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Chapter Goals

 To learn about the set and map data types

« To understand the implementation of hash tables

* To be able to program hash functions

« To learn about binary trees

« To become familiar with the heap data structure

 To learn how to implement the priority queue data type

* To understand how to use heaps for sorting
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Sets Sle gaame

* Set: Unordered collection of distinct elements
 Elements can be added, located, and removed

« Sets don’t have duplicates
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Fundamental Operations on a Set

« Adding an element

=  Adding an element has no effect if the element is already in the set

 Removing an element

»  Aftempting to remove an element that isn’t in the set is silently ignored
« Containment testing (Does the set contain a given object?)

 Listing all elements (in arbitrary order)
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A Set of Printers

Figure 1 A Set of Printers

Big Java by Cay Horstmann
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Sets e gaxse

« We could use a linked list to implement a set
» Adding, removing, and containment testing would be relatively slow

* There are data structures that can handle these operations
much more quickly

= Hash tables

= Jrees
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Sets

« Standard Java library provides set implementations based on
both data structures

" HashSet

" TreeSet

« Both of these data structures implement the set interface

« As a rule of thumb, use a hash set unless you want to visit the
set elements in sorted order
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TreeSet
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Set Classes and Interface in the Standard Library
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Figure 2 HashSet
Set Classes and Interfaces in

the Standard Library
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Using a set

« Example: Using a set of strings
e Construct the set:

Set<String> names = new HashSet<String> () ;

or

Set<String> names = new TreeSet<String> ()

 Add and remove elements:

names.add ("Romeo") ;
names.remove ("Juliet") ;

 Test whether an element is contained in the set:

1f (names.contains ("Juliet"))



Iterator o

 Use an iterator to visit all elements in a set

» A set iterator does not visit the elements in the order in which
they were inserted

* An element cannot be added to a set at an iterator position

« A set element can be removed at an iterator position
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Visiting All Elements with an Iterator 2058 ga palis pian 3 L)

Iterator<String> 1ter = names.lterator();
while (iter.hasNext ())

{

String name = 1iter.next();
Do something with name

or, using the “for each” loop:

for (String name : names)

{
Do something with name



Set Test Program JHEA) gl s g

1. Read in all words from a dictionary file that contains correctly
spelled words and place them into a set

2. Read all words from a document into a second set — here, the
book “Alice in Wonderland”

3. Print all words from that set that are not in the dictionary set —
potential misspellings
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ch16/spellcheck/SpellCheck.java

oo Jdo Ul dWNBK
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13
14
15
16
17
18
19

import
import
import
import
import

/**

Java.util.HashSet;
Java.util.Scanner;
Java.util.Set;
Java.10.File;

Java.l1o.FileNotFoundException;

This program checks which words in a file are not present in a dictionary.

*/
public
{

class SpellCheck

public static void main (String[] args)

{

throws FileNotFoundException

// Read the dictionary and the document

Set<String> dictionaryWords

Set<String> documentWords

= readWords (
readWords (

) ;

Continued



ch16/spellcheck/SpellCheck.java (cont.)

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

// Read the dictionary and the document

Set<String> dictionaryWords = readWords ( ) ;
Set<String> documentWords = readWords ( ) ;

// Print all words that are in the document but not the dictionary

for (String word : documentWords)

{

1f (!dictionaryWords.contains (word))

{

System.out.println (word) ;

}

Continued



ch16/spellcheck/SpellCheck.java (cont.)

31 / * *

32 Reads all words from a file.

33 @param filename the name of the file

34 @return a set with all lowercased words in the file. Here, a

35 word is a sequence of upper- and lowercase letters.

36 */

37 public static Set<String> readWords (String filename)
38 throws FileNotFoundException

39 {

40 Set<String> words = new HashSet<String>();

41 Scanner in = new Scanner (new File(filename)) ;
42 // Use any characters other than a-z or A-Z as delimiters

43 in.useDelimiter ( ) ;

44 while (in.hasNext())

45 {

46 words.add (in.next () .toLowerCase()) ;

47 }

48 return words;

49
50 ) } Continued



ch16/spellcheck/SpellCheck.java (cont.)

Program Run:

nelghbouring
croqueted
pennyworth
dutchess
comflts

X11
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clamour



Self Check 16.1

Arrays and lists remember the order in which you added
elements; sets do not. Why would you want to use a set instead of
an array or list?

Answer: Efficient set implementations can quickly test whether
a given element is a member of the set.
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Self Check 16.2

Why are set iterators different from list iterators?

Answer: Sets do not have an ordering, so it doesn’'t make
sense to add an element at a particular iterator position, or to
traverse a set backwards.
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Self Check 16.3

Suppose you changed line 18 of the Spell1Check program to
use a TreeSet Instead of a HashSet. How would the output

change?
Answer: The words would be listed In sorted order.
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Self Check 16.4

When would you choose a tree set over a hash set?

Answer: When it is desirable to visit the set elements
In sorted order.
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- Mathematically speaking, a map is a function _ o @ iesees

from one set, the key set, to another set, the e i

value set o 4l iy A i e K
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Zeiilie Bae pa dad (331 01 8
A value may be associated with several keys /s i o 58 Al Sl

« A map keeps associations between key and
value objects

Every key in a map has a unique value

_ _ iy 2l
 Classes that implement the Map interface HashMap

" HashMap Tr.e eMap
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Both of these data structures implement the
Map Interface

-

3 bR UQ
« As a rule of thumb, use a hash set unless you =2« *=>== ):.)é
. . . J
want to visit the set elements in sorted order



An Example of a Map

Figure 3 A Map

Keys
Romeo
Adam
Eve
Juliet

Big Java by Cay Horstmann
Copyright © 2009 by John Wiley & Sons. All rights reserved.



Map Classes and Interfaces Cilgal g Ay Al ) guad
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Map
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Figure 4 HashMap TreeMap

Map Classes and Interfaces
In the Standard Library



Using a Map

« Example: Associate names with colors OIS g Gppediiall pland e
» Construct the Map:

Map<String, Color> favoriteColors =
new HashMap<String, Color>();

or

Map<String, Color> favoriteColors =
new TreeMap<String, Color>();

 Add an association: bl ) ddLs|

favoriteColors.put ("Juliet", Color.RED);

« Change an existing association: 5393 94 O8I s
favoriteColors.put ("Juliet",Color.BLUE) ;



Using a Map

 Get the value associated with a key: g e At yall Aad e Jseaal

Color julietsFavoriteColor =
favoriteColors.get ("Juliet”);

 Remove a key and its associated value: L Adai_yal) el 5 e A1)

favoriteColors.remove ("Juliet") ;



Printing Key/Value Pairs

Set<String> keySet = m.keySet () ;

for (String key : keySet)

{
Color value = m.get (key);
System.out.println(key + 7 : " + value);



ch16/map/MapDemo.java

ooOJdJoyUld WD R

=
o

11
12
13

import
import
import
import

/**

Java.awt.Color;
java.util.HashMap;
Java.util.Map;
Java.util.Set;

This program demonstrates a map that maps names to colors.

