, size

public class LinkedCollection implements Collection {
private static class LinkedNode { ... }

private LinkedNode first; size first
private int size; E n

public LinkedCollection() {} =

public int size() { Ty
return size; Cmmmmmm - @(1)
} g

public boolean isEmpty () { k“”
return size == 0;
}
© S. Prasitjutrakul 2006 04/10/49 8
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add : n15LANgaYa

o d5dudiayalui udrunsnlisumin

public class LinkedCollection implements Collection {
private LinkedNode first;
private int size;

public void add(Object e) {

first = new LinkedNode (e, first);

++size;
) Sex

o(1)

© S. Prasitjutrakul 2006

n19tdaw ldnazdusunis e

node

size first ‘////i/]
@“Hﬂ'%ﬁ*u
"D" ol "B" A

LinkedNode node = first;
node = first.next;

node = node.next; o o o
node = node . next; ﬂﬁmauiﬂ mﬂnnm"l,@
node = node.next;
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"A" 04/10/49 9

04/10/49 10

http://www.cp.eng.chula.ac.th/~somchai
51/235



contains : N13AUTAYA

+ @ag 9 Wlandauauann first

public class LinkedCollection implements Collection {
private LinkedNode first;
private int size;

public boolean contains (Object e) {
LinkedNode node = first;
while( node '= null ) {
if (node.element.equals(e)) return true;
node = node.next;

}
return false; ///Eidf ()(n)

}

size first ‘//
[« ] \lH—%iH—*\l\%\i\

npn nen ngn npn
@© S. Prasitjutrakul 2006 04/10/49 11
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remove : N15auTaya

. ﬁmm'iauﬂu‘lmaar(ﬁmiﬁhLmﬁ,wmﬂuﬁauwﬁ'j
— gflavnsaudu "B", viniuiituga [in "B"

o Wasua e lviduainsiavnisay

LinkedNode p = first;

= p.next;

size first Q Q

np" nen nR" nA" =
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remove : n1saudayanuuisn

+ N158U node Wsn T unseliiey
* $na& : remove("D")
- ¢iauin first

size first \,/
[iEn En=EncRnn

||D|l "Cll HB" IIAH :
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remove : N15auTaya

public class LinkedCollection implements Collection {
private LinkedNode first;
private int size;

public void remove (Object e) {
57 (s == meill) sotmEng 2 |
if (first.element.equals(e)) {
first = first.next; --size; k

} else {
LinkedNode p = first; . .
while( p.next != null && < Aulriwy
! p.next.element.equals(e)) {
P = p.next;
} % «
if (p.next !'= null) { <— AUNL NaU
p.next = p.next.next; --size;
}
! O(n)
}
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ATsauNrananaal

]
a v

¢ remove 1U131A s avlngalNLAY

public void remove (Object e) {
if (first == null) return;
if (first.element.equals(e)) {
first = first.next; --size;
} else {
LinkedNode p = first;
while( p.next !'= null &&
! p.next.element.equals(e)) {
P = p.next;
}
if (p.next !'= null) {
p.next = p.next.next; --size;
}
}
}

@© S. Prasitjutrakul 2006 04/10/49 15

15 lennuuiiluia (header)

o @avll "duy" duduusn
o Y¥ruavuduna

« durilluAudiaya

size header
ElESe —RnESnn

"p" nA"
size header
E——DE—@Q
npn
size header

(o] [+~mm

04/10/49 16
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A9 a9 uuTUurn

public class LinkedCollection implements Collection {
private LinkedNode first;
private int size; Maifiusia

public LinkedCollection() { }
public void add (Object e) {
first = new LinkedNode (e, first);
++size;

public class LinkedCollection implements Collection {
private LinkedNode header
= new LinkedNode (null, null) ;

private int size; filuvin

public LinkedCollection() { }

public void add(Object e) {
header.next = new LinkedNode (e, header.next) ;
++size;

}

© S. Prasitjutrakul 2006 04/10/49 17

A9 189 UUHLNYAY - contains

public class LinkedCollection implements Collection ({

public boolean contains (Object e) { afiduin

LinkedNode node = first;

while( node !'= null ) {
if (node.element.equals(e)) return true;
node = node.next;

}

return false;

public class LinkedCollection implements Collection ({

public boolean contains (Object e) {
LinkedNode node = header.next;
while( node !'= null ) {
if (node.element.equals(e)) return true;
node = node.next;
}

return false;

}

© S. Prasitjutrakul 2006 04/10/49 18
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A9 189 UUNUNY - remove

public class LinkedCollection implements Collection {
private LinkedNode header = new LinkedNode (null,null);
private int size;

public void remove (Object e) {

7

3£ _(£3 vt 1 + cualsle)) [

¢ - ~e e )—t

£33 + = £33 l-' J-,- >

—} else {
LinkedNode p = header;
while( p.next !'= null &&
! p.next.element.equals(e)) {

P = p.next;

}
if (p.next !'= null) {
p.next = p.next.next; --size;
}
——
}

@© S. Prasitjutrakul 2006 04/10/49 19

13N15Ld34 : toArray

public Object[] toArray() {
Object[] arr = new Object[size];
LinkedNode p = header.next;
int k = 0;
while (p !'= null) {
arr[k++] = p.element;

e e |

return arr;

size header

]
=

j:kE]'v

H—ﬂ\-&—'\l\—O—»\

npn nen ngn "

|
lll

© S. Prasitjutrakul 2006 04/10/49 20
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Set @a Collection 1 lutAUAIEN

]
a v

« Set AlTlu collection ag191KTly NYENNLALAIE

public interface Set extends Collection {
/**
* add a new element without duplication.
<y
public void add(Object element) ;
}

© S. Prasitjutrakul 2006 04/10/49 21

AN9dsNLnnaAaatand ; inheritance

public class ArraySet extends ArrayCollection
implements Set {
public void add(Object element) {
if ('contains (element)) {
add (element) ;
}
} public class LinkedSet extends LinkedCollection
} implements Set {
public void add(Object element) {
if ('contains(element)) {
add (element) ;
}

© S. Prasitjutrakul 2006 04/10/49 22
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NS MLBRFILADALANTU | composition

public class LinkedSet implements Set {

private Collection c;

public LinkedSet() {
c = new LinkedCollection() ;

}

public boolean isEmpty () {
return c.isEmpty () ;

}

public int size() {
return c.size();

}

public boolean contains (Object e) {
return c.contains(e) ;

}

public void remove (Object e) {
return c.remove (e) ;

}

public void add(Object e) {
if ('c.contains(e)) c.add(e);

}

@© S. Prasitjutrakul 200| } 04/10/49 23

d91

dayaiiululudaya
« Unlugiayan e

Tevuuu bifiduia dnfinsdiidsfidasinnis
Tovuuufilui

— WnAMugugaulunisdaiy
— usianAududanlunisannig

© S. Prasitjutrakul 2006 04/10/49 24
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18N

(ArrayList & LinkedList)

S bih

< fieus18n19 wazdulnasing List
“ A15E51N58NSALDSE

+ N198519518N15A8NT e
< Toadeauuy ldaudisivua
< TeuduuuIusilu
< NSETWINLAATUINIAUAUEIAILSIENS

© S. Prasitjutrakul 2006 04/10/49 2
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318015 (

List)

. List Avlu Collection atnawile
« Auuuufidusy dayausazdifivunaaunidu

<ay, a;, a,, ..., a

n—

e

public
public
public
public

public interface List extends Collection {
public void add(int index, Object e);
void remove (int index) ;

Object get(int index);

void set(int index

int indexOf (Object

, Object e);

e);

© S. Prasitjutrakul 2006

04/10/49 3

MIa819518N19

Type inthe keyword to find:

Contents | Index | Search | Favorites

|Frame

=y

Frame
FRAME

FRAMEBITS
FRAMEBORDER
frameCount
framelcon
framelnit
frameLength

Frame {constructars)

Frame AccessibleAWTFrame
Frame Accessible AW TFrame (const
FRAME_CONTENT_LAYER
FRAME_ICON_PROPERTY

[=

w

<"sy" ,

fx)=2x3+4x3—6x+9

© S. Prasitjutrakul 2006

"MO" ,

o]

File | Edit

View Insert Format

Open... ctrl+0
Save Ctrl+5
Save As...
Publish as LRN...
Print... Ctrl+P
106ist.ppt
2 05-stack.ppt
3 02-collection-setist.ppt.
4. \PowerPoint\05-13.ppt

¥

npu" , "WE" ,

llTHH, "FR", "SA">

<(2,5), (4,3), (-6,1), (9,0) >

04/10/49 4
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fMat1vn13 T

List x = new ArrayList(lO);{( ) }

x.add(0,"a"); [( "a")

x.add ("B") ; {( DT, WP >

x.add (0,"C") ; {< ngn, wam, wpn )

x.set(2,"D"); {( wgw, WAT, TH >

int i = x.indexOf ("A") ;

x.add(i,"z"); [{ "C", "z", "A", "D >‘}

x.remove (2) ; {( ncn, ngm, mproy }

for (int i=0; i<x.size(); i++)

System.out.println(x.get(i));

© S. Prasitjutrakul 2006 04/10/49 5

N19851N918A15A8aLSE

+ d5manadifudayaliuavusaasi 0

« figuls size lAud Uyl

s <ay, ay, ay, ..., a, ;> Autiaya’lin
elementData[0], ..., elementData[n — 1] anua16u

[ < "ﬁﬂ", "ﬁ"l/l", ||eJu|| ) }

01 2 3 4

size elementData

na

A m" llﬁmn "eJu"

© S. Prasitjutrakul 2006 04/10/49 6
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ArrayList : luaaav Collection

public class ArrayList implements List {
private Object[] elementData;
private int size;
public ArrayList(int cap) {
elementData = new Object[cap];
size = 0;
}
public int size() { return size; }
public boolean isEmpty() { return size == 0; }
public boolean contains (Object e) {
return indexOf (e) != -1;
}
public void add(Object e) {
add (size, e);
}
public void remove (Object e) {
int i = indexOf (e) ;
if (i >= 0) remove(i);

}

© S. Prasitjutrakul 2006

04/10/49 7

indexOf, get, set

public class ArraylList implements List {

public int indexOf (Object e) {

for (int i=0; i<size; i++)
if (elementData[i] .equals(e)) return i;

return -1;

}

public Object get(int index) {
return elementData[index];

}

public void set(int index, Object e) {

elementData[index] = e; -
} o)

© S. Prasitjutrakul 2006
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add(index, €)

size elementData

add(1, X)

public void add(int index, Object e) {
ensureCapacity (size+l) ;
for (int i=size; i>index; i--) {
elementData[i] = elementData[i-1];

’
elementData[index] = e; ()(n)

size++;

add(0,e) i1 add(size,e) 152 ‘
I

© S. Prasitjutrakul 2006

04/10/49 9

remove(index)

size elementData 0 1 3

1

public void remove (int index) {
for (int i=index+l; i<size; i++) {
elementData[i-1] = elementData[i];

}

elementData[size] = null; (n)

! [

| remove(0) 41 remove(size-1) 157 ‘

© S. Prasitjutrakul 2006
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nsasuLLTENREn (singly linked)

size first

alisgnenn

npn wgw

size header

[ 2] [ 35~ H—»W—J—»\l\.\

L

@© S. Prasitjutrakul 2006 04/10/49 11

n15a319uuU1ave (doubly linked)

Tnpn nBuT

size header

2 ] [ e Ak

L L

|
] I
SO

© S. Prasitjutrakul 2006 04/10/49 12
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nA13a3 9L UL Te9U (circular)

(@3_’%@ last

npn

size first
(2] [

"A" ngn

size header N
(=] 4 i R,
v v

npn ngn

© S. Prasitjutrakul 2006 04/10/49 13

318015 LA e UY T wAR YU

public class SinglyLinkedList implements List {
private static class LinkedNode ({

Object element;

LinkedNode next;

LinkedNode (Object e, LinkedNode n) ({
this.element = e;
this.next = n;

}

} [ Singly linked list with header |
private LinkedNode header;
private int size;

size header
(2] [ @@

npan ngn =
© S. Prasitjutrakul 2006 04/10/49 14

http://www.cp.eng.chula.ac.th/~somchai
65/235



SinglyLinkedList

public class SinglyLinkedList implements List {

private int size = 0;

public SinglyLinkedList() { }
public boolean isEmpty () {
return header.next == null; /A_gizg,;g 0
N = ~

} ~e === ~

public int size() { e here

private LinkedNode header = new LinkedNode (null,null) ;

return size;
) [0 ] [+~

© S. Prasitjutrakul 2006

04/10/49 15

indexOf(e), contains(e)

public class SinglyLinkedList implements List {

public int indexOf (Object e) {
LinkedNode q = header.next;
for (int i=0; i<size; i++) {
if (g.element.equals(e)) return i;
q = g.next;
}
return -1;
}
public boolean contains (Object e) {
return indexOf (e) >= 0;

size header

[2 ] E—*DE—'@E—»@

npn ngn

© S. Prasitjutrakul 2006
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add(e), add(i, e)

public void add(Object e) {
add(size, e);

}

public void add(int i, Object e%uaﬂnﬁaajmtmua i=1
LinkedNode p = nodeAt (i-1);
p.next = new LinkedNode (e, p.next);

++size; @ B]_E-l
}

private LinkedNode nodeAt (int i) { —
LinkedNode p = header; i-1 i+1
for (int j = -1; j < i; j++) p = p.next;

return p; . o -
! P i 1flu —1 2zfAu header

size header

npn ngn

© S. Prasitjutrakul 2006 04/10/49 17

remove(e), remove(i)

private void removeAfter (LinkedNode p) {
if (p.next !'= null) {
p.next =(p.next.next; @
--size;
, Sy
}

public void remove (Object e) {
LinkedNode p = header;

S—[1

while (p.next != null && !p.next.element.equals(e))
P = p.next; 3 ;
removeAfter (p) ; ’J:‘Wﬂﬂilﬂaau
} winduiiy e

public void remove (int i) {
LinkedNode p = nodeAt (i-1);
removeAfter (p) ;

© S. Prasitjutrakul 2006

04/10/49 18
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i), set(i, e)

public Object get(int i) {
return nodeAt (i) .element;

}

public void set(int i, Object e) {
nodeAt (i) .element = e;

@© S. Prasitjutrakul 2006 04/10/49 19

51815 LENALLUIUNTILNE

public class LinkedList implements List {
private static class LinkedNode {

Object element;

LinkedNode prev, next;

LinkedNode (Object e, LinkedNode p, LinkedNode n) {
this.element = e;
this.prev = p;
this.next = n;

[Circular doubly linked list with header}

}

private LinkedNode header;
private int size;

size header

nAM ng"
© S. Prasitjutrakul 2006 04/10/49 20
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constructor

public class LinkedList implements List {

private LinkedNode header;
private int size;

public LinkedList() {
header = new LinkedNode (null, null, null);
header.prev = header.next = header;

}
size header
T

© S. Prasitjutrakul 2006 04/10/49 21

wiiaafiiiaudy SinglyLinkedList

* size() .
. wiaan Lividau
!SEmpty() (Ws1=6i299ANTT prev 6inel)

+ indexOf(e) . add(e)
 contains(e) - add(i,e)
* nodeAt(i) * remove(e)
+ get(i) * remove(i)
+ set(i,e)

size header| ¢

Eppa. EaanE=anEy

! 7
A g
© S. Prasitjutrakul 2006 04/10/49 22
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add(e), add(i, e)

private void addBefore (LinkedNode g, Object e) { o(l)
LinkedNode p = g.prev;

LinkedNode x = new LinkedNode(e, p, q):
p.next = q.prev = Xx; @

++size; DE‘I
}
public void add(Object e) { @ @
addBefore (header, e); o(1) m
|

public void add(int i, Object e) {

addBefore (nodeAt (i), e); o)
|

size header N
(= | (e L IR,
v }

npn ngw
@© S. Prasitjutrakul 2006 04/10/49 23

remove(e), remove(i)

private void removeNode (LinkedNode q) {
LinkedNode p = g.prev;
LinkedNode x = g.next;
p.next = x;
X.prev = p;

} --size; @ @ @

public void remove (int i) { S
} removeNode (nodeAt (1)) ; ‘ ‘ ‘ @‘ ®| ‘

public void remove (Object e) {

LinkedNode q = header.next;
while (q '= header) {

if (g.element.equals(e)) { removeNode (q); break; }

q = g.next;
}
}

© S. Prasitjutrakul 2006 04/10/49 24
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nwasuIntaudgud (Sparse Vector)

o flnuaavINmasUINIAUAUE
s NFFETNNADININLAVAULIAIEITIEINTS
o FUALDUAVDILINFH 9

© S. Prasitjutrakul 2006

04/10/49 25

NLODSNINLAUAUE

« giavn1sldianmas wau (0,3,0,0,0,0,4)

. Udfa 58 double[ ] x = {0,3,0,0,0,0,4};
dnmasiidnuiudiulugiiiiu 0

o udustonisuassind il 0 (1,3),(6,4))

SparseVector vl = new SparseVector(7) ;
vl.set(1,3); // (0,3,0,0,0,0,0)
vl.set(6,4); // (0,3,0,0,0,0,4)
SparseVector v2 = vl.add(vl); // (0,6,0,0,0,0,8)
v2.set(2,3); // (0,6,3,0,0,0,8)
double d = vl.dot(v2); vl = (0,3,0,0,0,0,4)
v2 = (0,6,3,0,0,0,8)
vli-v2 = 18 + 32 =50

© S. Prasitjutrakul 2006
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uanN15uay SparseVector

public class SparseVector {
public int length() {...}
public double get(int i) {...}
public void set(int i, double x) {...}
public SparseVector add(SparseVector v) {...}
public double dot(SparseVector v) {...}
public SparseVector multiply(double x) {...}

@© S. Prasitjutrakul 2006 04/10/49 27

SRR HI PRI

* elementData Lﬁuttﬂ’)ﬁ’]ﬁll
- usiazgauAugaeu (index, value)
LAuL3av index aanagldunn

