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1 

https://www.youtube.com/watch?v=CPcp7mX0weM


2     

1-1  

15 
15 ( puzzle) 1-2

1-2

                  
1-2 15 

 

https://www.youtube.com/watch?v=CUvY9h36u7k
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PuzzleBoard

1-2

1-1 
 class PuzzleBoard { 

  private byte table[][]; 
  private byte rowB, colB; 
  private PuzzleBoard prev; 

 
  public PuzzleBoard moveBlank(int dir) {...} 
  public boolean isAnswer() {...} 
  public void show() {...} 
  ...  
} 

1-1 PuzzleBoard  

PuzzleBoard moveBlank(int)

PuzzleBoard isAnswer()

show()

 

PuzzleBoard table

rowB colB

prev moveBlank

b2 = b1.moveBlank(1) b1

( 1 b1  b2.prev b1

b2 b1

? 1-2

solve b

queue  

ArrayQueue

queue

enqueue



4     

queue queue

dequeue b.moveBlank(d)

for d = 0, 1, 2, 3 moveBlank

null ( isAnswer()

queue

queue

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

1-2 solve 15 

prev 1-3 
public static void showSolution(PuzzleBoard b) { 
  if ( b != null) { 
    showSolution(b.prev); 
    b.show(); 
  } 
} 

1-3 showSolution  

1-3

1

1 1 2, 3, 

4,  5 2, 3, 4, 5

while 2 4 6, 7, 8, 

 

 

 

 

b 

b  

b 



 15   5 

9 3, 4, 5, 6, 7, 8, 9 3

while 3

12

3  

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

13 14 15

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

13 14 15

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

13 14 15

52 3

6 7 8 9 10 11

1

4

12

 

  

1 2 3 4
5 6 8
9 10
13 14

7
11

12
15

1 2 4
5 6
9 10

13 14

3
7

8

11
12
15

1 2 3 4
5 6 7 8
9 10 12
13 14 11 15

1 2 3 4
5 6 8
9 10

13 14
7
11

12
15

1 2 3 4
5 6 8
9 10

13 14
7

11
12
15

1 2 3 4
5 6 7 8
9 10 12
13 14 11 15

1 2 3 4
5 6 7 8
9 10 12

13 14 11 15

1 2 3 4
5 6 7 8
9 10 12

13 14 11 15

1 2 3 4
5 6 7 8
9 10 12

13 14 11 15  
1-3 15 

12

1 3

1-3

1, 7 10 7 1

10 1

set ArraySet (

1-4 add contains

queue set
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b2 set.contains(b2) set b2

b2 queue set

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

1-4 solve  

15

solve

PuzzleBoard

moveBlank, isAnswer, show

ArrayQueue ArraySet

solve

4 ArraySet, BSTSet, AVLSet, HashSet

15

1-1 
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1-1  
  

 
ArraySet BSTSet AVLSet HashSet 

1 552 0.03 0.02 0.04 0.05 
2 5242 1.94 0.22 0.18 0.12 
3 132049 .  7.08 5.71 2.56 

HashSet

HashSet solve

 

 
1-4

?

1-4  

p q pq

1-5

5

9 1-5  
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0 1 2 3

4 5 6 7

8 9 10 11
                      

0 1 2 3

4 5 6 7

8 9 10 11

1-5 3x4  

n n  1 

1-6  

0 1 2 3

4 5 6 7

8 9 10 11

0 1 2 3

4 5 6 7

8 9 10 11

0 1 2 3

4 5 6 7

8 9 10 11

0 1 2 3

4 5 6 7

8 9 10 11

 (1) (2) (3) (4) 
0 1 2 3

4 5 6 7

8 9 10 11

0 1 2 3

4 5 6 7

8 9 10 11

0 1 2 3

4 5 6 7

8 9 10 11

0 1 2 3

4 5 6 7

8 9 10 11

 (5) (6) (7) (8) 
0 1 2 3

4 5 6 7

8 9 10 11

0 1 2 3

4 5 6 7

8 9 10 11

0 1 2 3

4 5 6 7

8 9 10 11

0 1 2 3

4 5 6 7

8 9 10 11  
 (9) (10) (11) (12) 

1-6  

  

(disjoint sets

n n {0}, {1}, {2}, ..., {n  1} 
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1-7 9 10 9

10  

0 1 2 3

4 5 6 7

8 9 10 11
  {0, 1, 5, 6, 9}   {7, 10, 11} 

0 1 2 3

4 5 6 7

8 9 10 11  
1-7  

void removeWalls(Wall[] walls, int numRooms) { 
  DisjointSets sets = new DisjointSets(numRooms); 
  shuffle(walls); 
  for (int i= ; i<walls.length; i++) { 
    int s sets.find(walls[i].getRoom ()); 
    int s sets.find(walls[i].getRoom ()); 
    if (s s { 
      sets.union(s , s ; 
      walls[i].setEnabled(false); 
    } 
  } 
} 

1-5 removeWalls  

1-5 removeWalls

walls Wall

numRooms sets

DisjointSets  {0}, {1}, ... {numRooms  1}

a b

a b a b

walls shuffle(walls)

walls[i].getRoom1() walls[i].getRoom2()

sets.find (s1 s2

sets.union(s1, s2)

wall[i] walls[i].setEnabled(false)

DisjointSets

0 n  1 n
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(constructor) 

find(e) e union(s1, 

s2) s1 s2 1-6 

public class DisjointSets { 
  public DisjointSets(int n) { ... } 
  public int find(int e) { ... } 
  public void union(int s1, int s2) { ... } 
} 

1-6 DisjointSets find union  

s s[e] e

1-8 s {0}, 

{1,2,3,5,6}, {4,7,8}  a b

s[a] s[b]  
0 1 2 3 4 5 6 7 
0 2 2 2 7 2 2 7 7

8
S 

0 1 2 3 4 5 6 7 

0 3 3 3 4 3 3 4 4
8

S  
1-8 {0}, {1, 2, 3, 5, 6}, {4, 7, 8} 

public class DisjointSets { 
  private int[] s; 
 
  public DisjointSets(int n) { 
    s = new int[n]; 
    for (int e = 0; e < n; e++) 
      s[e] = e; 
  } 
  public int find(int e) { 
    return s[e]; 
  } 
  public void union(int s1, int s2) { 
    for (int e = 0; e < s.length; e++) { 
      if (s[e] == s1) s[e] = s2; 
    } 
  } 
} 
 

1-7 DisjointSets  

s[e] e 

{0},{1},...,{n-1} 

e e 

e s[e] 

s 

s1 s2 
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find(e) s[e]

union(s1,s2) s s1 s2

s s2 s1 e

s[e] e 1-7

find

union

1-9 3 {0}, {1,2,3,5,6}, 

{4,7,8}  

1-9 3 3 0, 2, 7

1-10 

0 2

1 5

3

7

4

8

6

1-9 {0}, {1, 2, 3, 5, 6}, {4, 7, 8} 

2

1 5

3

6

5

1

3

2

6

5

1 3 26

1-10  {1, 2, 3, 5, 6}  
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n

n 0 n  1 find(e)

e union(s1,s2) s1 s2

find union

p p[e]

e 1-11 {4, 7, 8} 8 4 p[8]=4 4

7 p[4]=7 7 7 p[7]=7 7  

0 2

1 5

3

7

4

8

6
0 1 2 3 4 5 6 7 
0 2 2 5 7 2 2 7 4

8
p 

1-11 {0}, {1, 2, 3, 5, 6}, {4, 7, 8}  

union

union(s1,s2)

s1 s2 p[s1]=s2 s2

s1 p[s2]=s1 find(e) e

1-8 
public class DisjointSets { 
  private int[] p; 
 
  public DisjointSets(int n) { 
    p = new int[n]; 
    for(int e = 0; e < n; e++) 
      p[e] = e; 
  } 
  public int find(int e) { 
    while( p[e] != e) { 
      e = p[e]; 
    } 
    return e; 
  } 
  public void union(int s1, int s2) { 
    p[s1] = s2; 
  } 
} 

1-8 DisjointSets  

p[e] e 

{0}, {1}, ..., {n-1}  

e 

 

s1 s2  
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n union

find(e)

e e

1-10

find

union

union union(s1,s2)

p[s1]=s2 p[s2]=s1

1-12 

find  

0 20 2

p[2]=0 

+

p[0]=2 

1 5 62 01 5 6

31 5 6 3

3

1-12  

? p

h n

h[e] e 1-13

union h

1-9 

0 2 70 1 2 3 4 5 6 7 
0 2 2 5 7 2 2 7 4

8
p 

0 2 2h 

1 5 46

3 8  

1-13  
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public class DisjointSets { 
  private int[] p; 
  private int[] h; 
   
  public DisjointSets(int n) { 
    p = new int[n]; h = new int[n]; 
    for(int e = 0; e < n; e++) { 
      p[e] = e; h[e] = 0; 
    } 
  } 
  public int find(int e) { 
    while( p[e] != e)  
      e = p[e]; 
    return e; 
  } 
  public void union(int s1, int s2) { 
    if (h[s1] < h[s2]) 
      p[s1] = s2; 
    else { 
      p[s2] = s1; 
      if (h[s1] == h[s2]) h[s1]++; 
    } 
  } 
} 

1-9 DisjointSets  

union h[s1] h[s2] s1 s1

s2 s2 s1

1

h[s1]++

union

union 1-9

1-14 {0}, 

{1}, ..., {7} union(0,1), union(2,3),

union(4,5), union(6,7)

union(0,2), union(4,6)

union(0,4) 3

8 3 16

4

h  

h[e] e  

0 

s1 s1 s2 

s1 s2 s1 

 s2 

s1 s1 

find h  
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1-9 log2 n n

find(e) log2 n

n = 1,000,000 

find log2 1,000,000   = 19 

0 1 2 3 4 5 6 7

0 2 4 6 0 4 0

1 3 5 7 1 2 5 6 1 2 4

3 7 3 5 6

7

1-14  

path compression find

find 1-10 

  public int find(int e) { 
    if (p[e] == e) return e; 
    return find(p[e]); 
  } 

1-10 find recursive 

e e

( p[e] e e find(p[e])

e e

while return 

p[e]=find(p[e]) 1-11 

  public int find(int e) { 
    if (p[e] == e) return e; 
    return p[e] = find(p[e]); 
  } 

1-11 find  
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find(p[e]) p[e]=

e

e 1-15

find(3) 3, 5, 2 0

find

0 0

find(3) 2 2 5 3

1 5 6 1 6 4

3

4

1-15 find(3) 
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1. DisjointSets

2. PuzzleBoard 15

2.1. prev b solve

2.2. table rowB colB byte

2.3. PuzzleBoard

3. DisjointSets 1-9 

3.1. h p int[] short[]

4 2

int short

3.2. int[] h byte[] h p

3.3. h p :

h p int

3.4.

:

)

3.5. while find
  while (p[e] != e) { 
    p[e] = p[p[e]]; 
    e = p[e]; 
  }

3.6.

log2 n
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3.7.

log2 n

4. r n n r[i][j] 1

i j

r :

5. 10,000 Set

:

midi 

Set TreeSet java.util

BreakIterator java.text

6. (

java.util

 
 



 

(collection) 

(ArrayCollection)

 

Collection 
interface)

2-1 

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

2-1 Collection 

2-1 Collection

Collection implements Collection)

5 4

 

2

interface   

 

https://www.youtube.com/watch?v=vaIuElFI6Xw
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ArrayCollection LinkedCollection

2-1 2-1

(class diagram) 

«interface»

implements 

2-1 Collection 
  

void add(Object e) e  
void remove(Object e) e

 
boolean contains(Object e) e  
boolean isEmpty() 

int size() 

« interface » 
Collection 

 
+add(e:Object) 
+remove(e:Object) 
+contains(e:Object):boolean 
+isEmpty():boolean 
+size():int 

ArrayCollection LinkedCollection 

2-1   ArrayCollection LinkedCollection  

2-2
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Hello 

 
good bye 

              

Hello 

 
good bye 

2-2  
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18

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

2-2 Collection 

2-2 Test main

FileReader 6 BufferedReader

readLine 10

ArrayCollection 8 c

line null 10

line c c.contains(line)

11 c line

c c.add(line) 14

16 c.size()

FileReader 

BufferedReader 

  

  

c.contains(line) 

  c  

c  
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ArrayCollection 
ArrayCollection

elementData size ( 2-3 elementData

0 size 1

size

elementData 2-3 

5 3 0 2 size 3

01
02
03
04

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

2-3 ArrayCollection 2 elementData size 

size 
0 1 2 3 4 

3

elementData 

" " " " " " 

2-3 ArrayCollection 3  

(constructor) 

size  0 

6 7 2-4 

add size

null

null exception) 10

add ? add

size elementData.length add

?

https://www.youtube.com/watch?v=TZYg4O8R9Yw
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01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
..

public class ArrayCollection implements Collection { 
  private Object[] elementData; 
  private int      size; 
 
  public ArrayCollection() { 
    elementData = new Object[100]; 
    size = 0; 
  } 
  public void add(Object e) { 
    if(e == null) throw new IllegalArgumentException(); 
    elementData[size++] = e; 
  } 
  public int size() { 
    return size; 
  } 
  public boolean isEmpty() { 
    return size == 0; 
  } 
  ... 

2-4  ArrayCollection 

size isEmpty size

size size isEmpty size

0 size == 0  
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

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

2-5 contains remove indexOf   

contains remove

2-5

private indexOf 29 33) for

 

null 

null  
size 

 

size 0 

indexOf -1  

indexOf 

 

e -1  

null  
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elementData e 0 size 1

1 (sequential search)  

31 elementData[i] e)

equals == elementData[i] 

e equals Object 

equals

override equals

 

elementData[i].equals(e)

e.equals(elementData[i]) elementData e

elementData private

add remove e contains  

remove e null (

  e null e.equals(elementData[i])

exception elementData[i].equals(e) false 

elementData null 

indexOf contains indexOf

1 false 1 true

( 20 2-5)  remove indexOf

indexOf 1

elementData[size 1]

elementData[i] size 25

size

null 2-4  
size 

0 1 2 3 4 

3

elementData 

" " " " " "           

size 

0 1 2 3 4 

2

elementData 

" " " " " "             

size 

0 1 2 3 4 

2

elementData 

" " " " " " 

2-4 remove(" ") 

https://www.youtube.com/watch?v=NBADi6saB3s
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null

2-4 3 remove(" ") 0

elementData[0]=elementData[--size] " " 0 

2 2 null 2  

2-4

" " null 

 

null

elementData null indexOf

element[i].equals null

null

elementData 0 size-1 null

 
0

-
4 a=new int[4]

2-5 a int

int 4

400 a[2] 400 + 2  4 = 408 411

 
a 

4
0
0
 

4
0
4
 

4
0
8
 

4
1
2
 

a[0] a[1] a[2] a[3] 

2-5  

ensureCapacity 2-6 elementData

https://www.youtube.com/watch?v=HsALQ1O5tMc
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ensureCapacity

add ensureCapacity(size+1)

size

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 < size; i++) 
      arr[i] = elementData[i]; 
    elementData = arr; 
  } 
} 
public void add(Object e) { 
  if(e == null) throw new IllegalArgumentException(); 
  ensureCapacity(size + 1); 
  elementData[size++] = e; 
} 

2-6  ensureCapacity 

2-6

" " ensureCapacity

3 4 elementData

(

ensureCapacity add " " 2

size 

0 1 

2

elementData 

0 1 2 3 

arr size 

0 1 

2

elementData 

size 

0 1 

2

elementData 

0 1 2 3 

arr size 

3

elementData 

0 1 2 3 

" " " " " " " " 

" " " " " " " " " "  

2-6  

ArrayCollection 2-7 

 

elementData  
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01
02
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05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
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27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

public class ArrayCollection implements Collection { 
  private Object[] elementData; 
  private int      size; 
 
  public ArrayCollection() { 
    elementData = new Object[1]; 
    size = 0; 
  } 
  public void add(Object e) { 
    if(e == null) throw new IllegalArgumentException(); 
    ensureCapacity(size + 1); 
    elementData[size++] = e; 
  } 
  public int size() { 
    return size; 
  } 
  public boolean isEmpty() { 
    return size == 0; 
  } 
  public boolean contains(Object e) { 
    return indexOf(e) != -1; 
  } 
  public void remove(Object e) { 
    int i = indexOf(e); 
    if (i != -1) { 
      elementData[i] = elementData[--size]; 
      elementData[size] = null; 
    } 
  } 
  private int indexOf(Object e) { 
    for (int i = 0; i < size; i++) 
      if (elementData[i].equals(e)) return i; 
    return -1; 
  } 
  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 < size; i++) 
        arr[i] = elementData[i]; 
      elementData = arr; 
    } 
  } 
} 

2-7 ArrayCollection 

int  

size 

1  

null) 

 

size 

 

size 0 

indexOf 

1   

indexOf 

 

index 

e 1  

2  
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ArrayCollection  
ArrayCollection size

size size

int

size

size

size size()

elementData  n

0 n 1 null

elementData 0 null

isEmpty() 0 null

2-8 
 public int size() { 
  for (int i=0; i<elementData.length; i++) { 
    if (elementData[i] == null) 
      return i; 
  } 
  return elementData.length; 
} 
public boolean isEmpty() { 
  return elementData[0] == null; 
} 

2-8 size() isEmpty() size 

size size()

size size

2-9 
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45

public class ArrayCollection implements Collection { 
  private Object[] elementData; 
 
  public ArrayCollection() { 
    elementData = new Object[1]; 
  } 
  public int size() { 
    for(int i=0; i<elementData.length; i++) 
      if (elementData[i] == null) return i; 
    return elementData.length; 
  } 
  public boolean isEmpty() { 
    return elementData[0] == null; 
  } 
  public void add(Object e) { 
    if(e == null) throw new IllegalArgumentException(); 
    int sz = size(); 
    if (sz + 1 > elementData.length) { 
      int s = Math.max(capacity, 2*elementData.length); 
      Object[] arr = new Object[s]; 
      for(int i = 0; i < sz; i++) 
        arr[i] = elementData[i]; 
      elementData = arr; 
    } 
    elementData[sz] = e; 
  } 
  public boolean contains(Object e) { 
    return indexOf(e) != -1; 
  } 
  public void remove(Object e) { 
    int i = indexOf(e); 
    if (i != -1) { 
      int sz = size()  1; 
      elementData[i] = elementData[sz]; 
      elementData[sz] = null; 
    } 
  } 
  private int indexOf(Object e) { 
    for (int i=0; i<elementData.length; i++) { 
      if (elementData[i] == null) break; 
      if (elementData[i].equals(e)) return i; 
    } 
    return -1; 
  } 
} 

 

2-9 ArrayCollection  

 

null 

null 

add 

size()  

size() 

 

e  

null -1 
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size

size

size

size)

 
null

int, double, char, boolean, ... 

add Object

? wrapper 

class) Int I 2-10

int int

intValue int

equals toString

Int Integer  
 public class Int { 
  private int value; 
  public Int(int v) { 
    value = v; 
  } 
  public int intValue() { 
   return value; 
  } 
  public boolean equals(Object x) { 
    if (!(x instanceof Int)) return false; 
    return value == ((Int)x).value; 
  } 
  public String toString() { return "" + value; } 
} 

2-10 wrapper class int 

wrapper class  java.lang Character, Integer, Short, Long, 

Float, Double, Boolean char, int, short, long, float, 

double, boolean  

int  

 int  

int  

x 

x 

Int  Int 

value  

value  
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int

2-11 
   public static Collection toCollection(int[] a) { 
    Collection c = new ArrayCollection(); 
    for(int i=0; i<a.length; i++) { 
      c.add(new Integer(a[i])); 
    } 
    return c; 
  } 

2-11 toCollection int[] 

autoboxing : 

5.0 autoboxing c.add(25) add 

Object c.add(new Integer(25)) 

"autobox" "

" wrapper class

 

  public class TestAutobox { 
    public static void main(String[] args) { 
      System.out.println( toObject( getClass().getName() ); 
      System.out.println( toObject( getClass().getName() ); 
      System.out.println( toObject( L).getClass().getName() ); 
      System.out.println( toObject('c').getClass().getName() ); 
    } 
    static Object toObject(Object x) { 
      return x; 
    } 
  } 

 
  java.lang.Integer 
  java.lang.Double 
  java.lang.Long 
  java.lang.Character 

autoboxing

 

 
Collection

3 toString,

toArray, equals

Integer a[i] 

x.getClass().getName() 

x getClass() 

Object 

getClass()  
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SSttrriinngg ttooSSttrriinngg(( )) 
toString Object toString

toString

[ e0, e1, e2, ..., en-1 ] ei

3 "A", "B", "C"  toString

["A", "B", "C"] ["B", "C", "A"] -
toString ArrayCollection

elementData 0 size 1 2-12 

 public class ArrayCollection implements Collection { 
  ... 
  public String toString() { 
    String out = "["; 
    for(int i=0; i<size; i++) { 
      out = out + elementData[i].toString(); 
      if (i+1 < size) out = out + ","; 
    } 
    return out + "]"; 
  } 
  ... 

2-12 toString ArrayCollection 

+ 2-12 +

StringBuffer

append  
  public String toString() { 
    StringBuffer out = new StringBuffer("["); 
    for(int i=0; i<size; i++) { 
      out.append(elementData[i].toString()); 
      if (i + 1 < size) out.append(","); 
    } 
    return out.append("]").toString(); 
  } 

: 5 StringBuilder StringBuffer

 

toString 
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OObbjjeecctt[[ ]] ttooAArrrraayy(( )) 

?

toArray

c

Integer c 2-13 
   public int sum(ArrayCollection c) { 
    Object [] a = c.toArray(); 
    int s = 0; 
    for(int i=0; i<a.length; i++) { 
      Integer x = (Integer) a[i]; 
      s += x.intValue(); 
    } 
    return s; 
  } 

2-13 toArray 

toArray elementData

elementData

elementData

elementData

toArray

elementData 2-14 
 public class ArrayCollection implements Collection { 
  ... 
  public Object[] toArray() { 
    Object [] a = new Object[size]; 
    for(int i=0; i<size; i++) { 
      a[i] = elementData[i]; 
    } 
    return a; 
  } 
  ... 

2-14 toArray ArrayCollection 

c  

cast Integer 

int x intValue 

 

 



34     

bboooolleeaann eeqquuaallss((OObbjjeecctt xx)) 
equals

[A, B, C, C] [C, B, C, A] [A, B, C] 2-15

equals toArray

Arrays.sort (Arrays java.util)

Arrays.equals

 public class ArrayCollection implements Collection { 
  ... 
  public boolean equals(Object x) { 
    if (!(x instanceof ArrayCollection)) return false; 
    Object[] a1 = ((ArrayCollection) x).toArray(); 
    Object[] a2 = this.toArray(); 
    Arrays.sort(a1); 
    Arrays.sort(a2); 
    return Arrays.equals(a1, a2); 
  } 

2-15 equals ArrayCollection Comparable 

equals 2-15

equals

equals

ArrayCollection equals 2-16 

   public boolean equals(Object x) { 
    if (!(x instanceof ArrayCollection)) return false; 
    Object[] a1 = ((ArrayCollection) x).toArray(); 
    nextElement: 
    for (int i=0; i<size; i++) { 
      for (int j=0; j<a1.length; j++) { 
        if (elementData[i].equals(a1[j])) { 
          a1[j] = null; continue nextElement; 
        } 
      } 
      return false; 
    } 
    for (int j=0; j<a1.length; j++)  
      if (a1[j] != null) return false; 
    return true; 
  }     

2-16 equals ArrayCollection  

 

 

elementData 

a1  

a1 

null

elementData  a1  

a1 

null  
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equals 2-16 toArray x

a1 elementData a1

a1 null a1

elementData

 elementData a1 (

a1 null) null  

implements 

Comparable compareTo  
   public int compareTo(Object x) 

compareTo x x 0 

x compareTo Integer

(wrapper classes

Comparable  
   public class Integer implements Comparable { 
     ... 
     public int compareTo(Object x) { 
       Integer that = (Integer) x; 
       int thisVal = this.intValue(); 
       int thatVal = that.intValue(); 
       return (thisVal < thatVal ? -1 : thisVal == thatVal ? 0 : 1); 
     } 
     ... 
   } 

RationalNumber

(numerator)

(denominator)  5/7, 1/3, 0/1 compareTo

 
   public class RationalNumber implements Comparable { 
     private int numerator; 
     private int denominator; 
     ... 
     public int compareTo(Object x) { 
       RationalNumber that = (RationalNumber) x; 
       double thisVal = (double) this.numerator / this.denominator; 
       double thatVal = (double) that.numerator / that.denominator; 
       return (thisVal < thatVal ? -1 : thisVal == thatVal ? 0 : 1); 
     } 
     ... 
   } 
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1. ArrayCollection

2. 6 2-7 0 new 

Object[0]

3. Collection java.util

ArrayCollection

java.util Collection implements 

Collection

java.util.Collection

java.util

4. elementData

25% elementData ArrayCollection

5. ArrayCollection

   ArrayCollection c1 = new ArrayCollection(); 
   ArrayCollection c2 = new ArrayCollection(); 
   c1.add("A"); c2.add("B"); 
   c1.add(c2);  System.out.println(c1); 
   c1.add(c1);  System.out.println(c1);

6. ArrayCollection int

Integer IntArrayCollection

7. ArraySet ArrayCollection ( 2-7) 

8. ArrayCollection 2-7

ensureCapacity
   Collection c = new ArrayCollection(); 
   for (int i=0; i<1000000; i++) c.add("A");
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9. arraycopy System

39-40 ensureCapacity 2-7 

10. ArrayCollection

2-7 ArrayCollection 2-9

9

: jvm 

Test.java

java Test java Xms200M Xmx200M Test 

200MB Eclipse

Run->Run... JLab Tools->Options->JDK Tools-

>java options System.currentTimeMillis()

System.nanoTime()  (  
   Collection c = new ArrayCollection(); 
   long t = System.nanoTime(); 
   for(int i= ; i< ; i++) c.add("A"); 
   System.out.println( System.nanoTime()  t ); 

11. ArrayCollection ( 2-7) 

11.1. boolean containsDup()

11.2. void clear()

11.3. int frequency(Object e) e

11.4. void removeAll(Object e) e

11.5. void removeDup()

[A,B,A,B,B] [A,B] 

11.6. void trimToSize() elementData

11.7. boolean containsAll(ArrayCollection c) 

c c1 A, B, C, A, D] c2 A, B, B] 

c1.containsAll(c2) c2.containsAll(c1)
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11.8. Object mode() mode) 

c1 A, B, A, B, A, C]  c1.mode()

A

11.9. ArrayCollection(ArrayCollection c)

c :
(copy constructor)  

11.10. ArrayCollection(int initialCapacity)

:

12. Random 0 n 1

Random nextInt(n)

0 99 5

   Random r = new Random(123); 
   for (int i=0; i<5; i++) 
     System.out.println(r.nextInt(100));

Random seed 

123)

int testRandom(long seed, int n) 

Random seed nextInt(n)

 

 



   

ArrayCollection

(asymptotic analysis) 

 

 
?

n

n + 9 

16

 

3 

https://www.youtube.com/watch?v=0Rr6W2b-65o
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16

2 log 2 n

log 2 16

log2 16 = 4 

 

 

= +  * / % == != < > return

Math.max(a, b) a

b max max

int[] x = new int[n]

0 0 n

Arrays.sort(x) x

sort

sort

 
remove ArrayCollection

3-1 24 indexOf =

i!=1 -size = 26 =

27 indexOf 31 for i=0

https://www.youtube.com/watch?v=8NWpE1lOKtY
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i size if

i++

e elementData

e elementData

equals size

i<size size+1 return 33 equals

indexOf 1+(size+1)+2(size)+1

remove 5+1+(size+1)+2(size)+1 = 8+3(size)

size remove

01
..
23
24
25
26
27
28
29
30
31
32
33
34

public class ArrayCollection implements Collection { 
  ... 
  public void remove(Object e) { 
    int i = indexOf(e); 
    if (i != -1) { 
      elementData[i] = elementData[--size]; 
      elementData[size] = null; 
    } 
  } 
  private int indexOf(Object e) { 
    for (int i=0; i<size; i++) 
      if (elementData[i].equals(e)) return i; 
    return -1; 
  } 
  ... 

3-1 remove   

elementData[i]

i 11+4(size)

n  t(n) c(n)

t(n) k c(n) k

jvm  byte code c0(n) t(n)

k0c0(n) k0

size  

1  

size+1  1  
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remove 3-1 equals

32

equals size

remove size

3-2 dummy

5

for 4 5 5
1

0
1i

j
5 for 3 5

1 1 1

1 0 1
1 ( 1) / 2n i n

i j i
i n n

01
02
03
04
05
06

public void dummy(int n) { 
  int c = 0; 
  for (int i=1; i<n; i++) 
    for (int j=0; j<i; j++) 
      c += i + j; 
} 

3-2 dummy  

 

https://www.youtube.com/watch?v=Wx-Mq-TAKlQ
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f(n) g(n) f(n) g(n)

f(n) g(n)  

0
)(
)(lim)()(

ng
nfiffngnf

n
 

f(n) g(n)

f(n) g(n)

 3-1   0.5n,  1,  log n, n  10n

0.5n  1 log n 0.5n

log n

log n n 0
1

)/1)(10ln/1(limloglim n
n

n
nn

log n n 

10log n   10n n   10n 

0.5n   1   log n n  10n 
 

(asymptotic notations) 

, , , O

  
 

(g(n)) = 0
)(
)(lim|)(

ng
nfnf

n
 

(g(n)) g(n)

log n ( n ) , n ( 10n )  

  
(g(n)) g(n)
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(g(n)) = 
)(
)(lim|)(

ng
nfnf

n
 

f(n) ( g(n))  g(n) ( f(n)) 

  
 

ccc
ng
nfnfng

n
,0,

)(
)(lim|)())((  

 

(g(n)) = { f(n) | c1, c2 n0 c1g(n) f(n) c2g(n) n n0 } 

3 1 f(n)

(g(n)) g(n) f(n) -
n n0 c1 c2 g(n)

g(n) 3 1

f(n) n n0 g(n)

f(n)

n 

f (n) 

c1 g(n) 

n0 

c2 g(n) 

 
3 1 f(n)  (g(n)) 

  
f(n) (g(n)) f(n)

g(n) (g(n)) = (g(n)) (g(n))

g(n)
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(g(n)) = { f(n) | c n0 f(n) cg(n) n n0 } 

f(n) (g(n)) f(n)

g(n) c f(n) cg(n) 3 2 

n

f (n)

c g(n)

n0  
3 2 f(n)  (g(n)) 

  

f(n) (g(n)) f(n) g(n) (g(n)) =

(g(n)) (g(n)) g(n)

 

(g(n)) = { f(n) | c n0 cg(n) f(n) n n0 } 

f(n) (g(n)) f(n)

g(n) c cg(n) f(n) 3 3

n

c g(n)

n0

f (n)

 
3 3 f(n)  (g(n)) 
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 3-2 2n2 + 500n + 1000log n = O(n2)

c n0 n2 + 500n + 1000log n cn2 n n0 c

n  
 

 3-3 2n2 + 500n + 1000log n = O(n200)

-  2n2 + 500n + 1000log n = O(n2)

n2 n200 = O(n200) 2n2 + 500n + 1000log n = O(n200)  
 

 3-4 2n2 + 500n + 1000log n = (n2)

c n0  cn2  2n2 + 500n + 1000log n n n0 c = 1 n0 = 1 

n2  2n2 + 500n + 1000log n n  1 2n2 + 500n + 1000log n = (n2)
 

 3-5 2n2 + 500n + 1000log n = (n2)

3-2 2n2 + 500n + 1000log n = O(n2) -
(n2) 2n2 + 500n + 1000log n = (n2) 

 

 3-6 1

1

n
k k

i
i n k

i  n i n ik nk

i n n
i

kn
i

k ni
11

= nk+1 = O(nk+1)

ik i n/2 n
n

ni
kn

i
k ii

2/1
ik (n/2)k

n
ni

kn
ni

k ni
2/2/

)2/(  (n/2)k+1 = (1/2)k+1nk+1 = (nk+1)

1

1

n
k k

i
i n 1

1

n
k k

i
i n 1

1

n
k k

i
i n  

 
 3-7 log n! = (n log n) 

log n! = O(n log n) n! = n·(n  1) ... 2·1

n n! nn log log n!  n log n = O(n log n) 
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log n! = (n log n) n! = n·(n  1) ... 2·1

n, (n  1), ..., n/2 +1 (n/2) n/2 , ( n/2  1), ..., 2, 1 1 n!