*/

public class MapDemo

{

public static void main (String[] args)

{

Map<String,

HashMap<String, Color>();

14
15
16
17
18

favoriteColors.put (
favoriteColors.put (
favoriteColors.put (
favoriteColors.put (

Color> favoriteColors = new

, Color.BLUE) ;

, Color.GREEN) ;
, Color.RED);
, Color.BLUE) ;

Continued



ch16/map/MapDemo.java (cont.)

19
20
21
22
23
24
25
26
27
28

// Print all keys and values in the map

Set<String> keySet = favoriteColors.keySet();

for (String key : keySet)

{
Color value = favoriteColors.get (key);
System.out.println (key + + value);

}
}

Program Run:

Romeo : java.awt.Color[r=0,g=255,b=0]
Fve : java.awt.Color[r=0,g=0,b=255]
Adam : java.awt.Color[r=255,g9g=0,b=0]
Juliet : java.awt.Color[r=0,g9g=0,b=255]

Continued



Self Check 16.5

What is the difference between a set and a map?

Answer: A set stores elements. A map stores associations
between keys and values.
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Self Check 16.6

Why is the collection of the keys of a map a set?

Answer: The ordering does not matter, and you cannot have
duplicates.
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Hash Tables

 Hashing can be used to find

elements in a data structure quickly o siadl Lgalaind ey 120 o

Sl Ay ealial) e

without making a linear search 2l il (0 (e ey
 Ahash table can be used to Lealasinl (S 148 5a3 Jgan @
implement sets and maps Ll Al 5 Cile gane Jydil
. Aae e sy 13 il Allag e
. Ahash function computes an SIS e (A 503 e ) (e
Integer value (called the hash code) O JE aua 3 el Alag o
from an object Ailae 45320 ) sa )y - calaalial
-.S.~. L:\_.\S\Sj

« A good hash function minimizes
collisions — identical hash codes for o9y (e A )l ja ) luasle
different objects

« To compute the hash code of object
X.

int h = x.hashCode () ;



Sample Strings and Their Hash Codes

8 iadd) Al ) gay g Juidhws Al

String Hash Code
"Adam" 2035631
"Eve" 700068
"Harry" 69496448
"Jim" 74478
"Joe" 74656
"Juliet" -2065036585
"Katherine" 2079199209
"Sue" 83491




Simplistic Implementation of a Hash Table
- To implement 52 dgsn 0n Bl i
» Generate hash codes for objects

= Make an array

" /nsert each obyject at the location of its hash code

 To test if an object is contained in the set
= Compurte its hash code

» Check If the array position with that hash code is already occupied
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Simplistic Implementation of a Hash Table

[70068] Eve

[74478] Jim

[74656]  Joe
Figure 5
A Simplistic Implementation
of a Hash Table



Problems with Simplistic Implementation =

* It is not possible to allocate an array that is large enough to hold
all possible integer index positions

* |t is possible for two different objects to have the same hash
code
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Solutions dsa

* Pick a reasonable array size and reduce the hash codes to fall
Inside the array

int h = x.hashCode () ;
if (h < 0) h = -h;
position = h % buckets.length;

 When elements have the same hash code:

» Use a node sequence to store multiple objects in the same array position

» These node sequences are called buckets

48 shaall Jal 83 45 328l Jgay (el g A gima Ao gaanpaas JWEA) int h = x.hashCode () ;
if (h < 0) h = -h;
position = h $ buckets.length;
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Hash Table with Buckets to Store Elements with Same
Hash Code

Figure 6
A Hash Table with Buckets
to Store Elements with the > - Harty
Same Hash Code (66
[67]
68
[69]
[70] » Nim
[71]
[72] » Susannah
73]
[74] » Larry
[75] » Lve
[76] »  Sarah
[77] » Adam
[78]
[79] » Julet —— Katherie ——  Tony
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Algorithm for Finding an Object x in a Hash Table

1.

2.

3.

Get the index h into the hash
table

«  Compute the hash code

e  Reduce it modulo the table
size

Iterate through the elements of
the bucket at position h

«  For each element of the
bucket check whether it is
equal to x

If a match is found among the
elements of that bucket, then x

IS In the set

«  Otherwise, x IS not in the set
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Hash Tables

* A hash table can be implemented as an array

of buckets

* Buckets are sequences of nodes that hold
elements with the same hash code

« If there are few collisions, then adding,
locating, and removing hash table elements
takes constant time

» Big-Oh notation.: O(1)

 For this algorithm to be effective, the bucket
sizes must be small

* The table size should be a prime number

larger than the expected number of elements

» An excess capacity of 30% is typically
recommended
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Hash Tables

45 janl) Jglaad)
« Adding an element: Simple extension of
the algorithm for finding an object

« Compute the hash code to locate the bucket
in which the element should be inserted

« Try finding the obyject in that bucket

» If It Is already present, do nothing, otherwise,
insert it

 Removing an element is equally simple

« Compute the hash code to locate the bucket
in which the element should be inserted

* Try finding the object in that bucket

« IfIt IS present, remove it; otherwise, do
nothing

« If there are few collisions, adding or
removing takes O(1) time
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ch16/hashtable/HashSet.java

1 import java.util.AbstractSet;
2 import java.util.Iterator;
3 import java.util.NoSuchElementException;
4
5 /* *
6 A hash set stores an unordered collection of objects, using
7 a hash table.
8 */
9 public class HashSet extends AbstractSet
10 {
11 private Node[] buckets;
12 private int size;
13
14 / * %
15 Constructs a hash table.
16 @param bucketsLength the length of the buckets array
17 */
18 public HashSet (int bucketsLength)
19 {
20 buckets = new Node[bucketsLength];
21 size = 03
22 } Continued
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ch16/hashtable/HashSet.java (cont.)

24
25
26
277
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

/**

Tests for set membership.

@param x an object

Qreturn true if x is an element of this set
*/
public boolean contains (Object x)

{

int h X .hashCode () ;
if (h < 0) h = -h;
h = h % buckets.length;

Node current = buckets|[h];
while (current != )

{

1f (current.data.equals(x)) return
current = current.next;

}

return ;

Continued



ch16/hashtable/HashSet.java (cont.)

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

/**

*/

Adds an element to this set.

@param x an object

@return true if X is a new object, false if x was
already in the set

public boolean add(Object x)

{

int h = x.hashCode () ;
if (h < 0) h = -h;
h = h % buckets.length;

Node current = buckets[h];
while (current != )

{

if (current.data.equals(x))

return ; // Already in the set
current = current.next;
}
Node newNode = new Node () ;
newNode.data = x;
newNode.next = buckets[h];
buckets[h] = newNode;
size++;
return ;

Continued



ch16/hashtable/HashSet.java (cont.)

/**
72 Removes an object from this set.
73 @param x an object
74 @return true if x was removed from this set, false
75 if X was not an element of this set
76 */
77 public boolean remove (Object x)
78 {
79 int h = x.hashCode();

80 if (h < 0) h = -h;

81 h = h % buckets.length;

82

83 Node current = buckets[h];

84 Node previous = ;

85 while (current != )

86 {

87 if (current.data.equals(x))

88 {

89 if (previous == ) buckets[h] = current.next;
90 else previous.next = current.next;

91 size--;

92 return ;

93 }

94 previous = current;

95 current = current.next;

96 J Continued
97 return ;

98 }

Q0



ch16/hashtable/HashSet.java (cont.)

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117

/**

Returns an iterator that traverses the elements of this set.