+ size tAudIUIUAdIAU LTINS
« length 1Aium71u817 vector

SparseVector vl = new SparseVector(7);
vl.set(1,3); // (0,3,0,0,0,0,0)
vl.set(5,8); // (0,3,0,0,0,8,0)
vl.set(2,6); // (0,3,6,0,0,8,0)
1 2 3
length size elemeiijijf+—”’—'
L7][3] 7 K @
(1,3) (2,6) (5,8)
© S. Prasitjutrakul 2006 04/10/49 28
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SparseVector

public class SparseVector {
private static class Element ({
int index;
double value;
Element (int i, double v) {
this.index = i; this.value = v;

} } length size elementData
private int size; | 7 | | 0 | | "”

private int length;

private Element[] elementData;

public SparseVector (int length) {
this.elementData = new Element[O0];
this.size = 0;
this.length = length;

}

public int length() { return length; }

WHuganéu

(index, value)

© S. Prasitjutrakul 2006 04/10/49 29

SparseVector : get

public class SparseVector {

public double get(int index) {
for (int i=0; i<size; i++) {
if (elementData[i].index == index)
return elementData[i] .value;
if (elementData[i].index > index) break;

}

return 0.0;

length size elementData
L7][3]

(1,9) ( 58

© S. Prasitjutrakul 2006 04/10/49 30
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SparseVector : set

public class SparseVector {
éﬁglic void set(int index, double value) {
01 2 3 01 2 3
set(2,99)
(1,9 (2,4) (5.8) (1,9) (2,99) (5,8)
0 1 2 3 0 1 2 3
set(3,99)
(1,9 (2,4) (5,8) (1,9) (2,4) (3,99) (5,8)
© S. Prasitjutrakul 2006 04/10/49 31

SparseVector : set

public void set(int index, double value) {
int i = 0;

for ( ;i<size; i++ )

if (elementData[i].index >= index) break;

if (i<size && elementData[i] .index == index)
elementData[i] .value = value;
else

add (i, index, value);
}

void add(int i, int index, double value) {
if (value !'= 0) {
ensureCapacity (size+l) ;
for (int k=size; k>i; k--)
elementData[k] = elementDatalk-1];
elementData[i] =
++size;
}
}

© S. Prasitjuraxurzovo

new Element (index, value) ;

u710/49 32
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SparseVector : dot

public double dot(SparseVector v2) {
SparseVector vl = this;
double r = 0;
for (int i = 0; i<vl.length(); i++)
r += vl.get (i) * v2.get(i);
return r;

vl = (0,3,0,0,1,4,0)
v2 = (0,6,3,0,0,3,0)
r = 0%0 + 3%6 + 0*3 +
0%0 + 1*0 + 4%3 + 0*0

« &0 O(n) luusiarm3yi get
o giaNl3an m ASY (M AaANNaIIINLeaS)
+ 521741781 O(nm)

© S. Prasitjutrakul 2006 04/10/49 33

SparseVector : dot

public double dot(SparseVector v2) {
SparseVector vl = this;
double r = 0;
int il = 0, i2 = 0;
while (il < vl.size && i2 < v2.size) {
Element el = vl.elementData[il];
Element e2 = v2.elementData[i2];

if (el.index < e2.index) il++;
else if (el.index > e2.index) i2++;
else {
r += el.value * e2.value;
il++; i2++; N\
} vl = (03 0,0,0@0)
} v2 = (0,6,3,0,0,8,0)
return r; vl-v2 = 1 + 32 =50
}
© S. Prasitjutrakul 2006 04/10/49 34
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SparseVector : add

public SparseVector add(SparseVector v2) {
SparseVector vl = this;
SparseVector v3 = new SparseVector (vl.length());
for (int i = 0; i<vl.length(); i++)
v3.set(i, vl.get(i) + v2.get(i));
=S ELEnel vl = (0,3,0,0,1,4,0)
! v2 = (0,6,3,0,0,3,0)
v3 = (0,9,3,0,1,7,0)
« & O(n) luusiarm3en get
« set Mlananimas 1&a O(n)
o giaal3an m ASY (M AaANNaIIINLeaS)
« 52u%417a1 O(nm)
© S. Prasitjutrakul 2006 04/10/49 35

public SparseVector add(SparseVector v2) {
SparseVector vl = this;
SparseVector v3 = new SparseVector(vl.length());
int i1 = 0, i2 = 0, i3 = 0;
while (il < vl.size && i2 < v2.size) {
Element el = vl.elementData[il], e2 = v2.elementData[i2];
if (el.index < e2.index)
{v3.add (i3++, el.index, el.value); il++;}
else if (el.index > e2.index)
{v3.add (i3++, e2.index, e2.value); i2++;}
else
{v3.add (i3++, el.index, el.value+e2.value); il++;i2++;}
}
while (il < vl.size) {
Element el = elementData[il++];
v3.add (i3++, el.index, el.value);
}
while (i2 < v2.size) {
Element e2 = elementDatal[i2++];
v3.add(i3++, e2.index, e2.value);
}

return v3;

http://www.cp.eng.chula.ac.th/~somchai
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d91

< srunsfafiAudayafidayausdazsaidusuy

< &9 ArrayList aananu ArrayCollection

< &419 SinglyLinkedList Aanany LinkedCollection
< Toudien i S

< &419 LinkedList
< Ted 2 i

< n1sldsranisiiadsINeasNINLRUAUE

© S. Prasitjutrakul 2006 04/10/49 37
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Aaviiau
(Stack)

MWita

Sdgunaviiau wardutnasiwa Stack

* AsRZIINavHaudIaaLgel

* fatvnisideiunavdau
“AsanaNsdauaduiaia
“nsldnasdaulu java virtual machine
< asaaAItadtiwULGUNAY (postfix)
< msul8aufinaiidunate (infix) duduvds

© S. Prasitjutrakul 2006 04/10/49 2
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AstRu/audiayalunavdau

o daya 1iuav aannau (Last-In First-Out)

|

H

L3,

© S. Prasitjutrakul 2006 04/10/49 3

navdiau : stack

public interface Stack {

public boolean isEmpty () ;
public int size();

public void push(Object e);
public Object peek() ;
public Object pop();

A B C * * D E * * *

C B E D A

© S. Prasitjutrakul 2006 04/10/49 4
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ArrayStack : &519 Stack feanused

¢ @aana ArrayCollection
e LANAUAULRWIZAGUNNE
e ALNAAUNAUDIANLSELE LHaLHN

Stack s; size elementData
s = new Arraystack(1); [0] [ |

s.push ("A") ; (2]
s.push("B") ; [2]
s.push("C") ;
s.pop() ; (2] [a]e] [ |

© S. Prasitjutrakul 2006 04/10/49 5

ArrayStack : Tas9&3519

public class ArrayStack implements Stack ({
private Object[] elementData;
private int size;

public ArrayStack (int cap) {
elementData = new Object[cap];

}

public boolean isEmpty () {
return size == 0;

}

public int size() {
return size;

}

size elementData
[3] [ =t

na . n oy gy
©S. Prasitjutrakul 2006 AR "uUn"  "Ju" 04/10/49 6
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ArrayStack : push

public void push(Object e) {
if (size == elementData.length) {
Object[] a = new Object[2*size];
for (int i=0; i<size; i++)
a[i] = elementData[i];
elementData = a;
}
elementData[size++] = e;

}

2 23

UEHETGHE T

AveNIUIe

o seifludoosnin

Flsigioguenavure : O(1)
£N6I29veNEIUG  O(n)

@© S. Prasitjutrakul 2006 04/10/49 7

ArrayStack : peek, pop

public Object peek() {
if (isEmpty()) ()(1)

throw new NoSuchElementException () ;

return elementData[size-1];

}

public Object pop() {
Object e = peek() ;
elementData[--size] = null;
return e;

}

}

© S. Prasitjutrakul 2006 04/10/49 8
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Aratinvn1sTdviu Stack

# ANINTIARAUTATIRS UL LG aUAY
vt Astaolu () {3[1]...

® mMAaAudulsuazaisidaniuvianuag jvm
¢ mMsdsznanatindnvadiamans

# n15vin undo/redo

# AsAuAInauwul depth-first search

Y
¥ ..

© S. Prasitjutrakul 2006 04/10/49 9

ANTRTIAFAUNTIRIVLAY

eqn: (L ()L {1 3})
e Aa : eatlaliasedu ({1)
e Aa : flevnnld ({()})) ¥
e fa : Mdeunnld ({ ()}
e 381

— aunazda

- dufluradutla 19 push a9 stack

— dflueduila 19 pop an stack uesragauIniu
=3 a| al o a| =l = 1
AU afessFuuilafwunialai

— flaleaenn pop &1 isEmpty ugaein dafiunty
- iaaulgdanua stack fefidiaya waaei tilafinnn'ly

© S. Prasitjutrakul 2006 04/10/49 10

http://www.cp.eng.chula.ac.th/~somchai
83/235



ML @

(L () { 7> ¥) Qn(,’iaa

@© S. Prasitjutrakul 2006 04/10/49 11

MIaLNY I

e({ ()LL) X)) 20auile
Tiesetuidle
we 1
—>
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ML ¢

c({(C)3)]1] ,
we stack 919
te 1
S
~
&—/)
© S. Prasitjutrakul 2006 04/10/49 13

Mty &

e (L () {7 RUGLED
w6 stack laidne
te 1
Ty
Me’?___ A
&—/)
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Tdsunsumasragaun1sigIvay

public static boolean checkParentheses (String t) {
String open = "{([", close = "})]";
Stack s = new ArrayStack(100);
for (int i = 0; i < t.length(); i++) {
String token = t.substring(i, i + 1):

if (open.indexOf (token) >= 0) {__ a.indexOf(b) Au
s -push (token) ; Frumisludaie a A
} else { "
int k = close.indexOf (token) ; i b Usnged
if (k >= 0) L wlaiwudu -1

if (s.isEmpty() ||
'open.substring(k, k + 1) .equals(s.pop()))
return false; #e fnestouing wse
}
}

} e RaTe) Dot L3703 ({ fia snestaulaidng }

2edutlelinsetudle

@© S. Prasitjutrakul 2006 04/10/49 15

nstdnasdiaunalu java virtual machine

e ¢ jvm ldinavdiau (java stack) Tun1siiu
- &aurzasnsBaniuiian
— wWinitmas uay local variables
- fifiudhasiianisAtuia (operand stack)

public class Jeng3 {
public static void main(String[] a) {
main (args) ;

}

Exception in thread "main" java.lang.StackOverflowError
at Jeng3.main (Jeng3.java:3)

© S. Prasitjutrakul 2006 04/10/49 16
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Java Stack

0l:public class StackFrame {
02: public static void main(String[] args) {

03: a(3, 2);
04: b(5) ;
05: } M~
06: static void a(int x, int y) {
07: int z = x/y;
08: b(z);
09: }
10: static void b(int x) {
11: ++x;
12: }
13:}
nseunegfey | parameters& |

(ST k F ) local variables drgs Cl

ac rame return address —| RA El

S~ —————
©S. Prasitjutrakul 2006 M@ 17

AW Infix way Postfix

e infix (tHunav)
—a+b*c/d-2, (@a+b)*c/(d-2)
— favAinuasIAuAIsYiNAauKaYUaY operators
- ldhaauia
e postfix (LHNNR)
—abc*d/+2-, ab+c*d2-/
— a1dunisvinguuay operators Aaann dhellun

- LiFndudasiizedy
1 2 + 3 * 4 1 - /
3 3 x 4 1 -/
9 4 1 - /
9 3 /
3
© S. Prasitjutrakul 2006 04/10/49 18
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A ldnavdaumuIaAIaITWAULANI

AN

©23+45-6*+ fAauvinls?
o gunsald stack a1 uaItiwal postfix
e 391N

— giazdTu postfix anadaldun

— éilu operand 14 push uav stack

— dilu operator 1% pop operands ann stack ol
operator 6iagn15uNUsEINANA Wa) push NAAWS

- YI&sa mmauasaqﬁ top of stack

© S. Prasitjutrakul 2006
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waanwsoe
YunoItou
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asldnavdaudiawiae infix 1iu postfix

e input : infix expression
e output : postfix expression
o dupaunsvinnu
— queaealu infix
— éiflu operand 1in'luléiaving output
— §uflu operator
* 213 pop operator aan'lusaving output
* push operator asnavdiau
—\flag infix ATUEILE?
* 19 pop operators nadraanlisiaving output

© S. Prasitjutrakul 2006 04/10/49 21

TA59AI TU5LLATH

public static List infix2Postfix(List infix) {
List postfix = new ArraylList(infix.size());
Stack s = new ArrayStack(infix.size()):;
for (int i = 0; i < infix.size(); ++i) {

String token = (String) infix.get(i); AR
if (!isOperator (token)) {

postfix.add (token) ; #uilu operand, iAnsalunNadns ‘
} else {

while ( 27?2 ) { &ilu operator

postfix.add(s.pop () ) ; +— a1a pop operators Tu stack
} aanfunadng
s.push (token) ; «—————  auéiruns push operator é v

}
}
while ('!'s.isEmpty()) postfix.add(s.pop())
return postfix;

}

© S. Prasitjutrakul 2006 04/10/49 22
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ANNFAYuaY operators

output

input 2 @ 3 + 4

* Afieu wardIAgyNdT +

pop @an i1 operator uunes¥eudAnnit operator lusi

@© S. Prasitjutrakul 2006 04/10/49 23

ANuRAYuad operators

output

input 2 + 3 = 4

+ Afnou

waTAIARYLNINY -

pop @@ {1 operator uunasteu
fanlatioundn operator lua
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ANudAUaY operators

output

input 2 + 3 © 4

+ Aneu wel * d1AgunIn +

push #iu &1 operator luaid1dandn operator uunasiou

© S. Prasitjutrakul 2006

04/10/49 25

nstirauiauanugifngyuay operators

public static List infix2Postfix(List infix) {
List postfix = new ArraylList(infix.size());
Stack s = new ArrayStack(infix.size())
for (int i = 0; i < infix.size(); ++i) {
String token = (String) infix.get(i);
if (!isOperator (token)) {
postfix.add (token) ; mmmwﬁ')ﬁsyv‘@o

} else { operator ealnsifiwy
int p = priority(token);

while (!s.isEmpty() && priority((String)s.peek())>= p) {
postfix.add(s.pop()) ;

}

pop @@n i1 operator uunesfeu
s.push (token) ;

araalsitioundn operator lusi

}
}

while (!s.isEmpty()) postfix.add(s.pop()):
return postfix;

}

© S. Prasitjutrakul 2006
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AsUIANNENAUaY operators

T A ununsaniiag
A vinfau + —*/

* du / vihnau + Au —

* fiauddgyvindu /
o + fimnuadauvindu —

private static String operators = "+-%/A";

private static int[] priority = {3,3,5,5,7};

private static boolean isOperator (String x) {
return operators.indexOf (x) >= 0;

}

private static int priority(String x) {
return priority[operators.indexOf (x)];

}

@© S. Prasitjutrakul 2006 04/10/49 27

dfudaudiuiiaitoiduly infix

output

input 2 * ( 3 + 4 )

melureduaiioudiufinaltion
wuagtaule push aue (Tmudrdguin)
aodudlolunesteou fanudAndeuun
wursiaulle g pop aundtazwulsauile
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ANURAEYUaY operators ATEiiIvLAL

< al

o AAULWLIVLAULLA

— fimnuddayunn, 39 push ( L&ua
o uiwadudutlaatlunavdau

— fianuddntiasndn, Walviddu push Wy, aaviu )
int p = priority(token);
while (!s.isEmpty() && priority((String)s.peek())>= p) {

postfix.add(s.pop()) ;

}
s.push (token) ;

int p = outPriority (token) ;

while (!'s.isEmpty () && inPriority((String)s.peek())>= p) {
postfix.add(s.pop())

}

if (token.equals(")")) s.pop(); else s.push(token)

© S. Prasitjutrakul 2006 04/10/49 29

ANuEAUaY operators N3EiiIvLAL

2\
+ - *x / ~ [

gazdiwuludwad| 3 3 5 5 7 |9 @
(atiuannavdiau)

vauzatlunavdiayl 3 3 5 5 7 \0/
S

private static String operators = "+-*/A()";
private static int[] outPriority = {3,3,5,5,7,9,1};
private static int[] inPriority = ({3,3,5,5,7,0};

private static int outPriority(String x) {
return outPriority[operators.indexOf (x)];

}

private static int inPriority(String x) {
return inPriority[operators.indexOf (x)];

}

© S. Prasitjutrakul 2006 04/10/49 30
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operator Avinandnelaain

+ - * / 4 ( )
gougfiwulufinad| 2 2 4 4 6 )9 1
(atuannavian)

waugaglunavdaull 3 3 S5 S5 7 ) 0

\2+3+4+5\ \23+4+5+\

int p = outPriority (token) ;

while (!'s.isEmpty () && inPriority((String)s.peek())>= pD {
postfix.add(s.pop())

}

if (token.equals(")")) s.pop(); else s.push(token);

@© S. Prasitjutrakul 2006 04/10/49 31

operator Mvinannaluding

agpgAnylufiwi| 3 3 5 5 9 1
(atiuannavdian)

aagatiunavgay 3 3 5 5 7 0

\2A3A4A5\ \2345'~AA\

int p = outPriority (token) ;

while (!s.isEmpty() && inPriority((String)s.peek())>= pD {
postfix.add(s.pop()) ;

}

if (token.equals(")")) s.pop(); else s.push(token);

© S. Prasitjutrakul 2006 04/10/49 32

http://www.cp.eng.chula.ac.th/~somchai
94/235



ML

output

input 2 + 3 - 4 ~ 5 ~ 6

© S. Prasitjutrakul 2006 04/10/49 33

R

< iszandnavdiaulunisunilyinainvaie
< asettiunisuan ; push / pop / peek
< &5vnavdauladnadiaaise

< dravaualiiiaewa nsvinounnasoily 0(1)
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LLEYIA R E
(Queue)