(n/2)n/2 log log n!  (n/2) log (n/2) = (n log n)

log n! = (n log n)
 

 3-8 loga n = (logb n) a b  

log a b loga n = (logb n) / (logb a)

loga n = (logb n) logb a  
 

, , , f(n) (g(n))

=

) 

 

remove ArrayCollection 8 + 3n

n remove

O(n)

O

 remove (n)

remove

remove

remove (n)

O(n)

 3-9 dummy 3-2 5

n(n  1) / 2 dummy (n2)

O(n2)  
 

https://www.youtube.com/watch?v=UKVh9eG1_qc
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 3-10 3-3

(binary search) 

int <  == > 

left right

2) left 0 right

data.length 1 left<=right

while

4) e

e

e left

7 e

right 9)

5) e 1

01
02
03
04
05
06
07
08
09
10
11
12

static int binarySearch(int[] data, int e) { 
  int left = 0, right = data.length  1; 
  while( left <= right ) { 
    int mid = (left + right) / 2; 
    if ( e == data[mid]) return mid; 
    if (e > data[mid])  
      left = mid + 1;  
    else 
      right = mid  1; 
  } 
  return -1; 
} 

3-3  

3-3

2 11 6

5 5 4

3 4 return 5

3 4   left<=right

  

  

e   

e   
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3

left<=right right left+1

right

left+1<1 n right left+1

n  n = 2k k

 1    right left+1  n
 " 2 " " n / 21

 " 3 " " n / 22

                                   · · · 
 " k " " n / 2k  1

 " k + 1 " " n / 2k      =  1 
 " k + 2 " " n / 2k + 1  =  0 

 left<=right 2 + k  = 2 + log2 n

O( log n ) 

 
ArrayCollection 3-4

remove O(n) contains indexOf

O(n) size isEmpty constructor 

(1) O(1)

add 10 12 ensureCapacity

(1) (n) new 38

2n 40

n add O(n)

add 1

9 2, 3, 5  9 ( 3 4

17, 33, 2k + 1 

k = 1, 2, 3, 4, ... 

01 public class ArrayCollection implements Collection { 

https://www.youtube.com/watch?v=wA2dCvnuUWk
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02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
..
35
36
37
38
39
40
41
42
43
44

  private Object[] elementData; 
  private int      size; 
 
  public ArrayCollection() { 
    elementData = new Object[1]; 
    size = 0; 
  } 
  public void add(Object e) { 
    if(e == null) throw new IllegalArgumentException(); 
    ensureCapacity(size + 1); 
    elementData[size++] = e; 
  } 
  public int size() { 
    return size; 
  } 
  public boolean isEmpty() { 
    return size == 0; 
  } 
  public boolean contains(Object e) { 
    return indexOf(e) != -1; 
  } 
  ... 
  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 < size; i++) 
        arr[i] = elementData[i]; 
      elementData = arr; 
    } 
  } 
} 

3-4 ArrayCollection 

n

12 40 3-4)  2k + 1 

2k 2k+1 3 4

2k 40 2k 2k + 1  

40 20+21+22+23+...+2 lg n  = 2 lg n  + 1  1  2n 1

12 1 1

n 3n  1 n

O(n) add n

add O(1)  

(1)

O(n)

(1)

(1)

O(n)

 (1) 

(n) 

O(n) 
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1

1 2

1 2 3

1 2 3 4

1 2 3 4 5

1 2 3 4 5 6

1 2 3 4 5 6 7

1 2 3 4 5 6 7 8

1 

2 

3 

4 

5 

6 

7 

8 

9 1 2 3 4 5 6 7 8 9

3 4 9  
  

  
1. f(n) g(n)

f(n) g(n)
10100 n
log2 n n

3n5 + 50 n 100n5

n! 2n

/ 24 n 2n

2n+1 3n

2log2 n n

2. A, B, C O(n), (n),

(n) n

3. O(1), (1), (1), o(1), (1)
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4. O(1) O(106)

5. f(n) = 100n log2 n g(n) = n2 f(n) g(n) n

6. log n!  (n/2) log (n/2) log n! = (n log n)

7. remove ArrayCollection

indexOf i

i

 public class ArrayCollection implements Collection { 
  public void remove(Object e) { 
    int i = indexOf(e); 
    if (i != -1) { 
      while (i < size-1) elementData[i] = elementData[i+1]; 
    } 
  } 

8. elementData ensureCapacity

ArrayCollection ( 3-4) 

1.1 100

9.

 Java API help file

9.1. System.arraycopy 

9.2. Arrays.equals 

9.3. Arrays.fill 

9.4. Rectangle.contains 

9.5. Math.abs 

9.6. Math.toDegrees 

9.7. Math.pow 

9.8. Color.equals 

9.9. BigIntger.multiply 

10. equals ArrayCollection

 public boolean equals(Object x) { 
  if (!(x instanceof ArrayCollection)) return false; 
  Object[] a1 = ((ArrayCollection) x).toArray(); 
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  nextElement: 
  for (int i=0; i<size; i++) { 
    for (int j=0; j<a1.length; j++) { 
      if (elementData[i].equals(a1[j])) { 
        a1[j] = null; continue nextElement; 
      } 
    } 
    return false; 
  } 
  for (int j=0; j<a1.length; j++)  
    if (a1[j] != null) return false; 
  return true; 
}     

11.
10.1 static int log10(int n) { 

   int log = 0; 
   for (; n > 0; log++, n /= 10) ; 
   return log; 
 } 

10.2 static int log2(int n) { 
   int log = 0; 
   for (int k=1; k < n; log++, k += k) ; 
   return log; 
 } 

10.3 static void bubble(int[] d) { 
  for (int k = d.length; k > 1; k--) { 
    for (int j = 1; j < k; j++) { 
      if (d[j] < d[j-1]) swap(d, j-1, j); 
    } 
  } 
} 

10.4 static void merge(Object[] a, Object[] b, Object[] c) { 
  int i = 0, j = 0, k = 0; 
  while (i<a.length && j<b.length) 
    t[k++] = a[i] < b[j] ? a[i++] : b[j++]; 
  while (i<a.length) t[k++] = a[i++]; 
  while (j<b.length) t[k++] = b[j++]; 

 } 

10.5 static double[][] add(double[][] a, double[][] b) { 
  double[][] c = new double[a.length][a[0].length]; 
  for (int i=0; i<a.length; i++) 
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    for (int j=0; j<a[i].length; j++) 
      c[i][j] += a[i][j] + b[i][j]; 

 } 

10.6 static double[][] mult(double[][] a, double[][] b) { 
  double[][] c = new double[a.length][b[0].length]; 
  for (int i=0; i<a.length; i++) 
    for (int j=0; j<b[0].length; j++) 
      for (int k=0; k<b.length; k++) 
        c[i][j] += a[i][k] * b[k][j]; 

 } 
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LinkedCollection

 

 
ArrayCollection

0 size 1

0 1000

k k + 1 

k k + 1 

k + 1 O(n) n

ArrayCollection

4-1 

x 0, 1, 2   

4

https://www.youtube.com/watch?v=FHy44g3nEcQ
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node 

null

x 4-1) 

x x 0 1 2 3 4 5 

4-1  

 

LinkedNode element

Object next LinkedNode

4-1 

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

4-1 LinkedNode 

4-2 4-3 4-1  4-2 

x

next x next  

4-3 x

x.next x.next.next

x.next.next = next x.next

next  
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x 

x 

x 

LinkedNode x; 
 
x = new LinkedNode("Oh", null); 
 
 
 
x = new LinkedNode("Ok, x); 
 
 
 
x = new LinkedNode("No", x); 

4-2  

x 

LinkedNode x; 
 
 
x = new LinkedNode("No", null); 
 
 
 
x.next = new LinkedNode("Ok, null); 
 
 
 
x.next.next = new LinkedNode("No", null); 

x 

x 

4-3  

LinkedCollection 
LinkedCollection

ArrayCollection

size first

LinkedCollection

size 0

first first null

4-2 size() isEmpty() size

https://www.youtube.com/watch?v=MgFYodZ4WxQ
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public class LinkedCollection implements Collection { 
  private static class LinkedNode { 
    private Object element; 
    private LinkedNode next; 
    LinkedNode(Object e, LinkedNode n) { 
      this.element = e; 
      this.next = n; 
    } 
  } 
  private int size; 
  private LinkedNode first; 
 
  public LinkedCollection() { 
    size = 0; first = null; 
  } 
  public int size() { 
    return size; 
  } 
  public boolean isEmpty() { 
    return size == 0; 
  } 
  ... 

4-2 LinkedCollection 

LinkedNode

private 2 9 LinkedNode

 

add ( 4-3 LinkedNode

24 4-4 (1)

"No" 24 new LinkedNode "No" 

element first next 4-4 (2)

first 4-4 (3)

25

contains 4-4 28 node

node null

node.element.equals(e)

node node=node.next 31 node 

== null

LinkedNode 

  

size 0 

first   
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22
23
24
25
26

  public void add(Object e) { 
    if (e == null) throw new IllegalArgumentException(); 
    first = new LinkedNode(e, first); 
    ++size; 
  } 

4-3 add  

size first 

2
GoOh

size first 

2
GoOh

No

(1)

(2)

(3)

size first 

3
GoOh

No  
4-4  

27
28
29
30
31
32
33
34

  public boolean contains(Object e) { 
    LinkedNode node = first; 
 
    while (node != null && !node.element.equals(e) ) { 
      node = node.next; 
    } 
    return node != null; 
  } 

4-4 contains LinkedCollection 

node=node.next node

node 

= node.next.next ? 1 node.next = node ? 2

remove e

e x

                                                           
1 node = node.next.next node

NullPointerException

node.next null .next exception 
2 node.next = node

 e  

  

node null  

https://www.youtube.com/watch?v=EujZ9tKIsJA
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x next

x p p.next = p.next.next

4-5 p.next = next

p p.next = p.next.next

 

size first 

3

x p 
size first 

2

x p 

4-5 p.next=p.next.next x  

4-5

first null 37

first size

p p

p=first 41 p

p

p.next != null 45

p.next p.next=p.next.next size

4-6 LinkedCollection

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

  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; 
      } 
    } 
  } 

4-5 remove LinkedCollection 

  

first   

p 

e  

 p.next 
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27 
28 
29 
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31 
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33 
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public class LinkedCollection implements Collection { 
  private static class LinkedNode { 
    private Object element; 
    private LinkedNode next; 
    LinkedNode(Object e, LinkedNode n) { 
      this.element = e; 
      this.next = n; 
    } 
  } 
  private int size; 
  private LinkedNode first; 
 
  public LinkedCollection() { 
    size = 0; first = null; 
  } 
  public int size() { 
    return size; 
  } 
  public boolean isEmpty() { 
    return size == 0; 
  } 
  public void add(Object e) { 
    if (e == null) throw new IllegalArgumentException(); 
    first = new LinkedNode(e, first); 
    ++size; 
  } 
  public boolean contains(Object e) { 
    LinkedNode node = first; 
 
    while (node != null && !node.element.equals(e) ) { 
      node = node.next; 
    } 
    return node != null; 
  } 
  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; 
      } 
    } 
  } 
} 

4-6 LinkedCollection 

size first 

3
"One" "Two" "X" 
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LinkedCollection  
remove

NullPointerException

(header node) 

4-6

first header

header.next  

size first 

1
"One"

size header 

1
"One"

size first 

0
size header 

0

4-6  

4-7 LinkedCollection -
4-6 11 first header

header 14 add

24 contains

first header.next ( 28

remove

https://www.youtube.com/watch?v=u6MGJdjf9vo
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public class LinkedCollection implements Collection { 
  private static class LinkedNode { 
    private Object element; 
    private LinkedNode next; 
    LinkedNode(Object e, LinkedNode n) { 
      this.element = e; 
      this.next = n; 
    } 
  } 
  private int size; 
  private LinkedNode header; 
 
  public LinkedCollection() { 
    size = 0; header = new LinkedNode(null, null); 
  } 
  public int size() { 
    return size; 
  } 
  public boolean isEmpty() { 
    return size == 0; 
  } 
  public void add(Object e) { 
    if (e == null) throw new IllegalArgumentException(); 
    header.next = new LinkedNode(e, header.next); 
    ++size; 
  } 
  public boolean contains(Object e) { 
    LinkedNode node = header.next; 
 
    while (node != null && !node.element.equals(e) ) { 
      node = node.next; 
    } 
    return node != null; 
  } 
  public void remove(Object e) { 
    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; 
    } 
  } 
} 

4-7 LinkedCollection  

size header 

2
"One" "Two" 

  

header.next 

  

p 

null 

header   

header  
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LinkedCollection

size isEmpty (1) add

(1)

n contains

O(n) contains O(n)

(1) remove O(n) 4-1 

ArrayCollection (

  O(1) 

4-1 ArrayCollection LinkedCollection 
 ArrayCollection LinkedCollection
constructor (1) (1) 
size (1) (1) 
isEmpty (1) (1) 
contains  O(n) O(n) 
add(e)  O(n) * (1) 
remove(e)  O(n) O(n) 

* O(1)  

  
1. LinkedCollection

2. LinkedCollection int

Integer IntLinkedCollection

3. LinkedSet LinkedCollection 4-7

4. remove



    65 

4-7 p

p p p

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

5. LinkedCollection

next

null next

NULL null

element NULL

NULL

 public class LinkedCollection implements Collection { 
  private static final NULL = new LinkedNode(null, null); 
  public LinkedCollection() { 
    size = 0; header = new LinkedNode(null, NULL); 
  } 
  public boolean contains(Object e) { 
    LinkedNode node = header.next; 
    NULL.element = e; 
    while (!node.element.equals(e) ) { 
      node = node.next; 
    } 
    return node != NULL; 
  } 

6. NULL

NULL NULL

p

p  

NULL  

e   

NULL e  

e NULL   

p   
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7. LinkedCollection

count

LinkedCollection

8. LinkedCollection

LinkedCollection

8.1.

8.2.

9.

ArrayCollection  2 LinkedCollection

 10 2

10. LinkedCollection 4-7

10.1. Object toArray() 

10.2. String toString()

10.3. boolean equals(Object c)

c

10.4. boolean containsDup()

10.5. void clear()

10.6. int frequency(Object e) e

10.7. void removeAll(Object e) e

10.8. void removeDup()

[A,B,A,B] [A,B] 
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10.9. boolean containsAll(LinkedCollection c) 

c c1 A, B, C, A, D] c2 A, B, B, 

A] c1.containsAll(c2) true c2.containsAll(c1)

false

10.10.Object mode() mode

c1 A, B, A, B, A, C]  c1.mode()

A

10.11. LinkedCollection(LinkedCollection c)

c :

copy constructor
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spj  

(list)

20

 

List 

31, 28, 31, 30, 31, 30, 31, 31, 30, 31, 30, 31

0

List 5-1 5-1

ArrayList, SinglyLinkedList, LinkedList 5-1) 

 public interface List extends Collection { 
  public void add(int i, Object e); 
  public void remove(int i); 
  public Object get(int i); 
  public void set(int i, Object e); 
} 

5-1 List 

 

5

List Collection  

 

https://www.youtube.com/watch?v=ye0-BCr5xvg
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5-1 List 
 

void add(int i, Object e) e i

void remove(int i) i  
Object get(int i) i  
void set(int i, Object e) i e

void add(Object e) e

Collection  

: List extends Collection Collection

add(Object e) Collection  

« interface » 
List 
 

+add(i:int, e:Object) 
+remove(i:int) 
+get(i:int):Object 
+set(i:int, e:Object) 

ArrayList LinkedList SinglyLinkedList 

5-1  ArrayList   SinglyLinkedList  LinkedList  

n remove, get

set 0 n  1 add 0 n

add n  x.add(e) 

 x.add(x.size(),e) 

List 5-2 x

ArrayList 1 "A" 0, "B",  "C" 

0 0  "C", "A", "B" ,

8 2 "B" "D" 1

6  "C", "D" for get 8

0  
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01 
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    List x = new ArrayList(); 
    x.add(0,"A");                  // <"A"> 
    x.add("B");                    // <"A", "B"> 
    x.add(0,"C");                  // <"C", "A", "B"> 
    x.set(2,"D");                  // <"C", "A", "D"> 
    x.remove(1);                   // <"C", "D"> 
    for(int i=0; i<x.size(); i++) 
      System.out.println(x.get(i)); 

5-2 List 

 

ArrayList elementData

size ArrayCollection

size, isEmpty, contains, add ArrayCollection ArrayList

remove 5-3

ArrayList ArrayCollection add(e)

add(size,e)

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
..

public class ArrayList implements List { 
  private Object[] elementData = new Object[1]; 
  private int      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); } 
  private int indexOf(Object e) { 
    for (int i=0; i<size; i++) 
      if (elementData[i].equals(e)) return i; 
    return -1; 
  } 
  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 < size; i++) arr[i] = elementData[i]; 
      elementData = arr; 
    } 
  } 
  ... 

5-3 ArrayList ArrayCollection 

 

add  

e 1 

https://www.youtube.com/watch?v=bK1-84NaFqs
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remove ArrayCollection ArrayList

5-4 remove

21 indexOf

remove ( 25

i 0 size 1

assertInRange exception 

i+1 size 1 for 27 29

30 5-2

remove(1) 4 2 3

1 2 3 null  

size 
0 1 2 3 

4

elementData 

"a"  "b"  "c"  "d" 

4
size 

0 1 2 3 

3

elementData 

"a"  "b"  "c"  "d" 

4

5-2 remove(1)  
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
..

  public void remove(Object e) { 
    int i = indexOf(e); 
    if (i >= 0) remove(i); 
  } 
  public void remove(int i) { 
    assertInRange(i, size-1); 
    for(int j=i+1; j<size; j++) { 
      elementData[j-1] = elementData[j]; 
    } 
    elementData[--size] = null; 
  } 
  private static void assertInRange(int i, int max) { 
    if (i < 0 || i > max) 
      throw new IllegalArgumentException(); 
  } 
  ... 

5-4  remove  ArrayList 

5-5 get, set add get(i)

i elementData[i] set(i,e)

i + 1 

 

e 

 

0  i  size  1 
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i e null

assertNonNull elementData[i] e add(i,e)

45 i e

ensureCapacity

size-1 i for
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  public Object get(int i) { 
    assertInRange(i, size - 1); 
    return elementData[i]; 
  } 
  public void set(int i, Object e) { 
    assertNonNull(e); 
    assertInRange(i, size  1); 
    elementData[i] = e; 
  } 
  public void add(int i, Object e) { 
    assertNonNull(e); 
    assertInRange(i, size); 
    ensureCapacity(size+1); 
    for(int j=size-1; j>=i; j--) { 
      elementData[j+1] = elementData[j]; 
    } 
    elementData[i] = e; 
    size++; 
  } 
  private void assertNonNull(Object e) { 
    if(e == null) throw new IllegalArgumentException(); 
  } 
} 

5-5  get, set add  ArrayList 

bboooolleeaann  eeqquuaallss((OObbjjeecctt  xx))  
ArrayList

5-6

equals ArrayList

i  

e null 

i  

i

 

i  
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 public class ArrayList implements List { 
  ... 
  public boolean equals(Object x) { 
    if (!(x instanceof ArrayList)) return false; 
    ArrayList that = (ArrayList) x; 
    if (size != that.size) return false; 
    for (int i=0; i<size; i++) { 
      if (!elementData[i].equals(that.elementData[i])) 
        return false; 
    } 
    return true; 
  } 
  ... 
} 

5-6 equals ArrayList 

  
size, isEmpty, get, set (1)

add(e)

add(i,e) O(n)

0

remove(e)

k n k

n (n)

O(n) equals

n O(n)
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(linked list

LinkedCollection

5-3 3

 

(singly or doubly linked list) 

5-3 (1) (2) (3)

5-3 (4) (5) (6)

(header) 5-3 (1) (3) (4) 5-3

(2) (5) (6)

(circular)

5-3 (3)

5-3 (6)

O(n)

5-3 (2)) 5-3 (6)) 

https://www.youtube.com/watch?v=HGuHM-bgSBQ
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size first 

2
A B

size header 

2
A B

size last 

2
A B

size first 

2
A B

size header 

2
A B

size header 

2

A B

(1)

(2)

(3)

(4)

(6)

(5)

5-3  

  
LinkedCollection

SinglyLinkedList

5-3(2)) size, isEmpty, contains, remove

LinkedCollection 5-7 (

removeAfter node

remove(e) remove(i)



    77 

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
..

public class SinglyLinkedList implements List { 
  private static class LinkedNode { 
    private Object element; 
    private LinkedNode next; 
    LinkedNode(Object e, LinkedNode n) { 
      this.element = e; 
      this.next = n; 
    } 
  } 
  private int size; 
  private LinkedNode header; 
 
  public SinglyLinkedList() { 
    size = 0; header = new LinkedNode(null, null); 
  } 
  public int size() { 
    return size; 
  } 
  public boolean isEmpty() { 
    return size == 0; 
  } 
  public boolean contains(Object e) { 
    LinkedNode node = header.next; 
    while (node != null && !node.element.equals(e) ) { 
      node = node.next; 
    } 
    return node != null; 
  } 
  public void add(Object e) { 
    add(size, e); 
  } 
  public void remove(Object e) { 
    LinkedNode p = header; 
    while(p.next != null && !p.next.element.equals(e)){ 
      p = p.next; 
    } 
    removeAfter(p); 
  } 
  private void removeAfter(LinkedNode p) { 
    if (p.next != null) { 
      p.next = p.next.next; 
      --size; 
    } 
  } 
  ... 

5-7 SinglyLinkedList  LinkedCollection 

removeAfter

assertNonNull, assertInRange, nodeAt

size header 

2
"One" "Two" 

  

node   
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ArrayList null

nodeAt(i) i

i 1 nodeAt p

p i+1 for

54  j=-1 i-1 p = p.next i+1

p i 1 0 1

0 i i+1  

45
46
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  private static void assertNonNull(Object e) { 
    if(e == null) throw new IllegalArgumentException(); 
  } 
  private static void assertInRange(int i, int max) { 
    if (i < 0 || i > max) 
      throw new IllegalArgumentException(); 
  } 
  private LinkedNode nodeAt(int i) { 
    LinkedNode p = header; 
    for (int j=-1; j<i; j++) p = p.next; 
    return p; 
  } 
  ... 

5-8 SinglyLinkedList 

5-9 get, set, add(i,e)

remove(i) nodeAt  get set

59) ( 64) element

add remove nodeAt

nodeAt(i-1) 69 75 70)

76)

SinglyLinkedList , isEmpty

size (1)   remove(e)  O(n) O(n)

(1) nodeAt

O(n)

get, set, remove, add O(n)

 

i i 

-1 header   
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  public Object get(int i) { 
    assertInRange(i, size-1); 
    return nodeAt(i).element; 
  } 
  public void set(int i, Object e) { 
    assertNonNull(e); 
    assertInRange(i, size-1); 
    nodeAt(i).element = e; 
  } 
  public void add(int i, Object e) { 
    assertNonNull(e); 
    assertInRange(i, size); 
    LinkedNode p = nodeAt(i-1); 
    p.next = new LinkedNode(e, p.next); 
    ++size; 
  } 
  public void remove(int i) { 
    assertInRange(i, size-1); 
    LinkedNode p = nodeAt(i-1); 
    removeAfter(p); 
  } 
 
}   

5-9 SinglyLinkedList 

  
5-3(6))

LinkedList 1

5-10 LinkedList LinkedNode

prev 4

LinkedList size header

LinkedCollection)

header

18  

                                                                 
1  java.util.LinkedList  

i   

i  e 

i  1  

i  1  

https://www.youtube.com/watch?v=vCeT4Evq9LA
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public class LinkedList implements List { 
  private static class LinkedNode { 
    private Object element; 
    private LinkedNode prev; 
    private LinkedNode next; 
    LinkedNode(Object e, LinkedNode p, LinkedNode n) { 
      this.element = e; 
      this.prev = p; 
      this.next = n; 
    } 
  } 
  private int size; 
  private LinkedNode header; 
 
  public LinkedList() { 
    size = 0; 
    header = new LinkedNode(null, null, null); 
    header.prev = header.next = header; 
  } 
  ... 

5-10 LinkedNode LinkedList  

5-11 size, isEmpty, contains

size contains nodeOf(e)

e header

24) nodeOf header.next

header 28)

nodeOf

remove  
20
21
22
23
24
25
26
27
28
29
30
31
32
..

  public int size()        { return size; } 
  public boolean isEmpty() { return size == 0; } 
 
  public boolean contains(Object e) { 
    return nodeOf(e) != header; 
  } 
  private LinkedNode nodeOf(Object e) { 
    LinkedNode node = header.next; 
    while(node != header && !node.element.equals(e) ) { 
      node = node.next; 
    } 
    return node; 
  }   
  ... 

5-11  size isEmpty contains  LinkedList 

  

A

prev next 

size header 

0

  

header   
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( 36) addBefore(node,e)

e node add(e)

addBefore(header,e)

add(i,e)

i nodeAt(i)

SinglyLinkedList i i
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  public void add(Object e) { 
    addBefore(header, e); 
  } 
  public void add(int i, Object e) { 
    assertInRange(i, size); 
    addBefore(nodeAt(i), e); 
  } 
  private void addBefore(LinkedNode node, Object e) { 
    assertNonNull(e); 
    LinkedNode prevNode = node.prev; 
    LinkedNode newNode = new LinkedNode(e, prevNode, node); 
    prevNode.next = node.prev = newNode; 
    ++size; 
  } 
  ... 

5-12  LinkedList 

node 

e
newNode 

e(1)

(2) (3)

prevNode 

node 

e
newNode 

prevNode 

node 

5-4 addBefore LinkedList 

  

i 
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5-4 (1) addBefore 42 prevNode

node 43

prevNode node prevNode

node 5-4 (2) next prevNode

prev node 44 5-4 (3)

45)
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node remove(e) e nodeOf

removeNode remove(i) i

nodeAt removeNode

47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
..

  public void remove(Object e) { 
    LinkedNode node = nodeOf(e); 
    if (node != header) removeNode(node); 
  } 
  public void remove(int i) { 
    assertInRange(i, size); 
    removeNode(nodeAt(i)); 
  } 
  private void removeNode(LinkedNode node) { 
    LinkedNode prevNode = node.prev; 
    LinkedNode nextNode = node.next; 
    prevNode.next = nextNode; 
    nextNode.prev = prevNode; 
    --size; 
  } 
  ... 

5-13  LinkedList 

node (1)
nextNode prevNode 

node (2)
nextNode prevNode 

5-5 removeNode LinkedList 

nodeOf e   

nodeAt i   
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removeNode(node) node prevNode

node 56) nextNode node 57)

5-5 (1) prevNode nextNode

node next prevNode nextNode  58) prev

nextNode prevNode 59) node

5-5 (2) 60 5-14

LinkedList

LinkedList , isEmpty

size (1)   nodeOf nodeAt

O(n) contains, get, set, remove(e) remove(i)

add(i,e) O(n) SinglyLinkedList

add(e) (1)

62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 

  public Object get(int i) { 
    assertInRange(i, size-1); 
    return nodeAt(i).element; 
  } 
  public void set(int i, Object e) { 
    assertNonNull(e); 
    assertInRange(i, size-1); 
    nodeAt(i).element = e; 
  } 
  private static void assertNonNull(Object e) { 
    if(e == null) throw new IllegalArgumentException(); 
  } 
  private static void assertInRange(int i, int max) { 
    if (i < 0 || i > max) 
      throw new IllegalArgumentException(); 
  } 
  private LinkedNode nodeAt(int i) { 
    LinkedNode p = header; 
    for (int j=-1; j<i; j++) p = p.next; 
    return p; 
  } 
}   

5-14  get set  LinkedList 
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(self-adjusting list) 

(move-to-front) x

x x x

5-6 

 
< A, B, C, D, E, F, G > 

list.contains("E") 

< E, A, B, C, D, F, G > 

list.contains("B") 

< B, E, A, C, D, F, G > 

list.add("Z") 

< Z, B, E, A, C, D, F, G> 

list.contains("B") 

< B, Z, E, A, C, D, F, G> 

5-6  
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5-15

contains add SelfAdjustingList

 
public class SelfAdjustingList implements List { 
  ... 
  // LinkedList  
  ... 
  public boolean contains(Object e) { 
    LinkedNode node = nodeOf(e); 
    if (node == header) return false; 
     
    node.prev.next = node.next; 
    node.next.prev = node.prev; 
     
    node.prev = header; node.next = header.next; 
    node.prev.next = node.next.prev = node; 
 
    return true; 
  }   
  public void add(Object e) { 
    addBefore(header.next, e); 
  } 
}   

5-15 contains add SelfAdjustingList  

  
(polynomial) f(x) = a0x0 + a1x1 +

... + an 1xn 1 ak Polynomial

5-2  

5-2 Polynomial 
 

Polynomial add(Polynomial that) this that 

Polynomial 
multiply(Polynomial that) 

this that 

void addTerm(double c, int e) cxe  
Polynomial diff() this 
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    Polynomial p = new Polynomial(); 
    p.addTerm(-3, 2); 
    p.addTerm(1, 0); 
    System.out.println(p); 
    Polynomial q = p.add(p); 
    System.out.println(q.diff()); 
    System.out.println(q.multiply(p)); 

5-16 Polynomial 

5-16 Polynomial

p 3x2 1 p(x) = 1  3x2 q= p.add(p) q(x) = 2 

6x2 q.diff() 6x q.diff q

q.multiply(p) (1  3x2)(2  6x2) = (2  12x2 + 
18x4)

p(x) = 2 + 3x  4.5x3  (2,0), (3,1), ( 4.5, 3) 

LinkedNode 3

(coef) (exp) (next) 5-17

Polynomial header size

header 12)  
01
02
03
04
05
06
07
08
09
10
11
12
..

public class Polynomial { 
  private static class LinkedNode { 
    private double coef; 
    private int exp; 
    private LinkedNode next; 
    LinkedNode(double c, int e, LinkedNode n) { 
      this.coef = c; 
      this.exp = e; 
      this.next = n; 
    } 
  } 
  private LinkedNode header = new LinkedNode(0,0,null); 
  ... 

1 0 -3 2
header 

p(x) = 1  3x2

q(x) = p(x) + p(x)
q (x)

q(x)  p(x) 
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5-17 LinkedNode Polynomial  

addTerm 5-18

node addTerm

header 15 17)

node e

node 18) 5-7 7x 1x0  3x2

1x0

13
14
15
16
17
18
19
..

  public void addTerm(double c, int e) { 
    LinkedNode node = header; 
    while( node.next != null && node.next.exp < e) { 
      node = node.next; 
    } 
    node.next = new LinkedNode(c, e, node.next); 
  } 
  ... 

5-18 addTerm  

diff

5-19 r node header)

ce(xe  1)

cxe r node r

 

1 0 -3 2
header 

1 0 -3 2
header 

7 1

addTerm(7,1) 

node 

 

 

  



88     

5-7 7x 1  3x2 1 + 7x  3x2 
  public Polynomial diff() { 
    Polynomial r = new Polynomial(); 
    LinkedNode node = this.header.next; 
    while( node != null ) { 
      r.addTerm(node.coef * node.exp, node.exp - 1); 
      node = node.next;  
    } 
    return r; 
  }  ... 

5-19 diff  

diff 5-19 r.addTerm

node

n r 1, 2, 3, ..., n 0, 1, 2, ..., n  1 

0 + 1 + 2 + ... + (n  1) = (n2)

r addTerm r

r 5-20 r

21) rnode r r.header

22) node 5-19

node

rnode 25 26) rnode node

(n)  ( add multiply

)

20
21
22
23
24
25
26
27
28
29
30
31
..

  public Polynomial diff() { 
    Polynomial r = new Polynomial(); 
    LinkedNode rnode = r.header;      
    LinkedNode node = header.next; 
    while( node != null ) { 
      rnode.next = new LinkedNode(node.coef * node.exp, 
                                  node.exp  1, null); 
      rnode = rnode.next; 
      node = node.next; 
    } 
    return r; 
  } 
  ... 

5-20 diff  

 

 

r  
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(0,3,0,5)

double[] v = {0,3,0,5} n n

(sparse 

vector) 

(0, 0, 7, 0, 3, 0)   (2,7), (4,3) 2

4 7 3

SparseVector

5-3 

5-21 SparseVector

elementData size ArrayList) length

v = new SparseVector(100)

100 elementData

ArrayList

Element (index,value)

value index

5-3 SparseVector 
 

int length()  

double get(int index) index  
void set(int index, double value) value index 
SparseVector add(SparseVector v2) v2 

double dot(SparseVector v2) v2 

SparseVector multiply(double c) c 

SparseVector multiply(SparseMatrix m)*  m 

* SparseMatrix 

 

https://www.youtube.com/watch?v=YJEAPjs0TKc
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01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
..

public class SparseVector { 
  private static class Element { 
    int index; 
    double value; 
    Element(int index, double value) { 
      this.index = index; 
      this.value = value; 
    } 
  } 
  private Element[] elementData; 
  private int size; 
  private int length; 
 
  public SparseVector(int length) { 
    this.elementData = new Element[0]; 
    this.size = 0; 
    this.length = length; 
  } 
  public int length() { 
    return length; 
  } 
  ... 

5-21 SparseVector  

5-22 get index

elementData value

(

0 assertInRange

23 index )

22
23
24
25
26
27
28
29
30
31
32
33
..

  public double get(int index) { 
    assertInRange(index); 
    for (int i=0; i<size && elementData[i].index <= index; i++) { 
      if (elementData[i].index == index) 
        return elementData[i].value; 
    } 
    return 0.0; 
  } 
  private void assertInRange(int index) { 
    if (index < 0 || index >= length) 
      throw new IndexOutOfBoundsException("" + index); 
  } 
  ... 

5-22 get index  

elementData size 

 

length  

index elementData  

0  
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5-23 set index

35) value

37 39

value 41) index

43) add(i,index,value) Element index

value elementData i elementData

i size 1

49 51)

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
..

  public void set(int index, double value) { 
    assertInRange(index); 
    int i = 0; 
    while (i < size && elementData[i].index < index) { 
      i++; 
    } 
    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 + 1); 
      for(int k=size; k>i; k--) { 
        elementData[k] = elementData[k-1]; 
      } 
      elementData[i] = new Element(index, value); 
      ++size; 
    } 
  } 
  ... 