@return a hash set iterator
*/
public Iterator iterator ()

{

return new HashSetIterator ()

}

/**
Gets the number of elements in this set.
@return the number of elements

*/

public int size ()

{

return size;

}

Continued



ch16/hashtable/HashSet.java (cont.)

118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142

class Node

{

public Object data;
public Node next;

class HashSetlIterator implements Iterator

{

private int bucket;

private Node current;
private int previousBucket;
private Node previous;

/ * %
Constructs a hash set iterator that points to the
first element of the hash set.

*/

public HashSetIterator ()

{

current = ;
bucket = ;
previous = ;
previousBucket = ;

Continued



ch16/hashtable/HashSet.java (cont.)

143 public boolean hasNext ()

144 {

145 1f (current != && current.next != )

146 return ;

147 for (int b = bucket + ; b < buckets.length; b++)
148 1if (buckets[b] != ) return ;

149 return ;

150 }

151

Continued



ch16/hashtable/HashSet.java (cont.)

152 public Object next ()

153 {

154 previous = current;

155 previousBucket = bucket;

156 1f (current == | | current.next == )
157 {

158 // Move to next bucket

159 bucket++;

160

161 while (bucket < buckets.length
162 && buckets[bucket] == )
163 bucket++;

164 1if (bucket < buckets.length)

165 current = buckets[bucket];

166 else

167 throw new NoSuchElementException();
168 }

169 else // Move to next element in bucket

170 current = current.next;

171 return current.data;

172 }

173 Continued



ch16/hashtable/HashSet.java (cont.)

174
175
176
177
178
179
180
181
182
183
184
185
186

public vold remove ()

{

1f (previous != && previous.next == current)
previous.next = current.next;

else 1f (previousBucket < bucket)
buckets[bucket] = current.next;

else
throw new IllegalStateException();

current = previous;

bucket = previousBucket;

Continued



ch16/hashtable/HashSetDemo.java

oJdoOOUrdWNBR
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import java.util.Iterator;

import java.util.Set;

/**

This program demonstrates the hash set class.

*/

public class HashSetDemo

{

public static void main(String[]

{

Set names

names
names
names
names
names
names
names
names
names
names
names

.add (
.add (
.add (
.add (
.add (
.add (
.add (
.add (
.add (
.add (
.add (

new HashSet (

args)

// 101 is a prime

Continued



ch16/hashtable/HashSetDemo.java (cont.)

24
25
26
27
28
29
30
31
32

names.add ( ) ;

names.remove ( ) ;
names.remove ( ),

Iterator iter = names.iterator();

while (iter.hasNext ())

System.out.println(iter.next())

}

Program Run:

Harry
Sue

Nina
Susannah
Larry
Eve
Sarah
Adam
Juliet
Katherine
Tony



Self-Check 15.7

If a hash function returns O for all values, will the
HashSet work correctly?

Answer: Yes, the hash set will work correctly. All
elements will be inserted into a single bucket.
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Self Check 16.8

What does the hasNext method of the HashSetIterator do
when it has reached the end of a bucket?

Answer: It locates the next bucket in the bucket array and
points to its first element.

¢ Al J cla g Laie J=siHashSetlterator ¢«hasNext 4wk 13 e
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Computing Hash Codes

« A hash function computes an integer hash

. ey sy b el ddlag e
code from an object 7

S (e 4328 s
Gy 4l ddgha g lial e
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 Choose a hash function so that different
objects are likely to have different hash

codes. 5 i) A gl g g o
- Bad choice for hash function for a string 25585 ol e AL
= Adding the unicode values of the charactersin  int h = 0; Al
the string: for (int i = 0; i
< s.length();
int h = O,’ i++)
for (int 1 = 0; i < s.length(); i++) h o= h 4+
h = h + s.charAt (i) ; s.charAt (i) ;
= Because permutations ("eat " and "tea") 0 "dS\'t) sl oY e
would have the same hash code i A 05 s (Tl
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Computing Hash Codes Binall S3a) A gal

« Hash function for a string s from standard library = &J*i33ak,s -
Sl e bl
final 1int HASH MULTIPLIER = 31; doulaal)
int h = 0;
for (int i = 0; 1 < s.length(); i++)
h = HASH MULTIPLIER * h + s.charAt (1)

* For example, the hash code of "car” Is
31 * (31 * 'e' + 'a') + 't' = 100184
 The hash code of "rea” Is quite different, namely

. S s "Lém"' 23‘);3 ‘)‘Q‘) °
31 * (31 * 't' 4+ 'e') + 'a' = 114704 s Ll



43, bl shashCode das asdl
A hashCode Method for the coin Class

* There are two instance fields: il sl 2GRN S cpaliéa llia

String coin name and double coin A 5350 Alec Aadydlec
value aluluhashCode skl alaaiul

Jpaall 2323l ey Ao J gaall
« Use String’'s hashCode method to o “ anl e
get a hash code for the name e )

*Aailall

« To compute a hash code for a Z 30 S () a8l calal)
floating-point number: A 53 30 Ay yla pladiul o

_ _ hashCoded

= Wrap the number into a poublie object Ol a3 ) sa ) C aanl

s Hlie Ly &)y H 4l dae (.,\ Ml
HASH_MULTIPLIER

m Then use pouble’S hashCode method

« Combine the two hash codes using a

prime number as the
HASH MULTIPLIER



A hashCode Method for the coin Class

class Coiln

{
public 1nt hashCode ()

{
int hl = name.hashCode () ;
int h?2 = new Double (value) .hashCode () ;
final int HASH MULTIPLIER = 29;
int h = HASH MULTIPLIER * hl + h2;
return h;



&y Laldl) cilill 3 i) 5 say LA
Creating Hash Codes for your Classes

« Use a prime number as the HASH MULTIPLIER

Compute the hash codes of each instance field

For an integer instance field just use the field value

Combine the hash codes:

int h = HASH MULTIPLIER * hl + h2Z;
h = HASH MULTIPLIER * h + h3;
h = HASH MULTIPLIER *h + h4;

return h;

HASH MULTIPLIER »_ kel ¢l ) )5l aae aladial
JEall Jas JS &5 328 ey il o

Jinll e a3l 3 e pmaa 33e Ji) Juss Jia
A5l se) O ]




. &y ualAl) il 5 firgd) ey G
Creating Hash Codes for your Classes

* Your hashCode method must be compatible with the equals
method

" fx.equals (y) then x. hashCode () == y.hashCode ()

 You get into trouble if your class defines an equals method but
not a hashCode method

= /fwe forget to define hashCode method for Coin it inherits the method
from Object superclass

= That method computes a hash code from the memory location of the
object

» Effect: Any two objects are very likely to have a different hash code

Coin coinl = new Coin(0.25, "quarter"),
Coin coinZ = new Coin(0.25, "quarter"),

* In general, define either both hashCode and equals methods
or neither



Hash Maps

 In a hash map, only the keys are hashed

* The keys need compatible hashCode and equals method

CJJ‘.SALSSMJ;J} ‘2\3)';35\204)1;%; .
44yl (5 g 5 38 sishashCode zUsS miilia o



ch16/hashcode/Coin.java

1 /**
2 A coin with a monetary value.
3 */
4 public class Coiln
5
6 private double value;
7 private String name;
8
9 /**
10 Constructs a coin.
11 @param aValue the monetary value of the coin.
12 @param aName the name of the coin
13 */
14 public Coin(double aValue, String aName)
15 {
16 value = aValue;
17 name = aName;
18 }
19

Continued



ch16/hashcode/Coin.java (cont.)