MWita

> flanuuainay wazdulnasing Queue
> N15dsLIARLRAIELSE
> fnadnislainunainay

> fivindiaya

> ANSLIFLNAITULLLEIU

> NMSAUAINDUAINUUINTI

> MannAidugn

© S. Prasitjutrakul 2006 04/10/49 2

http://www.cp.eng.chula.ac.th/~somchai
97/235



AsLRN/audayalunalnat

« qiaya Linau aannawu (First-In First-Out)

enqueue |:> dequeue

© S. Prasitjutrakul 2006 04/10/49 3

wadmag @ Queue

public interface Queue {

public boolean isEmpty () ;
public int size();

public void enqueue (Object e) ;
public Object peek();

public Object dequeue();

A B C * * D E * * *

A B C D E

© S. Prasitjutrakul 2006 04/10/49 4
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Queue nane List

+ Queue fia list AsANYatas UKy wazauidalradngdu
+ &5 queue @28 list LuwNne 9

public class ArrayListQueue implements Queue {
private List list = new ArrayList(10);
public boolean isEmpty () {return list.isEmpty () ;}
public int size() {return list.size();}
public void enqueue (Object e) {list.add(e);}
public Object peek() {
if (isEmpty()) throw new NoSuchElementException() ;
return list.get(0);
}
public Object dequeue() {
Object e = peek() ;

1AEHE. Heeva (0) § enqueue wafine list l4aan O(1)
return e; 9 @ .
} w6l dequeue auwa list %31 O(n)
}
© S. Prasitjutrakul 2006 04/10/49 5

&5719 Queue @ LinkedList

- 1&8an‘le Circular doubly linked list w/ header

public class LinkedListQueue implements Queue {
private List list = new LinkedList(10);
public boolean isEmpty () {return list.isEmpty () ;}
public int size() {return list.size();}
public void enqueue (Object e) {list.add(e);}
public Object peek() {
if (isEmpty()) throw new NoSuchElementException() ;
return list.get(0);
}
public Object dequeue() {
Object e = peek() ;

list.remove (0) ; enqueue e list Tiaan O(1)
return e; o ..
} dequeue auua list U831 O(1)
}
© S. Prasitjutrakul 2006 04/10/49 6
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ArrayQueue : &9 Queue feaanse

o LANNYINEAT aUNIAN
« TiviaA2a¢n index 0 Ldua
+ pauausavldiign O(n)

Queue q; elementData

LT 1]

A

q = new ArrayQueue (4) ;

g.enqueue ("A") ;

gq.enqueue ("B") ;

g.enqueue ("C") ;

FEEEE:

qg.dequeue() ;

@© S. Prasitjutrakul 2006 04/10/49 7

ArrayQueue : eunismiAtdaau’le

* 41 index WaIIA"
« au: atdagiaya welgIsn1sIRaUAILKUNIEIAY

Queue q; size front elementData

qenqueve'sn); 2] [0]
popeers 5] [5]
q.dequeue () ; [2]
q.dequeue () ; [2]

© S. Prasitjutrakul 2006 04/10/49 8
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ArrayQueue

public class ArrayQueue implements Queue {
private Object[] elementData;
private int size;
private int front;

public ArrayQueue (int cap) {
elementData = new Object[cap];
size = front = 0;

}

public boolean isEmpty () {
return size == 0;

}

public int size() {
return size;

}

© S. Prasitjutrakul 2006 04/10/49 9

enqueue, peek, dequeue

public class ArrayQueue implements Queue {
private Object[] elementData;
private int size;
private int front;

public void enqueue (Object e) {
// ... uenwasd ddu
elementData[front + size] = e; size++;

}

public Object peek() {
if (isEmpty()) throw new NoSuchElementException() ;
return elementData[front];

}

public Object dequeue() { size front elementData
Object e = peek() ;

elementData[front++] = null; IZ| -ﬂ.
size--;
) return e; IZ| -..

© S. Prasitjutrakul 2006 04/10/49 10
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yavaseaidureiu

o favinadadvinaansd wue v lala

o yavosaliiutuuvu Elgilan lasiun

size front elementData

(=] I < [T 25
@

1 6

g.enqueue ("A") ;

b = (front + size) % elementData.length;
elementData[b] = e; size++;

0 7
3 4
. 2 5
size front elementData "
1

0 1 2 3 4 5 6 7
[«] [=] [» I = [~ [ =]
T

© S. Prasitjutrakul 2006
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ArrayQueue : enqueue

public class ArrayQueue implements Queue {

public void enqueue (Object e) {

if (size == elementData.length) {

Object[] a = new Object[2 * elementData.length];

for (int i 0, j = front; i < size;

i++, j = (jt+1)%elementData.length)
a[i] = elementDatal[j];

front = 0; elementData = a;
}
int b = (front + size) % elementData.length;
elementData[b] = e; size++;

}

size front elementData

0 1 2 3 4
(4] [2] [c]e]a]s]
[+ [o] (31e]cT>
5] (o] (e[| ..

http://www.cp.eng.chula.ac.th/~somchai
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ArrayQueue : dequeue

public Object dequeue() {
Object e = peek();

elementData[front] = null;

front = (front + 1) % elementData.length;
size--;

return e;

size front elementData

[o] [elo[a] ]

© S. Prasitjutrakul 2006 04/10/49 13

Miat1vn1sld queue

. Hufiwndaya

s ANSL3ENANNULLUSIU

s NMSAUAINDUATULUININ
. msm%ﬁguam
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nslduareaafluiiwndaya

@© S. Prasitjutrakul 2006 04/10/49 15

Radix Sort

\ 321 | 142 19 [ 391 | 25
-2 --8 ==9)
391 ll!l [;@;J [;@;J [;U;J [;5;J £¥U;J £¥U;J Il!l
321
= BV
321 [ 81 [ 301 [ 142 | 5 19 ]
e g =S S S ;7\ 8 -9
25
5| |19 321 142 81| (391

[ 5 [ 19 [ 321 ] 25 [ 142 [ 81 [ 301 |
= = = = o= = = e L= =
2
391
11 | 142 321
T T T T T T T T
| 19 [ 25 [ 81 [ 142 [ 321 | 301
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Tayvmaaaunisaay

o MR UGy v

. Budna 1 azdavinnis x3 uasviia /2 (Haawiie)
atnv'ls Jufiavindu v

o 120U
— v =10 = 1x3x3x3x3/2/2/2
— v =31 = 1x3x3x3x3x3/2/2/2/2/2x3x3/2

. wAtleywnilaenels ?

« 2algualdaanngluuy

© S. Prasitjutrakul 2006 04/10/49 17

ANSAUANLUININY

.

G/ S\ /2 x3
s

T o O

2\ /}NIB\\ /81\
/N /N i,’;

39 =1x3x3%x3/2x3
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UG 9 T¥KININTAU

value prev

EXN
¢ e on

class Node {

int value;

Node prev;

Node (int v, Node p) {
this.value = v;
this.prev = p;

}

public boolean equals(Object o) {
if (! (o instanceof Node)) return false;
return this.value == ((Node) o) .value;

}
}4['&@6 nodes wnfufiiile values Nad@9Lrinfu

@© S. Prasitjutrakul 2006 04/10/49 19

14 Set uay Queue

. U queue \AuL@WTE nodes Afalaiuanio
« 14 set LAunn nodes MLALKER

PN
OO s
4 \\\\\\\

2/

™
/////// 27
\\\ lg/ \\\\\\\\\\hl

9
12
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A 1U5uNsu

public static void bfsM3D2 (int target) {

Set set = new ArraySet(100) ;

Queue q = new ArrayQueue (100) ;

Node v = new Node(l,null); // Budn 1

g.enqueue (v) ; set.add(v) ;

while( 'q.isEmpty () ) {
v = (Node) g.dequeue();
if (v.value == target) break;
Node vl = new Node(v.value/2, v); // aaimsxas (laew)
Node v2 = new Node(v.value*3, v); // adQaiay
if (!set.contains(vl)) {qg.enqueue(vl); set.add(vl);}
if (!set.contains(v2)) {g.enqueue(v2); set.add(v2);}

}

if (v.value == target) showSolution(v) ;

© S. Prasitjutrakul 2006 04/10/49 21

ANSLEAIHNAAND

static void showSolution (Node v) {

if (v.prev !'= null) {
showSolution (v.prev) ;
System.out.print((v.prev.value / 2 == v.value) ?
ll/ 2" . l|x 3"),.
} else {

System.out.print ("1 ");

-~

V\\
<::>0iii; K:::>3::::lf\\ 1 x3x3/2x3
/

2 12 13 81
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asldualmaslunisunidduse

0
1

12

3
(4)
(s)

00
on

{sl%esmﬂamﬁuéwLmﬁwaa%aoﬁsaww }

class Pos {
int row, col;
Pos(int r, int ¢) {row = r; col = c;}

}

© S. Prasitjutrakul 2006
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Tdsunsunidduan

static void findPath(int[] [] map, Pos source, Pos target) {
map [source.row] [source.col] = 0; // aunmy
map [target.row] [target.col] = -1; // darany
Queue q = new ArrayQueue (map.length); g.enqueue (source) ;
while ('q.isEmpty()) {
Pos p = (Pos) q.dequeue() ;
if (p.row == target.row && p.col == target.col) break;
expand (map, q, p.row + 1, p.col, map[p.row] [p.col]l+1l);
expand (map, q, p.row - 1, p.col, map[p.row] [p.col]l+1);
expand (map, q, p.row, p.col + 1, map[p.row] [p.col]l+1l);
expand (map, q, p.row, p.col - 1, map[p.row] [p.col]l+1l);
}

}
static void expand(int[][] map, Queue q,int r,int c,int k) {
if (r<0 || r>=map.length ||
c<0 || c>=map[r].length || map[r][c] !'= 0) return;
map[r] [c] = k;
g.enqueue (new Pos(r, c));

}

G

silszgndunlmaslunisunilogrinainuany
< n1sALiiun191an - enqueue / dequeue / peek
S dTNLaIAaL TaNNaFIEaLTE (NaILLLNIU)

< dnaavaualitiaana n1svitviunnasitiiu 0(1)
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LOIADELTILINAIN

(Priority Queues)

Sebih

> AauLDIAULTIYINATN
> NNsdasvLAIAaLLE YNNI aFULLUNINIA

> fat19N15 TN ULIADULEIUFNATN
> N1siaeasuLuudy
> Msldandayaninauay
> s
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walnaaLEIysNAn (Priority Queue)

<

o Hunarraasiiaiide 1 "anf’" 16

v

- diayall "Aa2udAey (priority)" finAy

o

— diayafifl priority gudn AxdnAn latfiviaan
 Jusnisliauaavinlnag

— isEmpty, size, peek, enqueue, LLaz dequeue
. dequeue : autiayaiiinuafugign

* peek : wadiayanininuadfgugoan

public interface PriorityQueue extends Queue{
public Object dequeue(); // audayamisdyign
public Object peek() ; // vagiayamadyNgn
}

© S. Prasitjutrakul 2006 04/10/49 3

Mnat1NN19 199U

-Q S

PriorityQueue q = new BinaryHeap (10);
.enqueue (new Integer(5));

.enqueue (new Integer(3));

.enqueue (new Integer(99)) ;
.dequeue () ;

.enqueue (new Integer(4));
.dequeue () ;

Q Qa9 QQ

© S. Prasitjutrakul 2006 04/10/49 4
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d914 Priority Queue wuung (eiein)

+ 518015 (Luy ArrayList) TiiAudiaya

« 13anlduin196i19 9 way ArrayList

o Windayaluli 1 iinasianis : ©(1)

. daviamnsuingaiad Wiy peek uar dequeue

public class ArrayPQ implements PriorityQueue {
private ArrayList list = new ArrayList(10);
public boolean isEmpty() { return list.isEmpty(); }
public int size() { return list.size(); }
public void enqueue (Object e) { list.add(e); }

© S. Prasitjutrakul 2006 04/10/49 5

d919 Priority Queue wuudng (teiai)

public class ArrayPQ implements PriorityQueue {

public Object peek() { return list.get(maxIndex()); }
public Object dequeue() {
int max = maxIndex() ;
Object result = list.get (max);
list.remove (max) ;
return result;
}
private int maxIndex() {
if (isEmpty()) throw new NoSuchElementException() ;
int max = 0;
for (int i = 1; i < list.size(); i++) {
Comparable d = (Comparable) list.get(i);
if (d.compareTo(list.get(max)) < 0) max = i;

} d < list.get(max)
return max;
} O(n)

©S. Pra 49 6
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2171 : Comparable

« dauandluaAuBauiautiagninunnnin'lé
daviiluaauiinduavaanauuu Comparable

o Huaaai implements Comparable

public interface Comparable {

// @ueiau 61 this iaunln obj
// @u@1 0 61 this winfiu obj
// @u@iunn 61 this u1ANII obj

public int compareTo (Object obj) ;
}

Date dl = new Date (1998, 4, 12);
Date d2 = new Date (1998, 5, 31);

System.out.println(dl.compareTo (d2)) ; J
System.out.println(d2.compareTo(dl)) ;

System.out.println(dl.compareTo(dl)) ; ~n

04/10/49 7

© S. Prasitjutrakul 2006

Aati1vn1staumadlil Comparable

public class Rectangle implements Comparable {
private int width, height;

public int compareTo (Object obj) {
Rectangle that = (Rectangle) obj;
int thisArea = width * height;
int thatArea = that.width * that.height;
return thisArea - thatArea;

}

}

Rectangle rl = new Rectangle(2, 4);
Rectangle r2 = new Rectangle(5, 1);
System.out.println(rl.compareTo(r2)) ; A
System.out.println(r2.compareTo (rl)) ; —
System.out.println(rl.compareTo(rl)) ; _|

Beb
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gluuuninia (Binary Heap)

» enqueue : O(log n)

dequeue : O(log n)

peek : ©(1)

+ ‘laf1As9d519uuy balanced binary tree

T
K
,,,,,,, L. do606b

[ m’ﬂﬁstuunﬁmﬂéqaﬁﬁ n Uu g9 Llog, n] }

© S. Prasitjutrakul 2006 04/10/49 9

gluuuninie

* Binary Heap
- fitaseasoiilu binary tree wuu'léaa
+ node LEiuVNTZHL
* sTAUANEA LAuAndaldun
- diayauad parent node fiAunnINUAIYA 9

& P
%")nm‘l.lmannmj@
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A1sdsEULuUNINIARILaLSE

0 1 2 3 4 5 6 7 8 9 10 11 12 13
(so[s0] 5 [s[2] « |22 [0]e]20] 3] | |
size elementData

. sAufiufi index 0

- gndhauag node 7 index k agil index 2k + 1

- gnuuav node 7 index k ag index 2k + 2
- Wauad node # index k atj#l index (k — 1) / 2

@© S. Prasitjutrakul 2006 04/10/49 11

Aand BinaryHeap

public class BinaryHeap implements PriorityQueue {
private Object[] elementData;
private int size;

public BinaryHeap (int cap) {
elementData = new Object[cap];
}
public boolean isEmpty () { return size == 0; }

public int size() { return size; }

public Object peek() {
if (isEmpty()) throw new NoSuchElementException() ;

return elementData[0]; o o
} FINADEIININTG
& a . p
tNuN index O

© S. Prasitjutrakul 2006 04/10/49 12
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enqueue( € ) : N1

+ 1 e lddaiduludaly (Ruvinaluanisd)
« @au e Audunia aunii e agliunnIinna

0 1 2 3 4 5 6

(o] [as[ssl s o [safe] ]

size elementData

GI6bHUIYDIG
nonatiang

© S. Prasitjutrakul 2006 04/10/49 13

W1iam enqueue( e )

public void enqueue (Object e) {
ensureCapacity (size+l) ;
elementData[size] = e;
fixUp (size++) ;
}
private void fixUp (int k) {
while (k > 0) {
int p = (k-1)/2;
if ('greaterThan(k,p)) break;
swap (k, p);
k = p;
}
}
boolean greaterThan(int i, int j) {
Comparable e = (Comparable) elementDatal[i];
return e.compareTo (elementData[j]) > 0;
}
void swap(int i, int j) {
Object t = elementData[i];
elementData[i] = elementDatal[]j];
elementData[j] = t;
©S. Pras| } /49 14

ddudeyatuvawevuly
Fou & aunitacla
AANIeIND
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dequeue() : N5YINNU

 tAunnlidudieau
« fnadiayafluavanga uAuinn
« gaudayansinasun auniwaaghitaaningn

OXORE

0 1 2 3 4 5 6

(o] [s[ss[ s e[m]] ]

size elementData

fixDown( 0 )

GUnUIYDY
Ganenatiang

© S. Prasitjutrakul 2006 04/10/49 15

Wian dequeue( )

public Object dequeue() {
Object max = peek();
elementData[0] = elementData[--size];
elementData[size] = null;
if (size > 1) fixDown (O0) ;
return max; -
} asuLrinndeiandre
private void fixDown (int k) {
int c;
while ((¢ = 2 * k + 1) < size)
if (c+l < size && greaterThan(c+l, c)) c++;
if (!greaterThan(c, k)) break;

swap(k, c);
k = c; En Jeanlsiunnitwe
) 2

}

faignuauazya > "u"mj

© S. Prasitjutrakul 2006 04/10/49 16
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12210151 INU

* peek: O(1)
» enqueue : fixUp = O(h) = O(log n)
» dequeue : fixDown = O(h) = O(log n)

6N Llog2 n]

© S. Prasitjutrakul 2006 04/10/49 17

n1sdsNdluuuNINIARILNITADE ¢ LAN

public BinaryHeap (Object[] d) {
for (int i=0; i<d.length; i++) enqueue(d[i]);

al 1 3 3 4
TP PN )

4 6 6 8
NN AN Y20
Liog, 4 )1 37 4 3 4 3 6 3( 1o
/ A I
6 1 1 8 1 4
A m AN AN AN
=)
6 3 6 8 6 8 6 10
/\/ O G R QR
1 410 1 9 3 1 93 11 1 9 3 8

[s |_log2 1]+ |_10g2 2]+ Llog2 3]+ |_10g2 nl< log, n! = O(n log n))