5-23 set value index  

5-24 add(v2) this v2

this v1 ( 58)

v3=v1+v2 v1 = [0,5,0,2]  (1,5), (3,2) v2 = 

[9,3,0,0]  (0,9), (1,3) v3 = [9,8,0,2] (0,9),(1,8),(3,2)

v3 59

v1 v2

 elementData   

index  

index   

 

 

i   
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i1 i2 elementData v1 v2

v3

64 67) value

v3 69 70)

v3 73 80)

v3 append

83)  
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
..

  public SparseVector add(SparseVector v2) { 
    assertEqualLength(v2); 
    SparseVector v1 = this; 
    SparseVector v3 = new SparseVector(v1.length); 
    int i1 = 0, i2 = 0; 
    while (i1 < v1.size && i2 < v2.size) { 
      Element e1 = v1.elementData[i1]; 
      Element e2 = v2.elementData[i2]; 
      if (e1.index < e2.index) { 
        v3.append(e1.index, e1.value); i1++; 
      } else if (e1.index > e2.index) { 
        v3.append(e2.index, e2.value); i2++; 
      } else { 
        v3.append(e1.index, e1.value + e2.value); 
        i1++; i2++; 
      } 
    } 
    while (i1 < v1.size) { 
      Element e1 = v1.elementData[i1++]; 
      v3.append(e1.index, e1.value); 
    } 
    while (i2 < v2.size) { 
      Element e2 = v2.elementData[i2++]; 
      v3.append(e2.index, e2.value); 
    } 
    return v3; 
  } 
  void append(int index, double value) { 
    add(size, index, value); 
  } 
  private void assertEqualLength(SparseVector v) { 
    if (this.length() != v.length()) 
      throw new IllegalArgumentException(); 
  } 
  ... 

5-24 add this v2 

e1 e2 

  

e1 e2  

value  

v1  

v2  
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5-25 dot (dot product) 

v2
1
0

n
i iia b a b

add

r 103)

98  102)  

 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
.. 

  public double dot(SparseVector v2) { 
    assertEqualLength(v2); 
    SparseVector v1 = this; 
    double r = 0; 
    int i1 = 0, i2 = 0; 
    while (i1 < v1.size && i2 < v2.size) { 
      Element e1 = v1.elementData[i1]; 
      Element e2 = v2.elementData[i2]; 
      if (e1.index < e2.index) { 
        i1++; 
      } else if (e1.index > e2.index) { 
        i2++; 
      } else { 
        r += e1.value * e2.value; 
        i1++;  i2++; 
      } 
    } 
    return r; 
  } 
  ... 

5-25 dot this v2 

(  multiply(c)

multiply(m)
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(sparse 

matrix) 

5-8 5-4 SparseMatrix  
0 0 0 0 9 0 0 0
0 0 0 0 0 0 0 4
0 3 5 0 0 0 0 0
6 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 3 0 0 0 1

 (4,9) 
 (7,4) 
 (1,3), (2,5) 
 (0,6) 

 (3,3), (7,1)  
5-8  

5-4 SparseMatrix 
 

int numRows()  

int numCols()  

double get(int r, int c) (r,c) 

void set(int r, int x, double v) v (r,c)  
SparseMatrix add(SparseMatrix m) m 

SparseVector multiply(SparseVector v) v 

SparseMatrix multiply(SparseMatrix m) m 

5-26 SparseMatrix

2) r c r

c 5 7)

01
02
03
04
05
06
07
08
09
10
..

public class SparseMatrix { 
  SparseVector [] rows; 
 
  public SparseMatrix(int r, int c) { 
    rows = new SparseVector[r]; 
    for(int i=0; i<r; i++) 
      rows[i] = new SparseVector(c); 
  } 
  public int numRows() { return rows.length; } 
  public int numCols() { return rows[0].length(); } 
  ... 

5-26 SparseMatrix  
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5-27

set(r,c,v) set(c,v) rows[r]

get(r,c) c rows[r]  
11
12
13
14
15
16
17
18
19
20
21
22
..

  public void set(int r, int c, double v) { 
    assertInRange(r, c); 
    rows[r].set(c,v); 
  } 
  public double get(int r, int c) { 
    assertInRange(r, c); 
    return rows[r].get(c); 
  } 
  private void assertInRange(int r, int c) { 
    if (r < 0 || r >= numRows() || c < 0 || c >= numCols()) 
   throw new IndexOutOfBoundsException(r + "," + c); 
  } 
  ... 

5-27 set get SparseMatrix 

5-28  
23
24
25
26
27
28
29
30
31
32
33
..

  public SparseMatrix add(SparseMatrix m2) { 
    SparseMatrix m1 = this; 
    if (m1.numRows()!=m2.numRows() || m1.numCols()!=m2.numCols()) 
      throw new IllegalArgumentException(); 
    SparseMatrix m3 = new SparseMatrix( 
                          m1.numRows(), m1.numCols()); 
    for(int i=0; i<m3.numRows(); i++) { 
      m3.rows[i] = m1.rows[i].add(m2.rows[i]); 
    } 
    return m3; 
  } 
  ... 

5-28 add SparseMatrix 

m v m.multiply(v) m v

v.multiply(m) v m 5-29 

SparseVector m v

v

m 5-29

4 0 4 0 4 0 1 2 4
1 1

5 1 , , 5 1 5 1 1 2 7
2 2

0 3 0 3 0 3 1 2 6
m v m v  
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34
35
36
37
38
39
40
41
42
..

  public SparseVector multiply(SparseVector v) { 
    if (v.length() != numCols()) 
      throw new IllegalArgumentException(); 
    SparseVector r = new SparseVector(numRows()); 
    for(int i=0; i<numRows(); i++) { 
      r.append(i, rows[i].dot(v)); 
    } 
    return r; 
  } 
  ... 

5-29 multiply(v) v 

SparseVector

2 0 3 2 0 3
2 1 , , 2 1 4 4 11

0 4 5 0 4 5
v m v m

v [2 1] m [2 0]  [0 4]  

[3 5] 4  4 11 m

i v i m

2  [2 0 3]  +  1  [0 4 5] = [4 0 6] + [0 4 5]  = [4  4  11] 

multiply(m)

SparseVector 5-30  
public class SparseVector { 
  ... 
  public SparseVector multiply(SparseMatrix m) { 
    if (this.length != m.numRows()) 
      throw new IllegalArgumentException(); 
    SparseVector r = new SparseVector(m.numCols()); 
    for(int i=0; i<this.length(); i++) { 
      r = r.add(m.rows[i].multiply(this.get(i))); 
    } 
    return r; 
  } 

5-30 multiply(m) SparseVector 

5-30 this

m r m

i i m

v 
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r r=r.add(m.rows[i].multiply(this.get(i)))

r

SparseMatrix 5-31

m1.multiply(m2) i m1 m2 (

multiply(m2) SparseVector )

i 0

1 m1 [2 0 3] [0 4 1] m2 [5 10] [9 6] 

0 1

1 2
2 0 3 2 1

1 2 1 22 0 3 5 10
1 2 2 1

0 4 1 9 61 21 2
0 4 1 2 1

1 2

m m

43
44
45
46
47
48
49
50
51
52
..

  public SparseMatrix multiply(SparseMatrix m2) { 
    SparseMatrix m1 = this;   //  m3 = m1 x m2 
    if (m1.numCols() != m2.numRows()) 
      throw new IllegalArgumentException(); 
    SparseMatrix m3 = new SparseMatrix(m1.numRows(),m2.numCols()); 
    for(int i=0; i<m1.numRows(); i++) { 
      m3.rows[i] = m1.rows[i].multiply(m2); 
    } 
    return m3; 
  } 
  ... 

5-31 multiply(m) m2 

 

  
1. ArrayList LinkedList

2. ArrayList ArrayCollection

3. swap(int i, int j) i j

LinkedList
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4. List, ArrayList LinkedList

java.util

5.

5.1. ( 5-3 (1)) 

5.2.  ( 5-3 (3)) 

5.3.  ( 5-3 (4)) 

5.4.  ( 5-3 (5)) 

6. ArrayList, SinglyLinkedList, LinkedList

(

6.1. getFirst()

6.2. getLast()

6.3. removeFirst()

6.4. removeLast()

6.5. indexOf(Object e) e

6.6. lastIndexOf(Object e) e

6.7. removeRange(int from, int to) from

to-1

6.8. shuffle()

6.9. reverse() 5, 6, 8, 2

2, 8, 6, 5

7.

void cutPaste(LinkedList a, int i, int j, LinkedList b, int k)

i j a k

b
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8.  zip(LinkedList b) b

a 1, 2, 3, 4, 5 b

A, B, C a.zip(b) a 1, A, 2, B, 3, C, 4, 5 b

9.

10. cxe addTerm Polynomial 5-18

e

11. Polynomial

11.1. add(Polynomial p) p

11.2. multiply(Polynomial p) p

11.3. eval(double c) x c

11.4. order()

12. 0.0 set SparseVector SparseMatrix

0

13. multiply(double c) SparseVector

14. power(int c) SparseMatrix mc

:

m c
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spj  

(stack)

LIFO Last-In-First-

Out

 

 
Stack 6-1

push pop

public interface Stack { 
  public boolean isEmpty();   //  
  public int size();          //  
  public void push(Object e); // e  
  public Object pop();        //  
  public Object peek();       //  
} 

6-1 Stack 

 

 

6  

https://www.youtube.com/watch?v=fcSB71187RI
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6-1 

"win"
"nat"

s 

s.push("kid") 

"win"
"nat"
"kid"

s.pop() 

"win"
"nat"

"kid"

s.peek() 

"win"
"nat"

"nat"

6-1 push pop peek  

6-2 6-1

3  push pop peek

peek

01
02
03
04
05
06
07
08
09
10
11
12
13

public class TestStack { 
  public static void main(String[] args) { 
    Stack s = new ArrayStack(); 
    s.push("win"); 
    s.push("nat"); 
    s.push("kid"); 
    System.out.println(s.size()); 
    System.out.println(s.pop()); 
    System.out.println(s.size()); 
    System.out.println(s.peek()); 
    System.out.println(s.size()); 
  } 
} 

6-2 Stack 6-1 

 

6-3 list

ArrayList isEmpty size list

, push , peek

pop list

 3 
 "kid" 
 2 
 "nat" 
 2 
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01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23

public class ArrayListStack implements Stack { 
  private ArrayList list = new ArrayList(); 
   
  public boolean isEmpty() { 
    return list.isEmpty(); 
  } 
  public int size() { 
    return list.size(); 
  } 
  public void push(Object e) { 
    list.add(list.size(),e); 
  } 
  public Object peek() { 
    if (isEmpty()) 
      throw new IllegalStateException(); 
    return list.get(list.size()-1); 
  } 
  public Object pop() { 
    Object e = peek(); 
    list.remove(list.size()-1); 
    return e; 
  } 
} 

6-3  

ArrayList push pop

push pop ArrayList

 

 

ArrayList

ArrayCollection

0

6-4 (1)

 

exception  

ArrayList 

 

ArrayList  

 

 

 

https://www.youtube.com/watch?v=GGsaBhwa1pE
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01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

public class ArrayStack implements Stack { 
  private Object[] elementData = new Object[1]; 
  private int size; 
 
  public boolean isEmpty() { return size == 0; } 
  public int size() { return size; } 
 
  public void push(Object e) { 
    if (size == elementData.length) { 
      Object[] arr = new Object[2*elementData.length]; 
      for(int i=0; i<size; i++) 
        arr[i] = elementData[i]; 
      elementData = arr; 
    } 
    elementData[size++] = e; 
  } 
  public Object peek() { 
    if (isEmpty()) 
      throw new IllegalStateException(); 
    return elementData[size-1]; 
  } 
  public Object pop() { 
    Object e = peek(); 
    elementData[--size] = null; 
    return e; 
  } 
} 

6-4  

 

 (java virtual machine) 

  
(  )  {  }  [  ]

{x=b[5*(x+c[i+2])+8]+(3*d)}

3 (b[2+5]

 b[2+5])  b[2+5}

 

 

peek  

 

 

 

reference 

https://www.youtube.com/watch?v=5HsazlNR97w
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1. s

2.

2.1. push s

2.2. pop s  

3.  pop s s

4. s

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17

public static boolean checkParentheses(String t) { 
  String open = "{([", close = "})]"; 
  Stack s = new ArrayStack(); 
  for (int i = 0; i < t.length(); i++) { 
    String token = t.substring(i, i + 1); 
    if (open.indexOf(token) >= 0) { 
      s.push(token); 
    } else { 
      int k = close.indexOf(token); 
      if (k >= 0) 
        if (s.isEmpty() || 
           !s.pop().equals(open.substring(k, k + 1))) 
          return false; 
    } 
  } 
  return s.isEmpty(); 
} 

6-5  
6-5

open close s

open

s 6 7 close

10 s s

11 s

12

s

16

O(n) n  

k 

close  open 

k  

push  

pop  

a.indexOf(b) 

a b 

1  
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6-6 StackOverflowError

jvm

 jvm 

6-6  
public class Jeng3 { 
  public static void main(String[] args) { 
    main(args); 
  } 
} 

6-6 StackOverflowError 

jvm (stack frame 

activation record)  Java stack

, (local variables) ,

(return address) return,

-

6-2 jvm 6-7

jvm main 2 #2 )

arg RA

3 a(3,2) a

x,y,z a 3 2 x y RA=#4

a 4

jvm a 8 b(z) b

x b z a 1) RA=#9

b b 12

RA ( 9 a

RA 4 main

b(5)

 



    107 

arg

RA jvm 

x 3
RA #4

y 2

z 

... 

arg

RA jvm 

... 

arg

RA jvm 

x 3
RA #4

y 2

z 1

x 1
RA #9

... 

arg

RA jvm 

x 3
RA #4

y 2

z 1

... 

arg

RA jvm 

... 

arg

RA jvm 

... 

x 5
RA #5

arg

RA jvm 

... 
#2 #3, #6, #7 #8, #10, #11, #12  #9 #4 #10, #11, #12 #5

6-2 push pop jvm 6-7  
01
02
03
04
05
06
07
08
09
10
11
12
13

public class StackFrame { 
  public static void main(String[] args) { 
    a(3, 2); 
    b(5); 
  } 
  static void a(int x, int y) { 
    int z = x / y; 
    b(z); 
  } 
  static void b(int x) { 
    ++x; 
  }   
} 

6-7  
jvm 

jvm 

(recursive) 

6-6 main

 

2, 3, 6, 7, 8, 10, 11, 12, 

9, 4, 10, 11, 12, 5 
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xk

c=c*x k c=1

c (k) (log k)

6-8 

2/ 2

2/ 2

k

k

k

x
x

x x

k  

k

 
01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 

public class Recursive { 
  public static void main(String[] args) { 
    System.out.println(pow(2,10)); 
  } 
  static long pow(int x, int k) { 
    if (k == 1) return x; 
    long c = pow(x, k / 2); 
    c = c * c; 
    if (k % 2 == 1) c = c * x; 
    return c; 
  } 
} 

6-8 xk  

6-3 6-8 

pow(2,10) 3 5 7

pow(2,5) 7 k

k k

1 pow pow(2,10),pow(2,5),pow(2,2) 

pow(2,1) pow 6-3

6-3

pow(2,1) c 2 8 pow(2,2) c=c*c 4

8  pow(2,5) c=c*c 16 c=c*x 32 ( k

8  pow(2,10) c=c*c 1024

 4 main println

k  x  
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argRA jvm 

... 
argRA jvm 

x 2
RA #4 k 10 

c 

... 
argRA jvm 

x 2
RA #4 k 10

c 

... 

x 2
RA #8 k 5 

c 

argRA jvm 

x 2
RA #4 k 10

c 

... 

x 2
RA #8 k 5

c 

x 2
RA #8 k 2 

c 

argRA jvm 

x 2
RA #4 k 10

c 

... 

x 2
RA #8 k 5

c 

x 2
RA #8 k 2

c 

x 2
RA #8 k 1 

c 

 
 #3 #5-#7 #5-#7 #5-#7 #5-#6 

argRA jvm 

x 2
RA #4 k 10

c 

... 

x 2
RA #8 k 5

c 

x 2
RA #8 k 2

c 4 

argRA jvm 

x 2
RA #4 k 10

c 

... 

x 2
RA #8 k 5

c 32 

argRA jvm 

x 2
RA #4 k 10

c 1024 

... 
argRA jvm 

... ... 
 

 #8-#10 #8-#10 #8-#10 #4       

6-3 push pop jvm 6-8  

  
a+b*c

(infix expression) 

a+b*c

a+(b*c) + * (a+b)*c

https://www.youtube.com/watch?v=G2xYDLsbGXo
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(postfix expression) a b + c *

(a+b)*c a b c * + a+(b*c)

 jvm 6-9

a, b, c

goo 0, 1, 2

 iload_0, iload_1, iload_2 push 

0, 1, 2 istore_0 pop

0 iadd imul

iadd imul

operand stack ( jvm 

6-9 (a+b)*c a b + 

c * a+(b*c) a b c * + jvm 

stack-based machine  
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16

static void goo(int a, int b, int c) { 
    a = (a + b) * c; 
//    iload_0    ;  s.push(a)        
//    iload_1    ;  s.push(b)       
//    iadd       ;  s.push(s.pop()+s.pop())       
//    iload_2    ;  s.push(c)       
//    imul       ;  s.push(s.pop()*s.pop())       
//    istore_0   ;  a = s.pop() 
       
    a = a + (b * c); 
//    iload_0    ;  s.push(a)       
//    iload_1    ;  s.push(b)       
//    iload_2    ;  s.push(c)       
//    imul       ;  s.push(s.pop()*s.pop())       
//    iadd       ;  s.push(s.pop()+s.pop())       
//    istore_0   ;  a = s.pop()      

6-9  

a+b*(c d)/d (a+((b*(c d))/d))

(a(b(c d)-)*)/)+ a b c d - * / +

 a  b  +  c  *  

 a  b  c  *  +  

s operand stack  

https://www.youtube.com/watch?v=Dv9iS_dFI6k
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O(n) n 6-10 infix

"a","+","b","*","c"

postfix  ( for

5 16 infix 0

token postfix

8  ( 14

postfix 10 13

postfix 17

 
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
..

public class Expression { 
  public static List infix2Postfix(List infix) { 
    ArrayList postfix = new ArrayList(); 
    Stack s = new ArrayStack(); 
    for (int i = 0; i < infix.size(); ++i) { 
      String token = (String) infix.get(i); 
      if (!isOperator(token)) { 
        postfix.add(token); 
      } else { 
        while (!s.isEmpty() && priority(token) 
                <= priority((String) s.peek())) { 
          postfix.add(s.pop()); 
        } 
        s.push(token); 
      } 
    } 
    while (!s.isEmpty()) postfix.add(s.pop()); 
    return postfix; 
  } 
  ... 

6-10  

a+b*c d 6-4 +

operand 

push operator pop 

operator 

operator  
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 +, * * + * + *

+ - - * * * - +

+ - -

infix : a   +   b   *   c   -   d 

+ + + 

* 

+ 

* 

- - 

postfix : a       b       c  * +  d   -  
6-4  

operators priority 6-11 k

priority k operators

+ * 0 2

operators priority[0]=3 priority[2]=5 + *

operatorIndex(x) x

priority(x) x isOperator(x) 

x  
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

  static String operators = "+-*/^";  // ^ is power op 
  static int priority[] = {3, 3, 5, 5, 7}; 
 
  private static boolean isOperator(String x) { 
    return operatorIndex(x) >= 0; 
  } 
  private static int priority(String x) { 
    return priority[operatorIndex(x)]; 
  } 
  private static int operatorIndex(String x) { 
    return operators.indexOf(x); 
  } 
  public static void main(String[] args) { 
    String[] d = {"a", "+", "b", "*", "c"}; 
    List e = java.util.Arrays.asList(d); 
    System.out.println(Expression.infix2Postfix(e)); 
  } 
} 

6-11 6-10  

list  
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10 13

6-10 token

infix infix

infix

postfix

 

6-5 + , ( , (

/ 

/ ) (

( / ( )

 
infix : a   +   (   b   -   c   /   d   )   *   e 

postfix : a           b       c   /   d  / -      e  *  + 

+ + + + 

( ( 

- 

+ 

( 

- 

+ 

( 

- 

+ 

( 

- 

+ + 

* 

+ 

* 

+ 

/ / 

 
6-5  
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6-12

inPriority outPriority

inPriority(x) outPriority(x)

x inPriority[5]=0

outPriority[5]=9 outPriority[6]=1

infix 11 13

inPriority[6] 

14 15

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
..

public class Expression { 
  public static List infix2Postfix(List infix) { 
    ArrayList postfix = new ArrayList(); 
    Stack s = new ArrayStack(); 
    for (int i = 0; i < infix.size(); ++i) { 
      String token = (String) infix.get(i); 
      if (!isOperator(token)) { 
        postfix.add(token); 
      } else { 
        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); 
      } 
    } 
    while (!s.isEmpty()) postfix.add(s.pop()); 
    return postfix; 
  } 
 
  static String operators = "+-*/^()"; 
  static int inPriority[]  = {3, 3, 5, 5, 7, 0}; 
  static int outPriority[] = {3, 3, 5, 5, 7, 9, 1}; 
 
  private static int inPriority(String x) { 
    return inPriority[operatorIndex(x)]; 
  } 
  private static int outPriority(String x) { 
    return outPriority[operatorIndex(x)]; 
  } 
  // isOperator operatorIndex 6-11 
  ... 

6-12  

push  pop  



    115 

  
1. ArrayListStack ArrayList

ArrayStack

2. Stack Stack

java.util Vector ArrayList

java.util.Stack

3. main

   public static void main(String[] args) { 
    int n = 1000000; 
    testStack(new ArrayStack(), n); 
    testStack(new ArrayListStack(), n); 
  } 
  static void testStack(Stack s, int n) { 
   long t = System.nanoTime(); 
   for (int i=0; i<n; i++) s.push("A"); 
   System.out.println(s.getClass().getName() + ".push : " +  
                     ((System.nanoTime() - t)/1000000.0)); 
 } 

4. LinkedListStack

5. StackX

isFull push

IllegalStateException

6.

(Pentium) 

7.

a * b / c  d ^ 3  e + f / g

8.

+ - * / ^ % 3 2 ^ 6 4 - * 18

9. 6-12 2^3^4 (2^3)^4

2^3^4 2^(3^4)

: 6-12 
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10. infix

infix2Postfix 6-12 

11. xk pow 6-8 

12.

13.

14.

1 + 3 * -(3 + 1)

15. main

main

   public static void main(String[] args) { 
    $$$(new int[3], 0);     
  } 
  static void $$$(int[] x, int k) { 
    if (k == x.length) { 
      System.out.println(Arrays.toString(x)); 
    } else { 
      x[k] = 0; $$$(x, k + 1); 
      x[k] = 1; $$$(x, k + 1); 
    } 
  } 

16. contains LinkedList (

containsR(p,e) e p

 public class LinkedList implements List { 
  private LinkedNode header; 
  ... 
  public boolean contains(Object e) { 
    return containsR(header.next, e); 
  } 
  private boolean containsR(LinkedNode p, Object e) { 
    if (p == header) return false; 
    if (p.element.equals(e)) return true; 
    return containsR(p.next, e); 
  } 

 
 



spj  

(queue) 

FIFO First-In-First-Out  

 

 
Queue 7-1

enqueue dequeue

7-1  

public interface Queue { 
  public boolean isEmpty();      //  
  public int size();             //  
  public void enqueue(Object e); // e  
  public Object dequeue();       //  
  public Object peek();          //  
} 

7-1 Queue 

 

7  

https://www.youtube.com/watch?v=EhfLJbEviEo
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"win"
"nat"

q 

q.enqueue("kid") 

"kid"

q.dequeue() 

"win"
"nat"

q.peek() 

"kid"

"win"

"nat"
"kid"
"nat"

"nat"
7-1 enqueue dequeue peek  

7-2 7-1

3  enqueue dequeue peek

peek

 

01
02
03
04
05
06
07
08
09
10
11
12
13

public class TestQueue { 
  public static void main(String[] args) { 
    Queue q = new ArrayQueue(); 
    q.enqueue("win"); 
    q.enqueue("nat"); 
    q.enqueue("kid"); 
    System.out.println(q.size()); 
    System.out.println(q.dequeue()); 
    System.out.println(q.size()); 
    System.out.println(q.peek()); 
    System.out.println(q.size()); 
  } 
} 

7-2 7-1 

 

7-3 list

ArrayList isEmpty size list

, enqueue , peek

dequeue

enqueue (1) dequeue

(n) enqueue (n)

dequeue (1)   

 3 
 "win" 
 2 
 "nat" 
 2 
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01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22

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

7-3  

 

ArrayList

0 0

front

front 1 7-2

0 3 0, 1, 2

(front=0, size=3) dequeue

front++ size--

1 2

size 

0 1 2 3 

3

elementData 4

front 0 size 

0 1 2 3 

2

elementData 4

front 1
"A" "B" "C" "B" "C" 

7-2 front  

exception  

ArrayList 

 

ArrayList  

ArrayList 

ArrayList  

https://www.youtube.com/watch?v=b3TxcRoYni4


120     

front size

front+size

front

7-3 front=2 size=3 2, 3, 4 0

1

front+size = 5 

front

0

7-3

(front + size) % elementData.length 

size 

0 1 2 3 

3

elementData 4

front 2 size 

0 1 2 3 

4

elementData 4

front 2
"A" "B" "C" "A" "B" "C" "D"

7-3  

front

front++ front=(front+1)%elementData.length

front 0

ArrayQueue 7-4 inc(i) 36-38 

i dequeue

peek front=inc(front) front

enqueue

  ( 32 33) size

25

0
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01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

public class ArrayQueue implements Queue{ 
  private Object[] elementData; 
  private int front, size; 
 
  public ArrayQueue() { 
    elementData = new Object[1]; 
  } 
  public int size() { 
    return size; 
  } 
  public boolean isEmpty() { 
    return size == 0; 
  } 
  public Object peek() { 
    if (isEmpty()) throw new IllegalStateException(); 
    return elementData[front]; 
  } 
  public Object dequeue() { 
    Object element = peek(); 
    front = inc(front); 
    --size; 
    return element; 
  } 
  public void enqueue(Object element) { 
    if (size == elementData.length) { 
      Object[] arr = new Object[2*elementData.length]; 
      for (int i=0, j=front; i<size; i++, j=inc(j)) 
        arr[i] = elementData[j]; 
      front = 0; 
      elementData = arr; 
    } 
    int b = (front + size) % elementData.length; 
    elementData[b] = element; 
    ++size; 
  } 
  private int inc(int i) { 
    return (i + 1) % elementData.length; 
  } 
} 

7-4  

ArrayQueue (1)

enqueue

 

i  0 

front size  

front  

front 
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A B

A B A

B A B B B A A

A B

A B

A :  B :  

 

7-4  

7-4 " " (buffer) 

blocking queue)  

(radix sort) 

(breadth-first search) 

https://www.youtube.com/watch?v=lN8s6Y6Y6g0
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11 

enqueue

dequeue

dequeue

thread enqueue dequeue

jvm

01
02
03
04
05
06
07
08
09

public class BlockingQueue extends ArrayQueue{ 
  public synchronized Object dequeue() { 
    while (isEmpty()); 
    return super.dequeue(); 
  } 
  public synchronized void enqueue(Object element) { 
    super.enqueue(element); 
  } 
} 

7-5 BlockingQueue dequeue  

7-5 BlockingQueue ArrayQueue

dequeue

enqueue dequeue synchronized

enqueue dequeue

enqueue dequeue

7-5

A dequeue

                                                                 
1  multithread synchronized, wait notify  
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enqueue A dequeue

7-6 this.wait 4

notifyAll this (

wait wait

synchronized

synchronized enqueue

this.notifyAll 12 enqueue

wait  
01
02
03
04
05
06
07
08
09
10
11
12
13
14

public class BlockingQueue extends ArrayQueue { 
  public synchronized Object dequeue() { 
    try { 
      while (isEmpty()) this.wait(); 
      return super.dequeue(); 
    } catch (InterruptedException e) { 
      return null; 
    } 
  } 
  public synchronized void enqueue(Object element) { 
    super.enqueue(element); 
    this.notifyAll(); 
  } 
} 

7-6 BlockingQueue  wait notify 

 

  

 10, 20, 5, 8, 9, 4  4, 

5, 8, 9, 10, 20 

(radix sort) 

thread wait 

InterruptedException 

thread notify 

notify thread this.wait() 
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321 142 5 81 19 391 25 

--0 --1 --2 --3 --4 --5 --6 --7 --8 --9 

321 142   5 
 81 

 19 

391 
 25 

-0- -1- -2- -3- -4- -5- -6- -7- -8- -9- 

321  81 391 142   5 
 25 

 19 

0-- 1-- 2-- 3-- 4-- 5-- 6-- 7-- 8-- 9-- 

  5  19 321 
 25 

142 
391 

 81 

321 81 391 142 5 25 19 

5 19 321 25 142 81 391 

5 19 25 81 142 321 391 

7-5  

7-5

10 0 9

0

0 0 c c 7-5

1 321, 81, 391 0 1

0 9

1 1 c c

7-5 2 321 25 1 2

3

2 c c 7-5

0 5, 19, 25, 81 2 0

3 3

7-7 data

Integer d
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 10 10

10 3 5 6

0 d-1 7 8

k c c getDigit k

9 12 0 9

 
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19

public class ArrayUtil { 
  public static void radixSort(Integer[] data, int d) { 
    Queue[] q = new ArrayQueue[10]; 
    for (int i = 0; i < q.length; i++) 
      q[i] = new ArrayQueue(); 
    for (int k = 0; k < d; k++) { 
      for (int i = 0; i < data.length; i++) 
        q[getDigit(data[i],k)].enqueue(data[i]); 
      for (int i = 0, j = 0; i < q.length; i++) { 
        while(!q[i].isEmpty()) 
          data[j++] = (Integer) q[i].dequeue(); 
      } 
    } 
  }    
  private static int getDigit(Integer v, int k) { 
    int n = v.intValue(); 
    for (int i = 0; i < k; i++) n /= 10; 
    return n % 10;    
  } 

7-7 Radix sort  
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

  public static void radixSort(String[] data, int d) { 
    Queue[] q = new ArrayQueue[27]; 
    for (int i = 0; i < q.length; i++) 
      q[i] = new ArrayQueue(); 
    for (int k = d - 1; k >= 0; k--) { 
      for (int i = 0; i < data.length; i++) 
        q[getDigit(data[i], k)].enqueue(data[i]); 
      for (int i = 0, j = 0; i < q.length; i++) { 
        while (!q[i].isEmpty()) 
          data[j++] = (String) q[i].dequeue(); 
      } 
    } 
  } 
  private static int getDigit(String v, int k) { 
    if (k >= v.length()) return 0; 
    return v.charAt(k) - 'A' + 1; 
  } 

7-8 Radix sort  

27  

0  

A 1, B 2, ... Z 

26  0 

Integer 

 

k v  k

= 0  
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7-8 

27

26 27

"ABC" "B" "B" "ABC" 

123 2 getDigit 7-7  

7-8

  
15 1

state space search) 

7-6

15

(breadth-first 

search)

1 2 3 4
5 6 7 8
9 10 12
13 14

1 2 3 4
5 6 8
9 10
13 14

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

13 14 15

2 3 4
5 6 7 8
9 10 12

13 14

1 2 3 4
5 6 7 8
9 10 12

13 14

1 2 4
5 6
9 10

13 14

1 2 3 4
5 6 7 8
9 10 12
13 14

1 2 3 4
5 6 8
9 10

13 14

1 2 3 4
5 6 8
9 10

13 14

1 2 3 4
5 6 7 8
9 10 12

13 14

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

13 14 15

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

13 14 15

52 3

6 7 8 9 10 11

1

4

12

 

  

11 15

7
11

12
15 11 15

3
7

8

11
12
15 11 15

7
11

12
15

7
11

12
15 11 15

11 15

7-6 15 
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7-7

7-7  

  0   1   2  -9      -9  10  11  12  13 
 -9   2   3   4  -9   8   9  10  -9     
  4   3   4   5   6   7  -9  11  12  -9 
  5  -9   5   6   7  -9  11  12  13  14 
  6   7   6   7   8   9  10  11  12  13 
  7   8   7   8   9  10  11  12  13  -9 
  8   9   8  -9  10  11  12  13  14  -9 
  9  10  -9  12  11  -9  13  -9  -9     
 10  -9  14  13  12  13  14    
 11  12  13  -9  -9  14              -9  

7-7  

7-8 

0 1 0 2

1 k + 1 k  (

k

7-7  

  0    0   0   1 0   0   1   2 
      2 
0   0   1   2 

      2   3 
      3 

0   0   1   2 
      2   3 
  4   3   4 

0   0   1   2 
      2   3 
  4   3   4 
  5       5 

0 

 
7-8  

 
 

https://www.youtube.com/watch?v=BLtf1Sd1hNA
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01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

public class Lee { 
  private static final int SPACE = -1; 
  private static final int BLOCK = -9; 
  private static int[][] map = new int[10][10]; 
 
  private static class Pos { 
    int row, col; 
    Pos(int r, int c) {row = r; col = c;} 
  } 
  public static void main(String[] args) { 
    for (int i = 0; i < map.length; i++) 
      for (int j = 0; j < map[i].length; j++) 
        map[i][j] = Math.random()<0.2 ? BLOCK : SPACE;         
    findPath(new Pos(0,0), new Pos(0,map[0].length-1));    
    for (int i = 0; i < map.length; i++) { 
      for (int j = 0; j < map[i].length; j++) 
        System.out.printf("%4d", map[i][j]); 
      System.out.println(); 
    } 
  } 
  static void findPath(Pos source, Pos target) { 
    map[source.row][source.col] = 0; 
    map[target.row][target.col] = SPACE; 
    Queue q = new ArrayQueue();  q.enqueue(source); 
    while (!q.isEmpty()) { 
      Pos p = (Pos) q.dequeue(); 
      if (p.row == target.row && p.col == target.col) break; 
      expand(q, p.row + 1, p.col, map[p.row][p.col]); 
      expand(q, p.row - 1, p.col, map[p.row][p.col]); 
      expand(q, p.row, p.col + 1, map[p.row][p.col]); 
      expand(q, p.row, p.col - 1, map[p.row][p.col]); 
    } 
  } 
  static void expand(Queue q, int r, int c, int k) { 
    if (r < 0 || r >= map.length || 
        c < 0 || c >= map[r].length || 
        map[r][c] != SPACE) return; 
    map[r][c] = k + 1; 
    q.enqueue(new Pos(r, c)); 
  } 
} 

7-9  

k

k+1 k 0, 1, 2, ... 