20 /**

21 Gets the coin value.

22 @return the value

23 * /

24 public double getValue ()
25 {

26 return value;

27 }

28

29 /**

30 Gets the coin name.

31 @return the name

32 */

33 public String getName ()
34 {

35 return name;

36 }

37 Continued



ch16/hashcode/Coin.java (cont.)

38 public boolean equals (Object otherObject)

39 {

40 if (otherObject == ) return ;

41 1f (getClass () !'= otherObject.getClass()) return ;
42 Coin other = (Coin) otherObject;

43 return value == other.value && name.equals (other.name) ;
44 }

45

46 public int hashCode ()

47 {

48 int hl = name.hashCode();

49 int h2 = new Double (value) .hashCode () ;

50 final int HASH_MULTIPLIER = ;

51 int h = HASH_MULTIPLIER * hl + h2;

52 return h;

53 }

54

55 public String toString/()

56 {

57 return ;
58 }

59 }



ch16/hashcode/CoinHashCodePrinter.java

1 import java.util.HashSet;

2 1import java.util.Set;

3

4 /**

5 A program that prints hash codes of coins.

6 */

7 public class CoinHashCodePrinter

8 {

9 public static void main(String[] args)

10 {

11 Coin coinl = new Coin/( , ),

12 Colin coin?2 = new Coin/( , ),

13 Coin coin3 = new Coin/( , ) ;

14

15 System.out.println ( + coinl.hashCode ()) ;
16 System.out.println( + coin2.hashCode()) ;
17 System.out.println ( + coin3.hashCode()) ;
18

19 Set<Coin> coins = new HashSet<Coin> () ;
20 coins.add(coinl) ;
21 coins.add(coin2);
22 coins.add (coin3); Continued

N
w



ch16/hashcode/CoinHashCodePrinter.java (cont.)

24 for (Coin c : coins)

25 System.out.println(c);
26 }

27 '}

Program Run:

hash code of coinl=-1513525892
hash code of coin2=-1513525892
hash code of coin3=-1768365211
Coin[value=0.25, name=quarter]
Coin[value=0.05,name=nickel]



Self Check 16.9
What is the hash code of the string "to"?

Answer: 31 x 116 + 111 = 3707

O ALl a3 ey sd e e
FYAY = 00) 4 T x Y sl e



Self Check 16.10
What is the hash code of new Integer (13)7?

Answer: 13.



Binary Search Trees

* Binary search trees allow for fast 215 s Al ey Caal

Insertion and removal of elements il 11 3) 5 eyl
* They are specially designed for fast S lanad daaas 4
searching )

. . JS ¢(pfinie (e Al 3 el () 5SS
* A binary tree consists of two

_ , Jadall oiase Leaal Leia 3aa)
nodes, each of which has two child . . .. . LT
4:\_11\\“ C ﬁ\.\“ PN ‘; Js&j\ c._.\A.;

hodes QU I IRER

* All nodes in a binary search tree <l aé Lgaal sl ) alial
fulfill the property that: sakall CLlll) dad (w0 yraal

= Descenaants to the left have smaller SULa ad L Cpadll Jda

data values than the node data value 3a3al) ULl 4 (e S|

» Descenaants to the right have larger
data values than the node data value



A Binary Search Tree
Left descendants
Adam, Eve, Harry < Juliet

Right descendants
Romeo, Tom > Juliet

~

Left descendant

Right descendant
Adam < Eve

Harry > Eve

Rigl'lt descendant
Tom > Romeo

null

Figure 7 A Binary Search Tree



A Binary Tree That Is Not a Binary Search Tree

Romeo
is in the left subtree is in the right subtree
but Eve > Adam o1l but Romeo < Tom
 —

null

Figure 8 A Binary Tree That Is Not a Binary Search Tree



Implementing a Binary Search Tree S o) (A

« Implement a class for the tree containing a reference to the root
node

« Implement a class for the nodes
» A node contains two references (to left and right child nodes)

= A node contains a data field

» The data field has type comparable, SoO that you can compare the

values in order to place them in the correct position in the binary search
tree

ol saie ) aa je o (g 5iat3 jn il 43 Jai e

(el s Slosdl Zail) dial) o) aad pall (g il e (g sing s26e o

cilily Jia sdie Jlo g giny o
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Implementing a Binary Search Tree

public class BinarySearchTree

{

private Node root;

public BinarySearchTree() { ... }
public void add (Comparable obj) {

private class Node

{
public Comparable data;

public Node left;
public Node right;

public void addNode (Node newNode)



Insertion Algorithm

« If you encounter a non-null node reference, look at its data
value

« [fthe data value of that node is larger than the one you want to insert,
continue the process with the left subtree

« Ifthe existing data value Is smaller, continue the process with the right
subtree

* If you encounter a null node pointer, replace it with the new
node

M&m&\&l\\.\d\w‘?ﬁ)u\jcg\s‘)u)&OJSQBJL';A)&_IQA‘}\J‘\ o
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Example

BinarySearchTree tree = new BinarySearchTree();
tree.add ("Juliet"); @

=




Example

BinarySearchTree tree = new BinarySearchTree ()
tree.add ("Juliet"); Q
tree.add ("Tom") ; (2]




Example

e BinarySearchTree tree = new BinarySearchTree();
tree.add("Juliet");(’
tree.add ("Tom") ; e)
tree.add("Diana")G’

P

amma—

Tom




Example

BinarySearchTree tree = new BinarySearchTree () ;

tree.
tree.

Lree

add ("Juliet")

add ("Harry")

'@
add ("Tom") ; e)
.add(”Diana")G’
tree. (

 ©

R

Idiana
w1

IFlarrw

w1l

w1l

;

Tom




Example

e BinarySearchTree tree = new BinarySearchTree();
tree.add("Juliet");(’
tree.add ("Tom") ; e)

tree.add(”Diana")G’

(

(

tree.add ("Harry"); @
tree.add "Romeo");(g




add Method of the BinarySearchTree Class

public void add(Comparable obj)

{
Node newNode = new Node () ;
newNode.data = obj;
newNode.left = null;
newNode.right = null;
1f (root == null) root = newNode;
else root.addNode (newNode) ;



addNode Method of the Node Class

private class Node

{

public void addNode (Node newNode)
{

int comp = newNode.data.compareTo (data);
1f (comp < 0)
{
1f (left == null) left = newNode;
else left.addNode (newNode) ;
}
else 1f (comp > 0)

{
1f (right == null) right = newNode;

else right.addNode (newNode) ;
}



Binary Search Trees

* When removing a node with only one child, the child replaces
the node to be removed

« When removing a node with two children, replace it with the
smallest node of the right subtree

Ll ) ol jall Basal) Jaa Jakall g cdadd aa) g Jala pa 323 ) 5) 2ic o
5aidll (e bdie pual Lgic Al g (JahaY) (pe (il ae s2ic ) 5) 2ic o
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Removing a Node with One Child 2l Jib wa se A1)

. \ Node to be removed
\

y
i
Figure 11 Reroute | /
link

Removing a Node
with One Child .