04/10/49 18
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n1sdsNdluuuniniaflanisaas ¢ Usu

public BinaryHeap (Object[] d) {
elementData = (Object[]) d.clone();
size = d.length;
for (int i=size-1; i>=0; i--) fixDown(i);
}
0 1 2 3 4 5 6 7 8 9 10 11

‘25‘12‘10‘11‘27‘ 9 ‘ 1 ‘20‘25‘21‘ 7 ‘19‘

© S. Prasitjutrakul 2006 04/10/49 19

n1sdsNdluuunIniaflanisAas 9 Usuy

g s
4 X 1)

3 x 2

k=0

2 X 4

1 %X 8
OX16/

k x 2h—k

fixdown elu(ﬁuv(ﬁge k Lﬁ@msaa"u%agav(mﬁu k as9

h h ©
Dok =2 k2t < 2"y k27t =2k = O(n)
k=0 k=0 k=0
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dlundgs / lvaaga (Max/Min Heap)

« Flungn

— diayauay parent node FNuINNTI1UANFN 9
- gihiasda

- diayauay parent node HA1daaniiuavgn 9

© S. Prasitjutrakul 2006 04/10/49 21

Aand BinaryMinHeap

public class BinaryMinHeap implements PriorityQueue {
private Object[] elementData;
private int size;

public BinaryMinHeap (int cap) {

elementData = new Object|[cap];

} a o a
tRADULOU

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

public int size() { return size; } LRUDULGU

public Object peek() {
if (isEmpty()) throw new NoSuchElementException() ;
return elementData[O0];

»

© S. Prasitjutrakul 2006 04/10/49 22
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© S. Pras|

BinaryMinHeap : enqueue( e )

public void enqueue (Object e) {
ensureCapacity (size+l) ;
elementData[size] = e;
fixUp (size++) ;

}

private void fixUp (int k) {

while (k > 0) { Lo .

if (!'lessThan(k,p)) break;
swap (k, p);
k = p;

.

boolean lessThan(int i, int j) {
Comparable e = (Comparable) elementDatal[i];
return e.compareTo (elementData[]j]) < O;

}

void swap(int i, int j) {
Object t = elementData[i];
elementData[i] = elementData[j]

elementData[j] = t;
}

/49 23

BinaryMinHeap : dequeue( )

public Object dequeue() {
Object max = peek();
elementData[0] = elementData[--size];
elementData[size] = null;
if (size > 1) fixDown (O0) ;
return max;
}
private void fixDown (int k) {
int c;
while ((c¢ = 2 * k + 1) < size) {
if (c+l < size && lessThan(c+l, c)) c++;
if (!lessThan(c, k)) break;

swap (elementData, k, c); "] P
k =c; ﬁlaaumnmuﬂuuaﬂn@

© S. Prasitjutrakul 2006
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BinaryMinHeap : idiaudniuy

+ ‘Iv BinaryMinHeap flunaidgnauas BinaryHeap

« uldsu greaterThan wavaadgn Tiulsauiay
nauguuuannaaiu

public class BinaryMinHeap extends BinaryHeap {
public BinaryMinHeap (int cap) {
super (cap) ;
}
boolean greaterThan(int i, int j) {
Comparable e = (Comparable) elementData[i];
return e.compareTo (elementData[j]) < O;

}
}

Yo greaterThan Lkﬁkﬁﬂﬂﬁ@ﬂﬂﬂ

© S. Prasitjutrakul 2006 04/10/49 25

fMat1vn19 T

+ n155enasulLuuEl (heap sort)
+ ANSLAaNTYANINDUAL

o suddwuuu

* N1531RDINNLUENITOL

« nadsn1aud lwiloguiuuy greedy
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n1staavatnuLuudl (Heap Sort)

« Suasdundsnliitudduindga
* 191797U dequeue Taya (AINNFA) LWL 1l
19 o siumsndegauavnay

2512|1011 | 27

@© S. Prasitjutrakul 2006 04/10/49 27

A19aavaInuuuudl : Tusunau

public class BinaryHeap implements PriorityQueue {
private Object[] elementData;
private int size;

public static void heapSort(Object[] data) {
BinaryHeap h = new BinaryHeap (0) ;
h.elementData = data;
h.size = data.length;

for (int k = h.size - 1; k >= 0; k--) |{
h.fixDown (k) ; O(n)
}

[for (int k = h.size - 1; k > 0; k--)

data[k] = h.dequeue() ; ] O(n logrﬂ

}
}

}

© S. Prasitjutrakul 2006 04/10/49 28
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N15lRanTYayan N UaL

« Suasduadtiayadnulu n i

. dayasiivasgaiudusuil k Aadala ?

+ §hate:(2,4,1,7,9(5)6,8,10) k=4
. (1,2,4,5,6,7,8,9,10)

* 3311 1 : Bevddy, mav afk-1]

/ \

public static Object select(Object[] a, int k) {
BinaryHe@ap.heapSort(a) ;
return &[k-1];

}
(omlogn) (1) )

© S. Prasitjutrakul 2006 04/10/49 29

aada

351 2 : d3198Uud2au k A9

o wWaswiludihiasdn

*+ auaanu1 k A9
AN k Afamdadgadunu k

public static Object select(Object[] a, int k) {
PrioriyQueue h = new BinaryMinHeap(a) ;
for (int i=0; i<k-1; i++) {
h.dequeue() ;
}

return h.dequeue () ;

© S. Prasitjutrakul 2006 04/10/49 30
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387 3 : FHlungauuin k

© S. Prasitjutrakul 2006 04/10/49 31

387 3 : FHlungauuin k

public static Object select(Object[] a, int k) {
PrioriyQueue h = new BinaryMaxHeap (k) ;
int j = 0;
for (; j<k; j++) h.enqueue(al[jl);
for (; j<a.length; j++) {
Comparable e = (Comparable) al[j]:
if (e.compareTo(h.peek()) < 0) {
h.dequeue() ;
h.enqueue (e) ;

) O(n log k)

return h.peek() ;

}

gluua k : nsuiy/auldnan O( log k)

© S. Prasitjutrakul 2006 04/10/49 32
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351 3 : lafAu lterator

public static Object select(Iterator i, int k) {
PrioriyQueue h = new BinaryMaxHeap (k) ;
int j = 0;
for (; j<k; j++) h.enqueue(a[j]):;
for (; j<i.hasNext(); j++) {
Comparable e = (Comparable) i.next();
if (e.compareTo(h.peek) < 0) {
h.dequeue() ;
h.enqueue (e) ;
}
} & 4
return h.peek() ; C‘l?jlﬁaﬁl,a%ﬂ k ﬁaﬁ)

1ua1n Iterator @Aadaulandflduanuaviaya
nnAudiayaliinian hasNext WAY next

© S. Prasitjutrakul 2006 04/10/49 33

shddnuuu (Huffman Code)

Ieul Iul 'ﬂ. Iﬂl Ial I,]I
AU 40 21 15 14 8 2
sWRLLLAINEIAIT 000 | 001 010 011 100 101
sUaLLUANNENILUT LG 0 | 100 | 101 | 110 | 1110 | 1111

100001000101010001101
8 4 A4 12 g u N

1110100011111011001111
& uA N |1 . |

40x3 + 21x3 + 15x3 + 14x3 + 8x3 + 2x3 = 300

40x1 + 21x3 + 15x3 + 14x3 + 8x4 + 2x4

230
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http://www.cp.eng.chula.ac.th/~somchai
127/235




A5n19n 1 waTdWN LY

"11:40”31:21”u:15”1]:14" :8 HW:Z‘
0 100 101 110 1110 1111

stigdnWlluuu
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d91

< LO2AALLEILSUA WAL YA NAINEIATY
< lesun15u1 Ul uunnune
S d519 lemadduuuninie

< Tuansuiu/avudiaya‘luiian O(log n)
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AU lduuuniInia

(Binary Trees)

> feuein lad
> n15a596 U 1l
> i lduuuninig
> i lafswdadWnunu
> fu Ll
> N15UITHIU
> nnsAUInA IR U L dwal
> nnsrnauNusaasleATusilsIfa
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Au'lil (Tree)

siulditsenavdaiu (nodes) Aulduiitan (edges)
wWuLitaufinanig
A lulluwavas B fafiidudanain A g B

o usasdufidunaldinasduidien
(anviuduniAwAasn’lidna)

o Aulinddu v Uy daudi v — 1 1durziay

Wl o <
© ®

© S. Prasitjutrakul 2006 04/10/49 3

nsdsau ;- Ifasdiiugn 9

o fFUIUNUINFAGaLN (a)
. daudanarusnaiily null
® © ® ®
®© ®
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n1sdseulad : lafs1anisiiugn 9

. fifufanlidegnauln @
fi

%

Y drantildetiavaudall

class Node {
Object element;
Node leftChild;
Node nextSibling;
}

© S. Prasitjutrakul 2006 04/10/49 5

su liuuuninia (Binary Tree)

« ynlufigaagn : andie wazgnaudn

F SN

a ann

class Node {
Object element;
Node left, right;
Node (Object e, Node 1, Node r) {
element = e; left = 1; right = r;
}
boolean isLeaf() {
return left == null && right == null;
}
}

© S. Prasitjutrakul 2006 04/10/49 6

http://www.cp.eng.chula.ac.th/~somchai
131/235



A19853 18U LI LUUNAINIA

« davanadu lLiAvIaWIEsIN
PR SaAN
public class BinaryTree { .
static class Node {
Object element;
Node left;
Node right;
Node (Object e, Node 1, Node r) {
element = e; left = 1; right = r;
}
boolean isLeaf () {
return left == null && right == null;
}
}
@© S. Prasitjutrakul 2006 04/10/49 7
(% L
suddnnuuu (Huffman Code)
‘ﬂ‘ Iul lul lﬂl lal I,]l
AU 40 21 15 14 8 2
THFUUUANINENIAIT 000 | 001 | 010 | 011 | 100 | 101
BV GISTIT R bl YIS 1 LA Vo 0 | 100 | 101 | 110 | 1110 | 1111

100001000101010001101
8§ 4 A4 1 g u N

1110100011111011001111
& uaAa N g u

40x3 + 21x3 + 15x3 + 14x3 + 8x3 + 2x3 = 300

40x1 + 21x3 + 15x3 + 14x3 + 8x4 + 2x4 = 230

© S. Prasitjutrakul 2006

04/10/49 8

http://www.cp.eng.chula.ac.th/~somchai
132/235



Agn19n1swagdwn

auliddnduuu

1
‘7.1:40”31:21Hﬂ:lSHﬂ:HH :8 H’]:Z‘
0 100 101 110 1110 1111
stiadnWluuu
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Tsunsuni1anisiu LadgdwWn

public static HuffmanTree coding(int[] freq) {
BinaryMinHeap h = new BinaryMinHeap() ;
for (int i = 0; i < freq.length; i++) {
h.enqueue (new HuffmanTree (freq[i], null, null));
}
for (int i = 0; i < freq.length - 1; i++) {
HuffmanTree tl = (HuffmanTree) h.dequeue() ;
HuffmanTree t2 = (HuffmanTree) h.dequeue();
int £ = tl.freq() + t2.freq();
h.enqueue (new HuffmanTree (£, tl.root, t2.root));
}

return (HuffmanTree) h.dequeue() ;

© S. Prasitjutrakul 2006 04/10/49 10
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o LdawWWunu (HuffmanTree)

public class HuffmanTree extends BinaryTree

implements Comparable {

public HuffmanTree (int freq, Node left, Node right) {

root = new Node (new Integer (freq), left, right);
}

public int freq() {

return ((Integer) root.element) .intValue();

}
public int compareTo (Object obj) {

return freq() - ((HuffmanTree) obj).freq();
}

@© S. Prasitjutrakul 2006 04/10/49 11

siu Ladiwaul (Expression Tree)

o unuidnwalleeaanld

* Ty : emgneiiunis (operand)

« 1 : dsiiunns (operator)
54y * 4
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A19d97190 U LWL

« Wu operand 14 push avnavifau
+ wu operator 14 pop aanunilugnwuavduimi
\Wa push avnavaiau
infix : 5

+ y * 4
postfix : 5 y 4 *

+

04/10/49 13

© S. Prasitjutrakul 2006

Tsunsun19a857196 1 LIt wail

public class Expression extends BinaryTree {
public Expression(List infix) {
List postfix = infix2Postfix(infix) ;
Stack s = new ArrayStack(10);
for (int i=0; i<postfix.size(); i++) {
String token = (String)postfix.get(i);
if ('isOperator (token)) {
s.push (new Node (token, null, null));

} else { o & 9
Node right = (Node) s.pop(); PR & WAt ui}
binary operaor
Node left = (Node) s.pop():
s.push (new Node (token, left, right));
}
}
root = (Node) s.pop();
}

UA7IO749 14

© S. Prasmyurarur Zuus
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Uave U LILuunIn1anuudauLlin

« Binary tree fa
— ulyiineg (null) wia
- nilvdu uazqndudnafugndiuuin

C L

Binary - <

Tree

@© S. Prasitjutrakul 2006 04/10/49 15

A9 19U U UNINUAUDIE U T3]

Fo auilu L
AN

numNodes

VA——

\@ numNodes + numNodes

int numNodes (Node node) {
if ( node == null ) return O;
return 1 + numNodes (node.left) +
numNodes (node.right) ;

}

© S. Prasitjutrakul 2006 04/10/49 16
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N15UAIUFIDIsIU o]

F1 ogudle L

T RS .

height \ {

Km*aX( height _ , height . )

int height (Node node) {
if ( node == null ) return -1;
return 1 + Math.max (height (node.left),
height (node.right)) ;

© S. Prasitjutrakul 2006

04/10/49 17

Aand BinaryTree

public class BinaryTree {
static class Node { ... }
Node root;
public int numNodes () {
return numNodes (root) ;
}
public int height() {
return height(root) ;
}
private int numNodes (Node node) ({
if ( node == null ) return O;
return 1 + numNodes (node.left) +
numNodes (node.right) ;
}
private int height (Node node) {
if ( node == null ) return -1;
return 1 + Math.max (height (node.left),
height (node.right)) ;

© S. Praskg
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Node rr = copy(r) ;

04/10/49 19

© S. Prasitjutrakul 2006

N15ENUIAU L (NadLuULIBULAR)

public class Expression extends BinaryTree {

// copy constructor
public Expression (Expression e) {
root = copy(e.root) ;

}

}

Node copy (Node r) ({
if (r == null) return null;
Node leftTree = copy(r.left);

Node rightTree = copy(r.right);
return new Node (r.element, leftTree, rightTree) ;

}

© S. Prasitjutrakul 2006
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* Tree traversal iHlunszuiunisidngadusne q
Tusiu Ll dnazuilvasvadefisuiioy
— wuunaudnau (preorder) B, G E D,F, G, H
— wuueNdeu (inorder)  E, G, B, F, G, D, H
— WUUUaNE1AL (postorder) E, C, G, F, H, D, B

© S. Prasitjutrakul 2006 04/10/49 21

AN9LUIEHIUA U LT WL

o wzHuLuUAaudIny latdwaliuy prefix
o WITWNIULUUANNAINU Tadwnliuy infix
o WsHULUUUAEINU Tadwaliuy postfix
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AMSLLIENIWE W 1IN x 1Tlusn

. LL]J]_IﬂIBuEi'\ﬁ]J void preOrder (Node x) {

- X if (x == null) return;
o visit(x.element);
— WIENU X.left preorder (x.1eft) ;

— WU X.right preorder (x.right) ;

* UUUANAeaL ! void inOrder (Node x) {
— WIENIU X.left if (x == null) return;
— e X inorder (x.left) ;
— WILHU x.right D) visit(x.element);
inorder (x.right) ;

© LUUURAIEIO }

— kU X left vo%d postOrder (Node x) {
) . if (x == null) return;

— WITHU X.right postorder (x.left) ;

— AT X postorder (x.right) ;

visit(x.element) ;

@© S. Prasitjutrakul 2006 } 23

toArray( )

+ Auaadnussatayanindusine o nauuTusiuld

public class BinaryTree {
Node root;

... frdeuamuvailugulsi

public Object[] toArray() { ,rqotwliﬂsﬂua'nsﬁ a
int n = numNodes (root) ; Busoustes 0 (Juduly
Object[] a = new Object[n];
toArray (root, a, 0); <=

return a;

}

private int toArray(Node x, Object[] a, int k) {
if (x == null) return k;

alk++] = x.element; flasenisrinen
k = toArray(x.left, a, k); %UY preorder
k = toArray(x.right, a, k);
return k;

}

© S. Prasitjutrakul 2006 04/10/49 24
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\eau toArray wuy‘le Visitor

public abstract class Visitor {
public abstract void visit (Object e);
}

void preOrder (Node r, Visitor v) {
if (r == null) return;
v.visit(r.element) ;
preOrder (r.left, v);
preOrder (r.right, v);

public Object[] toArray () {
final Object[] a = new Object[numNodes ()]’
Visitor v = new Visitor() {
int k = 0;

public void visit(Object e) {
alk++] = e;
} g
}; ﬁ%ﬁa%autﬂnmv@oﬁaﬁa
preOrder (root, v); ﬁtﬂuﬂmﬁgnvao Visitor

return a;

© S. Prasitjutraki 25

1U5u1l5919 Visitor efin1suiznunle

public abstract class Visitor {
private boolean done = false;
public void done () {
done = true;

}
public boolean isDone() {
return done;
}
public abstract void visit(Object e);

void preOrder (Node r, Visitor v) {
if (r == null || v.isDone()) return;
v.visit(r.element) ;
preOrder (r.left, v);
preOrder (r.right, v);
}

© S. Prasitjutrakul 2006
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public boolean contains (final Object x) {
Visitor v = new Visitor() {
public void visit(Object e) {
if (e.equals(x)) done();
}
}i
preOrder (root, v);
return v.isDone() ;

}

@© S. Prasitjutrakul 2006 04/10/49 27

ASLLIENIUA28 Visitor

public class BinaryTree ({

public void preOrder (Visitor v) { preOrder(root, v); }
public void inOrder (Visitor v) { inOrder (root, v); }
public void postOrder (Visitor v) { postOrder (root, v); }

void preOrder (Node x, Visitor v) {
if (x == null || v.isDone()) return;
v.visit(x.element) ;
preOrder (x.left, v);
preOrder (x.right, v);

}

void inOrder (Node x, Visitor v) {
if (x == null || v.isDone()) return;
inOrder (x.left, v);
v.visit(x.element) ;
inOrder (x.right, v);

}

void postOrder (Node x, Visitor v) {

© S. Prasitjutrakul 2006 04/10/49 28
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AV3AUDIGN 9 Na FeAuIL e
ANBULAZILNITLICNIULLURAVAINL

)
i
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WU ANISANUIUAIDIAL LI WAL

public class Expression extends BinaryTree ({

public double eval() {
return eval (root) ;

}

private double eval (Node r) {
if (r == null) return O;
if (r.isLeaf())

return Double.parseDouble((String) r.element);

double vLeft = eval(r.left);
double vRight = eval(r.right);
if (r.element.equals("+")) return vLeft + vRight;
if (r.element.equals("-")) return vLeft - vRight;
if (r.element.equals("*")) return vLeft * vRight;
if (r.element.equals("/")) return vLeft / vRight;
if (r.element.equals(""")) return Math.pow(vLeft,vRight) ;
throw new IllegalStateException() ;

}

© S. Prasitjutrakul 2006 04/10/49 30
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AsauWusleAduaiudsiaen

f(x)= (x2 +2)x
f(x)=(x*+2)1+x-(2x+0)

=3x*+2

* +

+/ \x / \* /N

/N / /N A 2
/"\ 2 1 x + 3 R
/ AN RN \

x 2 \ 2 *\ 0 x/ >

x/ 2/ X
£ £f.diff () f.simplify()

@© S. Prasitjutrakul 2006 04/10/49 31

d096119 9

!