7-9

 

1 
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main Pos

map map  3 SPACE BLOCK

findPath

source target

source 0 target 22, 23

q source q q

expand

target 27 q ( 25

target  

  

n  

7-10 1

v v

target v/2 v 3

target  
  public static void m3d2(int target) { 
    Queue q = new ArrayQueue(); 
    q.enqueue(new Integer(1)); 
    while (!q.isEmpty()) { 
      Integer v = (Integer) q.dequeue(); 
      if (v.intValue() == target) break; 
      q.enqueue(new Integer(v.intValue()/2));  
      q.enqueue(new Integer(v.intValue()*3));  
    } 
  } 

7-10  

7-10 1 / 2 0

0 0/2 0 3 0 7-11

1 

/2 

3 
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    Queue q = new ArrayQueue(); Set s = new ArraySet(); 
    q.enqueue(new Integer(1)); s.add(new Integer(1)); 
    while (!q.isEmpty()) { 
      Integer v = (Integer) q.dequeue(); 
      if (v.intValue() == target) break; 
      Integer v1 = new Integer(v.intValue()/2); 
      Integer v2 = new Integer(v.intValue()*3); 
      if (!s.contains(v1)) {q.enqueue(v1); s.add(v1);} 
      if (!s.contains(v2)) {q.enqueue(v2); s.add(v2);} 
    } 

7-11  

7-9

1 1 0 3

/2 3 0  0 

3 1 9  9 4 27 4 2

12 27 13 81 2, 12, 13, 81

 

1 
0 3 

9 
4 27 
12 13 81 2 

1 
0 3 

9 
4 27 
12 13 81 

6 36 

2 

39 40 243 

1 
0 3 

9 
4 27 

1 

0 3 
9 

1 

0 3 
1 

( ) ( ) ( ) ( ) 

( ) ( ) 

7-9  

7-11

 

 

 

s  
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7-12 Node

Integer Node value Node

prev Node 1

prev null 20 21 v1 v2 v

v Node prev v1.prev

v2.prev v prev

1

solution 7-12 
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

public class M3D2 { 
  public static void main(String[] args) { 
    System.out.println("31 = " + m3d2(31)); 
  } 
  private static class Node { 
    int value; 
    Node prev; 
    Node(int v, Node p) {value = v; prev = p;} 
    public boolean equals(Object o) { 
      return this.value == ((Node) o).value; 
    } 
  } 
  public static String m3d2(int target) { 
    Queue q = new ArrayQueue(); Set s = new ArraySet(); 
    Node v = new Node(1, null); 
    q.enqueue(v); s.add(v); 
    while (!q.isEmpty()) { 
      v = (Node) q.dequeue(); 
      if (v.value == target) break; 
      Node v1 = new Node(v.value / 2, v); 
      Node v2 = new Node(v.value * 3, v); 
      if (!s.contains(v1)) {q.enqueue(v1); s.add(v1);} 
      if (!s.contains(v2)) {q.enqueue(v2); s.add(v2);}  
    } 
    return v.value == target ? solution(v) : "???"; 
  } 
  private static String solution(Node v) { 
    if (v.prev == null) return "1"; 
    return solution(v.prev) +  
          (v.prev.value/2 == v.value ? "/2" : "x3"); 
  } 
} 

7-12  

v1 v2 v 

equals ArraySet contains 

1 prev = null 
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7-9

1

 

 

  
1. ArrayListQueue ArrayList

ArrayQueue

2. ArrayQueue front size front

size ArrayQueue

front back front back

size

3. 5 Queue

4. LinkedList implements Queue

5. inc 7-4 return (++i == elementData.length ? 0 : i)

? testQueue

inc inc n

 static void testQueue(Queue q, int n) { 
  for (int i=0; i<n; i++) q.enqueue("A"); 
  long t = System.nanoTime(); 
  for (int i=0; i<n; i++) q.dequeue(); 
  System.out.println(q.getClass().getName() + ".dequeue : " +  
      ((System.nanoTime() - t)/1000000.0));     
} 
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6. QueueX

isFull enqueue

IllegalStateException

7. 7-12

8. 7-12 

9. 7-9

10. double-ended 

queue deque

 



spj  

(priority queue) 

 

 
size, isEmpty, enqueue, peek

dequeue peek dequeue

PriorityQueue 8-1

Queue peek

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

8-1 PriorityQueue 
Comparable 8-2

compareTo a.compareTo(b)

a b a b a b

 

8  

https://www.youtube.com/watch?v=CEm8hG4JdXI
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implements Comparable

compareTo

8-3 Rectangle Comparable

public interface Comparable { 
  //   this obj 
  // 0   this obj 
  //   this obj 
  public int compareTo(Object obj); 
} 

8-2 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; 
  } 
} 

8-3  

Comparable

Comparable compareTo

8-4

Integer Comparable

5  7 dequeue 7 8 3

 8, 5, 3  
 PriorityQueue q = new ArrayListPQ(); 
 q.enqueue(new Integer(5)); 
 q.enqueue(new Integer(7)); 
 System.out.println(q.dequeue()); 
 q.enqueue(new Integer(8)); 
 q.enqueue(new Integer(3)); 
 while (!q.isEmpty()) { 
   System.out.println(q.dequeue()); 
 } 

8-4  

 

implements ...  

 

8, 5, 3  

7 
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8-5 list

ArrayList isEmpty size list

enqueue peek maxIndex

dequeue maxIndex

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

public class ArrayListPQ implements PriorityQueue { 
  private ArrayList list = new ArrayList(); 
  public boolean isEmpty() { return list.isEmpty();} 
  public int size() { return list.size(); } 
  public Object peek() { 
    return list.get(maxIndex()); 
  } 
  public void enqueue(Object e) { 
    list.add(list.size(), e); 
  } 
  public Object dequeue() { 
    int max = maxIndex(); 
    Object result = list.get(max); 
    list.remove(max); 
    return result; 
  } 
  private int maxIndex() { 
    if (isEmpty()) 
      throw new IllegalStateException(); 
    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; 
    } 
    return max; 
  } 
} 

8-5  

isEmpty size 8-5 (1), enqueue (1)

ArrayList peek (n)

dequeue  

  

 

maxIndex   

d max list  max  

get Object cast 

Comparable 

compareTo  

https://www.youtube.com/watch?v=OplWYZ5fZXA
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8-6 peek (1) max

max max ( 16) peek

max 9 dequeue

max max

24 28

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

public class ArrayListPQ implements PriorityQueue { 
  private ArrayList list = new ArrayList(); 
  private int max; 
 
  public boolean isEmpty() { return list.isEmpty(); } 
  public int size() { return list.size(); } 
  public Object peek() { 
    if (isEmpty()) throw new IllegalStateException(); 
    return list.get(max); 
  } 
  public void enqueue(Object e) { 
    if (isEmpty()) {  
      max = 0; 
    } else { 
      Comparable m = (Comparable) list.get(max); 
      if (m.compareTo(e) < 0) max = list.size(); 
    } 
    list.add(list.size(), e); 
  } 
  public Object dequeue() { 
    Object result = peek(); 
    list.remove(max); 
    if (!isEmpty()) { 
      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; 
      } 
    } 
    return result; 
  } 
} 

8-6 8-5 peek (1) 

  peek (1)  

max (1)  

max 

 

max  

list 0  



    139 

 
-

isEmpty, size, peek (1) enqueue dequeue

O(log n) (binary heap)  

( 8-1) log 2 n

-

(heap-order)  

 

5 

50 

2 3 5 8 32 
12 40 4 

13 40 

8-1  

  

8-2

0

 

k  2k + 1 

k 2k + 2 

k  (k  1) / 2 

https://www.youtube.com/watch?v=mTfs6pq2OMs
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5 

50 

2 3 5 8 32 

12 40 4 

13 40 
0 

1 2 

3 4 5 6 

7 8 9 10 11 

50 13 40 5 12 40 4 2 3 5 8 32   12 
0 1 2 3 4 5 6 7 8 9 10 11 12 13 

size elementData 
8-2  

0

0 size 1 8-2

size 5

2 5 + 1 = 11 size 2 5 + 2 = 12 size

8-7 BinaryHeap  
01
02
03
04
05
06
07
08
09
10
11
..

public class BinaryHeap implements PriorityQueue { 
  Object[] elementData = new Object[10]; 
  int size; 
 
  public BinaryHeap() {} 
  public boolean isEmpty() { return size == 0; } 
  public int size() { return size; } 
  public Object peek() { 
    if (isEmpty()) throw new IllegalStateException(); 
    return elementData[0]; 
  } 
  ... 

8-7 BinaryHeap 

vvooiidd  eennqquueeuuee((OObbjjeecctt  ee))  
0 size-1

size

8-3 16

16 1

0 

 

https://www.youtube.com/watch?v=PU__Qul6qV8
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16 13 8-8

enqueue 13

fixUp

8-3 k p

while 18

20 enqueue

log2 n n O(log n)

16 
12 

2 12 1 
13 16 12 

2 12 1 

13 
12 

2 12 
1 

13 

16 16 
12 
12 

1 
13 

2 

13 12 1 2 12  13 12 1 2 12 16 13 12 16 2 12 1 16 12 13 2 12 1 
( ) ( ) ( ) ( ) 

8-3 16  
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
..

  public void enqueue(Object e) { 
    ensureCapacity(size+1); 
    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; 
    } 
  } 
  protected boolean greaterThan(int i, int j) { 
    Comparable e = (Comparable) elementData[i]; 
    return e.compareTo(elementData[j]) > 0; 
  }     
  ... 

8-8 BinaryHeap 

OObbjjeecctt  ddeeqquueeuuee(())  

size-1 0 8-4

1 0

 

 

size  size  

Object cast 

Comparable  
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1 13 9

1 13 13 9

1 11

 

2 
11 9 

13 

2 11 
13 

2 11 
9 

1 
13 
11 

9 
2 

15 13 9 2 11 1 1 13 9 2 11  13 1 9 2 11  13 11 9 2 1  
( ) ( ) ( ) ( ) 

15 1 

1 9 
13 

1 

8-4  
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
..

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

8-9 BinaryHeap 

8-9 dequeue

peek ( 30 34

0

fixDown k

k 2k+1 < 

size c 39 c

0 

reference  
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c k

40 c c

k k

c 41 k=c k

n dequeue

log2 (n  1) O(log n)

  
BinaryHeap

8-10

k log2 k k log2 k

1 n log2 1  + log2 2  + ... + log2 n

21logn
k k = log n! = O(n log n) 3-7 3  

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

8-10 BinaryHeap  

n

O(n) fixDown

fixDown(k) k fixUp(k)

k fixDown(0)

dequeue 0

8-5 fixDown(k) k

k

x 
k fixDown(k) 

8-5 fixDown(k) k  

https://www.youtube.com/watch?v=y03x0YRPE1Y
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fixDown

fixDown(size-1), fixDown(size-2) fixDown(0)

fixDown

fixDown

8-6

fixDown

(

 
1 

3 2 
5 0 6 

1 
3 2 

5 0 6 

1 
3 2 

5 0 6 

1 
3 2 

5 0 

1 
6 

2 

1 
5 6 

3 0 2 

3 

5 0 

1 
3 2 

5 0 6 

1 3 2 5 0 6 1 3 2 5 0 6 1 3 2 5 0 6 1 3 2 5 0 6 

1 3 2 5 0 6 1 3 6 5 0 2 1 5 6 3 0 2 6 5 2 3 0 1 

6 
5 2 

0 1 3 

( ) ( ) ( ) ( ) 

( ) ( ) ( ) ( ) 

6 

 
8-6 fixDown  

8-11

elementData size

fixDown

45
46
47
48
49
..

  public BinaryHeap(Object[] data) { 
    elementData = data; 
    size = data.length;  
    for (int k = size-1; k >= 0; k--) fixDown(k); 
  } 
  ... 

8-11 BinaryHeap  
n log2 n

h n/2h+1 h log2 n

size/2 - 1  
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8-7 fixDown

 
2 2log log

1
0 0 0

2 ( )
2 2 2

n n

h h h
h h h

n h hh n n n O n

0
2

2h
h

h

0

1( )
1

h

h
f x x

x
1

2
0

1( )
1

h

h
f x hx

x

x 2
0

( )
1

h

h

xxf x hx
x

x ½ 2
0

1 1/ 2 2
2 1 1/ 2

h

h
h  

   4 1  

   3 2  

   2 4  

   1 7  
   0 15  

8-7 n h n / 2h+1  

 

(max heap)  

(min heap)  8-8 fixUp

fixDown greaterThan

lessThan  
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11 
2 11 

13 
1 

16 11 13 2 11 1 
max heap 

16 
11 

13 16 
2 

11 
1 11 2 13 16 11 

1 

min heap 

8-8  

BinaryHeap greaterThan

8-12 i j j  
01
02
03
04
05
06
07
08

public class BinaryMinHeap extends BinaryHeap { 
  public BinaryMinHeap() {} 
  public BinaryMinHeap(Object[] data) {super(data);} 
  protected boolean greaterThan(int i, int j) { 
    Comparable e = (Comparable) elementData[i]; 
    return e.compareTo(elementData[j]) < 0; 
  }     
} 

8-12 min heap  

 

(heap 

sort) (selection problem) 

(least-cost search)  

greaterThan  

https://www.youtube.com/watch?v=b5lp6AKnyiY
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(heap sort) O(n log n) n

8-13  

O(n) n dequeue

O(log n) O(n) + O(n log n)  O(n log n)

13

  public static void heapSort(Object[] data) { 
    BinaryHeap h = new BinaryHeap(data); 
    for (int k = h.size() - 1; k > 0; k--) 
      data[k] = h.dequeue(); 
  } 

8-13  

8-9

x

y

0

      (    

     
 (    

8-9  heap sort 
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k ?

k  1 

O(n log n)

O(n log n) 1

n  1 

n O(n)

k O(n log n) ?

k k

k 8-14 O(n) k

O(k log n) O(n) + O(k log n) = O(n + k log n)

  public static Object select(Object[] data, int k) { 
    BinaryMinHeap h = new BinaryMinHeap(data); 
    Object x = null; 
    for (int i=0; i<k; i++) x = h.dequeue(); 
    return x; 
  } 

8-14 k data 

(iterator) 

implements Iterator next

hasNext remove

next hasNext next

8-15

12

 

k  
k  
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  public static void printAll(Iterator itr) { 
    while(itr.hasNext()) 
      System.out.println(itr.next()); 
  } 

8-15 Iterator 

k

k 8-16

(1) O(n + k log n)

n n = 106, k = 100  
  public static Object select(Iterator itr, int n, int k) { 
    Object[] data = new Object[n]; 
    for(int i=0; itr.hasNext(); i++) data[i] = itr.next(); 
    BinaryMinHeap h = new BinaryMinHeap(data); 
    Object x = null; 
    for (int i=0; i<k; i++) x = h.dequeue(); 
    return x; 
  } 

8-16 k  

k k

8-16 n

k k

k k

k

k 8-10

5 5

13, 7, 11, 9, 5 5 7, 13, 21, 5, 9 11

44

6 13

6 11

5 11 5

 

itr.hasNext() =  ? 

itr.next() =  
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7, 13, 21, 5, 9, 11, 44, 6  7, 13, 21, 5, 9, 11, 44, 6  7, 13, 21, 5, 9, 11, 44, 6 

( ) ( ) ( ) 

9, 11 
  5,7

13
9, 11 

   5,7

13
 9, 6 
5,7

11

8-10 5 5  

8-17

2 4

7

k enqueue 9

k n O(n log k) k  
01
02
03
04
05
06
07
08
09
10
11
12
13

  public static Object select(Iterator itr, int k) { 
    BinaryHeap h = new BinaryHeap(); 
    for (int i = 0; i < k && itr.hasNext(); i++) 
      h.enqueue(itr.next()); 
    while (itr.hasNext()) { 
      Comparable x = (Comparable) itr.next(); 
      if (x.compareTo(h.peek()) < 0) { 
        h.dequeue(); 
        h.enqueue(x); 
      } 
    } 
    return h.peek();       
  } 

8-17 k k 

    
15 1

8-11

(least-cost search) 

a b a " " "

 

k  
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" b  "

" " "

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

13 14 15

1 2 3 4
5 6 7 8
9 10 11 12
13 14 15

1 2 3 4
5 6 7 8
9 10 11 12
13 14 15

52 3

6 7 8 9

1

4

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

13 14 11 15

1 2 3 4
5 6 8
9 10
13 14

7
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1 2 3 4
5 6 8
9 10
13 14

7
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1 2 3 4
5 6 8
9 10
13 14

7
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12
15

1 2 4
5 6
9 10

13 14

3
7

8

11
12
15

8-11 15 

8-12

1

0

?

8-12

11 15 2

0
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8-13

7

k k

13

8-13 4

9, 10, 11, 12, 13, 14, 15 3, 1, 2, 2, 4, 2, 2 16

8

1 2 3 4
5 6 7 8
9 10 12

13 14

 2 

11 15

 

 

1 2 3 4
5 6 7 8
9 10 12
13 14

1 2 3 4
5 6 8
9 10

13 14

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

13 14 15

1 2 3 4
5 6 7 8
9 10 12
13 14

1 2 3 4
5 6 7 8
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13 14
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7
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12
15 11 15 11 15

11 15
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13 14 15
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1 2 3 4
5 6 7 8
9 10 12

13 14
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11 15

7
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13 14
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5 6 8
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13 14
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13 14
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9 10 12
13 14
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11 15

7
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8-12 15 

8-18 1

ArrayQueue BinaryMinHeap

PuzzleBoard Comparable compareTo

8-19  
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1 2 3 4
5 6 7 8

14 12 10 13
15 11 9

1 2 3 4
5 6 7 8

13 9 10 11
14 15 12

( ) ( )  
8-13  

public static PuzzleBoard solve(PuzzleBoard b) { 
  Set c = new ArraySet(); 
  Queue queue = new ArrayQueue(); 
  PriorityQueue queue = new BinaryMinHeap(); 
  queue.enqueue(b);  c.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 (!c.contains(b2)) {queue.enqueue(b2); c.add(b2);}      
      } 
    } 
  } 
  return null; 
} 

8-18 15  
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
..

class PuzzleBoard implements Comparable { 
  private byte table[][]; 
  private byte rowB, colB; 
  private PuzzleBoard prev; 
 
  public int compareTo(Object obj) { 
    PuzzleBoard that = (PuzzleBoard) obj; 
    return this.cost()  that.cost(); 
  } 
  public int cost() { 
    int cost = 0, n = table.length;     
    for (int r = 0; r < n; r++) 
      for (int c = 0; c < n; c++) 
        if (table[r][c] != BLANK) 
          cost += Math.abs((table[r][c] - 1) / n  r) + 
                  Math.abs((table[r][c] - 1) % n  c); 
    return cost; 
  }   
  ... 

8-19 Comparable  
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(logic circuit simulator) 

(event-driven simulation)

2ns 

1ns 
in out 

0 1 2 3 4 5 6 7 8 

in 

out 
        

1ns in out 

0 1 2 3 4 5 6 7 8 

in 

out 

8-14  

8-14 Value, Gate Event

Value

0  1 0  1

boolean

8-20 Value

ONE, ZERO UNDEFINED

UNDEFINED ZERO UNDEFINED

ZERO 11 ONE UNDEFINED UNDEFINED

13
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01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
..

public class Value { 
  public static final Value ONE = new Value(); 
  public static final Value ZERO = new Value(); 
  public static final Value UNDEFINED = new Value();  
  private Value() {} 
  public Value not() { 
    if (this == UNDEFINED) return UNDEFINED; 
    else return this == ONE ? ZERO : ONE; 
  } 
  public Value and(Value v) { 
    if (this == ZERO || v == ZERO) return ZERO; 
    else if (this == ONE && v == ONE) return ONE; 
    else return UNDEFINED;         
  } 
  public Value or(Value v) { 
    if (this == ONE || v == ONE) return ONE; 
    else if (this == ZERO && v == ZERO) return ZERO; 
    else return UNDEFINED;         
  } 
  public String toString() { 
    return this == ONE ? "1" : (this == ZERO ? "0" : "?"); 
  } 
  ... 

8-20 Value ONE, ZERO UNDEFINED 

Gate And, Or, Not, Nand, ...

8-15 

 
8-15 Gate  

3  

toString print 

xor  
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01
02
03
04
05
06
07
08
09
10
11
12

public abstract class Gate {   
  List in = new ArrayList(); 
  List out = new ArrayList(); 
  int delay = 0; 
  Value output = Value.UNDEFINED;  
  protected Gate(int delay) { this.delay = delay; } 
  public final void addInput(Gate g) { 
    in.add(g); 
    g.out.add(this); 
  } 
  public abstract Value eval(); 
} 

 

01
02
03
04
05
06
07
08
09

public class And extends Gate { 
  public And(int d) { super(d); } 
  public Value eval() { 
    Value result = Value.ONE; 
    for(int k=0; k<in.size(); k++) 
      result = result.and(((Gate)in.get(k)).output); 
    return result; 
  } 
} 

 

01
02
03
04

public class Nand extends And { 
  public Nand(int d) { super(d); } 
  public Value eval() { return super.eval().not(); } 
} 

8-21 Gate And Nand 

N0 N2 
X1 

X2 

 

in N0  X1, N2 

out N0  X2, N2  

8-16 in out N0 

8-21 Gate in out

8-16

delay output addInput(g)

g in 8 out g

9 eval eval

abstract Gate And

eval Gate

 

(in) (out) 

g in out g 

override eval()  

and   

And not 
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8-22 8-17

addInput

addInput

n1.addInput(i0) i0 in n1 n1 out

i0  

i0 
i1 n0 n3 

n1 

n2 

8-17 exclusive-or Nand  
Input i0 = new Input(6), i1 = new Input(6); 
Gate n0 = new Nand(2), n1 = new Nand(2); 
Gate n2 = new Nand(2), n3 = new Nand(2); 
n0.addInput(i0); n0.addInput(i1); 
n1.addInput(i0); n1.addInput(n0); 
n2.addInput(i1); n2.addInput(n0); 
n3.addInput(n1); n3.addInput(n2); 

8-22 8-17 
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15

public class Input extends Gate { 
  int[] inputSignal = new int[1]; 
  int nextSignal; 
 
  public Input(int d) {super(d);} 
  public void setSignal(int[] v) { 
    inputSignal = v; 
    nextSignal = 0; 
  } 
  public Value eval() { 
    int v = inputSignal[nextSignal]; 
    nextSignal = (nextSignal + 1) % inputSignal.length; 
    return v == 0 ? Value.ZERO : Value.ONE; 
  } 
} 

8-23 Input  

Input 8-23

Input Gate Input extends Gate)
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setSignal 0, 1

eval

8-17 i0 i1 4

00, 01, 10, 11 i0 0, 0, 1, 1 i1 0, 1, 0, 1 

Input

i0.setSignal(new int[]{0, 0, 1, 1}); 
i1.setSignal(new int[]{0, 1, 0, 1}); 

Event

, ,

, [4,A,1,5]

4 A  1 5

8-18 (1)

(X) 1

(A) 2

0 1 1 1

A

?

[1,I,0,0]

[2,I,1,1]

-

2) [1,I,0,0]

I 0

I 3 [3,A,0,2]

A 0 UNDEFINED  (

 

2ns 
A X 

1ns I 

2ns  
(1) 

A X 

2,I,1,1 

1,I,0,0 
? ? ? 

t=0 

I 

 
(2) 

 

t=0 

A X ? ? 
2,I,1,1 

4,X,1,1 3,A,0,2 
0I 

 
3   

8-18  
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? 0 2

2 [3,A,0,2] 0  [1,I,0,0]

A 2 [4,X, 

1,1] X 0 1

1

[2,I,1,1] [4,X,1,1]

[2,I,1,1] [5,A,?,3]

[6,X,0,2] (4)

[4,X,1,1] 1 X 2

A 1 [7,A,1,3]

(5) 2

[3,A,0,2]

A 0

A (6)

t=1 

A X ? ? 

4,X,1,1 3,A,0,2 

6,X,0,2 5,A,?,3 

1I 

 4  

t=1 

A X 1 ? 

7,A,1,3 
3,A,0,2 

6,X,0,2 5,A,?,3 

1I 

  
5  

t=2 

A X 1 1 

7,A,1,3 

6,X,0,2 5,A,?,3 

0I 

6  
8-18  

8-18

(7) (10)) A ?, 

?,0,1,0 0, 1, 2, 3, 4 8-18 11) 

(7) t=2 

A X 1 0 

7,A,1,3 8,A,0,4 

5,A,?,3 

0I 

  (8) t=3 

A X 1 0 

7,A,1,3 8,A,0,4 

?I 

 

(9) t=3 
A X 1 0 
8,A,0,4 

1I 

(10) t=4 
A X 1 0 0I 

 

(11)
A 

I 

0 1 2 3 4 5  
8-18  
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01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18

class Event implements Comparable { 
  private static int idCounter = 0; 
  final int id; 
  final Gate gate; 
  final Value output; 
  final int time; 
  Event(Gate gate, int time) { 
    id = idCounter++; 
    this.gate = gate; 
    this.time = time; 
    output = gate.eval(); 
  } 
  public int compareTo(Object o) { 
    Event that = (Event) o; 
    int cmp = this.time - that.time; 
    return cmp != 0 ? cmp : (this.id - that.id); 
  } 
} 

8-24 Event  

8-24 Event id, gate, output time

idCounter

output gate

gate.eval() 11 time

Event Comparable compareTo

compareTo time id time time

time id ( 15 16  

8-25  simulate

gates , watch

fin

watch

3 4 addInputEvents

e

e e.time 8 e

e 9

 

gate 

output time 

time 

time 

id  
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e.output e.gate 10

 e.gate out e.gate x

e e.time

x 14

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
..

public class LogicSimulator { 
  public static List simulate(List gates,Gate watch,int fin){ 
    List result = new ArrayList(); 
    PriorityQueue q = new BinaryMinHeap(); 
    addInputEvents(q, gates, fin); 
    while (!q.isEmpty()) { 
      Event e = (Event) q.dequeue(); 
      if (e.time > fin) break; 
      if (e.gate == watch) result.add(e); 
      e.gate.output = e.output; 
      List out = e.gate.out; 
      for (int i = 0; i < out.size(); i++) { 
        Gate x = (Gate) out.get(i); 
        q.enqueue(new Event(x, e.time + x.delay)); 
      } 
    } 
    return result; 
  } 
  static void addInputEvents(PriorityQueue q,  
                             List gates, int fin ) { 
    for(int i=0; i<gates.size(); i++) { 
      if (gates.get(i) instanceof Input) { 
        Input inp = (Input) gates.get(i); 
        for(int t=0; t<=fin; t+=inp.delay) 
          q.enqueue(new Event(inp, t)); 
      } 
    }       
  } 
  public static void main(String[] args){ 
    Input I = new Input(1); 
    Gate X = new Not(1); 
    Gate A = new And(2); 
    I.setSignal(new int[]{0,1}); 
    X.addInput(I); 
    A.addInput(I); A.addInput(X); 
    List gates = new ArrayList(); 
    gates.add(I); gates.add(X); gates.add(A); 
    List result = simulate(gates, A, 4); 
    reportResult(result); 
  } 
  ... 

8-25 simulate  

2ns 
A 

X 
1ns I 

2ns 

 

 

 

 

 

Input 

 

A 4  
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simulate

reportResult 39

8-18 A

[3,A,0,2], [5,A,?,3], [7,A,1,3], [8,A,0,4]

A 0, ?, 1, 0 2, 3, 3, 4 

3

id

0

0 0

UNDEFINED ??010

8-26 
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

  private static void reportResult(List result) { 
    int t = 0; 
    Value v = Value.UNDEFINED; 
    Event e0 = (Event) result.get(0); 
    for(; t<e0.time; t++) System.out.print(v); 
    for(int i=1; i<result.size(); i++) { 
      Event e1 = (Event) result.get(i); 
      if (e0.time != e1.time) { 
        for(; t<e0.time; t++) System.out.print(v); 
        System.out.print(v=e0.output); 
        t++;     
      } 
      e0 = e1; 
    } 
    for(; t<e0.time; t++) System.out.print(v); 
    System.out.print(e0.output); 
  } 
} 

8-26  

compareTo
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1. BinaryHeap

2. PriorityQueue java.util 

PriorityQueue

3. fixUp fixDown

4. public void merge(BinaryHeap h) BinaryHeap

h h

5. public BinaryHeap getLessThan(Object x)

BinaryHeap

x (
 public BinaryHeap getLessThan(Object x) { 
  BinaryHeap h = new BinaryHeap(); 
  for (int i=0; i<size; i++) { 
    if (((Comparable)elementData[i]).compareTo(x) < 0) 
      h.enqueue(elementData[i]); 
  return h; 
} 

6. public static boolean isMaxHeap(Object[] d)

BinaryHeap d

7. 0 r

8.

8-11  9, 0, 8, 3, 1, 7, 2, 5, 6, 7, 4 
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9. 8-11 fixDown size-1 

0 size/2 1

10. 5

10.1. fixDown 0 size-1

10.2. fixUp 0 size-1

10.3. fixUp size-1 0

10.4.

10.5.

11. 8-9 greaterThan

12.

8-10

13. fixDown

size-1 0 8-11

14.

d (d-heap) 2-heap 1-heap 

DHeap

15.

size/2  size-1

16. 8-14 8-17  

 



  

1

8

(binary tree)  

 

9-1

0 n 1 n p[k]

k p[k] k k p[4]=7

4 7 k p[k]

k m p[m]=k

 

9  

https://www.youtube.com/watch?v=V40KMdxXr8c
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- 0 ,

 
k (k  1) / 2  

k  2k + 1 

k 2k + 2 

0 2 7 12

1 6 9 2

3 8

0 1 2 3 4 5 6 7 
0 2 2 5 7 2 2 7 4

8

data 

3 7 1

size 

0 1 2 3 4 5 6 7 
12 9 2 3 7 16

p 

5 4

9-1  

n n

9-2 

data size 

0 1 2 3 4 5 6 7 
12 - 2 - - 1 8 -4

12

2

81

9-2  

- 9-3

null root 9-1

BinaryTree

Node isLeaf
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null 9-3

9-2

 
public class BinaryTree { 
  Node root; 
  static class Node { 
    Object element; 
    Node left; 
    Node right; 
    Node(Object e, Node l, Node r) { 
      element = e; left = l; right = r; 
    } 
    boolean isLeaf() {return left == null && right == null;} 
  } 
  ... 

9-1 BinaryTree  

A

B C

D

A

B C

D

root A

B C

D

root 

( ) ( ) 
9-3  

   static class Node { 
    Object element; 
    Node parent; 
    Node left; 
    Node right; 

9-2 Node 9-3  

9-4

- 3-ary tree) m-ary 

tree) k 9-3

null

null  

 

Node 

 

 



168     

A

B C

E

D

A

B C D

E

root 

9-4 3  
 static class Node { 
  Object element; 
  Node child1; 
  Node child2; 
  Node child3; 

 static class Node { 
  Object element; 
  Node[] children = new Node[3]; 
  ... 

9-3 Node 3 9-4  

LinkedList 9-4  

static class Node { 
  Object element; 
  List children = new LinkedList(); 

9-4 Node  

B C

F

D

A

B C D E

F

A

E

root 

9-5  

9-5 9-5 
static class Node { 
  Object element; 
  Node parent; 
  Node leftChild; 
  Node nextSibling; 

9-5 Node 9-5 

3  3  
3  

LinkedList  
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(expression 

tree) 

(operator) +,  , *, / ^ ^

^ (operand) 

9-6 

9-6 (a+1)^2 + b  c/d * 7 

 

?