. . . JWLYY cpa ¢l aa BaBe A) )
Removing a Node with Two Children St e

Copwv

N\
N N

Smallest chald 1n Reroute
right subtree \ link

Figure 12 Removing a Node with Two Children



Binary Search Trees

 Balanced tree: each node has approximately as many
descendants on the left as on the right

« If a binary search tree is balanced, then adding an element
takes O(log(n)) time

 If the tree Is unbalanced, insertion can be slow

» Perhaps as slow as insertion into a linked list

LS laall Je slaal fpe oSan 220 5€ e o ja Lo asal 3ade JS 145 ) g B e
| ol e

i sOlog(r7) 3L paic ddlia) &5 A gie AUl Cand) 5l 13)
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Balanced and Unbalanced Trees

Balanced Unbalanced

Figure 13 Balanced and Unbalanced Trees



ch16/tree/BinarySearchTree.java

=

/**

*/

This class implements a binary search tree whose
nodes hold objects that implement the Comparable
Interface.

public class BinarySearchTree

{

private Node root;

/ * %
Constructs an empty tree.
*/
public BinarySearchTree ()

{

root = ;
) Continued



ch16/tree/BinarySearchTree.java (cont.)

18 /**

19 Inserts a new node into the tree.

20 @Qparam ob7j the object to insert

21 * /

22 public void add(Comparable obj)
23 {

24 Node newNode = new Node () ;
25 newNode.data = obj;

26 newNode.left = ;

277 newNode.right = ;

28 1f (root == ) root = newNode;
29 else root.addNode (newNode) ;
30 }

31

Continued



ch16/tree/BinarySearchTree.java (cont.)

32 /**

33 Tries to find an object in the tree.

34 @param obj the object to find

35 @Qreturn true if the object is contained in the tree

36 */

37 public boolean find (Comparable obj)

38 {

39 Node current = root;

40 while (current != )

41 {

42 int d = current.data.compareTo (ob7j) ;
43 if (d == 0) return ;

44 else 1f (d > ) current = current.left;
45 else current = current.right;

46 }

477 return ;

48 }

49 Continued



ch16/tree/BinarySearchTree.java (cont.)

50 / * %

51 Tries to remove an object from the tree. Does nothing

52 if the object is not contained in the tree.

53 @param ob7j the object to remove

54 */

55 public void remove (Comparable obj)

56 {

57 // Find node to be removed

58

59 Node toBeRemoved = root;

60 Node parent = ;

61 boolean found = ;

62 while (!found && toBeRemoved != )

63 {

64 int d = toBeRemoved.data.compareTo (ob]) ;
65 if (d == 0) found = ;

66 else

67 {

68 parent = toBeRemoved;

69 if (d > 0U) toBeRemoved = toBeRemoved.left;
70 else toBeRemoved = toBeRemoved.right;
71 } Continued
72 }

73



ch16/tree/BinarySearchTree.java (cont.)

74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

if (!'found) return;

/ / toBeRemoved contains obj

// 1f one of the children is empty, use the other
1f (toBeRemoved.left == ||

{
Node newChild;

if (toBeRemoved.left == )

newChild = toBeRemoved.right;

else

newChild = toBeRemoved.left;

if (parent == ) // Found in root
root = newChild;

else if (parent.left == toBeRemoved)
parent.left = newChild;

else
parent.right = newChild;

return;

}

// Neither subtree is empty

toBeRemoved.right ==

Continued



ch16/tree/BinarySearchTree.java (cont.)

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119

// Find smallest element of the right subtree

Node smallestParent = toBeRemoved;
Node smallest = toBeRemoved.right;
while (smallest.left != )

{

smallestParent = smallest;
smallest = smallest.left;

}

/ / smallest contains smallest child in right subtree
// Move contents, unlink child

toBeRemoved.data = smallest.data;
if (smallestParent == toBeRemoved)

smallestParent.right = smallest.right;

else
smallestParent.left = smallest.right;

Continued



ch16/tree/BinarySearchTree.java (cont.)

120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139

/ * X
Prints the contents of the tree in sorted order.
*/
public void print ()
{
if (root != )
root.printNodes () ;
System.out.println();

}

/ * %
A node of a tree stores a data item and references
of the child nodes to the left and to the right.
*/
class Node
{
public Comparable data;
public Node left;
public Node right;

Continued



ch16/tree/BinarySearchTree.java (cont.)

140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158

/**

*/

Inserts a new node as a descendant of this node.
@param newNode the node to insert

public void addNode (Node newNode)

{

int comp = newNode.data.compareTo (data) ;

1f (comp < U)

{
1f (left == ) left = newNode;
else left.addNode (newNode) ;

}

else 1f (comp > 0)

{
1f (right == ) right = newNode;
else right.addNode (newNode) ;

Continued



ch16/tree/BinarySearchTree.java (cont.)

159
160
161
162
163
164
165
166
167
168
169
170
171
172

/ * %
Prints this node and all of its descendants
In sorted order.

*/

public void printNodes ()

{

if (left != )

left.printNodes () ;
System.out.print (data + ) ;
if (right != )

right.printNodes () ;



Self Check 16.11

What is the difference between a tree, a binary tree, and a
balanced binary tree?

Answer: In a tree, each node can have any number of
children. In a binary tree, a node has at most two children. In a

balanced binary tree, all nodes have approximately as many
descendants to the left as to the right.
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Self Check 16.12

Give an example of a string that, when inserted into the tree of
Figure 10, becomes a right child of Romeo.

Answer: For example, Sarah. Any string between Romeo and
Tom will do.
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. ) 50 il
Binary Tree Traversal AL B

* Print the tree elements in sorted order:
1. Print the left subtree
2. Print the data
3. Print the right subtree
138 a3 8 el jealiall dells o
i) Lo il 5 all delb o

Gllull delda o
Ianall e @l 3 adlldclla o



Example

» Let’s try this out with the tree in Figure 10.
The algorithm tells us to

1. Print the left subtree of Ju1iet,; thatis, Diana
and descendants

2. Print guliet

3. Print the right subtree of Juliet, thatis, Tom
and descendants

« How do you print the subtree starting at

Diana?