(u(x) + v(x)) =u'(x)+V'(x)

(u(x)v(x)) =v(x)u'(x)+u(x)v'(x)
(u(x j v(x)u'(x) —u(x)vV'(x)

v(x) v(x))
=C u(x) u'(x)

C

( u(x)
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(u()v(x)) = v’ (x) + u(x)V'(x)

© S. Prasitjutrakul 2006 04/10/49 33

((u(x))c )' = C(u(x))c_1 u'(x)
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© S. Prasitjutrakul 2006

* * 2
AN N
u'(x)\ /v(x)\ /u(x)\ /Vv'(x)
(u(x) j' _ v(x)u'(x) —u(x)v'(x)
v(x) (v(x))2

04/10/49 35

LIaANISUIDUNUS

public class Expression extends BinaryTree {

public void diff () {
root = diff (root) ;

}

private Node diff (Node r) {
if (r == null) return null;

© S. Prabrg

String s = (String) r.element;
if ( r.isLeaf() ) {
r.element = (s.equals("x") ? "1" : "O0");
} else {
if (s.equals("+")) r = diffSum(r) ;
else if (s.equals("-")) r = diffSum(r);
else if (s.equals(""")) r = diffExpo(r);
else if (s.equals("*")) r = diffMult(r);
else if (s.equals("/")) r = diffDiv(r);
}
return r;

49 36
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WaANITUIDUNUS © +, *

public class Expression extends BinaryTree {

private Node diffSum(Node r) { 0
r.left = diff(r.left); (u(x)+v(x)) =u'(x)+V'(x)
r.right = diff(r.right);
return r; + \\

}

private Node diffMult (Node r) tl*

Node u = copy(r.left); //\\dy

v
Node v copy (r.right) ;

diff (r.left);

diff(r.right);

Node du
Node dv
Node tl1 new Node ("*", u, dv);
Node t2 = new Node("*", v, du);
return new Node ("+", tl, t2);

(u(x)v(x))’ =v(xX)u'(x) +u(x)V'(x)

© S. Prasitjutrakul 2006 04/10/49 37

d91

> siulaiidulasvdslunisdaiudaya
> d5196iu Ll ldsinan1sTavdunavsin s

> sulfuuuniniadudulifiusazlud 2 gn
> uavdiu Ll lvaidssnaudaasiuliitdas
> vinldiaulnian lauuuidaulia

> nnsisznadiayaniuidu nssvinlaaaani1suishiu
LUUADUAIAY AMNEIAU UTaRAIEL
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¥

AU T AUKILLUNTINA

(Binary Search Tree)

S bih

> figusu liduniuuuninia
> Tasvasaasdu iiduninuuninim
> U3N1969 9

> Maduntiaya ddaada fungn

> ﬂ’]iLﬁN

» N19au

> nnsiaavansiudiayalaglaaiu iduviuuuninia
> NSASNIBALATADALANT U

AEs U LIAUMILLILNINNA
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AUlHAUMILLUNIANA

o fudullivuuninia

« udiayaanuilu

. diayaludu'liiasmednadactiaanitdayaiisin
. dayaluduliiasmeandasunnniniayaiisin
+ gulditiaann q dudaviilu binary search tree e

© S. Prasitjutrakul 2006

04/10/49 3

ANSULITHIULLUA NN

deandn 15

anned 15

s B s A\
1, 5, 8, 10, 12, 14 18, 26, 28, 32, 65

Gavaataglding —M———————
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|log,n|<h<n-1
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class BSTree

public class BSTree extends BinaryTree ({
int size;

public BSTree() {}
public int size() { return size; }
public boolean isEmpty () { return size == 0; }

int compare (Object a, Object b) {
return ((Comparable)a) .compareTo (b) ;

}

public Object get(Object e) {...}

public Object getMin() {...}

public Object getMax() {...}

public void add(Object e) {...}

public void remove (Object e) {...}

public static treeSort(Object[] data) {...}

© S. Prasitjutrakul 2006 04/10/49 6
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NSAUMNTLAYR

o lgfnrswizniudunlal das 9 wWiauiay
« lengnisdaAuaaalunishu

@© S. Prasitjutrakul 2006 04/10/49 7

get : MsAUMRILAYA

public class BSTree extends BinaryTree ({

public Object get(Object e) {
Node node = getNode (root, e);
return node == null ? null : node.element;
}
Node getNode (Node r, Object e) {
while (r '= null) {
int cmp = compare(e, r.element);
if (cmp == 0) return r;

if (cmp < 0) 6
r = r.left;
& ®
r = r.right;
: ()
return null;
} 3

© S. Prasitjutrakul 2006 04/10/49 8
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ANTAUMITANALUULILULAG

public class BSTree extends BinaryTree {

Node getNode (Node r, Object e) {

if (r == null) return null;
int cmp = compare (e, r.element);
if (cmp == 0) return r;

if (cmp < 0)

return getNode(r.left, e);
else

return getNode (r.right, e);

© S. Prasitjutrakul 2006 04/10/49 9

getMin : AsAunItayanItaage

« ulafignnae danfidayaniasnin
« wiimudaadgn vi lalaaitunsiaualaslunedne
unIzwuuin bifignede

public Object getMin() {
Node r = root;
if (r == null) return null;
while (r.left !'= null) {
r = r.left;
}

return r.element;

© S. Prasitjutrakul 2006 04/10/49 10
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getMax : nMsAuURIdayafIuINe

 dulafignnvann daufidayanuinnin

« wignga vinlelaadunsinudraslunan
unInzwulunlaifignann

public Object getMax () ({
Node r = root;
if (r == null) return null;
while (r.right !'= null) {
r = r.right;
}

return r.element;

i)

@© S. Prasitjutrakul 2006 04/10/49 11

asiindiaya

o @519Uuluy, A Tusiu
o ATIUIL TN o sl leNnANSAL

D
B W
@ o@ o

® ®&
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add : nsLAndaya

public void add(Object e) {
Node newNode = new Node (e, null, null);
if (root == null) root = newNode;
else {
Node p = null, r = root;
while( r '= null ) {
int cmp = compare(e, r.element);
if (cmp < 0) {p = r; r = r.left;}
else if (cmp > 0) {p r; r = r.right;}

else return;
! 20
if (compare(e, p.element) < 0)
p.left = newNode; @ @
else
p.right = newNode; @ @
}
++size; @ @
}

© S. Prasitjutrakul 2006 04/10/49 13

NSIANLDYAULLULIUULAR

A+ B r
=

if (r == null) return new Node(e, null, null)
1+® wm) =0
+

if (compare(e,r.element)<0) r.left = add(r.left,e);

ri@ - :
<
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add : wuuIauLtin

public void add(Object e) {
root = add(root, e);
}
Node add(Node r, Object e) {
if (r == null) {
r = new Node (e, null, null);

++size;

} else {
int cmp = compare(e, r.element) ;
if (cmp < 0)

r.left = add(r.left, e);
else if (cmp > 0)
r.right = add(r.right, e);
}
return r;

}

@© S. Prasitjutrakul 2006 04/10/49 15

o °

anaLzUaIn L LNIUAUAIAUNITLINY

qu\aejaam’“u‘lsﬁuﬁuéwﬁu

vaoﬁagaﬁcﬁﬂﬁﬁﬂﬁ
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NSaULaNR

« Aunduiiiugdiayansdavsnisay
« auduniAudayaiiu wiaaudayaluduiu

audand 2 an
U gi@9n1sau 40

auduniignieies
U go9nisau 60
© S. Prasitjutrakul 2006 04/10/49 17

auly
U Go9ni1sau S

remove : LUULIULAR

public void remove (Object e) {
root = remove (root, e);
}
Node remove (Node r, Object e) {
if (r == null) return r;
int cmp = compare(e, r.element) ;
if (cmp < 0) {
r.left = remove(r.left, e);
} else if (cmp > 0) {
r.right = remove(r.right, e);
} else {
// Wuua? audil

}

return r;

}

© S. Prasitjutrakul 2006 04/10/49 18
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remove : WUULILULAR

Node remove (Node r, Object e) {

} else {

if (r.left == null || r.right == null) {
r = (r.left == null ? r.right : r.left);
--size;

} else {
Node m = r.right;
while (m.left '= null) m = m.left;
r.element = m.element;
r.right = remove(r.right, m.element) ;

}
}

return r;

}

@© S. Prasitjutrakul 2006 04/10/49 19

fiulal BSTree fida199ndiayagu

- suliinfudiaya »# 62
o guaIANGY : Llog,nl < h < n—1
« 1dsAINTayYadu d1503A TR 1A

— arudnidouanluniedu ~ 1.39 log, n
— AMNENRALUD null ~ 2+1.39log, n
— AN (ANNFNNTUEWER) ~ 2.99 log, n

)
ey y v,“ ik
“,m Ty""?" s" ’“7 !
il ( (r |
i i
: 1
Devroye, L. 1986. A note on the height of binary search trees. J. ACM 33, 489-498.
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LIRINNTYVINIIUUDY ﬂ']'a'LﬁﬂJ AU AU

* get, getMin, getMax, add, remove : O(h)

« duliifimugelutv Llog,nl<h<n-1

- nselan (Fu'lsiiiagn) : O(log n)

« nsdldge (Auligega) : O(n)

. nsdlade (Wadulisseandayasu) : O(log n)

© S. Prasitjutrakul 2006 04/10/49 21

AT TIN Rl IR NS T TN b

« ndiayanvuug unasNeu llAunLuunInig
Wiz wiu liuuuauaeu
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treeSort : N53E9A A UTAYA

public class BSTree extends BinaryTree ({

public static void treeSort(final Object[] data) {
BSTree t = new BSTree() ;
for (int i=0; i<data.length; i++) {

} t.add(datal[i]); ﬁaj n afsldiaan O(n log VD

t.inOrder (new Visitor () {
int k = 0;
public void visit(Object e) {
data[k++] = e;

} P ﬁo:mu n va Tean 0(@
O(n log n)

@© S. Prasitjutrakul 2006 04/10/49 23

n19ds a8 BSTree

public class BSTSet implements Set {
protected BSTree tree = new BSTree() ;
public int size() {
return tree.size();
}
public boolean isEmpty () {
return tree.isEmpty() ;
}
public boolean contains (Object e) {
return tree.get(e) !'= null;
}
public void add(Object e) {

} tree.add(e); ﬁSTreeTﬁtﬁuﬁ's%ﬂaguzﬁD

public void remove (Object e) {
tree.remove (e) ;

}

}

© S. Prasitjutrakul 2006 04/10/49 24
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n19ds1vnaalandunie BSTree

« 15U BSTree tAuag1 1ol lduiinn1vgng
 f1iin15au smgiangn A le (Alaituls)
Node add(Node r, Object e) {
if (r == null) {
r = new Node (e, null, null);
++size;
} else {

int cmp = compare(e, r.element);
if (cmp <= 0)

r.left = add(r.left, e); o
else
r.right = add(r.right, e);
) , (0 @ (&

return r;

}

© S. Prasitjutrakul 2006 04/10/49 25
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AU laladuaa

(AVL Tree)
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> danusiu liauaa
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AU LAUKILLULUNINIA

* 1aIN1svinvuLtlu O(h)
« llogyn] < h < n-1
« TwAdYinvIULs O(log n), TATIaVINIUL O(n)

© S. Prasitjutrakul 2006 04/10/49 3

Au laduaa

* AVL = Binary Search Tress + naugyduna

duliitiaanngudaailuliaiung

AVL : Adelson-Velskii and Landis
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Mlad196U Litaiuaa

giulddns (null) o -1
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ou Liftaduaaguvinile ?

« I F,, Aasiuliiladuaagege h nlduwrulndasgn

F, F F, F, F,
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Augvavsiu Ll luin<g

[F| = 1+ [Fy | +]F
n,=l+mn,_ +n,, h22, n,=1n =2
n,=ad" +a,9" -1, $=1618... p=-0.618
n, zaﬂjh
1
log, ¢

h~1.44(log, n,)

h~

log, n aql .
( &2 h) du'lsitaduaaiisd n Un

go'lsivAu 1.44 log,n

(ngz nl < hyy <1.44log, n)
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vinaeino'lsTiduldaunguas AVL

o MsLAY/audiayavintuiiau BSTree
o WAUAVNITLAN/AL a1V TRRaNYFIRUAAR
« dRang diavdFudu'lil
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ATy UL

« Aslsuduliandanisunu (rotation)
« asuyudufiassnauIusuliidum

o
AAR

( rotateLeftChild (r) ) CrotateRightchild (r) )
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rotateLeftChild( r)

public class BSTree extends BinaryTree ({

r @ newRoot @
newRoot

Lam

Node rotateLeftChild (Node
Node newRoot = r.left;
r.left = newRoot.right;
newRoot.right = r;
return newRoot;

r) {

(20)

AgLA

@© S. Prasitjutrakul 2006 04/10/49 11

rotateRightChild( r)

public class BSTree extends BinaryTree ({

Node rotateRightChild(Node r) {
Node newRoot = r.right;
r.right = newRoot.left;
newRoot.left = r;

return newRoot;

@ r
newRoot :>

© S. Prasitjutrakul 2006

LYYy

newRoot
(10,

04/10/49 12
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TasvdsUuvaseu liitaduaa

public class AVLTree extends BSTree {
private static class AVLNode extends Node {
private int height;
AVLNode (Object e, Node left, Node right) {
super (e, left, right); . - . o
setHeight () ; (:uma:ﬂuuﬂawugeﬂwnv:>

}
void setHeight() {
height = 1+Math.max (height(left)  height(right)) ;
}
int height(Node n) {
return (n == null ? -1 : ((AVLNode) n) .height);
}
int balanceValue() {
return height(right) - height(left);

}} ®0 +1 @ -1
®+2 @& -2

© S. Prasitjutrakul 2006 \ 04/10/49 13

add waz remove ‘l9f rebalance

public class AVLTree extends BSTree {

Node add(Node r, Object e) {
if (r == null) {
r = new AVLNode (e, null, null);

++size;

} else {
r = super.add(r,e); J/E P o

WUENUNG wameadsy

r =Crebalance(r) ; — n A ,/]

}

return r; Crebalance a4 nsﬁi)

}

Node remove (Node r, Object e) {
r = super.remove (r,e);

r =Crebalance (r) ; <:[aum1mﬂn§ uﬁaﬁaﬂﬂ%ﬂ}
S~ -

return r;

© S. Prasitjutrakul 2006 04/10/49 14
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rebalance : nsain 1

rotateLeftChild (r)

@© S. Prasitjutrakul 2006 04/10/49 15

rebalance : nsain 2

eeee
@ ©
) =
()
~E O 6°
AN AAA
rotateRightChild(r)

© S. Prasitjutrakul 2006 04/10/49 16
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rebalance : nsain 3

" "
QA (x) A
AA AAA AVANVAVAN

rotateRightChild(r.left) rotateLeftChild(r)
© S. Prasitjutrakul 2006 04/10/49 17

rebalance : nsain 4

rotateLeftChild (r.right) rotateRightChild(r)

© S. Prasitjutrakul 2006 04/10/49 18
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rebalance

private Node rebalance(Node r) {
if (r == null) return r;
int balance = ((AVLNode)r) .balanceValue() ;
if (balance == -2) {
if (((AVLNode)r.left) .balanceValue() == 1)
r.left = rotateRightChild(r.left) ;
r = rotateLeftChild(r) ;
} else if (balance == 2) {
if (((AVLNode)r.right) .balancevValue() == -1)
r.right = rotateLeftChild(r.right);
r = rotateRightChild(r) ;

}
( (AVLNode) r) .setHeight () ;
return r;

© S. Prasitjutrakul 2006

04/10/49 19

28180 USUAMNFINAINITUNU

public class AVLTree extends BSTree {

Node rotateLeftChild(Node r) {
r = super.rotateLeftChild(r) ;
((AVLNode) r.right) .setHeight() ;
((AVLNode) r) .setHeight() ;
return r;

}

Node rotateRightChild(Node r) ({
r = super.rotateRightChild(r) ;
((AVLNode) r.left) .setHeight();

((AVLNode) r) .setHeight() ;
return r;