6

x

o x x

o x

x

5 y 4 * + 9-7 5

null

y 4 *

* +

root 9-8

+ 
- 

b * 
/ 

c d 
7 

^ 
+ 2 

a 1 

https://www.youtube.com/watch?v=fx-tyAQsUBk
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5        y        4        *               + 

5 5 
y 

5 
y 
4 

5 
y 4 

* 

y 4 

* 
5 + 

9-7  

y 4 

* 5 

+ 

y 4 

* 5 

+ root 

 
9-8 9-7 

9-6 Expression

2

3

5 token token

null 8

15

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16

public class Expression extends BinaryTree { 
  public Expression(List infix) { 
    List postfix = infix2Postfix(infix); 
    Stack s = new ArrayStack(); 
    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 { 
        Node right = (Node) s.pop(); 
        Node left = (Node) s.pop(); 
        s.push(new Node(token, left, right)); 
      } 
    } 
    root = (Node) s.pop(); 

   } 

9-6 Expression  

 

push operand 

operator pop 

push  
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BinaryTree

9-7 9-1

BinaryTree

Expression, HuffmanTree,

BSTree, AVLTree Node

protected

BinaryTree protected

13

-
Node public

BinaryTree Node  

01
02
03
04
05
06
07
08
09
10
11
12
13
..
..

public class BinaryTree { 
  protected Node root; 
 
  protected static class Node { 
    public Object element; 
    public Node left; 
    public Node right; 
    public Node(Object e, Node l, Node r) { 
      element = e; left = l; right = r; 
    } 
    public boolean isLeaf(){return left==null&&right==null;} 
  } 
  protected BinaryTree() {} 
  protected int numNodes(Node r) { ... } 
  ... 
  public Object[] toArray() { ... } 

9-7 BinaryTree  

 

public 

 

protected 

extends Node  

public 

BinaryTree  
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1. private  

2. protected  
3. (  

4. public  

Node 9-7 protected BinaryTree 

Node Node public BinaryTree 

Node Node protected

Node  BinaryTree Node 

Node BinaryTree 

Node public  

(constructor) protected BinaryTree 

super BinaryTree 

abstract 

private ) 

  

BinaryTree root

9-9

null

 
9-9  

https://www.youtube.com/watch?v=hWhmy7VO-jw
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iinntt  nnuummNNooddeess((NNooddee  rr))  
0

1 + +

0
1 ( ) ( )

r null
n r

n L r n R r r null
 

n(r) r L(r) r  R(r)

r numNodes(Node r) 

r 9-8 

01 
.. 
14 
15 
16 
17 

public class BinaryTree { 
  ... 
  protected int numNodes(Node r) { 
    if (r == null) return 0; 
    return 1 + numNodes(r.left) + numNodes(r.right); 
  } 

9-8 numNodes(r) r  

numNodes(Node r)

n(r) r null 0, null  numNodes(r.left)

 numNodes(r.right)

r r

iinntt  hheeiigghhtt((NNooddee  rr))  

1

1
1 max ( ) , ( )

r null
h r

h L r h R r r null  

h(r) r height 9-9 
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18
19
20
21

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

9-9 height(r) r  

height(Node r)

h(r) r null 1, null  height(r.left)

 height(r.right)

r

iinntt  nnuummLLeeaavveess((NNooddee  rr))  
null

0
1 ( ) ( )

( ) ( )

r null
l r L r null and R r null

l L r l R r otherwise
 

l(r) r 9-10 

22
23
24
25
26

  protected int numLeaves(Node r) { 
    if (r == null) return 0; 
    if (r.isLeaf()) return 1; 
    return numLeaves(r.left) + numLeaves(r.right); 
  } 

9-10 numLeaves(r) r  

numLeaves(Node r) l(r) r null

0, 1,

numLeaves(r.left) numLeaves(r.right) r  

NNooddee  ccooppyy((NNooddee  rr))  

-

9-10 

isLeaf Node 
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A

B C

D

r rr 

9-10  

9-11 copy(Node r)

r null r null

null r.element

r copy(r.left) copy(r.right)

r  
27
28
29
30

  protected Node copy(Node r) { 
    if (r == null) return null; 
    return new Node(r.element, copy(r.left), copy(r.right)); 
  } 

9-11 copy(r) r  

OObbjjeecctt[[  ]]  ttooAArrrraayy(())  
toArray

toArray

9-11 a toArray

4 4

toArray ?

t

t.toArray() toArray()

 toArray(r,a,k) r

a k

r 20 toArray(r,a,k) 20

a[k], a[k+1] a[k+19] k+20

copy  
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A

B C

D

root 
0 1 2 3 

a 

9-11  

9-12 toArray() a

toArray(root,a,0) toArray(r,a,k)

k r null r null

r.element a[k] k 38

toArray(r.left,a,k) k

toArray(r.right,a,k)

r.element

 

01
02
..
31
32
33
34
35
36
37
38
39
40
41
..

public class BinaryTree { 
  protected Node root; 
  ...   
  public Object[] toArray() { 
    Object[] a = new Object[numNodes(root)]; 
    toArray(root, a, 0); 
    return a; 
  } 
  private int toArray(Node r, Object[] a, int k) { 
    if (r == null) return k; 
    a[k++] = r.element; 
    k = toArray(r.left, a, k); 
    return toArray(r.right, a, k); 
  } 
  ... 

9-12 toArray  

 

k a 
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(tree traversal) 

(preorder) (inorder)  (postorder) 9-12 

9-12

9-
12 

B

C D

HFE

G

1

2

3

4

5

6

7

    

B

C D

HFE

G1

2

3

4

5

6

7

    

B

C D

HFE

G

1

2

3

4 5

6

7

 
    
 B, C, E, D, F, G, H  E, C, B, F, G, D, H E, C, G, F, H, D, B 

9-12  

  
?

r r

r r Pre(r)

r

( )
, ( ( )), ( ( ))

empty sequence if r null
Pre r

r Pre L r Pre R r if r null

9-12 B, C, E, D, F, G, H  

Pre(B) 
B Pre(C) Pre(D)
 C Pre(E) D Pre(F) Pre(H)
  E  F Pre(G) H
     G  

https://www.youtube.com/watch?v=QnrJGlk88t8
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r r

r r In(r)

r

( )
( ( )), , ( ( ))

empty sequence if r null
In r

In L r r In R r if r null

9-12 E, C, B, F, G, D, H  

In(B) 
In(C) B In(D)

In(E) C  In(F) D In(H)
E   F In(G)  H 
    G   

  
Post(r)

r  

( )
( ( )), ( ( )),

empty sequence if r null
Post r

Post L r Post R r r if r null

9-12 E, C, G, F, H, D, B 

Post(B) 
Post(C) Post(D) B 

Post(E) C Post(F) Post(H) D
E Post(G) F H 
  G   

  
9-13 preOrder(r)

r null null r visit(r.element)

 preOrder(r.left)

 preOrder(r.right)

   protected void preOrder(Node r) { 

https://www.youtube.com/watch?v=6Y0r_l0VX2I
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    if (r == null) return; 
    visit(r.element); 
    preorder(r.left); 
    preorder(r.right); 
  } 

9-13 preOrder  

preOrder 9-13 visit

visit visit

visit

)

preOrder

Visitor 9-14

visit(Object e) done

isDone preOrder

9-15 r v.visit(r.element)

visit isDone  
public abstract class Visitor { 
  private boolean done = false; 
  public void done() {done = true;} 
  public boolean isDone() {return done;} 
  public abstract void visit(Object e); 
} 

9-14 Visitor  

42
43
44
45
46
47

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

9-15 visit  

9-16 toArray

a

visit k

v preOrder(root,v)

a

pre 

visit(r.element)  

e  

visit  

visit r  
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  public Object[] toArray() { 
    final Object[] a = new Object[numNodes()]; 
    Visitor v = new Visitor() { 
                  int k = 0; 
                  public void visit(Object e) { 
                    a[k++] = e; 
                  }}; 
    preOrder(root, v); 
    return a; 
  }     

9-16 toArray  

9-16

(anonymous inner class)

implements 9-16 new 

Visitor() { ... } extends 

Visitor { } visit

9-16 k  

constructor

final  

? final

a

toArray final a a  

9-17 inOrder postOrder

preOrder v.vist(r.element)

48
49
50
51
52
53
54
55
56
57
58
59

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

9-17 inOrder postOrder  

 

k  

visit  
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9-18

60
61
62
63
64
65
66
67
68

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

9-18  
9-19

0 Expression

Expression

BinaryTree

visit "0" 

final

done() ( ? done Visitor

public class SomeApplication { 
  ... 
  public void doSomething(Expression expr) { 
    final boolean[] found = new boolean[1]; 
    Visitor v = new Visitor() { 
                  public void visit(Object e) { 
                    if (e.equals("0")) {found[0]=true; done();} 
                  }}; 
    expr.preOrder(v); 
    if (found[0]) ... 

9-19  

9-13 10 ?

+ 9-13

eval 9-20

 

inner class 

 

found v.isDone()
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eval(Node r) r r null 0 r

r.element String double

vLeft vRight

r  
+ 

- 
7 * 

3 1 

* 
3 2 

9-13 (3*2)+(7-(3*1)) = 10 
01
..
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

public class Expression extends BinaryTree { 
  ... 
  public double eval() { 
    return eval(root); 
  } 
  private double eval(Node r) { 
    if (r == null) return 0; 
    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(); 
  } 

9-20  

  
9-14

r

r r r

r

 

 

 

double  
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9-14  

 (xi, yi)

i 0,0 x y

 xi yi

yi i

xi i

9-15

E, C, B, F, H, D, G, A, J, I, L, K  0 x

E 3 0, 3 K

11 2 11, 2

 
9-15 x y  

? 9-21 toCanvas

Canvas Frame Panel (

java.awt 9-22 Expression
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tokenize2List

Frame exp.toCanvas() Canvas Frame

Frame  
01
..
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

public class BinaryTree { 
  ... 
  public Canvas toCanvas() { 
    return new TreeCanvas(); 
  } 
  private class TreeCanvas extends Canvas { 
    int ppx, ppy; 
 
    public void paint(Graphics g) { 
      ppx = this.getWidth() / (2 + numNodes(root)); 
      ppy = this.getHeight() / (2 + height(root)); 
      drawTree(g, root, 1, 1); 
    } 
    int drawTree(Graphics g, Node r, int x0, int y0) { 
      int xr = x0; 
      if (r != null) { 
        xr += numNodes(r.left); 
        int lx = drawTree(g, r.left, x0, y0+1); 
        int rx = drawTree(g, r.right, xr+1, y0+1); 
        drawNode(g, r, xr, y0); 
        if (r.left  != null) drawEdge(g, xr, y0, lx, y0+1); 
        if (r.right != null) drawEdge(g, xr, y0, rx, y0+1); 
      } 
      return xr; 
    } 
    void drawNode(Graphics g, Node r, int x, int y) { 
      int dy = r.isLeaf() ? 15 : 0; 
      g.drawString(r.element.toString(), x*ppx, y*ppy+dy); 
    } 
    void drawEdge(Graphics g, int x1,int y1,int x2,int y2) { 
      g.drawLine(x1*ppx, y1*ppy, x2*ppx, y2*ppy); 
    } 
  } 

9-21 Canvas  
  List list = tokenize2List("2 + 3 * 4"); 
  Expression exp = new Expression(list); 
  Frame frame = new Frame("Expr"); 
  frame.add(exp.toCanvas()); 
  frame.setSize(200, 200); 
  frame.setVisible(true);  

9-22 toCanvas BinaryTree 

Canvas java.awt 

AWT Container  

xr x r  

 

 

 

paint  
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toCanvas 9-21 BinaryTree

toCanvas TreeCanvas

TreeCanvas paint

9-15

Canvas x

y Canvas

ppx ppy

76 77

2

78

drawTree(g,r,x0,y0) r

(x0,y0) 9-16 xr x

r x0 83 9-21) 

drawTree(g,r.left,x0,y0+1) y0+1

x (r.left lx

drawTree(g,r.right,xr+1,y0+1) x

 r.right rx r drawNode(g,r,xr,y0)

r r.left drawEdge(g,xr,y0,lx,y0+1)

r r.right drawEdge(g,xr,y0,rx,y0+1) 
x0 

y0 

y0+1 

lx xr rx 

size(r.left)  
9-16  
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(Huffman coding) ASCII 

'A' (01000001)2  'b' (01100010)2 ASCII 

(fixed length)

 (variable length)

' ', ' ', ' ', ' ', ' ', ' ' 40, 21, 15, 14, 8 

9 1

(40+21+15+14+8+2) 3 = 300 

40 1+21 3+15 3+ 14 3+8 4+2 4 = 230  

9 1  
 ' ' ' ' ' ' ' ' ' ' ' ' 

 40 21 15 14 8 2 
 000 001 010 011 100 101 

 0 100 101 110 1110 1111 

n 1 n

9 17

9 1

6 0

1

' ' 1110

(6) 9 1

https://www.youtube.com/watch?v=l4YWB24bxCQ
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 (1)

:40  :2 :21 :15 :14 :8  

 

 
9 17  

9-23 HuffmanTree coding

freq 13 25

HuffmanTree

HuffmanTree

implements Comparable compareTo

10 12 HuffmanTree BinaryTree

Integer freq

Integer intValue()

int

15 17 n 1 n

f

19 22

printCodes ( 26  38

printCodes
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9-24

printCodes 9 18 

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

public class HuffmanTree extends BinaryTree 
                         implements Comparable {  
 
  private HuffmanTree(int freq, Node left, Node right) { 
    root = new Node(new Integer(freq), left, right); 
  } 
  private int freq() { 
    return ((Integer) root.element).intValue(); 
  } 
  public int compareTo(Object obj) { 
    return freq() - ((HuffmanTree) obj).freq(); 
  } 
  public static HuffmanTree coding(int[] f) { 
    BinaryMinHeap h = new BinaryMinHeap(); 
    for (int i = 0; i < f.length; i++) { 
      h.enqueue(new HuffmanTree(f[i], null, null)); 
    } 
    for (int i = 0; i < f.length - 1; i++) { 
      HuffmanTree t1 = (HuffmanTree) h.dequeue(); 
      HuffmanTree t2 = (HuffmanTree) h.dequeue(); 
      h.enqueue(new HuffmanTree(t1.freq() + t2.freq(), 
                                t1.root, t2.root)); 
    } 
    return (HuffmanTree) h.dequeue(); 
  } 
  public void printCodes() { 
    printCodes(root, new int[numLeaves(root)], 0); 
  } 
  private void printCodes(Node r, int[] c, int k) { 
    if (r.isLeaf()) { 
      System.out.print(r.element + " \t: "); 
      for (int i = 0; i < k; i++) System.out.print(c[i]); 
      System.out.println(); 
    } else { 
      c[k] = 0; printCodes(r.left, c, k + 1); 
      c[k] = 1; printCodes(r.right, c, k + 1); 
    } 
  } 
} 

9-23 Huffman  
 
 
 

 

Integer intValue int 

0 1  
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  int[] f = { 40, 21, 15, 14, 8, 2 }; 
  HuffmanTree t = HuffmanTree.coding(f); 
  Frame frame = new Frame("Huffman"); 
  frame.add(t.toCanvas()); 
  frame.setSize(250, 250); 
  frame.setVisible(true); 
  t.printCodes(); 

9-24  
 
40  : 0 
2  : 1000 
8  : 1001 
14  : 101 
15  : 110 
21  : 111

9 18 9-24 

 

9-2

9 19

 
9-2  

f(x) f (x)
u(x) v(x) u (x) v (x)
u(x) v(x) v(x) u (x) + u(x) v (x)
u(x) / v(x) ( v(x) u (x) u(x) v (x) ) / v(x)2

u(x)c c u(x)c 1 u (x)

9 20 f(x) = 3x + x2

(3x + x2)

(3x)  + (x2) (3x) 3(x)  + x(3) (x2) 2x1(x)

https://www.youtube.com/watch?v=vgI11piYN3c
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3x + x2 (3 1 + x 0) + 

(2x1 1)  

3 + 2x

u(x) v(x) u (x) v (x)

* 

u(x) v(x)

+ 

u (x)v (x)

* 

u(x) v(x)

* 

^ 

u(x)

* 

u (x)

c * 
c 

u(x)

c-1 
^ 

9 19 u(x) / v(x)  
+ 

* 
3 x 

^ 
x 2 

+ 
* 

3 x 
^ 

x 2 

+ 

* 
3 x 

* 
x * 

x 3 

+ 

^ 
x 1 

* 
2 

+ 

* 
3 1 

* 
1 * 

x 0 

+ 

^ 
x 1 

* 
2 

     
9 20 f(x) = 3*x + x^2 f 3*1)+(x*0)) + 2*(x^1)*1 

9-25 diff

root=diff(root)

diff(Node r) r

null r null r ,

x, x 1, 0

r 40 r

42 46
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01
..
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
..

public class Expression extends BinaryTree {  
  ... 
  public void diff() { 
    root = diff(root); 
  } 
  private Node diff(Node r) { 
    if (r == null) return null; 
    String s = (String) r.element; 
    if ( r.isLeaf() ) { 
      r.element = (s.equals("x") ? "1" : "0"); 
    } 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; 
  } 
  private Node diffSum(Node r) { 
    r.left = diff(r.left); 
    r.right = diff(r.right); 
    return r; 
  } 
  private Node diffMult(Node r) { 
    Node u = copy(r.left); 
    Node v = copy(r.right); 
    Node du = diff(r.left); 
    Node dv = diff(r.right); 
    Node t1 = new Node("*", u, dv); 
    Node t2 = new Node("*", v, du); 
    return new Node("+", t1, t2); 
  } 
  ... 

9-25 diff  

diffSum diffMult diffSum

51 52 r +

diffMult u v

56, 57 r.left r.right du

dv 58, 59 udv+vdu 60 62

diffExpo diffDiv  

dx/dx = 1, dc/dx = 0  

u(x) v(x) u (x) v (x)

* 

+ 
* * 

u(x) v(x)

v (x)u(x) v(x) u (x)
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9 20 (3 1 + x 0) + (2x1 1)

5 3 + 2x

0 0 0 9-26

simplify simplify(root)

simplify(Node r) r

r null r r

69 70

s r r

vLeft vRight

Double.NaN ( NaN Double -a-

double 0/0

isNumber(x)

105 107 9-26  
1. 75 76 r r

eval 9-20

2. 78 80 s +

* ( f(x)+3 = 3+f(x))

3. ( 84 1 * f(x) f(x)   

4. ( 86 0 * f(x), 0 / f(x) 0 ^ f(x) 0

5. ( 87 0 + f(x) f(x)

6. ( 91 f(x) * 1,  f(x) / 1 f(x) ^ 1 f(x)

7. ( 93 f(x) ^ 0 1

8. ( 94 f(x)  0 f(x)
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01 
.. 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
.. 

public class Expression extends BinaryTree {  
  ... 
  public void simplify() {  
    root = simplify(root); 
  } 
  private Node simplify(Node r) { 
    if (r == null || r.isLeaf()) return r; 
    r.left = simplify(r.left); 
    r.right = simplify(r.right); 
 
    String s = (String) r.element; 
    double vLeft = toDouble(r.left.element); 
    double vRight = toDouble(r.right.element); 
    if (isNumber(vLeft) && isNumber(vRight)) { 
      r = new Node(Double.toString(eval(r)), null, null); 
    } else { 
      if (isNumber(vRight) && "*+".indexOf(s) >= 0) { 
        Node t1 = r.left; r.left = r.right; r.right = t1; 
        double t2 = vLeft; vLeft = vRight; vRight = t2; 
      } 
      if (isNumber(vLeft)) { 
        if (vLeft == 1) { 
          if (s.equals("*")) r = r.right; 
        } else if (vLeft == 0) { 
          if ("*/^".indexOf(s)>=0) r=new Node("0",null,null); 
          if (s.equals("+")) r = r.right; 
        } 
      } else if (isNumber(vRight)) { 
        if (vRight == 1) { 
          if ("*/^".indexOf(s) >= 0) r = r.left; 
        } else if (vRight == 0) { 
          if (s.equals("^")) r = new Node("1", null, null); 
          if (s.equals("-")) r = r.left; 
        } 
      } 
    } 
    return r; 
  } 
  private static double toDouble(Object s) { 
    try { return Double.parseDouble((String) s); } 
    catch (NumberFormatException e) { } 
    return Double.NaN; 
  } 
  private static boolean isNumber(double x) { 
    return !Double.isNaN(x); 
  } 
  ... 

9-26 simplify  

 

1

2

3

4

5

6

7

8

 "*/^".indexOf(s) >= 0  

s.equals("*")||s.equals("/")||s.equals("^") 

Double.isNaN(x) x != Double.NaN  

s operator, parseDouble  
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9-27 Expression

9 20 9 21 (

 
  List list = tokenize2List("3*x + x^2"); 
  Expression exp = new Expression(list); 
  exp.diff(); 
  exp.simplify(); 
  Frame frame = new Frame("Expr"); 
  frame.add(e.toCanvas()); 
  frame.setSize(140, 120); 
  frame.setVisible(true); 

9-27 Expression  
+ 

* 
3 1 

* 
1 * 

x 0 

+ 

^ 
x 1 

* 
2 

+ 

3 
* 
1 * 

x 0 

+ 

^ 
x 1 

* 
2 

+ 
* 
1 * 

0 x 

+ 

^ 
x 1 

* 
2 

3 

+ 
* 
1 0 

+ 

^ 
x 1 

* 
2 

3 

+ 
* 
1 

3 

^ 
x 1 

* 
2 

+ 
* 
1 

3 

x 
* 

2 

+ 
3 

x 
* 

2 

( ) ( ) ( ) ( ) 

( ) ( ) ( ) 

+ 
* 3 

1 

( ) 

x 
* 

2 

1 2 4

1

6 2 3

9 21 simplify 9-26 
 

  
1. null 3-

9-4 m-

m null :

n n  1 

2. numNodes, numLeaves, height, copy, 

toArray 9-8 9-12 
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3. numNodes, numLeaves, height BinaryTree

4. A, B, C, E, D, F, G, I, H 

C, D, E, B, G, H, I, F, A 

5. 9-19 181 preOrder inOrder

postOrder

6.

numNodes

int final visit

setResult visit

getResult

Visitor

7. parent

null Node successor(Node x) BinaryTree

x successor B

F

B

C D

HFE

G

8. levelOrder

B, C, D, E, F, H, G 

9. null (path

length) k k,

(internal path length) ,

(external path length) 
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9.1. I(n)  E(n)

n E(n) = I(n) + 2n

9.2. n log2(n/4)  I(n) n(n  1)/2 

9.3.

public int internalPathLength()

public int externalPathLength() 

BinaryTree

10.

9-21

   

11. u(x)/v(x) 9 19

12. diffExpo diffDiv 9-25 

13. simplify 9-26

 

399

251

28

199

66

341

655

427

556

437

485

719

893

832 960



  

 (binary search tree) 

O(log n)

 

10-1 7 7

4 2 7 7 11 7

 
12

7 20

4 11 15

2
 

10-1  

 

10  

https://www.youtube.com/watch?v=gy6t7e5KyfU
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public class BinaryTree { 
 
  protected Node root; 
 
  protected static class Node { 
    public Object element; 
    public Node left; 
    public Node right; 
    public Node(Object e, Node l, Node r) { 
      element = e; left = l; right = r; 
    } 
    public boolean isLeaf() {return left==null && right==null;} 
  } 
  ... 

10-1 BinaryTree  

10-1 BinaryTree 9 10-2

BSTree BinaryTree size

size() isEmpty()

10-2 BSTree add remove

, get , getMin getMax

, treeSort  
01
02
03
04
05
06
07
08
09
..
..
..
..
..
..

public class BSTree extends BinaryTree { 
  protected int size; 
 
  public BSTree() {} 
  public int size() {return size;} 
  public boolean isEmpty() {return size == 0;} 
  protected 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) {...} 

10-2 BSTree  

 

1  

size() 

 

0 a b 

a b 

a  b 



    199 

10-2 10-1

10-2 7

7  1 = 6 log2 7 = 2

h n

log2 n h   (n  1) 

n = 106 h 19 999,999

 

2

4

7

11

12

15

20

20

4 15

11

2 7 12

hmin = 2 

hmax = 6 

log2 n h  (n  1) 

 
10-2  

int, double, char

implements Comparable

compareTo compareTo cast

Object Comparable

compare(a,b) 7 9 10-2

a b 0 a b a

b a b
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 ?  

BinaryTree

10-3 get

visit x

result get

done  
  public Object get(final Object e) { 
    final Object[] result = new Object[1]; 
    preOrder(root,  
      new Visitor() { 
        public void visit(Object x) { 
          if (x.equals(e)) {result[0] = x; done();} 
        }}); 
    return result[0]; 
  } 

10-3  

BinaryTree BSTree

O(n) n get

getNode(r,e) e r

null protected  

getNode(r,e) get getNode(root,e) 10-4 

10
11
12
13
13
..

  public Object get(Object e) { 
    Node node = getNode(root, e); 
    return node == null ? null : node.element; 
  } 
  protected Node getNode(Node r, Object e) { 
    ... 

10-4 get getNode  

getNode(r,e) 10-5 e r

10-3 r

e visitor

 

 

getNode e 

get  

https://www.youtube.com/watch?v=pM-9_VqLtTw
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while 15

null e r compare

10-2 e r 16 e

r r e r 

e r

17 r null

null

14
15
16
17
18
19
20

  protected Node getNode(Node r, Object e) { 
    while (r != null) { 
      if (compare(e, r.element) == 0) return r; 
      r = compare(e, r.element) < 0 ? r.left : r.right; 
    } 
    return null; 
  } 

10-5  getNode  

10-3 15 12, 20, 

15 15 5 12, 7, 4 

5  

7

4 11

2

20
15

get(15) 

12
20

11

2
get(5) 

7

4

12

15

 
10-3  

r

getNode

get O(h)

10-5

16

1,000

10-6 

 

r e 

r  
null 
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  protected Node getNode(Node r, Object e) { 
    while (r != null) { 
      if      (compare(e, r.element) < 0) r = r.left; 
      else if (compare(e, r.element) > 0) r = r.right; 
      else return r; 
    } 
    return null; 
  } 

10-6  getNode  

10-7 r null e

r getNode(r.left,e) r e r

getNode(r.right,e)

r  
  protected Node getNode(Node r, Object e) { 
    if (r == null) return null; 
    if (compare(e, r.element) < 0) return getNode(r.left, e); 
    if (compare(e, r.element) > 0) return getNode(r.right, e); 
    return r; 
  } 

10-7  getNode ( )  

10-7

10-5 10-6 O(h)

h

O(h)

getNode(r,e) e get(e)

e get(e) e e

get(e) e

compareTo

get

(map)  

 

 

compare  
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?

10-8 getMin r

r.left != null r r = r.left

r r.element  

21
22
23
24
25
26
27
28

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

10-8  getMin  

10-9 getMin getMax null 

29
30
31
32
33
34
35
36

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

10-9  getMax  
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10-4   10

10

4

6

9

2
3

4

62
3

9

10 4

6

9

10

2

3

6

9

103

2

4

 
10-4 10  

O(h))

10

10

https://www.youtube.com/watch?v=qMlhyctiHCs
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10

 

n

n+1 

e e

e

null e

null

10 10-4 10 3,

6, 9, 9 null 10 9

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

  public void add(Object e) { 
    if (e == null) throw new IllegalArgumentException(); 
    Node newNode = new Node(e, null, null); 
    if (root == null) root = newNode; 
    else { 
      Node p = null, r = root; 
      while( r != null ) { 
        if      (compare(e, r.element) < 0) {p = r; r = r.left;} 
        else if (compare(e, r.element) > 0) {p = r; r = r.right;} 
        else return; 
      } 
      if (compare(e, p.element) < 0) 
        p.left = newNode; 
      else 
        p.right = newNode; 
    } 
    ++size; 
  } 

10-10  add  

10-10 add

39

p r p r r root p

null r null r

p=r r ( 44

45 r return

p r 

null 

r p   
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46 r null p

null p p

p 48 51 size

10-5 p r 10  

4

6

9

2
3

4

6

9

2
3

p r 

4

6

9

2
3

p 
r 

r 

p 

4

6

9

2
3

r p 

 
10-5 10 

add

add(Node r,Object e)

e r

10-11 add(r,e)

r null r, , r

r null e

r.element

1. e r.element e r add(r.left,e)

r.left

e 48

2. e r.element e r add(r.right,e)

r.right

e 50

3. e r.element

10-6 r 10

add(r.right,e) 50 10-11 e

1 4 r null r 5 r

r.right 50 6 r 9 r

r.right 8 O(h)
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37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

  public void add(Object e) { 
    if (e == null) throw new IllegalArgumentException(); 
    root = add(root, e); 
  } 
 
  protected Node add(Node r, Object e) { 
    if (r == null) { 
      r = new Node(e, null, null); 
      ++size; 
    } else { 
      if (compare(e, r.element) < 0) { 
        r.left = add(r.left, e); 
      } else if (compare(e, r.element) > 0) { 
        r.right = add(r.right, e); 
      } 
    } 
    return r; 
  } 

10-11  add  

4

6

9

2
3

r 

4

6

9

2
3 r 

4

6

9

2
3

r 

4

6

9

2
3

r 

4

6

9

2
3

r 
10

4

6

9

2
3

r 

10

4

6

9

2
3 r 

10

4

6

9

2
3

r 

10

(1) (2) (3) (4)

(5) (6) (7) (8)  
10-6 r r.right 10 

10-7 

n (n

4.31107 ln n  1.953 ln ln n  2.99 log2 n

log2 n h  (n  1)

10-8 

1,000  

e r e 

 

e r 

 

 

https://www.youtube.com/watch?v=XPXwxxCXZ20
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1
2

3

4
5

5

1 4
3

2

3,1,4,2,5
1,2,3,5,4  

10-7  

 
10-8 1,000  

 
null 10-9 b b

null a b

b b b  

a
b

T

a

T

a
b

T

10-9 null null  

b 10-10 (1)

3

L b a b

R L 4

R b L R

5 4 5  

https://www.youtube.com/watch?v=B_ussTzdyZM
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a
b

L R

a
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L R
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55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

  public void remove(Object e) { 
    root = remove(root, e); 
  } 
  protected Node remove(Node r, Object e) { 
    if (r == null) return r; 
    if (compare(e, r.element) < 0) { 
      r.left = remove(r.left, e); 
    } else if (compare(e, r.element) > 0) { 
      r.right = remove(r.right, 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; 
  } 

10-12  remove  

10-12 remove(e) e

remove(r,e) e

r

add(r,e) null

remove(r,e) e null

59 r null r null

e r.element remove(r.left,e)

r.left 61 e r.element

63

64

null 65 r 66

null

68 m m=m.left

 70 m.element

r.element r.element e

e r 

 

e r 
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r 2  
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r 



    211 

m.element 72

r 75  

10-12 10-11

10-12 69 72 left right

right left

O(h) O(h)

O(h)  

 
getMin,

getMax, get, add, remove

4.31107 ln n  1.953 ln ln n +O(1) 

null

null

n n+1 

2n null

n 1 null 2n  (n 1) = n+1  

10-13  
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I(n)

E(n)

DI(n) ,  DI(n) = 
I(n)

n

DE(n) ,  DE(n) = 
E(n)
n+1

n I(n), E(n), DI(n), DE(n)

n

6

1
3

2

5

4

= 0 + (1+1) + (2+2+2) = 8 
= 2 + (3+3+3+3+3+3) = 20 

= 8 / 6 = 1.33 
= 20 / 7 = 2.86 

10-13  

E(n) I(n) E(n) = I(n) + 2n

: n = 0 null
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2(d + 1) E(n+1) = E(n) d + 2(d + 1)  
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I(n) + 2 = 2n + 2 = 2(n+1) E(n+1) I(n+1) = 2(n+1) E(n) = 

I(n) + 2n n  0  

I(n) E(n), DI(n), DE(n)

I(n)

n L R k n k  1 

L R I(k) I(n k  1) 
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E(n)
(n+1)  = 

 I(n) + 2n
(n+1)   = 

nDI(n) + 2n
(n+1) DI(n) + 2 
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10-1  

n 
 
 

4.31107 ln n   
1.953 ln ln n % h 

 
 

2ln n  
2.513 % D 

1,000 20.65 26.01 25.93% 10.97 11.30 3.03% 
5,000 27.80 32.53 17.03% 14.25 14.52 1.90% 

10,000 30.40 35.37 16.35% 15.62 15.91 1.84% 
50,000 36.75 41.99 14.27% 18.82 19.13 1.63% 

100,000 40.23 44.86 11.52% 20.29 20.51 1.10% 
500,000 46.20 51.54 11.57% 23.29 23.73 1.90% 

1,000,000 48.70 54.43 11.77% 24.77 25.12 1.41% 
2,000,000 52.13 57.32 9.97% 26.24 26.50 1.01% 
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10-14 treeSort

10-13 toArray 9

 

15

3
6

5

12

10data 

0 1 2 3 4 5 
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data 

0 1 2 3 4 5 
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 data 
 

10-14  
77
78
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80
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84
85

  public static void treeSort(final Object[] data) {  
    BSTree t = new BSTree(); 
    for (int i=0; i<data.length; i++) t.add(data[i]); 
    t.inOrder(new Visitor() { 
                int k = 0; 
                public void visit(Object e) { 
                  data[k++] = e; 
                } } ); 
  }         

10-13  

?