1. Print the left subtree of Diana. There is nothing

to print

2. Print Diana

3. Print the right subtree of Diana, that Is, Harry
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Example

 Algorithm goes on as above

* Output:

Diana Harry Juliet Romeo Tom

* The tree is printed in sorted order
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Node Class printNodes Method

Worker method:

private class Node

{

public void printNodes ()
{
1if (left != null)
left.printNodes () ;
System.out.println (data) ;
1f (right != null)
right.printNodes () ;



BinarySearchTree Class print Method

To print the entire tree, start this recursive printing process at the
root:

dalanll o2 idﬁ cL@JASL 3).;&” iclal o
public class BinarySearchTree ol 83 Sie A bl
{

public void print ()
{
1f (root != null)
root.printNodes () ;
System.out.println();



AR B jaud
Tree Traversal "

* Tree traversal schemes include
* Preorder traversal

* /norder traversal

» Postorder traversal

Obdiad 3yad Jalad Jadi
BEENTRE

Oliia) Lee Ll
JWisIPostorder



(AR 3591
Preorder Traversal j

* Visit the root
* Visit the left subtree
* Visit the right subtree FRITRE

Dbl 3aill 355 .
Axgniall dae Jill 3 n Bl e L) e



Y gLl
Inorder Traversal

* Visit the left subtree
* Visit the root

* Visit the right subtree

Dbl 3,all 3 5L e
BLEAR PRI
Anpsall dge jall 5 a3 Ly e



Postorder (A&ii)
Postorder Traversal

 Visit the left subtree
* Visit the right subtree
* Visit the root
Dbl 30l 3 L5 e

Aasall dae @l 8llejhy .
BLEARBREIN



Tree Traversal

» Postorder traversal of an expression tree yields the instructions
for evaluating the expression on a stack-based calculator

3 a4 islPostorder e
(’i‘éﬂ Q\AUL):}(\ ale J,puj\
é,jlij\ sl AN e juall
LS e

Figure 14 Expression Trees



Tree Traversal

 The firsttree ((3 + 4) * 5)yields

34 + 5 %

 Whereas the second tree (3 + 4 * 5)yields

3 4 5 * +



Self Check 16.13

What are the inorder traversals of the two trees in Figure 14?

Answer: For both trees, the inorder traversalis 3 + 4 * 5,
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Self Check 16.14

Are the trees in Figure 14 binary search trees?

Answer:. No — for example, consider the children of +. Even
without looking up the Unicode codes for 3, 4, and +, it is
obvious that + isn’t between 3 and 4.
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Priority Queues i) SR i3

« A priority queue :collects elements,

each of which has a priority S ¢ paliall ey A5l 5 ) il

: 4l oY) Al Lgia

« Example: C_ollectlon of work requests, Jaxl il e e pane 1l
some of which may be more urgent e lalal] ST 6% 3 Leans s
than others la e

« When removing an element, element A oy ¢ i A1) e

G ab Ayl pa yuaial
Aaidiall ol glacy salall
= Customary to give low values to high A ¥ eldae) ae didle iy ol s

with highest priority is retrieved

p(ior/t/'e‘s, V.W’ priority 1 denoting the & sl B gl Y1 e Ja )
highest priority 458 il Al CIESAl o 3)
 Standard Java library supplies a ~ PriorityQueue
PriorityQueue class Guulie 98 da S cand Clily JSaa

_ 51 9¥) wl gl dail laa
« A data structure called heagp is very

suitable for implementing priority
queues



Example

« Consider this sample code: dna ) cilagdedl) oda 8 k)

PriorityQueue<WorkOrder> g =
new PriorityQueue<WorkOrder>;
g.add (new WorkOrder (3, "Shampoo carpets"));
g.add (new WorkOrder (1, "Fix overflowing sink"));
g.add (new WorkOrder (2, "Order cleaning supplies"));

 When calling g. remove () for the first time, the work order with
priority 1 is removed

* Next call to g. remove () removes the order with priority 2

Vgl gY) slhe) aa Jandl Jal e A1) Al ¢ AW 3 _sallg.remove () sledial die o
Y dsl ¥ a Al Jyug.remove () ) Al Al



al oS!

Heaps

. A_heap (or, a min-heap) IS a o (B ia S e ) daS o
binary t_ree with two special STl (o (i) e Al 5 yad
properties Lalall

JalS dnli (gad o
6 siall lae Lo 8 Sal) 8IS biai o
e & el (amy )5S 8 Al

1. It is almost complete

= All nodes are filled in, except the
last level may have some nodes

missing toward the right Opadll a5 (53 s8dal
. L—\,}% Q—\&.\AAM Lf'L B)M °
2. The tree fulfills the heap property b o Al Rl (e il JS o
= All nodes store values that are at & A3l aill Jia b S alana
most as large as the values stored aghy )3
In their descendants ol ) e S ASL el
« Heap property ensures that the ol B (naS Al ale

smallest element is stored in the
root
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An Almost Complete Tree

T

. . * All nodes filled 1n
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/N
88 8

hd

Some nodes missing toward the right

Figure 15 An Almost Completely Filled Tree



A Heap
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Differences of a Heap with a Binary Search Tree

b i) AU pa AagS B ciliDA

« The shape of a heap Is very regular

» Binary search trees can have arbitrary shapes

 In a heap, the left and right subtrees both store elements that
are larger than the root element

» /n a binary search tree, smaller elements are stored in the left subtree
and larger elements are stored in the right subtree
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Inserting a New Element in a Heap

1. Add a vacant slot to the end of the tree s =3l Al s 5 e il Ak il

o Add vacant slot at end .
Insert

/\
NN
w“ o 57 n
/\ /0
o e ®

Figure 17 Inserting an Element into a Heap Continued
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Inserting a New Element in a Heap (cont.) = 5 7%

g oy lea) o) A el paiall

2. Demote the parent of the empty slot if it is Y dag ol i e
larger than the element to be inserted Jii 5 ¢ e Lall Aa
e el daans

« Move the parent value into the vacant slot, and move L
the vacant slot up = sl o :\A\;,;&y fJS\ )
» Repeat this demotion as long as the parent of the R s
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Continued

. . . . Figure 17 (continued) Inserting an Element into a Heap
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Inserting a New Element in a Heap (cont.)

2. Demote the parent of the empty slot if itis 3 oo Yl o
e SO 1Y) de el

larger than the element to be inserted Lea) 3] 3 pall pominl
» Move the parent value into the vacant slot, and iath & ;‘y\ Lo &y a3

move the vacant slot up | jelsdam Juig o el
» Repeat this demotion as long as the parent of >

the vacant slot is larger than the element to be & Wb padail la |

inserted . Oa S 2L a8 Y

el 25l eminl
£ s £ n

Continued

. . . . Figure 17 (continued) Inserting an Element into a Heap



Inserting a New Element in a Heap (cont.)
daih L) cidagill ol dic o

3. Atthis point, either the vacant slotis atthe  j .y & .5 el

root, or the parent of the vacant slot is 5oe Ll datd (e all gl
smaller than the element to be inserted. sy jaic (e jral
Insert the element into the vacant slot 42l A paic Clﬁ:
SJ..G ™

o Insert element into vacant slot Insert .

/\

/\ /\

£ n
/\ /\
B & & =

Figure 17 (continued) Inserting an Element into a Heap



Removing an Arbitrary Node from a Heap s e deadl s 4)))

1. Extract the root node value Dl safie e ) Al

o Remove the minimum element from the root

/
g

/ N

. . . Continued

Figure 18 Removing the Minimum Value from a Heap



Removing an Arbitrary Node from a Heap (cont.)

2. Move the value of the last node of the e oA Y) Baiall dad Jii e

heap into the root node, and remove the b colisse Jaass
gl L3y 8 3 paAY) saial)

last node. Heap property may be \{iolated i) 5k o AL
for root node (one or both of its children s ;e Ladis i Laaal)
may be smaller). (saal 055

9 Move the last element into the root B3
75 43
84 a0 57 71
96 91

Figure 18 Removing the Minimum Value from a Heap Continued



Removing an Arbitrary Node from a Heap (cont.)