© S. Prasitjutrakul 2006
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a8

1, 2, 3, 6, 8, 4, 15, 14
1 2 2 2
1 2N . A VN Y. A
2 4\2 1 3 1 3 1 i 1 6
\3 \6 \6 VARN
2N 3 8
8
J e «3 m o 2" 6
o0 N /7N VRN
37 6 1 4 8 1 4 38
\ 7N N
4 4 8 15
/N N .
2 s W 2 mh
/ /D / VAR / VARN
1 4 3 1 4 8 1 4 14
15 4\\14 7N
/ N 8 15
14' 15
© S. Prasitjutrakul 2uub 04/10/49 21
d91

> diuliiladuaadadiu LiduniiignaruauaIugs

> NAANAMNGITAIRNAIT N NLA UMY

> Ngl'leiin Llog, nl < h <1.44 log, n

> wsiazduiiuaugylinsadau

> dudaiu/audayaudrfiang, susull

> n1sUsusu ladandan1suyuiy

> 1287N15YINUBAINSIAN AU wazduTin O(log n)
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AU LlAunILLuaY 9

india
> 6 Lain3an (treap)
> fiuldunu (splay tree)
> dulil'leina 2-3-4 (balanced 2-3-4 tree)
> ¢iuladlavein (red-black tree)
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ATy Ul

o Uinyululvigediuniasiiag
« wyuudFasFaEANuLTuaulIAum
« 1da1aee

r

.
AAR

( rotateLeftChild (r) ) CrotateRightChild (r) )

© S. Prasitjutrakul 2006 04/10/49 3

Au'ladniw (Treap)

« huwAeasdliu ludulidurmuuuniaig
o usasluiidiayasass
- rdiayalzv zavduldifdumuuuniam
- dayaidy Wanassulididudduuuiianga
« fAavFnE AT IuaIAU LI IRV LANTTR
- dayalzvuavdulidhatianniisn aavduauinniinn
- dayalgzuuavsdunadaviiaanituasgn
- Minsuyuily aduanuiluwagn'le

ﬁ@adasz(%mm%’u‘l@”mmn
MsguduIuazoneudsiota
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N15LNNTIaYA

. @Fa9nsuiin x
— NN x mifiaunisiinludu Widuuuuninie
- gudrurudzailudayaiddudidudu v
— viyuilu x Gwldidas q aundnee lifndugunuydy

© S. Prasitjutrakul 2006 04/10/49 5

ARERMEIRIR

s ABYNNSAU X
- Auduiiifu x
— viyuduisy x avlhifuly
- avlutiuiie
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d91 : e lainaw

o lasiuliguadailu O(log n)
« A15AN AU AU lunsaladalainan O(log n)

?!:,?“‘
‘ |‘|

Ml I
I 0

tRudayaauaisu 1,2,3,...,500

Treap = Binary search Tree + Heap

@© S. Prasitjutrakul 2006 04/10/49 7

eiu lafunu (Splay Tree)

o Huguliidumuuuminaidiulaseasiodiag
 Azdfuduliinnaseniinisiiiy au LayAy
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A19Us U 1]

Q@A 525
Py A o
(é‘%},g - &
AX@A VYN
(q) (x)
Y\ = ()
T AR
_, Ay Ap) e
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N15LANTIaYA

o NMNUNG (llauaavsiu iAunILLLNINIA)
+ splay dudiayalui dunilusn

Rudayaauaieu 1,2,3,...,500

@© S. Prasitjutrakul 2006 04/10/49 11

NS ULYR
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d91 : siulajuu

o siulafuw il lddszAuaIugenaasiu 1l

. diayasnfigndutian q waguu q
FugnAauluauranleisn

« Taigiavdiayaldanila g auily

« UszAudnandzausaynislfuinig add, remove,
contains ¢19 9 F1UU M Ase 1Tl O(mlogn)
Taufi n Wudrurudayauavsiv laiuu

. udavinduadusa operation #a O(log n)

© S. Prasitjutrakul 2006 04/10/49 13

au'li 2-3-4

« binary tree : du'lsitiiaga log, n

« m-ary tree : uaavduil m gn du'liiags log,,, n
o au'ldl 2-3-4 : usiazdud 2, 3, w3a 4 n'la
uuuy k tiudiaya k — 1 67 Gavanntiaaldun

Juwuy 3

/(6 ,10) (18 22,26) m

-

: ! ﬂmm‘u 2
ummu 4
© S. Prasitjutrakul 2006 04/10/49 14
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aulil'lana 2-3-4

 Aadu'ld 2-3-4 7 null agszauLeIAunun
« |log, nl< h<llog, nl

@© S. Prasitjutrakul 2006 04/10/49 15

NSLANTDYA

. Favnsiii x
— %1 x uauiily
— g lufwdluduuuy 2 Aunsa x Whluduwoy 3
— Flufwiluduuuy 3 Aunsn x Widluduuwoy 4

- drluiwiuduuuy 4 unsalad e liunnuu
uazirdinaty s ludusseuuu
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d91 : ull’lena 2-3-4

o HludubiiflszAuaaugs O(log n)

a1 lun9AU RN au il O(log n)

+ Msaurdudaundn vinldlnaandanissiulu
gadiayassrivdugfidin

o Gudulinugmoavduwlsid (B-tree) ol
dulid Ay lunisnisdaAugrudiayaauinlval
Tugrsaddn (Weiazdulu B-tree fignleiflusas)

© S. Prasitjutrakul 2006 04/10/49 17

A lailmesn (Red-Black Tree)

o H&ANUUN, Unuasiudusn
o Hugtuuunisadiedull 2-3-4 saenluuuy 2

— duuuy 3 wnudraduuuy 2 gavlu
— duuuy 4 wnussduuuy 2 dudu

g > wia . o
AN I O A

AALS
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5 3 %3a s 9
AR v v
3 . )
K:il Vv
: 6
(1)(3.4.5) (5) (DE)EG.9)

@© S. Prasitjutrakul 2006 04/10/49 19

@ 5 3 %3a S 9
AAn AD" G
3 . )
K::l Vv
: 7 _ :
(D).
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@ 5 5 %32 s 9
Shk AD" G
3 . )
/N IR S
: 4 z
(DEGE)E.8)
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d91 : siu ladumvsn

o Huisnsasvsnlildaa 2-3-4 wuunile
 usiazdugiavila 1 dauAudarduduy

o duuuy 3 uasiuy 4 Wiswiuuuy 2

. stfuguatinennn 2 winaaedulilldna 2-3-4
« a1 lunsAU AN au Tu O(log n)

o Hudubidunildlurarauinsgiuuasanin
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a9

> siu liiAunafidnuanauuy
> wuudszAuaugs
> dubiaduaa, dulilldaa 2-3-4, duliuaven
> wuuissiudscandniwlunsediiade
> dulainaw
> wuuilsrAulszansniwlunsdidnade
> dulafunu
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ML

(Hash Tables)

S ebih

> s ldasviAudayasiolvAduaail
> nsiiudayaluuunaniuly

> WeAdfuLaas

> nadsn1stdguneAg UL

> nisuaaluliin

> nsfnuaaufiagitle

> nMstAnsnaNaaddaya
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NiAudaya

« 1Aulusieanns (list) : O(n)
« 1Aulusiulafladuaa : O(log n)
« vinadw 15 iEandil ?

(s[5

89133
Y, B12

©S. Prasitjutrakul 2006 == ==

04/10/49 3

T WA TFUATTLATUIUGL LU
. key vavdiayafadiuuavdiayanildlunisiu
o figsndusazdaatunifudaya
« 11 f(key) tWaulav key TihiTlu index wadn1519
 AeAduaariivinliann d1vavasaualyg ¢

o 1 2 3 4 5 6 7 8 9 10 11 12

HANNENENEEEEN

15252 98105
gnvay, B5 fuma, B8
89133
Ay, B12

f(key) = key % 10

© S. Prasitjutrakul 2006

04/10/49 4
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public class Table implements Set {
private Object[] table;
private int size = 0;

public Table(int m) { table = new Object[m]; }
public boolean isEmpty () { return size == 0; }
public int size() { return size; }

public void add(Object x) {
if (table[f(x)] == null)
{++size; table[f(x)] = x;} ®(1)

}
public void remove (Object x) {
if (table[f(x)] '= null && table[f(x)].equals(x))
{--size; table[f(x)] = null;}
}
public void contains (Object x) {

return table[f(x)] !'= null && table[f(x)].equals(x);
}
private int f£(Object x) { ... }
}
© S. Prasguurarurzouo uTo/49 5

WaAdUATI LU

« Jasavnuadvlsenda
o WadavdseAudnluinnag "ou"

1
v al

+ dr9uadayandcAniAunan Aa1angansin liau’lea

e

f (key) = key % 10
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Wasunagns : augis T le

« rlaiAugayalunisien liluaiuin
o usisiaanAsud lailoyuinisau Nvineuleig 9
( Separate Chaining )

o

 AaAunaudayanauiulilusianisifiarnu

o {7 =

1| 22 1 [

2l 1 h(x)=x%7
3 3 [ 38|

4] 46|12

5| 7] 40 T

6 1 6 [T{13[F 27|20 ]

@© S. Prasitjutrakul 2006 04/10/49 7

SeparateChaining

public class SeparateChaining {
private LinkedList[] table;
private int size = 0;

public SeparateChaining(int m) {
LinkedList[] table = new LinkedList[m];
for (int i=0; i<table.length; i++)

table[i] = new LinkedList();

}

public int size() {
return size;

}

public boolean isEmpty () {
return size == 0;

}

© S. Prasitjutrakul 2006 04/10/49 8
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SeparateChaining

public class SeparateChaining {

public boolean contains (Object x) {
return table[h(x)].contains (x);

}

}

}

}

© S. Prasitjutrakul 2006

public void add(Object x) {
table[h(x)].add (0, x);

++size; add ‘Lﬁnmmﬁh]

public void remove (Object x) {
int i = h(x);
int s = table[i].size()
table[i] . remove (x) ;
if (s > table[i] .size()) size--;

private int h(Object x) { ... }

contains WY remove 1HLIRILUTANANNEND list]
04/10/49 9

N15N5¥NLVAITDYA

© S. Prasitjutrakul 2006

. drdfayanszanuniinnsd load factor
— UHazdaIALSIEnI1S81) = A
— 1A das Funléisn

« a1 linszane
— fius1an1581ILAU A 1N
— nsfumgvliauAusiag list ‘ h(x)=x % 10 ‘

1803604 L
e ey
BT {2 [

L

Rz ey a
o OS[ {TsSHr
Rz ms

T
2]
0d
2
[

QOO LTI T

R T I R I SR

29
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N15N5¥NLUVaILDYA

o qGuniy
- X : Adaavdiaya
- h(x) :#AvAdunirsudavddiiuiaundavuainisy

« dnaudayalifd x A NSEINLaLILa?

- 611®m1579 100 2av, AW h(x) = x % 100
- 611€n1579 2k a9, AT h(x) = k DanuIwad X

ngudayaliAdniiaiussiieon
- sudinfnun, sddscddiinsdseanan, ...
— diavaanuuy h(x) 1vin x Alsedouiy "as"

- 1380 h(x) IileAdungsy (Hash function)

De

@© S. Prasitjutrakul 2006 04/10/49 11

WoAduwad (Hash Function)

o www.webster.com

— hash : to chop (as meat and potatoes) into small pieces
o &2 1d0uns

— du, uvan, unnTaanidsingiu

& 493-01020-21 > 10291

§ 493-87628-21 > 76102

- 7 473-12332-21 - 40001
‘ 3 463-09872-21 — 00012

10291

© S. Prasitjutrakul 2006 04/10/49 12
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e AT L e
static int hl (int x) {

long hash = (2654435769L * x) & OxFFFFFFFFL;
return (int) (hash >> 22);

}

static int h2(int x) {
X = ~x + (x << 15);

X = (x >>> 11);
X += (x << 3);

X = (x >>> 5);
x += (x << 10);
X = (x >>> 16);
return x;

x 1] 2] 3] a] 5] 6| 7] 8|
hi(x) | 632 241 874) 483 92/ 725|334 | 966 |

h2 (x) 500 1001 507| 978 | 486 (1014 | 403 | 933

© S. Prasitjutrakul 2006 04/10/49 13

nadsnstaaurlN AT e

« AMFALATITLRULAA (digit analysis)
* A1saew (multiplicative hashing)

« n1sWu (folding)

* A15115 (modulus hashing)

© S. Prasitjutrakul 2006 04/10/49 14
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AsILtATTiLRa1aa (Digit Analysis)

¢ ARALRANLRATAAU U NUDIALUIAIITAN

o ffuladdallLivinlvidaanuaudaslunis
ATYAEIUDIAE
o 12du
— sUaN& @4 .67 O5duuy : xx3xxxxx21
- AfaLaa 3 way 21 aanannAITRATAUN
- k = 4830109521,
- k1=Lk/100 | /I k1 = 48301095
- k2=[k1/108 /Il k2 =48
- k3 =k2*105 + k1 % 105 // k3 = 4801095

© S. Prasitjutrakul 2006

04/10/49 15

n1saeal (Multiplicative Hashing)

o AALALAILFIUIUIFY A NTIA5EUI19 (0,1)
o ULARUNAUALAUIAUDIATIY (M = 2P)

h(x) = Lm (xA — LxAJ)J
\AAAﬁVfAAAJ

32 bits

I x
X I A x 232 (0<A<1)
[ ] xA x 232

(xA-|xal) x 232

(xA-|xal) x 2P

p bits
© S. Prasitjutrakul 2006

dauneiu
LAEHYD9 XA
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© S. Prasitjutrakul 2006

n1sAal : Fibonacci Hashing

* 1 A = golden ratio 0.6180339887... . \/§_1
azuanftgniiarlnaduaananniu'las = )

int multHash (int x, int %\0.6180339887 X 2@
long s = 2654435769L;
long hash = (s * x) & OxFFFFFFFFL;
return (hash >> (32-p));

}

for (int i = 0; i < 10; i++) {

System.out.print (multHash(i, 16)+",");
}

0,40503,15470,55974,30941,5909,46412,21380,61883,36851

© S. Prasitjutrakul 2006

04/10/49 17

13U (Folding)

o wivAdaandugiug udlrurun "su" Ay
« "571" =11, xor, ...

‘210293845050‘

93814

4+ 2102

16536

04/10/49 18
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N15113 (Modulus Hashing)

s hix)=x%p
« limsRan
— p = 107 mnzidananie ¢ vanan dadidugrudu
— p =249 wanzilananie ¢ daan
— p Wfientias 9 Hudlsznay
« 61 c AaddsznausInLal p WAL x
« @1 x % p azdudIrwuvinuad ¢
. i1 ¢ fidntian 9 agfATIIUINATALE x % p il
uvinasdIdsznautu 49'linsyana
< & a o
« Taaldidan p Adludanurutanie

@© S. Prasitjutrakul 2006 04/10/49 19

dayale 9 Audaududruiuigule

« double w3a float — FUIULGN
— Double.doubleToLongBits(d)
— Float.floatTolntBits(f)
* boolean : true — 1, false — 0
¢ /O3 > AUIULAN

- dayatflusesensdenaueilng Auaddluiaugiu 26
"DATA" — 3x263 + 0x262 + 19x26" + 0x260 = 53222

aUlAnE —» FIUIULAN
- wilavdiayamalulvidudrwiuiduudrtiian "su" fu

© S. Prasitjutrakul 2006 04/10/49 20
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Mt

public int h(String s) {
int hash = 0;
for (int i=0; i<s.length(); i++)
hash = 31 * hash + s.charAt(i);
return (hash & Ox7FFFFFFF) ;
}

public int h(Point2D p) {
long bits = Double.doubleToLongBits (p.getX()) ;
bits “~= Double.doubleTolongBits(p.get¥Y()) * 31;
hash = (((int) bits) * ((int) (bits >> 32)));
return (hash & Ox7FFFFFFF) ;

© S. Prasitjutrakul 2006 04/10/49 21

Asuautannan (Universal Hashing)

« 38 hash Aeumn wadnTsNle
- yadayafirudusnaiuil Aazuudunnaaantl
o Wgas a(x) = ((ax + b) % p) % m)
—xe{0,1, ..., u—1}, u Aauuddiiulle
— m A2AUIAMTI
- w1 p deAainmuanienilasd lua [u, 2u)
—0<a<p uwae 0<bh<p
+ JuULdanAl g uay b Aauldu
- yadiayafirudunaiuil ananudutiasuniin
— SusaRgEIN IuNTUURELYINAL A

© S. Prasitjutrakul 2006 04/10/49 22
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Ufnssaiiuiin (Birthday Paradox)

. gavfinuluviavAmaudiuly ﬁoaziagwmﬁuﬂ"’mﬁ
agfiautAniutfautfendugavanauly

K au Tamafiffuaaladndy = |00 |(363)(364) (366-k+1
1366 1366 )\ 366 ) 366

366 (365 (364 366—k+1
-l === I|"——1|>05
((366)(366)(366)( 366 D
1.00 /
0.75
0.50 7/
0.25

o:oo / v 23

0 10 20 30 40 50 60 k

@© S. Prasitjutrakul 2006 04/10/49 23

HuAuwauluanIn

- aa1d Object fiuviandia hashCode() Taail
- 41 x.equals(y) fluasy,
x.hashCode() fiay == y.hashCode()
- hashCode fima1a Object AursunuaBueY
aadaaliandlunilaauan
- aaliandevdu 16 hashCode sinafiu

- value object A5 overrides hashCode 1#iaailians
gavsnnfiavindudasil hashCode wiflaudu

System.out.println(new Integer (1234) .hashCode()) ;
System.out.println(new Integer (1234) .hashCode()) ;
System.out.println(new Object () .hashCode()) ; 1232
System.out.println(new Object () .hashCode()) ; 1234