10-14 6

5 3 6

3 k

k

I(n)  2n ln n

(n) O(n log n)

BSTree  

 

https://www.youtube.com/watch?v=tQ9klvEsngo


216     

treeSort O(n log n)

n  1 = 0+1+...+(n 1) = 

n(n 1)/2 = (n2) (n2) treeSort

10-14 O(n log n)

86
87
88
89
90
91
92

  public static void randomizedTreeSort(final Object[] data) {  
    for (int i=data.length-1; i>=0; i--) { 
      int j = (int)(i*Math.random()); 
      Object t = data[j]; data[j] = data[i]; data[i] = t; 
    } 
    treeSort(data); 
  }         

10-14  

 

(map) (key, value) key 

key value key 

(mapping function) key value 

  
10-15

BSTSet  
public class BSTSet implements Set { 
  protected BSTree tree = new BSTree(); 
   
  public int size() {return tree.size();} 
  public boolean isEmpty() {return tree.size() == 0;} 
  public boolean contains(Object e) {return tree.get(e) != null;} 
  public void add(Object e) {tree.add(e);} 
  public void remove(Object e) {tree.remove(e);} 
} 

10-15  

 

BSTree 

https://www.youtube.com/watch?v=5QjRlfgL5wQ
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add(r,e) r e

r e

e

r
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1
2

2

3

31
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10-15 2, 1, 3, 1, 2, 3 2  

10-16 BSTCollection BSTSet

BSTree add(r,e)

e  
 public class BSTCollection extends BSTSet implements Collection { 

  private static class BSTreeWithDup extends BSTree { 
      protected Node add(Node r, Object e) { 
        if (r == null) { 
          r = new Node(e, null, null); 
          ++size; 
        } else { 
          if (compare(e, r.element) <= 0) { 
            r.left = add(r.left, e); 
          } else { 
            r.right = add(r.right, e); 
          } 
        } 
        return r; 
      } 
  } 
  public BSTCollection() {tree = new BSTreeWithDup();} 
} 

10-16  

BSTree 

 

add  

r 
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(key, value) key 

( value 

(dictionary) key value 

Map 10-17 10-2 

 public interface Map { 
  public int size(); 
  public boolean isEmpty(); 
  public boolean containsKey(Object key); 
  public Object get(Object key); 
  public Object put(Object key, Object value); 
  public void remove(Object key); 
} 

10-17 Map 

10-2 Map 
  

int size()  
boolean isEmpty()  
containsKey(key) key  
Object get(key) value key null

put(key, value) (key, value)  
remove(key) key  

10-18

3

4 m ( ,

Integer

8 StringTokenizer

delim tab 

, . 7

token 11 ( StringTokenizer

m.get(token)  null m.put(token, new Integer(1))

14 1 v=m.get(token) null v

put Integer
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intValue() v

Integer 16

m 19 toString m 
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21

public class LineCount { 
  public static void main(String[] args) throws IOException { 
    FileReader fr = new FileReader("data.txt"); 
    BufferedReader br = new BufferedReader(fr); 
    Map m = new BSTMap(); 
    String line; 
    String delim = " \t,.()"; 
    while ((line = br.readLine()) != null) { 
      StringTokenizer str = new StringTokenizer(line, delim); 
      while (str.hasMoreTokens()) { 
        String token = str.nextToken().toLowerCase(); 
        Object v = m.get(token); 
        if (v == null)  
          m.put(token, new Integer(1)); 
        else 
          m.put(token, new Integer(((Integer)v).intValue()+1)); 
      }      
    } 
    System.out.println(m.toString()); 
  } 
} 

10-18  

BSTMap BSTMap

BSTree BSTMap BSTree

10-19 BSTMap BSTree

Node element key 

value MNode 2 8 Node (

BinaryTree) value MNode

key element value

Node MNode size

isEmpty BSTree remove(key)

key element

 

 

 

 

1  

1  

( ,  
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containsKey 9 11 getNode(root,key) BSTree

key null key getNode 10-5

get 12 15 value key

getNode BSTree key null

value put(key,value)  

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
..

public class BSTMap extends BSTree implements Map { 
  private static class MNode extends Node { 
    Object value; 
    MNode (Object key, Object value) { 
      super(key, null, null); 
      this.value = value; 
    } 
  } 
  public boolean containsKey(Object key) { 
    return super.getNode(root, key) != null; 
  }  
  public Object get(Object key) { 
    MNode node = (MNode) super.getNode(root, key); 
    return node == null ? null : node.value; 
  } 
  public Object put(Object key, Object value) { 
    ... 

10-19 BSTMap BSTree 

10-20 BSTMap BSTree

tree 11 BSTree

key value Entry 2 10

key value Entry

 Entry implements 

Comparable compareTo 7 9 compareTo key

tree size isEmpty

tree.size() tree.isEmpty() 13 16 get(key)

tree.get Entry key value

19 key null

key value

remove

value  

key element Node 

put  
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tree.remove Entry key containsKey

put  

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

public class BSTMap implements Map { 
  protected static class Entry implements Comparable { 
    public Object key, value; 
    public Entry(Object k, Object v) { 
      key = k; value = v; 
    } 
    public int compareTo(Object obj) { 
      return ((Comparable)key).compareTo(((Entry)obj).key); 
    } 
  }    
  private BSTree tree = new BSTree(); 
  public int size() { 
    return tree.size(); 
  } 
  public boolean isEmpty() { 
    return tree.isEmpty(); 
  }    
  public Object get(Object key) { 
    Entry e = (Entry) tree.get(new Entry(key, null)); 
    return e == null ? null : e.value; 
  } 
  public void remove(Object key) { 
    tree.remove(new Entry(key, null)); 
  } 
  public boolean containsKey(Object key) { 
    return tree.get(new Entry(key, null)) != null; 
  } 
  public Object put(Object key, Object value) { 
    Entry newEntry = new Entry(key, value); 
    Entry e = (Entry) tree.get(newEntry); 
    Object oldValue = (e == null ? null : e.value); 
    if (e == null) { 
      tree.add(newEntry); 
    } else { 
      e.value = value; 
    } 
    return oldValue;  
  } 
} 
 

10-20 BSTMap BSTree  

key,value  

BSTree 

key 

Entry key 

key  

key  

key (key, value)  

key  value 
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O(h)

n

log2 n h  (n  1) O(n)

O(log n)

O(log n)

O(log n) h = O(log n)

(AVL tree 1)  

r r

1 10-16

4 1 null

-1 2 4

 

10-16  

                                                                 
1  AVL Adelson-Velskii  Landis  

1 4
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0 3 9
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https://www.youtube.com/watch?v=xf_gL053gS8
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10-17

1,000

h log2 n h = O(log n)

log2 n h  1.44 log2 n

 
10-17 1000  

Fh h 2 10-18
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10-18  

                                                                 
2  (Fibonacci tree)

fn = fn 1 + fn 2 n > 2 
f0 = 0, f1 = 1) 
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nh Fh nh

nh = 1 + nh 1 + nh 2 h  2, n0 = 1, n1 = 2 

1 2 1 2
5 5 5 51, , , 1 , 1

2 2 2 2
h h

hn c c c c

(golden ratio) 

(discrete mathematics) 1 nh

nh 11 h
hn c

2 2 2 1

2 2 1

2 2

2

log 1 log log
log log
log log

1.44log 1.328

h

h

h
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 n h

n

n 1.44 log2 n 

  

O(log n)

rotateLeftChild(r) rotateRightChild(r)

10-19 r r r

x r r r

x B x r r

x r

x r

x

10-21

BSTree

 

https://www.youtube.com/watch?v=8jbmVnE_9dY
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10-19  
01 
.. 
93 
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95 
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104 

public class BSTree extends BinaryTree { 
  ... 
  protected Node rotateLeftChild(Node r) { 
    Node newRoot = r.left; 
    r.left = newRoot.right; 
    newRoot.right = r; 
    return newRoot; 
  } 
  protected Node rotateRightChild(Node r) { 
    Node newRoot = r.right; 
    r.right = newRoot.left; 
    newRoot.left = r; 
    return newRoot; 
  }           

10-21  

  

height BinaryTree

10-22 AVLTree BSTree

AVLNode Node BinaryTree

AVLNode height

setHeight

setHeight

height(Node r) r r null 1

null height r balanceValue

1, 0, 1

 

BSTree 
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01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 

public class AVLTree extends BSTree { 
  private static class AVLNode extends Node { 
    private int height; 
    AVLNode (Object e, Node l, Node r) { 
      super(e, l, r); 
    } 
    void setHeight() { 
      height = 1 + Math.max(height(left), height(right)); 
    } 
    int balanceValue() { 
      return height(right) - height(left); 
    } 
    private static int height(Node n) { 
      return (n == null ? -1 : ((AVLNode) n).height); 
    }         
  } 

10-22 AVLTree  

  

10-23 remove super.remove BSTree

rebalance r

add

r null

super.add add

BSTree BSTree Node

AVLNode height

AVLTree add(Object e) remove(Object 

e) get(Object e) BSTree

  

 

Node BinaryTree height  

-1, 0, +1  
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https://www.youtube.com/watch?v=GJK08PFpVVI
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31 

  protected Node add(Node r, Object e) { 
    if (r == null) { 
      r = new AVLNode(e, null, null); 
      ++size; 
    } else {     
      r = super.add(r,e); 
      r = rebalance(r); 
    } 
    return r; 
  } 
  protected Node remove(Node r, Object e) { 
    r = super.remove(r,e); 
    r = rebalance(r); 
    return r; 
  } 

10-23 add remove   
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10-21 (1) 0
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? ? ? 4

10-22 balanceValue

r.balanceValue() = 1 r

2 r.balanceValue() = +1 r

+2  

1. r r

r = rotateLeftChild(r);

2. r r  
r = rotateRightChild(r);

3. r r  
r.left = rotateRightChild(r.left); r = rotateLeftChild(r);

4. r r  
r.right = rotateLeftChild(r.right); r = rotateRightChild(r) 
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  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).balanceValue() == -1)  
        r.right = rotateLeftChild(r.right);                         
      r = rotateRightChild(r); 
    } 
    ((AVLNode)r).setHeight(); 
    return r; 
  } 

10-24 rebalance  

3 

1 3 

4 

2 4 
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BSTree

height AVLNode

10-25

49 r r  
47 
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  protected Node rotateLeftChild(Node r) { 
    r = super.rotateLeftChild(r); 
    ((AVLNode) r.right).setHeight(); 
    ((AVLNode) r).setHeight(); 
    return r; 
  } 
  protected Node rotateRightChild(Node r) { 
    r = super.rotateRightChild(r); 
    ((AVLNode) r.left).setHeight(); 
    ((AVLNode) r).setHeight(); 
    return r; 
  } 
} 

10-25  

AVLTree BSTree AVLTree

AVLTree height 

BSTree

override  

AVLTree cast Node AVLNode

49, 50, 55, 56 10-25

AVLTree AVLNode

AVLTree BSTree Node

BSTree Node Node cast
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(splay tree) 
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10-25  

6
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https://www.youtube.com/watch?v=fDCP-zQIBnA
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r = rotateLeftChild(g); 
r = rotateLeftChild(r); 
return r;

B C
A

D

g 

p 

x 

x 

A B

p 

C D

g 
g.left = rotateRightChild(g.left); 
r = rotateLeftChild(g); 
return r;

BA
C

p 

x 

x 

A

B C

p 
r = rotateLeftChild(p); 
return r; 

10-26  

10-27 (  

8 

1 

0 

6 

4 

2 

9 

7 

5 

3 

8 

1 

0 

6 

4 

2 

9 

7 

5 

3 

8 

1 

0 

6 

4 

2 

9 

7 

5 

3 

8 

1 

0 

6 

4 

2 

9 

7 

5 3 

8 

1 

0 

4 2 

9 

5 

3 

6 

7 

8 1 

0 4 2 9 

5 

3 

6 

7 

(1) (2) (3)

(4) (5) (6)

10-28 (1)-(3) 3 (4)-(6)  

x
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x x x TL TR

TR TL

10-29 2 2

(1) 2 (2) (3) 2 4), 3, 3

(5), 3 (6)

8 

1 

0 

6 

4 

2 

9 

7 

5 

3 

(1)

8 

1 

0 

2 9 

7 5 

4 

6 3 

(2)
8 1 

0 

2 

9 

7 5 

4 

6 3 

(3)

8 1 

0 9 

7 5 

4 

6 3 

(4)

8 

1 

0 4 

7 5 

6 

3 

9 

(5)

8 

1 

0 

4 

7 5 

6 

3 

9 

(6)

10-29 2  

? O(log n)

n 1 1,2,3,4,5

4 5

n m O(m log n)

O(log n) m O(m log n)
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22--33--44  

x1 x2 x1 < x2

x1 x1 x2

x2 k k  1 k 10-30

2 3 4

14,30 

6,10 40 

8 0,2,4 

18,22,26 

24 

10-30 2 3 4 

2-3-4 2 3 4 2-3-4 

2-3-4 10-31

O(log n)

10,50 

14,18,30 6 60,80 

16 8 0,2,4 42 20,22,24 12 55 70 90 

10-31 2-3-4 

2-3-4 

2 3 3

4 9 10-31 9 8

4 3

1

4

1 0,2,4 

2 6 2,6 1 0,4 0,1,4

0,1 4 2,6 10-32 

4 ?

21 10-32

https://www.youtube.com/watch?v=hGdO2v8_XvA
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20,22,24 22 14,18,30 18

10,50 4

4 10-33

4

 

10,50 

14,18,30 60,80 

16 8 0,1 42 20,22,24 12 55 70 90 

2,6 

4 

10-32 1 10-31 

10-33  

bottom up) 

4 ( top-down) 

4

 

2-3-4 

10-32

10 12 50 55 18 20

?

16 10-32 14

12 42 10-32 30

30 24

 

2-3-4 O(log n)

O(log n)  
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2-3-4 

4

2-3-4 (red-black tree) 

2 2 3 4 10-34

2 3 2

4

10-35 2-3-4 

3 4 10-34 3

2 2-3-4 

2-3-4 O(log n)

A B C

5,9 

A

5 
9 C

9 
5 

A DB C

3,6,9 6 
3 9 

B C A B

A DB C  
10-34 3 4 2 

4 

8,9,10 

7,11 2 

5,6 1 3 12 

4 

5 
7 

9 
10 8 

12 1 3 
2 11 

6 
 

10-35 2-3-4  

4 2

10-36

6 6

3

4 10-34 5 6 3, 4, 5 

https://www.youtube.com/watch?v=9FQKeFkDALw
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10-36  

3,4,5 

2 

1 

2,4 

1 3 5,6 

4 
5 3 

1 
2 

1 
2 

4 
3 5 

4 
5 3 

1 
2 

6 6 
 

10-36  

7 10-36 10-37 7 6 7

8 10-38

8 5, 6, 7

3 4  

2,4 

1 3 5,6,7 
1 

2 
4 

3 5 
6 

7

1 
2 

4
3 

5 
6 

7 

 
10-37   

2,4,6 

1 3 7,8 
1 

2 
4 

3 
5 
6 

7 
5 

8 

1 
2 

4 
3 6 

7 5 
8 

1 

4 
2 

3 
6 

7 5 
8 

 
10-38  

1

2-3-4 
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(Treap) tree + heap 

p p

p 10-39 (1)

p

1 

0.13 

1 

0.13 

1 

0.13 
1 

0.13 0 

0.17 

5 

0.24

0 

0.17 

5 

0.24 
8 

0.59

3 

0.33 2 
0.21 

0 

0.17 
8 

0.59 

0.33 

5 

0.24 
2 

0.21 

0 

0.17 

2 
0.21 

0.59 

5 

0.24 

(1)

(2) (3) (4)

3 

0.33 

8 

0.59 8 3 3 

0.33 

10-39 2 2  

p

2 10-39 (1) (2) p 2

3 2 (3) p 2 (4)

2 10-40 (1) 2

(3) 2  
1 

0.13 

1 

0.13 
1 

0.13 

1 

0.13 0 

0.17 

5 

0.24 

0 

0.17 

5 

0.24 
0 

0.17 

2 
0.21

0 

0.17 

5 

0.24 
8 

0.59 

3 

0.33 2 
0.21 

8 

0.59 
3 

0.33 

2 
0.21 

3 

0.33

8 

0.59 

5 

0.24 

(1) (2) (3) 

8 

0.59 

3 

0.33 

(4)

10-40 2   

p ? p p

0 1

O(log n)  

https://www.youtube.com/watch?v=v-sdb2FU-qs
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(skip list) 

p

...

O(log n)

- 1473 1811 2622 6245 79 8040 69 77
0 
1 
2 
3 

10-41  

10-41

( ) (+ )

m m

0 m m 1

M M 0

1 2 2i i

i 2i

x x

x x

69 10-42
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3 40, 69 , 69

40 2 77, 69

40 1 62, 69 77, 69

62, 0 69

0 x x

40 62- 1473 1811 2622 45 79 8069 77

1 2
3

4 5
60 

1 
2 
3 

 
10-42 69  

2i i 2i

ki i ki

k=3 10-43 k log k n (  

40- 3 187 2622
0 
1 
2 
3 

11 14 45 62 8069 77 79

10-43 t = 3 

? ki

i ki

1 k 2

, ..., ki i+1

10-26 [0..1)

1/k i i+1

   int randomLevel(int k, int M) { // M  
    double p = 1.0 / t; 
    int i = 1; 
    while( Math.random() < p && i < M) i++; 
    return i; 
  } 

10-26  
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67 10-44 

0 62 1, 2, 3, 4

2 10-44

3 4 1 0

3 4 10-44

 

- 1473 1811 2622 6245 7969 8040 77

2
1

0 
1 
2 
3 

3
4

 
 

67- 1473 1811 2622 6245 7969 8040 77

3
40 

1 
2 
3 

 
10-44 67  

k M M n

M 1 kM 1 n/k M = log k n k

k log k n (

n 0, n/k 1, n/k2

2, ... n + n/k + n/k2 + n/k3 + ... = n/(1  1/k)

k/(k  1) k

10-3 k

10-3  k  
k  

(k log k n) / (2 log2 n) k / (k  1) 
2 1 2 
3 0.946... 1.5 
4 1 1.333... 
5 1.077... 1.25 
6 1.161... 1.2 
7 1.247... 1.167... 
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1. BSTree AVLTree

2. removeMin removeMax

BSTree

3. BSTree

DE(n) = DI(n) + 2 

4. BSTPriorityQueue implements PriorityQueue

5. BSTree(Object[] a BSTree

a

6. equals BSTree

7. equals BSTSet 10-15

8. goo BSTree goo  ? 
   public void goo(Object e) { 
    return goo(root, e); 
  } 
  private void goo(Node r, Object e) { 
    if (r == null) r = new Node(e, null, null); 
    else { 
      int cmp = ((Comparable) r.element).compareTo(e); 
      if (cmp > 0) { 
        r.left  = goo(r.left, e); 
        r = rotateLeftChild(r); 
      } else if (cmp < 0) { 
        r.right = goo(r.right, e); 
        r = rotateRightChild(r); 
      } 
    } 
    return r; 
  } 
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9. foo BSTree  (foo goo

   public void foo(BSTree t) { 
    root = foo(root, t.root); 
  } 
  private Node foo(Node a, Node b) { 
    if (a == null) return b; 
    if (b == null) return a; 
    goo(b, a.element);   // goo 8 
    b.left  = foo(a.left, b.left); 
    b.right = foo(a.right, b.right); 
    return b; 
  } 

10. contains BSTree

   public boolean contains(Object x) { 
    return contains(root, x); 
  } 
  private boolean contains(Node r, Object x) { 
    if (r == null) return false; 
    if (x.equals(r.element)) return true; 
    if (contains(r.left, x)) return true; 
    return contains(r.right, x); 
  } 

11.

1, 2, 3, 4, 5, 6, 7, 15, 14, 13, 12, 11, 10, 9, 8 

12. 10-22 height int

int 4

byte 1

13. Object select(int k) BSTree

k

14. BSTreeX size

Object select(int k)

15. put toString BSTMap 10-19 
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16. BSTCollection

count

17. BSTMap 10-19 10-20 

18. splay tree 

19. 2-3-4 

20. 2-3-4-5-6-7-8-9-10-11-12  

21.

22.

23. SplayTreeSet implements Set

24. TreapSet implements Set

25. SkipListMap implements Map
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hash table) 1

 

 
500

1 + log2 500  = 9 

 O(n)

1.44 log2 500  1.328  (

12 O(log n) 500

                                                                 
1  Dumey symbol table) 

 

 

11  

https://www.youtube.com/watch?v=mlx5mNPizYU
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2 4

104 = 10,000 x x

11-1 347 347

11-1 AbstractTable

f x

(index function) table size

containsKey

f(key) null key

15 get table[f(key)] put

size

remove null table[f(key)] size

AbstractTable f 11-2 ProductTable

 
0 1 2 347 348 2570 2571 4564 4565 9999

... ... ... ... 

0347  
, 27 

0001  
, 12 

2570  
, 850 

4565  
, 35 

 
11-1  

500 10,000

5%

x y, f(x) f(y)

[0, m 1] m

4

                                                                 
2   (key) 
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11-2 11-3

1,000 50%  
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

public abstract class AbstractTable implements Map { 
  private Object[] table; 
  private int size = 0; 
 
  protected AbstractTable(int m) { 
    table = new Object[m]; 
  } 
  public boolean isEmpty() { 
    return size == 0; 
  } 
  public int size() { 
    return size; 
  } 
  public boolean containsKey(Object key) { 
    return table[f(key)] != null; 
  } 
  public Object get(Object key) { 
    return table[f(key)]; 
  } 
  public Object put(Object key, Object value) { 
    Object oldValue = get(key); 
    table[f(key)] = value; 
    if (oldValue == null) ++size; 
    return oldValue; 
  } 
  public void remove(Object x) { 
    if (table[f(x)] != null) --size; 
    table[f(x)] = null; 
  } 
  protected abstract int f(Object key); 
}  

11-1  
01
02
03
04
05
06
07
08

public ProductTable extends AbstractTable { 
  public ProductTable() { 
    super(10000); 
  } 
  protected int f(Object x) { 
    return Integer.parseInt((String)x); 
  } 
}  

11-2  

value key  

value  

table 

value key   

value table  

123 

 value 

123  

4   
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0 1 2 34 35 257 258 456 457 999

... ... ... ... 

0347  
, 27 

0001  
, 12 

2570  
, 850 

4565  
, 35 

 
11-2  

01
02
03
04
05
06
07
08

public ProductTable extends AbstractTable { 
  public ProductTable() { 
    super(1000); 
  } 
  protected int f(Object x) { 
    return Integer.parseInt((String)x) / 10; 
  } 
}  

11-3  

 8 

f(x) = x 108

10293451, 18763481, 54129823, 78766712, 87228124, 09829321, 78910114, 98984523 

f(x) = ( x/100  % 10 ) + ( x/10  % 10 )  9, 

12, 10, 8, 3, 5, 2, 7 13

12 f(x)

x x 10293451 10293415

5 09829321 f(x)

(collision) ,

,  

  

3   
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m h(x) 3

x 0 m 1 x

y h(x) = h(y)) (separate chaining 

hash table) 

11-3 10 h(x) = x % 10 

x x x h

h(x) x

h(x) x

h(x)

0
1
2
3
4
5
6
7
8
9

260  80 180
321401

252  92 

  4 764
185105

 76 

108 28 
129

 
11-3 h(x) = x % 10

11-4 SeparateChainingHashMap

11-3  LinkedNode

key value next

table

null size

11

                                                                 
3  f(x) h(x)  

https://www.youtube.com/watch?v=0vKJwjkumdo
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01
02
03
04
05
06
07
08
09
10
11
12
13
14
15

public class SeparateChainingHashMap implements Map { 
  private static class LinkedNode { 
    Object key, value; 
    LinkedNode next; 
    LinkedNode(Object k, Object v, LinkedNode n) { 
      key = k; value = v; next = n; 
    } 
  } 
  private int size; 
  private LinkedNode[] table; 
  public SeparateChainingHashMap(int cap) { 
    table = new LinkedNode[cap]; 
  } 
  public int size() { return size; } 
  public boolean isEmpty() { return size == 0; } 

11-4 SeparateChainingHashMap  

11-5 get getNode null

value containsKey

getNode getNode

h hashCode hashCode

31 0

table.length 1 24

25 27 null 
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

  public Object get(Object key) { 
    LinkedNode node = getNode(key); 
    return node == null ? null : node.value; 
  } 
  public boolean containsKey(Object key) { 
    return getNode(key) != null; 
  } 
  private LinkedNode getNode(Object key) {     
    LinkedNode cur = table[h(key)]; 
    while (cur != null && !cur.key.equals(key)) { 
      cur = cur.next; 
    } 
    return cur;     
  } 
  private int h(Object x) { 
    return Math.abs(x.hashCode()) % table.length; 
  } 

11-5 get containsKey  

  

key, value   

h(key) table 

null 

hashCode  

value key 
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

  public Object put(Object key, Object value) { 
    LinkedNode node = getNode(key); 
    Object oldValue = null; 
    if (node != null) { 
      oldValue = node.value; 
      node.value = value; 
    } else { 
      int h = h(key); 
      table[h] = new LinkedNode(key, value, table[h]); 
      ++size; 
    } 
    return oldValue; 
  } 
  public void remove(Object key) { 
    int h = h(key); 
    if (table[h] == null) return; 
    if (table[h].key.equals(key)) { 
      table[h] = table[h].next; --size; 
    } else { 
      LinkedNode prev = table[h]; 
      while (prev.next != null && !prev.next.key.equals(key)) { 
        prev = prev.next; 
      } 
      if (prev.next != null) { 
        prev.next = prev.next.next; --size; 
      } 
    } 
  } 
} 

11-6 put remove  

put remove 11-6

put key value

38 37

table[h(key)] 41 remove

table[h(key)]

key (

50

prev prev prev

prev.next 57

h

table[h(key)] h

key value  

 

 

 

key 
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h

h h(x) = x % 10 11-3 h(x) = x % 8 

11-4 11-3

h(x)  

0
1
2
3
4
5
6
7

180 260

 401 

 60 252  92 764   4   76  28 108

321 105 185 129

 
11-4 h(x) = x % 8 11-3 

h(x) h(x)

h(x)

h(x)

simple uniform hashing [0, U 1]  m

h(x) [0, U 1] [0, m 1]

p(x) x h
jS

j h(x) h(x) simple uniform hashing 

1( )
h
jx S

p x
m

j = 0, 1, ..., m 1, h
jS  = { x | h(x) = j } 

10  0000000000 9999999999

( U = 1010

p(x)  ( 1/1010 ( 0000000000

9999999999 h(x)

https://www.youtube.com/watch?v=gLV3jttkHqg
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h(x)

n n < m n << U  ( << ) m = 1000, n = 

700 700 1010 h(x)

p(x) p(x)

1,435

 18 11-1

 

11-1 18 1435  
        
 11130   5998   4441 
 10260   5673   4057 
 8089   5219   3796 
 6596   5207   3629 
 6558   5069   3091 
 6250   4993   3007 

h(x) ?

h(x)

100 h(x) = x % 100 

h(x) (hash function) 4

(hash table)  

  

                                                                 
4   

https://www.youtube.com/watch?v=UwwwLBi0xz4
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0.5 float 00111111000000000000000000000000

" " 00001110010001000000111000010111

 

 :  x [0, m 1] x

[0, 1) x m x [a, b) [0, 1) 

(x a) / (b a) m

: k k

26 "JAVA" 74 263 + 65 262

+ 86 261 + 65 260 = 1346865  ( 'J' 01001010 74,

'A' 01000001 65 11-7  

   static int toInt(String x) { 
    int h = 0; 
    for (int i=0; i<x.length(); i++) 
      h = 26 * h + x.charAt(i); 
    return h & 0x7FFFFFFF; 
  } 

11-7  

26, 32 32

5 32 32 = 25

1  2 26*h 11-7 h<<5

String

31

:

(exclusive or) 

0 

26 
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w w

w=32 

int 32 [0, m 1] m

m

 

h(x) = x % p p 2k

k p = 10k

k p

h(x)

2k 32, 64, ... p = 2k  1 

" " " " h(x)

x p

c x % p c p

x x % p

p  

( )h x m xA xA A

(0,1) m m [0, m 1]

A ( 5  1)/2  0.618 11-8 m = 2p

( 5  1)/2 232 = 2654435769 x 32

32-p p 32 x = 1, 

2, ..., 8 p = 10 , , , , , , ,  

  static int multHash(int x, int p) { 
   long hash = (2654435769L * x) & 0xFFFFFFFFL; 
   return (int) (hash >> (32-p)); 
 } 

11-8 h(x) = 2p (x x  )  = ( 5  1)/2 
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(exclusive or)

11-9 5

11-10

11-2 
   static int rotatingHash(String x) { 
    int hash = x.length(); 
    for (int i = 0; i < x.length(); i++) 
      hash = ((hash << 5)^(hash >> 27))^x.charAt(i); 
    return (hash & 0x7FFFFFFF); 
  } 

11-9  
   static int mix(int x) { 
    x = ~x + (x << 15); 
    x ^= (x >>> 11); 
    x += (x << 3); 
    x ^= (x >>> 5); 
    x += (x << 10); 
    x ^= (x >>> 16); 
    return x; 
  } 

11-10  

11-2 11-10  
 mix 11-10 

00000000 01010101000101110101010100010111 
00000001 00010001011101100111010111110100 
00000010 00100010111011001110111111101001 
00000011 00110100011000110100000111111011 
00000100 01000101110110011101101111010010 
00000101 01011011010100011111000111100110 
00000110 01101000110001101000001111110110 
00000111 01111110001111100100010110010011 
00001000 10001011101100111011011110100101 

, , ( 5 1)/2

,
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!

 (universal hashing)  
h(x) = ( (ax + b) % p ) % m

  x [0, U ),  m , p

[U, 2U ) a b

0 < a < p 0 b < p

a b

Object hashCode -
x y x.equals(y)

x.hashCode() y.hashCode() hashCode

hashCode

HashMap, HashSet Point2D

 x y double hashCode x y

double long ( doubleToLongBits) 

y 31 x long

int  32 32 32

 

  public class Point2D { 
    ... 
    public int hashCode() { 
      long bits = Double.doubleToLongBits(getX()); 
      bits ^= Double.doubleToLongBits(getY()) * 31; 
      return (((int) bits) ^ ((int) (bits >> 32))); 
    } 
    ... 
  } 
hashCode Object

hashCode hashCode override

hashCode Object

hashCode equals Object

 

equals

hashCode  equals
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366 1

0.5

40

2 41

!

1/366

1  : 1  (366/366) 

2 : 1  (366/366)(365/366) 
...
n :

p = 1 
366
366

365
366

364
366 ...