3. Promote the smaller child of the root node. Root JM‘;‘ J“:M’::‘ jﬁ
node again fulfills the heap property. Repeat J;Mﬂf SISl 5 A
process with demoted child. Continue until ettt 4y Jilal) e dlaall
demoted child has no smaller children. Heap = Jubl 4 paids Jall s
property is now fulfilled again. This process is ! ‘”‘i{” 19"\‘:"‘ )

called “fixing the heap”. wiﬁ;ﬁmf&fi

/ \
N N
[\

96 91 Figure 18 Removing the Minimum Value from a Heaj

9 Fix the heap



Removing an Arbitrary Node from a Heap (cont.)

3. Promote the smaller child of the root node. Root node again
fulfills the heap property. Repeat process with demoted child.
Continue until demoted child has no smaller children. Heap
property is now fulfilled again. This process is called “fixing the

heap”.
/\
N O\
/ \

Figure 18 Removing the Minimum Value from a Heap



Heap Efficiency

* Insertion and removal operations visit

at most /7 nodes

/1. Height of the tree

e If nis the number of elements, then

2l < n< 2h
or
M1 <log,(n) < h

* Thus, insertion and removal operations
take O(log(n)) steps

« Heap’s regular layout makes it
possible to store heap nodes efficiently

In an array

b Boligl|

21 AV Jany) Cllee 5 )
7 diall alaes b
3 il el iz
¢ palinll e 22e san K1)
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21 < n< 2
or
-1 <log,(n) < h
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Storing a Heap in an Array

} Laver 1

/ \ > Layer 2

- o K n

Laver 1 Laver 2 Laver 3 Laver 4

.-‘_A_\r A T A LT ™
20 75 43 84 90 57 71 96 91 93

[0] [11 [2] (3] [41 (51 [el [71 [8]1 [9] [10]

= Laver 4

Figure 19 Storing a Heap in an Array



ch16/pqueue/MinHeap.java

1 1import java.util.*;

2

3 /**

4 This class implements a heap.

5 */

6 public class MinHeap

7 A

8 private ArrayList<Comparable> elements;
9
10 /**
11 Constructs an empty heap.
12 */
13 public MinHeap ()
14 {
15 elements = new ArrayList<Comparable>();
16 elements.add ( ) ;
17 }

18 Continued



ch16/pqueue/MinHeap.java (cont.)

19 / * %

20 Adds a new element to this heap.

21 @param newElement the element to add

22 */

23 public void add(Comparable newElement)
24 {

25 // Add a new leaf

26 elements.add ( ) ;

27 int index = elements.size () - _;

28

29 // Demote parents that are larger than the new element
30 while (index >

31 && getParent (index) .compareTo (newElement) > 0)
32 {

33 elements.set (index, getParent (index));
34 index = getParentIndex (index) ;

35 }

36

37 / / Store the new element into the vacant slot

38 elements.set (index, newElement) ;

39 }

40 Continued



ch16/pqueue/MinHeap.java (cont.)

41
42
43
44
45
46
47
48
49

/**

Gets the minimum element stored in this heap.

@return the minimum element
*/
public Comparable peek()
{

return elements.get (!);

}

Continued



ch16/pqueue/MinHeap.java (cont.)

50 /**

51 Removes the minimum element from this heap.

52 @return the minimum element

53 */

54 public Comparable remove ()

55 {

56 Comparable minimum = elements.get(!);

57

58 // Remove last element

59 int lastIndex = elements.size () - ;

60 Comparable last = elements.remove (lastIndex);
61

62 if (lastIndex > 1)

63 {

64 elements.set (!, last);

65 fixHeap () ;

66 }

67

68 return minimum; ]
69 | Continued

70



ch16/pqueue/MinHeap.java (cont.)

71 /**

72 Turns the tree back into a heap, provided only the root

73 node violates the heap condition.

74 */

75 private void fixHeap/()

76 {

77 Comparable root = elements.get(!);

78

79 int lastIndex = elements.size() - ;

80 // Promote children of removed root while they are smaller than last
81

82 int index = _;

83 boolean more = ;

84 while (more)

85 {

86 int childIndex = getLeftChildIndex (index) ;
87 if (childIndex <= lastIndex)

88 {

89 / / Get smaller child

90

91 // Get left child first

92 Comparable child = getlLeftChild (index); Continued

93



ch16/pqueue/MinHeap.java (cont.)

94

95

96

97

o8

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114

// Use right child instead if it is smaller
1f (getRightChildIndex (index) <= lastIndex
&& getRightChild (index) .compareTo (child) <
{
childIndex = getRightChildIndex (index) ;
child = getRightChild (index) ;
}

// Check if larger child is smaller than root
1f (child.compareTo (root) < 0)

{
/ / Promote child

elements.set (index, child);
index = childIndex;

}

else

{
// Root is smaller than both children
more = ’

} Continued



ch16/pqueue/MinHeap.java (cont.)

115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

}

/**

*/

else

{
// No children

more = ;

}

/ / Store root element in vacant slot
elements.set (index, root);

Returns the number of elements in this heap.

public int size ()

{

}

return elements.size () - |;

Continued



ch16/pqueue/MinHeap.java (cont.)

134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153

/**
Returns the index of the left child.
@param index the index of a node in this heap
@return the index of the left child of the given node
*/
private static int getLeftChildIndex (int index)
{

return * index;

}

/**
Returns the index of the right child.
@param index the index of a node in this heap
@return the index of the right child of the given node
*/
private static int getRightChildIndex (int index)
{

return * index + ;

}

Continued



ch16/pqueue/MinHeap.java (cont.)

154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173

/ * %
Returns the index of the parent.
@param index the index of a node in this heap
@return the index of the parent of the given node
*/
private static int getParentIndex (int index)

{

return index / ;

}

/**
Returns the value of the left child.
@param index the index of a node in this heap
@return the value of the left child of the given node
*/
private Comparable getLeftChild(int index)
{

return elements.get(~ * index);

Continued



ch16/pqueue/MinHeap.java (cont.)

174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193

/**
Returns the value of the right child.
@param index the index of a node in this heap
@return the value of the right child of the given node
*/
private Comparable getRightChild(int index)
{

return elements.get (- * index + 1);

}

/ * %
Returns the value of the parent.
@param index the index of a node in this heap
@return the value of the parent of the given node
*/
private Comparable getParent (int index)

{

return elements.get (index / );



ch16/pqueue/HeapDemo.java

odoU b WDN R
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/**

This program demonstrates the use of a heap as a priority queue.

*/

public class HeapDemo

{

public static void main(String[] args)

{

MinHeap g = new MinHeap () ;

.add (new WorkOrder (, ) ) ;
.add (new WorkOrder (/, ) ) ;
.add (new WorkOrder (-, )) ;
.add (new WorkOrder

.add
.add
.add

new WorkOrder
new WorkOrder
new WorkOrder

Q Q09 Q9 Q Q Q .Q

while (g.size() > 0)
System.out.println (g.remove());

( (
( (
( (
.add (new WorkOrder (¢, ))
( ( ;
( (
( (



ch16/pqueue/WorkOrder.java

oo Jdoy U d WDN K

/* *
This class encapsulates a work order with a priority.
*/
public class WorkOrder implements Comparable
{
private 1nt priority;
private String description;

/ * %
Constructs a work order with a given priority and description.
@param aPriority the priority of this work order
@param aDescription the description of this work order
*/
public WorkOrder (int aPriority, String aDescription)
{
priority = aPriority;
description = aDescription;

Continued



ch16/pqueue/WorkOrder.java (cont.)