8222510
18581223

© S. Prasitjutrakul 2006 04/10/49 24
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Aatinvnstdiau hashCode()

public class Point2D {
private double x, y;

public int hashCode() {
long bits = Double.doubleToLongBits (x) ;
bits “= Double.doubleTolLongBits(y) * 31;
return (((int) bits) * ((int) (bits >> 32)));
}

public class Book {
private String name;
private String publisher;
private double price;

public int hashCode() {
return name.hashCode() ~ publisher.hashCode() ;
}

}

© S. Prasitjutrakul 2006 04/10/49 25

ana%9 : SeparateChaining

public class SeparateChaining {

public boolean contains (Object e) {
return table[h(e)].contains (e) ;
}
public void add(Object e) {
table[h(e)].add (0, e);
++size;
}
public void remove (Object e) {
int i = h(e);
int s = table[i].size();
table[i] . remove (e) ;
if (s > table[i] .size()) size--;
}
private int h(Object x) {
return Math.abs (x.hashCode()) % table.length;
}

©SS. Prade Jag 26
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Rehashing

A=138

dleAduLgnNTEANBG

2
&

AMsaunazaulidinal O(L)
feuau A LilvAuaaaa £

mMsauuaraulitiainear

GO OO LG
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SeparateChaining : Rehash

public void add(Object e) {
table[h(e)] .add (0, e);
++size;
if (size/table.length >= threshold) rehash() ;
}
private void rehash() ({
LinkedList[] oldTable = table;
table = new LinkedList[2*table.length];
for (int i=0; i<table.length; i++)
table[i] = new LinkedList() ;
for (int i=0; i<oldTable.length; i++) {
Object[] items = oldTable[i].toArray() ;
for (int j=0; j<items.length; j++) {
table[ h(items[j]) ].add(0, items[j]);
}

}

© S. Prasitjutrakul 2006 04/10/49 28
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nsunileynnisruuudn

 wuuuannuley (separate chaining)
- usiazgavlunisnAusianislavuavdaya
- dayaftuuduiduagdindu linssnudayaduy
- 1l&avdrTav (links)
. wuulafiagiila (open addressing) o
- usiazdasluansvifudaya [ [ [e]e] Te] [e]
- 12 Avnzasielmilusmaawiudiaya
- A=n/m<11@ua davanbilvitAulnaiad (A < 0.5)
- fuardlunsmdasinemiluase Waldanisuu
* NsaIALTILEU (linear probing)
* NM3ATIAANNIRAY (quadratic probing)
« MIaTIAFavEU (double hashing)

© S. Prasitjutrakul 2006 04/10/49 29

N13aTIALTILEY (Linear Probing)

. Jaru mdasinedaludradigddatuFan q
* Wi i(x) Aatasn probe NAINNAUATIN |
o hy(x) = h(x) Aadasn hash B3UAU (home address)

() =+ %m ) ()= @)+ 1) %m |

0O 1 2 3 4 5 6 7 8 9 10 11 12

HEEEEEEEEEEEN

M h(x) = x % 13 wdAndayafifiddauardudod
17 32 26 7 4 43 12 11 24

© S. Prasitjutrakul 2006 04/10/49 30
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LinearProbingHashSet

public class LinearProbingHashSet implements Set {

private Object[] table;

private int size = 0;

public LinearProbingHashSet (int m) {

table = new Object[m];
}
public boolean contains (Object e) {
return table[indexOf (e)] !'= null;

}

private int indexOf (Object e) {
int h = h(e);
for (int j=0; j<table.length; j++) {

if (table[h] == null) return h;

if (table[h].equals(e)) return h;

h = (h + 1) $ table.length;
}
throw new AssertionError("amsaténléle");
}
private int h(Object e) {
return Math.abs(e.hashCode()) % table.length;
}

© S. Prasgutrarur zuuo

urTort9 31

LinearProbingHashSet

public void add(Object e) {
int i = indexOf (e) ;
if (table[i] == null) {
table[i] = e;
++size;
}
}
public void remove (Object e) {
int i = indexOf (e);

if (table[i] '= null) {
table[i] = null;
--size;
}
}
0 1 2 3 4 5 6 7 8 9 10 11 12
‘26‘24‘ ‘ ‘17‘4‘32‘7‘43‘ ‘ ‘11‘12‘

h(x) = x % 13
© S. Prasitjutrakul 2006
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gauzaavdadAudaya

o usazdall 3 8auy
- 2429319 9 LitrafidayauAulas [tableli] == null)
- stasiAvdiayanignauliusy (table[i] == DELETED

aa o =3

— dadnfifiayaiAiuat (table[i] '= null ss != DELETED)

0O 1 2 3 4 5 6 7 8 9 10 11 12
[2s]24] [ [17]4 [@[@]4a] [ [12]e2]

public void remove (Object e) {
int i = indexOf (e);
if (table[i] '= null) {

table[i] = DELETED; A o RN
size: DELETED Lfudauandi'liwviriuday
’ j::r’ wansfu Msviemly indexof awdu
) sa'ldfiawy DELETED
[

© S. Prasitjutrakul 2006 04/10/49 33

public class LinearProbingHashSet implements Set {
private static final Object DELETED = new Object() ;
private Object[] table;
private int size = 0;
private int numNonNulls = 0;

public void add(Object e) {

int i = indexOf (e) ; R
FTER e 1311&%:{2{ DELETED
table[i] = e; ULTLRULAE

++size; ++numNonNulls;
if (numNonNulls > table.length/2) rehash() ;
}
}
private void rehash() {
Object[] old = table;
table = new Object[4*size];
size = numNonNulls = 0;
for(int i = 0; i< old.length; i++)
if (old[i] '= null && old[i] '= DELETED) add(old[i]);

}

© 5 rrasmunakar zouo oot 134
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n15U%av DELETED un 9wl

public void add(Object e) {

int empty = -1;

int h = h(e);

for (int j=0; j<table.length; j++) {
if [+aRhlalhl == NELETED && empty == -1) empty = h;

int h‘= ind?x?f(e);lll || table[h].equals(e)) break;
h = (h + 1) % table.length;

}

if (table[h] == null) ({
if (empty '= -1) h = empty;
table[h] = e;
++size; if (empty == -1) ++numNonNulls;

if (numNonNulls > table.length/2) rehash();

0 1 2 3 4 9 10 11 12
esles] [ [7] < [@[@[0] | [n]n]

© S. Prasitjutrakul 20uo o=710/49 35

n1stniznaNdgundl (Primary Clustering)

« é114 linear problmg wdiindiayadilvidndn
e vdvall agnAns U diayalnifiay
anmin LAy Vifidaslagraanuinasiugean

o NIl s =

s Cookie Monster
- Effect
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N19M373A1avda¥ (Quadratic Probing)

. Wazdanisinenaulsugd
* UANLRLINITATIAUAIAA q AU

« WasauuudaNNIElannig 9
+3, +5, +7,

(1=t () %om) (=, m@ DY m]

h(x) = (h(x)17%) % m
iy (x) = (W) G = 1)) %o m
hi(x) = h;y (x) = (2= (G — 1)) % m
= (221 %m
hix) = (h () + 2~ 1) % m

© S. Prasitjutrakul 2006 04/10/49 37

N156152301a9da9 LasIaNnTav

« Radtinu 30 andd (A(x)=x% 13)
0 1 2 3 4 5 6 7 8 9 10 11 12
[ofa] [ar[a]s] [7]s] [ [ | |

h(x) = 4 (4+472)%13 = 1
(4+412)%13 = 5 (4+82)%13 = 3
(4+22)%13 = 8 (449%)%13 = 7
(4+32)%13 = 0 (4+102)%13 = 0
(4+42)%13 = 7 (4+4112)%13 = 8
(4452)%13 = 3 (4+122)%13 = 5
(4462)%13 = 1 (44132)%13 = 4

[ fiziavinvarann luwy ]
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Wassdavatdudrvivianig

.« nsenamdvdadazgativtianeioniieuadnisg

. ﬁpﬁulﬁ'\ load factor < ¥ Aguala’lainazudasinony
Waiudaya

» Mgl Wo<i</ <|m/2] ndinouu'liage
#avfin1s probe Asof i Wae j mm.iawhnu

h(x) +j2=h(x)+i modm

2= mod m
(7?-) =0 mod m
G-DG+i)=0 mod m

o Huldailé : (G- Naidlu 0, (+i) Alsitilu m
8nN9 (j — )(+i) % m = 0 WWTIENIRAINAU < m
uay m iudruuanig
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QuadraticProbingHashSet

- wfiau LinearProbingHashSet sngfuudtl&su
h = (h + 1) % table.length
vilu
h = (h + 2*%j-1) % table.length
« ¢iav rehash Lia load factor LAuA3Y
« aunuadatiuIwIuanIzaaan
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construct waz rehash

import java.math.BigInteger;

public class QuadraticProbingHashSet implements Set {
private static final Object DELETED = new Object();
private Object[] table;
private int size, numNonNulls;

public QuadraticProbingHashSet (int m) {
table = new Object[nextPrime(m)];
}
private int nextPrime (int n) {
BigInteger bi = new BigInteger (Integer.toString(n));
return bi.nextProbablePrime () .intValue() ;
}
private void rehash() {
Object[] old = table;
table = new Object[nextPrime (4*size)];
size = numNonNulls = 0;
for(int i = 0; i< old.length; i++)
if (old[i] '= null && old[i] !'= DELETED) add(old[i]);

1y n=5000 ale 5003

}

© S. rresguTarurzugo vrorTy 41

indexOf

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

public boolean contains (Object e) {
return table[indexOf(e)] '= null;
}
rivate int indexOf (Object e) { [ | =(h. + 7= 0,
P s J hj(x) (hjfl(x) 2j—1)%m
for (int j=0; j<table.length; j++) {
if (table[h] == null) return h;

if (tablefhl-equals(e)) return h;
h = @ % table.length;
}
throw new AssertionError("as9ténléls");
}
private int h(Object e) {

return Math.abs(e.hashCode()) % table.length;
}

N

© S. Prasitjutrakul 2006
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remove Lax add

public void remove (Object e) {
int i = indexOf (e) ;
if (table[i] !'= null) {
table[i] = DELETED; --size;
}
}
public void add(Object e) {
int empty = -1;
int h = h(e);
for (int j=0; j<table.length; j++) {
if (table[h] == DELETED && empty == -1) empty = h;
if (table[h] == null || table[h].equals(e)) break;
h = (h + 2*j-1) % table.length;
}

if (table[h] == null) {
if (empty '= -1) h = empty;
table[h] = e;
++size; if (empty == -1) ++numNonNulls;

if (numNonNulls > table.length/2) rehash();
}
}

© $. rrasguraraTrvs wrrors 43
J 7

N15LN1ENAN

« n1sinengulsundl (primary clustering)

- ulsishann dayaatfia g Au

— naufiTe SefiTanmaTadu

- MsAurEIUiiaunITAULLL&TAY
« A1SINNENauNAanil (secondary clustering)
diayadifl A(x) Waafiu znsiazaslunnsramiaudu
52en5:1AAUAINNSATIUSA N LATAS I T
= 1) = (h(x) +)) Yo m, hj(x) = (h(x) + %) %o m
wAtleyunitle Taaliadiayandl A(x) Wnaadu laduiudaed
50 1ARVAINITASIAMTaUAL
- MiszaznseiandulruanAIuaITiaya
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nISUEYFR T (Double Hashing)

o UivATuLaAd NN aA I MINTLELATEIAR
o Vinlvyedayanuarlunudasdendu anafiszas
N3LLAAGIIAU

(1) = () + /760 Yom | () = () + g(x) %o m)

o 8T g(x) % m = 0 (WlalailvidhagAui) 1
—g®)=R—-(x%R) R fuinnuawiz uay R <m
« URY IWITTINNNNADY g(x) uag m sadtilu 1 ag'lé
aannAalums
— dszgAudaulaflétaa s m fudirnuane
— h(x)=0, g(x) =4, m= 8 za51AUa9 0 LA 4 winifu
— h(x)=0,g(x)=4,m=73¢a512829 0,4, 1, 5,2, 6,3

© S. Prasitjutrakul 2006 04/10/49 45

DoubleHashingHashSet

public class DoubleHashingHashSet implements Set {

private int indexOf (Object e) {
int h=nh 8 _
e (1) = (1) + ) % m
for (int j=0; j<table.length; j++) {
if (table[h] == null) return h;
if (table[h].equals(e)) return h;
h = (h + g) % table.length;

N

}
throw new AssertionError("asotanlele");

}
private int h(Object e) {
return Math.abs(e.hashCode()) % table.length;

}
private int g(Object e) {
return 11 - (Math.abs(e.hashCode()) % 11);

}

04/10/49 46
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Wisuigunisinizngu

( n13asILTILEU (linear probing) ]

(msmsuama”aaao (quadratic probing)]

[ asuaaasdiu (double hashing) j

@© S. Prasitjutrakul 2006 04/10/49 47

W3aUALUIIUIUNITNFIADAL

¢ N1505ATAUFTUATINTIUIULDININATILULAU
+ N15M5AAVEDLAL ULV T U IAALALNA L
e 811 < 0.5 Mgy lilseAuNIn
Linear Probing Quadratic Probing Double Hashing
Wl LWy W liwy W 3wy
A =03 1.21 1.52 1.21 1.47 1.19 1.43
Ar=04 1.33 1.89 1.31 1.75 1.28 1.67
A =05 1.50 2.50 1.43 2.14 1.39 2.02
A= 0.6 1.75 3.63 1.59 2.72 1.53 2.54
A =07 2.16 6.02 1.82 3.70 1.74 3.44
A =0.8 3.00 12.84 2.16 5.64 2.05 5.32
A =09 5.44 49.70 2.79 11.37 2.67 11.63
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W3 AU ALUFIIUIUNITAFIARAL

AUIUNIATIALAAY
WINY w'liiwy
wuuwaniules (A > 0) 1+A2 1+
AsasaLdodu (0 <A <1) 1[1+L) I(H ! j
T 2 1-A 2 1-2)?
. 1
MsuatdaItu (0 <A <1) —lnj Ty

a1 : iudiayaTaalinmsasaidody ddasnsanalamadeliiiu 5 af
gavamuaulviansouanfi A duvinle

s5>1 1+;2 9> 12
20 a-n 1-%)

© S. Prasitjutrakul 2006

faau :

A<2/3

1-A2+1/9

04/10/49 49

autisuLIaIN1TYvinvIu

1117=1x3x3x3/2x3x3x3x3x3/2/2x3x3/2/2/2/2/2x3x3x3/2/2/2x3/2

&3519 Set el LIRINTTYINU (MS)
ArraySet 164987
BSTSet 1112
AVLSet 430
LinearProbingHashSet 1903
QuadraticProbingHashSet 390
SeparateChainingHashSet 350

AauvindULRS] set fidiayairuiu 73816 62

© S. Prasitjutrakul 2006

04/10/49 50

http://www.cp.eng.chula.ac.th/~somchai
211/235



w3auAauLiian

o LUUATIAGILEU o wuunanmuley
— @avn15tfiu 1200 6 - #avnisnsralaiastuau 2.5 dad
- WA =0.5 m=2400 - ngas dali A =1.5
- A5 NAaastuad object — diavn1sifiu 1200 6
reference (Havax 4 lug) ~ diavfin15719 1200/1.5 = 800 Hav
- m3ldiila 472400 = 9600 - asldiiiadl 44800 = 3200 lud
Tud — &4 singly linked list LaifitJsia
- ldiilanvisuun 9600 lud gaedl 1200 Un dhitadi 1200%8 =
- 1 =05, 3ngnsladmunis 9600 lug
aTadnlu 2.5 gay — s2uflu 3200+9600 = 12800 lud
(i)
#probes = —| 1+———— #probes=1 + A
2 1-2
@© S. Prasitjutrakul 2006 04/10/49 51

LuuianAnlaeAuLuULauiagile

o uuULENAUTY
o 101N
« “LififaandiniFavnisavdoya
. neju‘ﬁmgaﬁ‘ﬁuﬁmaoﬁNanszmu‘luﬂduﬁutm
Tufinasianguau
. wuufvuaauiagide
- Uszuiinndn fowiasd & dn
— diayantlndnu szuu cache vinlvdindivaiayaléisa
nduuyTav Tl
- Nsaudiayalinasian1sin1zNaNTaya
- diayafiruiulsinanssnuiudayaiu o
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NaAI595:9

. llmansAuudnisiiisadaviudusuaasdaya
— getMin, getMax, ...
— FavRUNn1T1 O(m+n)

. davseiadaviedduiser

public class Book {
private String isbn;

public int hashCode() {
return isbn.hashCode() | &7FFFFFFFH;

- 5§

© S. Prasitjutrakul 2006 04/10/49 53

d91

> N15AU LAY audiayalunisiuanrinlasinisn

> dwnsadiunainisvineuliisngu
franisldiianidinan tWalwle A Nuicau
» Wandungaiinasials=dnsn1nnisvineau
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ARFICHINGRIGMERIGR

(Sorting)

S ebih

> NNSIFLNAIAULUUENY 9
> 1&an, Wav, unsn, \@waa, 8d, nau, 152
> UseAnsnInnisiaavanau
> 1187N151 91U
> Uannauniigaiiudn
> N5U3aUAEUNISIZENEIA UL 9
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N1515889810U (Sorting)

[2]e[z]e[s]o]3]e]

.

[2]2]a]4]s]e]e]s]

&
nunnﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

© S. Prasitjutrakul 2005 04/10/49 3

35nN1515898101

- 182N : Selection sort O(n?)

« wav : Bubble sort O(n?)