(366 n+1)
366

n p 11-5 n 23

p > 0.5 366

23

11-5 n  

0

0.25

0.5

0.75

1

0 10 20 30 40 50 60

p

n
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(cache) 

11-11 0, m, 2m, ... 

m = 1, 2, 22, 23, ..., 213 11-3 

Java 5 Pentium M 1.3GHz

 
public class Cache { 
  public static void main(String[] args) { 
    for (int i = 0; i < 14; i++) test((int) Math.pow(2, i)); 
  } 
  static void test(int m) { 
    int[]  d = new int[10000019]; 
    long s = System.currentTimeMillis(); 
    for (int k = 0; k < 10; k++) 
      for (int a, j = 0, i = 0; i < d.length; i++) { 
        a = d[j]; 
        j = (j + m) % d.length; 
      } 
    System.out.println(System.currentTimeMillis() - s); 
  } 
} 

11-11  

11-3 test(m) 11-11  
m 1 2 4 8 16 32 64 128 256 512 1024 2048 4096 8192 

 3.9 4.0 4.0 4.0 4.8 5.6 5.6 5.6 5.8 6.1 6.7 6.7 6.9 7.0 

(closed hashing) (open addressing) 

d[j] 
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3  (linear probing)

(quadratic probing) (double hashing) 

  
x h(x) (probe)

h(x), h(x)+1, h(x)+2, h(x)+3, h(x)+4, ...  hj(x)

j
hj(x) = (h(x) + j) % m 

 hj(x) hj 1(x) hj(x) = (hj 1(x) + 1) % m

(linear probing) 

h(x) = x % 13 13 22, 37, 12, 26

4 11-6 (1)

35 9 22 35 10 (2)

9 9 5 1 9 (3)

 
0 

26         22  37 12 

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

0 

26     22 35 37 12 

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

0 

26 9        22 35 37 12 

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

(1)

(2)

(3)

11-6 h(x) = x % 13

11-12 LinearProbingHashMap

Entry

https://www.youtube.com/watch?v=Dq4p5P0cnHY
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(key,value) table size

size isEmpty

01
02
03
04
05
06
07
08
09
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

public class LinearProbingHashMap implements Map { 
  private static class Entry { 
    Object key, value; 
    Entry(Object k, Object v) { 
      key = k; value = v; 
    } 
  }   
  private Entry[] table; 
  private int size; 
   
  public LinearProbingHashMap(int m) { 
    table = new Entry[m]; 
  } 
  public int size() { 
    return size; 
  } 
  public boolean isEmpty() { 
    return size == 0; 
  } 
  public boolean containsKey(Object key) { 
    return table[indexOf(key)] != null; 
  } 
  private int indexOf(Object key) { 
    int h = h(key); 
    for(int j=0; j<table.length; j++) { 
      if (table[h] == null) return h; 
      if (table[h].key.equals(key)) return h; 
      h = (h + 1) % table.length; 
    } 
    throw new AssertionError(" !"); 
  } 
  private int h(Object key) { 
    return (key.hashCode() & 0x7FFFFFFF) % table.length; 
  } 

11-12 LinearProbingHashMap  

containsKey 20 indexOf 23

h ( 25

null null

( 27 28

30 throw for

25

 

table key  

Entry  
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30

indexOf

null

indexOf get, put, remove 11-13

get indexOf null

null null value

put indexOf null

(key,value) 43 size

null value value

value put  
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

  public Object get(Object key) { 
    Entry e = table[indexOf(key)]; 
    return e == null ? null : e.value; 
  } 
  public Object put(Object key, Object value) { 
    Object oldValue = null; 
    int i = indexOf(key); 
    if (table[i] == null) { 
      table[i] = new Entry(key, value); 
      ++size; 
    } else { 
      oldValue = table[i].value; 
      table[i].value = value; 
    } 
    return oldValue; 
  } 

11-13 get put LinearProbingHashMap  

i null

i

11-7 (1) h(x) = x % 6 0

18 null 2 24 (2)

0 

6 12 18 24   

1 2 3 4 5 

(1) (2)

0 

6 12  24   

1 2 3 4 5 

11-7 18 2 h(x) = x % 6)

key  

value null 

Entry  

value  

https://www.youtube.com/watch?v=MVqa060T9Eg
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i i+1 

null

11-8 1) 10,

6, 12, 18, 24 h(x) = x % 6 18 18 2,

24 10 10 24

0 2 10 4 (3)

11-14 remove

(1) (2) (3)

0 

6 12 18 24 10  

1 2 3 4 5 0 

6 12  24 10  

1 2 3 4 5 0 

6 12 24  10  

1 2 3 4 5 

11-8 18 24 10 h(x) = x % 6  

51
52
53
54
55
56
57
58
59
60
61
62

  public void remove(Object key) { 
    int i = indexOf(key); 
    if (table[i] != null) { 
      table[i] = null; 
      --size; 
      for(++i; table[i]!=null; i=(i+1)%table.length) { 
        Entry e = table[i]; 
        table[i] = null; 
        table[indexOf(e.key)] = e; 
      } 
    } 
  } 

11-14 remove LinearProbingHashMap 

null

(cluster) null

t i i+t 1 i 1 i+t

null x x j i  j i+t 1

i+t null i + t  j + 1 

t
1

)1(
ti

ij
jti = t + t(t+1)/2  

m n t1, t2, ..., tk t1+ t2+...+ tk = n

 

 

 

null 
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m n null (

null 1

,
1 1 1

1

1

( 1)1 1 1( ) ( 1)
2 2

1 ( 1)
2

11 ( 1)
2

k k k
i i

n m i i i i
i i i

k

i i
i

k

i i
i

t t m nu m n t t t t
m m m m

m n n t t
m m m

t t
m

11-4 = n/m

 (load factor) 

1 11
2 1 2

1 11
2 (1

 

11-4 un,m = m n 
m = 10,000  m = 100,000  m = 1,000,000 
n un,m n un,m n un,m

 = 0.3 3,000 1.51  30,000 1.52  300,000 1.52 
 = 0.4 4,000 1.83  40,000 1.90  400,000 1.89 
 = 0.5 5,000 2.50  50,000 2.52  500,000 2.50 
 = 0.6 6,000 3.42  60,000 3.65  600,000 3.63 
 = 0.7 7,000 6.08  70,000 6.22  700,000 6.02 

= 0.75 7,500 10,000

= 0.5 15,000

put

rehash

11-15 
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  public Object put(Object key, Object value) { 
    Object oldValue = null; 
    int i = indexOf(key); 
    if (table[i] == null) { 
      table[i] = new Entry(key, value); 
      ++size; 
      if (size > table.length/2) rehash(); 

     } else { 
      oldValue = table[i].value; 
      table[i].value = value; 
    } 
    return oldValue; 
  } 
  private void rehash() { 
    Entry[] oldT = table; 
    table = new Entry[2 * table.length]; 
    for (int i = 0; i < oldT.length; i++) { 
      if (oldT[i] != null) table[indexOf(oldT[i].key)] = oldT[i]; 
    } 
  } 

11-15 put 0.5  

  

null

(primary clustering) (quadratic probing) 

 h(x), h(x)+12, h(x)+22, h(x)+32, ...

hj(x) = (h(x) + j2) % m 
hj(x) j) j j 1 hj 1 (x) = 

(h(x) + (j 1)2) % m hj (x) = (hj 1 (x) + 2j  1) % m

h(x) = x % 13 13 27, 16

 18 3 11-9 (1) 40

1 27 1 + 12=2 40 2 (2) 53

1 1, 2, 5, 10 53 (3)

 

rehash 

rehash 0.25 

Entry  

https://www.youtube.com/watch?v=3dC34OeCmxQ
https://www.youtube.com/watch?v=vqiZbxt5Vp4
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0 

27  16  18      
1 2 3 4 5 6 7 8 9 10 11 12 

0 

27 40 16 18  
1 2 3 4 5 6 7 8 9 10 11 12 

0 

27 40 16  18    53 
1 2 3 4 5 6 7 8 9 10 11 12 

(1)

(2)

(3)
11-9 h(x) = x % 13

7 x 0, (0+j2)%7, j =0,1,2,3,... 

0, 1, 4, 2, 2, 4, 1, 0, 1, 4, 2, ... 4 7

0, 1, 2, 4 3 11-10 (1) 70

0

8 4 (4 + 

j2) % 8, j = 0,1,2,3,... 4, 5, 0, 5, 4, 5, 0, 5, 4, ... 3

11-10 (2) 12 4  

(1)

0 

7 1 16  74  

1 2 3 4 5 

 

6 

(2)

0 

80   52 13 

1 2 3 4 5 

 

6 

 

7 

11-10 0 (1) 4 (2)

m m

1 1+ m/2 (h(x)+j2) % m j = 0, 1, 2, ..., 

m/2

i j 0 i < j m/2 (h(x) + i2) % m = (h(x) + j2) % m

(h(x) + i2)  (h(x) + j2)  (mod m),  h(x) i2 j2  (mod m),

(i j)(i + j)  0  (mod m) (i  j) 0, (i + j) m,

(i j)(i + j) m 0 i < j m/2 , (i  j) 0,  (i+j)

m, m (i j)(i + j)

(h(x)+j2) % m j = 0, 1, 2, ..., m/2 m  
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0.5

i null i+1 null

null

( DELETED

indexOf null

11-11 40

DELETED 2 40 53

2  

0 

27  16  18    53 
1 2 3 4 5 6 7 8 9 10 11 12 

(2)

0 

27 40 16  18    53 
1 2 3 4 5 6 7 8 9 10 11 12 

(1)

11-11  

(lazy deletion) 

DELETED  

QuadraticProbingHashMap

LinearProbingHashMap Entry, table, size,

size, isEmpty, containsKey, get, h

Entry DELETED ( Object

https://www.youtube.com/watch?v=xuJd87zb8uc


270     

DELETED static

numNonNulls null

DELETED

m

m nextProbablePrime BigInteger

m = 10000 10007 11-16 
public class QuadraticProbingHashMap implements Map { 
  private static class Entry { ... } 
  private static final Entry DELETED=new Entry(new Object(),null); 
 
  private Entry[] table; 
  private int size; 
 
  private int numNonNulls; 
 
  public QuadraticProbingHashMap(int m) { 
    table = new Entry[nextPrime(m)]; 
  } 
  private int nextPrime(int m) { 
    BigInteger b = new BigInteger(Integer.toString(m)); 
    return b.nextProbablePrime().intValue(); 
  }   
  public int size() { ... } 
  public boolean isEmpty() { ... } 
  public boolean containsKey(Object key) { ... } 
  public Object get(Object key) { ... } 
  private int h(Object key) { ... } 

11-16 QuadraticProbingHashMap 

11-17 indexOf null

hj(x) = (hj 1(x) + 2j  1) % m

remove DELETED

put numNonNulls

numNonNulls

numNonNulls rehash

4 rehash

0.25

 

  

null 

m 

 

LinearProbingHashMap 
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  private int indexOf(Object key) { 
    int h = h(key); 
    for (int j = 1; j < table.length; j++) { 
      if (table[h] == null) break; 
      if (table[h].key.equals(key)) break; 
      h = (h + 2 * j - 1) % table.length; 
    } 
    return h; 
  } 
  public void remove(Object key) { 
    int i = indexOf(key); 
    if (table[i] != null) { 
      table[i] = DELETED; 
      --size; 
    } 
  } 
  public Object put(Object key, Object value) { 
    Object oldValue = null; 
    int i = indexOf(key); 
    if (table[i] == null) { 
      table[i] = new Entry(key, value); 
      ++size; ++numNonNulls; 
      if (numNonNulls > table.length/2) rehash(); 
    } else { 
      oldValue = table[i].value; 
      table[i].value = value; 
    } 
    return oldValue; 
  } 
  private void rehash() { 
    Entry[] oldT = table; 
    table = new Entry[nextPrime(4 * size)]; 
    for (int i = 0; i < oldT.length; i++) { 
      if (oldT[i] != null && oldT[i] != DELETED) { 
        int j = indexOf(oldT[i].key); 
        table[indexOf(oldT[i].key)] = oldT[i]; 
      } 
    } 
    numNonNulls = size; 
  } 

11-17 QuadraticProbingHashMap LinearProbingHashMap 

put 11-17 DELETED

rehash

 

DELETED  

rehash 0.25 

rehash  
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h0(x) h1(x), h2(x), h3(x), ... 

(secondary clustering) 

(double hashing)  

h0(x)

hj(x) = (h(x) + j g(x)) % m 
hj (x) = (hj 1 (x) +g(x)) % m g(x)

11-18 indexOf

g(x) 
  private int indexOf(Object key) { 
    int h = h(key); 
    int g = g(key); 
    for (int j = 1; j < table.length; j++) { 
      if (table[h] == null) break; 
      if (table[h].key.equals(key)) break; 
      h = (h + g) % table.length; 
    } 
    return h; 
  } 
  private int g(Object key) { 
  return 1 + (key.hashCode() & 0x7FFFFFFF) % (table.length / 2); 
  }  

11-18  

g(x) g(x) % m 0

g(x) m ( 1 m = 12, g(x)

9, h(x) 3, 3, (3+9)%12, (3+18)%12,  (3+27) %12 ... 

0, 9, 6, 3 g(x) 5  7  11 13

g(x) m g(x)

m

DoubleHashingHashMap

QuadraticProbingHashMap indexOf, g,

 

https://www.youtube.com/watch?v=YWmbDeCOrlE
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11-5

0.3 0.9

0.5 0.5

1,000,003

double 10

11-5  
Linear Probing  Quadratic Probing  Double Hashing 

         
 = 0.3 1.21 1.52  1.21 1.47  1.19 1.43 
 = 0.4 1.33 1.89  1.31 1.75  1.28 1.67 
 = 0.5 1.50 2.50  1.43 2.14  1.39 2.02 
 = 0.6 1.75 3.63  1.59 2.72  1.53 2.54 
 = 0.7 2.16 6.02  1.82 3.70  1.74 3.44 
 = 0.8 3.00 12.84  2.16 5.64  2.05 5.32 
 = 0.9 5.44 49.70  2.79 11.37  2.67 11.63 

11-12 360

400 0.1 0.9

 

  

uniform hashing

m

m!

pj

j
1 jj j p  

https://www.youtube.com/watch?v=DkYc6cgTrIk
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= 0.1 

= 0.2 

= 0.3 

= 0.4 

= 0.5 

= 0.6 

= 0.7 

= 0.8 

= 0.9  
 (linear probing) 

= 0.1 

= 0.2 

= 0.3 

= 0.4 

= 0.5 

= 0.6 

= 0.7 

= 0.8 

= 0.9  
(quadratic probing)

= 0.1 

= 0.2 

= 0.3 

= 0.4 

= 0.5 

= 0.6 

= 0.7 

= 0.8 

= 0.9  
(double hashing)

11-12 0.9
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pj 1 jj j p qj

j

q1  = p1 + p2 + p3  + . . .
q2  = p2 + p3 + p4  + . . . 

q1, q2, q3, ... 1 0j jj jq j p

1 q1 = 1  n m

n/m 2

q2 = n/m

(n 1)/(m 1 q3 (n/m)((n 1)/(m 1 )
1

11 2
1 2

j
j

j
n n n j nq
m m m j m

 

 = n / m  
2

0 1

11
1j j

j j
j p q  

1/(1 )  

x x

x x i+1 

x i/m x 1/(1 i/m)

x

n  
1 1

0 0

1 1 1
1 /

1 1 1 1 1

1

1 1ln ln( ) ln

1 1ln
1

n n

i i

m m n

m
n i m n m i
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11-6

t

t = (1+1/(1 )2)/2 = 1  1/ 2t  1

t = 1/(1 )  = 1  1/t 5

1  1/ 2 5  1 = 0.67 

1  1/5 = 0.8  

11-6  
  
   

 
1 11
2 1

  

 
1 1ln  

1
1

 

  

h(x) h(x)

m n n > m

n m

n/m

null 1+ 1

(n  1) / m m

k (k+1)/2

(1+(n  1)/m + 1)/2 1 + n/(2m) = 1 + /2

11-6

2
1 11
2 (1
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?

0.5

=0.5 1,200 2,400

4

9,600 0.5 11-6

2.5 1+

1+  = 2.5 

1.5 1,200 800 4

4

4 1,200 800 4 + 1,200 8

= 12,800 

12,800 3,200

800/3200 = 0.25 11-6 1.39

?

long 8

2,400 8 = 19,200 800 4 + 

1,200 12 = 17,600 
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11-19

null DELETED (m)

(m+n) m n  
public class QuadraticProbingHashMap implements Map { 
  ... 
  public Object getMin() { 
    Object min = null; 
    for (int i=0; i<table.length; i++) { 
      if (table[i] != null && table[i] != DELETED) { 
        if (min == null || 
            ((Comparable) min).compareTo(table[i].key) > 0) 
          min = table[i].key; 
      } 
    } 
    return min; 
  } 

11-19  

h hashCode

0 0x7FFFFFFF

hashCode

hashCode

hashCode 0

 

https://www.youtube.com/watch?v=uDrvKLtowPk
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hashCode hashCode hashCode

equals

hashCode

 

 HashMap, HashSet, LinkedHashSet LinkedHashMap,

IdentityHashMap, ConcurrentHashMap, WeakHashMap

hashCode

hashCode HashMap 2k

hash  2k-1   

    static int hash(Object x) { 
      int h = x.hashCode(); 
      h += ~(h << 9); 
      h ^=  (h >>> 14); 
      h +=  (h << 4); 
      h ^=  (h >>> 10); 
      return h; 
    } 

 
 

  
1. SeparateChainingHashMap QuadraticProbingHashMap

2.

, , , , , , , , h(x) = x % 13 

2.1.

2.2.

2.3.

2.4. g x) = 7  (x % 7
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3. hashCode

:

src.zip

C:\Program Files\Java\jdk1.5.0_06\src.zip"

4. SeparateChainingHashMap

4.1. ArrayList

4.2. SinglyLinkedList

4.3. LinkedList

5. abstract OpenAddressingHashMap

LinearProbingHashMap, QuadraticProbingHashMap

DoubleHashingHashMap

6. SeparateChainingHashMap

7. SeparateChainingHashSet LinearProbingHashSet

equals

8. hashCode String

 31 

6

9. g(x) = 1 g(x) = x % (m/2)

m

10.

h(x)

h(x)

11. 11-5 11-6 
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12. 11-17 DELETED indexOf

null DELETED

rehash

DELETED

DELETED

13. m

hj(x) = ( h(x) + F(j) ) % m j F(

F( , F( , ..., F(m (random permutation) 

m

F(j)  (

13.1.  

13.2.  

13.3.  

14. ArrayList

hashCode ArrayList

 public class ArrayList implements List { 
  ... 
  public int hashCode() { 
    int h = 0; 
    for(int i=0; i<elementData.length; i++) 
      h += elementData[i].hashCode(); 
    return h; 
  } 

15. 11-1

20

:

BreakIterator java.text
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16. true, false, true (

Point java.awt

 Map m = new LinearProbingHashMap(10); 
Point p = new Point(10,20); 
m.put(p, "ok"); 
System.out.println(m.containsKey(p));  // true 
p.x = 99; 
System.out.println(m.containsKey(p));  // false         
p.x = 90; 
System.out.println(m.containsKey(p));  // true         

 



spj  

toArray , get(i)

i , toArray

get(i)

ArrayList  
LinkedList

iterator) 

 

 
countLessThan(d,x) d

x d

private protected

public d 12-1

 

12  
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countLessThan overload 

d LinkedCollection toArray

ArrayList get(i) BSTree

 
  public static int countLessThan(LinkedCollection d, Object x) { 
    Object[] a = d.toArray(); 
    int c = 0; 
    for (int i=0; i<a.length; i++) { 
      if (((Comparable)a[i]).compareTo(x) < 0) c++; 
    } 
    return c; 
  } 
  public static int countLessThan(ArrayList d, Object x) { 
    int c = 0, n = d.size(); 
    for (int i=0; i<n; i++) { 
      if (((Comparable)d.get(i)).compareTo(x) < 0) c++; 
    } 
    return c; 
  } 
  public static int countLessThan(BSTree d, final Object x) { 
    final int[] c = new int[1]; 
    d.preOrder(new Visitor() { 
                 public void visit(Object e) { 
                   if(((Comparable)e).compareTo(x) < 0) c[0]++; 
                 } 
               }); 
    return c[0]; 
  } 

12-1  

 (iterator) 

i d d i d

12-2

Iterator java.util

next hasNext

public interface Iterator { 
  public boolean hasNext(); 
  public Object next(); 
  public void remove();  // optional operation 
} 

12-2 Iterator  

toArray 

get(i) 
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next remove ArrayList, BSTree,

LinkedCollection iterator

12-1 12-3 

  public int countLessThan(LinkedCollection d, Object x) { 
    int c = 0; 
    for (Iterator itr = d.iterator(); itr.hasNext();) { 
      if (((Comparable) itr.next()).compareTo(x) < 0) c++; 
    } 
    return c; 
  } 
  public int countLessThan(ArrayList d, Object x) { 
    int c = 0; 
    for (Iterator itr = d.iterator(); itr.hasNext();) { 
      if (((Comparable) itr.next()).compareTo(x) < 0) c++; 
    } 
    return c; 
  } 
  public int countLessThan(BSTree d, Object x) { 
    int c = 0; 
    for (Iterator itr = d.iterator(); itr.hasNext();) { 
      if (((Comparable) itr.next()).compareTo(x) < 0) c++; 
    } 
    return c; 
  } 

12-3  

12-3

Iterator

public interface Iterable { 
  public Iterator iterator(); 
} 

12-4 Iterable iterator  

Iterable 12-4 iterator

iterator

implements Iterable countLessThan

Iterable java.lang  
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Iterable 12-5 BSTree,

ArrayList, LinkedCollection countLessThan  
  public int countLessThan(Iterable d, Object x) { 
    int c = 0; 
    for (Iterator itr = d.iterator(); itr.hasNext();) { 
      if (((Comparable)itr.next()).compareTo(x) < 0) c++; 
    } 
    return c; 
  } 

12-5 countLessThan Iterable iterator  

Iterable 5 

5 for for each 

12-5  

  for (Iterator itr = d.iterator(); itr.hasNext(); ) { 
    Object x = itr.next(); 
    ... 
  } 

 

  for (Object x : d) { 
    ... 
  } 

" x d" 

d Iterable Iterable 

for each  

 

elementData size 0

size-1 ArrayCollection,

ArrayList, ArrayStack, BinaryHeap ArrayCollection

1

                                                                 
1  Iterable, Iterator iterator,

Iterable iterator Iterator 
Iterator next, hasNext, remove   
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12-6 ArrayCollection

ArrayCollection Iterable

implements Iterable iterator

Itr

implements Iterator hasNext, next remove

cursor elementData next()

cursor 0 48 next()

cursor elementData cursor 54

hasNext

53 elementData 0

size-1 hasNext

cursor < size next 50

01
02
03
..
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

public class ArrayCollection implements Collection, Iterable { 
  private Object[] elementData; 
  private int size; 
  ... 
  public Iterator iterator() { 
    return new Itr(); 
  } 
  private class Itr implements Iterator { 
    int cursor = 0; 
    public boolean hasNext() { 
      return cursor < size;  
    } 
    public Object next() { 
      if (!hasNext()) throw new IllegalStateException(); 
      return elementData[cursor++]; 
    } 
    public void remove() { 
      throw new UnsupportedOperationException(); 
    } 
  } 

12-6 ArrayCollection 

remove

next Iterator optional 

 

cursor 

next  

 Iterable 

iterator  
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remove remove

Iterator

throw UnsupportedOperationException 57

remove

remove

remove

12-7 cursor

next cursor-1

elementData[size-1] elementData[cursor-1] size

cursor 58

next

cursor 0 next  
47
48
..
56
57
58
59
60

  private class Itr implements Iterator { 
    int cursor = 0; 
    ... 
    public void remove() { 
      if (cursor == 0) throw new IllegalStateException(); 
      elementData[--cursor] = elementData[--size]; 
    } 
  } 

12-7 ArrayCollection  

12-7 next remove

Iterator remove next

next remove, next remove

remove next

removable boolean 12-8

false next

true remove removable  

cursor-1  

next  
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47
48
49
..
53
54
55
56
57
58
59
60
61
62

  private class Itr implements Iterator { 
    int cursor = 0; 
    boolean removable = false; 
    ... 
    public Object next() { 
      if (!hasNext()) throw new IllegalStateException(); 
      removable = true; 
      return elementData[cursor++]; 
    } 
    public void remove() { 
      if (!removable) throw new IllegalStateException(); 
      elementData[--cursor] = elementData[--size]; 
      removable = false; 
    } 

12-8 next  

remove remove

ArrayCollection removeLessThan

d ArrayCollection x

d x remove

ArrayCollection 12-9

remove ArrayCollection

12-10

12-9 d -

 

  void removeLessThan(ArrayCollection d, Object x) { 
    for (Iterator itr = d.iterator(); itr.hasNext(); ) { 
      Object e = itr.next(); 
      if (((Comparable) e).compareTo(x) < 0) d.remove(e); 
    } 
  } 

12-9 d x remove ArrayCollection 
  void removeLessThan(ArrayCollection d, Object x) { 
    for (Iterator itr = d.iterator(); itr.hasNext(); ) { 
      Object e = itr.next(); 
      if (((Comparable) e).compareTo(x) < 0) itr.remove(); 
    } 
  } 

12-10 d x remove Iterator 

e d 

next remove  

remove  

itr next 
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LinkedCollection, LinkedList,

SinglyLinkedList Iterable 12-11 

LinkedList Iterable

iterator Itr Itr

Iterator nextReturn next

removable hasNext nextReturn

next   

nextReturn , nextReturn , removable

remove removable removeNode

LinkedList nextReturn  
01 
.. 
12 
13 
.. 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 

public class LinkedList implements List, Iterable { 
  ... 
  private int size; 
  private LinkedNode header; 
  ... 
  public Iterator iterator() { 
    return new Itr(); 
  } 
  private class Itr implements Iterator { 
    LinkedNode nextReturn = header.next; 
    boolean removable = false; 
    public boolean hasNext() { 
      return nextReturn != header;  
    } 
    public Object next() { 
      if (!hasNext()) throw new IllegalStateException(); 
      Object x = nextReturn.element; 
      nextReturn = nextReturn.next; 
      removable = true; 
      return x; 
    } 
    public void remove() { 
      if (!removable) throw new IllegalStateException(); 
      removeNode(nextReturn.prev); 
      removable = false; 
    } 
  } 

12-11 LinkedList 

size header 
2

A B

private static class LinkedNode { 
  private Object element; 
  private LinkedNode prev; 
  private LinkedNode next; 
  ... 
} 

nextReturn next  

removeNode LinkedList 

nextReturn 
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12-12

QuadraticProbingHashMap Iterable

iterator Itr cursor next

ArrayCollection cursor

numEntriesLeft next

size next hashNext

numEntriesLeft > 0 next cursor +1

null DELETED remove DELETED

cursor next cursor

-1) (table[cursor] DELETED)

public class QuadraticProbingHashMap implements Map, Iterable { 
  private Entry[] table; 
  private int size; 
  ... 
  public Iterator iterator() { 
    return new Itr(); 
  } 
  private class Itr implements Iterator { 
    int numEntriesLeft = size; 
    int cursor = -1; 
    public boolean hasNext() { 
      return numEntriesLeft > 0;  
    } 
    public Object next() { 
      if (!hasNext()) throw new IllegalStateException(); 
      for(++cursor; cursor<table.length; ++cursor) 
        if (table[cursor]!=null && table[cursor]!=DELETED) break; 
      numEntriesLeft--; 
      return table[cursor].key; 
    } 
    public void remove() { 
      if (cursor == -1 || table[cursor] == DELETED) 
        throw new IllegalStateException(); 
      table[cursor] = DELETED; 
      --size; 
    } 
  } 

12-12 QuadraticProbingHashMap 

cursor next  

numEntriesLeft 

next 
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BinaryTree BSTree, Expression, AVLTree

BinaryTree remove

BinaryTree

BSTree

BinaryTree  

12-13 BinaryTree

Iterable iterator 100 Itr

r r

leftItr rightItr ( 110

111 curItr

curItr=leftItr 112)

next curItr=rightItr 121)

r r=null  124 

126)  hasNext 116)

12-13 (n)

...

!!!

toArray

next  
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01 
02 
03 
04 
05 
06 
07 
.. 
12 
.. 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 

public abstract class BinaryTree implements Iterable { 
  protected Node root; 
 
  protected static class Node { 
    public Object element; 
    public Node left; 
    public Node right; 
    ... 
  } 
  ... 
  public Iterator iterator() { 
    return new Itr(root); 
  } 
  protected class Itr implements Iterator { 
    protected Node r; 
    protected Itr leftItr, rightItr, curItr; 
   
    protected Itr(Node r) { 
      this.r = r; 
      if (r != null) { 
        leftItr = new Itr(r.left); 
        rightItr = new Itr(r.right); 
        curItr = leftItr; 
      } 
    } 
    public boolean hasNext() { 
      return (r != null); 
    } 
    public Object next() { 
      if (!hasNext()) throw new IllegalStateException(); 
      if (!curItr.hasNext() && curItr == leftItr) 
        curItr = rightItr; 
      if (curItr.hasNext()) 
        return curItr.next(); 
      Object e = r.element; 
      r = null; 
      return e; 
    } 
    public void remove() { 
      throw new UnsupportedOperationException(); 
    } 
  } 

12-13 BinaryTree  

12-13 12-14

curItr state

5 'S' , 'L' 'R'

'E' state

 

 

r null  

r  

r null 

root  

BinaryTree  
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'S' 'L' 'R' 'E'

curItr

newIterator 130)

next ( 119 120) new Itr(r.left)

new Itr(r.right)

Itr newIterator

next Itr  
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 

  public Iterator iterator() { 
    return new Itr(root); 
  } 
  protected class Itr implements Iterator { 
    protected Node r; 
    protected char state = 'S'; 
    protected Itr curItr = null; 
     
    protected Itr(Node r) { 
      this.r = r; 
      if (r == null) state = 'E'; 
    } 
    public boolean hasNext() { 
      return state != 'E'; 
    } 
    public Object next() { 
      if (!hasNext()) throw new IllegalStateException(); 
      while (curItr == null || !curItr.hasNext()) {  
        switch (state) { 
          case 'S': state='L'; curItr=newIterator(r.left); break; 
          case 'L': state='R'; curItr=newIterator(r.right); break; 
          case 'R': state='E'; return r.element; 
          default : throw new AssertionError(); 
        } 
      } 
      return curItr.next(); 
    } 
    public void remove() { 
      throw new UnsupportedOperationException(); 
    } 
    protected Itr newIterator(Node r) { 
      return new Itr(r); 
    } 
  } 

12-14 BinaryTree  

 

'S' : ,  

'L' : , 

'R' : , 

'E' :  

 

  

  

 r 
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(BSTree) (BinaryTree)

BinaryTree BSTree

BSTree remove 12-15

BSTree Itr BinaryTree BItr 108

remove iterator

BItr  

remove r

r

BinaryTree r

r r

r

BSTree  ( r

r

r r  

remove removeR

113 next (state 'L'

'R') curItr

r.left r.right

 ( 115 116) next r (state

'E') BSTree.this.remove 2 r 117

newIterator BItr

Itr BinaryTree BItr  

                                                                 
2  BItr BSTree 

BSTree.this.remove 
remove this BSTree  
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01 
.. 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 

public class BSTree extends BinaryTree { 
  ... 
  public Iterator iterator() { 
    return new BItr(root); 
  } 
  private class BItr extends Itr { 
    protected BItr(Node r) { super(r); } 
    public void remove() { 
      root = removeR(); 
    } 
    private Node removeR() { 
      switch (state) { 
        case 'L': r.left = ((BItr)curItr).removeR(); break; 
        case 'R': r.right = ((BItr)curItr).removeR(); break; 
        case 'E': r = BSTree.this.remove(r, r.element); break; 
        default : throw new AssertionError(); 
      } 
      return r; 
    } 
    protected Itr newIterator(Node r) { 
      return new BItr(r); 
    }   
  } 

12-15 BSTree BinaryTree  

 

remove

12-16 "1" c.add(0,"0") "0"

"2"

i.remove() c.remove(e)

 ArrayList c = new ArrayList(); 
c.add("1"); c.add("2");  
Iterator i = c.iterator(); 
i.next(); 
c.add(0,"0"); 
System.out.println(i.next()); 

ArrayList c = new ArrayList(); 
c.add("1"); c.add("2"); c.add("3"); 
Iterator i = c.iterator(); 
Object e = i.next(); 
c.remove(e); 
System.out.println(i.next()); 

12-16  

 

override newIterator BinaryTree 

BItr next 

remove 

next  
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?

(fail-fast) 

modCount

modCount

expectedModCount

expectedModCount modCount

12-17  
 public class ArrayCollection implements Collection, Iterable { 
  ... 
  private int modCount; 
  ... 
  public void add(Object e) { 
    ... 
    ++modCount; 
  } 
  public void remove(Object e) { 
      ... 
      ++modCount; 
  } 
  public Iterator iterator() { return new Itr(); } 
  private class Itr implements Iterator { 
    int cursor = 0; 
    int expectedModCount = modCount; 
    public boolean hasNext() { 
      checkForComodification(); 
      return cursor < size;  
    } 
    public Object next() { 
      checkForComodification(); 
      if (!hasNext()) throw new IllegalStateException(); 
      return elementData[cursor++]; 
    } 
    private void checkForComodification() { 
      if (expectedModCount != modCount) 
        throw new ConcurrentModificationException(); 
    } 
    ... 

12-17 modCount  

modCount  

 modCount  
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remove

modCount expectedModCount

modCount 12-18 
 public class ArrayCollection implements Collection, Iterable { 
  ... 
  private int modCount; 
  ... 
  private class Itr implements Iterator { 
    ... 
    int expectedModCount = modCount; 
    ... 
    public void remove() { 
      checkForComodification(); 
      if (!removable) throw new IllegalStateException(); 
      elementData[--cursor] = elementData[--size]; 
      removable = false; 
      expectedModCount = ++modCount; 
    } 
  } 
} 

12-18 modCount expectedModCount remove 

CopyOnWriteArrayList java.util.concurrent)

ArrayList

12-16 CopyOnWriteArrayList  
   List c = new CopyOnWriteArrayList(); 
   c.add("1"); c.add("2");  
   Iterator i = c.iterator(); 
   System.out.println(i.next()); 
   c.add(0,"0"); 
   System.out.println(i.next()); 

 

   List c = new CopyOnWriteArrayList(); 
   c.add("1"); c.add("2"); c.add("3"); 
   Iterator i = c.iterator(); 
   Object e = i.next(); System.out.println(e); 
   c.remove(e); 
   System.out.println(i.next()); 

"1" "2"

CopyOnWriteArrayList  

expectedModCount 
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1.  ( remove

1.1. ArrayQueue

1.2. SeparateChainingHashMap

1.3. BinaryHeap

2. Collection Iterable

ArrayCollection

2.1. void clear()

2.2. void removeAll(Object e) e

2.3. boolean containsAll(Collection c)

c c1 A, B, C, A, D] c2 A, B, B, A] 

c1.containsAll(c2) true c2.containsAll(c1)

false

3. BItr 12-15 next

4. ListIterator

LinkedList

SinglyLinkedList

5.

6. 1

 (

remove

7. inorderIterator, preorderIterator BinaryTree
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8.