20 public String toString/()

21 {

22 return

description;

23 }

24

25 public int compareTo (Object otherObject)

26 {

27 WorkOrder other = (WorkOrder) otherObject;
28 1f (priority < other.priority) return ;
29 1f (priority > other.priority) return [;
30 return 0;

31 }

32 }

Program Run:

priority=1, description=Fix broken sink

priority=2, description=Order cleaning supplies
priority=3, description=Shampoo carpets

priority=6, description=Replace light bulb

priority=7, description=Empty trash

priority=8, description=Water plants

priority=9, description=Clean coffee maker

priority=10, description=Remove pencil sharpener shavings



Self Check 16.15

The software that controls the events in a user interface keeps the
events in a data structure. Whenever an event such as a mouse
move or repaint request occurs, the event is added. Events are
retrieved according to their importance. What abstract data type is
appropriate for this application?

Answer: A priority queue is appropriate because we want to
get the important events first, even if they have been inserted
later.
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Self Check 16.16

Could we store a binary search tree in an array so that we can
quickly locate the children by looking at array locations 2 *
indexand 2 * index + 17

Answer: Yes, but a binary search tree isn’t almost filled, so
there may be holes in the array. We could indicate the missing
nodes with nul1l elements.
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The Heapsort Algorithm

« Based on inserting elements into a heap and removing them in
sorted order

 This algorithm is an O(nnlog(n)) algorithm:
= Each insertion and removal is O(log(n))

= These steps are repeated n times, once for each element in the
sequence that Is to be sorted

La 08 dal e Ll 3l A S (A pualiall 2150} e sliyg o

e ol A O(n10g(r7)) o Al sall oda e

Onlog() » W3ls 21 & »
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The Heapsort Algorithm

 Can be made more efficient

» Start with a sequence of values in an array and
“fixing the heap” iteratively

First fix small subtrees into heaps, then fix
larger trees

Trees of size 1 are automatically heaps

Begin the fixing procedure with the
subtrees whose roots are located in the
next-to-lowest level of the tree

Generalized f£1xHeap method fixes a
subtree with a given root index:

vold fixHeap(int rootIndex, 1nt
lastIndex)

4wl sAHeapsort
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Turning a Tree into a Heap AasS 1) 8 s

7N\ 7N\

Call fixHeap
e
on these nodes

/\N /N
20 008

Figure 20 Turning a Tree into a Heap



Turning a Tree into a Heap (cont.)

0
AR RN
8 8 6 _
/ \
88

Call fixHeap
on these nodes

. . Continued

Figure 20 Turning a Tree into a Heap



Turning a Tree into a Heap (cont.)

(3) Call FixHeap

/ \ on the root

7N\ 7N\
8 0 8 ©&§

. . . . . Figure 20 Turning a Tree into a Heap




The Heapsort Algorithm sHeapsort 4w j,)ss

b Ao gana g2t O 2ay

 After array has been turned into a heap, il ) e A3 5 e S
repeatedly remove the root element BN

= Swap root element with last element of the tree
and then reduce the tree length

3 yadill e AY) paiall
8ad Jsh e JISE AT (e
 Removed root ends up in the last position Sl (8 i A1) 3l

of the array, which is no longer needed by s #siadl 2 3!
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* We can use the same array both to hold AasS dial olgus a o

the heap (which gets shorter with each S = ‘s N ‘jﬁz
step) and the sorted sequence (which gets ‘"Sds) éjﬁai }j (5

longer with each step) (55ha
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« Use a max-heap rather than a min-heap ﬁjzbﬁj\ j.}f"s&if:;
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Using Heapsort to Sort an Array J eapSOrt chia 8
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Root Last element Largest

of unsorted heap value

Figure 21 Using Heapsort to Sort an Array



ch16/heapsort/HeapSorter.java

1 / * *
2 This class applies the heapsort algorithm to sort an array.
3 */
4 public class HeapSorter
5 |
6 private int[] a;
.
8 / * %
9 Constructs a heap sorter that sorts a given array.
10 @param anArray an array of integers
11 */
12 public HeapSorter (int[] anArray)
13 {
14 a = anArray;
15 }
16

Continued



ch16/heapsort/HeapSorter.java (cont.)

1'7 / *x %

18 Sorts the array managed by this heap sorter.

19 */

20 public void sort ()

21 {

22 int n = a.length - ;

23 for (int 1 = (n - 1) / i >= 0;
24 fixHeap (1, n);

25 while (n > 0)

26 {

277 swap (U, n);

28 n—--;

29 fixHeap (U, n);

30 }

31 } Continued

32



ch16/heapsort/HeapSorter.java (cont.)

33 / * %

34 Ensures the heap property for a subtree, provided its

35 children already fulfill the heap property.

36 @param rootIndex the index of the subtree to be fixed

37 @param lastIndex the last valid index of the tree that

38 contains the subtree to be fixed

39 */

40 private void fixHeap (int rootIndex, int lastIndex)

41 {

42 // Remove root

43 int rootValue = al[rootIndex];

44

45 / / Promote children while they are larger than the root

46

47 int index = rootIndex;

48 boolean more = ;

49 while (more)

50 {

51 int childIndex = getLeftChildIndex (index) ;

52 1if (childIndex <= lastIndex)

53 {

54 // Use right child instead if it is larger

55 int rightChildIndex = getRightChildIndex (index) ;
56 if (rightChildIndex <= lastlIndex

57 && al[rightChildIndex] > a[childIndex]) .
ca { Continued
59 childIndex = rightChildIndex;

60 }



c€I5111 6/heapsort/HeapSorter.java (cont.)

62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

1f (a[childIndex] > rootValue)

{
// Promote child

alindex] = a[childIndex];
index = childIndex;

}

else

{
// Root value is larger than both children
more = ’
}
}

else

{
// No children

more = ;
}

/ / Store root value in vacant slot
alindex] = rootValue;

Continued



ch16/heapsort/HeapSorter.java (cont.)

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106

/ * %
Swaps two entries of the array.
@param 1 the first position to swap
@param 7 the second position to swap
*/
private void swap(int i, int 7J)

{

int temp = alil];
ali] = al3jl;
aljl] = temp;

}

/**
Returns the index of the left child.
@param index the index of a node in this heap
@return the index of the left child of the given node
*/

private static int getLeftChildIndex (int 1ndex)

{

return * index + | ;

}

Continued



ch16/heapsort/HeapSorter.java (cont.)

107
108
109
110
111
112
113
114
115
116

/**
Returns the index of the right child.
@param index the index of a node in this heap
Qreturn the index of the right child of the given node
*/
private static int getRightChildIndex (int 1ndex)
{

return * 1ndex + ;

}



Self Check 16.17

Which algorithm requires less storage, heapsort or mergesort?

Answer: Heapsort requires less storage because it doesn'’t
need an auxiliary array.
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Self Check 16.18

Why are the computations of the left child index and the right child
Index in the HeapSorter differentthan in MinHeap?

Answer: The MinHeap wastes the 0 entry to make the

formulas more intuitive. When sorting an array, we don’t want
to waste the 0 entry, so we adjust the formulas instead.
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