* unsn : Insertion sort O(n?)

o LUAA : Shell sort O(n1xx)

- & : Heap sort O(n log n)

o WA : Merge sort O(n log n)

. 157 : Quick sort O(n log n) avg.

andanisindayaufFaunaufuiiace

© S. Prasitjutrakul 2005 04/10/49 4
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lessThan, swap

public class ArrayUtil {

private static boolean lessThan(Object a, Object b) {
return ((Comparable)a).compareTo(b) < 0;
}

private static void swap(Object[] d, int i, int j) {
Object t = d[i]; d[i] = d[j]l; d[j] = t;
}

© S. Prasitjutrakul 2005 04/10/49 5

N1515aNaULLULRan (Selection Sort)

« 15avanudiaya d[0] &v d[K]

* WIRININGR

s daumNInNgaNuaIINaUaINGN
. AUIRVINANAAAINILY

+ ldiGavanau d[0] §v d[k-1]

* vinudayauavnaquInaafnILGe
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A9BaaINuLULLAan ; Tdsunsu

public static void selectionSort(Object[] d) {
for (int k=d.length-1; k>0; k--) {
int m = k;
for (int j=0; j<k; j++)
if (lessThan(d[m],d[j])) m = j;

swap(d, m, k); // d[m] €-> d[k]
} } O(n?)

sauil suIutaya  # (lessThan)

1 n n-1
2 n-1 n-2 Y = n(n-1)/2
n-1 2 1

#swaps = n-1

@© S. Prasitjutrakul 2005 04/10/49 7

n1sEavaauLLunWay (Bubble Sort)

« 15enanutiaya d[0] §iv dK]

. Wisueudiifiadu 270 0 & k
gauAUAINIUAINU

.« YUNRVDINANAAAINTLY

« li3eavaneu d[0] & d[k-1]

s ViNUTYRUVAINFUINADAAED
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A19L3avaINuLLUNnaY : TUsnau

public static void bubbleSort (Object[] d) {
for (int k=d.length; k>1; k--)
for (int j=1; j<k; j++)
if (lessThan(d[j], d[j-11)) swap(d, j-1, j);

{ ®(I’12)

public static void bubbleSort (Object[] d)
for (int k=d.length; k>1; k--) {
boolean sorted = true;
for (int j=1; j<k; j++) {
if (lessThan(d[j], d[j-1]1)) {
swap(d, j-1, 3);
sorted = false;
}
}

}
if (sorted) break; ()(’12)
}

© S. Prasitjutrakul 2005 04/10/49 9

}

A1515aNaULLULNSA (Insertion Sort)

+ favn155avaau d[0] &y d[m]

. RR1sundiayaduseai 1 §9 m

. fafdiansundayasing k
— diayanvaiauas k : d[0] §v d[k-1] 15euLa
— Wniunsn d[k] Tuate 0 Fv k

\4\9\12\31\47- 6789 10]11]

Gaoudr— k

e
‘4‘9‘10‘12‘31‘47-7‘8‘9‘10‘11‘
k+1

FEILAN
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A19L3aNAINULLULNSA ; 1sunsu

public static void insertionSort(Object[] d) {
for (int k=1; k<d.length; k++) {
Object t = d[k];
int j = k-1;
while (j>=0 && lessThan(t, d[j])) {
d[j+1] = d[3j];

j--; wilunsn
} ‘/— -\\k
d[j+1l] = t; Geaaduuan .
} - >
} AUNINIUN
sauil Iwudayantvae  # (lessThan)
1 1 1 n-1
2 2 1 89 2 3= &9
n-1 n-1 1 &9 n-1 n(n-1)/2

@© S. Prasitjutrakul 2005 04/10/49 11

A1 ENAINULUULTA] © LWUIAR

s ASLEENAINULULLNSGA

- 4 wszdaudiayalildacdaly Aavsumne
s MSBRENAAULULLARA

- uwivdayailu h 56 wuudiu h -1 62

—  sort WERIYAAILATEFLIRIAULUULNGA

- 1 h==1 fdsa Liduiiu and h ae ndulida 1
* WUNELVG)

- saugavinaflunsBaeaidunuuunsnyaidie

Donald Shell, 1959
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ANSL3ENAIAULLLLTA] : N8I

o wuiilu 2 am

¢« BINAIRUUAALEAAILLULLNSA }
« swAuiugaifion udsaeddunge
« GBLNARLASILALIESAFILULLLUNSA

G iy KRy Bl Bl sy Ky
KN P N e

‘0‘1‘2‘3‘4‘5‘6‘7‘8‘9‘10‘11‘

© S. Prasitjutrakul 2005 04/10/49 13

A998 AN ULLLLTAA ; 115Ny

public static void shellSort (Object[] d) {
for (int h=d.length/2; h>0; h/=2) {
for (int m = 0; m < h; m++) {
for (int k = h+m ; k < d.length; k += h) {
Object t = d[k]; int j =k - h;
while( j >= 0 && lessThan(t, d[j]) ) {
d[j + h] = d[jl; J -= h;
}
d[j + h] = t;
}
}

}
}

© S. Prasitjutrakul 2005 04/10/49 14
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h-sequence ag'lsa ?

. Apfidindranaiiuwi g
— Shell :124.8,...,2m,... 0(n2)
— Hibbard : 1,3,7,15, ..., 2™ -1, ... O(n372)
— Knuth :1,4,13,40,121, ..., (3" = 1)/2, ... O(n%?)
— Sedgewick : 1,8,23,77, ..., 4™1+3:2m+1 ...  O(n*?)

 f9'laififglawu h-sequence Mdga

public static void shellSort (Object[] d) {
for (int h =d.length/2; h>0; (h/=2)) {
for (int m = 0; m < h; m++) {

Y
h =h==2 2 1 : (int) (h/2.2)
2a9 Gonnet
© S. Prasitjutrakul 2005 04/10/49 15
[ o =2 [~
Yin THLUULHRAHILE)

o LUUUNSN : dayadrasininiig

o UULLHAA
— Bududn h fiun udranas o
- h fdwnn : dayadasiiuniign
— diayaidlndsnumnisinisazag ldatinesiaisn
- dunuunsnitiuindafiaiwgns "Hasuviaza"
— saunay 9, h Waw 9, 3awnan, Aiviulg)

0 1 2 3 4 5 6 7 9 10 11
[10]12]21]5[8]2[6]9o0])o [10]11]

04/10/49 16
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WW3aufiguain1siaavanu

o °

diayalsudulzaadiauadiudl (nantu ms)

n 18an Wav wnsn LR
200 0.44 0.01 0.01 0.03
400 1.80 0.01 0.02 0.06
800 7.01 0.02 0.03 0.18

1,600 28.59 0.04 0.06 0.29

3,200 112.64 0.07 0.11 0.73

6,400 459.64 0.14 0.23 1.54

12,800 1814.66 0.28 0.45 3.48
25,600 7240.25 0.57 1.00 12.10
51,200 29179.25 1.25 1.91 17.31
102,400 | 123337.25 2.64 3.91 61.43

© S. Prasitjutrakul 2005 04/10/49 17

W3aufiguain1saaanu

dayalFnaAuzeInauaTIny (1atu ms)

n \dan wWag wnsn Laas
200 0.44 0.81 0.55 0.06
400 1.80 3.23 2.29 0.15
800 7.36 12.86 9.73 0.29

1,600 28.43 51.01 35.18 0.64

3,200 112.62 210.30 141.22 1.36

6,400 458.97 844.04 573.99 4.57

12,800 1816.83 3349.86 2266.79 6.55
25,600 7250.50 13449.50 8988.00 15.49
51,200 29249.75 53754.75 36625.25 31.10
102,400 | 124168.50 | 221318.25| 153943.75 102.35
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W3aufiguain1saaNaIau

dayasudwiluiuuguaaniu ms)

n \8an Wav wnsn LR
200 0.45 0.19 0.30 0.08
400 1.82 3.13 1.10 0.19
800 7.02 15.38 4.38 0.45

1,600 31.01 49.71 16.93 1.10

3,200 112.86 207.47 74.17 2.49

6,400 452.57 823.90 284.56 5.83

12,800 1834.78 3318.25 1147.65 12.11
25,600 7273.00 13349.25 4639.25 27.83
51,200 | 30183.50 56241.00 20123.75 62.43
102,400 | 200588.50 | 332638.25| 171231.25 184.83

@© S. Prasitjutrakul 2005 04/10/49 19

n1siaavatauuudyd (Heap Sort)

« Suasdundsnliitudduinga
* 191797U dequeue Taya (AINNFA) LWL 1l
19 o siumanagauadingy
0 1 2 3 4

25|12 |10 |11 | 27
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A3 avaInunuudl : Tusunau

public static void heapSort (Object[] d) {
i i = ngth:
for (int k=size/2-1; k>=0; k--)
fixDown (d, size, k); ]
for (int k=size-1; k>0; k--) {
[ Sy ]
fixDown(d, --size, 0);
}
}
static void fixDown (Object[] d, int size, int k) {
int c;
while ((c = 2 * k + 1) < size) {
if (c < size-1 && lessThan(d[c], d[c+l])) c++;
if ('lessThan(d[k], d[c])) break;
swap(d, c, k);
k = c;
}
}

© S. Prasitjutrakul 2005

04/10/49 21

n1515aNaULLUNETU (Merge Sort)

HDDHDHHUH””HHHD

——

D”D”

=

’ Mergesort H Mergesort ‘
iy 3 gl /f ;f
DDD””HHHHHDDD””HHHHH /
’ L Merige = ‘ '/ /
gl -

I

nunnDDUUUUHHHHHHH

© S. Prasitjutrakul 2005
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A9L3LNAINUULLUNETY : TU51LnSu

public static void mergeSort (Object[] d) {
mSortR(d, 0, d.length-1, (Object[]) d.clone());

}

private static
void mSortR (Object[] d,
int left, int right, Object[] t) {
if (left < right) ({
int m = (left + right)/2;
mSortR(t, left, m, d);
mSortR(t, m + 1, right, d);
merge (t, left, m, right, d);

@© S. Prasitjutrakul 2005 04/10/49 23

N19WNaIU (merge)

static void merge (Object[] a, int left, int mid,
int right, Object[] b) {
int i = left, j = mid+1;
for (int k = left; k <= right; k++) {
if (i > mid) {b[k] a[j++]; continue;}
if (j > right) {b[k] a[i++]; continue;}
b[k] = lessThan(a[i], a[]j]) ? al[i++] : al[j++];
}
}

@© S. Prasitjutrakul 2005 04710749 24
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A9 ENAINULULNEIU © ILAF1ER

W c(n) Bainnuaisasnisuliauiauiadaeadudaya n 6

HDDHDHH”H””HHHDHDUD”

’ Mergesort ‘ ’ Mergesort ‘ c(n/2) + c(n/2)

o 1
ol (Szensee )
’ Merge ‘ n/2 §9 n—1
ugs
unnDDUUUUHHHHHHHHHHH

YaULUMUUUDIIIUIUNTSLUFaULAL

c(n) <2c(n/2)+n—-1
<2(2c(md)+n2—-1)+n-1
=4c(n/d)+n-2+n-1
<4(2c(m/8)+nd—-1)+n-2+n-1
=8c(n/8)+n—-4+n-2+n-1

<2ke(n2Ky+n—-2k-1+  +n-2+n-1
= 2ke(n/2%) + nk — (2K— 1)

=nlog,n—n+1

= O(n log n) ["lﬁ n=2k, k=log, n)

© S. Prasitjutrakul 2005 04/10/49 26

http://www.cp.eng.chula.ac.th/~somchai
227/235



171NV NI

s Yaulunuu : c(n) < 2¢(n/2) + (n-1) = O(n log n)
o YAULWAAT : c(n) > 2¢(n/2) + n/2 = Q(n log n)
 durunisilisuiiay = ©(n log n)
 d1unsde g(n) = 2g(n/2) + n = O(n log n)
* 1781115%197U = O(n log n)

@© S. Prasitjutrakul 2005 04/10/49 27

N13L3ENERULLULED (Quick Sort)

”DDHDHHHH””HHHDHD”DH
s

’ Partition ‘
igiy ags

DI]D.:DanHHHHHHHHHHHU

«Spap%zp—» ;_:._“:.'- Lo --v-‘::'
o g (&

QuickSoré QuickSort
[Qudcon] [ Qo |

connttlill |

pivot
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A19L3 8 N ULLULEY ; Tisunsu

public static void quickSort(Object[] d) {
gSortR(d, 0, d.length-1);
}
static void gSortR(Object[] d, int left, int right) {
if (left < right) {
int j = partition(d, left, right);
gSortR(d, left, j - 1);
gSortR(d, j + 1, right);
}

© S. Prasitjutrakul 2005 04/10/49 29

N15LLNaIU (partition)

d |12| 5 |15/18| 0 | 9 |11 |52

static int partition(Object[] d, int left, int right) {

Object p = d[left];

int i = left, j = right + 1;

while (i < j) {
while (lessThan(p, d[--j])):
while (lessThan(d[++i], p)) if (i == right) break;
if (1 < j) swap(d, i, 3j);

}

swap (d, left, j);

return j;

© S. Prasitjutrakul 2005 04/10/49 30

http://www.cp.eng.chula.ac.th/~somchai
229/235



ANSL3ENATALLLULED © ALASIEn

Wi c(n) BainnuaiszasnisuiaudauiaFaoadudana »n 62

UDDHDHHHHUAHHHDHDUDH

’ Partition ‘
0 Il

MHHHHUHHHHHHHU (e = e +en—k-D+n-1)

P> pPe+—2p—

Ny Il
’QuickSort‘ ’ QuickSort ‘ cth) +c(n—k—1)
4

nnDDDDI””H”HHHHHHHHH

@© S. Prasitjutrakul 2005 04/10/49 31

n—1

JuunEFauigy @ nsallsaga

cny=ctk)+cn—k—1)+n-1
Coin) = CpinL/2) + €pn =21 = 1) +n -1

<2c,.(n2)+n-1

min

=nlog,n—n+1

= O(n log n)
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Juun1slsauiiay @ nsalgidga

cmy=clk)y+c(n—k—-1)+n-1
cmax(n) = C(O) + Cmax(n - 1) +n-1
max(n_ 1)+n_1

n-2)+n-2+n-1

=c
=Cp(DFT1+2+. . +n-2+n-1

=n(n—1)2

= O(n?)

© S. Prasitjutrakul 2005 04/10/49 33

JIuunsldsuiisay ; nsailnay

cm)y=clky+cn—-k-1)+n-1
n-1

cavg(n)Z%Z( avg(k)+cavg(n_k_l))+(n_1)

k=0

2 n—1
anVg<k>+<n 1)

NCyye () = 2];) Cavg (k) +1(n—1)

n=2
(=1 (n=1) =23 €y (k) + (n=1)(n-2)
k=0

NCyye (M) = (n+ 1)y, (n—1)+2(n—1)
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Juunsilzauiiay ; natilnay

avg (I’l) (n+1)cavg (n_1)+2(n_1)
Cavg (n) _ cavg (l’l - 1) " 2(}’1 - 1)
n+l n n(n + 1)
(1)

_ zwg

- 2 Z < i+ 1)

~2 !

i (i +2)
= 2(Inn+0O(1)

(n)=2nInn+0(n)

avg

~1.39nlog, n+O(n)
=O(nlogn)

© S. Prasitjutrakul 2005 04/10/49 35

n15L8anfInan (pivot)

. frunn ; @ansdagaiugivdn
. drdiayaisusuidasdduagudn

— “aInIsLLaIU aeadell 0 Aldua
iinnsalggn : O(n?)
f1 1 TsunsuiidounuuEauifio
WansBandouindan q fuduan n -1 ase
fiTandifim StackOverflowException
« JuidanfInan

- Tamdiianstigdigaiitasunn 9

static int partition(Object[] d, int left, int right) {
int m = left + (int) (Math.random()* (right-left+l));
swap(d, left, m);
Object p = d[left];
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n1sidanisagruduaInan

o lafeuani lan1nusagIuaadngEg1e U1
LasnaNUNUaYA

static int partition(Object[] d, int left, int right) {
int ¢ = (left + right)/2;
if (lessThan(d[left],d[c])) swap(d, left, c);
if (lessThan(d[right],d[c])) swap(d, c, right);
if (lessThan(d[right],d[left])) swap(d, left, right);
Object p = d[left];
int i = left, j = right ==i;
while (i < j) {
while (lessThan(p, d[--3])):

while (lessThan(d[++i], p) ) =if={i e g
if (i < j) swap(d, i, 3j);
}
swap(d, left, j); Ll v<x<z [l
return j;
} X Y Z

© S. Prasitjutrakul 2005 04/10/49 37

W3auigULIaIEaNaIa L

diayalansiuizaedau (naniu ms)

152 152

n \UAR U | wdm | 5y | (du) | (M3)
1000 0.20 096| 038 1166| 048 029
10000 206| 1674 477 - 594 438
100000| 64.67| 168.72| 58.99| - 67.60| 46.87
1000000 | 1153.70 | 2005.57 | 724.59 | - 787.78| 503.23
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W3auiauaIa avanau

dayaEuduEaanduddy (aniu ms)

152 152

n LuAA gl |wdm | 152 | (du) | (M3)
1000 0.40 0.77| 0.39| 10.51 0.49| 0.30
10000 6.45| 1151 9.86| - 6.23| 5095
100000 | 113.26| 154.61| 60.88| - 71.68| 48.66
1000000 | 1692.68 | 1997.14 | 745.68| - 809.86 | 541.56

© S. Prasitjutrakul 2005 04/10/49 39

W3auiguaIa aNanau

diayalznsunuuan (1nauilu ms)

152 152
n A g1 WAL | 157 (du) | (M3)
1000 0.97 096 056 0.58 0.94 0.52
10000 12.82| 15.53| 10.27 6.88| 15.37 8.89
100000 | 199.27| 224.27| 111.66| 106.92| 121.83| 102.17

1000000 | 3143.03 | 4303.59 | 1682.07 | 1591.25 | 1810.50 | 1600.21
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wsauiauiiianiasu

. AdiiiafiaBuianisi3aednsy
— ©(1) : selection, bubble, insertion, Shell, heap, quick
— O(n) : merge
. AdiilafiaBunssdsuuuuBouiino
— quick : Uaagn O(log n), Nnnga O(n)
— merge : ©(log n)
— d@unsaidau quicksort was mergesort
wuuaulu (lisiav recursive) e

© S. Prasitjutrakul 2005 04/10/49 41

d91

> lilasldn1siiavaauiuuna

> m5L’%ma"1€1’umeﬁanﬁmﬁmgaﬁam%oam
> fngiaya luunn Unlgn1sieaNa s uLuuLnsn
> NMSIEENAIAULLULHAALEININ

> MSBLNANLLLLNEIUL5INTT ddayaunn
wsisiavn1sLilaidduy

> nsiEendraunuudiiilu O(n log n) usiain

> NSIEENEIAULLLLEY davldiaud « 89152
Laxl5711N 9
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