IteratbleTextFile implements Iterable

text file) 

"c:\data.txt"

"java"

 public class Test { 
  public static void main(String[] args) { 
    int c = 0; 
    IterableTextFile f = new IterableTextFile("c:\\data.txt"); 
    for (Iterator itr = f.iterator(); itr.hasNext();) { 
      String text = (String) itr.next(); 
      if (text.indexOf("java") >= 0) c++; 
    } 
    f.close(); 
    System.out.println(" " c + " java"); 
  } 
} 

 



  

 

 

: nondecreasing order

short, int, long, double

boolean Comparable

 

13  

https://www.youtube.com/watch?v=5Nc_81sTRCs
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7

lessThan swap

13-1 lessThan(a,b) a

b a Comparable compareTo(b) swap

i j d

01
02
03
04
05
06
07
08
09

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]; 
    d[j] = t; 
  } 

13-1 lessThan swap  

n

lessThan

O(n2),  O(n log n)

O(n1.xx),

(n log2 n)

O(n log n)

O(1), O(log n), O(n)

(stable sort) 

(3, ), (2, ), (3, ) (2, ), (3, ), (3, )

(3, ) (3, )

(2, ), (3, ), (3, )

 

i j d 

a b 
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(selection sort) 

13-1 

5 55 3

4, 4 32 0 3,

13-2

x

y

 
0 1 2 3 4 

32 23 11 55 18 
     

32 23 11 18 55 
     

18 23 11 32 55 
     

18 11 23 32 55 
     

11 18 23 32 55 
13-1  

     
13-2  

13-2 for 11 k

2 for

d[0] d[k-1]

16 (k=1)  

https://www.youtube.com/watch?v=jspOS-Z3Xrg
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10
11
12
13
14
15
16
17
18

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

13-2 (selection sort) 

14

for n  1 k 1

2 ( 1)n
k k  = n(n  1)/2 = (n2)

n(n 1)/2 n  1 

13-3

 
13-3  

m 

d[0] d[k-1] 

m 

d[0] d[k-1] 

k-1  

https://www.cp.eng.chula.ac.th/~somchai/JLab/jprofile/sorting/SelectionSort.htm
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(bubble sort) 

n

1

13-4 

5 , 1 4

3 55 , 2 3

2 32 3, 3

2 1 23 2,

13-5

     
13-5  

13-3 for 22 k

2 for

d[0] d[1], d[1] d[2]

0 1 2 3 4 

32 23 11 55 18 
     

32 23 11 55 18 
     

23 32 11 55 18 
     

23 11 32 55 18 
     

23 11 32 55 18 
     

23 11 32 18 55 
     

23 11 32 18 55 
     

11 23 32 18 55 
     

11 23 32 18 55 
     

11 23 18 32 55 
     

11 23 18 32 55 
     

11 23 18 32 55 
     

11 18 23 32 55 
     

11 18 23 32 55 
     

11 18 23 32 55 
13-4 bubble sort 

https://www.youtube.com/watch?v=EewSOAM4Qh8
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d[k-2] d[k-1] 22

(k=1)  
19
20
21
22
23
24
25

  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-1])) swap(d, j-1, j); 
      } 
    } 
  } 

13-3 (bubble sort) 

13-3 for 13-2

n(n 1)/2 (n2)

n(n 1)/2

(number of inversions) 

d[i]>d[j] i<j 4, 2, 1, 3, 5 4

4 (4,2), (4,1), (4,3), (2,1) 0

n(n 1)/2

C(n,2)

for

13-4

13-3  
19
20
21
22
23
24
25
26
27
28
29
30

  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])) { 
          swap(d, j-1, j); 
          sorted = false; 
        } 
      } 
      if (sorted) break; 
    } 
  } 

13-4 ( ) 

 

 

 

https://www.cp.eng.chula.ac.th/~somchai/JLab/jprofile/sorting/BubbleSort.htm
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13-6  

13-6

13-4

 

(bidirectional bubble), (shuttle) (shaker)  

 
(insertion sort) 

13-7

5 , 1 1

https://www.youtube.com/watch?v=mPYV9SE4OS4
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23

32 23 0

23, 32, 2 2

11 0 11, 23, 32, 3 3

55 ,

4 4 18 1 23, 32, 

55 18 1

13-8

     
13-8  

31
32
33
34
35
36
37
38
39
40
41

  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[j]; 
        j--; 
      } 
      d[j + 1] = t; 
    } 
  } 

13-5 (insertion sort) 

13-5 for 32 k

 1 

d[k] d[0] d[k-1] for

d[k] 0 k d[k] t

33 while j k-1

t while j+1 t

0 1 2 3 4 
32 23 11 55 18 

32 23 11 55 18 

32 23 11 55 18 

23 32 11 55 18 

11 23 32 55 18 

11 23 32 55 18 

11 18 23 32 55 

13-7 insertion sort 

k 
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d[0] d[k] 12,13,25,49,14, ... k=4

14 d[0] d[3]

while 12,13,25,25,49,... j=1 14 t

d[j+1] 12,13,14,25,49,... 

for 32 13-5 n  1 

while d[k]

d[k-1] while ( 35

for n  1 

d[k]

for k d[k] while

k 1+2+...+(n  1) = n(n  1)/2 

(n) (n2)

(n2) k

for while 39 d[k] 0, 1, 2, 3, ..., 

k k, k, k 1, k 2, ..., 2, 1 d[k]

1/(k+1) k

(k + k + (k 1) + (k 2) +...+ 2 + 1) / (k + 1) = (k + k(k+1)/2) / (k+1) k/2 + O(1) 
1
1 / 2 O(1)n

k k =n(n  1) / 4 + O(n) = (n2)

 
13-9  

13-9

https://www.cp.eng.chula.ac.th/~somchai/JLab/jprofile/sorting/InsertionSort.htm
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(Shell sort : )

13-10 (#1) 69

81

3 3 (#2, #3, #4) 

3

3

(#5, #6, #7) 12, 9, 7

#8

#1 69 12 #8 69  12 = 57 

12+9+7 = 28 

1 1 #8 #1

#9

27 12+9+7+27 = 55 #1

81  

13-6 d[m], d[m+h], d[m+2h], ... 

d

13-5 1

h 1 h 1 h

https://www.youtube.com/watch?v=SDn1JNzxRDs
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 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16  
#1 32 23 11 55 18 3 14 28 34 17 92 43 61 0 9 1 52 inv=69 

                   

#2 32 55 14 17 61 1
                   

#3 23 18 28 92 0 52  
                   

#4 11 3 34 43 9
                   

#5 1 14 17 32 55 61 cmp+=12 
                   

#6 0 18 23 28 52 92 cmp+=9 
                   

#7 3 9 11 34 43 cmp+=7 
                   

#8 1 0 3 14 18 9 17 23 11 32 28 34 55 52 43 61 92 inv=12 
                   

#9 0 1 3 9 11 14 17 18 23 28 32 34 43 52 55 61 92 cmp+=27 

13-10  
        for (int i = m + h; i < d.length; i += h) { 
          Object t = d[i]; 
          int j = i - h; 
          while (j >= 0 && lessThan(t, d[j])) { 
            d[j + h] = d[j]; 
            j -= h; 
          } 
          d[j + h] = t; 
        } 

13-6 h  

13-6 s(m,h) m

h m, m+h, m+2h, ... s(0,h), s(1,h), s(2,h), ..., 

s(h 1, h) s(h) 13-10 s(3) s(1)

3 (h = 3) s(0,3), s(1,3), s(2,3) #5, #6, #7

s(1) #9 s(hk), s(hk 1), ..., s(h2),

s(h1) hk > hk  1, > ... > h2 > h1 h1 = 1 s(1)

h 13-11 

h 5, 3, 1

h 3, 1

5, 3, 1 8, 4, 2, 1 h

13-1 h  (

h

O(n2) n = 16 h 8, 4, 2, 1

h = 1 insertion sort  
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h = 1 s(8), s(4), s(2)

h 8, 4, 2, 1 1, 9, 2, 10, 3, 11, 4, 12, 5, 13, 6, 15, 8, 16 

 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
32 23 11 55 18 3 14 28 34 17 92 43 61 0 9 1 52 

                 

32     3     92    1
                 

23     14     43   52 
                 

   11     28     61  
                 

    55     34     0
                 

     18     17     9
              

s(0,5) 1     3     32    92  
                 

s(1,5)  14     23     43   52 
                 

s(2,5)   11     28     61  
                 

s(3,5)    0     34     55 
                 

s(4,5)     9     17     18 
                 

s(5) 1 14 11 0 9 3 23 28 34 17 32 43 61 55 18 92 52 
                 

1   0   23   17   61  92  
                 

14   9   28   32   55 52 
                 

   11   3   34   43   18 
                 

s(0,3) 0   1   17   23   61  92  
                 

s(1,3)  9   14   28   32   52 55 
              

s(2,3)   3   11   18   34   43 
                 

s(3) 0 9 3 1 14 11 17 28 18 23 32 34 61 52 43 92 55 
                 

s(1) 0 1 3 9 11 14 17 18 23 28 32 34 43 52 55 61 92 

13-11 h 5, 3, 1 

13-1 h  
 h  

Hibbard  2m  1, ..., 15, 7, 3, 1 O(n3/2)
Knuth (3m  1)/2 , ..., 40, 13, 4, 1  O(n3/2)

Sedgewick  (4m+1 +3 2m+ 1), ..., 77, 23, 8, 1  O(n4/3)
Shell n/2, n/22, n/23, ..., 1  O(n2)
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13-7 h Hibbard

47 55 13-6 s(m,h) m h

for ( 46 m = 0, 1, 2, ..., h  1 s(h)

for ( 45 h h

44 h h 1,3,7,15,... n/4  
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

  public static void shellSort(Object[] d) { 
    int h; 
    for (h = 1; h <= d.length/4; h = 2*h + 1); 
    for (; h > 0; h /= 2) { 
      for (int m = 0; m < h; m++) { 
        for (int i = m + h; i < d.length; i += h) { 
          Object t = d[i]; 
          int j = i - h; 
          while (j >= 0 && lessThan(t, d[j])) { 
            d[j + h] = d[j]; 
            j -= h; 
          } 
          d[j + h] = t; 
        } 
      } 
    } 
  } 

13-7 (Shell sort) h Hibbard (2m  1) 

13-12

h  

     
13-12  

13-13

h

13-2

h h

h 

  

h Hibbard ...,s(31),s(15),s(7),s(3),s(1)  

s(m,h) 

13-6 

s(h)  
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13-13  

13-2 1 h  

 
h 

(  
  

Hibbard  2m  1, ..., 15, 7, 3, 1  1648 1019 
Knuth (3m  1)/2 , ..., 40, 13, 4, 1  1320 547 

Sedgewick  (4m+1 +3 2m+ 1), ..., 77, 23, 8, 1  844 528 
Shell n/2, n/22, n/23, ..., 1  7617 2265 

 

 
(merge sort) 

(divide and conquer) 

13-14 

(recursive) 

63 13-8

 
13-14 Merge sort 

https://www.youtube.com/watch?v=0fyQ2pAFroc
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d left right t

left < right

1 65 ,

66 67 , merge

t t d 69  

mergeSort 59 mergeSortR d

d  
59
60
61
62
63
64
65
66
67
68
69
70
71

  public static void mergeSort(Object[] d) { 
    mergeSortR(d, 0, d.length-1, new Object[d.length]); 
  } 
  private static  
  void mergeSortR(Object[] d, int left, int right, Object[] t) { 
    if (left < right) { 
      int m = (left + right) / 2; 
      mergeSortR(d, left, m, t); 
      mergeSortR(d, m + 1, right, t); 
      merge(d, left, m, right, t); 
      for (int i=left; i<=right; i++) d[i] = t[i]; 
    } 
  } 

13-8 (merge sort) 
14 15 16 17 18 19 20 21  14 15 16 17 18 19 20 21 
2 5 15 18 0 9 19 52 2 > 0 0
                 

2 5 15 18 0 9 19 52 2 < 9 0 2
                 

2 5 15 18 0 9 19 52 5 < 9 0 2 5
                 

2 5 15 18 0 9 19 52 15 > 9 0 2 5 9
                 

2 5 15 18 0 9 19 52 15 < 19 0 2 5 9 15 
                 

2 5 15 18 0 9 19 52 18 < 19 0 2 5 9 15 18 
                 

2 5 15 18 0 9 19 52 19 0 2 5 9 15 18 19 
                 

2 5 15 18 0 9 19 52 52 0 2 5 9 15 18 19 52 
13-15  

13-15 

14 17 18 21

 

 

t 

t d 
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18 19 52

 

13-9 merge d d[left]

d[mid] d[mid+1] d[right] t t[left]

t[right] 74 i left

j mid+1

75 k t 78

d[i] d[j] t[k] 76

t 77 t

76 77  
72
73
74
75
76
77
78
79
80

  private static void merge(Object[] d, int left, int mid, 
                            int right, Object[] t) { 
    int i = left, j = mid+1; 
    for (int k = left; k <= right; k++) { 
      if (i > mid)   {t[k] = d[j++]; continue;} 
      if (j > right) {t[k] = d[i++]; continue;} 
      t[k] = lessThan(d[i], d[j]) ? d[i++] : d[j++]; 
    } 
  } 

13-9 merge left right d t 

13-16 13-17

 

     
13-16  
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13-17  

? c(n)

n

c( n/2 ) c( n/2 )

 ( 78 13-9

n/2 n  1 13-15

n n/2  = n/2  = n/2 c(n)  

2 2 2

2 2

3 3

log log log 1 1 0
2

2

( ) 2 ( / 2) ( 1)
2(2 ( / 4) ( / 2 1)) ( 1)

2 ( / 2 ) 2 (2 1)

2 ( / 2 ) 3 (4 2 1)
...

2 ( / 2 ) log (2 ... 2 2 )
log 1

n n n

c n c n n
c n n n

c n n

c n n

c n n n
n n n

c(n)  2c(n/2) + n/2 = (n/2) log2 n

(n log n)

O(n2) O(n1.xx)

n0.xx log n

d t

t d 13-10

t d clone

d t

t

d 20% 

https://www.cp.eng.chula.ac.th/~somchai/JLab/jprofile/sorting/MergeSort.htm
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  public static void mergeSort(Object[] d) { 
    mergeSortR(d, 0, d.length-1, (Object[])d.clone()); 
  } 
  private static  
  void mergeSortR(Object[] d, int left, int right, Object[] t) { 
    if (left < right) { 
      int m = (left + right) / 2; 
      mergeSortR(t, left, m, d); 
      mergeSortR(t, m + 1, right, d); 
      merge(t, left, m, right, d); 
    } 
  } 

13-10 ( ) 

(log n)  

 
(heap sort) 8 sort

BinaryHeap

n  1 n

n  1 (n2)

0

fixDown

2log2 n n 2n log2 n

13-18

0

1 ( 13-19

 

t d 

13-8

 

https://www.youtube.com/watch?v=n_gdNTT5Asw
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23 
55 18 

11 

32 

32 23 11 55 18 

32 
23 18 

11 

55 

55 32 11 23 18 

23 
18 55 

11 

32 

32 23 11 18 55 

18 
32 55 

11 
23 

23 18 11 32 55 

11 
32 55 

23 
18 

18 11 23 32 55 

18 
32 55 

23 
11 

11 18 23 32 55 
( ) ( ) ( ) ( ) ( ) ( ) 

13-18  

     
13-19  

13-20 

 

 
13-20  

13-11 83

fixDown

fixDown

86 fixDown BinaryHeap 8

https://www.cp.eng.chula.ac.th/~somchai/JLab/jprofile/sorting/HeapSort.htm
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81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

  public static void heapSort(Object[] data) { 
    int size = data.length; 
    for(int k=size/2-1; k>=0; k--) fixDown(data, size, k); 
    for(int k=size-1; k>0; k--) { 
      swap(data, 0, k); 
      fixDown(data, --size, 0); 
    }   
  } 
  private static void fixDown(Object[] data, int size, int k) { 
    int c; 
    while ((c = 2 * k + 1) < size) { 
      if (c < size-1 && lessThan(data[c], data[c+1])) c++; 
      if (!lessThan(data[k], data[c])) break; 
      swap(data, c, k); 
      k = c; 
    } 
  }       

13-11 (heap sort) 

fixDown

 

 
(quick sort) 

(partition) 

13-21

(pivot) 

 ?  
13-21 Quick sort 

O(n) 

 

https://www.youtube.com/watch?v=tlzjwPbqW7c
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13-12 quickSortR d left

right left<right 102 partition

partition

left right

13-22

quickSortR 104 105  

p
left right j 

p p

13-22 p  
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 

  public static void quickSort(Object[] d) { 
    quickSortR(d, 0, d.length-1); 
  }       
  private static void quickSortR(Object[] d, int left, int right){ 
    if (left < right) { 
      int j = partition(d, left, right); 
      quickSortR(d, left, j - 1); 
      quickSortR(d, j + 1, right); 
    } 
  } 

13-12 (quick sort) 

13-23 

     
13-23  

j  
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p 13-24 i j

i

j

i j

(3) i j

left i

j right

i j

d[i]>p d[j]<p (2)

d[i] d[j] i j i

j, d[i] d[j] i j i>j

d[left] d[j] (4) (5)

 

13-13 partition d

left right d[left]

p 109 i j ( 111

i j j

p d[j] i d[i] p

114 i j d[i] d[j] j i

i j

j j 13-25 

 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 

  private 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 (i < j) swap(d, i, j); 
    } 
    swap(d, left, j); 
    return j; 
  } 

13-13 (partitioning) 

 
13-24  

j < left p left 

i right 
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12 5 12 18 0 9 12 52  
i        j 

12 5 12 18 0 9 12 52 , p = 12 
i       j  

12 5 12 18 0 9 12 52 j, d[j]  
i      j   

12 5 12 18 0 9 12 52 j, d[j]  
 i     j   

12 5 12 18 0 9 12 52 i, d[i]  
  i    j   

12 5 12 18 0 9 12 52 i, d[i]  
  i    j   

12 5 12 18 0 9 12 52 d[i] d[j] 
  i   j    

12 5 12 18 0 9 12 52 j, d[j]  
   i  j    

12 5 12 18 0 9 12 52 i, d[i]  
   i  j    

12 5 12 9 0 18 12 52 d[i] d[j] 
   i j     

12 5 12 9 0 18 12 52 j, d[j]  
    ji     

12 5 12 9 0 18 12 52 i, d[i]  
    j i    

12 5 12 9 0 18 12 52 i, d[i]  
    j i    

0 5 12 9 12 18 12 52 d[left] d[j] 

13-25 13-13 

13-13 113

i right

112 j left

d[left] left

while i

d[i] p j d[j] p d[i] d[j] p

13-13 d[i] d[j]

partition

13-13

i j j

j j
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113

 

c(n)

n quickSortR 13-12

right-left+1

k n k  1 

partition 13-13

n  1 n  1 

c(n) = c(k) + c(n k  1) + (n  1) k = 0, 1, ..., n  1 

cmin(n) c(n) k = n/2  

min min min

min

2

( ) / 2 / 2 1 ( 1)

2 / 2 ( 1)
log 1

c n c n c n n n

c n n
n n n

 

(n log n)

cmax(n) c(n) k = 0  ( n 1)

max max max

max

max

2

( ) 0 1 ( 1)

2 ( 2) ( 1)

1 1 2 ... ( 3) ( 2) ( 1)
( 1) / 2

( )

c n c c n n

c n n n

c n n n
n n

n

 

https://www.cp.eng.chula.ac.th/~somchai/JLab/jprofile/sorting/QuickSort.htm
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(n2)

(n) (n2) (n2)

(n log n) (n2)

cavg(n) c(n) n

k 0, 1, 2, ...,  n 1

1

avg avg avg
0
1

avg
0

1( ) ( ) ( 1) ( 1)

2 ( ) ( 1)

n

k
n

k

c n c k c n k n
n

c k n
n

cavg(k) cavg(n k  1) k 0 n  1 

10

1

avg avg
0

( ) 2 ( ) ( 1)
n

k
nc n c k n n  n  

2

avg avg
0

( 1) ( 1) 2 ( ) ( 1)( 2)
n

k
n c n c k n n  n n 1

avg avg( ) ( 1) ( 1) 2( 1)nc n n c n n   
(n 1)cavg (n 1)  

avg avg

avg

2

2

( ) ( 1) 2( 1)
1 ( 1)

(1) ( 1)2
2 ( 1)

12
( 2)

1 1 1 1 12
4 5 1 2

1 1 1 12 1
2 3 1 2

n

i
n

i

n

c n c n n
n n n n

c i
i i

i

n n n

H
n n

n(n+1)

cavg(1) = 0

( 1) 1
( 1) 2
i

i i i

Hn 1+
1
2 +

1
3 +...+

1
n

ln n + 

0.577... 
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avg

2

11 1 1( ) 2( 1)
6 1 2
11 12 2

3 3
11 12 (ln

3 3
1.39 log ( )
O( log )

n

n n

c n n H
n n

nnH H

nn n n

n n O n
n n

(n+1) 

(n+1)/(n+2) 1 n

Hn ln n + 

cavg (n) = O(n log n) 

(n log n) (n2)

O(n log n) 39%

13-13

13-12 13-13

2,000

10,000

StackOverflowError n

n  1 n  2 

1 quickSortR

n  1 

log2 n

log2 n n = 10,000,000 

log2 n 24

?

(median) 

https://www.youtube.com/watch?v=4WZ55iuA-ec
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13-14

 
   private static int partition(Object[] d, int left, int right) { 
    int m = left + (int)(Math.random()*(right  left + 1)); 
    swap(d, left, m); 
    Object p = d[left]; 
    ... 
  } 

13-14  

(median-of-three 

partitioning) left, right

(left+right)/2  3 (left+right)/2

left right 13-26 3 11,

18, 12 3 12 left 18 right

11 j 13-13

right j=right+1 i

i==right right

13-15

11 5 15 18 0 9 10 12 3  
         

12 5 15 11 0 9 10 18 3  
i       j  

12 5 15 11 0 9 10 18 i=left,j=right 

13-26  

13-27

n n  2 

(n2)

 

left right  

https://www.cp.eng.chula.ac.th/~somchai/JLab/jprofile/sorting/QuickSort-m3.htm
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   private static int partition(Object[] d, int left, int right) { 
    int center = (left + right)/2; 
    if (lessThan(d[left],d[center]))  swap(d, left, center); 
    if (lessThan(d[right],d[center])) swap(d, center, right); 
    if (lessThan(d[right],d[left]))   swap(d, left, right); 
    Object p = d[left]; 
    int i = left, j = right; 
    while (i < j) { 
      while (lessThan(p, d[--j])); 
      while (lessThan(d[++i], p)); 
      if (i < j) swap(d, i, j); 
    } 
    swap(d, left, j); 
    return j; 
  } 

13-15  
1 5 3 7 2 4 6 8 9 9  
          

1 2 3 7 5 4 6 8 9 1 7  
          

1 2 3 4 5 7 6 8 9 2 5  
          

1 2 3 4 5 6 7 8 9 3 3  
          

1 2 3 4 5 6 7 8 9 4 1  

13-27  

Arrays ( java.util) sort

int[], double[] (Object[])

 

Arrays

Jon L. Bentley  M. Douglas McIlroy's "Engineering a Sort Function", Software-Practice 

and Experience, Vol. P. - November  

1. 7  

2. 7 39  

3. 40 3 ,

, 3  

 

d[center]  d[left]  d[right] 
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200

13-3, 13-4, 13-5

13-2 13-15 h  Sedgewick 

13-10

13-15

2 4 O(n2)

 

13-3  
n        
200 0.44 0.01 0.01 0.03 0.06 0.11 0.04 
400 1.80 0.01 0.02 0.06 0.13 0.25 0.10 
800 7.01 0.02 0.03 0.18 0.28 0.56 0.21 

1,600 28.59 0.04 0.06 0.29 0.59 1.24 0.44 
3,200 112.64 0.07 0.11 0.73 1.28 2.78 0.92 
6,400 459.64 0.14 0.23 1.54 2.81 8.68 2.10 

12,800 1814.66 0.28 0.45 3.48 6.32 13.29 4.38 
25,600 7240.25 0.57 1.00 12.10 12.21 29.54 9.18 
51,200 29179.25 1.25 1.91 17.31 29.54 63.55 19.31 

102,400 123337.25 2.64 3.91 61.43 58.51 143.34 41.31 

13-4   
n        
200 0.44 0.81 0.55 0.06 0.06 0.10 0.05 
400 1.80 3.23 2.29 0.15 0.13 0.24 0.10 
800 7.36 12.86 9.73 0.29 0.28 0.66 0.20 

1,600 28.43 51.01 35.18 0.64 0.60 1.21 0.45 
3,200 112.62 210.30 141.22 1.36 1.29 2.70 0.93 
6,400 458.97 844.04 573.99 4.57 2.75 5.92 2.10 

12,800 1816.83 3349.86 2266.79 6.55 6.06 12.35 4.36 
25,600 7250.50 13449.50 8988.00 15.49 14.56 26.95 9.34 
51,200 29249.75 53754.75 36625.25 31.10 27.49 58.67 19.83 

102,400 124168.50 221318.25 153943.75 102.35 58.67 133.79 42.68 

https://www.youtube.com/watch?v=ALvMywc-eeg
https://www.youtube.com/watch?v=lLjMTPWSIxg
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13-5  
n        
200 0.45 0.19 0.30 0.08 0.07 0.11 0.05 
400 1.82 3.13 1.10 0.19 0.15 0.25 0.11 
800 7.02 15.38 4.38 0.45 0.32 0.57 0.24 

1,600 31.01 49.71 16.93 1.10 0.68 1.27 0.52 
3,200 112.86 207.47 74.17 2.49 1.48 2.82 1.11 
6,400 452.57 823.90 284.56 5.83 3.86 6.44 2.63 

12,800 1834.78 3318.25 1147.65 12.11 9.68 16.01 7.16 
25,600 7273.00 13349.25 4639.25 27.83 19.62 31.17 15.65 
51,200 30183.50 56241.00 20123.75 62.43 43.83 70.25 37.85 

102,400 200588.50 332638.25 171231.25 184.83 102.82 201.17 86.38 

   
(n2) O(n2)

O(n1.xx) O(n2) O(n log n)

O(n log n) O(n)

O(n log n ) 

(n) O

(radix sort) O(kn) k

int k

O(n)

(comparison-based sorting) 

n

(decision tree) 

3 d1, d2, d3

13-28 

3 3
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1

6 3 3! = 6 

3 d1 d2 d1 < d2 2

d2 d3  d2 > d3 3 d2

d1 d3 d1 < d3 d1, d3,

d2 d1 > d3 d3, d1, d2 3

d2 < d3 < d1
d3 < d2 < d1

d2 > d3

d2 < d1 < d3

d1 < d2 d1 > d2
d2 < d3

d3 < d2 < d1d2 < d3 < d1d2 < d1 < d3

d1 < d2 < d3
d1 < d3 < d2
d2 < d1 < d3
d2 < d3 < d1
d3 < d1 < d2
d3 < d2 < d1

d2 < d1 < d3
d2 < d3 < d1
d3 < d2 < d1

d1 < d2 d1 > d2

d1 > d3d1 < d3

d1 < d3 < d2
d3 < d1 < d2

d1 > d3

d1 < d2 < d3

d1 < d2 d1 > d2
d1 < d3

d3 < d1 < d2d1 < d3 < d2

d2 > d3d2 < d3

d2 < d1 < d3

d1 < d2 < d3
d1 < d3 < d2
d3 < d1 < d2

1 

2 

3 
4 

 
13-28 3  

4 d1

d2 1

2 d2 < d3 d3

d1 d2

n

n! n n!
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m 13-29 h log2 m  h m  1

n n! log2 n!

n

log2 n!

13-29 m h  log2 m  h m 1 

log2 n! 3 3-7 

log2 n! = (n log n) n

(n log n

O(n log n)

O

 

 

  
1.

2.

3.
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4. d[i] > d[i+k]

5. 0,

n(n  1)/2  

n n(n  1)/4 

6.

6.1. 13-4 13-5

6.2. 13-4

13-3

6.3. 13-13 ,

13-14 13-15

6.4. Integer int int

int[] <

6.5. 13-7 13-11

7. shellSort 13-7  

   public static void shellSort(Object[] d) { 
    int h; 
    for (h = 1; h <= d.length/4; h = 2*h + 1); 
    for (; h > 0; h /= 2) { 
      for (int i = h; i < d.length; i++) { 
        Object t = d[i]; 
        int j = i - h; 
        while (j >= 0 && lessThan(t, d[j])) { 
          d[j + h] = d[j]; 
          j -= h; 
        } 
        d[j + h] = t; 
      } 
    } 
  } 
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8. Gonnet h n/2

2.2 h

Gonnet Sedgewick 
   public static void shellSort(Object[] d) { 
    for (int h=d.length/2; h>0; h = h==2 ? 1 : (int)(h/2.2)) { 
      ... 
    } 
  } 

9. n merge 13-9

n  1 

10. 13-8 mergeSortR

n log2 n

11. int numberOfInversions(Object[] d)

d O(n log n)

12. d[(left+right)/2]

13. StackOverflowError

13.1. quickSortR 13-12

  static void quickSortR(Object[] d, int left, int right) { 
   while (left < right) { 
     int i = partition(d, left, right); 
     quickSortR(d, left, i-1); 
     left = i+1; 
   } 
 } 

13.2.

log2 n StackOverflowError
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   static void quickSortR(Object[] d, int left, int right) { 
    while (left < right) { 
      int i = partition(d, left, right); 
      quickSortR(d, i+1, right); 
      right = i-1; 
    } 
  } 

14.

(three-way partitioning) 

15. (tree sort) 10

16. [1, 5000] 

O(n)

17.
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1  

15 puzzle, 2 
3-ary tree, 167 

A  

AbstractTable class, 248 
activation record, 106 
anonymous inner class, 180 
ArrayCollection class, 20, 22, 36, 40, 49, 
103, 287 
ArrayList class, 71, 78, 89, 102, 118, 137, 
281 
ArrayListQueue class, 119 
ArrayListStack class, 103 
ArrayQueue class, 3, 120, 123, 152 
ArraySet class, 5, 6, 36 
ArrayStack class, 104 
asymptotic notations, 43 
autoboxing, 31 
AVL tree, 222 
AVLSet class, 6 
AVLTree class, 225 
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B  

balanced 2-3-4 tree, 235 
bidirectional bubble, 307 
binary heap, 139 
binary search tree, 197 
binary search, 48 
BinaryHeap class, 140 
BinaryMinHeap class, 146 
BinaryTree class, 166, 187, 198, 219, 225, 
292 
BlockingQueue class, 123 
breadth-first search, 127 
BSTCollection class, 217 
BSTMap class, 219 
BSTPriorityQueue class, 243 
BSTree class, 198, 219, 224, 225, 295 
BSTSet class, 6, 216 
buffer, 122 
bubble sort, 305 

C  

cache, 261 
closed hashing, 262 
cluster, 265 
collection, 19 
Collection interface, 19 
collision, 250 
Comparable interface , 35, 135, 199, 301 
comparison-based sorting, 330 

D  

decision tree, 330 
deque, 134 
d-heap, 164 

dictionary, 218 
disjoint sets, 8 
DisjointSets class, 9, 17 
double hashing, 272 
double-ended queue, 134 
DoubleHashingHashMap class, 272 

E  

Element class, 89 
equals, 24 
Event class, 158 
event-driven simulation, 154 
expression tree, 169 
Expression class, 111, 170, 191 
external path length, 195 

F, G  

Fibonacci tree, 223 
FIFO, 117 
Gate class, 155 

H  

hash function, 255 
hash table, 255 
hashCode, 259, 278 
HashSet class, 6 
header node, 62 
heap sort, 147, 318 
heap-order, 139 
Huffman coding, 186 
HuffmanTree class, 187 
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I  

index function, 248 
infix expression, 109 
inorder, 177 
Input class, 157 
insertion sort, 307 
internal path length, 195 
inversions, 306 
Iterable interface, 285 
iterator, 148, 284 
 fail-fast, 297 
Iterator interface, 284 

J, K  

Java stack, 106 
JLab, 37 
jvm, 37, 42, 106, 110, 123 
key, 248 

L  

lazy deletion, 269 
least-cost search, 150 
LIFO, 101 
linear probing, 262 
LinearProbingHashMap class, 262 
linked list, 75 
LinkedCollection class, 20, 57, 79 
LinkedList class, 79, 133, 168, 290 
LinkedListStack class, 115 
LinkedNode class, 56, 86 
LinkedSet class, 64 
List interface, 69 
load factor, 266 
logic circuit simulator, 154 

LogicSimulator class, 161 

M  

map, 216 
Map interface, 218 
m-ary tree, 167 
max heap, 145 
median-of-three partitioning, 327 
merge sort, 314 
min heap, 145 
mode, 38, 67 

N, O  

node, 56 
NullPointerException class, 59 
open addressing, 262 
operand stack, 110 

P  

partition, 321 
path compression, 15 
path length, 195 
pivot, 320 
Polynomial class, 86 
postfix expression, 110 
postorder, 177 
preorder, 177 
primary clustering, 267 
priority queue, 135 
PriorityQueue interface, 135 
probe, 262 
PuzzleBoard class, 3, 17 
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Q  

quadratic probing, 267 
QuadraticProbingHashMap class, 269, 
291 
queue, 117 
Queue interface, 117, 135 
quick sort, 320 

R  

radix sort, 124, 330 
recursive, 107 
red-black tree, 237 
return address, 106 

S  

secondary clustering, 272 
selection sort, 303 
self-adjusting list, 84 
SelfAdjustingList class, 85 
separate chaining hash table, 251 
SeparateChainingHashMap class, 251 
shaker, 307 
Shell sort, 310 
shuttle, 307 
simple uniform hashing, 254 
SinglyLinkedList class, 76 
skip list, 240 
sorting 

Shell sort, 
radix sort, , 330 
tree sort, , 335 
insertion sort, 
merge sort, 
bubble sort, 

shuttle, 
shaker, 
bidirectional, 

quick sort, 
selection sort, 
stable sort, 
heap sort, , 318 

sparse matrix, 94 
sparse vector, 89 
SparseMatrix class, 94 
SparseVector class, 89, 96 
splay tree, 232 
stable sort, 302 
stack frame, 106 
stack, 101 
Stack interface, 101 
stack-based machine, 110 
StackOverflowError class, 106, 326 
state space search, 127 

T  

Treap, 239 
tree sort, 335 
tree traversal, 177 
TreeSet class, 18 

U, V, W  

uniform hashing, 273 
universal hashing, 259 
Value class, 154 
visitor, 179 
Visitor class, 179 
wrapper class, 30 
 




